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11th Annual International Petroleum Environmental Conference 
October 2004 

Albuquerque, NM

MONDAY, OCTOBER 11, 2004

I. PRE-CONFERENCE WORKSHOPS 

Waste Minimization in Oil and Gas Exploration and Production 9:00 am - 4:30 pm

Instructed by: Bart Sims, Railroad Commission of Texas, Austin, TX 
(Registration/Sign-in begins at 8:30 am)

 

Coal Bed Natural Gas Best Management Practices and Water Management 
Options

1:00 pm - 5:00 pm

Instructed by: Dan Arthur, Bruce Langhus, ALL Consulting, LLC, Tulsa, 
OK 
Tom Richmond, Jim Halvorson, Montana Board of Oil & Gas 
Conservation, Billings, MT 
(Registration/Sign-in begins at 12:30 pm)

 

IPEC Soil Remediation Workshop 6:00 pm - 10:00 pm

Instructed by: Phil Spurlin, BEACON Environmental Assistance Corp., 
Edmond, OK 
(Registration/Sign-in begins at 5:30 pm)

 

II. CONFERENCE REGISTRATION OPENS 5:00 pm - 7:00 pm

TUESDAY, OCTOBER 12, 2004

CONFERENCE REGISTRATION 7:00 am - 5:30 pm

I. PLENARY SESSION 8:00 am - 11:15 am

WELCOME AND OPENING REMARKS 8:00 am - 8:15 am

Kerry L. Sublette, Conference Chair

PLENARY SPEAKERS:

William Lawson, National Energy Technology Laboratory of the U.S. 
DOE (NETL), Tulsa, OK

8:15 am - 8:45 am
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"Issues in Responsible Energy Development"  

John Veil, Argonne National Laboratory, Washington, DC 8:45 am - 9:15 am

"Accounting for Uncertainty in Environmental Information and 
Decisions"

 

George Holliday, Holliday Environmental Services, Inc., Bellaire, TX 
Michael Donald, Lemle & Kelleher, L.L.P., Shreveport, LA

9:15 am - 9:45 am

"Spill Prevention, Control and Countermeasure (SPCC) Plan Revisions 
- Evaluation for E&P Operators"

 

Bruce Bauman American Petroleum Institute, Washington, DC 9:45 am - 10:15 am

"Evaluating Applications of MNA for MTBE and Other Gasoline 
Oxygenates"

 

Reginald C. Minton, MI Drilling Fluids UK ltd, Holburn House, 
Aberdeen, Scotland

10:15 am - 10:45 am

"The Strategic Management of Drilling Wastes in the E&P Industry"  

Robert Gallagher, New Mexico Oil and Gas Association, Santa Fe, NM 10:45 am - 11:15 am

"The Oil and Gas Industry's Struggle for Survival: Fact or Fiction"  

II. VIEWING OF EXHIBITS 11:15 am - 12:15 pm

LUNCH

Guest Speaker: Markus Puder, Argonne National Laboratory, 
Washington, DC

12:15 pm - 1:30 pm

"Hydraulic Fracturing of Coalbed Methane Gas Reservoirs - A Serial 
Epic of Agency and Court Proceedings in Review"

 

III. CONCURRENT TECHNICAL SESSIONS 1:30 pm - 5:35 pm

●     Produced Water & Wastewater Treatment 
●     The Osage-Skiatook Petroleum Environmental Research Project - Third Year Results 
●     Environmental Management, Compliance, & Auditing 
●     Risk-Based Corrective Action (RBCA)/Site Restoration

IV. POSTER SESSION 5:30 pm - 7:00 pm
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V. EXHIBITS OPEN 10:30 am - 7:00 pm

VI. EXHIBITOR RECEPTION 5:30 pm - 7:00 pm

VII. OPENING DINNER 7:00 pm - 10:00 pm

WEDNESDAY, OCTOBER 13, 2004

Conference Registration 7:30 am - 12:00 noon

I. Exhibits Open 7:30 am - 12:00 noon

II. CONCURRENT TECHNICAL SESSIONS 8:00 am - 11:45 am

●     Characterization and Remediation of Brine Spills 
●     Drilling Waste Management 
●     Phytoremediation 
●     Forensic Geochemistry & Site Assessment / Hydrocarbon Remediation

III. WORKSHOPS (Registration/Sign-in begins at 1:00 pm) 1:30 pm - 5:30 pm

Water and Waste Regulatory Issues and Management Options  

Instructed by: John Veil and Markus Puder, Argonne National 
Laboratory, Washington, DC

 

Fundamentals of Bioremediation of Hydrocarbon-Contaminated Soils  

Instructed by: Kerry L. Sublette, University of Tulsa, Tulsa, OK  

THURSDAY, OCTOBER 14, 2004

Conference Registration 7:30 am - 5:30 pm

I. CONCURRENT TECHNICAL SESSIONS 8:00 am - 12:00 noon

●     Coalbed Methane Produced Water 
●     Waste Management & Pollution Prevention 
●     Microbial Ecology & Physiology of Sulfate Reduction & Its Control

LUNCH 12:00 noon - 1:30 pm

Guest Speaker: Dan Arthur, ALL Consulting, LLC, Tulsa, OK  
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"Assessing Water Statistical Information in the Powder River Basin as 
Applied to Coal Bed Natural Gas Development"

 

II. CONCURRENT TECHNICAL SESSIONS 1:30 pm - 6:00 pm

●     Legal & Regulatory Issues 
●     Bioremediation of Soils and Groundwater 
●     Technology Transfer / Air & Fugitive Emissions

III. NETWORKING RECEPTION 5:30 pm - 6:30 pm

FRIDAY, OCTOBER 15, 2004

Symposium Registration 7:30 am - 8:00 am

I. SPECIAL SYMPOSIUM 8:00 am - 12:30 pm 

"Natural Attenuation of MTBE"

Conference closes at 1:00 pm

Technical Sessions

TUESDAY, OCTOBER 12, 2004 - AFTERNOON

PRODUCED WATER & WASTEWATER TREATMENT
Chair: G. Dale Wesson, FAMU-FSU College of Engineering, Tallahassee, FL 

●     Overview of Emerging Produced Water Treatment Technologies Tom Hayes, Gas 
Technology Institute, Des Plaines, IL; Dan Arthur, ALL Consulting, LLC, Tulsa, OK 

●     Regeneration Kinetics of Surfactant Modified Zeolite for Produced Water Treatment 
Robert S. Bowman and Craig Altare, New Mexico Institute of Mining and Technology, Socorro, 
NM; Enid J. Sullivan, Los Alamos National Laboratory, Los Alamos, NM; Lynn E. Katz and 
Kerry A. Kinney, University of Texas, Austin, TX 

●     Produced Water Treatment with a Surfactant Modified Zeolite/Vapor Phase Bioreactor 
System: BTEX Removal in the Vapor Phase Bioreactor Kerry A. Kinney, Lynn E. Katz, and 
Soondong Kwon, University of Texas at Austin, Austin, TX; Robert S. Bowman, New Mexico 
Institute of Mining and Technology, Socorro, NM; Enid J. Sullivan, Los Alamos National 
Laboratory, Los Alamos, NM 

●     Photocatalyzed Remediation of Cr(IV) in Groundwater Using Porphyrin H. Eric Nuttall and 
William Anderson, University of New Mexico, Albuquerque, NM; Jim Studer, InfraSUR, LLC, 
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Albuquerque, NM 
●     Improved QSPR Models for Infinite Dilution Activity Coefficients of Aqueous Systems 

Srinivasa Godavarthy, Khaled A.M. Gasem, Brian J. Neely, Devipriya Ravindranath, and R.L. 
Robinson, Jr., Oklahoma State University, Stillwater, OK 

●     Refinery Toxicity Reduction Evaluations - Regulatory and Technical Considerations Enos 
L. Stover, The Stover Group, Stillwater, OK; Sarah K. Walls, Cantey & Hanger, Fort Worth, TX

THE OSAGE-SKIATOOK PETROLEUM ENVIRONMENTAL RESEARCH PROJECT - THIRD 
YEAR RESULTS
Chair: James Otton, U.S. Geological Survey, Denver, CO 

●     Three-dimensional Architecture of Bedrock Lithology, Weathering, and Produced Water 
Movement at the USGS Osage Skiatook Petroleum Environmental Research (OSPER) Site 
A, Northeast Oklahoma James K. Otton and Robert A. Zielinski, U.S. Geological Survey, 
Denver, CO 

●     Hydrology and Subsurface Transport of Oil-Field Brine at the Osage-Skiatook Petroleum 
Environmental Research "A" Site, Oklahoma William N. Herkelrath and Yousif K. Kharaka, 
U.S. Geological Survey, Menlo Park, CA 

●     Removal of Contaminant Salt from a Depleted Petroleum Field by Runoff: Results from 
OSPER "A" Site, Osage County, Oklahoma James J. Thordsen, Yousif K. Kharaka, and 
Evangelos Kakouros, U.S. Geological Survey, Menlo Park, CA 

●     Hyperspectral Signature of the Salt Scar and Other Oilfield Disturbed Areas at USGS 
Osage-Skiatook Petroleum Environmental Research (OSPER) Site A, Northeast Oklahoma 
- A Preliminary Report James K. Otton, U.S. Geological Survey, Lakewood, CO; David B. 
Reister, Oak Ridge National Laboratory, Oak Ridge, TN 

●     Conductivity Depth Imaging of Areas of Shallow Brine Plumes at the USGS OSPER Site, 
Osage Co., Oklahoma Bruce D. Smith, James K. Otton, and Robert A. Zielinski, U.S. 
Geological Survey, Denver, CO; Marvin M. Abbott, U.S. Geological Survey, Oklahoma City, 
OK; Hoaping Huang, Geophex, Raleigh, NC; Alan J. Witten, University of Oklahoma, Norman, 
OK 

●     Impacts of Petroleum Production on Ground and Surface Waters: Results form the OSPER 
"B" Site, Osage County, Oklahoma Yousif K. Kharaka and Gil Ambats, U.S. Geological 
Survey, Menlo Park, CA; Marvin M. Abbott, U.S. Geological Survey, Oklahoma City, OK 

●     Mode of Occurrence and Environmental Mobility of Oilfield NORM at USGS Research 
Site B, Osage Skiatook Project, Northeast Oklahoma Robert A. Zielinski and James R. 
Budahn, U.S. Geological Survey, Denver, CO

ENVIRONMENTAL MANAGEMENT, COMPLIANCE, & AUDITING
Chair: Karen Smith, Argonne National Laboratory, Lakewood, CO 
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●     RC 14001 or RCMS: Which is Best for My Facility? Jerry Skaggs, Underwriters Laboratories, 
Inc., McKees Rocks, PA 

●     Offshore Oilfield Ecotoxicity Testing - An Overview John Hall, Halliburton Energy Services, 
Houston, TX; J. Michael Wilson and Arron Karcher, Halliburton Energy Services, Duncan, OK 

●     Managing the Proliferation of EHS and Related Management Systems Michael DeWit, ICF 
Consulting, Inc., Toronto, Ontario, Canada; Will Gibson, ICF Consulting, Fairfax, VA (slides) 

●     Road-Related Erosion Issues on BLM-Administered Lands in Northwestern New Mexico 
Karen P. Smith, Argonne National Laboratory, Lakewood, CO; David Miller and David 
Tomasko, Argonne National Laboratory, Argonne, IL 

●     Sampling and Analytical Methods for Environmental Issues in Exploration and Production 
of Oil and Gas James H. Viellenave and John V. Fontana, ESN Rocky Mountain, Golden, CO 

●     Mitigating the Health, Safety and Environmental Risks of an Enhanced Oil Recovery 
Project in a Tropical Forest Francois Khan, Jens Sastoo, Vernon Ramlogan and Kelvin 
Ramnath, Petrotrin Corporate Health, Pointe-a Pierre, Trinidad 

●     Benefits of Centralized Management of Environmental Data for Petroleum Projects David 
Rich, Geotech Computer Systems, Inc., Englewood, CO 

RISK-BASED CORRECTIVE ACTION (RBCA) / SITE RESTORATION
Chair: Sara McMillen, ChevronTexaco Energy Research and Technology Company, Richmond, CA 

●     Approaches to Ecological Risk Characterization and Management: Selecting the Right 
Tools for the Job Mary T. Sorensen and Jeff Margolin, ENVIRON International Corp., Inc., 
Atlanta, GA; Will R. Gala, ChevronTexaco Energy Research and Technology Company, 
Richmond, CA 

●     Compensatory Restoration: An Alternative to the Standard Ecological Risk 
Characterization and Management Approach Richard W. Dunford, Triangle Economic 
Research, Durham, NC; Will Gala, ChevronTexaco Energy and Technology Company, 
Richmond, CA; Peter Samuels, ChevronTexaco Energy and Technology Company, Bellaire, TX 

●     Renovating the Hotel California: An Update on RCRA Corrective Action Keith Marcott, 
Trihydro Corporation, Laramie, WY 

●     Risk-Based Screening Level (RBSL) Spreadsheet for Upstream Sites Lynn Spence, Spence 
Environmental Engineering, Pleasanton, CA; Sara McMillen and Renae Magaw, ChevronTexaco 
Energy Research and Technology Company, Richmond, CA; Harley Hopkins, American 
Petroleum Institute, Washington, DC; Michele Amaral, BBL, Petaluma, CA 

●     Assessing the Distance of Petroleum Transport in Groundwater at a Large E&P Site Paul 
D. Lundegard, Unocal, Brea, CA; Paul Johnson, Arizona State University, Tempe, AZ 

●     In Situ Assessment of Benzene Biodegradation Potential in a Gas Condensate 
Contaminated Aquifer Jennifer Busch-Harris, Kerry L. Sublette, University of Tulsa, Tulsa, 
OK; David White, Aaron Peacock, Center for Biomarker Analysis, University of Tennessee, 
Knoxville, TN; William E. Holmes, School of Natural Resources, University of Michigan, Ann 
Arbor, MI 
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●     Changes in Microbial Communities During Bioremediation of Oil and Brine Spills Kathleen 
E. Duncan, Bruce Roe, and Fares Najar, University of Oklahoma, Norman, OK; Greg Thoma, 
University of Arkansas, Fayetteville, AR; Chintan Mehta, Aditya Moralwar, Kerry L. Sublette, 
and Laura P. Ford, University of Tulsa, Tulsa, OK 

●     Analysis of Nematode Counts as an Ecological Indicator of Site Restoration Chintan Mehta, 
Kerry L. Sublette, Aditya Moralwar, Laura Ford, University of Tulsa, Tulsa, OK; Tim Todd, 
Kansas State University, Manhattan, KS; Kathleen Duncan, University of Oklahoma, Norman, 
OK; Joshua Brokaw, Oklahoma State University, Stillwater, OK; Greg Thoma, University of 
Arkansas, Fayetteville, AR 

POSTER SESSION
Chair: Brandy Fidler, University of Tulsa, Tulsa, OK 

●     Structure-Activity Relationship of Lipopeptide Biosurfactants Produced by Bacillus Species 
Noha H. Youssef and M.J.McInerney, University of Oklahoma, Norman, OK 

●     Transport of Spores from Three Different Bacillus Species Through Unconsolidated Sand 
Packed Columns Trinity J. Fincher and M.J. McInerney, University of Oklahoma, Norman, OK 

●     Aerobic Bioremediation of BTE-Contaminated Groundwater in Biosep/Sand Packed-Bed 
Barrier Dae-Soo Kim and Greg Thoma, University of Arkansas, Fayetteville, AR 

●     Reliability Modeling and Failure Modes Study for E&P Facilities in the Tallgrass Prairie 
Lyda Zambrano and Greg Thoma, University of Arkansas, Fayetteville, AR; Kerry L. Sublette, 
University of Tulsa, Tulsa, OK; Kathleen E. Duncan, University of Oklahoma, Norman, OK 

●     Comparison of Biostimulation, Bioaugmentation and Chemical-Biological Stabilization for 
Remediation of Hydrocarbon Contaminated Sediments Francisco Javier Guzman O. and 
Randy H. Adams, Juarez Autonomous University of Tabasco (UJAT), Tabasco, Mexico; Juan 
Avial G., Pemex Gas and Basic Petrochemical (PGPB), Coatzacoalcos, Veracruz, Mexico 

●     Case Study of Petroleum Contaminated Maritime Terminal of Dos Bocas in Mexico Manuel 
Muriel and Samuel Flores Perez, Instituto Mexicano del Petroleo, Cam. Mexico; Alfredo Castro 
Lobato and Fernando Casados Ponce, GTDH Pemex Exploracion y Produccion RMSO, Paraiso, 
Tab, Mexico 

●     Generating the Oil Exploration and Production Risk Index Map of Tallgrass Prairie 
Preserve to Serve as an Environmental Risk Management Tool Chun Yen Wong and Greg 
Thoma, University of Arkansas, Fayetteville, AR; Kerry L. Sublette, University of Tulsa, Tulsa, 
OK; Kathleen E. Duncan, University of Oklahoma, Norman, OK 

●     Application of Bio-Trap Samplers in Conjunction with Real-Time PCR (CENSUS) Analysis 
to Directly Assess Petroleum Hydrocarbon Degradation Greg A. Davis, Dora Ogles, Debra 
McElroy and Josh Streufert, Microbial Insights, Inc., Rockford, TN; Aaron Peacock, Center for 
Biomarker Analysis, University of Tennessee, Knoxville, TN; Kerry L. Sublette, University of 
Tulsa, Tulsa, OK 

●     Developing Guidelines for Bio-Trap Samplers to Evaluate ORC®-Enhanced Remediation 
of BTEX Contaminated Aquifers Greg A. Davis, Dora Ogles, Josh Streufert, and Debra 
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McElroy, Microbial Insights, Inc., Rockford, TN; Scott Mullin, Regenesis, San Clemente, CA; 
Steve Sittler, Handex, Indianapolis, Indiana; Kerry L. Sublette, University of Tulsa, Tulsa, OK 

●     Fate of C60 Nanoparticles and Adsorbed Hydrocarbons - Comparison with Activated 

Carbon and Soil Organic Carbon Xuekun Cheng, Mason B. Tomson, and Amy T. Kan, Rice 
University, Houston, TX 

●     Natural Brine Pump in the Tallgrass Prairie Preserve, Osage County, Oklahoma Nathan 
Buchanan, Cailean Carlberg, Juliana Gendron, Kathleen McKee, Emily Starke, Sophia 
Rodriquez, Brian Tapp, Winton Cornell, University of Tulsa, Tulsa, OK 

●     Design of Electro Dialysis Setup for Concentrating Effluents Vamsi Prasad Rao Jamalapuram, 
University of Tulsa, Tulsa, OK 

●     Surface Water Quality in an Active Crude Oil Exploration and Production Site in 
Oklahoma Rick Yates, Aditya Moralwar and Kerry L. Sublette, University of Tulsa, Tulsa, OK 

●     Linking Aboveground and Belowground Soil Ecosystem Parameters at the Site of an Old 
Crude Oil Spill: Inexpensive Assessment of Soil Ecosystem Status Jennifer Busch-Harris and 
Kerry L. Sublette, University of Tulsa, Tulsa, OK; Tim Todd, Kansas State University, 
Manhattan, KS; Kathleen Duncan, University of Oklahoma, Norman, OK 

●     Sampling Below an Oil-Water Interface for MIC Microorganisms Daniel Tristan Sublette, 
University of Tulsa, Tulsa OK 

●     A Comparison of Classical and Molecular Methods for Counting Soil Bacteria at the Site of 
an Old Crude Oil Spill Kate Key, Rhodes College, Memphis, TN; Kathleen Duncan, University 
of Oklahoma, Norman, OK; Kerry L. Sublette, University of Tulsa, Tulsa, OK 

WEDNESDAY, OCTOBER 13, 2004 - MORNING

CHARACTERIZATION AND REMEDIATION OF BRINE SPILLS
Chair: Laura Ford, University of Tulsa, Tulsa, OK 

●     Status of Oil Brine Spill Site Remediation Milan C. Vavrek, Howard Hunt, Donna Vavrek, and 
Wes Colgan, III, Louisiana Tech University, Ruston, LA 

●     Remediation of Brine-Impacted Soil with Organic Matter: Microcosms - IPEC FUNDED 
PROJECT Laura Ford, Shailendra Singh, Kimberly Carter, and Kerry L. Sublette, University of 
Tulsa, Tulsa, OK; Kathleen E. Duncan, University of Oklahoma, Norman, OK 

●     Field Determination of Chloride in Salt-Impacted Soils - Just Add Water! David G. Boyer, 
Safety and Environmental Solutions, Inc., Hobbs, New Mexico 

●     A Modular Design and Implementation of a Brine Conversion Process: Oil Removal and 
Desalting Units Maria A. Barrufet and David Burnet, Texas A&M University, College Station, 
TX 

●     Fate and Transport of Chloride from Produced Water Spills to Ground Water, Lea 
County, New Mexico Randall T. Hicks and David Hamilton, R.T. Hicks Consultants, Ltd., 
Albuquerque, NM; Jirka Simunek, University of California Riverside, Riverside, CA 
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●     A Simple Tool to Predict Impact to Ground Water from Produced Water Spills Randall T. 
Hicks and David Hamilton, R.T. Hicks Consultants, Ltd., Albuquerque, NM; Jirka Simunek, 
University of California Riverside, Riverside, CA; Jason Libersky, Zia Consortium, 
Albuquerque, NM 

●     Remediation of a Spill of Crude Oil and Brine Without Gypsum Aditya Moralwar, Kerry L. 
Sublette, Laura Ford, University of Tulsa, Tulsa, OK; Kathleen Duncan, University of Oklahoma, 
Norman, OK; Greg Thoma, University of Arkansas, Fayetteville, AR; Josh Brokaw, Oklahoma 
State University, Stillwater, OK 

●     The Land Resource Breach Problems in Oilgas Extraction Regions of Mangystau A. 
Bigaliev, Kazakh National University, Alamaty, Kazakhstan; Yedil Zhanburshin, A. Demegen 
and A. Dameev, Karaganda State University, Aktau City, Republic of Kazakhstan

DRILLING WASTE MANAGEMENT
Chair: John Candler, MI Drilling Fluids, Houston, TX 

●     Innovative and Interactive Drilling Waste Management Information System John Veil, 
Markus G. Puder, and Deborah Elcock, Argonne National Laboratory, Washington, D.C.; 
Thomas J. Kotek, Pamela D. Richmond, and Robert G. Sullivan, Argonne National Laboratory, 
Argonne, IL; Brandy Fidler, University of Tulsa, Tulsa, OK 

●     Constructing the Regulatory Module for a Web-Based Drilling Waste Management 
Information System Markus Puder, Argonne National Laboratory, Washington, DC 

●     An Overview of Drill Cuttings Re-Injection - Lessons Learned and Recommendations 
Quanxin Guo and Thomas Geehan, M-I SWACO, Houston, TX 

●     Improving the EPA Method for Detecting PAH in Non Aqueous Drilling Fluids Cuiwei Lai, 
Marc Churan, John Candler, and Michael Freeman, M-I SWACO, Houston, TX 

●     Environmental Compliance Systems for Gulf of Mexico Synthetic Muds Jim Friedheim, John 
Candler, and Stephen Rabke, M-I SWACO, Houston, TX 

●     Comprehensive Drilling Waste Management Program Significantly Increases Value and 
Sets Standard for Compliance in Brunei Operations Simon Seaton, Halliburton Baroid, 
Houston, TX; Brian Campbell, Halliburton Bariod, Brunei; Mike Ward, Brunei Shell Petroleum, 
Brunei   slides 

PHYTOREMEDIATION
Chair: Greg Thoma, University of Arkansas, Fayetteville, AR 

●     Effect of Vegetation on Bioremediation of Weathered Petroleum Hydrocarbons in Soil 
James L. Brown, Lockheed Martin/REAC, Edison, NJ; Harry Allen, U.S. EPA, Edison, NJ 

●     Rhizosphere Fungal Diversity in Oil and Brine Contaminated Soils Wes Colgan, III, D. Ross 
Patrick, and Milan Vavrek, Louisiana Tech University, Ruston, LA 

●     Field Application of AM Fungi for Phytoremediation of Oil-Brine Spill Sites Barrett Clark, 
Wes Colgan, III, and Milan Vavrek, Louisiana Tech University, Ruston, LA 
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●     Novel Approaches to Measurement of Rhizosphere - IPEC FUNDED PROJECT Thanh B. 
Lam, Greg Thoma, Duane C. Wolf, and Susan Ziegler, University of Arkansas, Fayetteville, AR 

●     Characterization of the Root Zone of Introduced Switchgrass Growing in Soil from an 
Historic Brine Scar Kerry L. Sublette, University of Tulsa, Tulsa, OK; Dennis Beckmann, 
Atlantic Richfield Co., Tulsa, OK; Kevin Heaton, Atlantic Richfield Co., Houston, TX; David 
Tsao, Atlantic Richfield Co., Chicago, IL; Walter Zverina, RETEC, Austin, TX; Greg Davis and 
Ed Sobak, Microbial Insights, Inc., Rockford, TN 

FORENSIC GEOCHEMISTRY & SITE ASSESSMENT / HYDROCARBON REMEDIATION
Chair: Dennis Beckmann, Atlantic Richfield Company (a BP affiliate), Tulsa, OK 

●     Long Term Groundwater Monitoring Using Evolutionary Multiobjective Optimization: 
Development and Case Study Dennis D. Beckmann, Atlantic Richfield, Tulsa, OK; Barbara 
Minsker and Meghna Babbar, University of Illinois at Urbana Champaign, Champaign, IL; Jon 
Greetis, Delta Environmental Consultants, Grand Rapids, MI; Peter Groves, Moire, Champaign, 
IL 

●     Fingerprinting BTEX Sources in Groundwater Ted C. Sauer, Blasland, Bouck & Lee, Inc., 
Duxbury, MA; Helder J. Costa, Blasland, Bouck & Lee, Inc., New Bedford, MA 

●     Using GIS to Quickly Locate Possible Sources of Contamination Patricia Billingsley and 
Charles Lord, Oklahoma Corporation Commission, Oklahoma City, OK 

●     Evidence of the Proliferation of Native Petroleum Reducing Bacteria Subsequent to 
Application of Controlled In-Situ Chemical Oxidation Thomas Douglas, AET, LLC, 
Pensacola, FL; William Lundy, DTI, Inc., Oak Forest, IL; Eric Nuttall, University of New 
Mexico, Albuquerque, NM (slides) 

●     Surfactant Enhanced LNAPL Recovery and Attenuation Robert J. Tworkowski, URS 
Corporation, Gaithersburg, MD; Jason L. Baer, REM, State of Maryland, Maryland 
Environmental Service, Millersville, MD 

●     The Mobilization of Metals and Inorganic Compounds During Resuspension of Anoxic 
Sediment Heather J. Shipley, Yan Gao, Amy T. Kan, and Mason B. Tomson, Rice University, 
Houston, TX 

●     Trench-Based Dual Phase Extraction in a Low Permeability Soil Robin M. Jones and Paul A. 
Karas, CDM, Albuquerque, NM 

THURSDAY, OCTOBER 14, 2004 - MORNING

COALBED METHANE PRODUCED WATER
Chairs: John and Deidre Boysen, BC Technologies Ltd., Laramie, WY 

●     Coalbed Natural Gas Produced Water Management: New Insights to a Challenging Issue J. 
Daniel Arthur, ALL Consulting, LLC, Tulsa, OK 
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●     Coalbed Methane Produced Water: Management Options for Sustainable Development 
James R. Kuipers and Kimberly A. MacHardy, Kuipers & Associates, Butte, MT; Walter 
Merschat, Scientific Geochemical Services, Casper, WY; Tom Myers, Reno, NV 

●     Equilibrium Adsorption Models for Coalbed Methane and CO2 Sequestration Processes 

Khaled A.M. Gasem, R.L. Robinson, Jr., J.E. Fitzgerald, Z. Pan, M. Sudibandriyo, and A. 
Arumugam, Oklahoma State University, Stillwater, OK 

●     Produced Water from Coal-Bed Methane in the Powder River Basin: Interactions Between 
CBM Water and Solid Phases in Infiltration Impoundments and Characterization of 
Organic Compounds Cynthia A. Rice and Richard W. Healy, U.S. Geological Survey, 
Lakewood, CO; Timothy T. Bartos, U.S. Geological Survery, Cheyenne, WY; Yousif K. 
Kharaka, U.S. Geological Survey, Menlo Park, CA; William H. Orem, U.S. Geological Survey, 
Reston, VA 

●     Managing Produced Water at CBM Properties in the Rocky Mountain Region John Boysen 
and Deidre Boysen, BC Technologies, Ltd., Laramie, WY 

●     Changes in Community Structure after Habitat Loss and Potential Changes in Water 
Quality in Northern Great Plains Rivers Impacted by Long-Term Flow Increases Resulting 
from CBM Production James Gore, University of South Florida, St. Petersburg, FL 

●     Coalbed Production Water Management and the Environmental Laboratory Kate Forsting, 
Energy Labs, Casper, WY 

WASTE MANAGEMENT & POLLUTION PREVENTION
Chair: Lisa Gieg, University of Oklahoma, Norman, OK 

●     Feasibility of Using Produced Water as the Base Fluid for Hydraulic Fracturing Frank 
Huang and Rupesh Gundewar, New Mexico Tech, Socorro, NM; Darrin Steed, XTO Energy, 
Inc., Farmington, NM; Bill W. Loughridge, Halliburton, Farmington, NM 

●     Evaluation of Commercial, Microbial-Based Products to Treat Paraffin Deposition in Oil 
Production Equipment - IPEC FUNDED PROJECT Lisa Gieg, Michael McInerney, and 
Joseph Suflita, University of Oklahoma, Norman, OK; Gary Jenneman, ConocoPhillips, 
Bartlesville, OK 

●     Environmentally Friendly and Economical Process for Plugging Abandoned Wells Using 
Fly Ash - IPEC FUNDED PROJECT Subhash Shah and Yeon-Tae Jeong, University of 
Oklahoma, Norman, OK 

●     Environmentally Acceptable Fluid-Loss Alternatives for Use in the North Sea Samuel J. 
Lewis and Michael J. Szymanski, Halliburton Energy Services, Duncan, OK 

●     Application of Polyacrilimide to Enhance Silt Fence Performance Jeyarathan Arjunan, 
Khaled A.M. Gasem, Ellen Stevens, and Bill Barfield, Oklahoma State University, Stillwater, 
OK 

●     The Failure Avoidance and Effective Silt Fence Technology (FAESF): Modeling and 
Laboratory Evaluation - IPEC FUNDED PROJECT Ellen Stevens, Bill Barfield, Khaled A.
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M. Gasem, Sandeep Yeri, Jey Arjunan, Oklahoma State University, Stillwater, OK 
●     Survey of Ultra-Trace Metals in Gas Turbine Fuels Bruce Rising and Jianfan Wu, Siemens 

Westinghouse, Orlando, FL; Phil Sorurbakhsh, Texas Oil Tech Laboratories, Houston, TX 
●     Closed and Pressurizable Mud Returns System Provides Significant HSE Benefits to 

Onshore and Offshore Oil & Gas Drilling Don Hannegan, Weatherford International, Fort 
Smith, AR 

●     Hazardous Waste Minimization at an Offshore Production Complex Located in Mexican 
Gulf Alfonso Espitia C., Griselda Gonzalez, Juan Jose Lara M., Juan Velazquez J., Elena 
Taboada V., and Leonel Franco C., Universidad Autonoma Metropolitana, Mexico D.F. 

MICROBIAL ECOLOGY & PHYSIOLOGY OF SULFATE REDUCTION & ITS CONTROL
Chair: Michael McInerney, University of Oklahoma, Norman, OK 

●     Spatial Variability of Sulfate Reduction in a Shallow Aquifer Chris Musslewhite and M. 
McInerney, University of Oklahoma, Norman, OK 

●     Evaluation of Nitrate and Nitrite for Control of Biogenic Sulfides in Ekofisk Produced 
Water Gary E. Jenneman and Robert H. Webb, ConocoPhillips, Bartlesville, OK; Anthony J. 
Dinning, Aquateam, Oslo, Norway; Kaare Voldum and Oystein Bache, ConocoPhillips, 
Stavanger, Norway 

●     Genetic Tools for Manipulation of Sulfate Reducing Bacteria Lee Krumholz, Qingwei Luo, 
Nydia Castaneda, and Xiangkai Li, University of Oklahoma, Norman, OK 

●     Detection of MIC in Oilfield Brines Using an On-Line Biofilm Activity Monitor and Bug-
Traps Gary E. Jenneman and Robert H. Webb, ConocoPhillips, Bartlesville, OK; Kerry L. 
Sublette, Chintan Mehta, University of Tulsa, Tulsa, OK; Aaron Peacock, Center for Biomarker 
Analysis, University of Tennessee, Knoxville, TN; Greg Davis, Microbial Insights, Inc., 
Rockford, TN 

●     Bioregenerable Selective Sorbents for Hydrogen Sulfide Removal from Natural Gas - 
Continuing Studies Brandy Fidler and Kerry L. Sublette, University of Tulsa, Tulsa, OK; Gary 
Jenneman, ConocoPhillips, Bartlesville, OK; Greg Bala, INEEL, Idaho Falls, ID 

●     Influence of Organic Matter Quality on In Situ Sulfate Reduction Rates in an Aquifer Steve 
H. Harris, Jr., Joseph Suflita, University of Oklahoma, Norman, OK; Jonathan D. Isotok, Oregon 
State University, Corvallis, OR 

THURSDAY, OCTOBER 14, 2004 - AFTERNOON

LEGAL & REGULATORY ISSUES
Chair: Sam Farris, Commission on Marginally Producing Oil and Gas Wells, Oklahoma City, OK 

●     Spill Prevention, Control and Countermeasure (SPCC) Plan Revisions - Evaluation for 
E&P Operators - Question and Answer Period for Tuesday Plenary SPCC Presentation 
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George Holliday, Holliday Environmental Services, Inc., Bellaire, TX; Michael Donald, Lemle & 
Kelleher, L.L.P., Shreveport, LA 

●     Is There a Silver Lining Behind Those Dark Regulatory Clouds? Sam Farris, Commission on 
Marginally Producing Oil and Gas Wells, Oklahoma City, OK 

●     The Brownfields Revitalization and Environmental Restoration Act of 2002 - New 
Emphasis on and Funding for Petroleum Site Assessment and Cleanup Dorothy Crawford, 
US EPA Region 6, Dallas, TX; Patricia Billingsley, Oklahoma Corporation Commission, 
Oklahoma City, OK 

●     What You Need to Know About ADR Richard S. Bayer, La Jolla Center for Dispute 
Resolution, La Jolla, CA 

●     Muddy Waters for the Oil and Gas Industry: "Navigable Waters" and Clean Water Act 
Case Histories Sarah K. Walls, Cantey & Hanger, LLP, Fort Worth, TX 

●     REACH is real: The Proposed REACH System and its Effect on a Service Company Janine 
Killaars, Halliburton, The Netherlands; Samuel J. Lewis, Halliburton Energy Services, Duncan, 
OK 

●     Comparative Analysis of Assessment Methodologies for Waters of the U.S. in North Central 
Texas Peter D. McKone, James E. Huff, and John R. Alexander, Carter & Burgess, Inc., Ft. 
Worth, TX; Ray Stevens, Devon Energy, Bridgeport, TX 

●     Environmental Permitting Differences Within Selected States in the Midwestern U.S. Peter 
D. McKone, J. Alexander, and J. Huff, Carter & Burgess, Inc., Ft. Worth, TX 

BIOREMEDIATION OF SOILS AND GROUNDWATER
Chair: Greg Davis, Microbial Insights, Inc., Rockford, TN 

●     Chemical-biological Stabilization Method for Treatment of Drilling Cuttings and 
Hydrocarbon-Contaminated Soils Randy H. Adams, Juarez Autonomous University of 
Tabasco (UJAT), Villahermosa, Tabasco, Mexico 

●     Guidelines for Applying Molecular Techniques in the Assessment of Petroleum 
Hydrocarbon Degradation Dora Ogles, Greg A. Davis, Debra McElroy, and Josh Streufert, 
Microbial Insights, Inc., Rockford, TN; Aaron Peacock, Center for Biomarker Analysis, 
University of Tennessee, Knoxville, TN; Kerry L. Sublette, University of Tulsa, Tulsa, OK 

●     Innovative Bioremediation of Petroleum Contaminants Song Jin, Terry H. Brown, and Paul 
H. Fallgren, Western Research Institute, Laramie, WY 

●     In Search of the Truth Using Microbial Analyses Eric J. Raes, Engineering and Land Planning 
Association, Inc., Clinton, NJ; David C. White and Aaron Peacock, Center for Biomarker 
Analysis, University of Tennessee, Knoxville, TN; Kerry L. Sublette, University of Tulsa, Tulsa, 
OK; Greg Davis, Microbial Insights, Inc., Rockford, TN 

●     Acetate and Butyrate Metabolism in a Gas Condensate-Contaminated Aquifer Chris 
Struchtemeyer, Mostafa Elshahed, and Michael J. McInerney, University of Oklahoma, Norman, 
OK 

●     Influence of Abiotic Factors on Hexadecane Biodegradation in a Captina Silt Loam Kristen 
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Greer, Susan E. Ziegler, Greg Thoma, Kaaron J. Davis, and Duane C. Wolf, University of 
Arkansas, Fayetteville, AR 

●     In Situ Remediation Using Direct Push Technology: A Decade of Experience and 
Applications James H. Viellenave, ESN Rocky Mountain, Golden, CO; Todd Herrington, 
Regenesis, Inc., Denver, CO 

●     The Effect of Heterogeneity on Injection Systems for the In Situ Remediation of 
Groundwater David B. Vance, Arcadis G&M, Midland, TX 

●     Enhanced Bioremediation with Agrochemicals of a Polluted Site with Oily Wastes from a 
Pig Trap Launcher at a Crude Oil Storage Facility at the Southwest of Mexico Alfonso 
Espitia, Virginia Torrecilla, Rocio Jimenez Hernandez, Nina Kondratenko, and Olivia Salas, 
Universidad Autonoma Metropolitana, Mexico D.F. 

TECHNOLOGY TRANSFER / AIR AND FUGITIVE EMISSIONS
TECHNOLOGY TRANSFER 
Chair: G. Phil Spurlin, BEACON Environmental Assistance Corporation, Edmond, OK

●     Technology Transfer to Independent Oil Producers in Pennsylvania and New York for 
Restoration of Small Crude Oil-Contaminated Sites - Phase II James L. Brown, Lockheed 
Martin/REAC, Edison, NJ; Harry Allen and Dwayne Harrington, U.S. EPA, Edison, NJ 

●     The Kansas Oil and Gas Industry Public Outreach Program Edward P. Cross, Kansas 
Independent Oil and Gas Association, Topeka, KS 

●     The Value of Pilot Studies, Leading to Full Scale Design for Innovative Technologies at the 
Rocky Mountain Oilfield Testing Center, Casper, WY Lorri M. Kirby and Brian Meiding, 
Rocky Mountain Oilfield Testing Center, Casper, WY; Fernando de Torres, Global Petroleum 
Environmental Technologies, Casper, WY; James E. Myers, ChevronTexaco Energy and 
Research Company, Bellaire, TX; Brian Hageman, Deluge, Inc., Phoenix, AZ 

●     OERB - The Next 10 Years Robert Sullivan, Jr., Sullivan and Company, Tulsa, OK; G. Phil 
Spurlin, BEACON Environmental Assistance Corp., Edmond, OK 

●     Hands on Audience Participation in Using IPEC Soil Salt Analysis Kit George F. Collington, 
Jr., Oklahoma State University, Stillwater, OK; G. Phil Spurlin, BEACON Environmental 
Assistance Corp., Edmond, OK 

AIR AND FUGITIVE EMISSIONS 
Chair: Robert Babcock, University of Arkansas, Fayetteville, AR

●     Data for Design of Vapor Recovery Units for Crude Oil Stock Tank Emissions - IPEC 
FUNDED PROJECT Jorge Plaza, R.E. Babcock, and Greg Thoma, University of Arkansas, 
Fayetteville, AR 

●     Field Demonstration for the Continuous Measurement of Crude Oil Stock Tank Emissions - 
IPEC FUNDED PROJECT R.E. Babcock and Greg Thoma, University of Arkansas, 
Fayetteville, AR; Jorge Plaza, Trinity Consultants, Baton Rouge, LA 
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●     CO2 Reduction from Process Streams Omar Barkat and Young Hoon Choi, McNeese State 

University, Lake Charles, LA 
●     Torch for Burning Passing Oil and Waste Gases Yedil Zhanburshin and E. Oramalov, 

Karaganda State University, Aktau City, Republic of Kazakhstan; Ye Zhanburshin and A. 
Dostiyarov, Kazakh ATK 

●     Pollution of Air Pool by Harmful Emissions in Areas of Extraction and Processing of 
Hydrocarbons Raw Material of the Western Kazakhstan Yedil Zhanburshin, Karaganda State 
University, Aktau City, Republic of Kazakhstan 

SPECIAL SYMPOSIUM 
FRIDAY, OCTOBER 15, 2004 - MORNING

NATURAL ATTENUATION OF MTBE
Chairs: Kerry L. Sublette, University of Tulsa, Tulsa, OK; Ravi Kolhatkar, Atlantic Richfield Company 
(a BP affiliated company), La Palma, CA 

●     Techniques to Evaluate MNA of MTBE John Wilson, National Risk Management Laboratory, 
U.S. EPA, Ada, OK 

●     Effect of Microbiologic and Hydrologic Properties on Determining the Fate of MTBE in 
Ground-Water Systems James E. Landmeyer, U.S. Geological Survey, Columbia, SC; Paul M. 
Bradley, U.S. Geological Survey, Columbia, SC 

●     MTBE to TBA Conversion and Biodegradation in Aerobic, Anaerobic, and Methanogenic 
Soil Conditions for Several UST Sites in Orange County, CA, USA George Devaull, Paul T. 
Sun, Daniel F. Walsh, Halina L. Wisniewski, and Lleana A.L. Rhodes, Shell Global Solutions 
(US) Inc., Houston, TX 

●     Anaerobic Biotransformation of Methyl Tert-Butyl Ether (MTBE) and Related Fuel 
Oxygenates Max M. Haggblom and Piyapawn Somsamak, Rutgers University, New Brunswick, 
NJ 

●     An Evaluation of the Use of Stable Isotopes as a Tool for Studying the Origin and Fate of 
MTBE Paul Philp, Tomasz Kuder, and Jon Allen, University of Oklahoma, Norman, OK 

●     Demonstration of In-Situ MTBE Biotransformation by Compound-Specific Stable Isotope 
Analysis Tomasz Kuder, Paul Philp and Jon Allen, University of Oklahoma, Norman, OK; Ravi 
Kolhatkar, Atlantic Richfield Company (a BP affiliated company), La Palma, CA; John Wilson, 
U.S. EPA, Ada, OK 

●     The Physiology and Enzymology of Aerobic MTBE Biodegradation Michael Hyman, 
Kimberly Glover, and Christy Smith, North Carolina State University, Raleigh, NC; Kirk 
O'Reilly, ChevronTexaco, Richmond, CA 
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Topics for Discussion

• Raise awareness of uncertainty
• Where does it come from?
• How does it influence 

environmental information and 
decision making?
• What can be done to reduce or 

control uncertainty?
- Several examples of procedures 

to streamline clean up of 
contaminated sites
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Definition 
(Source:Merriam-Webster Online Dictionary)

Un·cer·tain·ty
1 : the quality or state of being uncertain 
2 : something that is uncertain

Un·cer·tain
1 : INDEFINITE, INDETERMINATE <the time of 
departure is uncertain>
2 : not certain to occur : PROBLEMATICAL
3 : not reliable : UNTRUSTWORTHY
4     a : not known beyond doubt : DUBIOUS 

b : not having certain knowledge : DOUBTFUL 
c : not clearly identified or defined

5 : not constant : VARIABLE
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The more precisely the position is determined, The more precisely the position is determined, 
the less precisely the momentum is known in this the less precisely the momentum is known in this 

instant, and vice versa.instant, and vice versa.
--Heisenberg, uncertainty paper, 1927

The Heisenberg Uncertainty Principle
For Quantum Physics
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Many Technical Reports and Journals Focus 
on Uncertainty

• Journal of Risk and 
Uncertainty
• International Journal 

of Uncertainty, 
Fuzziness and 
Knowledge-Based 
Systems (IJUFKS) 
• Others



Vehicular Uncertainty
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Other Examples of Uncertainty in 
the Driving World
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Uncertainty in Social Relationships (Humans)
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Uncertainty in Social Relationships (Animals)
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Uncertainty in Relationships 
(Humans vs. Animals)
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Environmental Information
• Data

- Chemical
- Physical
- Biological
- Economic
- Volume/flow
- Other

• Assumptions
• Analyses

- Statistics
- Modeling
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Environmental Decisions

• What is the current condition of the 
environment?
• What is the desired condition of the 

environment?
- How much pollution can be tolerated?
- Endpoint for cleanup
- Acceptable risk

• How much pollution is being contributed by 
different sources and how can pollution be 
controlled?
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Environmental Decisions (continued)

• What factors must be used 
to set environmental 
standards?
- Risk
- Technical feasibility
- Cost-effectiveness
- Impact on other media
- Politics and societal pressure
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How Does Uncertainty Play into Data?

• Source of data
- New 
- Existing

• Quality of data –
“garbage in, garbage 
out”
• Quantity of data
• End use of data

0
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2000

2500
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3500

4000
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Uncertainty When Developing New Data –
Sample Collection

• Must be 
representative
- Where
- When 
- How much
- How often
- Technique

- composite vs. 
grab vs. 
continuous



Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Uncertainty When Developing New Data –
Sample Management

• Preservation
• Handling/storage 

conditions and times
• Transportation
• Record keeping

- Chain of custody



Uncertainty When Developing New Data –
Sample Measurement and Analysis

• Selection of method
- Regulatory requirements 

- oil and grease
- End use of data
- Cost
- Speed

• Measurement device
- Manual vs. automated
- Calibration and maintenance
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Sample Measurement and Analysis 
(continued)

• Snapshot vs. continuous
• Variability

- Accuracy
- Precision

• Skill/experience of technician
• QA/QC
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Uncertainty When Developing New Data –
Transcribing and Reporting

• Transfer of data from instrument to 
paper/electronic record
- Automatic vs. manual

• Transcription from lab report to data table in 
technical report
• Correct units

- mg/l vs. µg/l
- M (thousand or million?)

• Treatment of outliers – censoring data
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Uncertainty When Using Existing Data

• Review all of the points 
listed above for new data
• Do you have confidence in 

the persons/organizations 
that collected, analyzed, 
reported, and published the 
data?
• Has the old data been 

stored and transferred 
between media types 
accurately?



Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

How Does Uncertainty Play into Assumptions?

• Assumptions are necessary to bridge gaps in 
information
- The less you know, the more assumptions you will 

have to make
• Identify rationale for assumptions

- Base rationale on data rather than guesses where 
possible

- Level of confidence that assumption is reasonable
• Compounding effect of assumptions
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How Does Uncertainty Play into Statistical 
Analyses?

- Choice of method 
- Type of test
- Parametric vs. nonparametric

- Choice of parameter to characterize data set
- Mean vs. median

- Level of confidence
- How to treat data reported as nondetectable 

or below detection level
- How to treat outliers



Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Example – Produced Water Data for Lead

• Taken from files of Louisiana DEQ
• Tabulated and reported by an EPA contractor in 1992
• Used to justify a proposed regulatory decision

No. data points 182
Mean BDL = DL 12.6 mg/l
Mean BDL = 0 12.6 mg/l
Mean BDL = 0.5 DL 12.6 mg/l
Median 0.5 mg/l
Max. data value 832 mg/l
% BDL 70%
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Problems in Example

• 832 mg/l or ug/l
- Other EPA data source shows mean = 350 ug/l (0.35 mg/l)
- Is this a true value or some type of error?
- Should this be 832 ug/l?

• The mean is reported as the same regardless 
of how the large number of BDL values are 
treated

• Calculation of median
- should be < DL
- can analyze lead much lower than 0.5 mg/l
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Analysis of Produced Water Data from 
Louisiana DEQ

• When significant % of values are BDL, mean is 
not representative

Pollutant %BDL Mean       Median    Mean/Median
benzene 18% 2.55 1.4 1.8
copper 28% 0.15 0.16 0.9
lead 70% 12.6 0.5 25
mercury 65% 0.13 0.0013 100



How Does Uncertainty Play into Modeling 
Analyses?
• Model output is not reality!

- Used to predict and estimate reality
- Important and expensive decisions are often based 

on model results
• Choice of model
• Quality of inputs to model

- Real data
- Derived data (Monte Carlo, Bayesian)

• Sensitivity analysis
• Iterative process

- Run models and compare to actual results, then 
refine and run again
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Uncertainty in Knowing the Current Condition 
of the Environment
• Environment changes temporally and spatially

- How much data are needed to characterize it 
for your purposes?

• Environmental cycles
- Daily 
- Tidal
- Seasonal
- Climatic shifts

• How can you factor in natural large 
perturbations
- Hurricanes
- floods
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Uncertainty in Determining the Desired 
Condition of the Environment
• How clean is clean?
• Precautionary principle vs. risk-based decision making
• Ideal conditions vs. best practicable or best affordable

- Ex. - Drinking water standards (MCLs vs. MCLGs)
• Improvements in technology change practicability, cost, 

and ability to measure
• What will society tolerate and expect?

- U.S/Western Europe vs. developing countries
• Cross-media impacts and unexpected consequences

- MTBE
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Uncertainty in Determining How Much 
Pollution is Being Contributed by Different 
Sources and How to Control Pollution
• Pollution or environmental impact is observed but 

manager does not know where it comes from
• Estimate inputs and impacts from most likely point and 

nonpoint sources
- Does this account for all or most of observed effect?
- If not, need to make better estimates or include additional 

sources
• Where will control measures have the greatest impact?

- e.g., Cheat River study in WV
• What sticks and carrots do regulators have?
• How do existing regulatory programs restrict the 

options?



What Can Be Done to Reduce or Control 
Uncertainty?
• Collect more data

- Need to consider costs
- Determine if more of the same data will help or is 

some other type of data needed
• Revise and improve assumptions and analyses

- May be iterative process
• Acknowledge that estimates/results are 

uncertain 
- Try to quantify uncertainty
- Tolerate different levels of uncertainty for different 

end uses
• Convey the uncertainty to all potential users
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Examples of Technologies or Management 
Systems to Control Uncertainty

• ASAP (Adaptive Sampling and Analysis 
Program)
• Triad
• Real-time field data collection and transfer 

technologies
• Ohio oil and gas well emergency response 

website
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Standard Sampling and Analysis 
Programs Area Expensive
Characteristics:
•Preplanned Sampling
•Off-Site Lab Analyses

Problems:
•High cost per sample
•Surprise results
•Pressure to oversample
•Multiple trips to the field

Resu ltsSa plesm OFF-SITE
LABORATORY

SITE

#1151
2099

1) Planning Phase

2) Sample Collection

3) Transport to Laboratory 5) Results Returned

6) Decision Made
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Adaptive Sampling and Analysis 
Programs Can Cut Costs Significantly
Characteristics:
•Real-time sample analysis
•Rapid field decision-making
Advantages:
•Reduce cost per sample
•Reduce # of samples
•Reduce # of programs
•Achieve better 
characterization
Requirements:
•Real-time method
•Decision support in the field

#1151
2099

2) Samples Collected

1) Planning Phase

3) Samples Analyzed
4) Decision Made
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Example Application of ASAP: Characterization 
Sediment Contamination in Hypothetical Bay

• 63 acre bay;

• Likely PCB 
contamination;

• Simple 
conceptual 
model (26.4 
acres);

• Goal is to 
delineate 
contamination 
footprint.
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Standard Approach:  One-Time, Gridded 
Sampling with Off-Site Sample Analysis

• triangular, 
preplanned grid;

•off-site lab 
analysis ($400 
per sample);

•sample numbers 
limited by 
budget;

•20 samples 
collected;

•250 feet between 
samples.
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One-Time, Gridded Sampling with Analyses 
Done with “Real-Time” Field Technique

• triangular, 
preplanned grid;

• real-time analysis 
($80 per sample);

•sample numbers 
limited by budget;

•96 samples 
collected;

•120 feet between 
samples.



Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

ASAP Approach: Iterative Sampling with Field 
Technique Focused on Defining Boundaries

•dynamic 
adaptive 
sampling 
strategy;

• real-time 
analysis ($80 
per sample);

•79 samples 
collected;

•120 feet 
between 
samples.



Performance Comparisons Show Reduced 
Uncertainty (in addition to reduced 
characterization costs)

• Much more accurate estimate of 
actual contaminated area.

• Significantly improved false 
positive/negative error rates.

• Ability to resolve “surprises” as 
they arise (in this particular 
case, contamination that 
extended beyond what was 
originally expected).
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Case Study:  Ashland 2 FUSRAP Site

• Site used as a dumping ground for soils contaminated 
with Th-230, U-238, and Ra-226.

• Th-230 is the driver, with an action level of 30 pCi/g.
• Contaminated soils need to be excavated and 

disposed of out-of-state with total excavation and 
disposal costs approximately $300 per cubic yard.

• Existing soil volume estimate was 14,000 cubic yards.  
Re-analysis suggested a best estimate of 25,000 cubic 
yards, with a range of 3,000 to 46,000 cubic yards.
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Precise Excavation Strategy for Ashland2
• Excavation designed for two foot lifts.  

Excavation footprints refined after each lift 
based on real-time results.

• Real-time data collection included:
- Gamma scans logged with differentially 

corrected GPS system.
- On-site gamma spectroscopy lab for quick turn-

around of soil samples.

• Off-site alpha spectroscopy served as 
QA/QC for real-time results.

• 24 hour turn-around time target for new 
excavation footprints.

• Data integration and analysis through GIS 
and secure project support Web site.



Relationship Between Th-230 and Ra-226 
Critical to Project Success

• Th-230 impossible to get in the field with real-time technologies.

• Ra-226, in contrast, easy to get and co-mingled with Th-230 
contamination.

• Issue is how to develop a relationship between gamma scans and the 
probability that Th-230 is present above guidelines.
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Gamma Walkover Data Guided Excavation
• Gamma walkover data 

collected, processed and 
disseminated daily.

• Walkover data integrated 
with historical data and 
results of discrete 
samples.

• For Ashland 2, walkover 
data turned out to be 
definitive.

• On-going validation 
program allowed gross 
gamma trigger levels to 
be adjusted as needed.
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Effectiveness of the Precise Excavation 
Approach Can Be Measured by:

• How precise was the excavation?

• What difference was there between the 
footprints of the precise excavation and one 
defined solely on characterization data ?

• What additional cost or scheduling burdens 
did this approach place on the remediation 
process? 
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Was the Difference Between Footprints of Precise 
Excavation and Characterization Data Significant?
• For the surficial lift, 4,000 cubic yards would have 
been excavated unnecessarily and 8,000 cubic yards 
would have been missed if excavation had been based 
on RI data.
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What  Additional Cost or Scheduling Burdens did 
this Approach Place on the Remediation Process?
• Excavation cannot proceed until after screening, 

possibility of down-time for excavation crews.  This 
was not the case at Ashland 2.

• Preliminary estimates indicate costs of $200,000 for 
gamma walkover data and data analysis.

• Considering the surficial lift alone, over $1.5 million in 
cost savings were achieved by avoiding unnecessary 
disposal costs.

• Corps estimated total cost savings of >$10M from 
waste stream minimization.



Systematic 
Project 

Planning

Dynamic 
Work 

Strategies

Real-time Measurement 
Technologies

What Is Triad?
• Three-phase system for managing uncertainty in 

hazardous waste clean ups
• Developed by EPA, Army COE, Argonne, and Interstate 

Technology and Regulatory Council
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Triad Systematic Planning Has Three Principal 
Steps

• Framing the Problem:  objectives, 
constraints, stakeholders, regulatory 
framework, and decisions to be made?

• Uncertainty Identification:  What prevents 
decisions from being made confidently?

• Uncertainty Management:  What can be done 
to raise decision-making confidence to 
acceptable levels?
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Purpose of the Triad Approach
• Provide framework to integrate new and 

established characterization and remediation 
technologies with smart work strategies to 
achieve “better” cleanups
• “Better” means documenting that

- Uncertainties in project decisions are identified and 
managed

- Intolerable decision errors are avoided
- Decisions are scientifically defensible
- Yet, lower project costs improve returns on public and 

private economic investment (vital to successful site 
reuse)
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Key Elements of Triad
• One of the advantages to using many of the real-time 

measurement systems is that they provide the 
capability to collect spatially dense sample sets.  

• This added capability directly addresses two key 
elements of uncertainty common on environmental 
projects.
- One is of high concern to regulatory agencies: it 

increases the confidence about whether all the 
significant areas of contamination have been 
identified at a site.

- For project and program managers, it allows a much 
higher confidence that remedial volume and cost 
projections will be accurate.
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Sampling Uncertainty Greatly Outweighs 
Analytical Uncertainty

Sample Location 
~ 95%

Analytical (between methods) Analytical (between methods) ~~ 5%5%



39,800 ppb

500 ppb

164 ppb

27,800 ppb24,400 ppb

1,280 ppb 1

27

6 3

45

331 ppb

2 ft

Sampling Design Must Account for Spatial 
Variability of Contaminant Concentration
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Case Study: Wenatchee Tree Fruit Project

• Action required to achieve clean closure 
- 390 tons of soil removed (56 tons incinerated;  334 tons 

landfilled)
• Total cost

- Projected: ~$1.2M;  Actual: $589K
- Savings: ~50%

• Total field time
- Single mobilization: <4 months from start of field work 

until project completion
• Outcome: Happy client, regulator, stakeholders

Source: http://cluin.org/ char1_edu.cfm#site_charSource: http://cluin.org/ char1_edu.cfm#site_char



Approach

• Used large number of low-cost pesticide immunoassay 
kits

230 IA analyses (w/ thorough QC)  + 29 fixed-lab samples for 33 analytes

Managed Managed sampling uncertaintysampling uncertainty: : 
achieved very high confidence that achieved very high confidence that 
all contamination above action all contamination above action 
levels was located and removedlevels was located and removed

Managed Managed field analyticalfield analytical
uncertaintyuncertainty as additional QC on as additional QC on 
critical samples: confirmed & critical samples: confirmed & 
perfected field kit action levels)perfected field kit action levels)

Source: http://cluin.org/ char1_edu.cfm#site_charSource: http://cluin.org/ char1_edu.cfm#site_char
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Results

•• Clean closure data set
– 33 fixed lab samples for analyte-specific pesticide 

analysis 
– Demonstrate full compliance with all regulatory 

requirements for all
– 33 pesticide analytes to >95% statistical confidence 

the first time!

• Projected cost: ~$1.2M;  Actual: $589K (Save ~ 
50%)

• Field work completed: <4 months; single 
mobilization

Source: http://cluin.org/ char1_edu.cfm#site_charSource: http://cluin.org/ char1_edu.cfm#site_char
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Improving Field Data Collection and Dissemination 
with Hand-Held and Wireless Devices

• Increases speed and efficiency of data 
collection
• Integrates GPS and GIS directly into data 

collection activities
• Maximizes value of field visits by allowing staff 

to collect broader array of data, and to conduct 
preliminary QA/QC in the field
• Supports real-time decision making through 

rapid dissemination of data
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Case Study: Metals Contamination of Soil at Army Facility

• Open pit burning of 
chemical munitions
• Metals contamination 

of soil
• Characterization with 

x-ray fluorescence 
(XRF) analyzer
• ~140 surface sample 

locations



System Architecture
1. GPS, form data collected on GIS-enabled PDA; synch, Bluetooth to tablet
2. XRF data Bluetooth to tablet.
3. Data compiled into MS Access, compressed
4. Compressed data transmitted to Argonne via cellular modem
5. Data processed for Web-based analysis/display with ArcIMS
6. Disseminated through Web server to decision makers/experts
7. ArcIMS data can be interactively queried from the field

3

GPS/GIS, 
Form Data

1

Web Server at ANL

Web Dissemination

ArcIMS Processing 

4

2

XRF Data

Compile, 
compress 

data

Transmit data

5

6
7 Query data
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Wireless XRF Analyzer

• Non-intrusive 
sampling

• Wireless (Bluetooth) 
for short-range data 
transmission

• Batch transmission

• Post-processing 
software

Niton XLt XRF Unit
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PDAs
• Wireless IPAQ and 

Panasonic rugged PDA
• Size, weight, quick 

startup advantage
• Limited memory and 

processing speeds
• Text input to PDA is 

difficult
• Rugged PDA more 

durable, brighter screen, 
better battery

HP IPAQ Pocket PC 
with ArcPad GIS Software

Panasonic Pocket PC 
with Visual CE form



Rugged Tablet PC

• Panasonic Toughbook 18 
rugged tablet PC

• Essentially a lightweight 
laptop specialized for screen-
based input 

• Lots of memory, good 
processor - brings full 
processing power to the field

• Large screen for maps, aerial 
photos

• Brighter screen than “office” 
tablet PCs

• Retrofitted Bluetooth, cellular 
modem for J-Field

Panasonic Toughbook 18 “clamshell” tablet PC
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Wireless Hand-Held GPS and GIS

EMTAC Wireless Bluetooth GPS 
• Wireless, tiny
• Inexpensive, 10 meter accuracy

ESRI ArcPad (ArcMap on tablet PC)
• GIS software customized for PDAs, 

tablet PCs
• Integrates real-time GPS
• Integrates well with Web through 

ArcIMS

EMTAC Wireless 
Bluetooth GPS
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Bluetooth
• Wireless, very short-range 

communication protocol, software, 
hardware

• Allows devices to “talk” directly
• Range 10-100 meters (mostly 10 m)
• Like a wireless modem, but much 

faster (500-700 KB/second)
• New devices have built-in Bluetooth, 

but can be retrofitted via cards, 
adapters (cheap)

• On IPAQ, Niton, Toughbook (retrofit)

Bluetooth USB adapter
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Cellular Modem
• Using cell transmission 

technology to send/receive data

• Essentially a wireless modem

• Requires service provider (ATT) 
and service plan

• Distance not a factor, but 
coverage is

• Slow - modem speed (<56k)

• Can be retrofitted via card 
(PCMCIA slot)

• Enables long-range 
communication from field

Sierra Wireless Aircard 750 
cellular modem card
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Syware Visual CE
• Database technology for 

PDA

• Used to create data entry 
forms and database for 
ancillary sample data

• Automates GPS data 
capture

• Automatically synchronizes 
databases on PDA and 
desktop PC

• Note: similar forms created 
for tablet PC in MS Access Visual CE form on ruggedized PDA



Emergency Responders Need Assistance

• Trained for many but not 
all, situations
• Often lack training for oil 

field incidents
• Can lead to unsafe 

situations for responders
• Can result in 

environmentally 
inappropriate response 
practices



Solution: Web-based Information System



• Allows responders or dispatchers to quickly locate 
wells with incidents
- Argonne browser allows for large amounts of interactive 

GIS data to be transferred rapidly over the Internet
Has great applicability for emergency response 
planning

• Provides information to owner/operator on reporting 
requirements

• Provides links to many other organizations and 
agencies

• Contains extensive MSDS data



How Has the Website Been Used?

• Industry officials have used the site to review well 
statistics

• Ohio Oil and Gas Energy Education Program has 
held many emergency response training workshops 
- Each workshop includes training on how to use the website
- Demo CDs of the site’s features have been distributed to 

hundreds of responders
• Ohio DNR manager often uses website while on 

travel to deal with phone calls and inquiries that came 
in during the day

• While in the field can staff use GPS to get lat/long 
and then look up ownership of wells having 
inadequate identification labeling



Conclusions
• Uncertainty is present is all phases 

of environmental information

• Decision makers should be aware of 
uncertainty and know how much 
uncertainty is appropriate for the 
types of decisions they must make

• Approaches to minimize uncertainty 
are being developed
- Primarily applicable to large, expensive 

projects

- Need imagination to apply related 
approaches to smaller, routine projects
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Where are we now?

• Original SPCC Plan Rules published in 
1973

• Revisions proposals examined in 1991, 
1993, and 1997

• New Rules Revision Promulgated on 
July 17, 2002



Where are we now?

• API, Marathon and Petroleum 
Marketers Association of America 
(PMAA) sued EPA

• 29 March 2004 All litigants settled out of 
court regarding

Loading rack definition –E&P truck loading 
facilities are not loading racks



Where are we now?
Resolved

Definition of “Practicable” – requires ring levee 
at drilling sites and pressure testing of flowlines
Produced Water – produced water from dry gas 
well are exempted SPCC Plan inclusion. 
Produced water from liquid hydrocarbon 
producing are consider oil. 
Definition of facility – the definition contained 
in 112.2 at 69 FR 47142 applies



Where are we now ? 
Resolved

All previously submitted requests fo
extension are invalidated
A new request for extension must be 
submitted
The 1973, as amended, SPCC Plan must be 
maintained until revised Plan implimemted



Facility

• All mobile or fixed installation, equipment, pipe 
or pipeline used during oil & gas drilling, 
producing, storing, gathering, processing, or 
transferring 

• Includes: Drilling rig storage, tank batteries, 
flowlines, gathering lines, separators, heater 
treaters, heaters, produced water tanks, 
compressors, etc. each container having a volume 
of ≥ 55 gal..



Where are we now?
Resolved

Oil container integrity testing – visual inspection is 
acceptable for shop-made containers <714 bbl, 
where a) the container is placed on an impervious 
surface so leakage can drain from under the 
container or b) all container surfaces can be visually 
inspected,  e.g., container on a stand or legs.  Other 
hydrocarbon container be non-destructively 
inspected, e.g., pressure tested or ultrasonically 
inspected –only applies to E&P containers, which 
cannot be diked
Security – Does not apply to E&P containers



Where are we now?
Unresolved

Definition of Navigable Waters – in litigation.  5th

Circuit dictum exempts borrow ditches and 
intermittent streams not adjacent to in-fact navigable 
streams are not Navigable Waters within Texas, 
Louisiana and Mississippi. 
Compliance date extension – EPA is evaluating
Definition of a “small facility” – EPA is considering 
the definition
Definition of  diked area “capable of containing oil” 
– this issue has been lost in the system



Where are we now?
Unresolved

• Reserve Pits
Drilling contractor include the reserve pit as a 

spill container in their SPCC Plans, but do not take 
responsibility for the pit
IADC states the reserve pit is the operator’s 

responsibility
We believe reserve pits should be includes as part 
of the Drilling Contractor responsibility, because 
the Contractor directs all releases to the pit.
It is not logical for the Contractor to have a release 
and then impose the responsibility on the operator 



Original Rule Concept

• Useful compromise worked out between 
API and EPA in 1973

Compromise allowed discretion (e.g. “should” 
instead of “shall”)
Professional Engineer (P.E.) assigned the 
discretion of determining plan adequacy. 



New Rule Concepts

• More rigid controls – P.E. discretion 
eliminated

• P.E. attests plan conforms to SPCC Rules
• P.E. accepts greater liability for plan failure
• Field gathering line inspection and 

maintenance plan 
• Many, many more...........



Rule Applicability

• Non-transportation related onshore and offshore 
(State waters) facilities

• Facility location reasonably expected to release oil 
causing a sheen on Navigable Waters.

• Applies to producers, sellers, storers, refiners or 
users having hydrocarbon containers ≥55 gal 
capacity totaling >1320 gal



Exceptions :
• Underground tanks ≤ 42,000 gallons covered by 

40 CFR 280 or 281
• Above ground storage capacity ≤ 1320 gallons
• Containers < 55 gallons
• Drilling, well servicing and production facilities 

covered by DOT rules 
Examples: moving from location to location or 
regulated common carrier pipelines

• OCS facilities under MMS control
• Permanently closed containers & pressure vessels
• Dry gas facilities (no condensate)



Major Rule Changes

• Different types of oil handling facilities 
detailed in regulations, e.g., farmers

• Exempts buried tanks ≤ 42,000 gallons
• Eliminates 660 gallon threshold; Uses new 

1320 gallon threshold
• Exempts wastewater treatment containers, 

but not produced water containers



Major Rule Changes

• New release reporting requirements
• New Professional Engineer requirements
• New compliance/implementation dates –17 

February 2006/18 August 2006
• Include 55gal containers



New Key Applicability 
Definition:

• Any portable or fixed onshore /offshore 
building, structure, installation, pipe or 
pipeline (other than a vessel or a public 
vessel) used in oil drilling, producing, 
refining, storing, gathering, processing, 
transferring, distributing and waste 
treatment not under.regulatory control of 
DOT, or DOI .



When do the plans have to 
be prepared?

• Existing fixed & mobile facilities must prepare 
plans by 17 February 2006 and implement by 18 
August 2006. In the mean time, the 1973 rule, as 
amended, apply, if operator continues to comply 
(69 FR 48794)

• New facilities, must prepare & implement Plans 
by 18 August 2006

• Facilities becoming operational after 18 August 
2006 must implement plans before start-up



What are the Professional 
Engineer’s 

Responsibilities?
• Attests to:

being familiar with SPCC rule requirements
having he/she or agent visited the facility
plan prepared in accordance with good 
engineering practice and applicable industry 
standards
having established procedures for required 
inspections
plan is adequate & appropriate for the facility



What are the Facility 
Owner’s Responsibilities

• Maintain a plan copy on site, if manned four 
or more hours/day

• Have plan available for regional 
administrator to review

• Attest to the Plan review at a minimum of 
once every 5 years and the need to amend or 
not amend the Plan



Can the Plan Preparation 
Time be Extended ?

The Regional Administrator may Extend the plan 
preparation time, only, if he/she finds the 
owner/operator cannot prepare the plan in a timely 
manner because of:

Lack of qualified P.E.
Delays in Construction
Equipment Delays

If not caused by owner/operator



Reporting Requirements
• If the facility has a discharge of >1000 gallons in a 

single incident or >42 gallons in each of two 
discharges within a rolling 12 month period the 
operator must:

report the release to EPA & the Nation Response 
Center
forward the EPA report to State Agencies – do not send 
Plan
follow Regional Administrator’s (RA) instructions to 
amend the plan
amend your plan
have right to appeal RA Instructions within 30 days



Information Required by the 
RA, if you have a Reportable 

Release
• Name of facility
• Name of operator representative
• Facility Location
• Maximum storage capacity and daily throughput
• Corrective actions and countermeasures taken
• Description of facility, maps, flow diagrams etc. 
• Cause of oil release
• Additional preventive measures taken



When must a Plan be 
Amended?

• Within 6 months of changes in :
Facility design
Construction, operation, or maintenance 
affecting potential to release oil
Construction or removal of secondary 
containment 

• Implement within 6 months of revised Plan 
preparation



What about Review and 
Evaluation of the Plan?

• Plan must be reviewed and evaluated every  
5 years

• New technology or improved measures 
trigger review

• New measures must be in place 6 months 
after the review completed

• Review must be dated & attested to by 
owner/operator 



Rule Overall Structure

• General requirements apply to all onshore 
& offshore facilities

• Specific requirements are added to the 
general requirements for producing, drilling 
& workover operations individually for 
onshore and offshore



General Requirements
• Discuss how the Plan 

conforms to the rule
• If Plan deviates from the 

rule, how does your 
proposal provide 
equivalence

• Describe the facility 
layout

• Provide a flow diagram of 
facility showing piping, 
containers, pumps and 
piping

• List
type of hydrocarbon in each 
container
release prevention 
procedures available when 
transferring oil, loading & 
unloading
Release and drainage 
controls
Countermeasures for 
discovery, response & 
cleanup



General Requirements
• List methods of recovered 

material disposal
• Contact list & phone 

numbers
facility response 
coordinator
National Response 
Center
cleanup contractors 
having a written 
agreement with the 
operator

• Release-reporting 
procedures, either 
from Response Plan or 
developed for SPCC 
Plan

• Describe control 
measures & available 
support materials



General Requirements
• Onshore

berms, dikes, retaining 
walls
Curbing
culverting, gutters or other 
drainage systems
Weirs, booms & barriers
Spill diversion ponds

• If experience dictates a 
potential for releases, 

predict the direction of 
release flow 
rate of flow
quantity of flow

• Provide containment or 
diversionary structures to 
prevent hydrocarbon from 
entering navigable waters



General Requirements
• Onshore/Offshore 

Impracticable provisions
provide equivalent 
protection
explain why rule is not 
practicable & how the 
protection is equivalent
If no Response Plan 
available

For containers, provide a  
periodic integrity testing

retention ponds
sorbent materials

• Offshore
curbing & drip pans
sumps & collection 
systems



General Requirements
For piping & valves, 
periodic integrity & 
leak testing

contingency plan
written management 
commitment to provide 
manpower, equipment 
& materials

• Prepare written 
procedure for required 
inspection & tests

keep procedures with 
the Plan, & for three 
years, records of 
inspections  & tests 
signed by the 
supervisor

• Train your (contract?) 
oil-handling personnel 
in operation & 
maintenance of 
equipment 



General Requirements

designate a person who is 
accountable for oil release 
prevention
at least once per year, 
conduct release prevention 
briefing for oil-handling 
personnel

• Field-constructed tanks 
typically refer to field-
welded tanks >1000 bbl 
capacity- if such tanks 
exist & are ≥1 in thick 
brittle fracture can exist

if such  tanks undergoes 
repair, alteration, 
reconstruction, or change of 
service, evaluate the 
container for risk of 
discharge & correct 
observed problem

• Include in the Plan all 
state and local oil spill 
requirements



Plan Formatting

• The format for Plan General Requirements 
must follow the prescribed (above) 
sequence

Existing Plan may be update, but the General 
Requirements section must be cross-indexed to 
follow the above sequence



Onshore Production 
Facilities Requirements

• Meet General 
Requirements

• Keep dike drains  closed 
& sealed (locked), except 
when in use

inspect diked water before 
draining
drain only uncontaminated 
rain water from diked areas
Do not drain to a navigable 
waters

• Schedule inspection of 
field drainage ditches

Remove accumulated oil 

• Select tank materials 
compatible with the stored 
oil

dike or drip pan all containers 
≥55 gals, separators, transfer 
pumps, heaters & heater 
treaters having a capacity of 
the largest container in the 
dike/pan + precipitation

• Schedule regular container 
& foundation inspections



Onshore Production 
Facilities

• Design/update tank 
batteries in accordance 
with good engineering 
practice 

adequate size tank, or
Equalizer lines between 
tanks, or
Tank vacuum protection, or
High level sensor for 
computer controlled

• Regularly scheduled 
inspection of piping & 
valves associated with 
oil transfers.  Repair 
as required

• Periodically inspect 
produced water 
treating facilities

• Provide a flowline 
maintenance program



Onshore Drilling & Workover

• Meet General Requirements
• Position equipment to prevent releases to 

navigable waters
• Provide ring level, catchment basin or 

diversionary structure to intercept releases
• Install BOPE when drilling casing or 

working-over a well
BOPE must be rated to control well



Offshore Oil Drilling, 
Producing or Workover 

Facilities
• Meet General Requirements
• Use collection system (curbing, 

drain pans, sumps etc.) to collect 
small discharges and leaks. Oil 
must be drained to a sump or 
removed

• Sumps must be sized adequately 
and  have a standby pump. 

• Schedule inspection, testing  & 
preventative maintenance of sump 
and sump pumps.

• Equip atmospheric tanks & surge 
vessels with high liquid level shut-
down valves or alarms

• Provide high /low  pressure shut-
down valves or alarms on pressure 
vessels.  Provide corrosion 
protection on containers, as needed

• Prepare & maintain at the facility a 
written plan for inspecting and 
testing pollution equipment and 
systems

Schedule periodic inspections of 
pollution equipment
Conduct simulated (table top) 
discharges to test pollution control 
& countermeasure systems

• Operating instructions/records of 
surface and subsurface shut down 
valves and activation



Offshore Oil Drilling, 
Producing or Workover 

Facilities
• Install BOPE on wells, if 

drilling below casing shoe
BOPE must be rated to control 
well

• Install check valves at well 
headers on each flowline

• If well surface press exceeds 
flowline working pressure, 
install flowline high pressure 
sensors and shut-down valves

• Provide corrosion protection on 
piping leading to and from 
facility

• Maintain sub-marine piping in 
good condition

routinely according to a 
schedule inspect or test sub-
marine piping
Document & keep inspection 
records with the Plan



Conclusions

• We expect no more extensions of the SPCC 
Plan implementation (17 February 2006) & 
compliance dates (18 August 2006) 

• Existing Plans must be re-written, because 
cost of formatting requirements & including 
new provisions



Conclusions

• Maintain all provisions of existing Plan –
this will provide continuing compliance

• Anticipate an additional two-year extension 
for small facilities, as yet undefined. (69 FR 
38297)



Recommendations

• The SPCC Plan rule is in flux:
Maintain existing SPCC Plans in 
accordance with the 1973 rule
New facility SPCC Plan – prepare SPCC 
based on the suggested template provided
Recognize the template has not been 
sanctioned by EPA, but appears to contain 
the rquired minimum plan elements.
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ABSTRACT 
 

A simple but effective treatment method was investigated.  The original method consisted 
of  mixing in sawdust, hydrated lime and organic rich river levee soil, extending it in a thin layer, 
and planting grasses, after which the material was allowed an extended maturation phase.  Several 
modifications were made to the method consisting of: 1) altering the dosage of chemical reagent, 2) 
changing the order in which the chemical and organic materials are added, 3) avoiding addition of 
soil, 4) using alternative organic conditioners, and 5) modifying the dosage of organic conditioners.  
These changes resulted in material stabilization (reducing TCLP leachates to less than 1 ppm TPH), 
improved pH recovery (down to 7.7 in ten months), complete reduction in acute toxicity, and 
simplified logistics in terms of material additions.  These modifications have been incorporated into 
a technological package ready for remediation scale implementation which is currently under 
application for patent. 
 



INTRODUCTION 
 

Many of the soil remediation technologies internationally used and accepted today (such as 
land farming bioremediation) started out as simple methods developed by petroleum personnel 
trying to solve their environmental problems.  These methods were derived by trial and error in 
field scale applications, long before the scientific basis for their use was understood (1).   

 

In many developing regions of the world, simple methods continue to be used, often with 
variable results.  For the proper application of these methods, they need to be scientifically tested 
and optimized, and the physical, chemical and biological mechanisms employed therein better 
understood. 

 

In many tropical regions, this situation is further complicated by attempts to import 
remediation technology developed in temperate countries.  Environmental conditions, such as high 
rainfall, often cause problems with reagent distribution and inadequate aeration.  Furthermore, 
social and economic conditions vary greatly.  In many tropical societies fine attention to detail is 
not part of the culture and technologies in which such attention is required frequently meet with 
questionable results.  For these reasons it is necessary to develop remediation and treatment 
technologies applicable to developing regions and which consider these environmental and cultural 
differences (2). 

 

One simple method that has recently been developed in the Gulf of Mexico, especially in 
Veracruz, Tabasco and northern Chiapas states, is a chemical -  biological stabilization method (3).  
Based on field observations, Pemex personnel in the Poza Rica (Veracruz) area, looked to develop a 
simple method for the treatment of waste pits.  This method involved mixing together semisolid oily 
waste with lime, sawdust, and with organic rich river levee soil.  These ingredients were thoroughly 
mixed and subsequently extended in a thin layer to a depth of roughly 20 – 40 cm (4).  Finally, the 
material was planted with grass, or local weedy species were allowed to take root.  In field 
applications, after roughly nine to twelve months, the material lost is oily appearance and the 
vegetation grew profusely, however, these treatments were not evaluated scientifically with respect 
to hydrocarbon mass reduction, toxicity, or soil leachates.  Furthermore, the method had not been 
technically optimized prior to this study. 

 

CHEMICAL REAGENT OPTIMIZATION 
 

We conducted a series of experiments in which the dosage of the chemical reagent, in this 
case hydrated lime, was evaluated for reductions in hydrocarbon mass (5).  Previously, different 
reagent proportions of the components in the mixture had not been evaluated scientifically, and 
reductions had only been evaluated in terms of overall hydrocarbon concentration, not mass.  
However, environmental authorities questioned the reasonableness of this method, considering that 
the additions of the chemical and organic reagents, and river levee soil, were principally diluting the 
hydrocarbons in the mixture, rather than actually reducing the overall amount of hydrocarbons.  
Using drilling cuttings (TPH = 6.9 %), these experiments showed that at least four percent (w/w, 



dry) of lime was required to significantly reduce the apparent hydrocarbon mass in the mixture.  
Increased concentrations of lime (> 4 %) did not improve the process, but elevated the alkalinity 
drastically (pH > 10.2, see figure 1).   

 

During these tests, a control in which no sawdust was added proved superior in terms of 
hydrocarbon mass reduction, but the pH was extremely high (>12).  These results suggested that:  1) 
the sawdust was important in mitigating the high alkalinity of the lime, but that 2) it may interfere 
in the chemical reaction between the lime and drilling cuttings.  For this reason we repeated the 
experiment, using four percent lime and sawdust, but adding the sawdust three days after the lime, 
to allow for complete reaction between the lime and the drilling cuttings.  This modification proved 
to provide the greatest reduction in hydrocarbon mass (up to about 44 %) which was repeatable at a 
pilot scale (49 %).   

 

ORGANIC AMENDMENT SELECTION 
 

Originally, the only organic amendment employed in this method was sawdust, but we 
investigated the use of alternatives which may be more easily obtainable in tropical climates, 
especially agricultural waste that can be readily collected during processing.  These alternative 
amendments were added to drilling cuttings at a pilot scale after applying lime using the optimal 
dosification regime outlined above.  These treatments were monitored for hydrocarbon mass 
removal, pH, acute toxicity using the Microtox assay, EPA carcinogenic polyaromatic hydrocarbons 
(PAHs), and TCLP leachates (6). 

 

All three treatments lead to an apparent hydrocarbon mass reduction of approx. 2/3 within 
less than five months.  However, the treatment using sawdust was not as stable and after eight 
months some of the sequestered hydrocarbons were more easily extracted, causing an apparent 
increase in hydrocarbon mass.  Furthermore, this treatment (with sawdust) was inferior to the other 
treatments with respect to pH recovery.  After eight months the pH in this treatment was greater 
than ten and native weeds and grasses grew poorly, whereas in the other two treatments the pH was 
7.5 – 8.0 after eight months and grasses grew profusely.  Furthermore, the acute toxicity was 
completely eliminated in these two treatments, and the material presented less than 1 ppm TPHs as 
TCLP leachates (7, 8).  Upon treatment cell dismantling, the material presented a structure and 
earthy odor typical of organic rich soil.  Based on these observations the material was considered 
stabilized and in compliance with Mexican environmental legislation (9, 10, 11;  see Table 1).  

 

ORGANIC AMENDMENT OPTIMIZATION 
 

The organic amendment most promising in terms of pH control, hydrocarbon sequestering, 
toxicity reduction and TCLP leachates (organic alternative 2) was studied in further detail to 
determine if a different dosing regime would be as effective for the stabilization of drilling cuttings 
and hydrocarbon contaminated soil.  A mixture of mineral soils and drilling cuttings from previous 
diagnostic work was treated using the optimal chemical reagent dosage previously mentioned and 



the organic amendment was added at 9 % (w/w, dry) and 4 % (w/w, dry).  This test showed that the 
lower concentration was practically as effective in hydrocarbon sequestering, pH mitigation, and 
toxicity control (12, see Table 2).   

 

SITE SPECIFIC APLICATIONS 
 

This method is currently being investigated for application at two sites in western Tabasco 
state and southern Veracruz state.   
 
La Venta Gas Processing Complex 
 

The first site being studied is behind a former refinery, were inadequately treated waste 
water was discharged into a marshy area.  Due to long term chronic contamination, approximately 
eleven hectares at this site became completely devoid of vegetation.  The TPH concentrations at this 
site varied from levels in the low percent range, up to over  20 % in some places.  Furthermore, the 
site had also become contaminated with salts in the process water.  In some areas the salt (NaCl) 
concentration was in the four to eight percent range.  The contaminated soil has a loamy texture and 
also high concentrations of naturally occurring organic material (approx. 20 – 60 %).  Nearby 
vegetation consisted of salt marsh, cattail marsh, and white mangrove (13, 14; see figure 2). 

 

Soil was collected and treated first chemically, to reduce the overall salt levels and sodium 
levels (see figure 3).  Subsequently, this material was stabilized, at a pilot scale, using the chemical 
– biological method.  Initially, the treated material appeared to still produce slightly oily leachates.  
It is probable that the increased quantities of naturally occurring organic material in the soil 
partially interfered with the chemical stabilization.  Therefore, a subsequent treatment was applied 
to the material, after which, no oily leachate was observed (see figure 4).  The toxicity in this 
material was reduced to below background levels (15), and hydrocarbons levels in TCLP leachates 
were < 1 ppm TPH.  The final pH of the treated material was 8.3, near local maximums (14, see 
Table 3).   

 

After treatment, a salt tolerant sedge (marsh fimbry), naturally occurring in the adjacent salt 
marsh was transplanted into the treated material (see figure 5).  After an initial post-transplant 
stress, these plants became adapted to the medium and began generating shoots from the established 
roots (16, see figure 6). 
 
Texistepec Mining Unit 
 

The second site where this technology is being tested is the shore area of an artificial lake, 
previously used to collect acid leachate from a tailings pile at a sulfur mine.  Associated with 
residual sulfur in the tailings are weathered hydrocarbons, originating from the salt domes from 
which the sulfur was extracted.  The lake was previously treated chemically to neutralize the acid, 
but approximately ten hectares of beach area are still contaminated with hydrocarbons (19, see 
figures 7 and 8) .  This technology is being considered for sediments in the range of approx. 50,000 
– 60,000 ppm TPH.   



 

In treated material the toxicity was completely reduced and in some samples was even 
stimulatory to the test organisms used in the bioassay.  TCLP leachates were completely eliminated 
from the material (see Table 4).  Subsequently a tropical C4 grass was planted in the treated 
material from seed.  This species (humidicola grass), is originally from Africa but now is commonly 
used in the American tropics for cattle ranching.  After a few weeks this grass had taken root, and 
other plant species from the nearby environment had also colonized the treated material (see figure 
9).  Currently, this process continues to be monitored to determine vegetative regeneration and 
toxicity reduction during a phyto-restoration phase (20). 

 

CONCLUSION 
 

This remediation technology originated with petroleum personnel trying to develop a 
simple method to treat oil contaminated waste pits, based solely on empirical observations.  Under 
certain circumstances, this method in its original form, was probably sufficient for site cleanup.  
However, without proper testing, this could not be scientifically proven.  Our studies have shown 
that this technology, with some modifications, works when evaluated as a stabilization method 
instead of a toxic substance reduction method.  The strategy used in stabilization methods is to 
immobilize potential contaminants in the soil matrix, thereby reducing bioavailability (and hence 
toxicity) as well as possible leachates which may latter contaminate groundwater sources (21).  
Using these criteria, this method does indeed result in site remediation.  It is a simple, economical 
and effective method applicable for site cleanup in humid tropical and subtropical areas. 
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Table 1.  Hydrocarbon stabilization with alternative organic amendments. 
 
 
 
Amendment 

% TPH reduction  
mass basis 
(final TPH conc.) 

 
Final  
pH 

 
 
Toxicity 
 

TCLP Leachates  
(TPH,  ppm in 
leachate) 

 
Leachate 
Characteristic 

Sawdust 41 % 
(final = 20,900 ppm) 
 
 
 

10.3 Non toxic < 0.3 No oi ly  f lavor , 
slight clayey flavor 
due to bentonite in 
dr i l l ing muds 

Organic 
Alternative 1 

56 % 
(final = 15,500 ppm) 
 

8.0 Stimulatory* Average = 0.6     “ 

Organic 
Alternative 2 

56 % 
(final = 15,600 ppm) 

7.7 Stimulatory* Average = 0.6     “ 

      

 
* the test organism used in the bioassay (Microtox) was not only not affected by the treated material, but its 
activity was greater in the presence of the treated material than in tests blanks.  
 

 
 
 
 
 
 
Table 2.  Hydrocarbon stabilization with different organic amendment concentrations.  
 
Amendment 
concentration 

% TPH reduction 
(mass basis) 

Final  
% TPH  
 

 
Final pH 

Final 
Toxicity 

Treatment  
period 

9 % 
 

49 1.23 7.7 Non toxic 170 days 

4 % 52 1.24 7.7 Non toxic 170 days 
      
 



 

 

Table 3.  Hydrocarbon stabilization in soil from La Venta. 
 
Lot  
number 

 
% organic 
material  

 
Toxicity 
RTI-10* 

 
 
Final pH 

 
TCLP leachates 
(TPH, ppm) 
 

1 21 ~ 5          
(non toxic) 
 

8.3 non detect 

2 56 9.8 
(non toxic) 

8.3 non detect – 0.9 

 
background 

 
18 - 68 
 

 
10 – 11.2 
(regional soils) 

 
6.6 - 7.8 

 
--------- 

 
* Relative Toxicity Index – 10.  Index of toxicity normalized to background for regional soils.   
A value of 10 = non toxic, 5 ≈ ½ background toxicity,  20 = 2 x background toxicity.   
Source: refs. 17 and 18. 
 
Treatment: 

• Chemical pretreatment to reduce salinity 
• Stabilization treatment to immobilize hydrocarbons and reduce toxicity 
• Material required repeat treatment due to high concentrations of organic material 
• Treated material planted with marsh sedge 

 
 
 
 
 
 
 
Table 4.  Hydrocarbon stabilization in soil from Texistepec. 

 

 
 
Lot number 
 

 
 
Treatment 

 
 
Toxicity 
 

 
Final 
pH 

TCLP 
leachates 
(TPH, ppm) 

1 Stabilization treatment to immobilize 
hydrocarbons and reduce toxicity 
 

Treated material planted with 
humidicola grass 

Non toxic, 
stimulatory      
 
RTI-10 ≈ 2- 5 
 

7.9 Non detect 

 
background 

 
none 

 
<10 - 11.2 

 
6.4 - 7.8 

 
---------- 
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                 Figure 1.  Relationship between chemical dosification, TPH reduction and pH. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Impacted marshlands near the La Venta Gas Processing Complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Contaminated soil from La Venta. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.  Stabilized soil from La Venta. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Treated soil from La Venta planted with marsh fimbry.   



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Shoot emergence in stabilized soil from La Venta. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Sediment collection from beach area of  Texistepec. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Close-up of contaminated sediments from Texistepec. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.  Sediments from Texistepec – before and after stabilization.   
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Produced Water

• Produced water compositions are highly 
variable but often have high TDS, 
hydrocarbons, BTEX (benzene, toluene, 
ethylbenzene, xylenes), organic acids, and 
drilling additives

• BTEX concentrations range from 68 -
600,000 µg/L 

• Federal regulatory limit for benzene is 5 µg/L



Zeolites (e.g.clinoptilolite)

• Cage-like structure
• High cation exchange 

capacity
– External = 100 meq/kg
– Total = 900 meq/kg

• High external and internal 
surface areas
– External = 14 m2/g

• Can be crushed to desired 
grain size



St. Cloud Zeolite Mine, Winston, NM

Composition:

74% clinoptilolite, 5% smectite, 10% quartz/cristobalite, 10% feldspar, and 1% illite



Surfactant Modified Zeolite (SMZ)

• External surface of zeolite can be treated with 
surfactants like hexadecyltrimethylammonium 
(HDTMA)

Cl-

+

Clinoptilolite Surface

+

+ + + +

+ ++

+

++

+

+

+

+
HDTMA
bilayer

+
+

+

Cl-

+

Cl- Cl- Cl- Cl- Cl- Cl- Cl-
• SMZ is cheap!  

($450 per ton)



Proposed System for Treatment 
of Produced Water with SMZ

SORPTION:
BTEX
sorption

Produced
water input

Clean water 
output

Regenerated SMZ 
column

Clean air
output

Compressed
air

BTEX
desorption

Vapor phase
bioreactor

Spent SMZ
column

BTEX
destruction

Vapor phase
BTEX

REGENERATION:



Laboratory Column - Sorption

Length:     10 cm

Radius:     0.4 cm

SMZ : 0.15 to 0.18 mm

Flow rate:  7 cm/min

Length: 10 cm

Radius: 0.4 cm

SMZ : 0.15 to 

0.18 mm



Properties of BTEX

Structure

Ethyl-
benzene

p-
Xylene 

o-
Xylene 

m-
Xylene 

TolueneBenzene

152198175-5151700Aqueous 
Solubility 
(mg/L)

1061061061069278Molecular 
Weight
(g/mole)



BTEX sorption
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BTEX sorption
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Benzene Column 10A 10 CyclesReproducibility of benzene sorption/regeneration
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Laboratory Column - Regeneration



Toluene removal as a function of time
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Benzene removal as a function of time
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Benzene removal as a function of time
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Toluene removal as a function of pore volumes
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Benzene removal as a function of pore volumes
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Relationship between Kow and BTEX removal

y = 0.7501x + 0.4971
R2 = 0.791
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Conclusions

• The removal of BTEX from surfactant 
modified zeolite is not significantly limited 
by kinetic effects

• Vapor phase BTEX concentrations can be 
predicted once we know the mass sorbed 
and the flow rate for regeneration



Future Work

• Examine reproducibility over 100 
sorption/regeneration cycles

• Field test using coupled SMZ column and 
vapor phase bioreactor
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OBJECTIVES
• Evaluate the flocculation characteristics of three 

Polyacrylamides (PAM) in four soils

• Explore the most effective PAM for a specific soil 
based on the highest flocculation efficiency and four 
other response variables

• Study the interaction of exchangeable cations 
(Ca2++) in the form of Gypsum(CaSO4.2H2O) 

• Determine the optimum PAM and gypsum 
concentration combinations for the selected PAM



Flocculation Mechanism
Calcium ions

(Positive)Clay Particles
(Negative)

Anionic
Polyacrylamide

(Negative)

Cationic Bridging



Flocculation Studies

Jar test experiments are conducted to: 

• Evaluate the flocculation characteristics

• Determine the 
best dosing 
regime



Jar Test Apparatus



Sediment Mixing Speed 300 rpm



Dosing at 100 rpm 

Stop the Paddles Allow for settling

Formation of Flocs at 20 rpm



Experimental Design

• Empirical Design
• Factorial Design

Jar test before and after 
flocculation



Why Factorial design?
• In conventional experiments, where 

variables are explored one factor at a time 
keeping the other factors constant, is not 
always effective or practical. 

• The optimum conditions identified by the 
conventional approach may not be the true 
optimum if interactions between factors 
are present. 



Steps of the Factorial Approach
• Brainstorm and factor/level selection
• Screening of factors
• Study of interaction and nonlinearity of 

factors
• Optimization of 

design



Problem Description
Qualitative variables involved in our problem 
• Four soils
• Three PAMs
Quantitative factors (Control variables) 
• PAM concentration
• Gypsum 

concentration
• Mixing time
• PAM type
• Rotation rate



Response Variables

• Flocculation efficiency
• Supernatant pH
• Supernatant particle size distribution
• Suspended solid 

concentration 
(SSC) of supernatant

• Height of flocs

Particle Size Distribution of  Sediment Sample 
Collected at EP on 08/24/04
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Design Methodology for One Soil

Sample Preparation

• Soil collected from the field is air dried for a day

• The air-dried sample is sieved to get a sample 
with particle size finer than 45 µm.

• The sample is dried in 
the oven and mixed 
with de-ionized water 
to get the desired 
concentration



Screening of Factors

Factors set as constant
• Mixing time 
• Rotation rate

Control Variables
• PAM concentration
• Gypsum concentration
• PAM Type



Level Selection
Both Polyacrylamide and Gypsum are set at 
three nominal levels of 
• High
• Medium
• Low



Experimental Matrix (L9)

750.530PAM30

68525PAM20
66120PAM10
64130PAM30
610.525PAM20
62520PAM10
63530PAM30
64125PAM20
570.520PAM10
%GypsumPAMType Data Analysis

646464Gypsum

676461PAM

696261Type

10-1Level

Flocculation 
Efficiency



Data Analysis
Chart for L9 Design

60
62
64
66
68
70
72

-1.5 -1 -0.5 0 0.5 1 1.5

Level

Fl
oc

cu
la

tio
n 

ef
fic

ie
nc

y

Type

Volume of PAM

Gypsum Conc



Inference from L9 Design

• The behavior of individual factors
• The best PAM type

The number of factors are reduced 
from 3 to 2



32 Full Factorial Matrix

201000
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221202
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Factor A



ANOVA
• % Significance of factor A
• % Significance of factor B
• % Significance of  AxB
• Significant level

Bound the optimum

Reach the optimum by Statistical Hill 
Climbing



Further Experiments

• The experiments are repeated for different 
sediment concentrations 

• Concentration 
results are 
obtained from 
simulations  



PAM on Fence
• Simulation without PAM

• Possible means of applying PAM

• Comparing 
simulation 
results with 
and without 
PAM



Summary

• Standard experimental procedures are developed 
for Jar test and for measuring other response 
variables

• Factorial design reviewed and approved by project 
committee members

• Trial experiments were conducted and response 
variables measured

• Experiments are being performed in agreement 
with the proposed statistical design



Questions???
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Oilfield brine is the largest volume of waste generated by the oil and gas industry; typical 
produced brine volumes may easily exceed the oil production by ten times. Handling costs of the 
produced brine may lead to the premature abandonment of oil and gas wells. At the same time 
that oil and gas operators are trying to cope with excess produced water, Texas and other Western 
states are critically short of freshwater resources.  

 
We describe and validate a methodology that alleviates both needs by processing this 

brine to meet the standards for irrigation-quality water. Components of the proposed brine 
conversion plant (BCP) include a pretreatment system for the removal of solid particles and oil 
and reverse osmosis (RO) units with a variety of interchangeable semipermeable membranes for 
the removal of dissolved salts. 

 
We collected experimental data of oil/water separation of control mixtures using packed 

columns with modified nonswelling clay particles. The average oil-loading capacity of this 
material is better than activated carbon (over 60%) and our experimental results indicate that the 
packed beds can remove over 90% of the oil.  We modeled the oil adsorption in these columns as 
a function of operating conditions and bed geometry.  

 
We screened a variety of RO membranes and selected one to conduct a series of 

experiments with brines with salinity up to 40,000 ppm and a variety of transmembrane pressures 
and rates.  Our experiments indicate salt rejections of 95 to 99% depending upon the initial salt 
concentration, transmembrane pressure and feed fluxes. 

 
From the results of these experiments, we modeled and integrated these two processes. 

Our model can be used to scale up oil and salt removals to any desired throughput rate and 
specifications.  Simulation results indicate that that by proper integration and configuration of 
adsorption and RO units, we can achieve over 80% efficiency (permeate recovery). The system is 
flexible and can be applied to produce water for habitat and rangeland restoration, aquifer 
recharge and agricultural use. 

 



BACKGROUND OF PRODUCED WATER 
TREATMENT 

The general approach for produced water treatment is de-oiling and demineralizing 
before disposal or use. The removal of oil and grease from produced water has been discussed in 
literature by using of down-hole separators (1); centrifuges (2); air floaters, emulsifiers and 
hydrocyclones (3); membrane separators (4); and adsorbers (5).  In comparison with the many 
oil-removal techniques, membrane technologies can be efficient but require large power, and the 
possibilities of membrane fouling while handling produced water are higher and gravity-
separation techniques lose oil-removal efficiency at lower concentrations. Oil adsorption is a 
cheaper and feasible technique although it requires disposal of the used adsorbent media. 
Produced oilfield brines typically contain oil ranging from 30 to 200 ppm, expressed as total 
organic carbon (TOC).  

 
For demineralization purposes, several methods such as microfiltration (MF), 

ultrafiltration (UF), ion exchange, and reverse osmosis (RO) are available (6,7,8). Roberts (6) 
showed considerable reduction in demineralization cost with RO operation.  
 

Evans et al. (9)
 
discussed several options for handling produced water including disposal, 

reinjection and treatment. Disposal of produced water requires meeting stringent environmental 
regulations. Produced water reinjection requires skillful planning and treatment to meet the 
needed quality of reinjection water to avoid formation damage. Mackay et al. (10) described risk 
involved in reinjection. Wan et al. (11) showed that treatment of produced water before 
reinjection gives better performance. Alonzo et al. (12) assessed the produced-water treatment 
and disposal practices and addressed the research needs in this area. Hughes et al. (13), Tao et al. 
(14) and Tsang et al. (15)

 
discussed conversion of produced water into irrigation or drinking-

quality water in their work.  

 
None of the works mentioned above provide sufficient information on modeling the 

separation processes for application of produced-water treatments.  
 
In this paper we provide a dynamic model integrating oil adsorption and salt removal 

using a specific type of organoclay (OC) packed beds and RO units.  This model is based on our 
experiments, which formed the basis for a complete characterization of the performance of OC 
and the RO membrane, and a rigorous material-balance computation.  

 
PACKED BED OIL ADSORPTION EXPERIMENTS 

 We tested a new adsorbent, organoclay-PS12385, for oil removal from produced water. 
The organocaly-PS12385, manufactured by Polymer Ventures, it is a structurally modified clay 
that does not swell upon adsorption of oil.  

Oil adsorption depends upon various parameters such as surface area of the adsorbent 
material, porosity of bed, residence time in the bed, feed concentration and bed packing 
techniques.  The surface area can be increased by crushing the particle size, but too fine a powder 
may cause plugging and an excessive pressure drop.  Several combinations of oil concentration in 
the feed, column size, residence time and OC particle-size distribution were used to evaluate the 
effects of these parameters on oil adsorption. 



The method used to analyze oil adsorption capacity and kinetics was the breakthrough 
curve. We used an upflow configuration and different residence times and plotted the outlet oil 
concentrations from the packed bed vs. time.  

The analysis of oil in water from the effluent streams was conducted with a TD-500 oil-
in-water analyzer using UV fluorescence. The TD-500 oil-in-water meter uses an easy-to-use 
solvent-extraction procedure with high accuracy and repeatability. The standard procedure of 
solvent extraction is specified by EPA-1664A, better known as the FastHex method of analysis. 
The analyzer measures the samples in less than 4 minutes. 

The experiments were performed with kerosene/water emulsions and crude-oil/water 
emulsions prepared gravimetrically. Obtaining a breakthrough curve for each experiment and 
comparing these curves allowed us to provide an empirical adsorption model and an estimate of 
the loading capacity of the OC material expressed as weight of oil adsorbed per weight of 
organoclay.  The dimensionless oil concentration, defined as outlet-over-inlet concentration 
versus time, is modeled as 
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This model considers no axial dispersion.  Here AcsL represents the volume of packed 

OC, Q is the flow rate through the column, η is the oil-loading capacity in grams or oil adsorbed 
per gram of OC, and ρb is the bulk density of the OC. The adsorption-rate constant, kw [=] t-1 
matches our experimental results. Details of this model are described in Patel (16). In this work 
we integrated this oil adsorption model with the RO desalination model and simulated various 
equipment configurations and ranges of process parameters. Table 1 shows the physical 
properties of the OC used with dimensions and parameters for (Eq. 1). 
 
 Figure 1 illustrates the match of our empirical model with experimental data for one 
experiment with a crude-oil/water emulsion from a laboratory experiment, while Figure 2 shows 
the predicted breakthrough time for two OC columns in series using the dimensions of Table 1 
and an inlet oil concentration of 100 TOC. 
 
 

DISSOLVED SOLIDS REMOVAL FROM 
PRODUCED WATER 

Osmosis is the movement of solvent from a dilute solution into a concentrated solution 
through a semipermeable membrane such that the concentrations of solute on the two sides of the 
membrane will equalize. In reverse osmosis (RO), the water (solvent) flow is reversed and water 
flows from the more-concentrated solution to the less-concentrated solution. This can only be 
accomplished when the applied pressure exceeds the osmotic pressure of the concentrated 
solution. This pressure increases with solute concentration and temperature.  

 
Most RO technologies use a process known as crossflow to allow the membrane to 

continually clean itself.  Figure 3 shows a sketch of the flow directions for the feed stream (F), 
the concentrate (C) or reject stream, and the permeate (P).  The transport of pure water from feed 
side to permeate side depends on the transmembrane pressure across the RO unit, the feed flow 
rate and the area of the membrane. To reduce the dimensionality of the RO designing problem, 
we can define flux as the ratio of flow to the area. 



 
Common terminology 
Transmembrane pressure is the average pressure applied across the membrane minus the pressure 
on the permeate side, 
 

p
oi P

PP
TMP −

+
=

2
,          (2) 

 

where Pi = pressure at the feed inlet side,  Po = pressure at the concentrate outlet side and Pp = 
pressure at the permeate outlet side (psi).   
 
Permeate recovery is defined as the volumetric fraction of feed flow rate recovered and is defined 
as 

F

p
r Q

Q
p = .          (3) 

 
Salt rejection is defined as 
 

feed

perm

C
C

R −= 1 ,         (4)  

where C
perm 

= salt concentration in permeate, ppm  and C
feed 

= salt concentration in feed, ppm . 

Fluxes are defined as flow rate over membrane area. 
 

EXPERIMENTAL DATA AND MODELING OF RO 
PERFORMANCE 

The performance of an RO unit is analyzed by estimating permeate recovery (Eq. 3)  and 
salt rejection (Eq. 4). The permeate recovery and salt rejection depend on flow rate, cross-
sectional area of membrane, dissolved-solids concentration in the feed stream and transmembrane 
pressure applied across the membrane. The parameter estimation problem can be reduced by one 
dimension upon introduction of flux, which is defined as the ratio of flow to the cross-sectional 
area.  
 

A standard commercial 4×40 spiral membrane (4 inch diameter and 40 inch length) was 
used for the experiments with water having total dissolved solids (TDS) up to 40,000 ppm. The 
surface area provided by the membrane is 70 ft2. Temperature affects the transmembrane pressure 
required across the RO membrane; as the temperature increases, the osmotic pressure increases, 
and as a result a higher transmembrane pressure is needed to achieve the desired salt removal. 
However, as the temperature increases, the viscosity of water decreases, which somewhat offsets 
the demand on transmembrane pressure. In our experiments we kept the temperature constant at 
35oC. 
 

The feed was prepared using NaCl gravimetrically. Since the osmotic pressure of NaCl is 
higher than the pressure of other salts that may be present in the produced water at equal 
concentration, the experiments performed with NaCl determine the range of operating parameters 
conservatively. 
 



The TDS in each sample was measured by conductivity meter, and the following parameters were 
measured at regular time intervals:  

• Trans-membrane pressure.  
• Feed flow rate.  
• Permeate flow rate.  
• Concentrate flow rate.  
• Feed concentration.  
• Permeate concentration.  
• Salt content in concentrate side.  

These measurements provided a definite tool for modeling transient RO filtration performance.  
 

Figure 4 shows that the permeate recovery for pure water increases with the 
transmembrane pressure, and that a higher feed rate does not increase the permeate recovery. 
Note that at 800 psia the permeate for a feed rate of 10 GPM is 0.15×10 = 1.5 GPM, while for a 
rate of 6 GPM, it is 0.3×6 = 1.8 GPM. For saline water the trend remains the same but the 
permeate recoveries decrease with initial salt concentration, as shown in Figure 5. For a feed rate 
of 6 GPM and a TMP of 800 psia, the permeate recovery decreased from 30% for pure water to 
16% for a feed of 30,000 mg/l of NaCl. Even though the permeate recovery increases as the feed 
flow rate decreases, a minimum flux is required to avoid polarization and malfunctioning of the 
membrane; we determined this as 6 GPM/70 ft2. 
 

Figure 6 illustrates the effect of TMP and the initial salt concentration upon the salt 
rejection. The feed rate was kept constant at 6 GPM. As expected a higher TMP yields higher salt 
rejections while a more concentrated solution exhibits lower rejections. 
 

The effect of transmembrane pressure, feed rate and salt concentration was analyzed in a 
systematic way and we collected over 500 data points that were the basis to model the permeate 
recovery and the salt rejection. 
 
The empirical models for the flux of permeate and salt rejection are 
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were the constants are  
 
a

1 
= 3.8444079558131 b

1 
= 99.9901156315897  

a
2 
= 0.609914508930381 b

2 
= -4.4974772258236E-03  

a
3 
= -0.02714266280317 b

3 
= 9.3570231973E-06  



a
4 
= 1.04252671349594 b

4 
= -1.2587309578386E-03  

a
5 
= -0.313312970859444 b

5 
= 1.65746565923919  

a
6 
= 1.09629223446852 b

6 
= 2.0710162623145  

 
Figures 7 and 8 show the fits of Eqs (5) and (6) respectively to the experimental permeate-
recovery data and salt-rejection levels; error bars included in these figures indicate the 
experimental uncertainty based on three or more replications. 
 
These equations are limited to the following parameters:  

• TDS concentration  up to 40,000 ppm.  
 • Transmembrane pressure form 200 to1200 psi.  
 • SWC-1-4040 membrane.  
 • Feed flux ranges from 0.085 to 0.2 GPM/ft

2
,
 
which represent flow ranges of 6 to 14 

GPM and membrane surface area of 70 ft
2
. 

 
ANALYSIS OF UNIT CONFIGURATIONS AND 

OPERATING VARIABLES 
 

Knowing the performance of each individual unit, several scenarios can be proposed in 
terms of number of OC and RO units and use of parallel or series configurations or combinations 
of both. Static design variables include equipment size, while dynamic variables include feed 
rates, transmembrane pressures and oil and salt concentration in the feed stream. Once the 
configuration and equipment size have been selected, the best operating variables will depend 
upon the feed stream and this becomes an optimization process. In this paper we present some 
prototype scenarios to compare performances. 
 

All the cases analyzed included two OC canisters/columns in series providing flow rates 
of 1.3 GPM of de-oiled brine (TOC < 20 ppm). Considering a conservative loading capacity of 
50%, oil breakthrough from these columns occurs after over 190 hours of operation, which may 
represent over 60 batch cycles in the RO portion of the system. The technical specifications for 
these columns and the simulation results are indicated in Table 1 and Figure 2.  

 
The base run for the parallel configuration includes a holding tank (HT) with 300 gallon 

capacity, and operation began with the tank filled to 200 gallons. The feed rate to each RO unit 
was 6 GPM, the surface area of each RO membrane was 70 ft2, the operating a TMP was 800 
psia,  and the concentrate was fully recycled to the HT.  

 
We used three values of TMP (600, 800 and 1000 psia); three different holding-tank 

volumes in tanks with capacities of 100 to 200, 200 to 300, and 300 to 400 gallons; and  three 
feed rates:  6, 8 and 10 GPM for the parallel configuration and 8, 10 and 12 GPM for the series 
configuration. The reason that the lowest feed rate is 8 GPM rather than 6 GPM is to avoid a flux 
to the second RO unit outside the acceptable specifications. This would be beyond the range for 
which experimental data have been collected.  
 

In terms of brine characteristics, all feed brine had 10,000 ppm of TDS and 200 ppm of 
TOC. The residence time and dimensions of the OC canisters remained fixed in this analysis to 
reduce the dimensionality of the problem. This setup is currently being tested in a modular unit 



that is in operation at an available open but protected pond on the campus of Texas A&M 
University. The output from two OC canisters in series is 1.3 GPM. The characteristics for the 
OC setup are indicated in Table 1. The outlet stream from the OC goes to a holding tank that 
feeds the RO unit(s). The concentrate from the RO unit(s) is recycled back to the holding tank, 
and as a result we have a continuously increasing feed composition to the RO units. Figure 9 
shows a sketch of the two configurations analyzed.  

 
The objective of recycling is to improve the permeate recovery or efficiency, which is 

defined as the total permeate produced per batch cycle divided the volume processed. This is 
calculated by Eq (6): 
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where tb is the time of the batch cycle, HTV i is the initial volume of the holding tank, qp is the 
volumetric rate of permeate produced, and qoc is the rate from the OC to the HT. 
 

The batch cycle is terminated when any one of the following criteria is met. 
 

1. The volume of fluid in the HT tank exceeds its capacity:  The permeate fraction will 
decrease with time and will be lower than the OC feed stream to the tank. In this case the 
output (permeate) is lower than the input (OC to HT) stream and the HT fills up.  

2. The fluid volume of the tank becomes too small to sustain the pumping rate to the RO 
unit(s):  This occurs when the permeate produced exceeds the OC feed stream to the tank.  

3. The salt concentration of the feed to the ROs exceeds 40,000 ppm (which would be 
beyond our experimental data)  

4. The salt concentration of the permeate exceeds 500 TDS, which is a reasonable target for 
irrigation-quality water. 

 
Figure 10 shows the effect of working at higher transmembrane pressures, where the 

higher TMP produces a larger amount of permeate and a better salt rejection. Efficiency is high, 
but the size of the batch may be too small for manual operation. One way of increasing the time 
of the run is to increase the size of the holding-tank volume. Figure 11 shows the length of the 
batch time with pressure. For 1,000 psia this is only 1.5 hours, while for 600 psia it is about 6 
hours. However, this time increase is not proportional to the amount of permeate produced, as 
indicated in Figure 10.   

 
Figure 12 shows the effect upon duration of the batch time by changing the tank volume; 

as expected, longer batches will result from larger holding tanks, but the overall efficiency does 
not change. Figure 13 indicates that TDS removal deteriorates as the TMP decreases.  

 
Parallel and series configurations exhibited a similar performance; however, lower 

pumping requirements were needed in the series configurations. Figure 14 shows negligible 
differences between the series and parallel configurations, while Figure 15 shows that the 
permeate produced has slightly higher TDS.   
 

Table 2 summarizes the output at the end of the batch time for all cases analyzed. 
Column one indicates the case analyzed. Base cases for the series and parallel configurations are 



highlighted in bold. A comparison of the holding tank volume indicates that the larger the 
volume, the longer the batch time, although the incremental increase is not proportional. In 
general it can be observed that series configurations have a longer batch cycle, but the salt 
rejection is slightly lower. For most of the cases presented, the batch terminates because the 
concentration of the feed reaches 40,000 ppm. 
 

An important observation to be made is that the total flow rate through the parallel units 
is higher than for the series configuration. Additionally, using two membranes in series with the 
second membrane with a lower surface area than the primary membrane may achieve similar 
performances to a configuration in parallel at a lower capital cost. Table 3 indicates the ultimate 
performance for a variety of cases analyzed. The case scenarios indicate a different membrane 
area and TMP for the two units. For example, Case 4 with a nominal flow rate of 6 GPM, primary 
and secondary membrane areas of 70 and 35 ft2 respectively and TMP of 1000 psia provides an 
efficiency of 93% and a permeate production of 388.70 gallons, while a dual parallel 
configuration with 6 GPM pumped to each unit of 70 ft2 at the same pressure provides only 
310.67 gallons of permeate. A more detailed analysis of cost and power consumption should be 
conducted to select the best settings. 

 
 

CONCLUSIONS AND RECOMMENDATIONS 
We developed a model that can forecast the performances of oil and salt separation 

techniques from produced water. Based upon this model, Organoclay PS12385 can remove more 
than 90% TOC content of produced water, provided a series column configuration. The RO 
membranes and process parameters selected can remove more than 95% TDS of produced water. 
A combination of continuous adsorption and batch RO units is an effective system for the 
treatment of produced water and it provides maximum permeate recoveries.  

Based upon these results we recommend:  
1. Additional experimentation of organoclay adsorption with produced water of different salinity 

and type of oil contaminant to generalize the sorption kinetics.  
2. Additional testing on RO membranes at higher pressures. 
3. Evaluation of power-consumption requirements and capital expenses. 
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Table 1. Properties of proposed new adsorbent organoclay PS18385 for oil removal from 
produced water. 
 
Organo Clay Properties & Model Parameters 

Bulk Density of Packed Bed [=] lbs/gal * 5.84 

Loading Capacity, gm Oil/gm Organoclay * (η) 0.56 
Porosity of Packed Bed  0.40 
Average Particle Size, mm 1.60 
Organoclay Packed per Column, lbs 38.12 
Kinetics Parameter, hrs-1** 20.00 
Average Residence Time, min 2.00 
Column Dimensions 

Length of Canister, inch 36.00 
Length of Packed Bed, inch 30.00 
Diameter of Packed Bed, inch 8.00 
Length to Diameter Ratio 3.75 
Volume of Canister, gal 6.52 
Operating Conditions  

Residence Time, min  2.00 
Max. Allowable Output TOC, ppm 20.00 
 



 
 
Table 2 – Ultimate batch performance of RO units in series (S) and in parallel (P). 
  

Case Batch 
Time 
(hrs)  

P 
(Gallon) 

Efficiency HTank 
final 

(Gallon) 

F 
TDS 

(ppm) 

P 
TDS 

(ppm) 

Recycle 
 

 (GPM) 

HOLDING TANK VOLUME EFFECT    
      
 P[p800, qf 6, V(**,**)]          S[p800, qf 10, V(**,**)] 
S-V(300,400) 4.18 582.36 92.80 45.18 39814 249 8.61 
P-V(300,400) 3.93 568.20 93.46 39.76 39706 167 10.55 
S-V(200,300) 2.78 387.81 92.80 30.11 39769 248 8.60 
P-V(200,300) 2.62 378.36 93.45 26.52 39650 166 10.54 
S-V(100,200) 1.38 193.26 92.78 15.05 39636 245 8.57 
P-V(100,200) 1.30 188.51 93.42 13.28 39480 164 10.51 
TRANSMEMBRANE PRESSURE EFFECT    
 
  P[p**, qf 6, V(200,300)]        S[p**, qf 10, V(200,300)] 
S-p600 5.72 461.25 71.23 186.34 37856 498 9.30 

P-p600 6.02 472.74 70.44 198.34 39993 425 11.42 
S-p800 2.78 387.81 92.80 30.11 39769 248 8.60 
P-p800 2.62 378.36 93.45 26.52 39650 166 10.54 
S-p1000 1.57 313.50 97.16 9.17 32492 107 5.45 
P-p1000 1.50 310.67 97.87 6.77 33789 78 9.33 
FEED RATE EFFECT                                     
 
[p800, q **, V(200,300)] 
S-qf8 2.82 388.67 92.42 31.87 39988 236 6.65 
S-qf10 2.78 387.81 92.80 30.11 39769 248 8.60 
S-qf12 2.77 387.63 93.04 28.99 39769 251 10.57 
P-qf6 2.62 378.36 93.45 26.52 39650 166 10.54 
P-qf8 2.65 381.36 93.59 26.12 39834 201 14.53 
P-qf10 2.67 382.93 93.67 25.86 39916 216 18.52 

 



Table 3. Performance of series and parallel configuration with different secondary 
membrane area. 
 
Case Specs 

F,A1,A2,P
1,P2 

Batch 
Time 
(hrs)  

Permeate, 
Gallon 

Effic. Final 
Tank 

Volume
Gallon 

TDS 
(in HT) 

ppm 

TDS 
(in P) 
ppm 

Recycle 
Tank 

Gallon 

1 6,70,35 
800-800 

4.85 469.62 81.01 110.12 39958 301 4.99 

2 6,70,35 
800-1000 

3.92 439.78 86.80 66.88 39894 241 4.77 

3 6,70,35 
1000-800 

3.28 413.73 90.52 43.34 39885 195 4.60 

4 6,70,35 
1000-1000 

2.75 388.70 93.59 26.61 39616 162 4.38 

5 6,35,35 
800-600 

8.08 433.39 52.03 399.50 33213 391 5.34 

6 6,35,35 
1000-800 

7.42 549.35 70.37 231.35 39999 364 5.11 

7 6,35,35 
1000-1000 

5.80 513.21 78.46 140.90 39915 283 4.90 

8 8,35,70 
1000-800 

3.93 441.03 86.82 66.93 39863 261 6.77 

9 8,35,35 
1000-1000 

5.78 515.01 78.89 137.81 39994 288 6.88 

10 8,70,35 
800-800 

4.80 470.71 81.75 105.11 39925 332 6.95 
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Figure 1. A typical sharp breakthrough curve in a laboratory column. 
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Figure 2. Simulated performance of two OC columns in series operating at the 
specifications of Table 1. 
 



 
 
Figure 3.  Cross flow configuration of a spiral membrane. F (feed), P (permeate), and C 
(concentrate or reject). 
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Figure 4. Higher permeate recovery fractions with lower rates and higher TMP. 
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Figure 5. Permeate recovery fractions depend upon initial salt concentration and TMP. 
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Figure 6. Salt rejection levels increase with TMP and decrease with initial salt 
concentration. 
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Figure 7. Predicted versus experimental permeate recovery fractions (Eq. 5), including 
uncertainty of + 1.5 % in the measurement.  
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Figure 8. Predicted versus experimental salt rejection levels (Eq. 6), including 
uncertainty of + 0.5 % in the measurement.  
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Figure 9.  Base configurations for the simulation runs. Holding tank volume is 200 
gallons in both cases. 
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Figure 10. Permeate recovery efficiency increases with TMP, but batch cycle is shorter. 
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Figure 11. Batch cycle terminates when holding tank volume decreases rapidly with 
TMP.  
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Figure 12. Efficiency not affected by holding tank volume. 
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Figure 13. TDS removal is less efficient at lower TMP, but batch cycle is longer. 
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Figure 14. Negligible differences between the efficiency of parallel or series 

configurations.  
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Figure 15. TDS in permeate produced from series configurations is slightly higher. 
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ABSTRACT ON WHAT YOU NEED TO KNOW ABOUT 

ADR 
 
Long, protracted litigation over exploration rights, techniques, leasehold interests and environmental 
compliance drains resources, wastes time and prolongs bringing resources to market.  Increasingly, 
governmental agencies promote the use of Alternative Dispute Resolution not only after disputes arise, 
but in planning and development of strategy options and programs. 
 
E&P professionals need to understand the processes used by federal and state governments in developing 
programs (facilitation and environmental collaboration) and the options available in defending 
environmental and legal positions in an increasingly hostile environment.  Understanding the differences, 
benefits and detriments of mediation, arbitration, facilitation and collaboration in the oil field increases 
the options available to E&P companies in the their continuing efforts to bring resources to market. 



INTRODUCTION 
 
 People in the oil patch know a lot about disputes.  There are disagreements concerning the 
interpretation of seismic information that may obscure where pools of oil may be found.  There are 
disputes with team members on additional testing or moving forward with exploration.  Disputes arise 
with bankers on which programs they will support and for how long.  Energy people are familiar with 
agency disputes on the scope, extent and necessity of meeting certain permitting limitations or 
requirements.  They are even more familiar with run-ins with environmental groups.  And recently, oil 
companies have faced disputes with surface owners regarding rights to access leases for the purpose of 
drilling, completing or managing wells. 
 
 Traditionally, natural resource developers have relied on the courts to enforce their rights against 
recalcitrant owners.  In a famous case, Oliver Wendell Holmes held that a law requiring the Pennsylvania 
Coal Company to leave pillars of coal in the ground to provide surface support to existing structures was 
an unconstitutional taking of the Coal Company’s property. 
 
 In 2002, I was privileged to deliver a paper on Environmental Collaboration at this conference.   I 
based that paper on my experience both as a lawyer for almost 30 years and as the president of a small, 
independent oil company in urban Los Angeles.  I argued that “[e]nvironmental collaboration seeks out 
stakeholders, identifies issues and common ground, defines a matrix for information gathering, sets the 
legal background, sets an agenda for discussing issues and attempts to resolve disputes before they occur.  
Environmental collaboration saves time, money and resources and allows for the reasonable development 
of energy resources in a collaborative setting.”  Though well received at presentation, the theme of the 
paper ran counter to one of the keynote addresses of that year’s conference delivered by Bob Gallagher, 
president of the New Mexico Oil and Gas Association.  The theme of President Gallagher’s speech was 
that it was time the oil patch asserted its rights and protected its legal positions both through the courts 
and law enforcement. 
 
 Shortly after that conference, the first of many run-ins between ranchers in Northern New Mexico 
and oil and gas interests occurred.  The AP headline, dateline Albuquerque, read “Ranchers, Drillers 
Face Off.”  Tod Bryant of the Interstate Oil and Gas Compact Commission in Oklahoma City was quoted 
as saying that the oil and gas sites concerned were properly permitted and “anybody who tries to deny 
access to that has got to be breaking the law.”  President Gallagher called the ranchers a “vocal minority 
who refuse to meet with oil and gas producers to iron out solutions.” Obviously, industry spokesmen 
believed that the courts would vindicate their rights as the courts have done for many years.  Focusing on 
their rights in the conflict likely prevented an interest based negotiation that might meet some of both 
parties’ concerns.  Now, two years later, the New Mexico Oil and Gas Association is playing a key role in 
negotiating with the Governor’s office concerning the new rules that will apply to drilling in the Otero 
Mesa.  And Bob Gallagher points to Ted Turner’s operations on Vermejo Park Ranch as evidence “that 
natural gas exploration on Otero Mesa can be done in an environmentally sensitive way.” 

 
  This does not mean that the president of the NMOGA has suddenly become a “touchy, feely” 
guy.  It only means that he is responding, as most of us are, to the multiplicity of interests that have to be 
addressed in considering oil and gas exploration.  And we need to consider that diversity of interests now 
especially because there is so much pressure on the industry to produce energy resources.  The industry 
can no longer look solely to the courts to protect its interests.  The industry must become proactive in 
resolving disputes before they happen, or at least before they turn into nuclear war.  In becoming 
proactive, it is essential that industry leaders (in technology, exploration, leasing, finance and 
management) understand the many processes available to deal with disputes. 



ALTERNATIVE DISPUTE RESOLUTION 
 
What is ADR? 
 
 Alternative Dispute Resolution or ADR encompasses a variety of processes for both dispute 
anticipation and analysis as well as the actual resolution of conflict.  The Administrative Dispute 
Resolution Act of 1996, 5 U.S.C. §571(3) defines ADR as “any procedure that is used to resolve issues in 
controversy, including but not limited to conciliation, facilitation, mediation, fact finding, mini-trials, 
arbitration, and use of ombuds, or any combination thereof.”  Duhaimes On-Line Legal Dictionary 
defines the term as follows: 
 

Also known as "ADR"; methods by which legal conflicts and disputes are resolved privately and 
other than through litigation in the public courts, usually through one of two forms: mediation or 
arbitration. It typically involves a process much less formal than the traditional court process and 
includes the appointment of a third-party to preside over a hearing between the parties. The 
advantages of ADR are speed and money: it costs less and is quicker than court litigation. ADR 
forums are also private. The disadvantage is that it often involves compromise. 
 

ADR is thus usually compared to the resolution of legal disputes, outside the courtroom.  But as we 
shall see, ADR encompasses many process that deal with conflicts that could not in fact be resolved by 
the courts.  Public policy disputes (including disputes over the enactment and enforcement of regulations) 
and area-wide conflicts are not usually susceptible to litigation resolution.  It may be easier to consider 
ADR processes with reference to their goals, rather than their names. 
 
Rights Based Systems 
 
There are three basic arenas in which most ADR processes operate.  The first is a rights based system.  A 
rights based system provides a method of determining which party is correct or right.  It enforces rights, 
and disregards interests.  Litigation is the ultimate rights based system.  Alternatives to litigation that 
enforce rights are essentially substitutes for litigation.  The most used form of ADR that enforces rights is 
arbitration. 
 
The California Dispute Resolution Institute defines arbitration as: 
 

. . . the adjudication of a dispute by one or more arbitrators who issue an "award" (or decision) 
after each party to the dispute has had an opportunity to present evidence and argument and 
counter that offered by the other party(ies). The procedure is usually more informal than litigation 
but by law or agreement may include limited discovery and application of rules of evidence. 
Unless otherwise specified by applicable law or a governmental agency, or agreed by the parties, 
an award in a proceeding in which the parties have made a written agreement to arbitrate is 
binding and enforceable by the courts, subject to the limited review provided by law. A provision 
in a contract providing for the referral of future disputes between the contracting parties to 
arbitration is a voluntary agreement to arbitrate which is enforceable by the courts, subject to such 
exceptions as may be provided by law or the contract. 

 
Arbitration, like litigation, turns the dispute over to third party neutrals for resolution. In addition to 
“normal” arbitration, other examples of rights based determination processes include mini-trials (usually 
limited to certain issues), binding fact finding, and variations of arbitration such as “baseball” arbitration 

http://duhaime.org/dictionary/dict-m.aspx
http://duhaime.org/dictionary/dict-a.aspx


(where the parties each present a number they believe should be the award of the arbitrator(s) and the 
decision is limited to choosing either of those “numbers.”) 
 
 As with all ADR processes, there are advantages as well as disadvantages to rights based 
determinations.  Confidentiality is one benefit of almost all ADR processes, including arbitration.  
Arbitration generally provides finality to a dispute because there are limited means of challenging an 
arbitration award in court.  One of the prime advantages of arbitration is that the arbitrators can be experts 
in the industry.  Experts do not need to be educated to processes that may be complex  or that rely on new 
and emerging technology  Arbitration can also be extremely flexible if properly constructed in the 
underlying contract.  The contract can limit the issues, set time limits, control the amount of discovery or 
evidence gathering that is allowed, control which parties participate in the arbitration and can be used to 
resolve factual disputes that the parties know they will face, and perhaps be unable to resolve, in the 
future.  For instance, in the renewal of a lease, the parties may wish rental to rise (or fall) to a market rate.  
Designating an appraiser as the “arbitrator” to decide this issue for the parties if they disagree is a quick, 
efficient and cost-effective method of resolving an anticipated dispute. 
 
 Arbitration has disadvantages as well.  In the United States, the arbitrators are the judges of the 
law and the facts.  Vacating an arbitration award requires “more than a simple error in law or a failure by 
the arbitrators to understand or apply it; and, it is more than an erroneous interpretation of the law.”  
Duferco Intern. Steel Trading v. T. Klaveness Shipping A/S, 333 F.3d 383, at 389 (2nd Cir. 2003).  This 
standard often surprises parties who have relied on lawyers to draft contracts that are legal and based in 
law.  The parties rarely imagine that the arbitrators can disregard that law in interpreting the contract.  The 
ability of arbitrators to disregard the law makes arbitration less predictable than litigation.  The lack of 
appeal of an arbitrator’s decision has the benefit of finality but also the disadvantage of any forum for 
correcting an erroneous award.   
 
 Arbitration is often as costly as litigation.  Large scale construction arbitration is routinely more 
expensive and more protracted than litigating the same case.  These increased costs come from the lack of 
procedures to stream line the case (there is limited “motion” practice in arbitration and rarely any tool like 
summary judgment to dispose of a claim on the law at an early stage of the proceeding).  International 
commercial arbitration also bears substantial costs.  Professor Thomas Wälde of the University of Dundee 
in Scotland points out that a $5-$10,000,000 case can often cost in excess of $1,000,000 in attorneys and 
experts fees to the parties.  Professor Wälde believes that the nature of conflict, as resolved in rights based 
systems, leads to increased costs and hardening of positions: 
 

A dispute leads as it evolves to a hardening of positions within individuals’ minds and within 
their organization—negotiation theory calls this the “lock-in” of bargaining positions.  The trust 
that was available or established when negotiating a deal is fast eroded as a dispute evolves 
without settlement and in particular as it moves into confrontational litigation mode.  Outside 
counsel have little interest, background or position to move towards settlement.  They are like 
mercenaries paid to fight, and not to make peace. 
 

Because the parties do not control the process (it is controlled by the arbitrators), the parties cannot secure 
an outcome aimed at satisfying their interests.  As Professor Wälde stresses, “the overshooting of one’s 
original time and cost budget is a necessary consequence of the antagonistic character of litigation where 
action by one party requires a commensurate response.” 
 
 Before your organization selects “arbitration” as the preference in dispute resolution, it must 
thoroughly consider the arbitral forum in which it agrees to participate and whether that forum provides 
the flexibility and finality desired.  As a general rule, arbitration and its progeny are only available 



through contract and generally can operate only where there is a cognizable, legal dispute.  Issues of 
public policy neither lend themselves to arbitration nor are usually allowed to proceed to arbitration. 
 
Advice Based Systems 
 
 An alternative to rights based systems where third parties decide the dispute are advice based 
systems where third parties review all or some aspects of a dispute and make a recommendation or render 
advice regarding how the parties should settle the matter.  Examples of resolution processes falling within 
the advice based area include early neutral evaluation, non-binding arbitration, evaluative mediation and 
neutral fact finding.  
 
 Advice based systems provide benefits different than rights based determinations.  The first 
benefit is that the parties continue to control the outcome of the dispute because no “recommendation” is 
binding.  The recommendation or advice given by the third-party neutral often gives the parties 
perspective on their own issues and may supply some of the predictability missing from traditional 
arbitration.  Putting your case on before a neutral lets you test the waters and see the holes in your case as 
well as the strengths and weaknesses of the opposition’s case.  Where the parties are arguing about 
“facts,” a neutral resolution of those facts may well lead to a settlement.  Finally, the appointment of 
experts to make recommendations saves the parties the time and cost of hiring their own experts and 
setting them to fighting.  Appointing an expert that works for the project or for the dispute can create an 
atmosphere in which resolution of the conflict is expedited. 
 
 The disadvantages to an advice based resolution scenario are also numerous.  The most obvious 
disadvantage is that if one party “wins,” it unduly energizes that party (and its lawyer) into thinking they 
should take the dispute to a rights based resolution.  That energy runs counter to settlement.  In addition, 
lawyers do not generally like advice based systems because the process duplicates costs, duplicates 
energy and leads to the disclosure of his or her entire case.  If the process involves a complete review of 
the case, it can be as costly as a trial without the guarantee of a determination.  The parties are often left 
with the question of what to do if they cannot settle the case. 
 
Interest Based Systems     
 
 The final corner of the triangle of ADR resources is the interest based system.  This includes 
mediation, facilitation, collaboration and other forms of interest based negotiation.  “Mediation” is 
defined by the California Dispute Resolution Institute as “a process in which a neutral person or persons 
facilitate communication between disputants to assist them in reaching a mutually acceptable agreement.”  
Because these processes focus on interests and not on rights, there are substantial advantages available to 
the parties.   
 
 The most important advantage is that mediation and its ilk are voluntary processes—there is no 
such thing as “mandatory mediation,” because parties must be free to walk away from the process.  As a 
consequence, mediation is an interest based bus stop in a rights based system.  The parties always have 
the litigation or arbitration alternative to settlement and that is an important backdrop.  This means the 
parties are truly in control of the dispute and have the power to resolve their differences. 
 
 A second important benefit of mediation is that it is creative.  When parties go to court or 
participate in mediation, the decision makers can only deal with the problems in terms of money or 
awards of specific, limited items (like forcing a party to sell property to another).  In mediation, the entire 
range of options that is available to the parties can be used in fashioning a resolution.  Business 
relationships can be enhanced.  Relations of neighbors can be subject to agreed upon controls that courts 



could never provide.  Old conflicts can be traded for new agreements, new shipments of goods or 
cooperative efforts to secure work or markets.  In mediation, the parties can protect what is most 
important to them while dealing with what is most important to the other side.  Good mediators have very 
high success rates in settling cases, largely because they are skilled in reality checking the options to a 
negotiated agreement (often referred to as BATNA—best alternative to a negotiated agreement) and 
creative in exploring various settlement avenues.  The CPR Institute for Dispute Resolution reports that 
mediation is successful among its members (most of the Fortune 200 that commit to ADR principles in 
disputes between themselves) about 85% of the time.  
 
 A substantial advantage to mediation is that it cuts the costs of the dispute to the disputants.  
Professor Wälde estimates that a successful mediation costs between 15% and 25% of the costs of a full 
blown international commercial dispute.  The EPA’s Office of Enforcement and Compliance has found 
that its participation in interest based dispute resolution has lowered transaction cost, has created more 
satisfying and enduring solutions, has create better working relationship and has increased stakeholder 
support for agency actions. 
 
 Almost all states protect mediation as confidential.  This usually means that the parties can 
explore and discover facts that will not be later used against them by the parties to the dispute (in 
California, this protection is extended to prevent third parties from using such confidentially created 
“evidence”). 
 
 Despite its benefits, there are some disadvantages to mediation.  If there is no settlement and the 
matter proceeds to trial, the costs of the dispute have increased.  Some cases need to go to trial merely to 
establish precedent or direction on how to proceed.  An insurance company faced with a myriad of claims 
after a substantial fire may need direction from a court on how it analyzes and pays claims.  Mediation 
does not work well in that context because every settlement is confidential and provides no direction to 
others.   
 
Where Is ADR Used? 
 
 ADR provisions are generally (1) required by contracts, (2) available to parties who consent to 
submit to ADR processes after a dispute arises or (2) recommended by public agencies.   
 
 Required contractual provisions actually deprive a court of jurisdiction to hear the dispute if one 
of the parties wants the ADR provisions of the contract enforced.  ADR procedures are in use throughout 
the world and their use is on the rise.  You may have recently received a credit card statement that 
notified you that claims you may have against the credit card company are now subject to arbitration.  
These contracts are meant to prohibit class actions by consumers against credit card or financial 
institutions and are likely enforceable.  Other contracts where ADR processes are required include real 
estate purchase contracts, contracts with securities brokers, construction contracts, international 
commercial contracts and certain consumer contracts.  
 
 Most ADR providers like the American Arbitration Association or JAMS offer a variety of 
processes for disputants.  Many of these providers, prodded by legislation in some States, make special 
provision for consumer disputes.  Many community dispute resolution organizations also provide means 
for using ADR procedures in neighbor disputes, local conflict resolution or other community matters.  
Some of these processes include community facilitations and collaborations.  In 2001, in anticipation of a 
large Bio-Tech convention in San Diego, the San Diego Mediation Center developed a program for 
facilitating discussions between protesters and the police.  Police officials later credited this program for 



preventing any significant disturbances of the peace or violence like that attending the Seattle GATT 
meetings earlier.     
 
 Other voluntary processes have been convened to deal with environmental and industry issues.  
The most famous collaboration regarding these divisive public disputes involved the town of Quincy, 
California.  In late 1992 a timber industry forester, a county supervisor, and an environmental attorney 
from Quincy began private discussions, recognizing that the "timber wars" damaged everybody in town 
and served nobody's true interest. These discussions led to the development of the Quincy Library Group 
and a subsequent plan for a timber harvest that respected all parties’ important interests.  Another 
collaborative process involved the Malpai Borderlands.  Ranch properties in southern Arizona and New 
Mexico collaborated to protect land, employ innovative land management and restore habitat with native 
plantings, all to protect what the ranchers perceived was a threat to their way of life from expanded 
development from nearby towns.  
 
 Government agencies now actively promote ADR processes in a variety of public policy issues.  
The Forest Service provides for “stewardship collaboration” pursuant to Public Law 108-7.  That statute 
grants the Bureau of Land Management (BLM) and the Forest Service ten-year authority to enter into 
stewardship contracts or agreements to achieve agency land management objectives and meet community 
needs. This represents an extension of the Forest Service's authority to 2013, expands authority to BLM, 
continues collaboration with state and local communities and tribes, and removes the requirement for 
project-level monitoring and "non-commercial" restrictions. 
 
 The Bureau of Land Management has taken the mandate of PL 108-7 and revised its Natural 
Resources ADR mission statement, recognizing “the benefits of utilizing alternative dispute philosophies 
and processes (alternative dispute resolution) to build trust relationships between the public and the BLM 
and to reduce the cost of conflict resolution.  Therefore, the BLM will use alternative dispute philosophies 
and processes, when appropriate, in handling issues and disputes.  Every BLM regulation will contain a 
requirement to provide for the use of ADR procedures.” 
 
 Even agencies that do not mandate ADR procedures make it available to disputants.  The Board 
of Contract Appeals that handles disputes with the General Services Administration provides its 
administrative law judges for mediation and other ADR services.  5 U.S.C. §605(d). 
 
 Federal and state courts employ ADR procedures as well.  Federal magistrates act as “settlement 
judges.”  Many state courts have entire programs devoted to referring cases out for mediation or non-
binding arbitration and many judges participate in settlement conferences.  Some of the most respected 
and well-paid dispute resolution neutrals are retired state or federal court judges.  
 
How Can We Best Use ADR? 
 
 The first place ADR surfaces is in contracts.  Some entire industries routinely refer disputes to 
“arbitration before the AAA” without understanding what that means in terms of compromising their 
rights and affecting their costs.  Study your contractual relationships for dispute resolution referral.  Make 
sure that the referral will be: 
 

• Cost effective; 
 
• Efficient in resolving the dispute in the best interests of the parties; and  

 
• Promote rather destroy business relationships. 



 
Arbitration is not typically the first choice in serving the above goals.  On the other hand, pre-selecting a 
dispute resolution process by name often leaves the parties with an inadequate remedy for solving their 
problems. 
 
 At the La Jolla Center, we believe that processes should be developed to address the problem 
after the dispute arises.  The parties, even where their contract contains an arbitration clause, can always 
amend that clause to explore different alternatives to resolution.  Not every process works well for every 
problem.  Conversely, the combination of process is often more effective than choosing a single process. 
 
 For example, we employ a process called Project RealignmentTM when we are contacted by large 
construction projects that appear to be bogged down and headed for litigation.  Litigation is a disaster for 
an on-going construction project because the project sits for months, sometimes years, with no progress.  
Contractors and subs are not paid, materialmen file liens and the unfinished construction is subject to the 
vagaries of weather and decay.  Project RealignmentTM uses the change order process to “turn the project 
around.”   
 
 First, the parties meet in a hotel conference room, each side represented by its CEO, its managers, 
its project managers and supervisors.  On a large construction project, there are often 30 or more parties.  
The  Project RealignmentTM Project Manager (the facilitator) discusses with the parties where the project 
is and what happens if the project is not turned around.  This information is gathered from each of the 
parties’ teams.  Further discussion involves ranking the problems on the job.  Then the parties are 
“realigned” from companies to positions.  The executives of each company meet at one table, the project 
managers from each company at another.  This realignment allows the parties to begin thinking at the 
project level, rather than the company level.  Now the appropriate alignment of responsibility has been 
ordered and the problem has been defined by the parties themselves.  By moving from level 1 thinking 
(the individual) to level 2 thinking (the company) to level 3 thinking (the project), the parties are now 
concentrated on a common goal:  getting the project back on budget and back on time.  This facilitation is 
an interest based approach to identifying the problem. 
 
 The next step is to develop an agenda to deal with the “history” issues—the problems in the past 
that have created the impasse.  Typically, a technical assistant specialist (“TAS”) is retained as a project 
claims expert to review all the pending claims and make recommendations.  This analysis falls into the 
advice system category.  It involves doing what each of these 30 companies would do on their own—hire 
a claims expert.  The TAS however, works for the project.  If the TAS needs legal advice, an Independent 
Project Attorney is hired to consult with the TAS and the parties on their legal rights in any given part of 
the controversy.  After several meetings the TAS makes a recommendation for a single change order that 
“wipes the slate clean” (i.e., deals with the history issues).  If the parties agree to the recommendation, a 
change order is prepared by the parties and the parties proceed to scheduling and staging. 
 
 If most of the parties agree, individual recalcitrants can go through a mediation process with an 
independent mediator.  If that still does not resolve the issue, those parties can agree to a swift arbitration 
of that single issue to resolve it and move the project forward. 
 
 Project RealignmentTM has worked successfully in many large construction projects because it 
uses many of the tools available in the ADR toolbox.  It is also voluntary, pre-dispute and confidential.  It 
is based on the notion that resolution tools should be applied after the dispute arises, and not before.  
Almost every project where Project RealignmentTM has been used, a contract with an AAA arbitration 
clause has been present.  Because this process works through the ordinary change order process available 
to the parties in the contract, no “dispute” has arisen for which arbitration is necessary.  And because this 
is a voluntary process, the parties have not waived their arbitration option. 



CONCLUSION 
 

 As problems develop in the oil patch, E&P companies need to understand and employ the 
panoply of processes available to address those disputes.  E&P companies should anticipate problems in 
order to deal with them proactively.  Environmental collaboration or other collaborative processes provide 
tools to approach these perceived problems before they develop. 
 
 Once conflict arises, firms can decide whether they need a rights based determination by a third 
party or whether their interests are better secured (better meaning more efficiently and cost-effectively) by 
participating in interest based negotiation.  When thinking about litigation, I often advise CEOs to review 
the budget for the current year and look for the amount of money they have predicted they will make from 
litigation.  I have never found “litigation” as a line-item on the income side of the statement. 
 
 No one tool will provide the best answer to every dispute.  A combination of available processes 
will likely be better suited for resolving the dispute.   Knowing the available processes allows the firm to 
design backwards to resolution: to design a system for resolution that takes into account the nature and 
extent of the conflict.  Government agencies increasingly support such efforts.  These are no longer 
“touchy, feely” alternatives to hardcore litigation:  they are sensible business tools to advance a firm’s 
interests and meet its long term goals.   
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Perspective/ObjectivePerspective/Objective

Environmental business grew up with many rule Environmental business grew up with many rule 
of thumb approaches.of thumb approaches.

Now becoming more quantitative and sophisticatedNow becoming more quantitative and sophisticated

Difference between delineation and monitoringDifference between delineation and monitoring
Likely have some redundancy in the dataLikely have some redundancy in the data

Cost of monitoring is very significantCost of monitoring is very significant
Waste money collecting redundant dataWaste money collecting redundant data

Optimize monitoring in a sound mannerOptimize monitoring in a sound manner
Considering both science and mathConsidering both science and math
Eliminate data redundanciesEliminate data redundancies



BackgroundBackground

What’s important here?What’s important here?
Statistical approachStatistical approach
Use of Genetic AlgorithmUse of Genetic Algorithm
Optimize among several variablesOptimize among several variables



LTM Optimization ProcessLTM Optimization Process

Define objectives
and constraints

Create interpolation
model

Create population
of monitoring

desgns

Evaluate design using objectives and
constraints

Apply Genetic Algorithm operations
to create new population

Repeat until
convergence to
optimal solution
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Optimization ProcessOptimization Process
Use genetic algorithms to search for monitoring Use genetic algorithms to search for monitoring 
designs that best meet the objective functions designs that best meet the objective functions 
and constraintsand constraints

When more than one objective exists, find optimal When more than one objective exists, find optimal 
tradeoffs among objectives (e.g., cost vs. errors)tradeoffs among objectives (e.g., cost vs. errors)

Optimization process was implemented in MultiOptimization process was implemented in Multi--
objective Long Term Monitoring Optimizer objective Long Term Monitoring Optimizer 
Software (MSoftware (M--LTMO) developed at University of LTMO) developed at University of 
Illinois and Illinois and MoireMoire

Automated interpolation model fitting and selectionAutomated interpolation model fitting and selection
MultiobjectiveMultiobjective optimization to find monitoring designs optimization to find monitoring designs 
that best meet objectivesthat best meet objectives



Objectives and ConstraintsObjectives and Constraints

Identify Decision VariablesIdentify Decision Variables
Is each well sampled or not?Is each well sampled or not?
Optimization problem is to identify which wells are “in”Optimization problem is to identify which wells are “in”
22x x possible sampling plans: possible sampling plans: 

for 36 wells that is 7x10for 36 wells that is 7x101010 different plansdifferent plans

Identify Objective FunctionsIdentify Objective Functions
Minimize cost: here, that is the just the number of wellsMinimize cost: here, that is the just the number of wells
Minimize the maximum error between actual concentrations and Minimize the maximum error between actual concentrations and 
those estimated with the subset of wells being consideredthose estimated with the subset of wells being considered

Identify ConstraintsIdentify Constraints
None in this formulationNone in this formulation



Error Objective FunctionsError Objective Functions

Error objective for benzeneError objective for benzene
5 ppb maximum acceptable error5 ppb maximum acceptable error

Error objective for BTEXError objective for BTEX
100 ppb maximum acceptable error100 ppb maximum acceptable error

Locations for measuring error are importantLocations for measuring error are important
At monitoring wells onlyAt monitoring wells only
Don’t measure error at grid nodes because no data Don’t measure error at grid nodes because no data 
support (actual values), only modeled valuessupport (actual values), only modeled values



Interpolation Modeling ProcessInterpolation Modeling Process

Identify key contaminants of concernIdentify key contaminants of concern
Create spatial grid for interpolating COC Create spatial grid for interpolating COC 
concentrations concentrations 
Fit interpolation modelsFit interpolation models

Such as ordinary Such as ordinary krigingkriging, , quantilequantile krigingkriging, , 
inverse distance weighting, etc.inverse distance weighting, etc.

Test interpolation model fit and choose Test interpolation model fit and choose 
model with best performancemodel with best performance

QuantileQuantile krigingkriging performed bestperformed best



Interpolation Model EvaluationInterpolation Model Evaluation

Use cross validationUse cross validation
Eliminate one well from networkEliminate one well from network
Interpolate concentration at well using data Interpolate concentration at well using data 
from other wellsfrom other wells
Compare actual Compare actual vsvs interpolated concentrationinterpolated concentration

If the error is small, then well is redundantIf the error is small, then well is redundant

Repeat for all wellsRepeat for all wells



Case Study 1 Case Study 1 -- MichiganMichigan
Remedial Actions began in 1987 when a leaking pipeline Remedial Actions began in 1987 when a leaking pipeline 
gasket was discoveredgasket was discovered
Catastrophic Release Catastrophic Release -- estimates of the volume released estimates of the volume released 
are in the range of 350K gallonsare in the range of 350K gallons
14 years of monitoring data support plume stability14 years of monitoring data support plume stability
BTEX concentrations reduced 80BTEX concentrations reduced 80--80%80%

Groundwater Treatment / Product Skimming

Air Sparging

No LNAPL observed after 1993

MNA

* 118,000 gals of LNAPL recovered

1987 1989 1991 1993 1995 1997 1999 2001 2003

Remediation History

Groundwater Treatment / Product Skimming

Air Sparging

No LNAPL observed after 1993

MNA

* 118,000 gals of LNAPL recovered



LTM Scenario / DriversLTM Scenario / Drivers

36 wells currently being monitored36 wells currently being monitored
30 years of Post Closure Monitoring 30 years of Post Closure Monitoring 
requiredrequired

Optimization can be used to identify Optimization can be used to identify 
redundant data points redundant data points 

There is a cost penalty for collecting There is a cost penalty for collecting 
redundant data  redundant data  
Spatial and temporal analyses are possibleSpatial and temporal analyses are possible

Only spatial redundancy addressed at this siteOnly spatial redundancy addressed at this site



Current Monitoring Network - 7-Jan-04
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Of the 36 wells, the following numbers of wells were Of the 36 wells, the following numbers of wells were 
predicted sufficiently accurately during crosspredicted sufficiently accurately during cross--validation: validation: 

Benzene: 17 (within 5 ppb)Benzene: 17 (within 5 ppb)
Toluene: 32 (within 100 ppb)Toluene: 32 (within 100 ppb)
EthylBenzeneEthylBenzene: 28 (within 100 ppb): 28 (within 100 ppb)
Xylene: 23 (within 100 ppb)Xylene: 23 (within 100 ppb)
BTEX: 19 (within 100 ppb)BTEX: 19 (within 100 ppb)

Benzene performs quite well, but has a much stricter Benzene performs quite well, but has a much stricter 
acceptability threshold.acceptability threshold.
Summing the predictions of the components of BTEX Summing the predictions of the components of BTEX 
gives a small boost in accuracy over predicting it directly.gives a small boost in accuracy over predicting it directly.



Cross Validation Results of BTEX Cross Validation Results of BTEX 
(summed from constituents)(summed from constituents)

Interpolation ID (Well ID) sorted by 
true concentration
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Optimal Tradeoffs Between Errors Optimal Tradeoffs Between Errors 
& Sampling Levels& Sampling Levels
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Benzene Concentrations for 30 Benzene Concentrations for 30 
Well DesignWell Design

30-Well Predictions

All-Well Predictions

+ = locations that are not sampled
O = locations that are sampled 



BTEX Concentrations for 30 Well BTEX Concentrations for 30 Well 
DesignDesign

30-Well Predictions

All-Well Predictions

+ = locations that are not sampled
O = locations that are sampled 



Benzene Benzene –– 28 Well Design28 Well Design

28-Well Predictions

All-Well Predictions

+ = locations that are not sampled
O = locations that are sampled 



BTEX BTEX –– 28 Well Design28 Well Design

28-Well Predictions

All-Well Predictions

+ = locations that are not sampled
O = locations that are sampled 



BTEX Cross Validation BTEX Cross Validation 
ComparisonsComparisons
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Optimization FindingsOptimization Findings
Found good predictions at all well locations Found good predictions at all well locations 
using 28using 28--30 wells30 wells

17 to 22% reduction in sampling costs possible17 to 22% reduction in sampling costs possible
2828--well solution has more difficulty interpolating well solution has more difficulty interpolating 
correctly in the southeast corner, although this correctly in the southeast corner, although this 
area is of much less concern than the leading area is of much less concern than the leading 
edge of the plumeedge of the plume
MM--LTMO software is useful tool for identifying LTMO software is useful tool for identifying 
data redundanciesdata redundancies
Further testing at a New Jersey terminal site with Further testing at a New Jersey terminal site with 
more wells is underwaymore wells is underway



Case Study 2 Case Study 2 –– New JerseyNew Jersey

Terminal Facility, now decommissioned Terminal Facility, now decommissioned 
In the process of being completely removedIn the process of being completely removed
Located on the Delaware RiverLocated on the Delaware River
Multiple aquifer systemMultiple aquifer system
Only one aquifer considered in this analysisOnly one aquifer considered in this analysis
You could say this was a PHD project…You could say this was a PHD project…

(Push here, dummy)(Push here, dummy)
That is, it was an automated optimization requiring That is, it was an automated optimization requiring 
no user knowledge of genetic algorithms or no user knowledge of genetic algorithms or 
geostatisticsgeostatistics…load the data, push the start button.…load the data, push the start button.



Interpolated Optimal 80 Well Interpolated Optimal 80 Well 
Solution for BenzeneSolution for Benzene



Interpolated Optimal 66 Well Interpolated Optimal 66 Well 
Solution for BenzeneSolution for Benzene



ConclusionsConclusions

Have we approached any regulators with Have we approached any regulators with 
this technique?this technique?

Not yet…still in developmentNot yet…still in development
But…there appears to be a lot of interest, But…there appears to be a lot of interest, 
especially at the Federal levelespecially at the Federal level



Thank YouThank You

Contact info:Contact info:
Dennis D. Beckmann, P.E.Dennis D. Beckmann, P.E.
Atlantic Richfield/ a BP Atlantic Richfield/ a BP AffilliateAffilliate
509 S. Boston, N 352509 S. Boston, N 352
Tulsa, OK  74103Tulsa, OK  74103

Phone Phone 918.581.3048918.581.3048
EmailEmail beckmadd@bp.combeckmadd@bp.com
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The Brownfields Revitalization The Brownfields Revitalization 
and Environmental Restoration and Environmental Restoration 

Act of 2002 Act of 2002 --
New Emphasis On and Funding New Emphasis On and Funding 
For Petroleum Site Assessment For Petroleum Site Assessment 

and Cleanupand Cleanup
Patricia Billingsley, Oklahoma Corporation CommissionPatricia Billingsley, Oklahoma Corporation Commission

Dorothy Crawford, Formerly US EPA Region VIDorothy Crawford, Formerly US EPA Region VI



BackgroundBackground

EPA’s Brownfields Initiative started 
modestly in the 1990s, and was aimed 
mainly at urban industrial and 
commercial sites affected by hazardous 
wastes.

In 2002, there was a new federal 
Brownfields Act, with significant 
changes.



Why Is This Act Important?Why Is This Act Important?

We would all like to restore damaged land to
“A land flowing with milk and honey”

(Exodus iii. 8; Jeremiah xxxii. 22)

However, 
“Can anybody remember when the times 
were not hard and money not scarce?”
(Ralph Waldo Emerson (1803-1882, Works and 
Days).



Why Is This Act Important?Why Is This Act Important?
Increased funding for
• Assessments
• Cleanups
• State/Tribal/Other Voluntary Response 

Programs

Includes more types of sites, especially 
Petroleum contaminated sites

Improved liability “protection” for owners



Before

After

Environmental Restoration



Specifically, The 2002 Act:Specifically, The 2002 Act:
Expanded the types of sites to include

• Sites with petroleum [E&P, UST, other], 
indoor contaminants, controlled substances 
(other chemicals, meth labs), and mining sites. 

Petroleum sites include old exploration and 
production sites, refineries, pipelines, and 
petroleum storage tank sites where there is no 
current viable responsible party. 

• Brine scarred land is covered in the Act’s 
‘other waste’ provisions.



Specifically, The 2002 Act:Specifically, The 2002 Act:

Increased funding levels overall
• Authorized up to $200 million per year for 

assessment and cleanup
• Dedicated 25% of this for petroleum 

contamination sites;

Revised liability provisions, including innocent 
landowner and NPL small business/small 
amount protections; and 

Added new cleanup activities to what could be 
(grants) funded; 



Specifically, The 2002 Act:Specifically, The 2002 Act:

In addition to the previous industrial &
commercial sites, the new Act potentially covers
Any site that will 

promote economic development or 
promote the creation or preservation of open 
greenspace or recreational areas (this could 
include farmland as part of open space)



With These Changes, We Can Now Address With These Changes, We Can Now Address 
Many Historic Petroleum ProblemsMany Historic Petroleum Problems



Excluded Are:Excluded Are:

LUST funded response sites 
PCB sites subject to remediation under TOSCA 
Federal facilities (other than tribal trust lands, 
which can qualify)
RCRA permitted sites & land disposal units 
Facilities on NPL (Superfund) list
Facilities subject to administrative law & other 
court orders



Title IITitle II of the Brownfields Act Has 3 of the Brownfields Act Has 3 
Important Subtitle SectionsImportant Subtitle Sections

Subtitle A
Grant Funding for Assessments and Cleanups
(State/Tribal) Revolving Cleanup Loan Funds

(November Application Deadline)
Subtitle B 

Brownfields Liability Clarifications
Subtitle C

Establishes Rules and Funding for State or Tribal 
Voluntary Response Programs



Subtitle ASubtitle A

1. Site Assessment and Characterization Grants

Eligible entities can receive grant funding to 
inventory, characterize, assess, and/or conduct 
cleanup planning on one or more sites

Grants are up to $200k (with waiver, up to $350k) 
per site; can ask for up to 5 sites per grant.

A portion of ANY Subtitle A Grant can now be 
used to purchase insurance to cover site work



To Look For and Assess Old To Look For and Assess Old 
Sites Like ThisSites Like This



Subtitle ASubtitle A

Eligible Entities for 
Site Assessment and Characterization Grants are

Local governments
Quasi-governmental entities authorized by   
governments
States and state legislated entities (e.g. OERB)
Regional councils of governments
Redevelopment agencies
Tribes



Subtitle ASubtitle A

2. Cleanup Grants for Brownfields, a.k.a. 
Remediation Grants

Federal grant amounts may not exceed $200k per  
site; a 20% match is required

To receive a cleanup grant the site(s) must be owned 
by an eligible entity



P&A and Clean Up P&A and Clean Up -- Nowata County Nowata County 
(OPA funded)(OPA funded)



Subtitle ASubtitle A

Eligible Entities for 
Cleanup/Remediation Grants

The same as listed above, plus
nonprofits, 
innocent landowners and 
prospective site purchasers.



Subtitle ASubtitle A
3. Loans Grants Program for Remediation

Eligible entities (e.g. states) and coalitions with 
an approved cleanup loan program can apply to 
EPA for loan grants, up to $1 million each 

These entities and coalitions will then loan  
money to site owners or prospective purchasers 
to remediate sites. While loans must usually be 
repaid, partial loan forgiveness is possible

Another option is to “subgrant” these funds



Subtitle ASubtitle A
EPA itself can also (upon request) directly

Fund eligible entities or nonprofits for training, 
research, and technical assistance
Facilitate inventory of brownfields sites
Provide assessments, remediation, community 
involvement or site preparation 

However, EPA cannot
Expend more than 15 percent of the amount 
appropriated for Brownfields for these activities



Subtitle B Subtitle B 
Brownfields Liability ClarificationsBrownfields Liability Clarifications

EPA or an approved state/tribal program 
can
Issue no future action & later discovery 
assurances
Choose to not require ground water 
investigations/cleanups by adjacent 
landowners when pollution is “solely as a 
result of subsurface migration [from an 
adjacent site] in an aquifer”



Subtitle BSubtitle B
Landowners, purchasers, & contiguous property
owners can be exempted from liability if

Disposal took place before the purchase date, or they
Didn’t cause or contribute to the release; & if they
Show due diligence, and cooperate with authorities;
Exercise reasonable care with respect to releases;
Comply with land use restrictions; and 
Are not potentially liable or have no affiliations with 
persons potentially liable



Subtitle BSubtitle B

EPA can place a lien on a property if EPA
has response costs and the response
action increases the fair market value of
the land



Subtitle CSubtitle C
Voluntary Response [Cleanup] Program Voluntary Response [Cleanup] Program 

FundingFunding
A  state or tribe may receive EPA funding if 

They are taking reasonable steps to establishing a 
voluntary response program that includes
– Timely survey and inventory of their properties,
– Oversight and enforcement authority, 
– Meaningful public participation, a
– Process for approval of cleanup plans, 
– Certification that a response is complete, & if

They have an approved MOA with EPA.



Subtitle CSubtitle C
A State or Tribe can utilize Subtitle C funds 

[from EPA] to:

Establish or enhance their Brownfields 
response program
Capitalize a revolving loan fund for cleanups
Purchase insurance or develop a risk sharing 
pool
Perform targeted site assessments
Conduct outreach to the community



Subtitle CSubtitle C

EPA cannot take enforcement action or
seek cost recovery at sites cleaned
up in compliance with state programs unless

The State requests assistance, or
Contamination has migrated across state lines or 
onto federal property, or
There is imminent and substantial 
endangerment, or new data showing a site poses 
a threat.



Subtitle CSubtitle C
Requires a Requires a Site ListSite List

A list containing site names, locations,
and institutional controls that is made
available at least once a year to the public

Requires a New or Annual Renewal 
Application (April deadline)



For the Latest Brownfields 
Information

Brownfields National Homepage
www.epa.gov/brownfields

EPA Region 6
www.epa.gov/region6/brownfields

Brownfields Law
http://www.epa.gov/brownfields/sblrbra.htm

http://www.epa.gov/brownfields
http://www.epa.gov/brownfields
http://www.epa.gov/region6/brownfields


Using GIS To Quickly Address 
Problems, Including Possible 
Sources Of Contamination

Patricia Billingsley
Charles Lord

Pollution Abatement Dept., 
Oil & Gas Conservation Division

Oklahoma Corporation Commission



Corp Comm’s GIS Goals

To help our staff:
1. Quickly identify and locate Oil and Gas 

related problem areas, including possible 
pollution sites, so that we can concentrate 
our research, field work, and other 
actions  where it is needed; and 

2. Better present data and plans in court or 
to management, state leaders, and/or the 
general public.



GIS allows us to overlay precisely located
data layers and see their inter-

relationships, including:

Wells (oil and gas, injection, drinking water), both 
current and abandoned

• Spill sites, barren land, known surface purges
• Sampling and other pollution data
• Surface geology, faults, USDA soil maps, and
• Roads, streams, and other general area data



Field Data, Field Uses
Hand held GPS devices let us precisely 
locate wells, sampling locations, 
geophysical survey lines, and other 
information we collect in the field;  this 
data can quickly be added as new GIS 
layers. 

GIS is also used to assist Field Inspectors 
and Oil Operators in locating and 
confirming the identity of wells.



1- GIS Maps Show Data Types, Overall Setting



2 - Locating Wells

In this next case, a Field Inspector found a 
cluster of abandoned wells. We used GPS and 
GIS to demonstrate actual well locations in 
relation to the unverified old spot locations 
from paper records, and to give the ALJ in the 
well plugging hearing a better understanding 
of the actual situation in the field.
Either the reported locations were wildly off, 
or some reported wells were never drilled and 
some drilled wells were never reported!



Reported old well locations
Actual GPS well locations



3 - Geophysical Survey

In 2001 a consultant’s EM survey was run at 
the site I’m going to show you next, as part of a 
private landowner-oil company law suit. This 
year the Commission was finally brought in. 
We purchased a 2002 aerial photograph 
(negative) showing the earlier survey grid, and 
had it scanned and lat/long rectified for GIS.  
We used this photo to exactly locate the earlier 
work, and to plan  and plot the additional work 
needed.



Imported Aerial Photograph
Wells in yellow, Former creek in blue



New work plotted on Photograph
Lat/long plotted for all corners of new work



Showing Relationships
Choosing what useful and relevant data to 
post on a GIS map, and which back-
grounds to place data on, is important!  

We’ve used cultural features, topographic 
maps, aerial photos, digital elevation maps, 
geological maps, and/or soils maps as GIS 
map bases, and can plot many 
combinations of streams, wells, geophysics, 
& sampling data to show relationships.



Showing Relationships

Possible sources of  pollutants –
• unplugged wells, brine impacted soils or 

groundwater, old pits, etc., 
are thus placed in relationship to specific receptors -
• wells, streams (some with confirmed or suspected 

pollution [oil, salt/TDS, excess turbidity]. 

Using georeferenced archival photos and maps, we 
can also date likely event occurrences, and 
determine likely responsibility.



4 -This map shows the apparent relation-
ship between salinity-impaired streams 
and an old oilfield area in Oklahoma.









6 – Using a Geological Base Map for GIS
This map shows that Ada’s municipal water wells 
(blue ++) weren’t endangered by oilfield brine  
emerging in another formation across several faults.



7 – Faults and Geology
After plotting well locations on this area geolological 
map, we began to suspect a fault connection between 
the injection well (small red circle) and the surface seep.



This aerial photo shows where the fault
actually surfaces; ground work confirmed it.



The well highlighted in red has since 
been plugged and the seep has abated.



9 - Georeferencing archival photos
Using these helps us find the right wells to plug or  
squeeze when we have oil &/or salt-water purges.



10 - DEM

For a special project, we have to determine 
which wellsites in a watershed are possibly 
eroding and contributing to stream turbidity 
problems.  Using a shaded DEM (digital 
elevation model) GIS map, we determined  
which wells/lease roads in the area are both:
1. on steep grades, most subject to erosion, & 
2. are above or next to streams. 
We then selected stream turbidity sampling 
points near these sites.





In this hilly area with few landmarks, staff can 
then use GPS and this GIS map to ensure they are 

sampling at the same points each month.



Other Uses For GIS

Creating exhibits for court hearings to 
demonstrate and delineate the source(s) 
and extent of contamination events, and

Presenting information to management, the 
legislature and/or the general public



11 – Compliance Map for Managers
This map shows wells shut-in for violations 

of Commission rules, by district.



12–Legislators Proposed River for Scenic Status
This map was made to show how much oil and gas 
activity is already in the “pristine” watershed.



13 - State vs. federal (tribal) regulated lands



Summary

Over the past several years we have 
found GIS to be useful in both the 
scientific and regulatory aspects or 
our work in the Pollution 
Abatement Department.



FIELD DETERMINATION OF CHLORIDE IN 
SALT IMPACTED SOILS – JUST ADD WATER! 

David G. Boyer, P.G., Safety and Environmental Solutions, Inc., Hobbs, New Mexico 
 
 

ABSTRACT 
The standard method for determination of chloride in soils has been modified for 

quick determination of chloride in the field using commercially available chloride test 
strips instead of laboratory chemicals. The method utilizes a portable scale to obtain a 
weighted sample of dry material that is placed in a 250 mL plastic bottle. Distilled water 
is added to the bottle and it is shaken vigorously for several minutes. The mixture is 
allowed to settle for a few minutes to reduce turbidity and decanted into a funnel lined 
with a piece of filter paper. The filtered liquid is collected in a small jar or 40 mL vial 
that holds the chloride test strip. The strip requires only a few drops of the filtrate, which 
is absorbed by capillary action. A quick calculation converts the concentration shown on 
the strip to mg/Kg (ppm). The entire test takes less than ten minutes and results are 
comparable with laboratory results. Field and laboratory results for a number of sites in 
the vicinity of Lovington, New Mexico, are presented. 
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INTRODUCTION 
Water produced concurrent with the extraction of crude oil or natural gas 

commonly contains chemical constituents with concentrations many times those found in 
fresh water or even sea water. When introduced to the surface environment through 
planned or unplanned releases produced water will adversely affect or destroy surface 
vegetation and can potentially contaminate fresh groundwater supplies.  

 
In the past, common disposal of produced water was by placement in unlined 

surface impoundments or pits. For example, in rural Lea County New Mexico south of 
Hobbs, approximately 29 million barrels of brine were produced in 1955 with most 
disposal to unlined pits (1). Beginning in the 1950’s, the state regulatory agency, the Oil 
Conservation Division, instituted restrictions on disposal to unlined pits in southeastern 
New Mexico and today, with some exceptions, such disposal is prohibited statewide.  

 
Although surface disposal is generally prohibited, produced water still can 

impact the environment through accidental releases from leaks or breaks in flowlines, 
tank failure, or from transportation accidents.  

 
Whether the concern is environmental effects from old disposal pits or from 

accidental releases, it is important to delineate the area affected to assess impacts to 
surface resources and the potential for groundwater contamination. Following such 
evaluation, the information collected is used as a basis for decision making for physical 
clean up or to allow risk-based closure of the pit or spill location.  

 
Aside from obvious visible surface impacts such as dead vegetation or salt 

deposits, delineation of chloride impacts from produced water can be difficult without 
laboratory analytical testing. Some test kits are available that use reagent chemicals such 
as silver nitrate and require mixing and titration to determine chloride concentration in 
the solution. Such kits are difficult to use in the field for chloride determination in water, 
let alone soil.  

 
Recently, the Hach® Company has produced two chloride test strips (Quantab® 

High and Low Range) that allow testing of the chloride concentration in water by merely 
dipping a strip in water and waiting a few minutes for capillary action to saturate it. 
Following saturation, the strip is read and the corresponding chloride concentration is 
found using a chart printed on the bottle. The method has been adapted to enable 
environmental personnel to quickly and inexpensively determine chloride concentration 
in soil in the field using readily available pieces of equipment. 

 2 



PROCEDURE DESCRIPTION 
A generalized description of the procedure is provided in this section. A detailed 

list of instructions, suitable for providing to field technicians, is provided in the Appendix 
at the end of this paper.  

 
One method by which soluble salts in soils such as chloride can be determined or 

estimated is from measurements made on aqueous extracts of soil samples (2). Other 
methods may be more useful for determination of soil salinity and its relation to field soil 
water content necessary for crop growth, but are not relevant in this instance. Aqueous 
extracts on the order of 1:4 or 1:5 weight to volume commonly are used by analytical 
laboratories for chloride determination in soil. The procedure described in this paper uses 
a 1:4 extract. 

Necessary Equipment  

A minimum of special equipment is needed to perform the field determination of 
chloride. A stainless steel spoon and mixing bowl are commonly used in collecting soil 
samples. Additional items are a portable battery operated scale (0 to 200 gram range), 
disposable weighing dishes, a 250 mL wide mouth plastic bottle, a small graduated 
cylinder, a plastic funnel, filter paper, a small jar or 40 mL vials, distilled water and the 
Hach Quantabs®. The Quantabs come in high and low range strips with chloride 
concentration ranging from 300 to 6000 ppm and 30 to 600 ppm, respectively. All 
reusable equipment should be clean before use; the funnel and small jar or 40 mL vials 
must be completely dry. The equipment is carried in a foam-lined hard plastic case (e.g. a 
Pelican Case®) for protection against vibration and moisture. 

Sample Preparation 

Samples are commonly collected from the soil surface or from boreholes drilled 
with a hollow stem auger equipped with a split-spoon or core barrel sampler. The sample 
is placed in a mixing bowl and organic matter such as roots discarded. Rock and gravel 
larger than small pebbles are commonly removed. Homogenize the sample by thoroughly 
mixing it prior to weighing or placement in a sample jar (if laboratory analysis is to be 
performed). To the extent possible the material placed in a sample jar for laboratory 
analysis should be as much like the sample selected for field determination. In addition 
coordinate with the analytical laboratory to ascertain if they have a standard protocol for 
selection of small volume samples (e.g. a maximum size of pebbles in the sample).  

 
A tared weighing dish is placed on the scale and 25 grams of the sample is 

weighed and then placed in the plastic bottle. 100 mL of water is added and the mixture 
shaken for one minute or longer. Allow the sample mixture to settle for a short time 
period so that heavy particles drop out. Fold a piece of filter paper into quarters and place 
in the funnel. Place the funnel in the small jar or 40-mL vial together with a Quantab® 
strip. Decant the sample into the folded filter paper and allow approximately ½ inch of 
clear filtrate to accumulate in the vial before removing the funnel. Turbid solutions in the 
vial will clog the capillary pores and cause very slow or incomplete reactions.  

 3 



Chloride Determination 

When a Quantab® strip is placed in an aqueous solution, fluid rises up the strip 
by capillary action until the strip is completely saturated. The strip contains silver ions, 
which combine with chloride in the sample to form a white column of chloride. A 
moisture sensitive yellow string across the top of the tab turns blue-black when saturated 
and indicates completion of capillary action and the reaction. The length of the white 
silver chloride column on the strip is proportional to the chloride concentration.   

 
Following saturation, the value on the tab is read and the chart on the back of the 

appropriate bottle used to get the chloride value for the strip. Each Quantab® lot is 
calibrated independently; the chloride concentration chart on the bottle from which the 
strip was removed is used as values may differ from those of a previous bottle. Multiply 
the chart value by four (4) to get the chloride concentration in soil in ppm (mg/Kg). 
Depending on the time taken to shake the sample, decant and filter the liquid, and the 
turbidity of the filtrate, the time required to conduct a single test is usually from five to 
ten minutes. 

COMPARISON WITH LABORATORY RESULTS 
The field results are compared with laboratory results for four sites located in the 

vicinity of Lovington, New Mexico (Tables 1 through 4). The geologic setting is the 
Tertiary Ogallala formation which is chiefly a calcareous, unconsolidated sand but with 
some zones of sandstone of varying hardness (1). In the upper ten to twenty feet in the 
study areas the formation is capped by a layer of caliche of varying thickness and density.  

 
The borehole splitspoon/core barrel samples taken near the surface usually are 

quite rocky and prior to testing the samples must be prepared as described above to 
remove pieces of caliche and sandstone rock as big a 3-in. in diameter. Notwithstanding 
sample preparation problems, the laboratory results show good agreement with the field 
tests.   

Table 5 presents the results of the comparison for the 62 samples tested. 
Twenty-three samples (37 percent) of the field results were within 0 to 10 percent of the 
laboratory results and another 14 samples (23 percent) were between 11 and 20 percent. 
A total of 37 field samples (60 percent) were within 20 percent of the laboratory value. 
Only 4 field samples (6 percent) exhibited greater than 50 percent difference from the 
laboratory result. The highest percent difference between field and laboratory test results 
was 63 percent. 

 
Unlike water samples, soil samples are rarely homogenous with varying particle 

size and with soluble constituent concentrations dependent on the initial soil water 
concentration, the pathway followed in the porous medium, and the amount of sorption 
on the soil particles. Given this innate variability, which exists even within a single soil 
sample, agreement between field and laboratory results is consistent and certainly 
acceptable for purposes of field delineation of chloride impacts from the types of releases 
described in this paper. 

 4 



COST CONSIDERATIONS 
The cost per chloride test is minimal. A bottle of 40 Quantabs® available from 

the Hach Company is currently priced at $32; therefore, each strip costs $0.80. The scale 
used to weigh the soil samples is an Ohaus model CS200 available from 
www.scalesonline.com at a cost of $55. The other test equipment is available from 
laboratory supply companies at minimal cost.  

SUMMARY 
A quick and inexpensive test for field determination of chloride in salt impacted 

soils has been developed and has proven to be very useful in the delineation of produced 
water releases from oil and gas operations. The test requires a minimum of equipment to 
perform and does not require the use of chemicals in the field, only distilled water. The 
test can be completed within five to ten minutes depending on the turbidity of the 
aqueous extract and the time required for settling and filtering the sample. Results from 
the test are quite comparable with results from laboratory tests performed on the same 
sample. Field results for sixty percent of the samples examined were within twenty 
percent of the laboratory results. Although the cost per test is very inexpensive, the real 
value of the test is the time saved on site by being able to directly delineate horizontal 
and vertical extent of a release without the added expense of having outside contractors 
return to a site for additional investigation. 
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Table 1.  Site 1, salt water line leak, northeast of Lovington, NM, north of US Hwy 82 
 

Sample Location 
Depth 

(ft.) 

Strip Range 
(high or 

low) 

Field 
Test 

(ppm) 

Laboratory 
Analysis 
(mg/Kg) 

Percent 
Difference from 

Lab 

BH-1 5 H 5,144 8,397 -38.7 
BH-1 10 H 6,156 5,918 4.0 
BH-1 15 H 3,856 3,679 4.8 

BH-1R 18 H 5,632 6,958 -19.1 
BH-1R (duplicate) 18 H 6,156 6,958 -11.5 

BH-1R 22-24 L 372 496 -25.0 
      

BH-2 5 H 2,800 3,759 -25.5 
BH-2 10 L 1,816 2,719 -33.2 
BH-2 15 L <104 144 -27.8 
BH-2 18 L <104 96 8.3 

      
BH-3 5 H 1,252 1,264 -0.9 
BH-3 10 L <104 160 -35.0 
BH-3 10-15 L <104 128 -18.8 
BH-3 18 L <104 112 -7.1 

      
BH-4 3 L 1,816 2,447 -25.8 

BH-4 (duplicate) 3 L 1,944 2,447 -20.6 
BH-4 5 L 876 960 -8.8 
BH-4 10 H 128 144 -11.1 

      
Table notes: Percent difference for results below the Quantab minimum value calculated 
using the minimum value. Chloride analysis using Standard Methods 4500-Cl-B (3) 

 
 
Table 2.  Site 2, salt water line leak, northeast of Lovington, NM, south of US Hwy 82 
 

Sample Location Depth (ft.) 

Strip Range 
(high or 

low) 
Field Test 

(ppm) 

Laboratory 
Analysis 
(mg/Kg) 

Percent 
Difference 
from Lab 

SS-1 (surface soil) 0-0.25 H, DF=4 >24,432 23,993 1.8 

SS-2 (surface soil) 0-0.25 H, DF=5 >30,540 33,989 -10.1 

SS-3 (surface soil) 0-0.25 H, DF=6 18,396 31,190 -41.0 

SS-4 (surface soil) 0-0.25 H, DF=6 13,404 27,591 -51.4 

SS-5 (surface soil) 0-0.25 H, DF=4 15,624 14,396 8.5 

SS-6 (surface soil) 0-0.25 H, DF=4 20,220 21,593 -6.4 

SS-7 (surface soil) 0-0.25 H, DF=5 14,165 26,792 -47.1 
Table notes: Percent difference for results above Quantab maximum values calculated using the 
maximum value. DF=Dilution Factor. Chloride analysis using Standard Methods 4500-Cl-B. 
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Table 3.  Site 3, leaky concrete-lined holding pond at salt water disposal facility, 
northeast of Lovington, NM, south of US Hwy 82. 
 

Sample 
Location Depth (ft.) 

Strip Range 
(high or low) 

Field Test 
(ppm) 

Laboratory 
Analysis 
(mg/Kg) 

Percent 
Difference 
from Lab 

BH-1 5 L 680 976 -30.3 
BH-1 10 L 1,384 1,456 -4.9 
BH-1 15 L 636 736 -13.6 
BH-1 20 L 212 528 -59.8 

      
BH-2 10 L 280 576 -51.4 
BH-2 15 L 436 720 -39.4 
BH-2 20 L 960 1,136 -15.5 
BH-2 25 L 1,200 2,143 -44.0 
BH-2 30 L 1,956 2,399 -18.5 
BH-2 35 H 3,292 3,538 -7.0 
BH-2 40 H 2,326 2,799 -16.9 
BH-2 45 H 2,108 2,623 -19.6 

      
BH-3 15 L 1,592 976 63.1 
BH-3 20 L 1,036 1,120 -7.5 
BH-3 25 L 528 576 -8.3 
BH-3 30 L 280 400 -30.0 
BH-3 35 L 692 544 27.2 
BH-3 40 L 392 368 6.5 
BH-3 45 L 280 240 16.7 

Table note: Chloride analysis using Standard Methods 4500-Cl-B. 
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Table 4.  Site 4, tank overflows at salt water disposal facility, southeast of Lovington, 
NM, west of NM Hwy 18. 
 

Sample 
Location Depth (ft.) 

Strip Range 
(high or low) 

Field Test 
(ppm) 

Laboratory 
Analysis 
(mg/Kg) 

Percent 
Difference 
from Lab 

BH-1 17-18 H 2,208 1,504 46.8 
BH-1 24-25 H 1,944 1,344 44.6 
BH-1 30 L 492 592 -16.9 
BH-1 35 L 204 272 -25.0 

      
BH-2 15 H 1,052 912 15.4 
BH-2 19-20 L 824 928 -11.2 
BH-2 24-25 L 368 464 -20.7 
BH-2 30 L 148 208 -28.8 

      
BH-3 10 L 492 496 -0.8 
BH-3 15 L 700 720 -2.8 
BH-3 20 L 540 464 16.4 
BH-3 25 L 492 544 -9.6 
BH-3 30 L 328 496 -33.9 
BH-3 35 L 588 640 -8.1 
BH-3 39-40 L 1,620 1,664 -2.6 
BH-3 45 L 1,620 1,615 0.3 
BH-3 55 L 1,620 1,711 -5.3 
BH-3 60 L 2,020 1,951 3.5 

Table note: Chloride analysis using Standard Methods 4500-Cl-B. 
 
 
Table 5.  Summary table showing relationship of field sample results to laboratory 
analyses. 
 

Percent Difference from Laboratory Result (±), n=62 
0-10% 11-20% 21-30% 31-40% 41-50% >50% 

23 14 11 5 5 4 
37% 23% 18% 8% 8% 6% 
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Figure 1.  Equipment setup for field determination of chlorides in soils. 
 

 
 
Figure 2.  Soil preparation and weighing of soil sample for chloride determination. 
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Figure 3.  Hach® Quantab® test strips used for field determination of chloride in soils. 
 

 
 
Figure 4.  Hach® Quantab® chloride test strip at completion of chloride field test. 
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 APPENDIX 
Procedure for Field Determination of Chloride in Soil 

Equipment: 
4-oz. sampling jars, spoon, stainless steel mixing bowl, 250 mL plastic wide 
mouth plastic bottle, 25 mL graduated cylinder, scale, disposable weighing 
dishes, funnel, filter paper (Whatman® #4 Qualitative 125 mm diameter circles 
or equivalent), 40 mL vials, Hach Quantab® strips (low and high range), distilled 
water. Prior to use, all equipment should be clean and dry. 

 
Sampling and preparation procedure: 

Collect a soil sample from the surface or from a splitspoon/core barrel and place 
in a mixing bowl and homogenize. Remove rocks and gravel larger than small 
pebbles. Weigh 25 grams of soil and place in the wide-mouth bottle. For a 1:4 
weight to volume dilution, add 100 mL of distilled water to the bottle. Shake 
vigorously for several minutes (no longer than 5 minutes). Let the sample settle 
for a minute or two to allow heavy particles to drop out. Fold and place filter in 
the funnel and decant sample into the filter. Collect the filtrate in a clean 40 mL 
vial. Only about ½ inch of clear filtrate in the vial is needed for the procedure. 
 

Chloride Determination: 
Place a high or low range Quantab® strip in the vial (replace cap on Quantabs 
bottle to prevent moisture from degrading the tabs). Wait until the yellow strip at 
the top of the tab turns blue-black. Read the value on the tabs and use the chart 
on the back of the appropriate bottle to get the chloride value for each strip. Each 
Quantab® lot is calibrated independently, so use the chart on the bottle where 
you removed the strip; the chloride concentration chart may differ from a 
previous bottle. Multiply the chart value by four (4) to get the concentration of 
chloride in soil in ppm (mg/Kg). Record the value in field book. 
 
For laboratory analysis, place sample from mixing bowl in a 4-oz jar and 
transport to the laboratory with a chain-of-custody form.  
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ABSTRACT 
 

The production of water with coal bed methane is a fact of life for energy producers.  The 
costs associated with managing produced water are significant and provide substantial incentive 
to producers to reduce these costs.  One potential method to reduce CBM produced water 
management costs is to find suitable beneficial uses for the produced water.  
 
 
 In application, this simple concept becomes complicated by several factors.  The first factor 
complicating beneficial use of produced water is that the volumes, chemical compositions and 
temperatures of produced waters are all site or location specific.  In addition, the regulation of and 
determination of acceptable beneficial uses for produced water are location specific.  Finally, there 
are multiple stakeholders in the beneficial use of produced water with clearly different interests and 
a rigid hierarchy.  The understanding that beneficial use of produced water is location specific and 
dependent upon the interests and hierarchy of the stakeholders provides insight into the current 
strategies applied to beneficially using CBM produced water. 
 
 
 In this paper, current treatment technologies and other techniques to beneficially use CBM 
produced water in the Rocky Mountain Region of the United States are discussed along with how 
location specific parameters impact these produced water management decisions.  The relationship 
between the hierarchy and interests of stakeholders involved in making produced water 
management decisions is also discussed.  Understanding the process for making produced water 
management decisions will hopefully prove useful to future efforts aimed at increasing both the 
production of CBM and subsequent produced water management strategies. 
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INTRODUCTION 
 
 At the present time, the production of water with coal bed natural gas is an accepted fact of 
life for energy producers.  The cost to transport, treat and/or dispose of this water increases the cost 
of producing energy from a well. In economically marginal low-productivity formations, the costs 
related to water management can prevent a well from being completed or can cause producing wells 
to be shut in.  In addition, the future production of oil and gas is expected to increasingly depend 
upon production from economically marginal formations and from unconventional sources of oil 
and gas.  One promising unconventional source of natural gas is methane production from coal 
seams. Like production from economically marginal resources, the production of methane from 
coal seams may rely in the future upon a cost-effective method for treatment or disposal of 
produced water. 
 
 

Currently in the oil and gas industry,  produced water is accepted as a liability.  However, 
as problems represent challenges, produced water management represents both a significant 
operating expense and a potential opportunity to reduce production costs. Any reduction in the 
cost of produced water management will increase the net profit from a well. To this degree, 
reducing the cost of water management represents a significant means of increasing profits and 
also of producing a resource.   
 
 

Reducing the cost of produced water management represents both a means of increasing 
the bottom line for energy producers and a means to enable future production of energy resources.  
These two reasons alone provide ample incentive for producers to optimize their produced water 
management planning effort.  However, determining the answer to what makes produced water a 
resource, and who would view it as a resource are valid questions.  A beneficial use or need for 
the water can make produced water a resource, and any stakeholder in the energy development 
process that has a beneficial use for the water will consider it a resource.   
 
 

OVERVIEW OF CBM WATER PRODUCTION 
VOLUMES AND LOCATION-SPECIFIC  
WATER MANAGEMENT PRACTICES 

 
 The produced water volumes and associated water management practices at coal bed 
natural gas producing basins in the Rocky Mountain region reported in this paper were gathered 
during the period of 1998 – 2002 as a component of a study on produced water management 
practices funded by the Gas Research Institute.  Data from production reports offered on state 
agency websites was collected and entered into a database developed by BC Technologies, Ltd. 
Database reports connected annual water production volumes at specific well locations with 
producers.  Using this information, a sample group of operators who reported high volumes of 
water in the basins of interest was developed.  Producers on that list were interviewed by 
telephone to find out how they managed produced water generated at their leases.  Produced 
water volumes and actual water management practices as they were described during interviews 

 
  



in 2000 – 2001 are provided for the Powder River Basin of northeastern Wyoming and 
southeastern Montana, the Raton Basin in southern Colorado, the San Juan Basin in southwestern 
Colorado, the Ferron Coal Trend in the Uinta Basin in eastern Utah, the Greater Green River 
Basin in southwestern Wyoming, and the Hanna Basin in central Wyoming.  
  
Powder River Basin 
 

In 2001, statistics gathered from the Wyoming Oil and Gas Conservation Commission 
indicated that about 60 producers were operating approximately 9,000 wells in the Powder River 
Basin. These wells produced in excess of 254,000,000 mcf gas and 506,000,000 barrels of water.  
Producers who responded to the interviews reported using a variety of strategies to manage the 
water they generated during CBM production. Because the produced water generated at this time 
was considered very clean and was able to meet Environmental Protection Agency (EPA) water 
quality standards for surface discharge, many operators reported obtaining National Pollutant 
Discharge and Elimination System (NPDES) permits to discharge CBM water into nearby natural 
drainages. This was an extremely low cost strategy and was the most frequently cited method for 
disposing CBM produced water in this basin. Other water management strategies in this basin 
included constructing impoundments to store water for irrigation in the Spring and Summer 
months, developing livestock and wildlife watering ponds; utilizing Class II injection wells and 
Class V aquifer recharge wells, and constructing infiltration ponds, evaporation ponds and 
misting towers.   
 

 
In southeastern Montana, at the CX Field in the Powder River Basin, two producers were 

actively developing coal bed natural gas in 2001.  One producer operated about 233 wells while 
the other operated five wildcat wells nearby. They reported producing approximately 8,000,000 
mcf gas and 19,000,000 barrels of water. Strategies employed by this producer to manage the 
water were varied and included surface discharge using an NPDES permit; irrigation of native 
grasses;  development of livestock ponds; aquifer recharge through injection into a Class V well; 
and for dust suppression at a nearby coal mine.  Produced water was also used for local highway 
construction projects. 
 
Raton Basin 
 
 There were approximately ten producers in the Raton Basin (Colorado side) in 2001.  
These producers reported operating about 1,000 wells and generating approximately 76,943,000 
mcf gas and 69,276,000 barrels of water at their CBM properties.  They reported managing that 
water beneficially by developing stock ponds and recycling the water for dust suppression and 
hydraulic fracturing.  They also disposed the water by discharging it to natural drainages under an 
NPDES permit, evaporating it, or allowing it to percolate into the ground in infiltration ponds.  
On the New Mexico side of the basin, there was only one producer in 2001 who operated about 
148 wells.  These wells generated about 5,385,000 mcf gas and 4,630,000 barrels of produced 
water.  This water was disposed by reinjection into Class II wells and beneficially used for 
hydraulic fracturing, completions and workovers. 
 
San Juan Basin 
 

 
  



 The Ignacio Blanco Field, which is known for the production of coal bed methane, is 
located in the San Juan Basin in the southwestern corner of Colorado.  In 2001, there were 43 
producers operating approximately 2,000 wells at this field.  Together, they generated about 2600 
barrels of oil; 424,000,000 mcf gas and over 27,000,000 barrels of water.  CBM wells located on 
the New Mexico side of the basin were not examined for this study. 
 
 
 Producers who responded to interviews about their water management strategies reported 
that most water is reinjected into Class II salt water disposal wells.  Some producers reported the 
use of commercial injection wells, others the use of company owned disposal wells.  Some used 
company-owned pipeline systems, while others relied on commercial water hauling services.  
Economics and the geographical location of well sites were frequently noted as the reason to 
select one strategy over another.  Evaporation was also cited.  In this basin, producers reported 
the use of commercial disposal pits, company-owned pits, and evaporation tanks.  Both active and 
passive evaporation strategies were reported.  Active evaporation involves the use of sprays to 
enhance the disposal process, while passive evaporation relied on climatic conditions.  Some 
producers also reported beneficially using CBM water for drilling mix, make up water and hot oil 
treatments.  None of the producers who responded to the survey reported using surface discharge 
in this basin, although one producer said his company had obtained an NPDES permit that 
required treating the produced water before discharge.  Treatment with a reverse osmosis system 
was attempted, but did not achieve the results needed to discharge the water. 
 
Uinta Basin 
 
 The Ferron Coal Trend is located in the Uinta Basin in eastern Utah.  Coal bed methane 
gas producers in this basin reported generating high volumes of water in relationship to the 
volume of gas, yet managed to keep their water disposal costs low by utilizing pipelines and 
company owned injection wells.  Four CBM fields in this basin were examined during the Gas 
Research Institute study.  These fields are Castlegate, Helper, Drunkards Wash and Buzzard 
Bench. 
 
 
 Castlegate Field is located in the north-central portion of Carbon County, Utah.  In 2001, 
there was one operator producing 17 wells at that field. Those wells yielded approximately 
290,000 mcf gas and 546,000 barrels of water.  All water at this field is disposed of by pipeline 
into a company-owned disposal well.  
 
 

At the Helper Field, which is also located in Carbon County, Utah, one producer operated 
about 99 CBM wells in 2001. These wells yielded approximately 10,000,000 mcf gas and about 
3,000,000 barrels of water.  The operator at that field reported pumping the produced water via 
pipeline to a company-owned disposal well, where it is filtered before injection, and disposed. 
Reverse osmosis was attempted at this field but was deemed too expensive and abandoned as a 
water management strategy. 

 
 

 
  



 Drunkards Wash is also located in the southwestern corner of Carbon County, UT.  In 
2001, there were three coal bed methane producers operating at this field.  Together, they 
produced over 400 wells from the Ferron Sandstone Formation, and reported about 78,000,000 
mcf gas and 24,000,000 barrels of water.  Two of the three producers (who together produced 
99% of the water reported) were interviewed by telephone and they reported that all water they 
generate is disposed into company-owned injection wells.  One of the operators reported that they 
do not beneficially use any of the produced water because the quality is too poor.  He reported 
that the company had tried reverse osmosis to treat the water so that it could be reused, but that it 
was too expensive at the time.  The other operator also reported using a water gathering system 
and reinjection and that they also recycle some of the water for workovers and drilling activities. 
 
 
 Buzzard Bench is located in the northwestern corner of Emery County, Utah.  In 2001 
there were over fifty actively producing CBM wells that generated about 3,000,000 mcf gas and 
2,000,000 barrels of water.  Although two operators reported production at this field, one of them 
generated almost 100% of the water.  That producer was interviewed by telephone and reported 
that all water is conveyed by pipeline to company-owned injection wells.   
 
Green River Basin 
 

Coalbed methane exploration and development is new to southwestern Wyoming, with 
few wells actively producing at this time.  The following information provides a brief summary of 
the scope of the development and the associated proposed water management plans. 
 
 
 The Lower Bush Creek Coal Bed Methane Exploratory Pilot Project was proposed to the 
BLM by Kennedy Oil in February 2002.  They anticipated drilling 20 exploratory CBM wells in 
the Green River Basin to test the commercial coalbed methane production potential of the Big 
Red coal seam.  Their water management strategy involved the development of a pipeline system 
that would convey the water to two disposal wells. 
 
 
 The Hay Reservoir Coalbed Natural Gas Pilot Project was proposed to the BLM by 
Kennedy Oil in September 2003.  They proposed construction, drilling, completion and 
production of eight CBM wells in the Green River Basin.  According to their proposed water 
management plan, produced water generated from these CBM wells will be disposed into an 
injection well that will also be drilled on the site. 
 
 
 The Pappy Draw Exploratory Coalbed Natural Gas Project was proposed to the BLM by 
Patina Oil and Gas Corporation in July 2002. Patina proposed drilling 15 exploratory wells that 
would be located in the Green River Basin. The pilot project is designed to identify several 
features of the coal including the volume of water and the de-watering characteristic of the coal.  
The data generated during the pilot will be used to determine the economics of the project and the 
produced water disposal method.  At the time the scoping notice was issued, Patina was exploring 
several water management strategies. 
 
 

 
  



 The Atlantic Rim Coalbed Methane Project was proposed to the BLM in February 2000 
by Stone and Wolf, LLC and involved exploring and potentially developing 96 coalbed wells in 
the Green River Basin.  Their plan involved drilling the wells in three areas to determine if the 
coals were gas productive, if they could be drilled economically, if dewatering of the coals could 
be achieved, and what depths or pressure windows would result in the most economic gas 
production.  During the preparation of the Environmental Assessment, Stone and Wolf, LLC sold 
their operating rights to Petroleum Development Corporation and in may 2001, Petroleum 
Development Corporation withdrew its application for the 96 well project and submitted a new 
proposal for the development of potentially 3880 CBM wells, which would be located north of 
the original well site.  They anticipated the use of water gathering systems that would convey the 
water to an off-channel reservoir. 
 
Hanna Basin 
 
 The Seminoe Road Gas Development Project was proposed to the BLM by Dudley and 
Associates, LLC.  In 2001, 16 production wells were drilled to determine the commercial 
feasibility of the site, and in September 2002, a project expansion was proposed that would 
include the drilling and development of up to 1240 wells along with the construction of 
associated facilities, which included water collection pipelines and a water disposal system.  
Water produced from the coalbed methane wells will be transported by pipeline to a reservoir, 
where it will be treated (if needed), then discharged under an NPDES permit. 
 
 

The Hanna Draw Coalbed Methane Exploration Project was proposed to the BLM by 
Williams Production RMT Company and was approved in June 2002.  The project is located in 
the Hanna Basin and includes the development of 25 CBM wells.  Produced water from these 
wells will be transported by pipeline to a reservoir for evaporation. 
 
 

LOCATION SPECIFIC PARAMETERS AFFECTING 
BENEFICIAL USE OF PRODUCED WATER 

 
 Produced water management is often complex.  The first rule that must be accepted in 
produced water management is that the optimum water management strategy is site- or location- 
specific.  The volume of water produced from a well, the chemical composition or quality of the 
produced water, the produced water temperature and the geographic location are all important in 
determining potential beneficial uses of the produced water.  In addition, these data are also 
required for determining if water treatment will be necessary for the selected beneficial use.  
   
 

The quantity of water produced from a well can vary from nothing to thousands of barrels 
each day.  The quantity of water produced must be sufficient to meet the needs of the selected 
beneficial use and if treatment is required the quantity must be sufficient to justify the expenses 
associated with treatment.  Similarly, the quality of the water can vary from potable to toxic.  
Coal bed natural gas produced waters can contain organic compounds, heavy metals, and salts.  
Cost-effective treatment of this water is difficult because each constituent presents a unique 

 
  



problem and the combination of constituents complicates the treatment.  The water quality required 
for a particular beneficial use must be attainable without water treatment or within a reasonable 
water treatment cost. The temperature of the produced water can also vary significantly from 
location to location. The potential use of produced water to provide needed heating or cooling 
should not be overlooked.  In addition, the location where the water is produced must be considered 
in determining the potential beneficial uses.  Not only will the amount of rainfall a climate receives 
annually impact the value of specific beneficial uses, the types of industries in the area, population 
density, and environmental regulations will also impact the selection of a beneficial use.    
 
 

STAKEHOLDERS AND BENEFICIAL USE  
OF PRODUCED WATER 

 
Any individual, or groups of individuals, who have a legitimate interest in a particular 

aspect of the energy development can be considered stakeholders. In this paper, three general 
levels of stakeholder involvement are considered.  The primary level of stakeholder involvement 
includes those who profit directly as a result of producing the resource (“producers”).  These 
producers are owners of the rights to the resources being produced and those involved directly in 
the production of the resource. The next level of stakeholder involvement includes those whose 
property and/or quality of life are directly affected by the production of the resource 
(“landowners”).  Owners of surface, timber, other mineral resources and water rights in the area 
impacted by the development are considered landowners. The final level of stakeholder 
involvement considered includes the general population (the public) who may be affected directly 
or indirectly by the development of the resource. 
 
 

The relationships among stakeholders often become very complex and interconnected.  
Consider a federal oil and gas lease as an example.  In such a case, the federal government would 
be a stakeholder involved at each level defined above. Also, it is not uncommon for the 
landowner to be a stakeholder at each level. However, there is a clear hierarchy among these 
levels when making produced water management decisions: 
 
 

The producer is clearly the decision maker.  The producers have the most at stake and 
also have the budget and responsibility for the financial success of the development. The 
producer’s main objective is also clear -- to maximize the profit from the energy development.   
 
 

The involvement of the landowners in making produced water management decisions is 
limited.  The main objective of the landowner is to protect and possibly increase the value of their 
resources, i.e. the land surface, timber, other minerals and/or water.  Landowners are generally 
not financially involved with produced water management decisions and this is the limitation.  
However, legal systems designed to protect property exist in both Canada and the USA.  The 
threat of litigation provides the landowners with some leverage to have their input seriously 
considered when produced water management decisions are made. 
 

 
  



 
The involvement of the public in making produced water management decisions for an 

energy development is restricted.  Regulation of energy development is in-place and very difficult 
to change while an energy development project is in progress. The objectives of the general 
public in energy development are often to protect public resources and preserve their quality of 
life.  When development occurs on public lands, the National Environmental Policy Act requires 
input from the general public be heard during the permitting process but if regulations are strictly 
adhered to by the producers, it is difficult for the general public to alter produced water 
management decisions.   
 
 

CURRENT PRODUCED WATER  
BENEFICIAL USE PRACTICES 

  
A survey of produced water management practices in ten oil and gas producing states in 

the USA was recently completed (Boysen, et. al., 12/2002).  In this survey, approximately 250 
production and environmental personnel from oil and natural gas producing companies were 
contacted to provide information regarding produced water management practices they applied.  
Most respondents did not attempt any beneficial use of the produced water but a significant 
number of respondents did beneficially use at least a portion of their produced water.  Survey 
respondents reported the following beneficial uses of produced waters: 
 
 

Secondary oil recovery or “water flooding” was by far the most often reported beneficial 
use of produced water.  Water flooding for secondary oil recovery is an economically and 
environmentally synergistic beneficial use of produced water.  In water flooding for secondary oil 
recovery, produced water is re-injected into the oil-producing zone to displace oil remaining in 
the ground.  The end results are that additional oil is recovered from the resource, produced water 
management costs are greatly reduced, and the produced water is disposed of underground in 
geologic strata with similar hydrochemistry.  This beneficial use has a favorable impact on 
production economics with minimal potential for environmental impact.  Application of this 
beneficial use option is restrictive in that it requires a specific set of location properties exist.   
Water flooding for pressure maintenance in natural gas reservoirs was another reported beneficial 
use of produced water. This situation is similar to water flooding for secondary oil recovery.  It is 
very synergistic in that it application improves production economics, is environmentally 
friendly, and its use is restricted to locations with very specific properties. 
 
 

Tertiary oil recovery or “steam flooding” was also reported as a beneficial use of 
produced water.  Steam flooding for tertiary oil recovery like water flooding is a synergistic 
approach to produced water management.  In steam flooding, steam is injected into the oil-
producing zone to both reduce the viscosity of residual oil and displace the residual oil remaining 
underground.  Again, this beneficial use has a favorable impact on production economics with 
minimal potential for environmental impact.  However, the application of this beneficial use 
option not only requires that a specific set of location properties exist, it is also very dependent on 
water quantity and quality.   

 
  



 
 

Several respondents reported using produced water for preparation of drilling fluids.  
This beneficial use has a favorable impact on production economics with minimal potential for 
environmental impact.  However, application of this beneficial use is only a temporary solution.  
Applications are obviously restricted to fields with active drilling programs and limited to the 
duration of the drilling programs. Other respondents reported using produced water for well 
stimulation and work over. Again, this beneficial use has a favorable impact on production 
economics.  The potential for environmental impact is low. Application of this beneficial use is 
long-term but the volumes of water required are limited. 
 
 

Dust abatement and compaction were also reported beneficial uses of the produced water.  
This beneficial use has a favorable impact on production economics and its potential for 
environmental impact is very dependent on water quality.  However, application of this beneficial 
use is only a temporary solution.  Again, applications are restricted to fields with active drilling 
programs and limited to the duration of the drilling programs. One respondent reported using 
produced water for road spray. Again, this beneficial use has a favorable impact on production 
economics and its potential for environmental impact is dependent on water quality.  Application 
of this beneficial use is long-term but the volumes of water required are limited. 
 
 

Many respondents with CBM leases in the Rocky Mountains reported using produced 
water for livestock.  This beneficial use’s favorable impact on production economics is from 
avoidance of produced water transportation and disposal costs. Its potential for environmental 
impact is low but its application is dependent on water quality. The application is restricted to 
areas where livestock are produced and requires cooperation between stakeholders: the producer 
and landowner. 
 
 

Several respondents reported using produced water for land application and/or irrigation.  
This beneficial use’s favorable impact on production economics is also from avoidance of 
produced water transportation and disposal costs. Its potential for environmental impact is very 
dependent on water quality.  The application is restricted to areas where crops are produced and 
requires cooperation between stakeholders: the producer and landowner. 

 
 
One respondent reported using produced water for aquifer recharge. Again, this 

beneficial use’s favorable impact on production economics is from avoidance of produced water 
transportation and disposal costs. This beneficial use has a potential for environmental impact that 
is dependent on water quality.  Application of this beneficial use is long-term but requires very 
specific location properties and water quality. Successful application of this produced water 
management technique requires cooperation between all levels of stakeholders: producer, 
landowner, and the public. 
 
 

 
  



IMPACT OF LOCATION-SPECIFIC PROPERTIES 
ON PRODUCED WATER MANAGEMENT 

DECISION  MAKING 
 
 All of the ten currently applied beneficial uses of produced water reported in the survey 
are location-specific and require that certain conditions exist for successful application.  Four of 
the reported practices require very specific hydrologic and geologic subsurface conditions.  Six of 
the reported practices require reasonably high quality water and an additional two require water 
quality above some minimum standard.   In summary, the successful beneficial use of produced 
water must first consider location specific conditions.   Location-specific conditions are like the 
hand dealt in a card game.  The role of producers, when considering location-specific conditions 
in making produced water management decisions, is to determine what beneficial use options are 
potentially applicable. 
 
 

IMPACT OF THE STAKEHOLDER HIERARCHY 
ON PRODUCED WATER MANAGEMENT 

DECISION MAKING 
 
 It is clear from the survey data that all currently applied beneficial uses of produced water 
economically benefit the producer.  This is how it should be.  Producers have a fiduciary 
responsibility to partners and/or stockholders.  While intuitively obvious, this is important for 
other stakeholders to remember.  The producer is the primary decision maker with the budget 
authority.  Also evident, though not as obvious, is that seven of the ten reported beneficial use 
practices applied require only stakeholder involvement at the producer level. Successful 
application becomes more difficult when beneficial use of produced water requires involvement 
from more than one level of stakeholder.   
 
 

CONCLUSIONS 
  

In the produced water management decision making process, environmental regulation 
exists to protect the interest of all levels of stakeholders.  In an energy development project, 
regulations and location-specific properties are reviewed at the producer level to determine what 
produced water management options are potentially technically viable for the location. The 
producer determines the costs of each potential produced water management option and the most 
economic option is considered.  If the selected produced water management option involves other 
levels of stakeholders, the cost to the producer of this stakeholder involvement is assessed and the 
potential for litigation is estimated.  The producer then selects what is believed to be the most 
economic, technically viable, produced water management option with minimum potential for 
litigation.   
 
 

 
  



 
  

The following conclusions are drawn regarding produced water management decisions. 
Environmental regulations dictate allowable produced water management options. Location-
specific properties determine what allowable produced water management options are technically 
feasible. The producer determines the produced water management option selected.  Production 
economics determine the selection of the produced water management option.  External pressures 
from other levels of stakeholders can influence this decision by introducing the cost of potential 
litigation into the economics. There is no current incentive to the producer beyond economics for 
beneficial use of produced water. Beneficial use of produced water that involves more than one 
level of stakeholder is difficult. 
 
 

This understanding of the process of how produced water management decisions are 
made provides insight into currently applied beneficial use processes and also into how to 
increase beneficial use in the future.  All survey respondents reporting that they beneficially use 
produced water benefit directly from the use. The most broadly applied beneficial uses of 
produced water are those that involve stakeholders only at the producer level. The survey data 
illustrate that efforts to increase these types of beneficial uses of produced water are not 
necessary.  It will occur when possible.  Future efforts to increase beneficial use of produced 
water should be directed at beneficial use of produced water by levels of stakeholders other than 
the producer.  Some type of financial incentive to promote beneficial use of produced water 
should be made available to both the producer and the end user of the water. 
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ABSTRACT 
 

 Energy groups nationwide cite public image as the number one problem facing 
the domestic oil and gas industry.  The Kansas Independent Oil & Gas Association 
(KIOGA) has implemented a public outreach program designed to improve the image and 
credibility of the Kansas oil and gas industry. 
 
 KIOGA uses a combination of public outreach tools to increase community 
awareness about the significance and viability of the Kansas oil and gas industry.  The 
KIOGA public outreach program uses innovative marketing opportunities to bring the 
truth about the Kansas oil and gas industry to all citizens of Kansas.  The program is 
dispelling misconceptions about important environmental and economic issues and 
explains what the Kansas oil and gas industry is doing to make the future of Kansas 
brighter. 
 
 KIOGA is using a combination of radio advertising, outdoor advertising, news 
media, civic club and professional presentations, on-site marketing, online exposure, 
industry workshops, and education programs to improve the image and credibility of the 
Kansas oil and gas industry and foster better energy education.  The public outreach 
program is using a pre-emptive communication strategy and is gaining momentum as we 
progress toward improving public perception of the Kansas oil and gas industry. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



INTRODUCTION 
 

The KIOGA public outreach program uses a pre-emptive communication 
strategy designed to improve the image and credibility of the Kansas oil and gas industry.  
The program’s business model is based upon Kansas oil and gas industry value growth.  
Effective public outreach programs add value to the oil and gas industry in terms of 
improved public perceptions and enhanced government relations.  A better public 
understanding of the oil and gas industry fosters better public policy for oil and gas 
industry activities and promotes economic growth for Kansas. 

 
Through the years, many people in Kansas saw the oil & gas industry as a dying 

industry that threatened the environment.  Many did not have an accurate knowledge of 
the contributions the oil & gas industry makes to Kansas’ history, society, and economy.  
The KIOGA public outreach program sets out to change these misconceptions about 
important environmental & economic issues.  The mission of the program is to bring the 
vitality, contributions, & environmental responsibility of the Kansas oil & gas industry to 
light through positive action and education.  We will achieve our goal because we have 
the corporate values and human capital essential to the success of any major enterprise.   

 
The KIOGA public outreach program business model uses a pre-emptive 

communication strategy to improve the image and credibility of the Kansas oil and gas 
industry and build legacy value for the Kansas oil and gas industry.  Value growth is 
what the business model is all about, and that includes developing and leveraging the 
industry’s intellectual capital as a major success driver.  The goal is not to be the biggest 
energy industry public relations program, just the most effective.  The key to that is 
value-added participation.  The Kansas oil and gas industry has an outstanding talent pool 
that includes experts in a variety of technical specialties.  Diversity of thought contributes 
powerfully to the advancement of the KIOGA public outreach program goal. 

 
The KIOGA public outreach program is using innovative marketing 

opportunities to bring the message about the significance and viability of the Kansas oil 
and gas industry to all citizens of Kansas.  By using a combination of radio advertising, 
outdoor advertising, news media, civic club and professional presentations, on-site 
marketing, online exposure, industry workshops, and education programs KIOGA is 
improving the image and credibility of the Kansas oil and gas industry.   

 
The KIOGA public outreach program has grown by 83% since September 2003.  

The KIOGA public outreach program will aggressively pursue a design for growth in 
2005 and beyond.  By selectively creating image and credibility opportunities that portray 
the Kansas oil & gas industry in a positive light, the growth strategy is distinctive and 
unique.  The creative positioning strategy will enhance the image and credibility of the 
oil & gas industry for the long-term benefit of the industry. 

 
Our confidence going forward is based on our past performance.  Since 

inception, the KIOGA public outreach program has made tremendous progress improving 
the image and credibility of the Kansas oil and gas industry.  Our past successes prove we 
can make a difference.  We have only just begun to capture the value of the opportunities 
that our industry can create.  We have elevated our expectations and truly believe our best 
performance is yet to come! 



 
PUBLIC OUTREACH TOOLS 

 
Radio Advertising 
 
 The KIOGA public outreach program expanded public relations efforts in late 
summer 2004 into radio advertising with awareness commercials that provide important 
information about the significance and viability of the Kansas oil and gas industry.  On-
air promotion on the Mid America Sports Network brings the oil and gas industry’s 
awareness message to 26 radio stations across Kansas reaching folks in 103 of Kansas’ 
105 counties.  The advertising campaign is conducted in conjunction with the Kansas 
State University 2004 football season and the 2004-2005 women’s basketball season.  
Kansas State University football and women’s basketball was last years Big 12 
champions with radio broadcasts of games drawing a very large and loyal audience all 
across Kansas and beyond.   
 

The campaign includes 30-second advertisements, 10-second live mentions, and 
opening and closing billboards during each football and women’s basketball game.  In 
addition, live interviews before football and basketball games allows KIOGA to further 
bring to light the vitality, contributions, and environmental responsibility of the Kansas 
oil and gas industry.   

 
The advertising campaign plays an important role in the success of the KIOGA 

public outreach program.  As the public learns more about the Kansas oil and gas 
industry, the industry is viewed in a more positive manner.  The radio advertising 
campaign is a unique opportunity for KIOGA to bring the truth about the Kansas oil and 
gas industry to a large market that, many times, have negative impressions and 
perceptions of the oil and gas industry.   

 
The impact of the radio advertising campaign is already being felt.  Positive news 

media coverage has increased by more than 69%, civic club interest in oil and gas 
presentations have increased by 88%, and interest by schools for oil and gas energy 
education programs have increased by 113%.  We have made a great start with our radio 
advertising campaign and plan to build on our initial accomplishments. 
 
Outdoor Advertising 
 
 The KIOGA public outreach program outdoor advertising campaign continues to 
enjoy success.  The goal of the campaign is to promote the benefit of the oil and gas 
industry to the general public.   
 

Outdoor advertising has traditionally been viewed narrowly as a complementary 
medium.  Based on favorable demographic trends and the realization of the way in which 
the public get their information, outdoor advertising has been instrumental in promoting 
new brand propositions and creative concepts such as the Dairy Board’s “Got Milk” 
campaign.  The KIOGA outdoor advertising campaign includes lengthy posting periods 
along Interstates 70 and 335 as well as other routes near Topeka, Wichita, and El Dorado.   



Numerous comments and inquiries indicate the KIOGA outdoor advertising campaign is 
developing long-term positive brand imaging and favorable public attitude accumulation.  
Additional outdoor advertising campaigns are being developed for the Kansas City 
region. 

 
News Media 
 
 Positive news media coverage of the Kansas oil and gas industry has increased 
by more than 69% during 2004.  A representative sample of newspapers and magazines 
throughout Kansas reflect a marked increase in positive news media coverage of the 
Kansas oil and gas industry in 2004.  Newspapers in Kansas City, Topeka, Wichita, 
Salina, Lawrence, Chanute, Great Bend, Pratt, Liberal, Garden City, Dodge City, Hays, 
Goodland, and Russell, to name a few, have provided positive news media coverage in 
2004.  In addition, the American Oil & Gas Reporter, the Interstate Oil & Gas Compact 
Commission Newsletter, and the Territorial magazine have published positive articles 
about the Kansas oil and gas industry. 
 
 The KIOGA public outreach program regularly releases positive news media 
articles to newspapers throughout the state of Kansas.  The press releases are designed to 
maximize press coverage of some spectacular accomplishments within the oil and gas 
industry and take advantage of some great public relations opportunities.  The press 
releases bring the truth about the Kansas oil and gas industry to thousands of Kansas 
citizens statewide.  Figure 1 illustrates our progress. 
 
 In addition, KIOGA public outreach efforts have been optimizing positive 
publicity opportunities.  Several radio interviews throughout 2004 have provided KIOGA 
the opportunity to explain to the people of Kansas the truth about the oil and gas industry; 
dispelling misconceptions about important environmental and economic issues, and 
explaining what the Kansas oil and gas industry is doing to make the future of Kansas 
brighter. 
 
Civic Club and Professional Presentations 
 
 The KIOGA public outreach program has been very busy during 2004 with civic 
club and professional presentations across Kansas and the nation.  Numerous civic club 
presentations have been made across the State of Kansas including Topeka, Wichita, 
Lawrence, Great Bend, Hugoton, and Dodge City.  The presentations have been 
particularly advantageous for spreading the message about the positive contributions 
made to society and the economy by the Kansas oil and gas industry. 
 
 KIOGA has also made several professional and conference presentations across 
Kansas and the nation in 2004.  Presentations have been made at the Interstate Oil & Gas 
Compact Commission Midyear Meeting, Independent Petroleum Association of America 
Annual Meeting, the Eleventh Annual International Petroleum Environmental 
Conference, the Illinois Oil & Gas Association Annual Meeting, the Kansas 
Environmental Education Conference, the Kansas Summit on Natural Gas, the Kansas 
Prosperity Summit, and the Kansas Economic Policy Conference. 
 
 



On-site Marketing 
 
 On-site marketing also plays a significant role in the success of the KIOGA 
public outreach program.  On-site marketing allows KIOGA to bring to light the vitality, 
contributions, and environmental responsibility of the Kansas oil and gas industry.  The 
KIOGA public outreach program has exhibited with booth space, informational material, 
and/or financial sponsorships at the Kansas State Fair, the Kansas State Capitol, the 
Kansas Environmental Education Conference, the International Petroleum Environmental 
Conference, the Independent Petroleum Association of America Midyear Meeting, and 
numerous political fundraisers across Kansas. 
 
 Booth space at the Kansas State Fair allows KIOGA to continue our efforts to 
improve the image and credibility of the oil and gas industry.  Fair-goers from across 
Kansas are treated to informational material explaining the truth about the oil and gas 
industry.  In addition, live exhibits and models allow fair-goers the opportunity to better 
understand how oil and gas is formed, discovered, and produced in Kansas.  The presence 
of KIOGA at the Kansas State Fair further enhances the oil and gas industry’s image and 
perception by keeping the cause of the oil and gas industry ever present in the public and 
helps establish better communication and good will. 
 
 The KIOGA public outreach program will also exhibit and sponsor an oil and gas 
day at the Kansas State Capitol in Topeka during the 2005 legislative session.  The event 
provides KIOGA a tremendous opportunity to better explain to legislators and 
government officials the truth about the oil and gas industry; dispelling misconceptions 
about important environmental and economic issues, and explaining what the Kansas oil 
and gas industry is doing to make the future of Kansas brighter.  A better understanding 
of the oil and gas industry by government officials and legislators fosters better public 
policy. 
 
 The KIOGA public outreach effort participates in numerous conferences.  The 
KIOGA on-site marketing strategy and design is flexible and tailored to address specific 
goals and target markets.  KIOGA specifically designs on-site marketing campaigns to 
meet the needs of the target market at conferences for teachers, environmental groups, 
governmental regulatory officials, career fairs, and oil and gas industry.   
 
Online Exposure 
 
   The KIOGA NewsLine service is a unique marketing opportunity.  The 
NewsLine service is a pre-emptive communication strategy designed to provide media 
outlets across Kansas a readily available source for energy news.  The KIOGA NewsLine 
service can be accessed from KIOGA’s website at www.kioga.org.  KIOGA contracts a 
correspondent who contacts and interviews individuals identified by KIOGA officials on 
important energy and oil and gas issues.  The correspondent interviews individuals from 
across the nation.  The service provides media outlets a tremendous source for energy 
news and quotes from leading energy experts from across the nation.   
 
 The NewsLine service is kept current and fresh with new interviews on relevant 
energy topics being posted every two weeks.  The KIOGA NewsLine service is 
committed to providing better energy information to the media.  



 The media, in general, is always looking for energy-related stories.  Like many 
industries, the media is often understaffed and are looking for ready-made sources of 
energy information.  Historically, environmental groups have provided the media with 
distorted views of the energy industry.  The KIOGA NewsLine service is a unique and 
excellent tool for disseminating positive information about the oil and gas industry to the 
media. 
 
Industry Workshops 
 
 The increasing volume and complexity of training requirements and rising 
insurance costs present a tremendous challenge for the Kansas oil and gas industry.  In 
response to industry training and education needs, the KIOGA public outreach program 
conducted several industry workshops throughout Kansas in 2004.   
 
 KIOGA conducted industry training and education workshops in Great Bend and 
Wichita in 2004 with more workshops scheduled in Hays, Russell, and Wichita in 2005.  
KIOGA conducted industry workshops in Great Bend and Wichita addressing oil and gas 
property valuation fundamentals and safety program management strategies.  Participants 
gained a general understanding of oil and gas property valuation models including tools 
for quick and easy oil and gas property valuation assessments.  In addition, participants 
learned how to establish a systematic safety and health program that enhances operating 
efficiencies, reduces worker compensation costs, and helps establish a sustainable 
competitive advantage.   
 
 KIOGA sponsored industry education and training workshops designed to help 
oil and gas producers better understand the Kansas Department of Health and 
Environment air permitting requirements and help prepare necessary permits or 
approvals.  The workshops were conducted by the Kansas State University Small 
Business Environmental Assistance Group under contract from the KDHE.  Workshops 
have been conducted in Great Bend, Wichita, Liberal, Pratt, and Chanute. 
 
 The KIOGA public outreach program industry training and education initiative 
reached over 340 participants from 7 workshops in 2004 (see Figure 2).  KIOGA plans to 
conduct more workshops addressing topics relevant to the Kansas oil and gas industry 
including more safety and health issues, soil remediation, investment and securities, 
insurance issues, emergency response training, and more. 
 
Education Programs 
 
 The KIOGA public outreach program also has a very effective educational 
division for conducting teacher workshops and classroom presentations.  The education 
portion of the public outreach program is funded and conducted through the KIOGA 
Educational Foundation. The education program emphasizes the importance of energy in 
our everyday lives and is designed to increase awareness about the significance and 
viability of the Kansas oil and gas industry.  The KIOGA teacher workshops and 
classroom presentations are designed to address the issues teachers and educators need to 
meet Kansas State Department of Education (KSDE) K-12 learning standards for both 
science and social science.   
 



More specifically, the KIOGA education program meets KSDE science learning 
standards 1 (Inquiry and Design), 2 (Physical Science), 4 (Earth Science), 5 (Science and 
Technology), 6 (Environmental Science), and 7 (Science History).  The KIOGA 
education program also meets KSDE social science learning standards for economics, 
history, and geography.   

 
The educational programs utilize various learning techniques and technologies 

including interactive, didactic, traditional, distant learning, and online.  In addition, the 
KIOGA “Story of Petroleum” education series products are used to complement the 
workshops and classroom presentations.  KIOGA educational products include videos, 
coloring books, posters, informational pieces, and more.  
 
 The KIOGA Education Foundation teacher workshops are designed to assist 
educators in providing a model for collaborative learning using crude oil, natural gas, and 
energy issues.  Teachers and educators across Kansas who complete KIOGA teacher 
workshops, seminars, and/or symposia can receive continuing professional development 
units and/or continuing education units for their work.  The KIOGA teacher workshops 
helps teachers across Kansas meet their certification requirements but, more importantly, 
the workshops foster better energy education for Kansas youth.   
 
 The KIOGA “The Living Earth” teacher workshop and the newly created 
“Fossils to Fuel” teacher workshop have reached over 500 teachers across Kansas since 
2001 (see figure 3).  The curriculum for the “Fossils to Fuel” teacher workshop includes 
an overview of the Kansas oil and gas industry followed by presentations on petroleum 
geology, petroleum geophysics, petroleum engineering, and petroleum economics to 
answer the questions: Where is oil and gas found?  How do sound waves help us locate 
oil and gas?  How do we drill for oil and gas?  Why do companies drill for oil and gas 
when it is so risky?  Interactive learning stations are incorporated into each learning 
session presentation. 
 
 The KIOGA Education Foundation classroom presentations are conducted under 
the title of petroleum professional in the classroom (Petro Pros) program.  The Petro Pros 
program brings professionals from the Kansas oil and gas industry into the classroom to 
educate students about the science and business aspects of the Kansas oil and gas 
industry.  KIOGA has developed grade-level specific lesson plans and curricula meeting 
KSDE learning standards for kindergarten through high school.  Petroleum professionals 
from the Kansas oil and gas industry who volunteer their time and effort to participate in 
the “Petro Pros” program receive training on the KSDE approved curricula and lesson 
plans to ensure the KIOGA classroom presentations meet the need of teachers and 
specific learning standards and provide a relevant learning experience.  The KIOGA 
education program is designed for flexibility and curricula and lesson plans can easily be 
customized to meet the individual needs of the educator.  Petro Pros use rocks, fossils, 
drill bits, maps, and other learning tools to demonstrate how oil is formed, discovered, 
produced, and what products are made from oil and gas.  By leveraging the intellectual 
capital of the Kansas oil and gas industry, KIOGA is able to deliver a uniquely qualified 
educational program to Kansas students and teachers. Classroom presentations are just 
beginning and early indications suggest tremendous growth potential.  Strong demand for 
better energy education has already increased oil and gas classroom presentations by 
113% this school year (See figure 4).  KIOGA will be working hard to turn our initial 
success and strong interest into a strong presence in Kansas schools.    



 
KIOGA PUBLIC OUTREACH PROGRAM 

VALUE CREATION & GROWTH STRATEGY 
 

 The KIOGA public outreach program uses a pre-emptive communication 
strategy to improve the image and credibility of the Kansas oil and gas industry.  
KIOGA’s fully-integrated business model is designed to create legacy value for the 
Kansas oil and gas industry.  Value growth is what the business model is all about, and 
that includes developing and leveraging the industry’s intellectual capital and leadership 
as a major success driver. 
 
 The KIOGA public outreach program strategic planning centers around our 
growth strategy.  KIOGA will aggressively pursue a design for growth of the public 
outreach program in 2005 and beyond.  By selectively creating image and credibility 
opportunities that portray the Kansas oil and gas industry in a positive light, we can 
improve the image and credibility of the Kansas oil and gas industry for the long-term 
benefit of the industry.  Our creative positioning strategy creates legacy value for the 
Kansas oil and gas industry. 
 
 The KIOGA public outreach program strategic planning focuses on the image 
and credibility expectations and issues facing the Kansas oil and gas industry in the 
upcoming years.  The public outreach program mission and goals were developed from 
strategic analyses of Kansas oil and gas industry image and credibility issues and 
expectations.  Tactical plans, budgets, and operational plans for the public outreach 
program were developed consistent with the program’s mission and goals.  Qualitative 
and quantitative measures are used to ensure the operational results are consistent with 
the strategic management objectives (see figure 5).   
 
 The KIOGA public outreach program is strategy-driven.  All potential activities 
and projects are evaluated for consistency with public outreach program mission and 
goals.  Once strategic analyses determine an activity fits the program’s mission, an 
economic evaluation is conducted to determine if the activity meets budgetary guidelines.  
Strategic management ensures the public outreach program operations and activities are 
performed efficiently and effectively.   
 
 KIOGA’s corporate strategy focuses on our core competencies.  So too does the 
KIOGA public outreach program.  The public outreach program leverages strategic assets 
to develop near-term growth opportunities.  Spend management is an enterprise wide 
process implemented in a category-specific manner allowing better deployment of 
resources for significant bottom-line benefit.  A combination of historical and empirical 
data allows KIOGA to identify synergies from capital savings, operating efficiencies, 
supply chain relationships, and elimination of overlap.  Leveraging these synergies in 
2004 reduced public outreach program marginal costs and improved operating 
efficiencies.  KIOGA is using commercial acumen to create value from assets to build 
legacy positions in public relations (see figure 6).  We refer to this as our execution 
excellence model, a model used for all KIOGA programs and operations (see figure 7). 

 



PUBLIC OUTREACH PROGRAM  
ECONOMIC EVALUATION 

 
 The KIOGA public outreach program is making tremendous progress improving 
the image and credibility of the Kansas oil and gas industry.  Image and perception 
measurements are very difficult to quantify.  Much of the benefit from public outreach 
programs are long-term and marginally subtle, but accumulate over time to make huge 
positive differences. 
 
 KIOGA’s public outreach program has formed strategic partnerships with similar 
oil and gas public outreach programs in other states such as Oklahoma, Illinois, and Ohio.  
Together we are able to share public relations material and present a much stronger 
public outreach effort on the national level.  By working together with other oil and gas 
industry public outreach efforts, we are helping each other improve the image and 
credibility of the oil and gas industry in each of our states and for the nation as a whole.   
 
 Public outreach efforts by several oil and gas groups to better educate the U.S. 
Department of Transportation (DOT) on oil and gas issues have greatly contributed to the 
DOT’s decision to re-evaluate proposed gathering line safety regulations on the oil and 
gas industry.  The aggregate public outreach effort will save the oil and gas industry 
billions of dollars and employment for over 100,000 people nationwide.  For Kansas, the 
public outreach effort saved the Kansas oil and gas industry over $27 million annually. 
 
 As a result of public outreach efforts, the Kansas public outreach program saved 
the Kansas oil and gas industry over $27 million annually.  The Kansas public outreach 
program currently receives less than $20,000 in from the oil and gas industry annually.  
However, if a public outreach program was initiated to provide $1 million annually from 
the Kansas oil and gas industry combined with the knowledge that the industry is saving 
some $27 million annually from regulatory actions resulting from public outreach efforts, 
then the net present value of the KIOGA public outreach program over an 8-year period 
using a 15% weighted average cost of capital would be $117.91 million.  Figure 8 
illustrates this value.      

 
CONCLUSION 

 
 Prudent strategic management has set a course for the KIOGA public outreach 
program.  Our goals to improve the image and credibility of the Kansas oil and gas 
industry are just beginning and many good things wait.  The Kansas oil and gas industry 
is blessed with many hard-working people with a clear vision for the future of the oil and 
gas industry.   
 
 KIOGA’s vision for a better Kansas is growing.  Our confidence going forward is 
based on our past performance.  Our past successes prove we can make a difference!  We 
have only just begun to capture the value of the opportunities that our industry can create.  
The KIOGA public outreach program has made a positive difference and is creating 
value for the Kansas oil and gas industry.  We have elevated our expectations and truly 
believe our best performance is yet to come! 
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Positive News Media Coverage
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KIOGA Teacher Workshop Progress
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KIOGA Educational Program Progress
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Figure 6
KIOGA Public Outreach Program Economic Efficiency Model
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Figure 7 
KIOGA Model for Execution Excellence 
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ABSTRACT 
 
Managing the Proliferation of EHS and Related Management Systems 
 
When the ISO 14001 Environmental Management Systems (EMS) standard first 
appeared in 1996, there was little guidance upon which to model plan-do-check-act 
(PDCA) approaches to management.  With a revised ISO 14001 scheduled for release in 
December 2004, it is an appropriate time to sort out the many changes that have occurred 
during the intervening 8 years.  PDCA systems for environmental management   
Now include not only : ISO 14001 and over 20 other related ISO 14000 series guidance 
documents, but also the European EMAS, the American Chemistry Council’s RCMS and 
RC 14001 programs, USEPA’s Performance Track recognition program, and a plethora 
of state environmental performance programs. Health and Safety related standards now 
include: OHSAS 18001:1999 - a standard well under way, ANSI Z10 – draft released in 
September 2004, OHSA VPP – another US federal recognition program and the 
International Labour Organization Occupational Safety and /Health Management 
Systems (ILO/OSH2001).  Other PDCA based or related programs include:  Integrated 
Security Management, Social Accountability (SA 8000), Sustaining EMSs (Sustainability 
approach with EMS a key building block), the Sigma Guidelines for sustainability, the 
emergent development of Corporate Social Responsibility standards, ISO 14064 for 
Green Gasses, and how systems support Sarbanes-Oxley.  Consider management system 
models as a whole in order to capitalize on the many commonalities between these 
various models and options.  Integration of the Environmental Management System into 
the overall business operation and integration with other systems approaches is an 
obvious working premise.  Topics such as, what to integrate, how to do it, and when not 
to, are explored. 
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BACKGROUND 
 
While structured management systems and approaches have been used as a part of 
business operations for many decades until the late 1980’s their application within a 
standardized framework took a more formal step with TQM (total quality management), 
which was one of the drivers behind the movement to develop an international quality 
management standard resulting in the International Organization for Standardization’s 
ISO 9000 series of standards in 1994.  These standards were based on an extensive 
consensus building process, and earlier national level standards in various ISO member 
nations.  The first in the series of ISO 14000 environmental standards, ISO 14001 and 
ISO 14004 were issued in 1996.  While ISO members have considered the development 
of a set of Health and Safety ISO standards, to date the required support of member 
nations has not occurred.  With the release of a revised and updated set of ISO 9000 
standards in 2000, and with ISO 14001 and 14004 set for release as a new version in 
December 2004, now is good time to review the management systems landscape and to 
consider strategies for industry use of management system standards. 
 
This paper discusses systems options and considerations linked to / associated with 
environmental management approaches and systems and strategies for dealing with the 
many systems options. 
 
THE LANDSCAPE 
 
In 2004 there are, to say the least, a wide variety of management system “standards” 
related to / connected to environment, be they formal 
accreditation based systems or models available for adoption.  
Since all successful enterprises require good management, 
the issue is not one of need for a plan (which a primary 
building block of all systems approaches), but rather what 
structure to use for developing the plan and executing it. 
 
Most system models are based on some form of the Plan-Do-
Check-Act (PDCA) cycle. 
 
Management systems come in many forms, Environmental, 
Health and Safety, Quality would be considered some the 
more common “systems” based standards.  These of course need to work alongside core 
business operations. 
 
Environmental  
 
On a strict environmental management system 
(EMS) level there is the ISO 14001 auditable 
standard for an EMS. The Final Draft 
International Standard : 2004  closes for balloting 
on October 12th 2004.                                           ® 
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ISO 14004 provides guidance on the development and content of an EMS.  The entire 

hen the ISO 14001 Environmental Management Systems (EMS) standard first 

he ISO EMS model is based on the PDCA Model, with the 2004 version designed to 

he Eco-Management and Audit Scheme (EMAS) is a voluntary 

MAS applies to organizations in European Union member 

1. conduct an environmental review considering all environmental aspects of the 

2. of the results of the review, establish an effective environmental 

3. dit assessing in particular the management system in 

4.  down the results 

Under the American Chemistry Council’s (ACC) 

he United States RC program has evolved on numerous 
 

ISO 14000 family covers many other areas which will be reviewed later. 
 
W
appeared in 1996, there was little guidance upon which to model plan-do-check-act 
(PDCA) approaches to management.   
 
T
add clarity to the intent expressed in the 1996 version and with increased alignment with 
ISO 9000:2000. 
 
T
scheme for organizations willing to commit themselves to 
evaluate and improve their environmental performance.  The 
scheme was first launched in 1995 and revised in 2001.          ® 
 
E
states. To receive EMAS registration an organization must 
comply with the following steps: 

organization’s activities, products and services, methods to assess these, its legal and 
regulatory framework and existing environmental management practices and 
procedures.  
in the light 
management system aimed at achieving the organization’s environmental policy 
defined by the top management. The management system needs to set 
responsibilities, objectives, means, operational procedures, training needs, monitoring 
and communication systems.  
carry out an environmental au
place and conformity with the organization’s policy and programme as well as 
compliance with relevant environmental regulatory requirements.   
provide a statement of its environmental performance which lays
achieved against the environmental objectives and the future steps to be undertaken in 
order. 

Responsible Care® Program (RC) member companies have 
participated since 1988 in programs to better manage 
environmental issues (as well as safety, community and 
emergency). RC is in fact practiced in 47 countries by 
companies in, or related to, the chemical industry.  
 
T
occasions, with the most recent evolution requiring, member companies to entire conform
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with Responsible Care® Management System (RCMS) or RC 14001 requirements.  Both 
are based on a PDCA framework, 10 RC Guiding Principles and the 19 RC Codes of 
Practice with varying degrees of EMS complexity.  RC14001 allows an integrated 
certification with ISO 14001. 
 
USEPA’s Performance Track Recognition Program (PT).  While not intended as a 

 
here are other EMS models in use, 

systems.  Many organizations begin with scaled b

ealth and Safety 

s noted earlier, there is no ISO health and safety management system standard, but 23 

HSAS 18001 is scheduled for review and possible revision in 2005 after the new 

ther international health and safety standards include the International Labour 

“standard” by virtue of its membership requirements does define minimum requirements 
for an EMS.   

T
which are generally variants of these, 
but these can be considered the main 
drivers.  It is also important to keep in 
mind that these EMS models are for 
fully developed, comprehensive 
ack EMSs still based on these models.  

Other organizations use them as guidance but organize their EMSs along internal 
structures. 
 
H
 
A
certification bodies, and international safety organizations, in 1999 issued an 
Occupational Health and Safety Assessment (OHSAS) set of standards. OHSAS 
18001:1999 is a specification standard designed to be compatible with ISO 9001 and ISO 
14001.  Certification to this international standard is available in most countries where 
ISO 14001 registration is, though certification is by individual certification bodies as 
opposed to the ISO system which included share accreditation agreements across member 
states.  OHSAS 18002:2000 can be most easily thought of a parallel standard to ISO 
14004 and ISO 9004. 
 
O
version of ISO 14001 is issued in December 2004.  OHSAS 18001 is in use and has been 
adopted by in the United States by some organizations but not to a much lower degree 
than ISO 14001.  
 
O
Organization Guidelines on Occupational Safety and Health Management (ILO-OSH 
2001).  
 

 
 

he ILO Guidelines on Occupational Safety and Health Management Systems are the T
result of extended international consultations held during the 2000, 2001 and while not 
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widely accepted in the US they do provide guidance and a framework used in other 
nations. 
 
Within the US, the OSHA VPP program has been 
widely promoted and successful.   
 
VPP was not designed to follow a PDCA format but as 
shown in Appendix A, can fit with this form of system 
structure. 
 

On October 15th, 2004 the comment period closes on 
ANSI/AIHA Z10-200X (ANSI Z10). 
 
The 62-page "American National Standard - Occupational 
Health and Safety Management Systems" (ANSI Z10), is 
the closest the U.S. may ever get to a workplace safety 
program rule (although voluntary). 

 

Work on the standard began in 1999 by a committee of experts, in safety and health from 
industry, labor, professional societies, business trade associations and other groups.  

Their final product is patterned after the management system principles of ISO 9000 
(quality) and 14000 (environmental) standards. 
 
Other Standards 
 
On the environmental front, ISO leads the way. In the ISO 14000 family there are a total 
of over 27, international standards, technical reports, and standards and reports under 
various stages of consideration and development.  These cover labeling and packaging, 
life cycle assessment to greenhouse gasses and social responsibility.  The figure on the 
following page provides an overview.  For an up to date listing it is best to directly 
consult the ISO website.  
http://www.iso.org/iso/en/iso9000-14000/iso14000/iso14000index.html. 
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Each industry needs to decide which standards are of most use and applicability to them.  
More wide ranging ISO 14000 standards topics /under development include: 
 

• ISO 14032, Environmental performance evaluation, which is of use for both 
internal considerations as well as external reporting practices. 

• ISO 14064, Guidelines for measuring, reporting and verifying entity and 
project-level greenhouse gas emissions, currently under development as a set 
of up to 3 standards.  Standards for accreditation of verifiers are also under 
consideration. 

• In June 2004, ISO plans called for work towards the development of a social 
responsibility standard. On September 29, 2004, ISO announced the effort 
would be lead by Sweden and Brazil. 

 
Under ISO the development and issuance of an international standard can take up to 5 or 
more years, as the consensus building process proceeds, industry leaders often work with 
early draft standard language to internally prepare. 
 
In the security and emergency preparedness areas, ACC through Responsible Care® and 
RC 14001 has connected these areas to EMSs.  This connection is primarily by 
association whereas there is a pilot program underway in 2004 to develop a model for an 
Integrated Security Management Systems Approach to be derived based on elements of 
ISO 9001, ISO 14001, OHSAS 18001, and NFPA 1600 (2004 Standard on 
Disaster/Emergency Management and Business Continuity Programs).  This is an 
example of the application of systems approaches in other areas. 
 
AA1000 Assurance Standard, is a standard for evaluation of impacts on society and the 
environment. 
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The announcement of The Accountability Rating® in 2003 coincided with The United 
Nations Global Compact Leaders Summit in New York, where many of the G-100 
companies covered by the index were in attendance to discuss business’ leadership in a 
global society. 
 
AA1000 is important to consider in the management systems dynamic as choices in 
systems may need to consider how EHS performance is reflected. 
 
In the area of reporting on performance, we find, Sarbanes-Oxley in the US and 2005 
British listed firms reporting requirements to provide operating and financial reviews that 
take into account social and environmental performance.   EHS and social management 
system frameworks can support these reporting requirements. 
 
The Global Environmental Management Initiative (GEMI) Clear Advantage   

® 
 
is another example of a linkage between EHS and shareholder value.  Clear 
Advantage provides a conceptual approach to understanding the value 
drivers within a process for continual improvement.  The process looks at 

risk, requires a strategy (plan), the implementation of the strategy, and a feedback 
process. 
 
Social accountability international’s (SAI) first social accountability system, SA8000, is a 
way for retailers, brand companies, suppliers and other organizations to maintain just and 
decent working conditions throughout the supply chain.   
 

® 
The standard is modeled to work in conjunction with an ISO 14001 or 9001 system and 
certification can be obtained.  Certifications now cover sites in 39 countries. 
 
Sustainability 
 
While some might argue that the term sustainability is a loosely defined term that is hard 
for most business enterprises to truly aspire to, it is a logical next step in the progression 
in approach to environmental and related social conscience issues.  In the progression of 
environmental approaches from avoidance /denial - tolerance – compliance – pollution 
prevention / pursuit of excellence – proactive systems approaches, the next step is to look 
at sustainable approaches and operations.  Sustainable approaches are a natural link to 
long-term business viability.  
 
The most basic systems approach to sustainability is integrating sustainability into an 
EMS (SDEMS).  This occurs when an organization within its EMS the method buy 
which it evaluates “environmental risk” changes criteria that consider the possibility of 
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more immediate probable risk as more important  (e.g. likely to occur in the next year as 
opposed to sometime in the next 10 years) to also consider if a longer term risk may in 
some cases be a trigger for requiring attention.  This not to say that the ranking in typical 
EMS to deal with incidents, that are more likely to occur in the short term should be 
abandoned, but rather an alternative rationale can also be considered.  Without the 
capacity in an EMS to consider a longer term or broader spectrum, issues like shared 
resource consumption and long term depletion or degradation are often overlooked. 
 
SDEMS models are still highly variable at this time but the use of a robust and truly 
continually improving EMS is key part of a sustainability approach.  Sustainability 
provides the strategic vision.  The EMS provides organizational infrastructure to support 
the vision.  
  
The SIGMA Project - Sustainability - Integrated Guidelines for 
Management - was launched in 1999 with its guidelines 
released in 2003. 
 
The guideline tools provide assistance on how management 
systems based on standards such as ISO 14001, ISO 9001, 
SA8000, OHSAS 18001, AA1000 and financial systems all support the management of 
five different types of capital  (human, social, manufactured, natural, and social) that 
reflect an organization’s wealth. 
 
The Sigma management framework is provided below and is another variant of a 
continuous improvement / PDCA loop. 
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MANAGING 
 
Managing the proliferation of management system options can become a burden if 
systems are approached in isolation, or without proper planning.  Considerations on how 
to approach what management systems to use as well as the considerations around how 
these systems fit within an overall approach to business systems and operations need not 
be overly complex but should be done in a manner specific to the needs of the 
organization.  
 
As the previous “landscape” material shows, the PDCA style of management systems 
approach can serve as an overall approach across many functional areas.  So the question 
is, for my organization what approach is the right one?  To answer this question, consider 
the following. 
 
Implementation Drivers  
 
There are textbooks full of reasons why a systematic approach to EHS is a good idea.  
What each organization needs to think about is what are the key drivers for it.  
 
Do the reasons for the EMS include market place access or reputation?  For environment 
this is often more true than a health and safety management system (HSMS) where 
employee satisfaction and loss control are often drivers.   
 
If transparency is high on the list, then the systems choices may be driven towards a 
process which requires independent verification (ISO 14001, OHSAS 18001 and 
RC14001).  ANSI Z10 has plans for a verification process and the draft standard is 
written so that is could be audited against, so it also is an option.  For some, there is a 
recognizable advantage to having independent third parties verify that the system meets 
the requirements of a standard, for others internal assessment is fine which is why ISO 
and OHSAS have models for this. 
 
For US operations, regulatory relief and reputation may drive you towards OSHA VPP 
and Performance Track.   What is interesting is that even with Performance Track, 
independent verification is now required (this action was taken after EPA documented a 
higher level of success in sites with third party verification than those without).   
 
Ease of ability to report internally and to external stakeholders and the maturity of the 
corporate approach to sustainability are factors to consider. Whether reporting on internal 
EHS metrics or externally reporting against an Accountability Rating, GEMI, CSR or 
sustainability type of measure, having a structure in place for relaying success and areas 
where added focus is needed is of value to stakeholders.  If performance is not measured 
then, why does it matter?   
 
A key choice in determining the management system models to use will be once some of 
these issue are addressed, will they override the more detailed oriented reasons for one 
choice of system model or another?  All of the systems models noted above can be very 
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flexible if they are understood and used properly.  Thus this does not have to be a 
problem so long as the organization realizes that the “standards” and guidelines can 
comprise of a starting point to which selected requirements of benefit are added. 
 
Tools not Straightjackets 
 
A common mistake in the implementation of systems approaches occurs when one part of 
an organization decides that a specific standard will define the criteria upon which a new 
or changed management system approach will be based, and the details of development 
(satisfying the criteria) are left to others.  As a result the criteria become the focus of 
development instead of the desired performance improvements.   
 
All management system models are just a set of tools like building blocks.  Telling 
someone the specifications for a series of wooden blocks will not result in a functional 
end product.  It is how the pieces are used that matters. This is true for EHS systems.  It 
the way the elements of the systems are used and how they work with all other parts of 
the organization that makes them achieve the desired results.  The tools must never be the 
goal. 
 
The variety of forms of PDCA loops need to be treated as concepts and not hard and fast 
rules.  Like any good single toolbox or several smaller ones, when doing a job one picks 
the right size and type of hammer, screwdriver and wrench for the job.   
  
Integrate and Align 
 
A large part of getting 
management systems to work 
together is thinking in a broader 
context.  Look at all the 
business systems and consider 
how they work together.  The 
more the EHS and processes are 
a part of day-to-day operations 
the more successful they will 
be.  Make the center pentagon in 
the adjacent figure larger when 
opportunities present 
themselves. As an example: the 
organization’s training 
programs for all skill areas, the 
identification of competency 
requirements and related 
training needs is an opportunity 
to use one system for all. 
 
For many organizations they 
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consider the integration of the EMS with their business systems a far greater challenge 
than integration with other MS like their HSMS or QMS.  Another issue is that larger 
organizations have more complex and custom systems for E, H and S and these are 
unique customized systems.  Remember the landscape notes above are models first, 
unless intentional, use what there is opposed to re-inventing. 
 
When considering how different individual system models may work together more 
efficiently, consider when it is best to integrate versus align individual system elements 
and sub-components.  There are many forms of graphical comparisons of standards to 
help an organization understand the most probable areas where systems integration is 
possible.   
 
Appendix A contains management systems crosswalks for: 
 

• ISO 14001 (final draft 2004) and ANSI Z10 
• ISO 14001 (final draft 2004) and OHSA VPP 
• ISO 14001 and OHSAS 18001 (once the new ISO standard is issued 18001 

will be reviewed to determine if any adjustments are needed) 
 

Additional standards comparisons are available at the Sigma project, which includes a 
compatibility tool http://www.projectsigma.com/Toolkit/Compatibility.asp. 
 
ACC provides a detailed comparison of RCMS and RC 14001 with ISO 14001  
http://www.responsiblecaretoolkit.com/.  
 
The ISO standards annexes provide comparisons with other ISO standards as well. 
 
Why integrate?  Reasons include: 
 

• Do it once / do it right. 
• Reduction in overall paperwork of required programs / paperwork and 

associated overload and systems fatigue. 
• Reduce operating costs. 
• Overlapping regulatory demands. 
• Continuous corrective action paralysis.  The “to-do-list” is too long to even 

prioritize. 
 
True integration occurs where management system tools are shared between systems 
through common elements or unified processes across systems.  The training example 
noted above would be both.  A common document management system for all E, H and S 
and documents would be a common element.  A unified process would be: for a piece of 
process equipment with a maintenance procedure that addresses how to ensure the 
equipment has the lowest achievable downtime, the procedure also covers required 
ergonomic measures, covers appropriate safety shields, covers lock outs and the resulting 
waste handling.  This level of integration can occur regardless of the system model you 
choose. 
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Other detail level integration items include: 
 

• Using common procedures for several areas. 
• Adopt and adapt existing approaches and processes. 
• Share forms and formats. 
• Use common software platforms and tools. 
 

At a higher level, combined management systems auditing is a common opportunity for 
integration as is reporting and review functions.  Integration of performance tracking and 
reporting with and within social responsibility and sustainability measures is common. 
 
It is important to recognize that there are also times where, at higher-level functions / 
overall organizational issues through to the minutia of execution, integration may not be 
desirable.  For example:   
 
• The intent is to begin an organizational transformation and rather than change all 

areas at the same time one area is selected (perhaps environment).  A stand-alone 
EMS is developed first and then other functions and areas are revised and added or 
integrated later. 

• At the element level, even though the capacity exists for a common document and 
record management systems, for legal compliance reasons, it is better to keep them 
separate. 

  
This does not mean that there are no opportunities to reduce organizational burden.  
Alignment, which can be defined as sharing a similar approach, but using somewhat 
different tools, can be very effective.  This might involve the use of a common approach, 
common framework and yet still distinctly separate solutions if needed. 
 
The ISO 14001 EMS requires an aspect and impact analysis.  ANSI Z10, OSHA VPP and 
OHSAS 18001 all require forms of hazard analysis and understanding.  Quality 
management systems require understanding of key processes, critical control points and 
their connection to customer requirements. Even financial risk is based on assessment a 
combination of risk factors. All of these analyses are means to understand risk so that 
choices on how best to manage the risk can be made. While risk factors are different as 
the individual risk levels are, the processes for assessing any risk have common steps.   
 
By using a similar process for assessing all risks an organization can reduce the overall 
level of complexity and can more easily look at the overall risk to the business.  The 
ability to develop an overall risk assessment is for some, a primary benefit of a systems 
approach and is one the major direct connections between detailed operational 
considerations and higher-level business operational considerations.  As an example:  
when evaluating the current health and comparison of physical assets (building, plant / 
equipment, process) management is more likely to make sound business decisions if 
during the assessment, they understand not only the revenue stream associated with the 
day to day operation, but also short term maintenance requirements, probable 
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environmental costs, health and safety issues that may arise and paybacks associated with 
investments in these areas. 
 
EHS Fit with Other Approaches 
 
In the landscape and integration discussions above, examples of EHS system models and 
how they fit with other topics like security and greenhouse gasses and within the larger 
context of accountability, social responsibility, financial reporting and sustainability 
approaches are provided. 
 
Fit of core EHS systems with more wide ranging and comprehensive systems and 
processes comes at 2 levels: detailed elements, and how the broader based approaches are 
supported. 
 
At the detailed elemental level, integration and alignment considerations are applicable. 
The example noted earlier of changing the methods by which environmental risk is 
evaluated form a short-term factor bias to include sustainability considerations could be 
done under an integrated process.   
 
When EHS concerns are considered in assessing overall ethical and financial measures, 
fit is often based on the ability of the systems to report on performance (as opposed to the 
detailed internal system design).  Consider as individual system components are 
developed and periodically reviewed, if they are capable of providing true indications of 
performance and progress.  Flexibility in reporting is also important since stakeholder 
requirements and requests can vary widely and over time.  Be sure that the universe of 
stakeholders (internal and external) is understood. 
 
SUMMARY 
 
There is no one-size-fits-all answer to deciding the best management systems approach or 
dynamic. There are however, plenty of management system options available, which can 
help organizations in many ways, both internally and with external requirements.  The 
Plan-Do-Check-Act model for management systems has been adopted across many 
domains and provides a background structure upon which EHS and other systems can be 
integrated.  The choices on where to integrate, and where not to, need to be made   based 
on careful case-by-case considerations, and not based on what the “other guy” liked.  
This paper has provided a number of areas to be considered, which along with a focus on 
organizational performance as opposed to specific tools, which can be used in developing 
the right system choices.  
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Appendix A Examples of Systems Cross-walks 
Managing the Proliferation of EHS and Related Management Systems 

ISO 14001: 20041       OSHA VPP 
General Requirements 4.1 * * 

Environmental Policy 4.2 1.a.1 
1.a.2 
1.a.3 
1.a.4 

Policy 
“ 
“ 
“ 

Environmental Aspects 4.3.1 1.b.3 
2.c.1 
3.b.9 

Goal and Objectives 
Job Safety 
Means for Eliminating or Controlling Hazards 

Legal and Other Requirements 4.3.2 1.h.7 
2.h.8 
2.h.9 

Responsibility, Authority, and Resources 
“ 
“ 

Objectives, Targets and Programme(s) 4.3.3 1.b.1 
1.b.2 
1.b.4 
1.b.5 
1.g.2 
1.h.5 
2.b.1 
2.b.2 
3.b.1 

Goal and Objectives 
“ 
“ 
“ 
Operational Control 
Responsibility, Authority, and Resources 
Pre-use Analysis 
“ 
Means for Eliminating or Controlling Hazards 

Resources, Roles, Responsibility and 
Authority 

4.4.1 1.h.1 
1.h.2 
1.h.3 
1.h.4 
1.h.6 

Responsibility, Authority, and Resources 
“ 
“ 
“ 
“ 

Competence, Training and Awareness 4.4.2 3.e.4 
4.a.1 
4.a.2 
4.a.3 
4.a.4 
4.a.5 
4.a.6 
4.a.7 
4.a.8 
4.a.9 
4.a.10 

Occupational Health/Safety Program 
Safety and Health Training 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 
“ 

Communication 4.4.3 1.d.4 
2.c.2 
2.e.1 
2.f.1 
3.b.6 
3.b.7 
3.b.8 

Written Safety and Health Program 
Job Safety 
Employee Hazard Reporting System 
Accident/Incident Investigation System 
Means for Eliminating or Controlling Hazards 
“ 
“ 

Documentation 4.4.4 1.d.1 
1.d.2 
1.d.3 
1.g.1 

Written Safety and Health Program 
“ 
“ 
Contract Worker Coverage 

Control of Documents 4.4.5 1.d.5 
1.d.1 

Written Safety and Health Program 

                                                 
1 Final Draft of ISO 14001 expected to be approved and issued in December 2004 
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Appendix A Examples of Systems Cross-walks 
Managing the Proliferation of EHS and Related Management Systems 

Operational Control 4.4.6 1.g.1 
1.g.2 
1.g.3 
1.g.4 
1.g.5 
3.b.10 
3.c.5 

Contract Worker Coverage 
“ 
“ 
“ 
“ 
Means for Eliminating or Controlling Hazards 
Preventative Maintenance Program 

Emergency Preparedness and Response 4.4.7 2.c.1 
3.f.1 
3.f.2 
3.f.3 
3.f.4 

Job Safety 
Emergency Preparedness and Response 
“ 
“ 
“ 

Monitoring and Measurement 4.5.1 2.c.4 
3.c.4 

Job Safety 
Preventative Maintenance Program 

Evaluation of Compliance 4.5.2 2.c.5 Job Safety (evaluation of compliance) 
Nonconformity and Corrective and 
Preventive Action 

4.5.3 2.f.1 
2.f.2 
2.f.3 
2.f.4 
2.f.6 

Accident/Incident Investigation System 
“ 
“ 
“ 
“ 

Control of Records 4.5.4 1.d.6 
3.c.4 

Written Safety and Health Program 
Preventative Maintenance Program 

Internal Audit 4.5.5 2.a.1 Comprehensive Safety and Health Surveys 

Management Review 4.6 1.e.1 
1.h.4 

Management Leadership 
Responsibility, Authority, and Resources 
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Appendix A Examples of Systems Cross-walks 
Managing the Proliferation of EHS and Related Management Systems 

ISO 14001: 20041       ANSI/AIHA Z10-200X2 
General Requirements 4.1 3.1.1 Occupational Health and Safety Management System 
Environmental Policy 4.2 3.1.2 Policy 

Environmental Aspects 4.3.1 4.1.1B 
4.2 
5.1.2 
5.1.3 
5.1.4 

Initial Review 
Assessment and Prioritization 
Design Review and Management of Change 
Procurement 
Contractors 

Legal and Other Requirements 4.3.2 4.1.1D 
5.1.2 

Initial Review 
Design Review and Management of Change 

Objectives, Targets and Programme(s) 4.3.3 4.3 
4.4 
 
5.1.2 

Objectives 
Implementation Plans and Allocation of Resources 
Design Review and Management of Change for 
Eliminating or Controlling Hazards 

Resources, Roles, Responsibility and 
Authority 

4.4.1 3.1.3 
3.2 
4.4 

Responsibility and Authority 
Employee Participation 
Implementation Plans and Allocation of Resources 

Competence, Training and Awareness 4.4.2 5.2 Education, Training and Awareness 
Communication 4.4.3 3.2C 

5.3 
6.3B 
6.3C 

Employee Participation 
Communication 
Audits 
Audits 

Documentation 4.4.4 5.4 
6.3B 

Document and Record Control Process 
Audits 

Control of Documents 4.4.5 5.4 Document and Record Control Process  
Operational Control 4.4.6 5.1.1 

5.1.2 
5.1.3 
5.1.4 

OHSMS Operational Elements 
Design Review and Management of Change 
Procurement 
Contractors 

Emergency Preparedness and Response 4.4.7 5.1.5 
 

Emergency Preparedness 

Monitoring and Measurement 4.5.1 5.1.3 
5.1.4 
6.1  

Procurement 
Contractors  
Monitoring and Measurement 

Evaluation of Compliance 4.5.2 4.1.1E  Initial review  
Nonconformity and Corrective and 
Preventive Action 

4.5.3 6.2 
6.4 
7.2 

Incident Investigation 
Corrective and Preventative Actions 
Management Review Outcomes, and Follow-Up 

Control of Records 4.5.4 5.4 Document and Record Control Process  
Internal Audit 4.5.5 4.1.1 

4.1.2 
6.3A 
6.5 

Initial review 
Ongoing review 
Audits 
Feedback to the Planning Process 

Management Review 4.6 6.5 
7.1 
7.2 

Feedback to the Planning Process 
Management Review Process 
Management Review Outcomes, and Follow-Up 

                                                 
2 Draft American National Standard, September 2004. 
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Appendix A Examples of Systems Cross-walks 
Managing the Proliferation of EHS and Related Management Systems 

CORRESPONDENCE BETWEEN OHSAS 18001 :1999 and ISO 14001 :1996 
 

OHSAS 18001 :1999 ISO 14001 :1996 Element 
# Description Procedure Documented Description Procedure Documented 

4.2      Policy No Yes Policy No Yes
4.3.1 Hazard identification, risk 

assessment & control 
Yes Yes (results of RA) Environmental aspects Yes No 

4.3.2 Legal & other requirements Yes No Legal & other requirements Yes No 
4.3.3  Objectives No  Yes Objectives and targets No Yes 
4.3.4       OH&S management

programmes 
No Yes Environmental management

programs 
No No

4.4.1 Structure & responsibilities No Yes Structure and responsibilities No Yes 
4.4.2 Training, awareness & 

competence  
Yes No Training, awareness and 

competence 
Yes  No

4.4.3        Consultation and
communication 

Yes Yes (employee
involvement and 

consultation 
arrangements 

Communication Yes No

4.4.4       Documentation No Yes EMS documentation No Yes
4.4.5 Document and data control Yes No Document control Yes No 
4.4.6 Operational control Yes Yes (ones to avoid 

deviating from policy)  
Operational control Yes Yes (ones to avoid 

deviating from policy)  
4.4.7 Emergency preparedness and 

response 
Yes No Emergency preparedness and 

response 
Yes  No

4.5.1  Performance measurement
and monitoring 

Yes No Monitoring and measurement Yes Yes 

4.5.2 Accidents, incidents, non-
conformances and corrective 

and preventive action 

Yes No Non-conformance and corrective 
and preventive action 

Yes  No

4.5.3 Records and records 
management 

Yes     No Records Yes No

4.5.4        Audit Yes No EMS audit Yes No
4.6 Management review No Yes Management review No Yes 
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 EVIDENCE OF THE PROLIFERATION OF NATIVE PETROLEUM 
REDUCING BACTERIA SUBSEQUENT TO APPLICATION OF CONTROLLED 

IN-SITU CHEMICAL OXIDATION 
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ABSTRACT:  Rapid remediation of petroleum contaminated soil and groundwater at a 
gasoline station in Florida occurred following treatment using a controlled in-situ 
chemical oxidation process.  Two main processes were thought to be responsible for the 
rapid and substantial decreases in petroleum contaminant mass in both the soil and 
groundwater at a site in Bonifay, Florida.  Soil and groundwater sampling confirmed a 
significant increase in petroleum reducing bacteria following the injection of a controlled 
in-situ chemical oxidation process.  Soil and groundwater contaminants had impacted 
significant areas on the site owner’s property and areas beneath an adjacent highway 
where underground fiber optic, water, and storm sewer utilities exist.  A remedial strategy 
had to be selected which would assure that these utilities would be protected from 
physical and corrosive damage during any remediation process.  One chemical oxidation 
process that could rapidly reduce/oxidize petroleum contaminants (BTEX, MTBE and 
PAHs), that would not adversely effect utilities, undermine roadway structures, and 
which could also enhance biologic degradation of residual contaminants was chosen. This 
process (the BIOX® Process – an In-Situ Chemical Oxidation/Biologic Enhancement 
process) already had a FDEP Underground Injection Control variance for use at 
petroleum sites in Florida.  Time and cost limitations eliminated consideration of other 
conventional and innovative technologies.  Post injection soil and groundwater analytical 
results confirm that soil contaminants were reduced below the FDEP’s CTLs and that 
dissolved groundwater contaminants were reduced below the FDEP’s Natural 
Attenuation default CTLs rapidly in most wells.  Ringed petroleum contaminants (BTEX, 
PAHs) and MTBE concentrations decreased and long chained hydrocarbons (TRPHs) 
remained following injection of the BIOX® reagent.  An environment rich in organic 
material and dissolved oxygen with a neutral pH was then present (well suited for 
biologic reduction).  Laboratory data confirmed that substantial and sustained increases in 
population of native petroleum reducing bacteria had occurred.  These results have also 
been repeated at another petroleum cleanup site and similar results can be anticipated 
where similar chemical oxidation/biologic enhancement treatments are to be performed. 
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EVIDENCE OF THE PROLIFERATION OF NATIVE PETROLEUM 
REDUCING BACTERIA SUBSEQUENT TO APPLICATION OF CONTROLLED 

IN-SITU CHEMICAL OXIDATION 
 

Thomas D. Douglas, (tdouglas@aetllc.com), (AET, LLC – Pensacola, Florida), 
William L. Lundy (w.lundy@comcast.net), (Oak Forest, Inc., Illinois) and  
H. Eric Nuttall, (nuttall@unm.edu), Univ. of New Mexico, Albuquerque, New Mexico) 
 
INTRODUCTION 
 
 A remedial design to rapidly address or eliminate petroleum contaminants in soil 
and groundwater was necessary in order for remediation to continue.  AET was tasked to 
eliminate petroleum contaminants which still were being detected at unacceptable levels 
in the groundwater at a former gas station following years of assessment and remedial 
efforts which were unable to eliminate or even substantially reduce petroleum 
contaminants sorbed to tight silty/clayey soil at this site.  Attempts to pump and treat or 
enhance biologic degradation in-situ with horizontal trenches provided some benefits but 
the remediation system operation had many problems and was discontinued.  Once AET, 
LLC took over site remediation, it was decided that one remedial technology 
(remediation process) was on the FDEP BPSS’s web site which could potentially reduce 
soil and groundwater contaminant concentrations quickly, safely, cost effectively and 
which already had been issued an Underground Injection Control Variance by the Florida 
Department of Environmental Protection for use at sites contaminated with petroleum 
products.  AET received approval to inject chemical oxidants using the BIOX® Process 
with the optimistic goal of remediating the remaining soil and groundwater contaminants 
in and around active underground petroleum storage tanks and pump islands.  
Assessment and remediation reports indicated that an area of approximately 5,000 cubic 
yards of soil and groundwater required treatment. 
 
 
SITE CONDITIONS 
 
High concentrations of petroleum contaminants (BTEX, MTBE and Napthalenes) were 
present in the soil and groundwater primarily on the eastern portion of the property and 
migrating primarily to the northeast.  In addition other locations across the site have 
elevated levels of dissolved petroleum contaminants that are above the GWCTLs and 
need to be addressed.  It was agreed that the site’s difficult lithology (silt, silty clays, and 
clay), inherent limitations of standard remediation techniques and the general condition 
of the operating gas station/store that the injection of BIOX® was a reasonable 
alternative that FDEP could accept with written justification in a Limited Scope Remedial 
Action Plan (LSRAP).   
 
The BIOX® process is an accepted chemical injection technique that can be used at 
active sites and near underground utilities.  The process initially chemically degrades 
petroleum contaminants.  Such chemical destruction is buffered and can be accomplished 
at a pH >7 and is designed to continue for several months.  The process generates oxygen 
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which is expected to raise dissolved oxygen levels and enhance natural biologic 
degradation surrounding the initial inject points while the chemical oxidation is also 
occurring.  Once the BIOX® reagent concentration reaches a level where chemical 
oxidation is no longer the primary mechanism of petroleum contaminant destruction, it 
will still be slowly reacting and releasing oxygen to the groundwater for several more 
months.  This stimulates growth of natural organisms which use the oxidized petroleum 
contaminants as food to further reduce residual petroleum contaminants that are slowly 
released from the petroleum contaminated soil.  This innovative treatment process rapidly 
reduces petroleum contaminant concentrations in the soil and groundwater and continues 
to reduce any residual petroleum contaminants leaching from the soil for several months.   
 
The initial goal of the LSRAP was to reduce groundwater contaminant concentrations to 
the “Natural Attenuation” default cleanup criteria established in Table V of Chapter 62-
777, Florida Administrative Code within six months and ultimately (one year or less) to 
the “Groundwater of Low Yield/Poor Quality” cleanup criteria in Table I of Chapter 62-
777, F.A.C. 
 
BIOX® APPLICATION ACTIVITIES 
 
Application of the chemical oxidant BIOX® was initiated at the site on July 15, 2002 and 
was completed on August 2, 2002 (three (3) weeks total).  The liquid oxidant mixture 
was injected at five (5) foot centers at predetermined areas across the site.  A maximum 
radius of influence of up to five (5) feet was determined based on the tight soil types 
associated with the site.  The BIOX® reagent was injected using a GeoProbeR direct push 
technology (DPT) rig. 

A total of approximately 13,027-gallons of BIOX® reagent were injected at 223 points 
across the site.  Four (4) discrete areas of the site were treated.  Area #1, located around 
the underground storage tank pit, the eastern pump island and in the vicinity of MW-22 
along the east right-of-way of McGee Road, was treated with approximately 11,650-
gallons of the BIOX® reagent at 177 injection points.  Area #2 of the site, located along 
the south, southwest and west sides of the existing building, was treated with 
approximately 431-gallons of reagent at 15 injection points.  Area #3, located along all 
four (4) sides of the northern pump island, was treated with 810 gallons of reagent at 23 
injection points and Area #4, located around monitor wells, MW-33 and MW-28, was 
treated with 136-gallons of reagent at 8 injection points.  Figure 1 shows the locations of 
the injection points installed at the site and the groundwater monitoring wells.  The 
volume of the BIOX® reagent introduced into the individual injection points ranged from 
17-gallons to 250 gallons.  The degree of treatment was based on the mass of 
contaminants known to be present in the respective treatment areas as well as the degree 
of reaction observed during injection process.  

 

POST INJECTION SOIL & GROUNDWATER SAMPLING & ANALYSES 
Additional groundwater and soil samples were collected at the site on August 1 and 2, 
2002, respectively.  Groundwater samples were collected from monitor wells CW-3, CW-
4, MW-8, MW-12 and MW-30 and analyzed for BTEX, MTBE, PAHs and TRPHs (FL-



PRO).  Soil analytical samples were collected adjacent to monitor wells CW-4, MW-29 
and MW-30 at 1-ftbls and 2-ftbls for TRPH and bacterial analysis.  Groundwater sample 
collection activities performed under a FDEP Work Order # were collected prior to 
injection of chemical oxidants and have been collected as close to quarterly as possible 
since July of 2002 from monitoring wells, MW16, MW17, MW18, MW21 MW28, CW1, 
CW2, CW3 and CW4.  All nine (9) monitoring wells were analyzed for the presence of 
BTEX, and MTBE.  In addition, CW1 through CW4 were analyzed for the PAHs, 
Sulfates, Nitrate-Nitrogen, Iron, Lead and Total Dissolved Solids (TDS).  The work order 
called for the collection and analysis of soil and additional groundwater samples during 
the third month (i.e., November 12, 2002) of post remedial action monitoring.   A 
decision was made between AET and the FDEP Project Manager to wait a few more 
months before collection of the soil and additional groundwater samples.  Groundwater 
samples have been collected on June 25, 2002, September 5, 2002, October 1, 2002, 
November 12, 2002, April 5, 2004, and July 27th, 2004.  Table 1 summarizes 
bacteriological data collected.  Chart 1 shows the average groundwater analytical results 
for the milestone compliance wells.   

Conclusions  

1) AET, LLC has collected pre and post chemical oxidation/biologic enhancement 
treatment data which confirms that: 
A) Groundwater petroleum contaminant concentrations have been significantly 

reduced in most monitoring wells both onsite and offsite within three to six 
months,  

B) Levels of BTEX, PAHs and MTBE were dramatically reduced in all wells, except 
for two source wells where additional (possibly continuing) problems could be 
occurring.  The reduced contaminant concentrations have remained near or below 
the FDEP Natural Attenuation Default Cleanup Target Levels.  However 
continued reduction in these wells appears to still be continuing. 

C) Soil contaminant concentrations have been significantly reduced and such 
reduction has been maintained for one year.  Total recoverable petroleum 
hydrocarbon (TRPH) concentrations have been reduced significantly at all 
locations and depths where sampling was performed.  Only one source soil 
sample (highly contaminated area – CW-3) had petroleum contaminants 
(benzene) still above the leachability soil cleanup target level, at a depth just into 
the shallow water table.  No contaminant concentrations above the SCTL’s were 
detected in vadose zone soil.  

D) Petroleum reducing bacteria counts increased from average counts of ~447, 
66,889, 22,917 and 2,353 (July/August 2002, February 2003, September 2003 and 
July 2004 respectively) from nine locations.  This data confirms a sustained and 
substantial increase in petroleum reducing bacteria counts following remediation 
using controlled chemical oxidation and biologic enhancement treatment at this 
site. 

E) AET has documented that total BTEX, in five milestone wells, have been reduced 
to levels below that were to be achieved in up to three years, during the first year 
of Post Active Remediation Monitoring.  

 



REFERENCE: Florida Department of Environmental Protection, Chapter 62-770 
and Chapter 62-777,  Florida Administrative Code. 
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TABLE 1: BACTERIOLOGICAL ANALYSIS SUMMARY 
         
  Facility Name: Bonifay Oil    Facility ID#:  xxxxxxx  
          
   Bonifay, FL     
   Holmes County     

               
  Sample 
  Location/Depth 

Date Petroleum Reducing Bacteria Recovered 
(Total Colonies) 

  CW-4 (1')  Final day of BIOX® Injections 08/02/02 245 

                       Post BIOX® Injections 02/11/03 99,000 

  1st Year post BIOX® Injection 08/19/03 23,000 

  2nd Year post BIOX® Injection 07/27/04 740  

  CW-4 (2')  Final day of BIOX® Injection 08/02/02 470 

                       Post BIOX® Injections 02/11/03 56,000 

  1st Year post BIOX® Injection 08/19/03 3,000 

  2nd Year post BIOX® Injection 07/27/04 960  

  CW-4 (3')  Pre-BIOX® Injection 07/16/02 567 

                       Post BIOX® Injections 02/11/03 32,000 

  1st Year post BIOX® Injection 08/19/03 13,000 

  2nd Year post BIOX® Injection 07/27/04 1,830  

  MW-29 (1')   Final day of BIOX® Injections 08/02/02 163 

                       Post BIOX® Injections 02/11/03 8,000 

  1st Year post BIOX® Injection 08/19/03 13,000 

  2nd Year post BIOX® Injection 07/27/04 3,570  

  MW-29 (2')   Final day of BIOX® Injections 08/02/02 30 

                       Post BIOX® Injections 02/11/03 23,000 

  1st Year post BIOX® Injection 08/19/03 18,000 

  2nd Year post BIOX® Injection 07/27/04 1,540  

  MW-29 (3.5')  Pre-BIOX® Injection 07/16/02 118 

                       Post BIOX® Injections 02/11/03 24,000 

  1st Year post BIOX® Injection 08/19/03 12,000 

  2nd Year post BIOX® Injection 07/27/04 690  

  MW-30 (1')   Final day of BIOX® Injections 08/02/02 707 

                       Post BIOX® Injections 02/11/03 6,000 

  1st Year post BIOX® Injection 08/19/03 37,000 

  2nd Year post BIOX® Injection 07/27/04 2,180  

  MW-30 (1.5')  Pre-BIOX® Injection 07/16/02 1,788  

                       Post BIOX® Injections 02/11/03 55,000  



  1st Year post BIOX® Injection 08/19/03 28,000  

  2nd Year post BIOX® Injection 07/27/04 2,630   

  MW-30 (2')   Final day of BIOX® Injections 08/02/02 377 

                       Post BIOX® Injections 02/11/03 299,000 

  1st Year post BIOX® Injection 08/19/03 14,000 

  2nd Year post BIOX® Injection 07/27/04 1,120  

  CW-3 (1')     1st Year post BIOX® Injection 08/19/03 97,000  

  2nd Year post BIOX® Injection 07/27/04 6,300   
  CW-3 (2')      1st Year post BIOX® Injection 08/19/03 4,000 
  2nd Year post BIOX® Injection 07/27/04 3,330  
  CW-3 (3'-4')  1st Year post BIOX® Injection 08/19/03 13,000  
  2nd Year post BIOX® Injection 07/27/04 3,350  

 
CHART 1 

BONIFAY SITE: INJECTION JULY 2002
AVERAGE MILESTONE WELL RESULTS
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ABSTRACT 
Ecological risk assessment (ERA) is commonly used to help inform environmental 

management decisions.  The focus in ERAs on chemical toxicity and exposure leads to 
remediation goals that target reducing chemical concentrations, instead of improving ecological 
resources.  Sometimes the very ecosystems that the process is striving to protect are destroyed in 
an attempt to achieve remediation goals.  Compensatory restoration (CR) is an alternative 
approach to the standard ecological risk characterization and management.  The CR approach, 
which is used frequently in natural resource damage assessment, involves offsetting losses of 
ecological services over time from chemical releases with equal gains of similar ecological 
services over time at a nearby site.  A tool known as habitat equivalency analysis (HEA) is 
commonly used to determine the amount of habitat to create or enhance in order to provide 
sufficient gains in ecological services to fully replace the reduction in ecological services caused 
by the chemical release.  This paper describes the use of the CR approach and HEA to evaluate 
alternative remedial actions at a refinery in Port Arthur, Texas.   

 1  



INTRODUCTION 

The Old Gulf Oil Refinery Site is a 3,800-acre facility located on the southwest side of 
Port Arthur, Texas, in Jefferson County, approximately five miles from the Texas-Louisiana 
border.  Gulf Oil Corporation (Gulf) began construction of the Site in 1901 and remained owner 
and operator until Gulf merged with Chevron U.S.A. Inc. (Chevron) in 1985.  In 1995, Chevron 
sold the Site to Clark Refining and Marketing, Inc. (Clark).  Clark has since changed its name to 
The Premcor Refining Group, Inc. (Premcor), and the Site remains an active refinery currently 
operated by Premcor. Operations at the Site have included crude oil refining, lubricant oil and 
chemical manufacturing, and product distribution.  Products produced at the Site historically 
include gasoline, kerosene, jet fuel, fuel oils, naphtha, and petrochemicals. 

The Texas Commission on Environmental Quality (TCEQ) in the 1997 Agreed Order 
with Chevron and Premcor (Docket No. 970404IHWE; SWR No. 30004) identified numerous 
Solid Waste Management Units (SWMUs) at the Site. The Texas Risk Reduction Program 
(TRRP) establishes response action requirements for the remediation program of TCEQ.  The 
TRRP rule provides for the use of an Ecological Services Analysis (ESA) to provide flexibility in 
remedial decision-making to address exceedances of ecological protective concentration levels 
(PCLs) at affected properties.  Ecological services are physical and biological functions that one 
natural resource provides to another natural resource (1).  An ESA seeks to provide sufficient 
increases in ecological services to offset losses of ecological services from contaminants.  As 
explained below, providing offsetting ecological services is known as compensatory restoration 
and Habitat Equivalency Analysis (HEA) is a widely used tool for determining the appropriate 
amount or “scale” of offsetting compensatory restoration. 

The ESA allows the Remedial Decision Maker, with the permission of the State and 
Federal Natural Resource Trustees, to include an ecological metric as part of the decision criteria.  
The fundamental premise of ESA is that media (and associated habitats) that have exceedances of 
ecological PCLs may provide a level of ecological services (the metric) that should not be 
destroyed or altered via remediation since the habitats may still retain ecological value (2).  The 
remediation decision may be to leave exceedances of ecological PCLs in place and perform 
compensatory restoration that offsets the ecological risk.  ESA allows compensatory restoration 
to be combined with a response action.  Other alternatives include limited hot-spot removal and 
compensatory restoration or no action.  Compensatory restoration addresses ecological concerns 
by providing or restoring ecological services in an alternative location when a response action at 
an affected property might cause additional unwarranted risks to ecological receptors.  According 
to the TRRP rule, any restoration activity must produce ecological services that exceed the future 
ecological service decreases potentially associated with continued exposure to constituents and/or 
any selected response action at the affected property.   

Passing through the property boundaries of the Old Gulf Oil Refinery, the Joint Outfall 
Canal (JOC) is a straight channel that was constructed in 1948 by the Jefferson County Drainage 
District No. 7 to facilitate stormwater discharge from Jefferson County, Texas to the Intra-Coastal 
Waterway and eventually the Gulf of Mexico. The JOC was built through uplands that held 
historic waste pits associated with refinery operations, resulting in refinery related waste adjacent 
to the JOC.  The JOC, which is 400 to 600 feet wide throughout its 4-mile length, is a man-made 
canal that is blocked by salt locks immediately upstream of the Facility.  The slope of the banks 
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along the JOC is steep (2:1 side slope) and the JOC has only a minimal amount of shallow water 
habitat along its length.  In addition, there is a lack of adjacent emergent vegetation (wetlands) 
along the JOC reducing its overall level of ecological services.  However, the limited adjacent 
wetlands that do exist provide some level of refugia and/or primary production for benthic 
invertebrates.   

The JOC ecological risk assessment (Joint Outfall Canal Tier II Report, Chevron EMC, 
July 2000) concluded that upper trophic level organisms were not expected to be adversely 
affected by constituents in environmental media in and along the JOC.  However, based on the 
exceedances of NOAA sediment screening values and the uncertainties expressed by the Natural 
Resource Trustees regarding the use of the equilibrium-partitioning and SEM/AVS 
methodologies to estimate risks to benthic invertebrates, the TCEQ asked Chevron Environmental 
Management Company (EMC) to move forward with risk management to address potential risks 
to benthic invertebrates from constituents of concern (COCs) in JOC sediment using the ESA 
remedial approach. 

In the next section of this paper we provide the conceptual foundation for the 
compensatory-restoration approach using HEA.  Then we discuss in general the key assumptions, 
inputs and calculation methods for a HEA model.  We then provide the results from a specific 
application of HEA following TRRP ESA guidelines to the potential risks to benthic invertebrates 
from COCs in JOC sediment in the next to last section.  Conclusions and a broader discussion of 
the applicability of the compensatory restoration approach for informing environmental 
management decisions is provided in the last section.   

COMPENSATORY RESTORATION APPROACH1 
Several federal statutes allow specified federal and state government agencies and Indian 

tribes to recover damages for injuries to natural resources resulting from releases of oil and 
hazardous substances.  The damages recovered by these agencies, acting on behalf of the public 
as trustees for the injured natural resources, must be used to restore, rehabilitate, replace, or 
acquire the equivalent of the injured natural resources and their services.  Ecological services are 
the physical and biological functions provided that one natural resource provides another natural 
resource.  For example, wetlands provide food and nesting habitat for migratory waterfowl. 

Regulations promulgated in 1986 by the U.S. Department of the Interior provide 
guidelines for conducting natural resource damage assessments (NRDAs) (43 CFR Part 11).  
Initially, the trustees usually collected damages from the potentially responsible parties (PRPs) in 
the form of money and then determined how to spend the money on projects to restore or replace 
the services of the injured natural resources. 

In the early 1990s, the National Oceanic and Atmospheric Administration (NOAA) began 
using a different NRDA approach for oil spills, following the passage of the Oil Pollution Act of 
                                                      
1 This section is an abbreviated version of the first four sections of Dunford, Ginn, and Desvousges (1).  See that article 

for more details on the subjects explored below. 
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1990.  In addition to primary restoration (i.e., actions to hasten the return of natural resource 
services to the level that would have been provided in the absence of the injury), NOAA often 
pursued what is now known as a “compensatory-restoration” approach for natural resource 
service losses.  This approach measures damages as the cost of projects that enhance or improve 
natural resource services in a sufficient amount to compensate the public for the natural resource 
service losses from the time of the release to the time that services are restored to baseline 
conditions (i.e., the conditions that would have existed had the release not occurred).  This 
approach was formally embodied in the NRDA regulations for oil spills promulgated by NOAA 
in 1996 (15 CFR Part 990). 

A key component of the compensatory-restoration (CR) approach is the “scaling” of the 
CR projects relative to the natural resource service losses resulting from a release.  In other 
words, the scaling process determines the size or magnitude of the CR project necessary to fully 
offset the service losses resulting from the release.  Habitat equivalency analysis, commonly 
referred to as HEA, is a method for quantifying natural resource service losses and calculating the 
scale of compensatory restoration required to offset those service losses.2  Specifically, it 
calculates the natural resource service losses in discounted terms and then determines the scale of 
restoration projects needed to provide equal natural resource service gains in the future in 
discounted terms, thereby fully compensating the public for the natural resource impacts.  HEA 
can logically also determine the appropriate scale of compensatory restoration for ecological 
losses in a remediation context, as demonstrated in the case study in the next section of this paper. 

Conceptual Foundation 
As noted above, the intent of CR actions is to provide gains in natural resource services 

over time equal to natural resource service losses from the time of an impact until the services 
return to baseline levels (i.e., the level of services that would have been provided in the absence 
of the impact).3  HEA is a method for determining the magnitude or “scale” of CR actions needed 
to compensate the public for the losses. 

Figure 1 illustrates the conceptual foundation for HEA using a wetlands example.  In the 
top panel of Figure 1, a chemical release occurring in year T reduces the services provided by the 
impacted wetlands habitat.  The wetland services remain at the reduced level until year Z, at 
which time services begin to recover naturally.  Wetland services return to baseline levels in year 
X.4  The shaded area A represents the undiscounted wetland services lost as a result of the 
release. 

Compensatory restoration actions are actions that increase the discounted natural resource 
services by an amount equal to the discounted natural resources services lost as a result of the 
release (i.e., area A after discounting).  One option for achieving this goal is to alter or enhance 

                                                      
2 Resource equivalency analysis (REA) is a similar method for scaling losses of fish, birds, and other wildlife.  In 

general, our analysis of HEA and its results apply to REA as well. 
3 If habitat services are changing over time, then baseline service levels will not equal service levels before the impact 

occurred.  Baseline habitat service levels are the levels of habitat services that would have occurred without the 
habitat impacts but including natural and anthropogenic changes in habitat services unrelated to the impacts. 

4 For simplicity, Figure 1 assumes constant baseline services over time for the impacted habitat.   
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the services of some unimpacted habitat near the impacted habitat.5  This is depicted in the lower 
panel of Figure 1, which shows the services (SD) provided by some dryland habitat near the 
impacted wetlands habitat.6  In year H, the dryland habitat is transformed into wetlands habitat.  
The services of the dryland habitat are lost starting in year H and continuing until year L.  
However, the newly constructed wetlands habitat begins providing some wetlands services in 
year H, eventually reaching its maximum level of services (SW) in year M.  From year M until 
year L, the newly constructed wetland continues providing its maximum level of services, SW.7 

The undiscounted loss of services of the dryland habitat is represented by area B plus 
area C in the lower panel of Figure 1, which is the sum of the SD services from year H through 
year L.  The undiscounted gain in services from the newly constructed wetlands is area C plus 
area D, which is the sum of wetland services from year H to year L.  The goal of the HEA 
approach is to initiate compensatory-restoration actions on a sufficient number of acres of dryland 
habitat to achieve the equality after discounting: 

 A  =  ( C + D )  −  ( B + C )  =  D  −  B (1) 

Area A represents the service losses from the release, and area “D – B” represents the net 
gain in services on the compensatory habitat.  If the CR actions do not eliminate or reduce the 
initial services from the habitat being transformed, then area B is not lost.  In that situation, the 
goal is to equate areas A and D in discounted terms.  In other words, the service losses from the 
impacted area are equated with the service gains from the compensatory-restoration actions. 

The basic conceptual foundation of HEA, as presented in Unsworth and Bishop (3), is 
that the present value of service losses in dollars should equal the present value of service gains 
in dollars.  As explained below, various simplifying assumptions lead to equating the discounted 
losses in service units with the discounted gains in service units. 

For most contemporary HEA applications, service losses for various kinds of resources 
are usually specified as a percent reduction below baseline and are expressed on an areal basis.  
Following discounting, the resultant numbers are usually expressed as discounted service acre-
years (DSAYs).  Credits for restoration alternatives are determined similarly and are also usually 
expressed as DSAYs. 

Key HEA Assumptions 
The accuracy of the results of any method depends on the assumptions underlying the 

method.  In this section, we briefly describe each of the key HEA assumptions. 

                                                      
5 If the impacted habitat does not provide its maximum level of services in the absence of a spill/release because of 

unrelated factors, such as pollution resulting from agricultural runoff, then another compensatory-restoration option is 
to enhance the services of the impacted habitat beyond baseline levels.  We do not evaluate this option in this paper. 

6 Again, we assume constant services for the dryland habitat and constant maximum services over time for the newly 
constructed wetlands for simplicity. 

7 We truncate the services of the restored habitat in year L for simplicity.   
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Preference for Compensation with Same Services.  A fundamental assumption of HEA is 
that the public prefers to restore the lost or impaired services of impacted habitat rather than do 
something else as compensatory restoration.  For example, if wetlands are impacted by releases of 
hazardous substances, then an underlying assumption of HEA is that the public prefers to be 
compensated by the creation or enhancement of wetlands providing similar services, instead of 
constructing a boat ramp in the area or instead of expanding a nearby public park.  Unless the 
impacted habitat supports invasive or otherwise undesirable biota, this assumption will likely be 
reasonable, especially in areas where habitat may be scarce or limited. 

Ecosystem Services Are Captured in a Single Service Metric.  HEA requires that a single 
measure of ecological services be used for each type of habitat or resource assessed in the model 
(4).  From an ecological perspective, characterizing resources using a single metric may 
oversimplify complex ecosystem relationships and functions.  This is especially true for complex 
resources such as coastal wetlands, which have a variety of important functions (e.g., sediment 
trapping, production of organic matter, nursery habitat for fishes).  Although contamination by a 
hazardous substance may result in localized toxicity of marsh sediments to some organisms, it is 
important to look at overall or an integrative measure of ecosystem function when selecting a 
metric for use in a HEA.  For example, localized toxicity to sediment invertebrates may be 
viewed as an impact if the abundances of these organisms are significantly reduced.  However, if 
the marsh vegetation and other kinds of organisms are unaffected by the presence of toxic 
substances, many of the marsh services may be similarly unaffected.  In such cases, it would be 
inappropriate to use a reduction of sediment invertebrate abundance as the service metric in a 
HEA.  The use of integrated measures of multiple service types is the recommended approach. 

As stated earlier, for most HEA applications, the service metric for various kinds of 
resources (e.g., benthic invertebrate abundance and/or production, marsh services) are usually 
specified as a percent reduction below baseline and are expressed on an areal basis.  Following 
discounting, the resultant numbers are usually expressed as discounted service acre-years 
(DSAYs).   

The estimation of a single metric for a complex ecosystem places some theoretical 
limitations on the HEA methodology, however, in practice, the service metrics are generally 
based on individual measurements, or a few measurement types that are assumed to reflect the 
key functional characteristics of the resource being assessed.  For example, Penn and Tomasi (5) 
used data from a field study of vegetation and invertebrates in addition to “professional 
judgment” to determine the interim service loss estimates for an oiled marsh.  Estimated service 
losses for marsh areas ranged from 10% (light oiling, rapid recovery) to 100% (heavy oiling, slow 
recovery).  Separate modeling assessments were used to estimate impacts to aquatic fauna 
(biomass lost) and birds (numbers killed).  Percent reduction from baseline can be based on actual 
field measurements of the selected metric or based on literature values from relevant studies.  

Services Are a Constant Proportion of Habitat Value.  HEA assumes that the amount of 
habitat services is a constant proportion of the value of those services for each type of habitat.  In 
other words, if the impacted habitat services fall 40%, then the impacted habitat value falls 40%.  
Similarly, if impacted habitat services increase 10%, then the impacted habitat value increases 
10%.  This assumption applies to the services of the impacted habitat, the compensatory habitat 
without the restoration project, and the compensatory habitat with the restoration project. 
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This assumption is likely to hold for relatively small changes in habitat services (i.e., 
marginal changes).  However, some contaminated sites and many oil spills involve relatively 
large changes in services (e.g., 90% loss of services at the impacted habitat in the year of the 
impact).  In such instances, the assumption of a constant proportion of habitat services to habitat 
value is less likely to be met if the impacted habitat is a relatively large portion of the total 
amount of that habitat type in an area.  In this case, a constant proportion of habitat services to 
habitat value is less likely, because the increased scarcity of the impacted habitat will increase the 
per-acre value of that habitat, offsetting the loss of services of the habitat to some extent.  Thus, 
the remaining habitat would have a greater per-acre value than would otherwise have been the 
case.  However, in most cases at contaminated sites the spatial extent of severely impacted habitat 
represent only a small portion of viable habitat in the area and often the most severely impacted 
areas are found in already degraded habitat adjacent to areas of heavy industrial and commercial 
activities.  Thus, for many contaminated sites the assumption that services are a constant 
proportion of value is reasonable. 

Other Implicit Value Assumptions.  HEA contains several other implicit assumptions 
about the value of the services of the impacted and compensatory habitats.  These assumptions 
include: 

• Per-acre value of the impacted habitat services is constant in real terms over time.  
That is, the current real value of the ecological services provided by an acre of 
wetlands in an area will not change over the lifetime of the HEA calculation. 

• Per-acre value of untransformed compensatory habitat services is constant over time 
in real terms.  That is, the current real value of the dryland habitat services will not 
change over the lifetime of the HEA calculation. 

• Services of the impacted and transformed compensatory habitat are of the same type, 
same quality, and of comparable value (4).  In fact, the two types of services are 
assumed to be of equal value in most HEA applications.8 

These assumptions are more likely to hold for relatively common services for relatively 
short time periods (e.g., 30 years or less).  These assumptions are less likely to hold for 
uncommon services and/or longer time periods because changes in demand and supply conditions 
are more likely in such cases. 

                                                      
8 The most recent version of the NOAA HEA primer (4) includes a parameter for unequal values for the injured and 

compensatory habitat services.  However, NOAA indicates that the value differences must be known or estimated in 
order to use HEA in such instances.  Usually, these differences are not known and cannot be estimated reliably.  This 
effectively limits HEA applications in formal NRDAs to situations where the per-unit values of the two types of 
services are approximately equal. 

 7  



Key HEA Input Parameters 
If the simplifying assumptions of the HEA model are met, then the next step is to 

estimate the input parameters of the model, which are listed in Table 1.  In this section, we 
discuss the challenges inherent in developing estimates for the key input parameters. 

Ecological Service Metric.  The ecological service metric is the most important input 
parameter in a HEA application because it forms the basis for all impact and restoration 
calculations.  The selection and quantification of the service metric present several challenges, as 
discussed below. 

Two kinds of ecological service metrics are used in HEA: 

• A parameter related directly to the services provided by the impacted resource, such 
as the number of organisms in a population that are affected 

• A relative measurement of some ecological attribute(s) that is assumed to be 
representative of the services provided by the impacted resource. 

Whichever kind of service metric is used, the parameter must reflect the lost services 
resulting from exposure to a hazardous substance or oil and it must be capable of being directly 
compared with a corresponding service for the candidate restoration project.  The chosen metric 
should generally be associated with important ecological functions of the resource, and should be 
related to population, habitat, or ecosystem characteristics. 

Baseline Services. As noted above, baseline services are the services that habitat would 
have provided in the absence of a release.  In general, baseline services are not 100% of the 
maximum possible level of services from habitat, because non-release factors often lower 
baseline services below their maximum.  For example, non-point-source runoff from urban areas 
may depress the baseline level of services in wetlands.    

It is critical that any loss in services, as expressed by the single metric, be expressed 
relative to baseline conditions of the resource.   Baseline is a fundamental concept in natural 
resource evaluations and as such must also be part of the underlying application of HEA.  In the 
example HEA shown in Figure 1, baseline is shown as a static condition for simplification 
purposes.  However, in actual HEA applications, especially for CERCLA sites, baseline is a 
dynamic condition that may change considerably over time, both seasonally and annually.  Thus, 
such changes in baseline over time must also be recognized when calculating historical service 
losses. 

Discount Rate.  NOAA recommends a 3% real discount rate for HEA applications (6, p. 
C-9).  This discount rate is consistent with historical averages for the social rate of time 
preference, which reflect society’s willingness to shift the “consumption” of public goods (such 
as natural resource services) over time (7, 8).  Furthermore, this discount rate is close to the 3.2% 
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discount rate recommended by the Office of Management and Budget (OMB) for federal cost-
effectiveness analyses (9). 

Impact and Restoration Timelines.  Time is a very important variable in a HEA.  The 
development of accurate timelines for both the loss and gain sides of the equation is critical for an 
accurate calculation of required restoration.  For situations involving recent releases, the primary 
challenge is to forecast future conditions of both impact and restoration.  However, for most 
contaminated sites, resource impacts are commonly alleged to occur over extended time periods 
into the past.  Moreover, because of the compounding of alleged “old” impacts, the present value 
of past service losses can be substantial even with a 3% discount rate. 

In general, accurate estimates of historical service losses require temporal information on 

• Baseline conditions 

• Level of services on the impacted habitat when compared to baseline, including 
possibly natural recovery following cessation of a release. 

However, estimating these factors can be hindered by a lack of historical data on baseline 
conditions, industrial activities, and past service losses.  Quantification of past service losses for 
CERCLA sites is best conducted by evaluation of these kinds of information, much of which may 
be in unpublished forms (e.g., agency files and reports).  For alleged impact periods of many 
decades, even the best historical information may result in highly uncertain estimates of impact 
that must be recognized as such in a HEA application.  Past baseline conditions can sometimes be 
estimated from a reference site (i.e., a site that is similar to the impacted site except for the 
impacts caused by an oil spill or hazardous-substance release).  For complex contaminated sites 
appropriate individual reference sites may not be available.  In such cases, multiple reference 
areas may be used to define a “reference envelope” that can be used to approximate baseline 
conditions. 

REFINERY CASE STUDY 
The primary purpose of using HEA within the TRRP ESA process is as a tool to evaluate 

a set of possible remedial actions, each of which will alter ecological service flows from a site.  
HEA can be used to compare the positive and negative effects of various active remedial options 
and natural recovery as part of the environmental analysis.  The selected alternative should 
balance the severity of remaining ecological risk, the length of time necessary for ecological 
service recovery, appropriate compensation for the public, and cost (2).   

The following remedial alternatives were evaluated using HEA for the protection of 
benthic invertebrates in the JOC sediment: 
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• Natural Recovery 

• Complete Removal 

• Compensatory Restoration with Natural Recovery 

The Natural Recovery alternative assumes that naturally occurring, ongoing processes 
would continue to reduce the bioavailability and toxicity of contaminants in sediment over time.  
This alternative would be noninvasive, with no man-made remedial actions taking place.   Natural 
recovery to baseline was conservatively estimated to occur over a period of 100 years considering 
the continuous movement of the uppermost sediments into the Gulf basin and periodic storm 
events that also remove and redistribute the sediments in a coastal system.  The predicted service 
loss for the natural recovery alternative was –987.67 DSAYs.  The costs associated with this 
alternative involved periodic monitoring of the JOC conditions to ensure that sedimentation and 
attenuation continued to limit exposures over time.  The associated cost of this monitoring was 
estimated to be $300,000 to $500,000.   

The complete removal alternative involved dredging and removing all areas of the JOC 
sediments that exceed ecological PCLs.  These sediments would have to be transported, treated, 
and disposed of offsite.  Complete removal would take approximately 4 years.  During the 
remediation, benthic habitat would be removed and contaminants would be spread within and 
outside the JOC, causing a 100 percent loss of benthic ecological services during the removal 
project.  Following remediation, the native clay substrate would likely provide limited benthic 
ecological services until the natural sedimentation accumulated to about 6 inches of sediment 
after approximately 4 years.  Benthic ecological services were assumed to recover after 4 years 
following remediation, with a 25 percent recovery after the first year, a 50 percent recovery after 
the second year, and a 75 percent recovery after the third year.  Following the recovery period, 
the benthic ecological services were assumed to continue to be at a significantly reduced level 
compared to a natural bayou because of the structural elements of the JOC, such as increased 
depth, and many continuing upgradient sources that contribute to poor water quality and sediment 
contaminant sources to the JOC. 

The HEA scenario for this alternative assumes that remediation commences in 2003, lasts 
for 4 years with a 100 percent loss of benthic ecological services during this interim, and recovery 
to baseline takes an additional 4 years after remediation ends.  Thus, this scenario contemplates 8 
years before recovery to baseline.  The HEA calculates an ecological loss in DSAYs of –847.6 
and does not result in a net environmental gain.  The cost of complete removal, which would 
include treatment of contaminated sediments, was estimated to range from $48MM to $66MM.  
Transportation, treatment, and disposal of the contaminated sediments could increase the costs. 

Compensatory restoration with natural recovery alternative assumes the JOC naturally 
occurring, ongoing processes would directly remediate the JOC as described in first alternative, 
Natural Recovery.  In addition to offset the lost ecological services created by the ecological risk 
a CR project that provides ecological services in excess of the loss (–987.67 DSAYs) is provided.  
The cost of construction, planting and monitoring an estuarine emergent wetland that provides an 
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excess of ecological services to compensate for the ecological risk to benthic invertebrates in the 
JOC was estimated as $1.5MM. 

Table 2 summarizes the results for the three alternatives.  The Natural Recovery 
alternative has the lowest cost, but it also has the largest loss of ecological services.  The 
Complete Removal alternative is the most expensive alternative by a large margin, while its loss 
of ecological services is only slightly less than the Natural Recovery alternative.  The 
Compensatory Restoration with Natural Recovery alternative has relatively modest costs with a 
net gain of ecological services.  Thus, the Compensatory Restoration alternative is 
environmentally superior and much less costly than the Complete Removal alternative. 

CONCLUSIONS 
Since the publication of U.S. Environmental Protection Agency guidelines for performing 

ecological risk assessments (10, 11), the ecological risk assessment (ERA) process has become 
the accepted approach for assessing effects of chemicals and other stressors on ecological 
receptors.  ERA is a process for evaluating the likelihood that adverse ecological effects may 
occur or are occurring as a result of exposure to one or more stressors.  The initial ERA steps at 
chemical-release sites involve comparing estimates of chemical exposure to toxicity thresholds 
(i.e., eco-benchmarks or risk-based levels) to calculate chemical-specific hazard quotients (HQs).  
The focus on chemical exposure and toxicity leads to remediation goals that target reducing 
chemical concentrations, instead of improving ecological resources and services.  As a result, the 
ecosystems that the ERA process is trying to protect may be irrecoverably altered or destroyed in 
an attempt to achieve these remediation goals. 

Typically, in the initial stages of an ERA (i.e., Problem Formulation step) the valued 
attributes of the ecosystem to be protected are defined.  These assessment endpoints can be 
defined at all levels of biological organization – from organisms to populations to communities, 
ecosystems and habitats.  Ecological risk assessments have historically focused on organism-level 
endpoints (e.g., mortality, fecundity and growth) because these organism-level attributes are 
thought to be more practical and easier to measure or predict.  These organism-level endpoints are 
not important in themselves but rather are assumed to be protective of higher level population and 
community attributes that are the actual valued ecological attribute (12).  Alternately, one can 
evaluate population or community-level endpoints by quantifying the impact of chemicals and 
other stressors directly on ecological services (13).  They flow from intact, functioning 
ecosystems, which by definition include viable populations and communities – the valued 
assessment endpoint one is trying to protect.  As long as one is protective of ecological services, 
the requirements of CERCLA, RCRA and other laws that require the overall protection of the 
environment should be satisfied. 

Procedures for estimating reduction in ecological services and the corresponding level of 
restoration or ecological enhancement necessary to adequately compensate for lost services come 
from the practice of natural resource damage assessments (6, 14, 15).  The compensatory 
restoration approach involves offsetting losses of ecological services over time from chemical 
releases with equal gains of similar ecological services over time at nearby sites.  A key tenet of 
this compensatory restoration approach is that a reduction in ecological services provided by 
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habitat in one location can be offset by a corresponding increase in services elsewhere within the 
same ecosystem (2).  Compensatory restoration can provide meaningful increase and return of 
ecological services to an area that offsets historic and continuing effects at chemical release sites, 
allowing one to bypass substantial assessment and remediation activities. 

HEA is an acceptable tool to determine the amount of compensatory restoration required 
to offset losses to ecological services as a result of a release of hazardous materials or oil..  Unlike 
the standard ecological risk assessment approach with its chemical-specific hazard quotients, 
which lead to remediation goals and actions that target reducing chemical concentrations, 
compensatory restoration leads to remedial actions that are efficient and environmentally 
superior.  The compensatory restoration approach can result in remedial and risk management 
actions that are protective of the environment as well as providing a net environmental benefit.   
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Table 1.  HEA input parameters. 
 
Service Loss Parameters for Impacted Habitat 

 Number of impacted acres (QI) 

 Year of impact (T) 

 Level of services in impact year (relative to baseline services)  

 Year recovery starts (Z) 

 Year services reach maximum recovery level (X) 

 Services at maximum recovery (relative to baseline services) 

 Shape of recovery function (between Z and X) 

Service Gain Parameters for Compensatory Restoration Project 

 Year project starts (H) 

 Year net service gains start (J) 

 Initial level of net services (relative to baseline at impacted habitat)  

 Year when maximum service level reached (M) 

 Maximum service level (relative to baseline at impacted habitat) 

 Shape of maturity function (between J and M) 

 Year service gains end (L) 

Discount Rate (d) 
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Table 2.  Refinery case study results. 
 
 HEA Results   Cost 

Remedial Alternative    (DSAYS) ($1,000) 

Natural Recovery –988 $300 – $500 

Complete Removal –848 $48,000 – $86,000 

Compensatory Restoration with Natural Recovery   > 0 $1,500 

 

Note:  DSAYs  =  Discounted Service Acre Years 
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Figure 1.  Impacted habitat service losses (Area A) are equated to compensatory habitat service 
gains (Areas D–B). 
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ABSTRACT 
 

 
 This paper reports a hazardous waste minimization Project at a production complex 

located in the Mexico Gulf. It describes the unit operation and processes that generate 
hazardous wastes according to Mexican regulation, identifies the causes and operational 
factors involved in the generation, and the results of material balances to estimate the 
quantities generated in each process and operation. The paper emphasizes the most important 
hazardous wastes generated, and proposes waste minimization alternatives ranked in order of 
technical and economical criteria for projects with return rates of less than 5 years. 
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1. INTRODUCTION 
 
 

The oil industry production chain begins with oil exploration and production in offshore 
facilities. The oil is extracted in marine wells and conducted through pipeline to the offshore 
production complex, where the oil is separated from a mixture of oil, gases and water. Once 
time separated, the oil and gases are sending to land facilities to storage.  

 
The processes and unit operations carried auto in offshore facilities generate hazardous 

wastes according with Mexican environmental rules and need to be controlled, or rather be 
eliminated in the source. 

 
By law in Mexico is necessary to report periodically the amount of hazardous wastes 

generated to the authority, as well as control or dispose in a safe manner the hazardous waste 
through facilities registered and authorized for transport, treatment and disposal (LGEEPA, 
1988), The minimization is strongly recommended by the authorities, with a priority in 
source reduction, recycling reusing and recovering, before the Physical, chemical, biological, 
incineration and final disposal. (Semarnat, 1994) 

 
This paper reports the results of apply a tracking code systems to identify the wastes, the 

processes and the causes and the amount where are generated. This tracking code is also used 
to locate the amount in each of the places of theirs Life Cycle, to evaluate the environmental 
impact and select treatment methods or minimization alternatives, evaluating technical and 
economical the options. 

 
Minimization is defined as practices to reduce the volume generated, the toxicity, or the 

recycle, reclaim, or reuse of the wastes to the extent practicable. Hazardous waste 
minimization is the first option before treatment or final disposal, and is preferably the source 
reduction rather than recycling, recovering or reusing. Minimization is an environmental 
option to solve the hazardous waste management problems and an economic opportunity to 
reduce production costs as well as treatment and disposal costs. 

 
Hazardous waste is defined in México as those that have at least one of the following 

properties: Corrosive, Reactive, Explosive, Toxic, (I) flammable and Biological Infectious, or 
CRETIB code, (in Spanish), established the limit values in the rule NOM ECOL 052, 1988.  

 
In the rule mentioned are defined a list of hazardous wastes to selected industrial 

activities, assigning a code for each waste listed, in order to construct a national database of 
hazardous wastes. 

 
2. OFFSHORE FACILITY DESCRIPTION. 
 

The study was conducted in a production complex integrated with 6 Platforms with the 
next activities/facilities in each one (FIGURE 1): 
 



Drilling platform: crude extraction, phases separation, pig trap launcher, wastewater 
treatment plant, firefighting system and corrosion workshop 

 
Connection Platform: connection with drilling, production and satellites platforms, 

wastewater treatment plant, pig trap launcher, instruments workshop, reactive injection 
package, electrical substation, control system. 

 
Temporal Platform: rectification, separation, oil pumping system, gas pumping system, 

measurement system, mechanical workshop and flare  
 

Compression Platform: separation, rectification, gas compression, gas sweetening 
(dehydration) and flare  
 

Housing Platform: cabins, dining room, recreational room, wastewater treatment plant, 
solid waste incinerator, medical service, potable water system, firefighting system, and 
loading and unloading deck. 
 

Telecommunication Platform: Communication system  
 

OBJECTIVES 
 
Establish a procedure to identify hazardous waste generation according with the 

Mexican rules 
 
Propose waste minimization alternatives that contribute to reduce risks to employees and 

facility, reduce environmental impacts and treatment and final disposal costs  
 
Evaluate the alternatives with economic, technical and environmental impacts criteria 
 

3. METHODOLOGY 
 

3.1) HAZARDOUS WASTE IDENTIFICATION. 
 
Waste identification consisted in processes and operations units analysis carried out in 

offshore facilities, following the next steps: 
 
Raw materials purchase record and analysis of their properties 
Material inventories,  
Site inspection   
Facility survey and collecting and compiling data from official reports to authorities  
Recognition of unit operation and processes and places where are located 
Flow diagram determinations to establish waste streams records  
Hazardous waste identification using Mexican rule (NOM-ECOL 052, 1988)  
Assigning a tracking code, and identifying the correspondent legal code as hazardous 
waste from the Mexican rule. 

Establish a database for the facility 



The figure 2 shows a typical flow diagram of the main processes that are carried out in 
the compression platform,  

 
Due to the large types and quantity of waste generated in the processes of the offshore 

facilities it was necessary to develop a waste management information system to compile 
data. 

 
This System consisted of a tracking code assigned to each hazardous waste generated at 

any location to obtain data. The tracking code allow to know what, where, and when were 
generated the hazardous wastes and which process, operation or equipment are involved. 

 
The tracking code is composed with the following arrange of numbers and names. 
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In this phase were identified 32 hazardous wastes. And to all of them were named 
with a tracking code and theirs equivalent in the code system of the official rule, which serves 
to the National Database of the Environmental Authority in Mexico (table 2). In this manner 
the tracking code could serve also to fill the required manifesto to present to the authority. 
 
3.2) MATERIAL BALANCE 
 

The material balance was developed for small unit operations end processes around 
areas of concern. The flow diagrams were used to the zero balance, taking into account raw 
material, products, sub products, air emissions, water discharges and wastes. 

 
We use the next information sources to conduct the material balance: a) samples, b) raw 

material purchases; c) material inventories; d) emission inventories, e) cleaning procedures f) 
operation procedures and g) waste manifestos. 

 
The material balance was developed starting in the raw materials, their use in the 

processes, and the exits as products, sub products or residues, as well as the exit to internal 
recycling. We assume that all the raw material that is not converted in product or sub product 
is a residue, emission or discharge  

 
The data presented was obtained through direct interviews of operators, shift supervisors 

and managers, as well as direct observation in the site. 
 
Block diagrams were elaborated to facilitate the material balances (see figure 2) the next 

information also were used: 
 
Raw materials and materials for equipment maintenance classified as inputs; processes, 

and maintenance activities involved; and products and sub products derived from the process, 
residues generated from the processes as well as from maintenance, al of them classified as 
output (see figure 3) 

,  
Once material balance were finished a hazardous waste characterization were completed 

in accordance with the official classification of the Mexican standards and the tracking 
number. 
 

Table 2 shows the catalog of hazardous wastes generated in the complex. Table 3 as an 
example of the source and the amount generated in one of he platform and table 4 shows the 
total amount of hazardous waste generated in the Complex. 

 
The most frequent hazardous wastes in the complex are:  

1. Wasted Di ethanol amine originated in the sweetening gas plant. (77.9%) 
2. Silica sand used in sandblasting metallic equipment and structures. (14.5%) 
3. Biological sludge from the wastewater treatment plant. (2.42%) 
4. Empty containers of hazardous materials (diesel, crude, hydraulic and lubricant oils 

paints solvents, glues and refrigerants) generated in several activities of maintenance and 
operation. (2.18%). 



5. Hydrocarbons from the pig trap launcher operation. 
6. Wasted hydraulic and lubricant oil from equipment maintenance and operation. 
7. Filtros de diesel y aceites usados en el mantenimiento de equipos. 
8. Wasted Tow and rag used in maintenance activities impregnated with hazardous 

materials (diesel, crude, hydraulic and lubricant oils, paints solvents, glues and 
refrigerants). 

9. Wasted activated Carbon from the potable water plant and dehydrating gas plant. 
 
Figure 4 shows the percentages of the hazardous waste in the complex.  
 
71% of the hazardous wastes are mixed with non hazardous waste, and according with the 
Mexican rule all of them became hazardous, increasing the amount generated. 
 
At the time of the study: 
76% of the residues were disposed in an external authorized final disposal facility,  
15% were incinerated in the housing platform  
8% is being recycled externally, and  
1% is reused in the facility. 
 
4. MINIMIZATION TECHNIQUES PROPOSALS. 
 

Once established the general landscape of the hazardous waste in the complex it was 
elaborated proposals to minimize the amount generated to reduce: liabilities as well as costs 
of management and final disposal. 

 
To identify minimization areas of opportunity we used the kaouru –Ishikawa diagram of 

cause – effect to identify the variables that are involved in the waste generation, proposing for 
them activities focused to reduce the wastes.  

 
The proposals were priorized according the next criteria: 
a) The amount generated using a Pareto diagram to reduce the most significant 

quantity, since 1 ninth of the residues (wasted di ethanol amine), generated 77.9% of 
the total amount in the complex (see figure 5). 

b) The environmental impact of the residues 
c) Technical feasibility 
d) Economical feasibility  
 

4.1) ENVIRONMENTAL IMPACT. 
 
The environmental impact assessment was established according the Mexican 

regulation. (LGEEPA, 1988), in the table 5 appears a classification of impacts on the 
environment  

 
The impacts were identified along the life cycle of the hazardous waste table 6 shows an 

example of impacts identified for four hazardous wastes in order to give priority.  



In this case the impacts area identified in each of the following fates and equipment or 
place in each fate after of being generated. 

a) Platform wharf and cantilever 
b) sludge boat 
c) reception storage wharf in land facility 
d) Temporal storage in the land facility such as: a tank in the wastewater treatment 

plant to receive oils and recycle to the processes, an incinerator at the platform and 
three covered storage areas in the land facility. 

 
In each of these fates the hazardous wastes could go to especial places such as a 
container (code B), a 200 l drum (code C), as the boat that transport junk (code D) as the 
temporal hazardous waste in land (code E) or an storage in platform (code R) as show in 
the examples of table 6. 
 

4.2) TECHNICAL FEASIBILITY: 
 
Is possible to obtain big success in the minimization just applying simple measurement 

like: using raw material environmentally friendly; optimizing packing procedures; avoiding 
the mixture of non hazardous with hazardous, and optimizing processes. 
 
In order to propose minimization techniques with technical feasibility, it was constructed 
matrixes the following criteria: 

√ 
√ 
√ 
√ 
√ 
√ 
√ 
√ 
√ 
√ 
√ 

√ 
√ 
√ 
√ 
√ 
√ 
√ 
√ 

a) Waste reduction 
b) Cost of treatment/deposition 
c) Reduction of Risk of exposition  
d) Cost of raw material reduction 
e) Extent of the present use in the industry  
f) Changes in product quality 
g) Cost in operation  
h) Cost in maintenance 
i) Time of implementation  
j) Difficulty of implementation 
k) Others 

 
The table 7 shows 35 different alternatives of minimization that involves activities 

related with: 
SOURCE REDUCTION: operational practices (15) 
SOURCE REDUCTION: changes of raw materials (2) 
SOURCE REDUCTION: technology changes (5) 
SOURCE REDUCTION: product changes (1) 
RECYCLING AND REUSE: (4) 
WASTES SEPARATION AND CONCENTRATION ( 3) 
TREATMENT FOR TOXCITY REDUCTION (3) 
FINAL CONFINING (1) 

 



Tables 8 and 8a shows the matrixes for di ethanol amine and silica sand, tables 9 and 9a, 
shows the results of apply the waste alternatives and the criteria. 
 
4.3) ECONOMICAL FEASIBILITY: 

 
The basic economic goal of any waste minimization is to reduce (or eliminate) waste 

disposal costs and to reduce input material costs (EPA, 1988). 
 
In order to evaluate the potential minimization projects identified in this study we obtain 

through interview operating personnel as well as management data related with: a) disposal 
fees, b) transportation costs, c) raw material costs and d) operating and maintenance costs, e) 
environmental impact costs 

 
Since the minimization projects identified involve significant capital cost the criteria of 

economical feasibility used in this study was the payback period in years, considering that 
those who payback period were more than five years do not have viability. Calculating the 
payback period as: 

 
 
 
 
 
 
 

5. ESPECIFIC MINIMIZATION PROPOSALS: 
 
According with the technical and economical criteria, the following projects were 

proposed: 
 

Waste Code no. Alternative 
code 

Cost 
Dlls. 

payback 
period 
years 

Objective

Wasted di ethanol amine  122 22 35,000 1.83 25% 
reduction 

Wasted Silica sand  011 24 65,000 3.84 30- 40 % 
reduction 

Biological sludge 031 22 NA NA 3% 
reduction 

Empty containers impregnated 
with hazardous materials or 
wastes. 

047,048, 
049  050 01 3,000  3 months 

30% 
reduction 

Used hydraulic oils 058 12 8,000 1.0 15% 
reduction 

Used Oil and diesel Filters 076 y 069 08 8,000 3 months 25% 
reduction 

Tow and rag impregnates with 015 y 054 08 8,000 3 months 35% 

Capital investment 
Payback period (years) = 

Annual operating costs 



Waste Code no. Alternative 
code 

Cost 
Dlls. 

payback 
period 
years 

Objective

hazardous wastes   reduction 
 

Wasted Activated Carbon  039 11 16,000 0-93 25 
reduction 

Aceites lubricantes usados 057 11 8,000 3 months 15% 
reduction 

Training to segregate 
hazardous wastes from non 
Hazardous 

01 03 32,000 3.3 
60% 
reduction 
 

 
The tables 10 and 10a shows the technical description of minimization projects for Di ethanol 
amine (34%), and silica sand from sandblasting (43%). 
 
6. CONCLUTIONS. 
 

In the complex are generated around of 372 ton of hazardous waste per year, created 
from unit operations such as phase separation, sweetening, and others, maintenance 
operations and surface cleaning of tanks pipelines and metallic structures for prevent 
corrosion.,  
 

89% of the wastes generated are managed in 200 l drums (liquids), 4 m2 metallic 
containers (junk and scrap impregnated with grease and oil) and paint cans, the other 11% are 
the infectious biological which are deposited in cardboard and incinerated in the housing 
platform, mixing the ashes with non hazardous wastes. 

 
The wastes in general are not identified nor quantified, since there is not a material 

balance or a program to identify spills and of leaching on the lines. 
 
The main source of hazardous waste is the mixture of 30% of hazardous waste with non 

hazardous waste which become also hazardous according with the Mexican rule. This source 
can be minimized or eliminated through courses to be aware about the problem and 
consequences and learn how to identify the wastes to segregate or separate them from the 
origin. This activity could reduce the problem as much as 60% (figure 6). 

 
92% of the hazardous wastes were identified as toxic. 
 
8.6 ton of wasted lubricant oil is recycled to the pipelines mixed with the crude. 

 
The more important environmental impact is discharges to the sea affecting 

phytoplankton and zooplankton and he food chain. 
 
The economic impact is related with cost to treat non hazardous with hazardous wastes, 

increasing the costs in 14%  



 
Individually the hazardous wastes are: 
 
Wasted di ethanol amine (DEA) generated in the sweetening process is the major 

hazardous waste generated in the complex, which could be reduced through controlling the 
setting operation limits, specifically the temperature and composition of the reactive in the 
processes. 

 
Silica sand from sandblasting is the second major waste generated in the complex and 

the 30% of them are potentially reusable in the same process since tem are in he screen size 
required for the operation with the abrasive properties. 

 
The DEA and silica sand are about the 77% of the total hazardous wastes, if are 

minimized a significant portion of those residues, the total amount of the wastes generated is 
substantially reduced.(see figure 8)  

 
The DEA is generated in the complex because the process don’t have cartridge for rich 

DEA, and as it is not filtered increase the solid content in the regenerator tower, increasing 
also operation temperature which promote the DEA degradation and the sludge formation in 
the bottom of the tower. 

 
There is a great potential to minimize the DEA residual just setting operational limits on 

composition and temperature to increase the efficiency and reduce the wastes. 
 
According with the quantification and inventories of wastes, proximately an 70%  can be 

reduced with simple measurement such as incorporating the wasted oils into the process lines 
to send them to storage facility in land and after to refineries and the reuse and recycling of 
silica gel from sandblasting  

 
If are implemented minimization activities the saving costs are fundamentally in the 

transportation aspects, since is very expense transport from platform to the coastline. 
 
Finally, the most important activity is related with the training of personnel in order that 

they can identify wastes, segregate them and manage according with the Mexican code that 
include labeling containers that must be closed. 
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TABLES  
 
Table 1:  EXAMPLE OF EQUIPMENT: COMPRESSION PLATFORM. 

Equipment Capacity 
 

Type or brand Amount 
Design Operation 

Turbo compressors Delaval 4 360 MMPCD NA 
 
Turbo generators 

Ideal Electric  
2 

 
5120 KW 

NA 

 
Generators 

Ideal Electric  
4 

 
2944 KW 

NA 

 
Sweetening  

Howebaker  
3 

 
10 MMPCD 

NA 

High pressure rectifier tank NA 3 30 MMPCD NA 
Low pressure rectifier tank NA 1 NA NA 
Heating oil furnace  Eclipse 1 NA NA 
Heating oil furnace IMP 1 NA NA 
 
Flare 

30 m height  
30" diameter 

 
1 

NA NA 

 
 



Table 2. HAZARDOUS WASTE CATALOG 
No Hazardous Waste tracking code CRETIB 

CODE 
Hazardous waste description Official 

Mexican code
1 2.2.1/abs/tab/P3/AA/119 T,I Wasted Di ethylene glycol RPE2.1/13 
2 6.1.1 ps/pemp/GIML/P2/AA/011 T Stained sand or soil with paint.  RP 8.1/05 
3 1.2.2/tpc/smtt/T123/AA/011 T Used silica sand  RP 8.1/05 

4 1.2.2/tpc/em/GIML/P123/AA/015 T,I Stained tow and rag with paint RP 8.1/05 

5 1.1.6/mto/ep/P123/AA/054 T,I Stained personal protective 
equipment (gloves, shirts and pants) 

RP 8.1/05 

6 1.1.1 pin/eaa/GIML/H3/AA/050 T,I Stained Solid wasted with paint. RP 8.1/05 
7 7.1.1 mto/ibg/POL/C4/AA/054 

 
T,I Stained solid waste with solvents 

(thinner, varnish)) 
RP 8.1/05 

8 1.2.1/tpc/em/ 
GIML/C123/AA/050 

I Empty paint containers RPNE1.1/01  

9 3.2.3 pin/mci/POL/T2/AA/015 
 

T,I Paints, solvents, sludge, cleaners and 
waste of cleaning and painting.  

RPN 8.1/05 

10 2.2.1/abs/tab/C3/AA/ CAS 
100378 

T Di ethanol amine CAS 1003783 

11 2.2.1/fil/pe/C3/AA/039 T Saturated active carbon from DEA 
filtration in H2S absorption tower 

CAS  
100378 

12 6.1.2mto/pd/POL/C4/AA/050 
 

T Empty hazardous materials and 
waste containers 

RPNE 1.1/01 

13 1.2.1/tpc/em/ IML/P123/AA/050 T Empty solvents containers (thinner) RPNE 1.1/01 
14 1.1.1.1/mto/mci/C1/AA/068 T,I Empty drum and containers stained 

with lubricant oil 
RPNE 1.1/03 

15 2.1.2 mto/me/POL/T2/AA/140 
 

T,I Stained tow and rag with dielectric 
oil 

RPNE 1.1/04 

16 1.1.5/mto/ep/C123/AA/016 T,I Stained tow and rag with solvents 
(thinner) 

RP 8.1/05 

17 1.3.3/lid/cd/C1/AA/043 T,I Stained tow and rag with crude RP 15.1/03 
18 1.2.2 mto/eaa/GIML/H3/AA/054 

 
T,I Stained tow and rag with hazardous 

materials and waste 
RPNE1.1/01 

19 1.1.4/mto/ep/C123/AA/054 T,I Stained tow and rag with lubricant 
oil 

RPNE1.1/03 

20 1.1.4/mto/ep/C123/AA/056 T,I Stained tow and rag with hydraulic 
fluid. 

RPNE1.1/03 

21 1.3.2/lid/cd/C1/AA/027 T Sludge from traps  RP10.2/03 
22 3.1.1/fc/fcn/C1/AA/034 T Sludge from basket filters RP 10.3.7/01 
23 1.1.2/mto/mci/C1/AA/037 T Batteries RP14.1/03 
24 3.1.3 mto/mci/AA/T3/AA/069 T Sludge from filters and separators RPNE 1.1/03 
25 3.1.4 mto/mci/AAT2/AA/056 T Maintenance operations sludge  RPNE1.1/02 
26 1.1.3/mto/mci/C1/AA/076 T,I Oil waste filter RPNE1.1/03 
27 2.2.1/fil/pd/P3/AA/120 T,I Di ethylene glycol filters RPNE2.1/13 
28 2.2.1/fil/pe/C3/AA/ CAS 100378 T,I Di ethanol amine filters CAS 100378 
29 1.1.7/mto/pemp/C123/AA/074 T,I Stained Scrap stain with oil RPNE1.1/03 
30 1.1.1/mto/mci/C1/AA/057 T,I Lubricant oil waste RPNE1.1/03 
31 2.1.1 aep/com/POL/H2/AA/127 

 
TB Infectious wastes from medical 

service 
RPNE1.2/06 

 



TABLE 3.EXAMPLE OF HAZARDOUS WASTES GENERATED (PERMANENT PLATFORM) 
AREA UNIT 

PROCESS/ 
OPERATION 

OR ACTIVITY 

SOURCE OR 
EQUIPMENT  

HAZARDOUS 
WASTE 

GENERATED 

TON/
year 

Waste tracking code 

Maintenance 
1. Lubricant oil 96.67 1.1.1/mto/mci/C1/AA/057 
1.1 Empty oil 
container 

 1.1.1.1/mto/mci/C1/AA/068 

2. Batteries 0.254 1.1.2/mto/mci/C1/AA/037 

I
c
nternal 
ombustion 

engines 

3. Oil lubricant 
filters 

1.9 1.1.3/mto/mci/C1/AA/076 

4. Stained tow 
and rag with 
oil. 

1.03 1.1.4/mto/ep/C123/AA/054 

5. Stained tow 
and rag with 
solvents 

1.03 1.1.5/mto/ep/C123/AA/016 

Equipment and 
its parts 

6. Stained 
personal 
protective 
equipment 
(gloves, shirts and 
pants) with oil. 

1.03 1.1.6/mto/ep/C123/AA/054 

Maintenance electric 
and mechanic 
workshop 
Area of turbo 
compressors, turbo 
generators, pumps and 
cranes. 
 
Mechanical and 
electric maintenance 
workshop. 
 
Area of Turbo 
compressors, turbo 
generators, pumps and 
cranes. 

1.1 Preventive 
and corrective 
maintenance 
 

Structural 
metallic parts 
and equipment 
parts 

7. Stained scrap 
with oil. 

N.D 1.1.7/mto/pemp/C123/AA/07
4 

1. Empty paint 
and solvents 
containers 

0.9 1.2.1/tpc/em/ 
GIML/C123/AA/050 

2. Stained tow 
and rag with 
paint 

0.9 1.2.2/tpc/em/ 
GIML/C123/AA/015 

Metallic 
structures, 
tanks and pipes. 
 

3 Stained 
personal 
protective 
equipment 
(gloves, shirts 
and pants) with 
oil.  

0.9 1.2.3/tpc/em/ 
GIML/C123/AA/017 

Corrosion prevention 
workshop 

1.2  Corrosion 
prevention 

Metallic 
structures, 
tanks and pipes. 

4. Sand blasting 
silica sand 

23 1.2.4/tpc/smtt/GIML/C123/A
A/011 

Production and 
operation. 

1.3 Internal 
cleaning of parts 
and pipes. 
 

Change of 
flange and 
union 
 
 

1. Asbestos 
flanges 
 

0.39 1.3.1/lid/brd/C123/AA/088 



AREA UNIT 
PROCESS/ 

OPERATION 
OR ACTIVITY 

SOURCE OR 
EQUIPMENT  

HAZARDOUS 
WASTE 

GENERATED 

TON/
year 

Waste tracking code 

2. Sludge  0.5 1.3.2/lid/cd/C1/AA/027 Pig trap 
3. Stained tow 
and rag with 
crude 

N.D 1.3.3/lid/cd/C1/AA/043 
  

 4. Stained 
personal 
protective 
equipment 
(gloves, shirts 
and pants) with 
oil. 

N.D 1.3.4/lid/cd/C1/AA/044 

Gas treatment plant. 
 

2. Gas treatment (Dehydration) 

1 Carbon 
activated filters 
with di ethylene 
glycol. 

ND 2.2.1/fil/pd/P3/AA/039 
 

2.1 Filtration 

2 Saturated di 
ethylene glycol 
filters (Cartridge) 

0.3 2.2.1/fil/pd/P3/AA/120 

2.2 Absorption 1. Di ethylene 
glycol 

15 2.2.1/abs/tab/P3/AA/119 

 

2.3 Di ethylene 
glycol 
regeneration. 

Gas treatment 
plant. 

1.Solution 4.5 2.3.1/reg/pd/P3/AA/046 

3. Filtration 
3.1 Crude 
filtration 

Basket and 
duplex filters  

1. Sludge from 
basquet filters  

2.4 3.1.1/fc/fcn/C1/AA/034 
Operation 
 
 

3.2 Gas filtration Heating system 
for combustible 
gas. 

1. Saturated 
active carbon. 

0.12 3.2.1/fg/sct/C1/AA/039 

Wastewater 
treatment  
 

3.3 Wastewater 
treatment. 

Wastewater 
treatment plant 

1. Sludge N.D 3.3.1/ta/pt/C1/AA/031 

 
 
 
 
 
 
 
 
 
 



 
TABLE 4: TOTAL HAZARDOUS WASTES GENERATED IN THE COMPLEX 

N. Wastes Housing 
(ton/month) 

Connection 
Ton/month 

Drilling 
Ton/month

Temporal 
(ton/month)

Compression 
(ton/month) 

Telecom 
(ton/month) 

TOTAL 
(ton/year) 

PERCEN
TAGE 

1 Empty containers of 
varnish and solvents 0.0066045 0.00217455 0.349835 0 0 0.0011328 4.316962 2.035177 

2 Impregnated Gloves 
with paint and oil 0.0075 0.0012 0.012575 0 0 0.0002 0.2577 0.1214803

3 Refrigerated wasted 
oil 0.00004 0 0 0 0 0 0.00048 0.0002287

4 
Metallic container 
impregnated with 
surface waterproof 

0.0022875 0 0 0 0 0 0.02745 0.0129785

5 Infectious biological 
wastes  0.002455 0  0 0 0 0.02946 0.0138361

6 Used diesel 0.0001 0 0.01 0 0 0 0.1212 0.0571453

7 Activated carbon 
used 0.05 0 0 0 0 0 0.6 0.2828679

8 
Impregnated 
paintbrush with 
paints and varnish 

0.000165 0.00014705 0.000211 0.00665 0.00691 0 0.168997 0.0796258

9 Mercury lamps 
wasted 0.006 0 0 0 0 0 0.072 0.0339042

10 

Tow and rag 
impregnated with 
lubricant oil, paint  
thinner and primer 

0.030206 0.01399 0.0395 0.00742 0.0135 0.0006249 1.262891 0.5953039

11 Biological sludge 0.498 0.00625 0.05 0 0.00398 0 6.69876 3.158001 

12 
Impregnated 
containers with 
thinner 

0 0.00195932 0.0672 0.00501 0.00489 0.00003528 0.949135 0.4474882

13 
Impregnated 
containers with 
glues 

0.00142 0 0.0000545 0 0 0 0.017694 0.0083402

14 wasted Oiled  filters 0 0 0 0.11625 0 0 1.395 0.6576429

15 Used Diesel filters  0.0275 0 0 0 0 0 0.33 0.1555774

16 

Impregnated 
containers with 
diesel and 
degreasers 

0.00075 0.000095 0 0.00711 0 0 0.09546 0.0450016



N. Wastes Housing 
(ton/month) 

Connection 
Ton/month 

Drilling 
Ton/month

Temporal 
(ton/month)

Compression 
(ton/month) 

Telecom 
(ton/month) 

TOTAL 
(ton/year) 

PERCEN
TAGE 

17 

Metallic drum 
impregnated with 
lubricant and 
hydraulic oils  

0 0.000095 0 0 0 0 0.00114 0.0005331

18 Impregnated bottle 
of grease 0 0.0005625 0 0 0 0 0.00675 0.003186 

19 

Impregnated 
containers with 
Giptron and JT-99 
chemicals  

0 0.000738145 0.000771 0.00641 0.00476 0 0.15215 0.0717224

20 Wasted hydraulic 
oil 0 0 0.133878   0 1.606536 0.7573785

21 Wasted lubricant oil 0.000081 0 0.03 0.00816 0.00923 0 0.569652 0.2685587

22 Wasted sand blasted 0 0 0.0000544   0 0.000653 0.000305 

23 Wasted Di ethanol 
amine 0 0 0 0 16.12 0 193.44 91.193617

 TOTAL 
(ton/month) 0.633109 0.027211565 0.6940789 0.15701 16.16327 0.00199298 212.1201 100.000 

 TOTAL (ton/year) 7.597308 0.32653878 8.3289468 1.88412 193.95924 0.02391576   

 



 
Table 5 ENVIRONMENTAL IMPACTS IDENTIFICATION 
 

Water Code 
Water quality degradation  4 
 Water pollution with heavy metals, oil and greases and other hydrocarbons 4.1 
Sea pollution with heavy metals, oil and greases and other hydrocarbons 4.2 
Wastewater discharges  4.3 

AIR 
 

Air quality degradation 5 
Particulate emissions 5.1 
Air pollution with hazardous gases (H2S, CO2, CO, NOx) 5.2 
6. Ozone layer destruction by CFC’s emission 6 

MARINE ENVIRONMENT 
 

Water quality modification 7 
Water pollution with heavy metals, oil and greases and other hydrocarbons 7.1 
Marine environment polluted with hazardous wastes discharges  7.2 
Physical and chemical properties changes by hazardous wastes discharges  7.3 
Brightness reducing 8 
Turbidity changes 9 
Air-sea exchanges interferences 10 

BIOTA  
Primary productivity reduction 11 
food chain Affection 12 
Protected wildlife alteration 13 
Habitat alteration 14 
Ecological niches losses 15 
Flooded Coastal areas alteration (RAMSAR international agreement) 17 

PROCESS/ ECONOMIC FACTOR  
Process affected  18 
Cost increments affection 19 

SAFETY AND HYGIENE   
Health workers affection 20 
Productivity reduction 21 
Unsafe conditions 22 
Accidentability increment 23 
Working quality alteration 24 
 



Table 6 Used diesel filters 
Fate 1 Fate 2 Fate 3 Final fate 

Raw 
mater 
input 

Unit 
operation or 

process 
waste code  

Code Impact Code Impact Code Impact Code Impact 

2.1.1 mto/mci/POL/P1/PA/076 2.1. 
Diesel 
filters 

Equipment 
operation 

6.1.4 mto/bc/POL/H2/PA/076 

B. 24. R. 7.2. D. 7.2. E. 

 

 
Table 6 Used oil filters 

Fate 1 
Platform wharf

Fate 2 
Sludge boat 

Fate 3 
Land wharf 

Final fate 
Storage areas Raw 

mater 
input 

Unit 
operation or 

process 
waste code  

Code Impact Code Impact Code Impact Code Impact 

3.1.3 mto/mci/POL/T3/PA/069 

Oil filters 
Internal 

combustion 
Machines  

maintenance 7.2.5 mto/tb/POL/T2/PA/069 

B. 24. R. 7.2. D. 7.2. E. 2.1. 

 
Table 6 Oily sludge 

Fate 1 
Platform wharf

Fate 2 
Sludge boat 

Fate 3 
Land wharf 

Final fate 
Storage areas Raw 

mater 
input 

Unit 
operation or 

process 
waste code  

Code Impact Code Impact Code Impact Code Impact 

Sludge Wastewater 
treatment 4.3.1 te/pt/POL/H2/PA/031 C. 7.2. 

20. R. 7.2. 
20. D. 7.2. 

14. E. 20. 

 
Table 6 Wasted activated carbon 

Fate 1 
Platform wharf

Fate 2 
Sludge boat 

Fate 3 
Land wharf 

Final fate 
Storage areas Raw 

mater 
input 

Unit 
operation or 

process 
waste code  

Code Impact Code Impact Code Impact Code Impact 

Water Potable 7.1.1 ta/pp/POL/H2/PA/039 
Activated 
Carbon  

Sweetening 
plant 3.1.5 mto/pd/POL/C4/PA/039 

C. 20. R. 20. D. 7.2. E. 1. 

 
 

TABLE 7.MINIMIZATION ALTERNATIVES 



 

No. Alternative 

SOURCE REDUCTION: Related with operational practices 
01 Personnel training  
02 Management procedures changes 
03 Waste streams separation 
04 Loss prevention 
05 Management practices  
06 Materials management improvement  
07 Production Scheduling 
08 Inventories Management 
09 Material Suppliers supervision  
10 Storage procedures  
11 Maintenance Scheduling 
12 Maintenance procedures changes  
13 Services suppliers supervision  
14 Clearing procedures changes  
15 Spilled material collection for reuse  

SOURCE REDUCTION: Related with raw material changes 
16 Purification 
17 Substitution 

SOURCE REDUCTION: Technology changes  
18 Equipment 
19 Spills potential sources elimination 
20 Processes 
21 Automatization 
22 Operational limits 

SOURCE REDUCTION: Products changes 
23 Product changes  

RECICLING /REUSE 
24 Recovering and internal recycling  
25 Recovering and recycling external 
26 Materials sales 
27 Energy recovering trough incineration 

WASTE SEPARATION AND CONCENTRATION 
28 Toxic Waste Segregation or separation from no toxic for recovering or reuse  
29 External applications of wastes as raw materials 
30 External application as energy source  

TREATMENT 
31  Physic and chemical 
32 Biologic 



No. Alternative 
33 Thermal 

CONFINING 
34 Controlled confining 
35 Landfill  

 
 

TABLE 8. ALTERNATIVES FOR DI ETHANOL AMINE GROUP OF RESIDUE  
CODE MAIN PROCESS Choice 1 Choice 2 Choice 3  Choice 4 

4.1.1 end/fdr/POL/C4/PA/122 3.3 Dryness 
operation 

22    

 
TABLE 8a. ALTERNATIVES FOR SILICA SAND IMPREGNATED WITH PAINT  

CODE MAIN PROCESS Choice 1 Choice 2 Choice 3  Choice 4
6.1.1 ps/pemp/GIML/P2/PA/011 metallic equipment 

painting  
24    

1.2.1 ps/pemp/POL/E1/PA/011 Maintenance 
(sandblasting) 

24    

1.2.1 mto/smtt/POL/T1/PA/011 Maintenance 
(sandblasting) 

24    

 
TABLE 9. CRITERIA/ALTERNATIVE FOR DI ETHANOL AMINE GROUP RESIDUE 

CRITERIA 
ALTERNATIVE 

a b c d e f g H i j k TOTAL 

4.1.1 end/fdr/PÓL/E3/PA/122             
22 ✓           1 

 
TABLE 9a. CRITERIA/ALTERNATIVE FOR DI ETHANOL AMINE GROUP RESIDUE 

CRITERIO 
ALTERNATIVA 

a b c d e f g h i j k TOTAL 

6.1.1 ps/pemp/GIML/P2/PA/011             
24 ✓           1 
24  ✓       ✓    2 
1.2.1 ps/pemp/POL/E1/PA/011             
24 ✓           1 
24  ✓       ✓    2 
1.2.1 mtot/smtt/POL/T1/PA/011             
24 ✓           1 
24  ✓       ✓   2 

 
 
 
 



TABLE 10. TECHNICAL DESCRIPTION OF MINIMZATION ALTERNATIVE 
MINIMIZATION ACTIVITIE: 
Recovering and reuse of silica sand from sandblasting of tanks pipeline and metallic 

structures 
Waste: 
Silica sand impregnated with paint (code 011 ) 
JUSTIFICACIÓN: 
Since the silica sand impregnated with Saint is a large amount (second one), a significant 

reduction could impact over the total amount generated in the complex  
In the lab it was observed that around 40% of the waste comply with the specifications 

for sandblasting, and other fraction could be used in other process. 
 
TECHNICAL DESCRIPTION 

1. Recovering of the sand in the screen size required for sandblasting 
2. Reuse of other fraction without treatment in processes such as: a) injection in a cement 

matrix to reinforce structures. b) reuse as raw material for cement manufacturing, c) reuse 
as raw material for refractory and brick materials and d) reuse as raw material to molds 
and hearths in the foundry industry  

3. Reuse in operations such as a) filling material in excavations, b) road construction, c) to 
stop trains d) as barrier in flooding e) to fire extinction and as foundry sand. 

4. To develop this alternatives is necessary to  
a) Screen the silica sand to recover the 40% between 10 and 30 numbers for use in 

several alternatives, and in the screen size from 30 to 150 to recover 50% for other 
alternatives. 

b) Remove the paint through washing with solvents such as methanol or propilic 
alcohol, with dryness and sludge recovering as non hazardous to disposal  

c) Remove the paint through ultrasound in a fluidized bed and separation by elutriation 
OBJETIVES: 
 

1.  Recover between 30% to 40% for reuse in the facility in sandblasting  
2.  Treat between 40% to 50% for other  uses  

ESTIMATED TIME TO IMPLEMENT THE ALTERNATIVES: 
 Eight months 
IMPLEMENTATION COSTS 
Initial investment: 65,000.00 dlls 
Annual operation costs: 25,000.00 dlls. 
 
PAYBACK RETURN: 
3.84 YEARS FOR ALL THE OPTIONS 
 
 
 
 
 
 
 



 
Tabla 10a. TEHCNICAL DESCRIPTION FOR A MINIMIZATION ALTERNATIVE 

MINIMIZATION ACTIVITY: 
DEA Recovery through filtration and automatization of the processes  
SOURCE REDUCCIÓN, (20) PROCESS (24) RECYCLING AND RECOVERING. 
TECHNICAL DESCRIPTION: 
1. Add filters to the process 
2. Add instrumentation to the process to control the variables that contribute to degrade 

the DEA 
3. To develop this alternatives is necessary to do: 
a) Install cartridge filters to reduce solids, wasted DEA and sludge  
b) Install instruments to measure pressure drop in the cartridges in order to make the 

cartridge changes as necessary, and keep a high efficiency filtration. 
OBJETIVES: 
1. 25%  of new DEA substitution  
2. 20% of Filter cartridge changes  
ESTIMATED TIME 
Three months 
IMPLEMENTATION COST: $35,000.00 
PAYBACK RETURN YEARS: 1.83 

 
 
 
 



 
FIGURES 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONNECTION
PLATFORM 

DRILLING 
PLATFOR

M 
 

COMPRESSION
PLATFORM 

TEMPORAL
PLATFORM 

TELECOMMUNICATIONS 
PLATFORM  

HOUSING 
PLATFORM 

Figura 1.- OFFSHORE COMPLEX PLATFORMS 
  

 
 
 



 
 
 
 

Compressor 

To land 
storage 
facility 

 

Rectifier 
2a. Stage 

Separator 
2a. stage 

 

 

Rectifier 
1er.stage 

Separator 
1er. stage  

Gas 
input 

 
 
 
 
 

 Gas 
Input 

 
 
 
 
 

Mixture 
Gas-oil 

 
 
 
 
 
 Mixture 

Gas-oil 
 
 
 
 
 

oil  
 
 
 
 

pump  
 
 
 
 
 
 
  Figure 2. General processes in the compression platform 
 
 
 



 
 

INPUT PROCESS OUTPUT 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

H2S 
Production 

package  

To relief header 

POOR DEA FILTER 
(ACTIVATED 

CARBÓN) 

CORROTIÓN 
INHIBATOR 

CONDENSATOR 

REFLUX TANK 

 REGENERATOR  
TOWER 

RICH DEA FILTR 
(CHARTRIDGE) 

RICH DEA 
SEPARATOR 

ANTIFOAM TANK 

GAS FUEL 
SEPARATOR 

 ABSORBING 
TOWER 

DEA COOLER 

DEA BALANCE  
TANK 

SWEET GAS 
FUEL  

Sour Gas from 
compression area 

MANTEINANCE. 
(Cleaning and supply)) 

 
1. water polluted with 

DEA 
2. Wasted DEA.  

MANTEINANCE 
(CLEANING AND 

SUPPLY) 
 

1. Pressurized water. 
2. New DEA. 
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Figure 4. MAJOR HAZARDOUS WASTES GENERATED IN THE COMPLEX  
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ABSTRACT 
 

 
This paper report results from the bioremediation of a site with 23,000 tons of soil, 

polluted with oily waste from the operation of a pig trap launcher system on a crude oil 
Storage Facility. The Site had an average concentration of 26,000 ppm of total petroleum 
hydrocarbons, which were characterized with a median composition of C37 (C12 – C68). The 
concentration was reduced to an average of 500 ppm Top’s, below the 2,000 ppm of TPH’s 
rule for industrial soil in Mexico. The total processes occurred in 4 and half months through 
static biopiles mechanically aerated, with a consortium of pseudomona putida and 
Bacillus.Sp The bioremediation was enhanced trough enzyme mechanisms with the use of 
agrochemicals, hormones and vitamins, as well as cofactors. 
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INTRODUCTION 
 
México have large reservoirs of hydrocarbons, most of them located along the Mexican Gulf 
Coast in the Campeche Sound. In this area there are many industries related with storage and 
distribution of hydrocarbons, as well as small refineries. 

 
The activities of production, transportation storage and use of hydrocarbons fuels according 
with the Environmental Protection Federal Attorney  Office (PROFEPA,1999) affected the 
soils with hydrocarbons spills and others environmental disasters, emphasizing that 70%  to 
80 % of soils are polluted with crude petroleum and related products. 

 
The area studied is located inside of a big Storage facility located in the southeast of México. 
This area is close to a pig trap launcher used for the receptions of crude oil from offshore 
facilities. The area was used more than 10 years like a pit to manage the wastes generated in 
the pig, mixed with others oily wastes from cleaning of pipelines and tanks as wells as debris 
and construcion wastes. Polluting not only the natural soil but also the underground water. 

 
The present work describes the experience in the soil restoration of the area described which 
has a surface of approximately 100 m x 50 m, with 23,000 tons of polluted soil. This soil was 
removed and treated with different techniques such as land farming, chemical washing and 
biodegradation with the use of aerated biopiles, technique that is presented in this paper. 

 
The techniques used obtain results that comply with the Mexican rule NOM EM-138-ECOL-
2002 which establish that for soil with industrial use, the maximum concentration of 
hydrocarbons allowed are 2000 ppm.  
 
The affected zone is a sandy soil coastal area with the water table at 2 m of maximum depth 
with a tropical climate and the entire process was conduced in the rainy season. 

 
Previous to the restoration, geotechnical, and other characterization studies were made that 
described the conditions. It is important to notice that in the area were focalized points with 
more than 100,000 PPM, and that also the underground water was polluted. 

 
The Project objective was to reduce in six months the hydrocarbon concentration in soil from 
an average of 46,000 PPM to less than 2000 PPM according with the Mexican rule  

 
Since the points with more than 100,000 pm affected the bioremediation processes due to the 
high toxicity for the bacterium. It was necessary first to clean the water recovering the crude 
between the soil and the saturated zone through pumping, sending it to a recovered tank in 
the facility, as well as remove the focalized points which were sent to confine.  

 
Four biopiles were constructed with homogeneous material with concentration less than 
50,000, when the material contained more than this amount, it was washed with surfactant to 
recover the crude and after that the concentration were reduced, placed in the biopiles. 

 



The degradation processes was conducted as usual supplying air from he top and bottom, 
nutrients, water carbon source and cofactors, dropping the concentration quickly in 20 days to 
less than 20,000 PPM and in the next 64 days the rate slowed until became stagnant around 
11,000 PPM, with a projected time of six months to obtain the target concentration. 

 
At the time we experimented with agrochemicals that contained enzymes, vitamins, metals 
and vegetal hormones and in less than one month we obtained the target concentration. 

 
In order to explain the entire processes we assumed that the mechanism of induced enzymes 
occurred, designing in parallel an experiment in laboratory conditions to support our 
hypothesis, since we are still working to optimize the process, we present the results obtained 
until now  

 
The following text describe the entire process of the soil biorestauration  

 
METHODOLOGY AND RESULTS 

 
1- Sampling and characterization 
 
The soil was sampled with an auger drilling equipment, since it was unconsolidated material, 
with borehole and samples in three different depths: 1.0 m; 2.5 m; and 4.0 m. The samples 
were analyzed for an external environmental laboratory accredited by the Mexican 
Accreditation Organization (EMA). The samples were sent with duplicates and controls to 
evaluate the concentration of hydrocarbons from petroleum and heavy metals (Zn, Ba, Cr, Pb 
and As, using the EPA techniques: EPA 418.1; EPA 8015 and EPA 8020 as well as 
chromatographic analysis in parallel samples were obtained for feasibility studies. 
 
The results showed that the areas had more than 2000 PPM of hydrocarbons that is the 
concentration allowed for the Mexican rule (NOM-EM ECOL-138-2002), and without the 
existence of heavy metals, BTEX and Polycyclic aromatic hydrocarbons. (Figure 1, 2 and 3)  

 
All the hydrocarbons identified in the chromatographic analysis were as lineal chain with 
carbon numbers between 11 to 60 with and a geometric average of 37 (Figure 4). The 
sampling points are showed in the Figure 5 

 
2. FEASIBILITY TESTS. 
 
There was a microbiological characterization with the technique Jackson and Chapman that 
showed a native population that consisted of consortium of Pseudomonas family, 
predominating the cepacea, aureginus and putida, all of them of aerobic nature. 

 
These bacteria were isolated and acclimated with the crude in a liquid medium and mixed 
with a commercial bacterium in solid granular form, consisted of a consortium of 
pseudomonas and bacillus Sp. 

 



This mixture with addition of enzymatic organic bioactivator with a composition of marine 
alga, minerals, panteotonic acid, niacine, thiamine, glutamic acid, and vitamins were used in 
four reactors with  the soil of the treatment area and a blank at different conditions of 
operation showing a good degradations rates, which was accelerated after 6 weeks with an 
increase of microorganisms (10 to 100 fc/100 g of soil), control of cometabolites and 
enzymatic stimulation, with addition of enzymes and .amino acids  

 
3. BIOTREATMENT OF SOIL. 
 
The process of biodegradation was planned in five stages as follows: 
 
FIRST STAGE: SITE PREPARATION 

 
2,408 m2 of adjacent land was prepared removing the vegetation and compacting the soil 
until 90% proctor density of compaction, with 3 degrees of slope, to direct the potential 
lixiviates to an underground collection tank of two cubic meter of capacity.  

 
The terrain was covered with a geomembrane of 2 mills, and was covered with a 2”of 
compacted clay. 

 
Air supply network construction: Over the geomembrane was placed a network of hydraulic 
PVC of 2” of diameter attached to an air compressor of 20 HP. The network had a four 
independent sections equipped with an air meter each one, to control the amount of air in 
each biopile. (Figure 6). 

 
SECOND STAGE: SOIL PROPERTIES:  
 
Soil physical and chemistry:  

 
As a first step, the physical and chemical properties of the polluted soil were characterized in 
order to obtain data for the feasibility tests of biodegradation, the results appears in the table 
1  
THIRD STAGE: BIOPILES CONSTRUCTION 

 
The polluted area was divided in sections and the concentration of total petroleum 
hydrocarbons was obtained in each section to proceed to construct the biopiles with a 
homogeneous concentration trough a balanced mixture. Four biopiles were constructed, each 
one with its own air supply network system  (figure 7) 

 
The conformation of the biopiles was realized with a caterpillar tread of six cubic meters of 
capacity and the start sequence showed in the figure 8 

 
At the same time of biopile conformation a bacterium consortium of Pseudomonas family 
and Bacillus Sp. Was added with nutrients such as nitrogen in urea form and phosphorus as 
calcium three phosphates. The oxygen was injected with the aid of the compressor which was 



working continually during 12 hours, alternating the injection in the biopiles according with 
the concentration detected in each one. 

 
The concentration was detected in the field with the aid of a qualitative indicator consisted in 
the petroleum extraction with CCl4 in a taped tube with silica gel to remove the water 
interference. The extract color was contrasted with colors of extracted of known 
concentration. 

 
FOUR STAGE: PROCESS CONTROL 

 
It was implemented a sampling program in eight points (figure 5) taking samples at surface, 
1.0 and 2.0 m to form a composite sample and make colorimetric qualitative determinations 
with a gram of the sample and sending to an EMA certified laboratory to analyze according 
with the EPA techniques mentioned, accepted in the Mexican rule. 

 
Additionally, the following parameters were monitored two times every day: temperature, pH 
and field capacity using mercury thermometer and Kelway Soil tester  

 
The next setting values were used for the control parameters (Atlas R.M, Bartha R, 1973) 
 

Parameter Values Method of Control 
pH 6-8 CaO or NaOH addition  
Water  40-0%% Plastic covers  
C/N/P 100/10/1 Addition of humic substances, as 

carbon source, CaO, NaOH and Ca3PO4 
 

FIVE STAGE: BIODEGRADATION RESULTS  
 

The biopiles 1 and 2 were used as controls obtaining the next results: 
 

The biodegradation process shoved three phases: 
 

The first one from day 0 to day 20 shoved a quick drop in the hydrocarbon degradation as 
typical in this kind of processes.  

 
The second one form day 20 to day 84 (64 days) we observed that the rate slowed until 
became stagnant. The chromatographic analysis showed that bacterium degrades the lineal 
chain of less than 22 carbons.  

 
In this phase we used intensively commercial humic substances: humic and fulvic acids, 
providing amino acids and showing the later surfactant properties, increasing the cationic 
exchange capacity of the soil to increase as well the bioavailability of nutrients and organic 
matter. 

 
Also was added Fe, Zn, S, Mg, Mn, Cu, B, Mo and Co as cofactors. And CaO, CuSO4, to 
control pH and promote the electrons exchange and improve the oxygenation conditions  



 
In the 71 day we started a bioaugmentation, keeping the bacterium population between 10 to 
100 UFC/100 g of soil adding also an agrochemical with properties of enzymatic organic 
bioactivator, as well as vitamins and vegetal hormones. 

 
 In this phase we also used an acclimated bacterium consortium in order to reduce the 
mortality of the bacterium when make in touch with the polluted soil. 

 
In the last phase during 13 days, we observed a rapid decrease in the hydrocarbon 

concentration.  
 

In this phase we keep the temperature between 36 to 42 Celsius degrees and a 6 to 7 of pH 
controlling this parameter with CaOH and NaOH due the salinity of the soil. 

 
The figure 9, shows the behavior during the 97 days of treatment, when we reach the target 
concentration. We supposed that the variations were by the heterogeneity of the soil 
translated to the sample. 
 

DISCUSSION 
Our hypothesis is that the next processes occurred in the last phase to reduce the initial 
concentration to the regulated value: 

 
The fulvic acid promotes the micelles formation and increased the bioavailability of the 
petroleum molecules to the bacteria action 

 
The initial cellular attack of the pollutants was oxidative processes, incorporating the oxygen 
through oxygenases and peroxidases. After that the molecules were broken the coenzymes of 
the tricarboxilic acid cycle increases the diversity of the reactions promoting that the different 
molecules of the substrate acting as electron donators and receptors. This action reduces the 
size of the long chains of the TPH’s.in the soil. Through infrared analysis in the laboratory it 
was observed that other smaller compounds are formed. 

 
The tricarboxilic acid cycle was promoted by the addition of vitamin B and humic 
substances, increasing the electron transference through the increase of the coenzymes NAD+ 

and FAD related with nicotinic acid and rivoflavin and synthesized by the cellules of vitamin 
B (Wilbraham A and Matta M, 1989). This hypothesis was supported with the increase of the 
ORP (oxidation -reduction potential), since ORP denotes the electron activity (Suthersan S.S, 
2002) which was measured in the field  

 
The tricarboxilic acid cycle also was promoted by the addition of metals ions that acts as 
cofactors  

 
The humic substances act as inducing molecules, promoting the enzyme induction, and since 
the enzymes induction depends on the concentration of the inducing molecules (Frtsche & 
Hofritcher, 2000) we used this substances in excess of the manufacturer recommendations. 

 



The humic substances contain acidic Amino acids: Aspartic and Glutamic; basic Amino 
acids: Arginine, Histidine, Lysine Ornithina; neutral Aminoacids (phenylalanine, Tyrosine, 
Glycina, Alanina, Valine, Leucibne, Isoleucine, Serine, Theronine, Proline, Hydroxyproline; 
Sulfur containing amino acids: Methionine, Cystine, Cysteic acid, Methinine sulphoxide, and 
other Miscellaneous. (Sparks D.L., 1995). These substances acts as protein base to the 
enzymes formation. 

 
In the laboratory, it was observed that related with the oxidation- reduction reactions, the rate 
of degradation increases when the water level is in the range of 70 to 80%, It is assumed that 
occurred due to that  the nutrients were absorbed with more efficiency.  

 

CONCLUSIONS 
 
The biodegradation of the total petroleum hydrocarbon was a success since we reached the 
targeted value in 97 days, even that the nature of the hydrocarbons showed that were 
recalcitrant to biodegradation. 

 
The process was accelerated, once that were used agrochemicals intensively with properties 
of surfactant, carbon source and that provides amino acids, metal ions and vitamins  

 
The process could be more efficient if it happened out of the rainy season, since the water 
excess was a problem, saturating the aeration system. 



 
TABLES  

 
Table 1:Soil Chemical and Physical characterization  

Parameter Value Observations 

Description  Homogeneous Fractured soil with dark brown 
color and hydrocarbons odor 

Composition 

Water 3.06 %  

Organic matter 0.11 %  

Mineral matter 96.83%  

Potassium 321.51 mg/kg  

Iron 7520.41 mg/kg  

Permeability 

Horizontal 11.41 cm/h  

Vertical 15.74 cm/h  

Porosity 0.28% As the ratio of apparent density and particle 
density. 

Saturation capacity 2.20%  

Apparent density 2.13 g/cm3  

 pH 6.89  

Ionic exchange capacity 3.21 meq/g Na 

Exchange after the soil was saturated with 
ammonium ions. Data obtained as the difference 
of  initial and final ionic concentration of an 
specific ion  
 

Adsorption and absorption velocity 

Adsorption 8.51 cm/s 

Absorption 11.08 cm/s 

Taken in a 10 cm3. probe with non compacted 
material in a screen mesh 60 
 

Bacterium population  
(Total bacteria) 

90,000 UFC/kg 
Total Coliforms; 
 

There are different species of bacterium in the 
Total.  

 



 
Table 2 TPH’s characterization in the biopile 1 (EPA418.1)  

Concentration 

Sample code Date TPH  
mg/kg DB 

Total 
Nitrogen  

mg/kg 

Total 
Phosphorus  

mg/kg 

No. of 
bacterium 

UFC/g 

Order 
number. 

BP1CM 02/10/02 14295 886.41   01-2669 
BP1-COM 19/10/02 25673   17810 01-2709 
BP1-COM 26/10/02 11590    01-2739 
BP1-COM 08/11/02 7663 848.48 34.22  01-2768 
BP1-COM 15/11/02 12765   36310 01-2792 
BP1-COM 21/11/02 8466 641.22 408.12  01-2819 
BP1-COM 28/11/02 12,841    01-2871 
BP1-COM 05/12/02 8,582 411.76 645.46  01-2891 
BP1-COM 13/12/02 9630   11080 01-2907 
BP1-COM 29/12/02 7867    01-2957 
BP1-COM 11/01/03 5021 473.68 45.75 13550 01-2974 
BP1-COM 18/01/03 582    01-2983 

BP1 24/01/03 436   346000 01-2996 
 
 
Table 3 TPH’s characterization in the biopile 2 (EPA418.1)  

Concentration 

Sample code Date 
TPH    

mg/kg BS 

Total 
Nitrogen 

mg/kg 

Total 
Phosphorus 
Total  mg/kg

No of 
bacterium 

UFC/g 

Order  
umber 

. 
BP2-COM 11/10/02 5910 1235.29 52.84   01-2693 
BP2-COM 19/10/02 26096     19670 01-2709 
BP2-COM 23/10/02 21576       01-2739 
BP2-COM 30/10/02 11534 595.74 188.83 46150 01-2749 
BP2-COM 15/11/02 5957     68900 01-2749 
BP2-COM 21/11/02 4081 425.86 489.93   01-2819 
BP2-COM 28/11/02 6184       01-2871 
BP2-COM 05/12/02 6321 408.01 545.24   01-2891 
BP2-COM 13/12/02 5466     64350 01-2907 
BP2-COM 29/12/02 4838       01-2957 
BP2-COM 11/01/03 4544 439.22 49.06 16040 01-2974 
BP2-COM 18/01/03 913       01-2984 
BP2 24/01/03 475     268200 01-2997 
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Figure 2.  Polluted Area 



 
 
 

Figure 3.Polluted area with water table affected  
 



 
 

 
Figure 4. Chromatogram Analysis of Soil 



 
Figure 5. Sampling points 
 
 

 
 

figure 6.   Air supply network system 



 
 
 

 
 
Figura 7. Treatment sequence 
 



 
 
figure 8.  Biopiles  
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Figure 7. Hydrocarbon  degradation through 97 days of treatment 
Figure 9. 1 and 2 Biopiles Performance through 97 days  
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Is There A Silver Lining 
Behind Those Dark, 
Ominous Regulatory 

Clouds for The Oil and Gas 
Industry?



Some of The Proposed EPA Clean 
Air Rules  And New Pipeline 

Integrity Rules Have Shown Some 
in The Industry a New Revenue 

Stream



Oil Was First Shipped in Wooden Barrels



OPEN PIT OIL STORAGE 
TRANSPORTED IN BARRELS



Redwood Used in Constructing The First Above 
Ground Tanks



OIL STORAGE FROM THE 
PAST



EARLY STEEL TANKS



Modern Oil Storage Facility



TANK OPERATIONS

As the oil As the oil 
resides in resides in 
the tanks, it the tanks, it 
gives off gives off 
vapors, vapors, 
thereby thereby 
increasing increasing 
the pressure the pressure 
inside the inside the 
tank.tank.



WHY LET $ ESCAPE INTO 
THE AIR?

$$

$$ $$ $$ $$
Besides being an Besides being an 
environmental environmental 
hazard, escaping hazard, escaping 
vapors actually vapors actually 
cost the operator cost the operator 
money.  What money.  What 
money?  money?  
UncapturedUncaptured
profits!!profits!!



PURPOSE
• Vapor Recovery units are designed to comply with EPA          
standards, provide additional profits to the oil producer 
and eliminate the emission of stock tank vapors to the 
atmosphere.  

• Most vapors contain varying amounts of methane, 
ethane, isopentane, propane, and butane and contribute 
to the gravity of lease crude.  

• Dissipation of these products to the atmosphere on a 
conventional tank battery means a reduction in gravity of 
the liquid in the tank, thereby decreasing its value.  

VAPOR RECOVERY 
SYSTEMS



Crude Oil Crude Oil 
AnalysisAnalysis

600 PSIG 
SEPARATION



OIL TANK 
STORAGE

This gas stream This gas stream 
reaches its most reaches its most 
valuable point valuable point 
during storage in during storage in 
the oil tank.  This the oil tank.  This 
gas has a BTU value gas has a BTU value 
of 2514 BTU/ cu. Ft.  of 2514 BTU/ cu. Ft.  
Obviously, this gas Obviously, this gas 
is worth capturing!is worth capturing!



Case Study – Chevron

• Chevron installed eight VRUs at crude 
oil stock tanks in 1996

Project Economics – Chevron 
Methane 

Loss 
Reduction 

(Mcf/unit/yr) 
 

Approximate 
Savings per 

Unit1
 

 

Total 
Savings 

 

Total Capital 
and Installation 

Costs 
 

Payback 
 

21,900 $43,800 $350,400 $240,000 <1 yr 
1 Assumes a $2 per Mcf gas price; excludes value of recovered NGLs.  Refer 
to the Lessons Learned for more information. 

 

 

Source: Natural Gas Star Partners



ANOTHER AREA ADDRESSED 
BY PROPOSED EPA RULES 
FOR FUGITIVE EMISSIONS

VENTED CASING HEAD GAS 
FROM OIL WELLS



CASING HEAD GAS IS GAS 
PRODUCED FROM AN OIL WELL

Oil Is pumped up the tubing and gas is 
allowed to flow up the casing.  

Then, from the well casing the gas flows 
into the line taking the oil to the tanks.





As the Reservoir’s Pressure is 
Depleted, Inflow Of Oil & Gas 

Slows.

Any Backpressure Against The

Reservoir Limits Oil Inflow Into 
The Well

So, It Is a Common Practice To 
Vent The Casinghead Gas To 

The Atmosphere 



CASINGHEAD PRESSURE 
REDUCTION

In the effort to wrench additional dollars In the effort to wrench additional dollars 
from existing production, more and more from existing production, more and more 
producers are turning to the use of low producers are turning to the use of low 
horsepower compression to enhance horsepower compression to enhance 
production from mature wellsproduction from mature wells..



RECOMMENDED PROCESS

Following 30 days 
of sustained 

production, an 
electric drive, skid 

mounted unit is 
moved to the 

location to test the 
well.    



RECOMMENDED PROCESS

Based on the 
proximity of the 
wells and line 

pressure, linking 
opportunities for 

multiple wells could 
be feasible



CASE STUDY - LEA CO., N.M.
One Compressor pulling 20 wells / Hobbs Area

 
BEFORE 
COMPRESSION

AFTER 
COMPRESSION

GROSS 
MONTHLY 
INCOME 
INCREASE 

 

CASINGHEAD 
PRESSURE 

30 PSIG 2 PSIG   

GAS  
PRODUCTION 

700 MSCFD 1,200 MSCFD 500 X $3.00 X 
30 = $45,000.00  

OIL 
PRODUCTION 

80 BBLD 130 BBLD 50X $20.00 X 
30 = $30,000.00  

 

DISCHARGE 
PRESSURE 

- 30 PSIG Total = 
$75,000 
per Month 

 

 



CASE STUDY - LEA CO., N.M.

 
BEFORE 
COMPRESSION

AFTER 
COMPRESSION GROSS 

MONTHLY 
INCOME 
INCREASE 

 

CASINGHEAD 
PRESSURE 

32 PSIG 0 PSIG   

GAS  
PRODUCTION 

45 MSCFD 95 MSCFD 50 X $3.00 X 30 
= $4500.00  

OIL 
PRODUCTION 

2 BBLD 11 BBLD 9 X $20.00 X 30 
= $5400.00  

 

DISCHARGE 
PRESSURE 

- 33 PSIG Total = 
$9,900 per 
Month 

 

 



CASE STUDY - LEA CO., N.M.
Hobbs Area

 
BEFORE 
COMPRESSION

AFTER 
COMPRESSION GROSS 

MONTHLY 
INCOME 
INCREASE 

 

CASINGHEAD 
PRESSURE 

50 PSIG 2 PSIG   

GAS  
PRODUCTION 

200 MSCFD 250 MSCFD 50 X $3.00 X 30 
= $4500.00  

OIL 
PRODUCTION 

30 BBLD 35 BBLD 5 X $20.00 X 30 
= $3000.00  

 

DISCHARGE 
PRESSURE 

- 50 PSIG Total = 
$7,500 per 
Month 

 

 



Case Study – Ector County
4 Separate Compressors / Multiple Wells  

Cowden Area

 
BEFORE 
COMPRESSION

AFTER 
COMPRESSION GROSS 

MONTHLY 
INCOME 
INCREASE 

 

CASINGHEAD 
PRESSURE 

45 PSIG 2 PSIG   

GAS  
PRODUCTION 

Incremental 
Gas  
Produced 

18 MSCFD 
12 MSCFD 
7 MSCFD 
8 MSCFD 

45 X $3 X 30 
 = $4,050  

OIL 
PRODUCTION 

160 BBLD 
50 BBLD 
46 BBLD 
17 BBLD 

180 BBLD 
115 BBLD 
58 BBLD 
27 BBLD 

107 X $20.00 X 
30 = $64,200.00  

 

DISCHARGE 
PRESSURE 

- 45 PSIG $68,250 
per Month 

 

 



CASE STUDY – Howard County
Big Springs Area

 
BEFORE 
COMPRESSION

AFTER 
COMPRESSION

GROSS 
MONTHLY 
INCOME 
INCREASE 

 

CASINGHEAD 
PRESSURE 

60 PSIG 2 PSIG   

GAS  
PRODUCTION 

0 MCSFD 25MCSFD 25 X $3.00 X 30 
= $2,250  

OIL 
PRODUCTION 

2 BBLD 6 BBLD 4 X $20.00 X 30 
= $2,400.00  

 

DISCHARGE 
PRESSURE 

- 58 PSIG $4,650 
per 
Month 

 

     

 

* Without compression, well gas locks* Without compression, well gas locks



CASE STUDY - COLEMAN 
CO., TX.

 
BEFORE 
COMPRESSION

AFTER 
COMPRESSION

GROSS 
MONTHLY 
INCOME 
INCREASE 

 

CASINGHEAD 
PRESSURE 

25 PSIG 0 PSIG   

GAS  
PRODUCTION 

31 MSCFD 110 MSCFD 79 X $3.00 X 30 
= $7110.00  

OIL 
PRODUCTION 

21 BBLD 117 BBLD 96 X $20.00 X 
30 = $57,600.00  

 

DISCHARGE 
PRESSURE 

- 85 PSIG $64,710 
per 
Month 

 

     

 



Now, What If There Is No 
Pipeline Close Enough To 

Sell The Gas You’ve 
Captured To Meet 

Proposed EPA Rules?

Or The Gas Is Of Poor 
Quality And It Can’t Be 
Sold. High N2 Or CO2



CONVERTING CONVERTING 
GAS GAS 

MOLECULES MOLECULES 
TO TO 

ELECTRONSELECTRONS



A Significant Portion of Expenses



A Significant Portion of Expenses
Electric Costs 

27%



Total Bill  
$42,000



$15, 891.52



Case History
Kay County, Oklahoma

Small Operator of a Waterflood
Was Spending $3,800 Per Month 

on Electric Power 

They Installed 1 Generator and 
Reduced Their Costs by $3,000 

Per Month
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ABSTRACT 
 
The EPA Effluent Limitation Guidelines for the discharge of drill cuttings generated from 

synthetic-based drilling fluids have been completed and incorporated into the Region 6 General 
Permit.  On the surface of the general permit language, the limitations for meeting stock 
limitations appear simple.  However, imbedded in these limitations are significant requirements 
for representative sampling and quality control systems.  The permit language reflects the need 
for both the operator and the supplier of the drilling fluid to be prepared to defend their 
compliance efforts.  This responsibility manifests itself in both the company’s ISO and quality 
control systems. This paper will present an example of an established compliance process that 
includes sample control, product specifications, data validation, process controls and quality 
management systems.  The process is designed to provide a responsible and defensible set of 
documentation for meeting environmental performance criteria.   
 

In addition to basic quality control measures, service companies also have a deeper 
knowledge of the test protocols and the artifacts that can develop within those protocols that may 
cause the base fluids to pass or fail the environmental performance criteria.  Moreover, the paper 
will review laboratory artifacts relating to synthetic fluid quality control systems.  
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INTRODUCTION 
 

In the early 1990’s synthetic-based drilling fluids were introduced as a new technology 
(1) with improved environmental performance.  Owing to their physical and chemical 
characteristics, synthetic-based drilling fluids provide excellent drilling performance which 
reduces the overall volume of waste discharges (2).  The capacity of these fluids to inhibit highly 
reactive shales reduces both wellbore washout and stuck pipe incidents. Further, the superior 
lubricity of these fluids reduces torque and drag, thereby reducing stuck pipe and allowing for the 
drilling of difficult directional wells.  In addition to performance in the wellbore, inhibition of 
shale cuttings allow for efficient removal of cuttings from the drilling fluid, thus eliminating the 
need for high dilution rates and discharge of whole mud required of most water-based muds.  
Additional advances in surface treatment equipment have allowed a secondary drying step in 
solids-control equipment, which further reduces discharges from the drilling operations.  Further, 
the comparatively higher rates of penetration of these fluids reduce days on location, thus 
minimizing both the environmental impact and economics. All of these technical issues have 
resulted in synthetic-based drilling fluids being recognized as pollution-prevention technology. 

 
The environmental performance criteria employed to identify acceptable and 

unacceptable synthetic base fluids has been a significant challenge.  In the beginning, the focus 
was segregating synthetic and traditional base fluids by definition and manufacturing processes.  
As more information became available from microcosm studies and seabed surveys on the 
environmental performance of synthetic fluids, acceptance criteria shifted towards chemical and 
biological performance criteria.  In the case of the US EPA, the acceptance criteria that were 
adopted include a chemical test that uses PAH as an indicator of priority pollutants and benthic 
toxicity and anaerobic biodegradation tests that serve as biological acceptance criteria.  Industry 
work groups devoted substantial efforts in providing the EPA with information that resulted in the 
best available protocols.  Experience gained by regulators, service companies, operators and 
testing companies indicated that many test procedures used to evaluate acceptability in the North 
Sea were highly variable because of inconsistent interpretation of protocols and laboratory 
artifacts.  As similar biodegradation and toxicity testes used in the US were considered, the tests 
were evaluated and modified to reduce variability and minimize testing artifacts.  Resulting from 
these efforts have been three robust testing protocols that serve as a foundation of synthetic-base 
fluid technology.  The implementation of a compliance system built around these protocols insure 
the integrity of the data used to qualify synthetic fluids and will promote the continued use and 
discharge of synthetic-based drilling fluids as a pollution-prevention technology. 
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PERMIT REQUIREMENTS 
 
Obvious permit requirements 
 

The Effluent Limitation Guidelines (4) contain three stock limitations for synthetic base 
fluids that were incorporated into the permit language.  The simple language described in the 
permit is listed below (5). 

 
Part I, Section B.2.c; 
  
1) Stock Limitations 

 
The permittee shall analyze a representative sample of the stock base fluids at the frequencies listed 

below. The test results shall be reported on the Discharge Monitoring Report. 
 
Alternatively, the permittee may provide certification, as documented by the supplier(s), that the 

stock base fluid being used on the well will meet the limits listed below. 
 
Polynuclear Aromatic Hydrocarbons (PAH). The mass ratio in grams of PAH (as phenanthrene) 

divided by the mass in grams of base fluids shall not exceed 0.00001. Monitoring shall be performed at least 
once per year on each base fluid blend. See Part I, Section D.10 of this permit. 

 
Sediment Toxicity. The ratio of the 10-day LC50 of C16 - C18 internal olefin or C12- C14 or C8 

ester reference fluid divided by the 10-day LC50 sediment toxicity test with Leptocheirus plumulosus of the 
base fluid shall not exceed 1.0. Monitoring shall be performed at least once per year on each base fluid 
blend. See Part I, Section D.8 of this permit. 

 
Biodegradation Rate. The ratio of the cumulative gas production (mL) of C16 - C18 internal olefin 

or C12-C14 or C8 ester reference fluid divided by the cumulative gas production (mL) of stock base fluid, 
both at 275 days, shall not exceed 1.0. 

 
Monitoring shall be performed at least once per year on each base fluid blend. See Part I, Section 

D.9 of this permit. 
 

 
 Further explanations of the testing requirements are provided in the permit in sections 8, 

9 and 10.   
 
Part I, Section D; 
 
8. Stock Base Fluid Sediment Toxicity 

 
The approved test method for permit compliance is identified as: ASTM E1367–99 method: 

Standard Guide for Conducting Static Sediment Toxicity Tests with Marine and 31 Estuarine Amphipods 
(Available from the American Society for Testing and Materials, 100 Barr Harbor Drive, West 
Conshohocken, PA, 19428) with Leptocheirus plumulosus as the test organism and sediment preparation 
procedures specified in Appendix 3 of 40 CFR Part 435,  Subpart A and the method found in Appendix A of 
this permit. 

 
9. Biodegradation Rate 

 
The approved test method for permit compliance is identified as: modified ISO 11734:1995 

method: “Water quality - Evaluation of the ‘ultimate’ anaerobic biodegradability of organic compounds in 
digested sludge - Method by measurement of the biogas production (1995 edition)” (Available from the 
American National Standards Institute, 11 West 42nd Street, 13th Floor, New York, NY 10036) supplemented 
with modifications in Appendix 4 of 40 CFR Part 435, Subpart A and detailed in Appendix B of this permit. 
Compliance with the biodegradation limit will be determined using the following ratio: 
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% Theoretical gas production of reference fluid 
-----------------------------------------------------------      ≤ 1.0                                       
% Theoretical gas production of NAF + 4% 
 
Where: NAF = stock base fluid being tested for compliance 
Reference Fluid = C16-C18 internal olefin or C12-C14 or C8 ester reference fluid 
 

10. Polynuclear Aromatic Hydrocarbons 
 

The approved test method for permit compliance is identified as: Method 1654A: “PAH Content of Oil by 
High Performance Liquid Chromatography with a UV Detector,” which was published in Methods for the 
Determination of Diesel, Mineral and Crude Oils in Offshore Oil and Gas Industry Discharges, EPA-821-R-
92-008 (incorporated by reference and available from National Technical Information Service at 703/605-
6000). 
 
Finally, in order to minimize variability and artifacts within these tests, the EPA listed 

very detailed descriptions of the protocols in Appendix A and Appendix B of the Permit for 
sediment toxicity and biodegradation testing, respectively.  Furthermore, contained in these 
protocols listed in the Permit appendix are detailed QA/QC procedures for each test.  The Permit 
requirements for passing these tests are listed in the Stock Limitations. 

 
Imbedded Permit Requirements 

 
In addition to the obvious stock limitation requirements, the Permit contains standard 

conditions that apply to all NPDES permits.  While these requirements are less obvious, they are 
not less important.  Some of the most critical of these requirements can be found in Part II 
Section C and D of the permit and relate to Monitoring and Reporting Procedures.  Several of 
these requirements from the Permit are presented below.   

 
Part II Section C 

 
2. Representative Sampling 
 

Samples and measurements taken for the purpose of monitoring shall be representative of 
the monitored activity. 
 

3. Retention of Records 
 
The permittee shall retain records of all monitoring information, including all calibration and 

maintenance records and all original strip chart recordings for continuous monitoring instrumentation, 
copies of all reports required by this permit, and records of all data used to complete the application for this 
permit, for a period of at least 3 years from the date of the sample, measurement, report, or application. This 
period may be extended by request of the Director at any time. 

 
The operator shall maintain records at the platform where the discharges occur or another 

platform in the Field for a period of three years, whenever practicable and at a specific shorebase site 
whenever not practicable. For example: in the case of unmanned platforms or platforms where records 
storage is not practicable, records may be maintained at a central field office platform or a specific shore 
based site. In either case, the records must be available for review by government inspectors coincident with 
their inspection. The operator is responsible for maintaining records at exploratory facilities while they are 
discharging under the operators control and at a specific shore-based site for the remainder of the 3-year 
retention period. 

 
4. Record Contents 
 

Records of monitoring information shall include: 
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a. The date, exact place, and time of sampling or measurements; 
b. The individual(s) who performed the sampling or measurements; 
c. The date(s) and time(s) analyses were performed; 
d. The individual(s) who performed the analyses; 
e. The analytical techniques or methods used; 
f. The results of such analyses; and 
g. A copy of the permit and notice of intent to be covered. 
 

5. Monitoring Procedures 
 
a. Monitoring must be conducted according to test procedures approved under 40 CFR 
Part 136, unless other test procedures have been specified in this permit or approved 
by the Regional Administrator. 
 
b. The permittee shall calibrate and perform maintenance procedures on all monitoring 
and analytical instruments at intervals frequent enough to insure accuracy of 
measurements and shall maintain appropriate records of such activities. 
 
c. An adequate analytical quality control program, including the analyses of sufficient 
standards, spikes, and duplicate samples to insure the accuracy of all required 
analytical results shall be maintained by the permittee or designated commercial 
laboratory. 
 

Part II Section D 
 

5. Additional Monitoring by the Permittee 
 
If the permittee monitors any pollutant more frequently than required by this permit, using test 

procedures approved under 40 CFR Part 136 or as specified in this permit, the results of this monitoring 
shall be included in the calculation and reporting of the data submitted in the Discharge Monitoring Report 
(DMR). Such increased monitoring frequency shall also be indicated on the DMR. 
 
However, the implications of these requirements goes beyond the language in the permit 

and the guidelines and includes secondary documents such as the NPDES Compliance Inspection 
Manual (6), Third Level References such as the Handbook for Analytical Quality Control in 
Water and Wastewater Laboratories (7); Handbook for Sampling and Sample Preservation of 
Water and Wastewater (8) and Fourth Level References such as National Environmental 
Laboratory Accreditation Conference (9).   

 
With each additional level of references the details of quality assurance and 

documentation become apparent.  While these quality assurance requirements are burdensome, 
they provide the defensibility of data required by the permit when a critical once-a-year testing 
requirement is enforced.  In many cases, companies may correctly assume that these requirements 
are being met by their commercial testing lab.  However, the necessary procedures and 
documentation should be developed and preserved before the inspector arrives at the front door.  
Additionally, laboratory mistakes do not relieve the permitee of the responsibility for the 
monitoring results or the associated quality assurance procedures.  As with many other important 
issues, operators frequently contract service companies to address these regulatory issues.  
Consequently, service companies sometimes are contractually obligated to develop quality 
assurance programs to address both the obvious and imbedded permit requirements.  The 
following section describes one such program to meet the permit requirements for SBM stock 
limitations.  

 
 

COMPLIANCE PROCESS 
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The compliance process has to address several issues imbedded in the permit 

requirements.  The first basic step is the identification and collection of a representative sample.  
Secondly, the sample has to be tested and the test results validated.  Finally, the test results have 
to be documented to represent the product that is delivered and ultimately discharged. 

 
In the case of stock limitation requirements issues in the permit for barite, it was possible 

to collect a representative sample of product, quarantine the product until the test results indicated 
that the stock limits were met, and then provide test results that were tied to a specific lot of barite 
production. 

 
Due to the 275-day duration of the biodegradation testing procedures, it is not 

economically realistic to quarantine large volumes of base fluid until testing is complete.  
Consequently, the stock limitation compliance program for synthetic fluids is more complex than 
that for barite. 

 
There are many potential platforms for developing a compliance program for those 

companies with existing ISO 9000 programs which offer an excellent format for maintaining 
rigorous procedures and documentation.  In the case of the example compliance process, local 
work instructions have been developed in the proper format that allow the systems to run in 
parallel with other quality control programs in the company.  For this summary, the procedures 
were removed from the ISO work instruction format and summarized.  Certain basic elements   
such as responsibilities, management of change and general elements of the ISO program 
concerning training, communication, and document control have not been included in this 
discussion.  The purpose of this summary is to provide an example of the sampling, approval and 
quality control measures that were developed to address the requirements in the NPDES permit. 

 
Qualifications of Base Fluids and Base Fluid Blends 

 
Before a base stock or blend of base stocks can be approved, it must be shown that it will 

pass base-fluid stock limitation requirements of the permit for the Gulf of Mexico.  These 
requirements include sediment toxicity tests, biodegradation tests and PAH content using the test 
procedures described in the Permit and Effluent Limitation Guidelines.  Identification and 
approval of blend constituents, blend ratios, and acceptable QA specifications must also be 
completed. 

 
The toxicity, biodegradation and PAH are to be performed on representative samples of 

base stock.  To accomplish this goal, samples submitted for testing should be accompanied by the 
chemical specification test results for each sample.  In addition, a chain of custody records and 
specific lot numbers that corresponds with the chemical specification test results should 
accompany the sample.  In those cases where products are blended at a predetermined ratio, the 
preparation of samples is conducted in a laboratory using calibrated measuring equipment and 
fully documented procedures. 

 
Each of the protocols that are used for testing includes performance criteria.  Some of 

these criteria, like control survival in the sediment toxicity and the positive, negative, and 
intermediate control performance in the biodegradation test, are obviously important.  While 
other criteria may not seem as critical, they should be evaluated to determine the acceptability of 
a test report.  An example of these could include the temperature range of the sediment toxicity or 
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biodegradation test.  If the temperature is out of range a judgment would have to be made on 
using the test/results for compliance purposes.  Therefore, an in-depth review of the protocol 
should be made to determine all of these criteria.  Consequently, each test report used to establish 
compliance with stock limitations should be reviewed against the criteria to confirm the test met 
the QA/QC parameters for the test protocol.  Check lists completed by competent scientists are 
used to document adherence to specific criteria.  It is expected that raw data should be included 
with the report, along with detailed calculations supporting the conclusions of the report. The 
detailed manner of the report should be such that another competent scientist could take the same 
raw data, repeat the calculations, and arrive at the same conclusions.  In addition, calibration 
standards and calibration records also are included in test reports so that the conformation can be 
reviewed, validated and, if necessary, made available at a later date for confirmation.  In some 
cases this is seen as “over the top” documentation.  However, including this information in the 
report eliminates the possibility of the data being lost, destroyed or otherwise unavailable at a 
later date. 

 
Once data has been generated and validated on properly documented samples, the next 

step is analyzing it against the stock limitations.  Data generated using approved procedures 
cannot be excluded from use in analysis of a blend or single-supplier product to be used as a base 
fluid without a scientific justification.  The exclusion of failing results is sometimes called 
“cherry picking” and prohibited by Part II, Section D of the permit  that require reporting of 
additional monitoring performed by the permittee.  However, data can be excluded if it was 
generated under conditions that do not meet the control parameters of the test or if a defensible 
scientific approach is used to justify the exclusion of a particular sample result. 

 
Experience with the current system has led to several instances where products that 

should have passed the stock imitations were excluded because testing artifacts impacted the test 
results, but were not severe enough to invalidate the test result.  In order to address this issue, the 
industry has requested the EPA modify the permit to allow averaging of results.  As with all 
compliance programs, the stock-limitation program is a living procedure that changes to adapt to 
permit modifications and changing business conditions.   

 
Establishment of QA/QC Chemical Specifications 

 
Because the 275-day biodegradation test cannot be conducted on specific lots of fluids 

and the toxicity and PAH tests are not required by the permit to be conducted on each lot of fluid, 
a surrogate set of quality control parameter must be developed to ensure the sample that passed 
the stock limitations is representative of the fluids delivered for use and discharged.  The basis of 
this aspect of the certification program is that chemical characteristics of base stocks drive the 
environmental performance of base stocks.  The significance of changes in chemistry can vary 
from parameter to parameter and from product to product.  Therefore, the establishment and 
defense of chemical specifications for each product is handled on a case-by-case basis.  As 
knowledge of the chemical specifications that significantly impact the environmental 
performance of the base stock in biological tests increases, new and different chemical 
specifications may need to be established while others may need to be terminated.  The long-term 
research efforts reflected in published research has shown there are some universal chemical 
specification elements that should be addressed in any synthetic-base fluid quality assurance 
program.  These chemical specifications should include at minimum the following elements: 
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Carbon Chain Distribution – The distribution of the mass of the carbon chain length, or 
carbon chain distribution, has been generally established as a driver in toxicity evaluation.  
Typically, the test method to determine carbon chain distribution is a GC/FID.  In some cases 
surrogate parameters such as flash point can be used to help characterize this parameter.   

 
Branching – The degree and nature of branching in base stock molecules has been 

generally established as driver in biodegradation rates.  The test method to determine branching is 
typically NMR.  In some cases surrogate parameters such as pour point can be use to help 
characterize this parameter.   

 
Chemical Structure or Speciation – Chemical structure has been established as a driver 

of both biodegradation and toxicity performance.  The test method to identify the general nature 
of the chemical structure can vary but may include techniques as IR, NMR or GC/MS.   

 
Contaminants – Contaminants cover a wide range of impurities including residual raw 

materials such as olefins, alcohols, residual catalysts, aromatic or other toxic compounds that may 
impact performance in the product in the biodegradation, toxicity or PAH test.  Test protocols for 
contaminants could include GC, IR, NMR, AA or other analytical techniques.  

 
Therefore, the establishment of specific chemical parameters includes the following 

steps:   
1. Initial biological testing and identification of manufacturing specifications for 

supplier products.   
2. Establishment of a consistency of manufacturing parameters and chemical 

specifications in conjunction with performance in environmental tests.   
3. Modification of chemical specifications in light of the consistency of manufacturing 

and performance in environmental tests. 
 
Similarly, the establishment of specific blend ratios includes the following steps: initial 

biological testing and identification of blend ratio for supplier products and modification of blend 
ratio in light of the consistency of manufacturing and performance in environmental tests.  These 
chemical specifications should be agreed upon with the suppliers and shared in writing so as not 
to create any unnecessary surprises.   

 
Acceptance of Individual Shipments  

 
Before a shipment of product is accepted from the supplier, QA specifications should be 

met.  Chemical specifications for each supplier product used in certified base stock should be 
generated as outline above.  Prior to each shipment of a product, the supplier sends a Certificate 
of Analysis to a qualified QA person within the company.  The qualified QA person reviews each 
certificate of analysis and confirms that it meets the chemical specifications agreed upon by both 
parties.  The QA person then notifies the plant receiving the shipment that the supplier product 
batch or shipment has been approved.  

 
Any fluid not meeting the chemical specifications should not be accepted for use in a 

base stock.  This fluid could be accepted by concession and tests performed to determine if the 
base fluid will pass the required compliance tests.   

 
Blending and Certifying Base Stock 
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Supplier products should be blended at a qualified location using only supplier product 

shipments that have been approved by QA. Verification of the blend is performed and 
documented.  This verification could include analytical analyses by GC/FID, tank measurements, 
or calibrated flow meters.  The verification method has to be approved by the quality assurance 
department. 

 
Verification by GC/FID analytical analyses – After homogenization, a sample is 

collected and the batch assigned a unique number.  Afterwards, the sample is sent to an approved 
analytical lab for GC/FID testing following proper chain-of-custody procedures.  The GC/FID 
results are evaluated at the blending plant to determine if the ratio of approved supplier product(s) 
is within acceptable ratio specifications.  If the ratio is within specifications, the batch is added to 
the base stock supply.  If the ratio is not within specifications, additional approved supplier 
product(s) is added as needed to bring the ratio into specifications. 

 
Verification by calibrated flow meters – Documentation of the flow meter readings are 

recorded with the initials of the person performing the reading/measurements and dates to verify 
the blend. 

 
Verification by tank strapping measurements – Documentation of the levels in the 

tank are recorded with the initials of the person performing the reading/measurements and dates 
to verify the blend. 

 
The approval process is completed and documented by attaching the formulation blend 

sheet to the blend conformation documentation, which may include GC/FID analytical results, 
tank measurements readings, metering pump readings, or supplier information.  The blend facility 
manager or their designee signs a Certificate of Compliance for any and all shipment(s) of base 
stock.  The certificate of compliance states that only certified supplier products were used in the 
preparation of the base stock.   

 
Mixing and Certifying of Drilling Fluids  

 
Certifiable drilling fluids should only be mixed with base stocks from an approved 

blending facility following receipt of the Certificate of Compliance for a particular shipment.  
Arriving shipments of base stock(s) should be quarantined from the non-aqueous drilling fluid 
(NAF) liquid mud inventory until a Certificate of Compliance is received from the blending 
facility.  Transfer of the base stock(s) should be handled and stored in dedicated containers and 
tanks, and transferred using dedicated hoses and pipes.   
 
Certification of NAF Drilling Fluids 

 
The warehouse manager, or his/her designee, can sign the Certificate of Compliance for 

any and all shipment(s) of NAF liquid mud inventory.  The certificate of compliance states that 
only certified base stock was used in the preparation or reconditioning of the NAF drilling fluid.  
Certificates of compliance shall be provided to the permittee at the point of loading. 

 
NAF drilling fluids that are not a part of NAF liquid mud inventory could be added to the 

NAF liquid mud inventory providing: 
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• that NAF drilling fluid had only base stock(s) additions that meet the base-fluid 
stock limitations for toxicity, biodegradation and PAH as indicated by NPDES 
permit, and  

• that NAF drilling fluid is documented to be free of formation oil contamination. 
 

TESTING ARTIFACTS 
 
Because synthetic fluids were introduced as a pollution-prevention technology with 

improved environmental performance, there is particular interest in identifying, documenting and 
defending the environmental improvements.   In the North Sea, efforts to prove environmental 
performance ended in failure and the use and discharge of synthetic fluid technology ceased.  In 
the North Sea, one of the primary difficulties not overcome was the resolution of testing artifacts 
on the acceptance criteria for synthetic base fluids.  During the process of evaluating both test 
procedures and base fluids, it was documented in the literature that simple modifications 
contained within standardized test procedures resulted in a high degree of variability in test 
results. (10)  Test procedures used to determine aerobic biodegradation rates resulted in 
significant variability even though the testing labs were complying with all of the quality control 
procedures documented in the protocol.  A number of authors have concluded that the 
standardized tests needed to be further refined and additionally standardized to minimize testing 
variability (11,12).  Conflicting efforts to qualify less expensive base fluids while defending the 
environmentally acceptability of the existing fluids, continued until synthetic base fluid 
technology was effectively terminated in the North Sea regulatory arena.  In most cases the 
artifacts of the standardized tests were not resolved as they applied to synthetic base fluids using 
North Sea protocols. 

 
The US EPA and industry representatives had the benefit of reviewing the lessons 

learned in the North Sea prior to formal requirements being developed in the country.  From these 
experiences, the industry learned to adapt, modify and further standardize protocols in order to 
minimize testing variability and protect the ability of the test to discriminate acceptable and 
unacceptable environmental performance.  Consequently, the test procedures detailed in the 
permit have been further refined and standardized to minimize testing variability.  As testing has 
continued, more information and experience is available to identify and resolve potential testing 
artifacts.  For the companies involved in testing and qualifying base stocks, there is an additional 
level of responsibility that requires they maintain the overall integrity of the test by continuing to 
identify and resolve testing artifacts. 

 
An example of this type of ongoing responsibility is the use of additional evaluation 

controls.  In the past two years the use of diesel oil as an observation control has been 
implemented for the 10-day sediment toxicity test.  On-going experience indicates that the 
reference fluid LC50 results may be significantly reduced due to animal size or sediment quality.  
In order to insure the discriminatory power of the test is maintained, each time a test series is 
conducted, a diesel oil sample is run in parallel as a positive control.  Over time, the toxicity ratio 
between diesel and the reference fluid is monitored to insure the overall test performance is 
consistent.  Similarly, the intermediate control in the 275-day biodegradation test can be 
monitored to observe the relative performance of the sediment used in the test.  While these 
measures are not full-proof, they offer information that can help maintain the overall integrity of 
the testing regime.  By continuing to protect the overall integrity of the test, responsible industry 
members eliminate the need for regulators to develop and enforce more burdensome testing 
requirements. 
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CONCLUSIONS 
 

The inclusion of synthetic based mud requirements into the general discharge permit 
GMG 290000 has added new requirements.  Some of these requirements are obvious, while 
others are imbedded in the general requirements of the permit.  In order to address these new 
requirements, a compliance program has been developed that uses an existing ISO 9000 quality 
control program as a foundation.  New work procedures to collect and analyze samples have been 
developed as well as new process control procedures.  In addition to these measures, a secondary 
effort has continued to evaluate and resolve testing artifacts as they are identified using additional 
testing samples and evaluation parameters.     

 
This summary of the certification process for base stock delivered to the wellsite is just 

one part of a larger program to ensure compliance with the limitations for synthetic base fluids.  
After three years of active service, the procedures have been incorporated into routine business 
activities and have served as a defensible basis for certifying synthetic base fluids.  Additional 
sampling and testing procedures conducted at the well site also are subject to both the obvious 
and imbedded requirements listed in the general permit.  These compliance requirements have 
been addressed with a significant quality assurance program and backed up with training and 
documentation that provide a high degree of defensibility.  While some consider these efforts 
“over the top” others consider these efforts as reasonable and required.      
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Figure 1.  Base Fluid and Drilling Fluid Certification Flow Chart 
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ABSTRACT 
 

Drill cuttings re-injection (CRI) into a suitable geological formation through hydraulic 
fracturing is attracting considerable attention as a cost-effective and environmentally friendly 
means of complying with environmental legislations.  Some of the advantages of CRI or deep 
well waste-disposal operations are: 
• It can achieve zero discharge as no waste is left on the surface. 
• There are no transportation risks, as opposed to transportation to another facility and 

temporary storage. 
• There are no future clean-up liabilities once the disposal well is plugged. 
• The operator has total control over the waste management process. 
• This drilling waste management technology is not limited by location and it has been 

operated from the Gulf of Mexico to Alaska, from the North Sea to the Sakhalin Islands. 
• It often has favorable economics. 

 
Because of these advantages many CRI projects have been carried out worldwide and 

CRI technology has advanced beyond the development phase and is entering a high growth phase 
from its development period.  While CRI technology is advancing rapidly bringing with it more 
and larger CRI projects, it also poses a number of challenges as these larger projects are more 
complicated or critical.  CRI project assurance is always a major part of any drilling waste 
disposal project and can be greatly increased by following a well-planned and integrated process 
to place adequate barriers and quality controls to prevent potential risks/hazards passing through 
the barriers to undesirable consequences.  This paper presents an integrate assurance process to 
illustrate the challenges, recent advances, lessons learned and recommendations in CRI project 
assurance.   
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BACKGROUND 
 

Oil and gas exploration and production (E&P) companies are responsible for managing 
drilling wastes in a safe and environmentally acceptable fashion that complies with regulation 
requirements.  Tightening environmental legislation worldwide and operators’ environmental 
policies are reducing options for disposal or increasing discharge costs to the extent that discharge 
of drilling wastes may not be a future option.  Re-injection of oil-contaminated drill cuttings and 
other associated E&P wastes is attracting considerable attention as a cost-effective means of 
complying with environmental legislation concerning discharges of drilling waste.  Basically, 
cuttings re-injection (CRI) is similar to loss of circulation of drilling fluids in drilling operations 
or to conventional hydraulic fracturing operations. 

 
There are many reasons CRI is becoming the often preferred drilling waste management 

option, including: 

Zero discharge:  In a broader sense, CRI returns the oily-contaminated cuttings to their 
place of origin and at the end of a CRI operation, nothing is left on the surface.  CRI technology 
can achieve true zero discharge. 

Total operator control:  E&P operators are legally responsible for drilling waste 
management or are liable for any mismanagement of drilling wastes.  Since CRI technology 
manages drilling wastes at the drilling site, the on-site operators have the total control over the 
process and the CRI contractors, greatly reducing the chances of mismanagement of drilling 
waste during or after the process. 

Worldwide applications:  CRI technology is not limited by location; it has been proven 
to be an environmentally safe and long-term solution for drilling waste management from drilling 
operations in the Gulf of Mexico (1) to Alaska (2), from the North Sea (3) to the Sakhalin Islands. 

Favorable economics:  CRI often has favorable economics and this is especially true for 
multiple well drilling programs.  For example, for a twenty-well program in the Gyda/Ula Field, 
Minton and Last (4) showed that re-injection of cuttings slurry would cost approximately $9.6 
million versus $18 million for onshore processing and $39 million for using water-based mud.  
For two similar wells on the Ewing Bank in the Gulf of Mexico, drill cuttings injection for one 
well ($104,200) saves 46% over the land disposal for a similar well ($193,700). 

 
 
RISKS AND RISK MANAGEMENT IN CRI 

 
Although there are many advantages with cuttings re-injection technology, there are 

without any doubt risks or uncertainties associated with CRI operations.  Problems have occurred 
in some CRI operations and can still occur if not engineered or operated correctly.  Some of those 
include: 
• There have been instances where CRI injection wells have become plugged due to 

improper slurry rheology and improper operational procedures. 
• Accidental releases of injected slurry to the environment have occurred in the past. 
• Excessive erosion wear from long-term slurry injection has caused some well integrity 

failures. 
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In fact, there are many risks and uncertainties associated with any subsurface project and 
this is especially true for most CRI projects.  The uncertainty is in part because drilling waste 
management plans have to be in place before there is much drilling experience or available 
geology information.  Following are the major challenges and the lessons learned from CRI 
projects: 

Waste containment:  Subsurface and fracture simulations are the keys for identifying the 
suitable injection zones, waste containment and fracture-arrest formations.  Good cementing 
practices also are the key in the assurance process of waste containment, as releases of injected 
slurry behind casing have occurred during annulus injections. 

Slurry design:  Slurry rheology design includes insuring the correct slurry viscosity, 
solid carrying or suspension capacity and optimal particle size distribution.  The slurry must have 
adequate viscosity and carrying capacity to avoid plugging along the wellbore or in the fracture. 

Operation procedure design:  The injection rate should be high enough to avoid 
cuttings plugging of the fracture or settling and forming solid beds the along injection annulus or 
tubular.  Due to the intermittent nature of CRI operations, the suspended solids-laden slurry 
sometimes must be displaced with a solid-free fluid to avoid cuttings settling and loss of 
injectivity when the suspension time is too long. 

Disposal well capacity:  Determining the disposal well capacity is the most asked 
questions and one the hardest to answer precisely.  Recent advances in storage mechanisms, 
modeling and monitoring have made it possible to address this question with an improved 
confidence. 

Equipment sizing and design:  Surface equipment failures may be the largest source of 
CRI problems, ranging from lost time of less than an hour to nearly a day.  Grinding may be the 
most challenging part (but particle size is a very important element to avoid cuttings settling and 
plugging) in cuttings slurrification operations.  There has been limited success with small to 
medium sized units. 

Monitoring and verification:  Problems may happen even with the best engineered and 
executed projects.  Monitoring and verification of CRI operations are integral parts of the 
operation’s quality assurance process, and often can lead operational procedure changes and 
minimize or avoid many problems. 

 
The key for managing the potential risks/hazards is to place multiple barriers or controls 

between the hazards and undesirable consequences, as shown schematically in Figure 1, to 
prevent the potential hazards from becoming undesirable consequences.  Multiple quality controls 
or risk management procedures include valid geology and well data evaluation, advanced 
hydraulic fracturing modeling, injection well testing and model validation, and monitoring during 
the CRI operation, as shown in Figure 2.  The rest of this paper will address some of the issues 
raised here. 

 
 

GEOLOGY EVALUATION AND CONTAINMENT 
ASSURANCE 

 
In any drilling waste disposal operation, safe containment of the injected waste must be 

assured.  The extent of the fracture created by CRI operations must be predicted with confidence.  
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This is often accomplished with hydraulic fracturing simulators.  Owing to the large volumes of 
waste slurry injected, the created fracture can be very large, thereby making fracture extent 
prediction critical in containing the waste to the desired formation.  Waste containment 
mechanisms must be evaluated during feasibility studies to identify the possible disposal zones 
and fracture containment zones.  Thorough evaluation of the geology and well information 
includes logging, well testing, and core analysis along with rock mechanics testing.  The geo-
mechanics model for hydraulic fracturing simulations must be based on the geology evaluation 
results as shown schematically in Figure 3.  Hydraulic fracturing simulations are used to identify 
containment formations.  Three fracture containment mechanisms are particularly important in 
selecting disposal formation: 

Stress barrier:  Formations with fracture gradients larger than the fracture gradient in the 
target injection zone can often prevent the fracture from going into the high stress zones.  Figure 
4 shows a case example of fracture containment due to a stress barrier.  Overlaying formations 
with increased fracture gradients such as salt formations are ideal containment or sealing 
formations. 

Modulus barrier:  Figure 5 shows a case example from a CRI well in Nova Scotia, 
Canada.  In this case, the fracture is contained by a limestone formation which has a higher elastic 
modulus.  Once the fracture approaches or enters the harder or stronger formation, the width of 
the fracture in and near the stiffer formation is reduced, hence the frictional pressure is increased, 
preventing or slowing fracture growth into the formation (5). 

Permeability barrier:  Figure 6 shows an example from a North Sea CRI well, where 
the fracture is contained by a high permeability formation.  As illustrated, the fluid leaks into the 
high permeability formation and the cuttings particles are left behind, thus preventing the fracture 
from growing in the high permeability formation (6).  However, as formation damage increases 
with continued slurry injection, this original barrier may not continue to act as a barrier. 
 

The key in identifying the containment formation in cuttings re-injection projects is to 
conduct hydraulic fracturing simulations based on valid geology and operational data. 

 
 

MODELING OF UNCERTAINTIES 
 

In general, the drilling waste management plan for a CRI project must be in place before 
drilling commences, thus leading to uncertainties in sub-surface information.  Therefore, 
modeling of uncertainties and risks are particularly important for CRI design and engineering. 

 
Since each uncertainty has different distribution and its impacts on CRI operation or 

assurance parameters are different, a probabilistic approach has been developed recently to 
generate a risk-based result (7).  Figure 7 shows the risk analysis results on the prediction of 
fracture extent from a sample wellbore.  As shown in Fig. 7, there is a 90% confidence that the 
fracture extent from the wellbore will be larger than 230 ft and smaller than 270 ft, while the P50 
value of the fracture extent is 250 ft.  Based on this result, it is safe to say that a well spacing of 
300 ft may be adequate to avoid drilling a live well into a disposal fracture. 

 
This risk-based approach can be applied to modeling of other important CRI parameters.  

Figure 8 shows a case example of disposal capacity with different levels of confidence.  As 
shown there is a 90% confidence that at least 31,000 bbl of cuttings can be safely injected into 
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this well.  Assuming 20% cuttings by volume in the slurry, this means that it is safe to say that 
disposal capacity of this well is at least 155,000 bbl of slurry, because the injection zone is 
permeable sandstone formation and fluid can readily leak off, thus the fluid volume impact on 
disposal capacity can be disregarded in this case. 

 
 

SLURRY RHEOLOGY AND OPERATIONAL 
PROCEDURE DESIGN 

 
One of the major risks in CRI operations is that the injection well could potentially 

become plugged if the cuttings particles settle on bottom, which is especially risky in deviated 
wells. This settlement is a result of inadequate slurry viscosity, inadequate injection rate, large 
particles or long residence time.  Following are keys to avoiding settling and plugging: 

Slurry rheology:  The Fann Model 35 viscometer is used to measure the slurry rheology 
properties, such as apparent viscosity at different shear rate and gel strength at different 
temperatures.  Low-shear-rate slurry viscosities and gel strengths at different temperatures are 
also required in cuttings settling models to simulate settling during shut-ins between batch 
injections.  Therefore, to provide realistic modeling information, the slurry must be 
representative, both from the drilling of shale formations and from the drilling of sandstone 
formations. 

Particle size distribution:  Particle size distribution (PSD) has a significant impacts on 
particle settlings and is required for cuttings transport and settling simulations. PSD should be 
measured in the laboratory from slurries generated from drilling the sandstone formations because 
particle size from sandstone is often the largest.   

Operational procedure design:  A numerical simulator has been recently developed to 
simulated cuttings transport in CRI operations and manage the settling risk by optimizing the 
slurry viscosity, particle size distribution, and designing the residence time or shut-in time 
between injections.  Figure 9 shows a CRI injection well trajectory.  During the shut-in periods 
between injections, the particles can settle on the lower side of the well, forming a solid bed and 
sliding down the well.  The shut-in times between injections must be designed such that it is short 
enough to avoid plugging of the perforations from the settling of cuttings.  Figure 10 shows a 
numerical simulation results on solids bed formation and bed-sliding velocity. 

 
 

MONITORING AND FEEDBACKS 
 

Problems can still happen even with the best engineered CRI projects.  Monitoring and 
timely feedbacks to drill cuttings injection operations are an integral part of the operation’s 
quality assurance process.  The extent to which various regulatory bodies require monitoring and 
verification vary considerably by jurisdiction and would probably be included as a specific 
stipulation of the permit.  However, irrespective of regulations, it is in the interest of the operator 
to have a well-defined monitoring program to ensure good quality control of slurry properties and 
strict adherence to operational procedures.   It is very helpful in assessing and validating fracture 
extent if the operational data, such as injection pressure and rate, are monitored and recorded 
continuously (Figure 11).  Detailed analyses on the pressure decline data after slurry injections 
could show fracture height recession over multiple zones during the shut-in periods.  For 
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example, the pressure and pressure derivative plots versus G-function as shown in Figure 12 have 
the signatures of fracture height recession over multiple zones (8). 
 

 
SUMMARY 

 
1. If engineered or operated correctly, cutting re-injection is an environmentally safe, cost-

effective and long-term solution for drilling waste management option. 
2. There are always risks and uncertainties associated with CRI projects.  The key for managing 

the potential risks is to place multiple barriers or controls between the hazards and the 
consequences to prevent the potential hazards from reaching the undesirable consequences. 

3. Waste containment modeling, based on valid geology and operational data, is a must in CRI 
assurance and engineering process. 

4. A risk-based modeling of important parameters is an important step in CRI assurance. 
5. Loss of injection well from cuttings settling and plugging can be avoided by proper design of 

slurry rheology and operational procedures.  A cuttings transport numerical model can assist 
in designing the slurry and operational procedures. 

6. Monitoring and timely feedbacks to CRI operations are an integral part of the operation 
assurance process to minimizing problems. 
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Figure 1.  Schematic of barriers and 
controls to prevent risks from causing 
consequences. 
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Figure 2.  An integrated CRI assurance 
process and flowchart.  
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Figure 3.  An example of geology 
evaluations for hydraulic fracturing model 
setup. 

 
Figure 4.  Fracture containment due to 
stress barrier. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Fracture containment due to 
modulus barrier. 
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Figure 6.  Fracture containment due to high permeability barrier. 
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Figure 7.  A case study of risk-based modeling of important CRI operation and assurance 

parameters. 
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Figure 8.  A case example of risk-based modeling of disposal well capacity. 
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Figure 9.  Well trajectory for a solid 
transport simulation. 
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Figure 10.  An example of numerical 
simulation results on solid bed sliding before 
and after shut-ins. 
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Figure 11.  CRI injection pressure data 
monitoring. 
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Figure 12.  Pressure decline data analysis 
and fracture extent monitoring using G-
function.  The pressure data shows features 
of fracture height recession over multiple 
zones. 



Offshore Oilfield Ecotoxicity Testing: An Overview 
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ABSTRACT 
 

One of the key tools used by environmental regulators in the control of use and 
discharge of offshore well construction chemicals is the application of ecotoxicity testing. 
This testing may be required as part of a “clearing house” approach where chemicals are 
pre-registered before use, or alternatively as “end of pipe” effluent testing with samples 
being collected at the rig site. 

 
Biodegradation, aquatic toxicity, and bioaccumulation are the mainstays of many 

regulatory programs, and the tests used differ significantly between regions and 
industries. During product evaluation, ensuring that appropriate test results are being 
examined is critical. This paper discusses differences in test methods and what these 
differences can mean to the end results and applicability of a particular test. Finally, 
approaches taken in testing offshore chemicals for use and discharge in the U.S. and 
European offshore arenas are compared. 
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INTRODUCTION 
 
Oil Industry Environmental Regulations and Policy: Why 
Regulate? 

 
The requirement for countries to regulate the use and discharge of drilling fluids 

has been the result of a number of drivers. One such driver for marine resources may be 
the perceived conflict among various stakeholders. For example, the needs of the oil, 
tourism, and fishing industries may compete with one another. Each industry may be very 
wary of the others’ activities. This wariness may be founded in negative past experiences, 
lack of understanding, or any of a wide range of reasons. Applying regulations may 
implement controls to safeguard each stakeholder’s interests. 
 

In addition to internal pressures to regulate by concerned stakeholders, some 
countries have signed international conventions, which means that they have to bring 
about legislation in compliance with their obligations. Examples of this type of regulation 
are the Oslo and Paris Commission (OSPAR), which impacts the North East Atlantic, the 
Barcelona Convention, which covers the Mediterranean Sea, and the Helsinki 
Commission (HELCOM), which covers the Baltic Sea. 
 
Measuring Environmental Impacts of Oilfield Activities 

 
As a result of the nature of chemicals in use in the drilling fluids industry, the 

environment can be impacted by both uncontrolled releases and controlled releases of 
waste as a disposal route. To minimize the impacts of either intentional or unintentional 
discharges, drilling fluid suppliers have endeavored to minimize the environmental 
impacts of the chemicals they use. However, the minimization of environmental impact 
must be considered in conjunction with the technical performance of the fluids used. The 
very products that have a strong technical appeal may be the ones that show the greatest 
impact because of the action of the active ingredient. For example, a particularly effective 
surfactant may also show higher toxicity than a less effective surfactant. If lower volumes 
of the active material are used, the impacts on the environment when the material is 
discharged can be reduced. If “green chemicals” are less effective than conventional 
counterparts, then environmental impact and technical performance must be balanced. 

 
To study and determine the potential environmental impact of a product or 

material, it is clearly unreasonable, wasteful, and harmful to apply it to the environment 
into which it may be released; therefore, a series of surrogate tests have been derived. 
These tests are aimed at examining the following ecotoxicological characteristics of the 
material: 

 
Toxicity • 

• 
• 

Biodegradability 
Bioaccumulation potential 

 
TOXICITY 

 
Many materials will show toxicity to plant or animal life if applied in sufficient 

quantities. This toxicity may even come from commonplace materials that the human 
race may consider as foodstuff. In the context of drilling fluid chemistry, chemically 
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active materials such as emulsifiers, alkalinity modifiers, and thinners are expected to 
show greater toxicity than more inert materials such as mineral powders, polymeric gels, 
and lost-circulation fibers. Therefore, prioritizing the assessment of some chemicals 
above others is important. After a thorough investigation, materials that are especially 
toxic may even be flagged as candidates for substitution by some governments. Fluids 
suppliers then face the challenge of producing materials that show good environmental 
acceptability without any trade-off in technical performance. 
 
How Do We Measure Toxicity? 

 
The toxicity of materials can be measured in two principal ways. First, we can 

examine the lethal effect of a material by measuring the concentration at which it 
becomes so toxic that it causes death in a population of animals. Alternatively, we can 
use more subtle sub-lethal tests and observe changes in an animal’s behavior at a certain 
concentration of test substance, e.g., changes in breathing or feeding rate, or altered 
reproductive output. These two forms of toxicity tests are referred to as LC50 and EC50, 
which represents Lethal Concentration or Effective Concentration that affects 50% of the 
population being observed. 

 
When conducting a study of a material’s toxicity, considering that material’s 

environmental fate is always important. For example, when examining marine discharges 
of something that is insoluble and denser than water, we should examine the potential 
impact on seafloor-dwelling animals. In contrast, if our test substance is soluble, it will 
remain in the water column, so we may want to examine the toxicity of that substance 
using animals that live in the water column. This is important when considering what we 
may expect the impacts of drilling fluids to be. Invert emulsion drilling fluids, if 
discharged to the sea, especially on the surface of cuttings, will sink to the seafloor. In 
contrast, water-based drilling fluids tend to be dispersed throughout the water column. 
Therefore, we should ensure that the toxicity test for the drilling fluid matches the 
environmental fate of that fluid. 

 
We know that drilling fluids can be tested using a variety of methods, but what 

do the results look like? Commonly, we will take a range of concentrations of the test 
substance and then expose our organisms to that substance. A number of replicates (sets 
of animals) are exposed to each concentration, so that we can account for the biological 
variability as much as possible. Table 1 gives a typical set of results of a toxicity test. 

 
We can see that the test uses five replicates, with 20 animals in each replicate, 

and a range of test concentrations from 0 to 100,000 ppm. Generally, the animals in the 
0-ppm concentration did not suffer mortalities, while in the highest concentration of 
100,000 ppm, no survivors (100% mortality) were recorded. If we plot the data, we can 
see the relationship between toxicity/mortality and concentration (Figure 1). The LC50 in 
this case is around 28,000 ppm. Usually, software is used instead of graphical methods to 
calculate the LC50 value. 

 
The species used for toxicity testing in Europe under OSPAR requirements 

include a sediment bioassay using amphipod crustacean Corophium volutator, a fish 
toxicity test using juvenile Scopthalamus, toxicity to marine copepods using Acartia, and 
a marine algal growth inhibition test using Skeletonema costatum. In the United States, 
sediment toxicity tests are carried out using the amphipod Leptocheirus plumulosus as the 
test organism. Suspended particulate phase (water column) toxicity tests are carried out 
using the Mysid shrimp (Americamysis bahia). 
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Tests are not always confined to aquatic media. In some areas, toxicity tests have 
also been performed on soils. For example, wastes have been mixed into soil, and the 
germination and subsequent growth of plants and survival of earthworms has been 
observed. 

 

BIODEGRADATION 
 
The degradation of chemical products in the environment may occur by several 

pathways, all of which are sometimes collectively, but erroneously, called biodegradation 
(1). These different pathways or mechanisms have been defined in various ways. 
However, the definitions provided by ASTM (American Society for Testing and 
Materials) are generally consistent with all others (2). Chemical products may degrade 
through the process of hydrolysis (cleavage by water), oxidation, photodegradation (and 
fragmentation), and biodegradation.  

 
Biodegradation is defined for the purposes of this discussion as the degradation 

that results from naturally occurring organisms such as bacteria, fungi, or algae. With the 
exception of hydrolysis, these mechanisms are all forms of chemical oxidation. 
Hydrolysis is not per se oxidation; however, the action of hydrolysis may allow oxidation 
to occur more easily. 

 
The complete oxidation of an organic substance is referred to as mineralization. 

For pure organic hydrocarbons, the products of mineralization are carbon dioxide (CO2) 
and water (H2O). Complete mineralization of organic chemicals is possible with 
biodegradation. 

 
Once a substance, whether toxic or not, has been intentionally or unintentionally 

discharged to the environment, unless that material is naturally occurring, it preferably 
should degrade to something less toxic or a material that is naturally occurring. 
Mineralization to CO2 and H2O is even more desirable. One example may be that of drill 
cuttings piles. It is clearly undesirable for the base fluid in drill cuttings to still be present 
in sediments on the seafloor underneath an offshore rig several years after drilling has 
ceased. A more favorable outcome is for the base fluid to completely degrade, i.e. to CO2 
and H2O, and for near-field and far-field sediment hydrocarbon concentrations to be 
indistinguishable. We may even be able to enhance disposal sites by designing fluids that 
have beneficial effects while breaking down. For example, in a land-farming situation, it 
may be useful to have fluids that will break down and release plant nutrients such as 
nitrogen, potassium, or phosphorus in controlled amounts when the material is spread to 
land. 

 
How Do We Measure Biodegradation? 

 
As for the toxicity test, the fate of the substance must be considered when 

designing an investigation into biodegradation of a substance. If its fate is the seafloor, 
running a test of the substance mixed into sediment and submerged in seawater is 
appropriate. If the material will be spread onto land, it should be mixed into soil and 
tested in air, or at least tested in fresh water. 

 
Unfortunately, many of the early tests for biodegradation used in the oilfield 

were “borrowed” from other industries, and the results of these tests are not always 
appropriate. For example, the household and industrial surfactant industry was concerned 
about the persistence of laundry and household soaps and detergents in the early 1960s. 
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These materials were not being degraded in sewage treatment plants and were finding 
their way to the environment where they caused foaming and toxicity problems. A test 
was devised in which the materials were combined with freshwater and sewage treatment 
plant bacteria. This test modeled the system into which the detergents were placed, but 
the method is a poor way of examining the environmental fate of drilling fluids. The 
inclusion of sewage plant bacteria can give a misleading result if we are examining 
drilling fluids because drilling fluid materials will not find their way to a sewage 
treatment plant for treatment. 

 
Sometimes, drilling fluid components will end up on land or in the water column 

(for example water-based fluids) where oxygen is available, and sometimes the fluid 
components will be buried in the seafloor where very little to no oxygen is present. 
Therefore, two groups of tests are used in determining biodegradation of drilling fluid 
components. One is the aerobic test, which is always run in an excess of oxygen; the 
other is an anaerobic test, which is run in the absence of oxygen. 

 
The most recently developed biodegradation test for drilling fluids is the U.S. 

modification of ISO 11734. The U.S. EPA has adopted this test as the appropriate 
biodegradation test for synthetic-based fluids. The base fluids to be investigated are 
mixed with marine sediments under conditions where oxygen is purged from the system. 
Water is added. An indicator of oxygen presence is added to show if aerobic conditions 
exist. Bottles are incubated in the dark, and the volume of CO2 produced is measured 
periodically. A control sample is run. Using the difference between gas volumes 
produced in control and experimental bottles, in conjunction with knowledge of the 
carbon content of the base fluid, the percentage theoretical biodegradation can be 
calculated. 

 
For other chemicals used in the drilling industry, especially in offshore 

operations, a major concern is aquatic biodegradability. More degradation pathways are 
available in landfills or through other disposal methods such as composting. Landfills and 
composts typically have greater concentrations of microorganisms and microorganism 
types. Therefore, degradation may occur more readily than in aquatic environments. 

 
The aquatic environment is considered by many to be less “robust” and therefore 

less biologically active than on-land degradation. A number of recognized procedures are 
available for determining aquatic biodegradability in waters, both fresh water and 
seawater. These methods may rely entirely on native bacteria as the degrading species or 
they may allow active bacterial culture to be added to the test solution. The more 
stringent of these methods use only the native bacteria population for the test. For 
example, European regulators call for use of OECD Guideline for Testing of Chemicals 
306 (1992), which is a natural seawater, closed-bottle method that is run aerobically. 
Only the native bacteria present in the natural seawater are responsible for the 
biodegradation. 

 
Regardless of the method used, the biodegradability of a substance is expressed 

as a percentage of a maximum amount possible. As an example, the aerobic biological 
oxygen demand (BOD) is measured for dilute solutions of the test chemical. This amount 
is then expressed as a percentage of the theoretical oxygen demand (ThOD). The ThOD 
is a calculation method appropriate for pure or well characterized substances, i.e., by 
complete elemental analysis. Alternately, for less well characterized or less well known 
test substances, the measured chemical oxygen demand (COD) may be used to calculate 
the biodegradability. A popular method for measuring the COD is the dichromate reactor 
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digestion method (3). This method is approved by the U.S. EPA for waste-water analysis 
(4). 

 
A variety of test methods are available to measure the aquatic aerobic BOD. 

These may use oxygen uptake as a measure of the BOD demand or, more commonly, the 
depletion of dissolved oxygen (DO) is used to measure the BOD for dilute solutions of 
the test substances. Very simply, dilute solutions (2 to 6 ppm) of the test chemicals are 
sealed in special bottles and incubated at a specified temperature, often 20°C. Samples 
are pulled from the incubator periodically and the change in DO is measured using a DO 
probe and meter. This change is then compared against blanks containing no test 
chemicals. Each procedure has a specific regimen for calculating the BOD.  

 
Figure 2 shows a typical aquatic biodegradation curve for a test substance. Also 

shown in the graph is the biodegradation curve for a reference substance, in this case 
sodium benzoate. Biodegradation of a suitable reference material is always performed 
along with the test substance to ensure that the water contains a viable bacterial 
population. The value for the reference biodegradation is not used to calculate the test 
substance biodegradation, but rather serves only as a visual reference of viability. 
European regulators require that all the ecotoxicological testing be performed by a Good 
Laboratory Practices (GLP) certified laboratory. 

 

BIOACCUMULATION 
 

Bioaccumulation is generally defined as the process through which a chemical 
increases in concentration in a biological organism over time when compared to the 
concentration of the chemical in the environment. Compounds accumulate in living 
things any time they are taken up and stored faster than they are broken down, 
metabolized, or excreted.  The extent of bioaccumulation depends on the concentration of 
the chemical in the environment, the amount of chemical coming into an organism from 
the food, air, or water, and the time it takes for the organism to acquire the chemical and 
then store, metabolize, degrade, and excrete it. The nature of the chemical itself, such as 
its solubility in water and fat, also affects its uptake and storage in organisms. The 
bioaccumulation can be measured using actual organisms, but this type of measurement 
is very time consuming and costly, so a surrogate fat is used. Most often the surrogate fat 
is n-octanol, and the bioaccumulation of a chemical is measured/predicted indirectly 
through a chemical’s partitioning between n-octanol and water (Pow).  

 
Pοw is a key parameter in studies of the environmental impact of chemical 

substances. A highly significant relationship has been shown between the Pοw of 
substances and their bioaccumulation in fish (5-7). Pοw is also useful in predicting 
adsorption on soil and sediments and in establishing quantitative structure-activity 
relationships for a wide range of biological effects. 
 

One method that directly measures this partitioning coefficient is OECD 
Guideline for Testing of Chemicals No. 107, called the Partition Coefficient (n-
octanol/water): Shake-Flask Method (8). This method is based on the principle that the 
Nernst partition law applies at constant temperature, pressure, and pH for dilute solutions. 
OECD Guideline No. 107 states that the law strictly applies to a pure substance dispersed 
between two pure solvents when the concentration of the solute in either phase is not 
more than 0.01 mole per liter. If several different solutes occur in one or both phases at 
the same time, the results may be affected. Dissociation or association of the dissolved 
molecules causes deviations from the partition law. In general, the partition coefficient 
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(Pow) is the ratio of the equilibrium concentrations of a dissolved substance in a two-
phase system consisting of two largely immiscible solvents. For n-octanol and water, the 
partition coefficient is the quotient of the concentrations of the two, expressed as follows, 
but usually written in the form of its logarithm to base ten: 

water

octanol

C
CP n

ow
−=  

 
High-performance liquid chromatography (HPLC) is another method used for 

measuring/predicting bioaccumulation and is outlined in OECD Guideline for Testing of 
Chemicals No. 117, concerning the Partition Coefficient (n-octanol/water), HPLC 
Method (9). This test is performed on analytical HPLC columns packed with a 
commercially available solid phase containing long hydrocarbon chains (e.g., C8-C18) 
usually chemically bound onto silica. Chemicals injected onto such a column move along 
it by partitioning between the mobile solvent phase and the hydrocarbon stationary phase. 
The chemicals are retained in proportion to their hydrocarbon-water partition coefficient, 
with water-soluble chemicals eluting first and oil-soluble chemicals eluting last. From 
retention time measurements, the capacity factor (k) for each solute can be calculated by:   

 
( )

0

0

t
ttk r −=  

 
where tr is the retention time of the test substance, and tο is the dead-time, i.e., the average 
time an unretained molecule needs to pass through the column. In this method, 
quantitative analytical methods are not needed. Only the retention time of the substance is 
measured and the capacity factor of the substance is compared to chemicals that have a 
known published logPow value. When using either OECD 107 or 117 to measure a logPow 
value, OSPAR states that a logPow of 3.0 or greater has the potential to bioaccumulate. 
 
Quality of Material 

 
The existence of tests to investigate toxicity, biodegradation, bioaccumulation, 

and other characteristics that can cause environmental impact means that regulators can 
reduce or minimize environmental impacts by insisting that materials meet certain 
standards of biodegradation and toxicity before they can be discharged, or even used in 
certain environments. Regulators can identify the Best Available Technology (BAT) by 
comparing test performance or ranking materials in terms of environmental performance. 

 
Quantity of Material 

 
However innocuous a material is in terms of toxicity and biodegradation, 

minimizing the amount of material that is discharged is generally best. This waste 
minimization is usually in the interest of the operator, especially when expensive 
materials such as synthetic-based fluids are used. In this case, governments may rely on 
the cost savings achievable by minimizing discharges as a regulatory tool. Alternatively, 
restriction can be placed on the amounts of fluid that can be retained on drill cuttings. 
This restriction has been enforced in the U.S., with the EPA using data on performance of 
various cuttings drying and cleaning equipment to set limits at which synthetic-based 
fluids can be discharged on drilled cuttings. 

 
Stock Limitations vs. Rig Site Regulation 
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Some regulators ask that chemicals be tested before they can be used. Others 
prefer to examine what is discharged, i.e., “end of pipe” regulations. A clear dichotomy 
exists in the U.S. and Europe over the issue of stock vs. discharge limitations. While 
discharge limitations measure the direct toxicity of materials as they are discharged, the 
repeated testing and uncertainty of compliance while operations are continuing is a 
drawback.  The cost of this testing activity is borne mainly by the operators. In contrast, 
the stock limitations allow operators to seek permission to discharge materials before use 
and, in the absence of discharge limitations, are more confident of compliance with 
permits to operate, while the service companies pick up the costs of testing. 

 

SUMMARY AND FUTURE TRENDS  
 
Though individual countries have been active in developing their own 

environmental regulations, the strategy adopted by European regulators, and to a lesser 
extent, U.S. regulators, has had a significant influence. Since the late 1990s/early 2000s 
when European regulators barred the discharge of invert emulsion fluids, countries 
developing regulations and seeking direction on minimizing impact of invert emulsion 
systems on the environment have been more strongly influenced by the U.S. 

 
The future of drilling fluids and discharge regulations will include the imposition 

and possibly tightening of use and discharge regulations. A number of countries that are 
significant producers of hydrocarbons still have minimal environmental regulations. They 
are currently assessing the regulatory tools available, and in consultation with other 
governments, industry specialists, and operator and service companies, such countries are 
gradually building a portfolio of laws, guidelines, local bioassay facilities, and trained 
technicians to ensure that impacts of drilling activities are minimized. 
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Appendix 1. Summary of tests required by European and US Regulators 
  Applicability 
Test Type Test Name USA Europe 
Biodegradability    

 OECD Guideline for testing of Chemicals 306 (1992).  
Biodegradability in Seawater, Closed Bottle Method. 

 ● 

 

Modified ISO11734:1995 method: Water quality - 
Evaluation of the ‘ultimate’ anaerobic biodegradability of 
organic compounds in digested sludge - Method by 
measurement of the biogas production (1995 edition). 

●  

Toxicity    

 
PARCOM (1995), A sediment bioassay using an 
amphipod Corophium sp.  Oslo and Paris Commissions 
Protocol. 

 ● 

 
Paris Commission (PARCOM 1995).  Protocol for a Fish 
Acute Toxicity Test.  Oslo and Paris Commission 
Protocol. 

 ● 

 OECD Guideline for Testing of Chemicals 203 (1992).  
Fish, Acute Toxicity Test. 

 ● 

 
ISO 14669:1999(E) Water Quality - Determination of 
Acute Lethal Toxicity to Marine Copepods (Copepoda, 
Crustacea). 

 ● 

 
EN ISO 10253 : 1998  Water Quality - Marine Algal 
Growth Inhibition Test with Skeletonema costatum and 
Phaedodactylum tricornutum 

 ● 

 OECD Guidelines for the Testing of Chemicals Method 
201 - Alga Growth Inhibition Test 

 ● 

 

ASTM E1367–92 method: Standard Guide for Conducting 
10-Day Static Sediment Toxicity Tests with Marine and 
Estuarine Amphipods. Leptocheirus plumulosus as the test 
organism and sediment preparation procedures specified 
in Appendix 3 of 40 CFR 435, Subpart A. 

●  

 

“Suspended Particulate Phase Toxicity” as applied to BAT 
effluent limitations and NSPS for drilling fluids and drill 
cuttings refers to the bioassay test procedure presented in 
Appendix 2 of 40 CFR 435, Subpart A. 

●  

Bioaccumulation 
Potential    

 OECD Guideline for Testing of Chemicals 117 Partition 
Coefficient (n-octanol/water) by HPLC 1989. 

 ● 
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 Table 1. Example of survivorship of 5 replicates of 20 animals in 5 concentrations of test 
substance. 

Concentration 
(ppm) Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Average 

100,000 0 0 0 0 0 0 

50,000 9 7 6 7 8 7.4 

25,000 10 11 13 9 10 10.6 

12,000 15 16 18 1 15 16 

0 20 20 20 20 19 19.8 
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Figure 1. Relationship of survival and concentration, with arrow indicating lethal 
concentration at which 50% of the population shows mortality (LC50). 
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Figure 2. Aquatic biodegradability of a test substance and reference. 
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ABSTRACT 
 

In many areas of the Rocky Mountain and Mid-Continent regions of the U.S., produced water 
management is a major factor in the feasibility of oil and gas field development.  These are areas where 
the existing reinjection well capacities in some basins are not sufficient to dispose of growing volumes of 
produced water.  Alternatives to reinjection include treatment of produced water streams to meet criteria 
for surface discharge, infiltration and beneficial reuse with brine volume reductions sufficient to extend 
the life of existing Class II reinjection wells.    Over the past decade, a number of commercial and 
advanced technologies have been developed and deployed for the handling of produced waters.  This 
presentation will provide an overview of emerging processes that have the potential of improving the 
economics of treating produced waters to meet objectives of brine volume reduction, surface water 
discharge, infiltration for groundwater recharge and beneficial use.   Some major technical challenges 
include the control of soluble and free oils, the fouling of membrane-based desalinization processes, the 
control of elevated levels of soluble volatile acids, and the economical control of BTEX.  Promising 
processing approaches to improve the economics of reaching treatment goals suitable to achieve certain 
water management objectives will be discussed.   

 



 
 

INTRODUCTION 
 

The production of oil, conventional natural gas and coal bed natural gas (CBNG) result in the co-
generation of substantial flows of water from the hydrocarbon-bearing formation.  Produced water 
streams are usually separated from the gas at or near the wellhead;  because of the composition of these 
streams, they must be disposed of in a manner that is protective of human health and the environment.  In 
general, produced waters are of high mineral content, containing total dissolved solids (TDS) 
concentrations in the range from 500-6,000 upwards to greater than 100,000 mg/l for coal bed natural gas 
and conventional non-associated gas, respectively.   
 

Currently, 14-18 billion barrels of produced water are generated each year with the production of 
oil and gas in the U.S. (API, 2000; Veil, et al., 2004).  In the natural gas industry, more than 60% by 
volume of produced water is presently reinjected (recycled) into specially designated reinjection horizons 
which are deemed to be geologically isolated from potential underground sources of drinking water.  This 
produced-water reinjection percentage rises to greater than 90% when produced water from oil and gas 
operations are considered together; many producing formations are designed to employ water injection as 
a means of maintaining pressures and integrity of production operations.  While the injection of produced 
water is both environmentally acceptable and economically manageable in most cases, certain areas of the 
U.S. (e.g. certain basins of the Rocky Mountain States and the Mid-Continental States) are already feeling 
the constraints of limited reinjection capacities and increased regulatory restrictions that make it 
necessary to consider alternative methods for cost-effective produced water management.  It is 
conceivable that in future years, the oil and gas industry will be faced with the challenge of disposing of 
more than 1 billion barrels of produced water each year using methods other than deep well injection.   
 

The purpose of this paper is to review the alternate produced water management options that are 
being considered by industry and regulators and to provide an overview of treatment processes that could 
emerge in the industry to support these alternatives, including those that are aimed at the beneficial use of 
these water streams.   

 
 

 

BACKGROUND 
 

The general nature of produced water production and composition as well as the environmental 
issues and current practices associated with the management of produced water streams are covered in 
several recent reviews (Veil, et al., 2004; Boysen, et al., 2002; Doran and Leong, 2000).   Since produced 
waters represent more than 80 percent of the volume of wastes generated by E&P activities of the oil and 
gas industry, it is important that these streams are handled and disposed of in a manner that is protective 
of human health and the environment.   
 
 
Regulatory Considerations 
 

Environmental regulation of produced waters is addressed in three federal laws and a compliment 
of laws in various states; the websites where such regulations can be found is provided in the literature 
(Boysen, et al., 2002).  Regulatory control of the injection of produced waters is governed by the 
Unerground Injection Control Program (UIC) of the Federal Safe Drinking Water Act.  The purpose of 



this act is to ensure that injected produced waters are confined in the injection zone in a manner that does 
not contaminate a water bearing geologic formation which is presently or may in the future serve as an 
Underground Source of Drinking Water (USDW).   
 

Produced waters which are discharged to surface waters or the U.S. are regulated under the 
Federal Clean Water Act.  Under this act, no effluent from an industrial operation may be discharged to 
surface waters except in accord with the provisions of a permit issued by the National Pollutant Discharge 
Elimination System (NPDES);  NPDES permits are usually administered by the states.  With respect to 
the onshore oil and gas industry, the only produced water discharges that can obtain an NPDES permit are 
those from a small daily volume stripper wells and produced water which is of sufficiently good quality to 
be acceptable for beneficial use in areas of the United States west of the 98th Meridian.  No other onshore 
discharges of the oil and gas category can be permitted under the Clean Water Act except in very specific 
circumstances.  For instance, water produced in association with CBNG production in Alabama is 
discharged based on regulatory considerations in that state.    
 

It is important that the Resource Conservation and Recovery Act (RCRA) --- the third federal 
environmental statute impacting the oil and gas industry --- explicitly excludes E&P wastes, including 
produced waters, from inclusion under the hazardous waste management provisions of Subtitle C of the 
Act.  It also states that residual salts derived from evaporation and demineralization of produced waters 
are included in the list of E&P exempt wastes.  Like the Safe Drinking Water Act, federal law allows that 
the individual states can conduct hazardous waste programs that may be more stringent than federal 
RCRA.  For example, California law does not exempt E&P wastes from its hazardous waste program; this 
means that an E&P waste stream that indicates a hazardous characteristic on contains a hazardous 
constituent can be regulated as a hazardous waste.  Therefore, it is important to be as familiar with state-
level programs as well as federal statutes in the evaluation of produced water options for a particular 
region.   
 
 
Current Options in Produced Water Management 
 

At least nine out of ten barrels of produced water generated from oil and gas fields are disposed 
via Class II injection wells.  This means that the balance of these produced water streams will require 
options for beneficial use and/or disposal.  In many basins of the U.S., the generation of produced water is 
already approaching maximum capacities for existing options of produced water disposal.  Current 
options for dealing with this problem include water minimization that include techniques for blocking 
water from entering the well (e.g. mechanical blocking devices and water shut-off chemicals) and 
methods for preventing water from coming up to the surface (e.g. downhole oil/water separators) which 
are reviewed and described by Veil, et al. (1999) and Langhus (1996).   
 

Regulations in the Rocky Mountain States of Wyoming, Colorado, New Mexico, Utah and 
Montana also recognize a number of above-ground produced water management alternatives, including 
evaporation, land application, surface discharge through the NPDES permit program, and a number of 
beneficial uses including irrigation, live stock ponds, maintenance of wetlands habitat, and aquifer 
recharge (Veil et al., 2004; Boysen et al., 2002).   Nearly all of these options require compliance with 
water quality criteria;  implementation of these options will therefore require, in many cases, the ability to 
upgrade water quality.  Since water quality compliance is not inexpensive, producers are seeking more 
information on the economics of produced water management, disposal, and deployment of treatment 
technologies.     
 



The technical and economic feasibility of implementing treatment technologies for transforming 
produced water into beneficial use water streams will depend upon the initial composition of the produced 
waters, the type of processing to be used, and the quality of the finished effluent that is needed to meet 
regulatory criteria for the targeted end use for the product water.  Having a sustainable end use market is 
also important.  As large parts of the continental United States suffer water shortages due to drought 
and/or population growth, reclamation of water from various sources (including produced water) will 
become increasingly important.  It is, perhaps, fortuitous that produced water is often generated in large 
quantities within the arid regions of the U.S.  Examples of good opportunities for beneficial use water 
markets may be found in the natural gas production areas of the Rocky Mountain region of the U.S., 
including the coal bed natural gas (CBNG) production fields of the Powder River Basin (PRB) of 
Wyoming and Montana.  This sector probably represents the greatest initial opportunity for deployment 
of beneficial use systems since CBNG waters are generally low in total dissolved solids (TDS), organics 
and other constituents of regulatory interest and would be among the lowest cost to treat compared 
conventional produced water.   
 
 
Produced Water Composition  
 

Produced waters are highly varied in composition, a result that might be expected given that they 
arise from wide ranging formation characteristics, oil and gas hydrocarbon compositions, and a host of 
activities engaged by companies as a result of well development and maintenance.   Examples of 
compositions of several produced waters compared to approximate water quality criteria required for 
several end uses of the treated water are shown in Table 1.  A breakdown of the categories of constituents 
of concern in produced water is shown in Figure 1;  this breakdown is organized to illustrate the potential 
opportunities of using certain processes to achieve produced water separations.  Constituents can be 
considered to be divided into organic and inorganic compounds.  Inorganic constituents in produced water 
generated in the field are either insoluble (examples include scale, precipitates, grit, inorganic colloids, 
etc.) or soluble.  Soluble salts are comprised of anions and cations.  Some examples of cations in 
produced water include the monovalent cations of sodium and potassium and the multivalent cations of 
iron, calcium and magnesium.  Major anions include chloride, sulfate, carbonate and bicarbonate.  Non-
charged soluble inorganic species are also present; examples of these include silicate (H4SiO2) and Borate 
(H3BO3).   
 

Organic compounds are either separable with gravimetric and deoiling technologies (oils and 
greases fall into this category), or they are soluble, requiring more complicated processing for removal.  
Soluble organic constituents can be divided into compounds that are dissociable into the ionic form 
(examples include phenol, mono-carboxylic acids and di-carboxylic acids) and into compounds that are 
not dissociable (such as non-ionic soluble oils and glycols).   
 

In general, most produced waters are circum-neutral with pH values between 6 and 8.  Buffering 
is usually provided through the presence of bicarbonate.  In the normal storage and handling of produced 
waters, pH values will remain neutral unless caustics or acids are added in the course of treatment.    
 
 
Treatment Requirements to Achieve Beneficial Use Goals 
 

Growing interest among energy companies and the regulatory community in the conversion of 
produced water to water streams suitable for beneficial use, surface discharge and/or groundwater 
recharge points to an increased need for treatment that meets certain water quality criteria.  In some cases, 
produced water may be of a “good quality” to begin with and may not require much treatment, if any, to 



be considered for beneficial use.  Examples of this situation may be found in coal bed natural gas fields 
where some of the produced water streams are naturally low in total dissolved solids and in organic 
content (Arthur, 2003).  In most cases, however, treatment will be required to meet beneficial use effluent 
standards; in the majority of applications, the most pressing treatment needs would include one or more of 
the following: 

• Oil and grease removal 
• TDS reductions in product water 
• Decreased concentrations of benzene  
• Decreased concentrations of biological oxygen demand arising from soluble organics 
• Control of suspended solids  
• Reduction in brine volumes requiring disposal 
• Control of total and fecal coliforms in final effluent stream 
• Removal of special constituents of concern, such as boron, that restrict an end use (such 

as irrigation) 
• Adjustment of the sodium absorption ratio parameter (SAR) to avoid clayey soil damage 

in land application (irrigation, infiltration, groundwater recharge, etc.).   
 

In the management of produced waters generated on shore and off shore in past years, the first 
four items in the above list have been of highest priority as objectives in treatment.  As attention is turned 
toward developing produced water as a source of beneficial use water supplies, the last four items in this 
list will become increasingly important.   
 

A produced water management parameter of recent evolving importance among state regulatory 
agencies is the sodium absorption ratio or SAR.   Sodium adsorption ratio (SAR) is a function of the ratio 
of sodium to the sum of calcium and magnesium cations;  this parameter is defined by the following 
equation: 
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where the concentrations are in meq/l. Highly “sodic” soils (those with SAR greater than 12) suffer from 
decreased water penetration; the specific SAR value at which soil damage begins depends on the nature of 
the soil itself.  Optimum conductivity and SAR must be determined on a site-by-site basis.  As seen in 
Table 1, acceptable SAR values depend on the end use for the produced water; criteria for SAR values are 
also controlled to a high degree by each state.  In many cases, SAR numbers less than 6 with be required 
for beneficial use treatment systems.  From the equation, it can be seen that reducing the SAR from high 
values to acceptable levels can be accomplished through processes that either decrease sodium or increase 
calcium and magnesium.   
 
 
 
 



TREATMENT PROCESSES 
 
Achieving current and future goals to reduce volumes of produced water brines directed at 

underground injection and to develop E&P sites as a new source of beneficial use waters will require 
implementation of treatment trains that utilize cost-effective unit processes.  Treatment processes that 
have been commercially used in past decades in the oil and gas industry have focused mainly on the 
removal of oils and greases, scale control, and suspended solids and brine volume reduction using 
evaporation impoundments.   
 

As treatment objectives focus on enabling higher value uses of produced water, such as irrigation, 
livestock watering, groundwater recharge, and habitat restoration, greater attention will turn toward 
processes that have even greater capability in the removal of contaminants and in water conditioning to 
meet certain water quality specifications for beneficial use.  In addition to oil and grease and suspended 
solids removal targets, treatment objectives are now encompassing the removal of organic compounds to 
meet biochemical oxygen demand requirements for surface discharge (pursuant to compliance with 
NPDES permits).  Agricultural beneficial uses for produced water (especially those emphasizing 
irrigation and watering of livestock) have generated greater interest in the application of treatments for the 
removal of constituents of toxicological significance such as BTEX and boron.   
 

Achieving beneficial use, groundwater recharge and surface discharge treatment objectives will 
require in many cases the use of a combination of unit processes, since there is not a single unit process 
that is capable of performing all types of separation.  Each unit process has its "niche" in terms of being 
able to perform certain treatments on produced water.  These niches are illustrated in Table 2 which 
indicates the appropriate application of a number of unit processes that are potentially applicable to 
produced water treatment.  From this table, it can be recognized that each process has application to a 
limited number of basic functions (e.g. deoiling, suspended solids removal, iron removal, desalinization, 
etc.)   
 

Unit processes that are already applied or potentially applicable to produced water treatment are 
described in Tables 3-7;  these tables classify unit processes according to their major functions or 
capability, but also discuss their stage of development in application to produced water as well as their 
strengths and limitations.  From these tables, it is apparent that water treatment unit processes fall into at 
least one of the following general categories:  

• Established processing 
• Recently-deployed processing 
• Emerging technology 

 
"Established processing" is a category that covers unit processes that have been used for produced 

water treatment for many years (decades) in the oil and gas industry. These processes are well understood 
and have been of proven value and performance in their application to produced water treatment.   
Examples of such processes, all of which have served the industry very well for their intended purposes, 
include:  

• API separator, deep bed filter, hydroclone, induced gas flotation, and sand filtration for 
suspended solids removal and deoiling; 

• Aeration/sedimentation for iron removal and suspended solids control; and,   
• Activated carbon for the adsorption of organic contaminants.   

 
"Recently-deployed processing" encompasses unit processes that have been applied to produced 

water processing on a commercial scale mostly within the last decade.  Treatment methods in this 
category have been applied to produced water in large scale operations at multiple locations for purposes 



that represent another step beyond traditional produced water processing toward demineralization and 
water conditioning.  These processes include:  

• Precipitation and ion exchange for softening (i.e. removal of calcium and magnesium) 
and iron control;  

• Water conditioning (chemical additions and ion exchange) for adjustment of the SAR 
parameter;   

• Freeze thaw evaporation (FTE®) for the desalinization of produced water. 
 

Extensive use of the first two of the above process categories in other industries has built a 
sizable information base on the design and operation of these treatments.  For example, increased 
application of water conditioning for iron removal, softening and SAR control is being applied to areas 
where CBNG waters are processed for beneficial use.  A photo of a produced water currently undergoing 
zeolite ion exchange treatment (for removal of barium and other scale-forming cations) in the Powder 
River Basin of Wyoming is shown in Figure 2.   
 

More recently, freeze thaw evaporation (FTE®) has been commercially introduced at a number of 
sites where conventional produced waters are treated for brine reduction (Boysen, et al., 2002).   The 
obvious limitation of this technology is that it must be deployed in the region U.S. with sufficient days of 
freezing weather as depicted in Figure 3.  Costs for FTE and some conventional processes and produced 
water handling practices applied to produced water have been estimated by Boysen (2000) and Hackney 
(1996), respectively.   The costs can be compared to the wide span of costs reported for Rocky Mountain 
Region for produced water disposal which range from $0.01 to over $5.00 per barrel (42 gallon) charged 
by commercial waste haulers (Boysen, 2000) to estimate the cost of water processing that can be 
commercially viable.  These comparisons may also point to the need for certain “emerging technologies” 
to achieve reliably competitive costs in water handling and processing.  
 
 

The "emerging technology" category covers unit processes that have been piloted or are in the 
experimental stage of development for application to produced waters.  These are processes that may have 
extensive application to other industries or for other applications of water treatment, but have not yet been 
fully operational at full scale with the numbers of facilities that would classify the process as a 
commercial practice in the oil and gas industry.  Processes belonging to this category include:     

• Robust attached film biological processes that can tolerate elevated salinities; 
• Reverse osmosis and electrodialysis for demineralization of produced water; and, 
• Chemically enhanced ultrafiltration for improved removal of soluble oils.  

 
 
 
 
 

PRODUCED WATER DEMINERALIZATION 
 

Although there are produced water streams (such as some streams in coal bed natural gas 
(CBNG) areas) that do not need much treatment beyond suspended solids control minor electrolyte 
conditioning to achieve water quality objectives, the vast majority of produced waters require 
considerably more processing in order to reach goals of surface discharge, groundwater recharge or 
beneficial use.  In most cases, the generation of water suitable for higher use will involve some degree of 
demineralization for the removal of TDS from the product water and for the reduction of brines requiring 
final disposal.   
 



 
Reverse Osmosis Option 

 
To pursue the option of demineralization, some energy companies have explored the use of 

reverse osmosis (RO) as a means of achieving brine volume reduction for CBNG waters and for 
conventional gas well produced water.  A schematic of the RO process is shown in Figure 4.  For both 
types of produced water, pilot tests have shown that although a 3:1 reduction of brine volume could be 
achieved, and although a deionized product stream of good quality water could be initially produced, 
many operational problems involving membrane fouling surfaced in the initial attempts in the field to 
deploy the technology (Lawrence, et al., 1995; Doran and Leong, 2000).  These operational problems 
arise from the complex composition of the produced water and the effects of certain constituents on the 
membrane material.  Free and dissolved oils collect on RO membranes causing them to lose their 
permeability.  Particulates, including precipitates, tend to scour the surface of the membrane causing the 
filter material to break down mechanically.  Soluble hydrocarbons including volatile acids and BTEX can 
promote the growth or microbial films on reverse osmosis membrane surfaces, causing them to lose their 
separation performance.  These fouling problems are largely responsible for the lack of deployment 
success of RO in the oil and gas industry.   Recent advances in applying rigorous preprocessing of 
produced water show potential of improving the reliability of RO in achieving economical brine 
reduction; successful preprocessing, is often complex and site specific.    
 

The choice of RO for demineralization of produced waters is understandable given that RO is the 
predominant desalting technology in the United States; in 1997, there were approximately 2000 RO plants 
with a total capacity of 800 million gallons per day (MGD).   Most of these plants were used to process 
brackish waters with and seawater to supplement water supplies for municipalities and industry.  Under 
optimal conditions, the RO technology is applicable to the demineralization of waters with a wide range 
of salinities, from slightly brackish at TDS levels as low as 2,000 - 3,000 mg/l TDS to the ionic strength 
of seawater (35,000 mg/l TDS).   
 
 
Electrodialysis Option 
 

While there have been many tests of RO on produced waters, very little attention has been paid to 
the capability of the “other” desalinization process of electrodialysis or ED, especially as applied to the 
treatment of produced waters.  There is, however, long-standing operational success with this process in 
other industrial and municipal applications; currently, there are  250 plants operating in the U.S. with a 
total capacity of about 40 MGD.  Based on these applications, it would appear that ED seems to have its 
best fit with waters of moderate strength (3,000 - 15,000 mg/l TDS).    
 

Electrodialysis is an electrically-driven separation conducted at very low pressure drops across 
the process (usually less than 25 psi)  -- in contrast to RO which is a pressure-driven, size-exclusion 
filtering process..  The electrodialysis (ED) process, as applied to the treatment of salt water, depends on a 
number of principles.  Soluble salts exist in water as ions, with positive and negative charges.  This 
includes positively charged ions (cations) such as sodium, calcium, magnesium, and metals as well as 
negatively charged ions (anions) such as chloride, sulfide, sulfate, and bicarbonate.  When electrodes are 
connected to an outside source of direct current, an electrical current is passed through the water and the 
ions migrate to the electrode of the opposite charge as shown in the schematic for ED of Figure 5.   
 

To achieve good separation, the movement of ions (TDS) is controlled by the addition of 
selectively permeable membranes that form watertight compartments, as shown in Figure 6.  Each anion 
transfer membrane allows only the transfer of negatively charged anions (e.g. chloride, sulfate, 



bicarbonate, nitrate, sulfide, etc.).  The cation transfer membrane (C) allows only the passage of positively 
charged cations (calcium, magnesium, sodium, potassium, metals, etc.).  The membranes are electrically 
conductive and are impermeable to water flow, even under pressure.   
 

Using this arrangement, concentrated and diluted solutions are produced in the spaces between 
the alternating membranes.  The spaces between the membranes are called cells and two adjacent cells are 
called a cell pair.  The conventional electrodialysis process consists of several hundred cell pairs and is 
called a membrane stack.  In practice, the electrodialysis system is composed of a series of stacks.  
Periodically, chemicals can be passed through the stack to achieve a clean-in-place operation.   
 

A commercial electrodialysis system used in the demineralization of water is shown in Figure 7.  An 
electrodialysis processing train usually includes the following steps: 

• Pretreatment  
• Membrane Stack 
• Low-pressure circulating pump 
• Power supply for delivering direct current 
• Post-treatment for water conditioning 

 
Over the last thirty years, a number of features have been develop to improve the electrodialysis 

process.  In the 1970’s, the electrodialysis reversal (EDR) process was introduced into the commercial 
sector.  The EDR process operates on the same principle as the conventional ED unit except for a couple 
of features.  First, the brine and product channels are constructed identically;  second, at intervals of 
several times an hour, the polarity of the electrodes is reversed and the flows are simultaneously switched 
so that the brine channel becomes the product water channel and vice versa.  The reversal feature is useful 
in breaking up films, scales, and other deposits and flushing them out of the process before they can build 
up and foul the membranes.  The EDR configuration, however, does add some added complexity in 
design and control.  For many water treatment applications, effective clean-in-place operations can be 
accomplished with conventional automated chemical treatments.   
 

Over the years, the electrodialysis has been applied to the processing of brackish saline waters to 
achieve partial demineralization to meet criteria for surface discharge or for water supply uses.  Most of 
these applications did not require or utilize EDI.  Although valuable for many industrial applications 
requiring the generation of ultra-high quality water, the performance of EDI is usually in excess of the 
levels of treatment required for upgrading brackish water or for the desalinization of produced waters, 
where effluents containing less than 500 mg/l would be environmentally acceptable.    
 

The past successful experience in applying conventional electrodialysis and EDR processes to the 
demineralization of brackish waters strongly suggested that these same processes could play a role in 
providing useful separations of produced waters at a reasonable cost.  This body of experience indicated 
that electrodialysis has the following potential characteristics that would facilitate its application to the 
treatment of produced waters:   

 
• The ability to  simultaneously separate a wide range of ionic constituents – not only sodium 

and chloride ions, but also barium, heavy metal cations and volatile acids (at neutral pH 
levels) that may comprise the majority of soluble organics in most produced waters.   

• Applicability to the treatment of produced waters of moderate strength up to 15,000 mg/l 
TDS.   

• The capability for high recovery of demineralized water where the product stream is more 
than 90 percent of the flow of the influent stream (compared to 50 to 70 percent with reverse 
osmosis). 



• The possibility for increasing the brine volume reduction factor to 10:1 or more (compared to 
3:1 with reverse osmosis).   

• Good control over the degree to which salts are removed from the water stream through 
adjustments of flow and electrical energy inputs.   

• Higher tolerance for higher levels of suspended solids compared with reverse osmosis 
(requiring less rigorous pretreatment for particulate removal). 

• Low chemical use for pretreatment.   
• Greater membrane life expectancy of 8-10 years for electrodialysis  (compared with 1-2 years 

for reverse osmosis).   
 
 

Electrodialysis may have application to a significant fraction of produced waters requiring 
beneficial use solutions.  Many produced water streams, including most produced water streams in CBNG 
areas, contain modest levels of total dissolved solids that are less than 15,000 mg/l;  these waters may 
only require partial demineralization to achieve good brine volume reductions and a demineralized steam 
suitable for surface discharge and/or beneficial use.   
 
 
 
 
 

INTEGRATED PROCESSES FOR IMPROVED 
PERFORMANCE 

 
The principal challenge of using either membrane-based demineralization process (i.e. whether 

implementing RO or ED) will be the protection of these processes from produced water constituents that 
can damage the membrane surfaces.  Since the demineralization processes of RO and ED are 
fundamentally different, the nature and level of ancillary processing required to promote stable and 
economical operation will undoubtedly be different as well.  Several fundamental categories of 
preprocessing will need to be considered with both demineralization processes; these include:  

• Flow equalization 
• Deoiling 
• Suspended solids removal  
• Soluble organics removal for biological growth control  

 
In the handling of most conventional produced waters, all of the above pretreatment elements will 

likely be required.  On the other hand, some produced waters have low natural levels of total petroleum 
hydrocarbons (TPH) that are below 0.1 ppm and total organic carbon levels below 5 ppm;  examples of 
such streams can be found in many coal bed natural gas production basins.  For lightly impacted produced 
waters, pretreatment steps involving deoiling and soluble organics removal may not be needed to protect 
demineralization processing.   

 
Removal of suspended solids, oil and grease from produced water will, in most cases, be required 

before demineralization can be performed on produced waters.  These processing steps depend, in large 
part, on the use of filtration technology.  Filtration technologies operate on the basis of size exclusion;  the 
appropriate choice of filtering technology will depend upon the particle size of the sought-after 
contaminant.  The application niches of various filtering technologies relative to the sizes of particles that 
are removed are shown in Figure 8.  All of these filters should be used within the context of performing 
pretreatments that are desired within the context of an “integrated” produced water treatment system.   



 
An example of integrated processing for the implementation of reverse osmosis is shown in 

Figure  9;  this flowscheme (developed by ARCO Western Energy) was used as the basis of a pilot plant 
that processed raw conventional oil field produced water to yield a demineralized product water stream.  
Produced water from the well field of interest was generated at a temperature of 160° F and contained 
about 5,800 mg/l TDS, 17 mg/l of soluble oils and grease, about 120 mg/l of TOC, trace levels of BTEX, 
and soluble silicates and boron at concentrations of 200 and 20 mg/l, respectively.  Before being 
introduced into the reverse osmosis process, the produced water was subjected to considerable 
pretreatment for soluble oil removal (using the walnut shell filter), silicate removal to avoid abrasion 
(using the warm lime process), removal of soluble organics (using trickling filter biological treatment), 
suspended solids control (using a pressure sand filter), and a final softening step to remove calcium and 
magnesium to minimize the potential of forming calcium and magnesium carbonate precipitates under the 
high pressures of reverse osmosis.   
 

The performance of this pilot scale treatment train is described by Doran and Leong (2000) for 
the 35-duration of its operation.  In general, good demineralization performance was achieved with the 
RO unit;  a product water of less than 150 mg/l TDS was generated and brine volume reduction of greater 
than 80 percent was achieved.  However, pressure drop data from the RO process shows a degradation of 
performance occurred with each operating cycle between membrane cleanings, as depicted in Figure 10.  
An operational policy established that the RO would be operated until pressure drops across the 
membrane reached 450 psi, at which time, membrane cleaning and regeneration would be performed on 
the process so that the membrane would be able to operate at a virgin membrane pressure drop of 370 psi.  
The graph of Figure 10, though, shows that beyond the second cycle, pressure drops could not be restored 
to below 430 psi, substantially shortening operating time between cleanings by more than half.  This rapid 
degradation of membrane performance is typical of oil and gas industry experience with the RO 
technology and may be explained by the performance of the processes that preceeded the RO.  The walnut 
shell filter achieved less than 40% removal of the oil and grease (O&G), allowing more than 10 mg/l 
O&G to remain in the water stream.  The trickling filter that received an influent stream total organic 
carbon concentration (TOC) of 95 mg/l only achieved an 8.4% removal of TOC, leaving 87 mg/l TOC to 
remain in the water stream.  Thus, the inability of the preprocessing to perform efficient organic removals 
was responsible for up to 87 mg/l of TOC and 10 mg/l of O&G getting into the RO unit, which could 
possibly explain the rapid degradation of RO membrane performance.  This RO degradation occurs after 
an initial 2-3 week period – about the amount of time required for microbial films to develop on surfaces.   
 

This information, together with the body of experience with RO in the oil and gas industry, 
suggests that increased emphasis needs to be placed on high-performance preprocessing to remove oil and 
grease as well as total organic carbon to sustainable low levels and to minimize detrimental impacts to the 
expensive membrane components that carry out demineralization.  Several emerging processes show 
promise in providing such improvements in preprocessing.  Of course, activated carbon could achieve 
substantial reductions in TOC and O&G, but the GAC costs and/or regeneration expenditures would 
likely be excessive for these applications to organic concentrations above 10-40 mg/l.   Experimental 
testing of ultrafiltration and micelle-enhanced ultrafiltration indicates oil and grease removals (from 
influent levels of 35-40 mg/l) of 90-99% and TOC removals of 80-95% were achievable, though permeate 
flux (L/m2-hr) decreased gradually after each cleaning (Santos, 1997).   
 

Alternatively, the GAC-FBR --- which is commercially available --- could be used to control 
soluble organics in produced water.  The GAC-FBR is a biological process that uses a fixed microbial 
film which biologically converts dissolved organic compounds to harmless products such as carbon 
dioxide.  The biofilm is attached to granular activated carbon granules inside the bioprocess (or 
"reactor").  This reactor configuration is usually operated in the aerobic mode in which oxygen from 
aeration is utilized by the biofilms to oxidize organic contaminants as the water flows over the cell mass.  



The process can also be operated in the anaerobic mode, using nitrate to oxidize the organics to carbon 
dioxide.  Both modes of GAC-FBR operation have been demonstrated as effective in efficiently removing 
BTEX and total organic carbon (TOC) from produced water at dissolved salt levels up to 15 percent.   
 

Typical removals of BTEX achieved with the GAC-FBR process in pilot and full scale 
applications to produced water range from 95 to 99.8 percent and TOC (including volatile acids) is 
removed at efficiencies of 70-90 percent (Miller, et al., 1997).  In the treatment of organics in water, the 
process seems to combine the high removal efficiency of adsorptive carbon with the destructive capability 
of biofilms to eliminate organic compounds and regenerate the carbon solid support.  The amount of 
activated carbon added to the process on an annual basis is equal to the modest 3-6 percent of carbon lost 
from the reactor due to particle attrition.  Most remarkable is the low volume of reactor that is required for 
treatment.  The GAC-FBR typically operates at hydraulic loadings that are 25 to 50 times that of 
suspended culture systems; hydraulic retention times of 5 to 30 minutes are typical, compared to 6-8 
hours or more for activated sludge processing.  As such, the foot print of the GAC-FBR is less than 10% 
of the footprint required for conventional biological treatment, including trickling filter processing.  
Commercial history of this process with the beverage industry, the refinery industry and the utility 
industry shows that the GAC-FBR is economical to construct and to operate.  This process also has 
considerable potential for pretreatment in the oil and gas industry to remove soluble organic acids, BTEX 
and soluble oils.   
 

The GAC-FBR has been piloted in combination with induced gas flotation to provide 
pretreatment for an electrodialysis unit that was briefly tested at a conventional gas well in the Wind 
River Basin near Lysite, Wyoming (Miller, et al., 1997).  Produced water at this site contained about 
8,300 to 10,000 mg/l of total dissolved solids (TDS), comprised mainly of sodium, chloride, calcium and 
bicarbonate; these ions comprised approximately 93% of the dissolved inorganic salts.  The produced 
water also contained 65 mg/l of oils and greases, and over 330 ppm of biological oxygen demand as 
measured with the standard 5-day test (BOD5), 70% of which was made up of acetate and other volatile 
acids.  The BOD5 parameter is a predictor of the amount of oxygen required in natural streams to oxidize 
the organic carbon in a sample and it is proportional to the biodegradable total organic carbon (TOC).  
The goal was to treat the produced water to meet the NPDES criteria for surface discharge and to meet 
specifications for certain beneficial end uses of irrigation and livestock watering.  To achieve these goals, 
the following unit processes were used in the pilot treatment train:   

 
• Deoiling to remove oils and greases to achieve NPDES O&G limits and to protect 

downstream unit processes.  This was accomplished with induced gas flotation.   
• Dissolved organics removal.  This was achieved with the use of two biological fluidized 

bed reactor (FBR) processes in series:  1) An anoxic, nitrate-consuming FBR to achieve 
large reductions in the soluble TOC;  and, 2) An aerobic FBR to ensure efficient 
oxidation of soluble TOC and BTEX (i.e. benzene, toluene, ethylbenzene, and xylenes) to 
low levels.   

• Partial demineralization to achieve NPDES criteria for total dissolved solids, chloride and 
sulfate.     

 
The pilot system was operated over a 65 day period to obtain water quality data and treatment 

economics.  A schematic and photo of the pilot process train are shown in Figures 11 and 12, 
respectively.  Produced water flow to the induced gas flotation process and the FBR processes was 15 
gpm.  A split stream of treated water from the aerobic FBR was fed to the on-site electrodialysis (ED) unit 
which was designed and operated for batch recirculation flows of about 0.5 to 4 gpm, depending on the 
final TDS that was targeted for the effluent.   The ED unit was operated in continuous mode for most of 
the 65 day period.  Continuous operation was interrupted by twelve brief batch tests to evaluate determine 
the energy inputs necessary to achieve 5,000, 2,500 and 1000 mg/l of TDS.  An acid wash was applied to 



the membranes on a daily basis in accordance with the manufacturer’s recommendation for maintenance.  
During the operational period, samples were collected throughout the pilot system to determine the 
effectiveness of each unit process in the treatment of Lysite produced water.  At the conclusion of the 65-
day test, the ED stack was dismantled and key electrode and membrane components were sent to the 
manufacturer for inspection.   

 
Results from the electrodialysis field pilot system are summarized in Table 8.  Overall, the 

integrated treatment system performed well throughout the 65-day operation.  Membrane integrity tests 
performed by the vendor before and after the piloting period showed no significant impairment to the 
membranes in the ED stack.  Consistent with the nature of conventional natural gas wells, the produced 
water contained elevated levels of oils and greases approaching 100 mg/l;  however, the combination of 
induced gas flotation (using a coagulant dose of 5 mg/l) and biological treatment was able to reduce the 
oil and grease to 4 mg/l or less, as shown in Figure 13, which offered sufficient protection to avoid 
fouling of the ED unit.   The “front-end” preprocessing was also able to achieve nearly 90% removal of 
soluble organics before the produced water was introduced to the ED stage.  The ED unit was able to 
decrease the salinity of the product water from 9,000 mg/l to the desired target levels of 5,000, 2,500, and 
1,000 mg/l TDS.  Power costs required for each of these levels is shown in Figure 14 (based on an 
electricity price of 6 cents per KWh), based on actual electrical energy consumption required to reach 
each of the target TDS levels.  These results showed that the Lysite electrodialysis pilot system was 
capable of demineralizing a conventional gas produced water stream from 9,000 mg/l to as low as 1,000 
for only 3 cents per 42-gallon barrel;  the cost of reaching 2,500 mg/l was about 1 cent per bbl.   

 
Application of demineralization technology for the conversion of CBM produced water to 

beneficial use or surface discharge would likely involve less aggressive and, hence, lower-cost integrated 
processing.  As previously mentioned, because CBM produced water is generally lower than conventional 
produced water in TDS concentration (less than 15,000 mg/l), electrodialysis could be applied at a 
reasonable cost for energy for demineralization.  Having far lower levels of oil and grease (often below 2 
mg/l) and total organic carbon (often less than 20 mg/l) would favor the use of a simpler flow scheme for 
the generation of beneficial use water.   

 
Such a proposed scheme is shown in Figure 15 which consists of the use of flow equalization, 

induced gas flotation (optional -- needed only if free oil is present), pressure sand filter (for suspended 
solids removal), micelle-enhanced ultrafiltration (for soluble oil removal), electrodialysis 
(demineralization), adsorption using a regenerable sorbent (for BTEX control), and SAR adjustment 
through calcium addition.  It is projected that this type of flowscheme would achieve very low levels of 
total and dissolved oils in the produced water before encountering the electrodialysis unit.  This would 
greatly reduce oil and grease deposition on the ED membranes and require far less attention in terms of 
cleaning.  It is also anticipated that the low concentrations of TOC would mainly be comprised of volatile 
acids which would be separated out of the water with the brine in the ED unit due to the dissociation of 
volatile acids to predominantly anionic ion form at a pH above 6.5.  The flowsheme of Figure 15 would 
not generate large amounts of solid wastes requiring disposal but would generate small volumes of 
concentrated brines and liquid wastes that could be safely disposed of using injection into a Class II well.  
The processing of Figure 15 is currently under evaluation at the laboratory pilot scale under the support of 
DOE with performing organizations including the Colorado School of Mines (CERI Program), GTI, 
Argonne National Laboratories, and ALL Consulting.    

 
 
 
 



FUTURE DEVELOPMENT NEEDS FOR EMERGING 
TECHNOLOGIES 

 
As energy companies pursue the evaluation of options for on-shore produced water management 

as alternatives to conventional disposal, membrane-based desalinization will continue to receive attention 
as potential routes to brine volume reduction, regulatory compliance and the generation of beneficial use 
water streams.   If membrane-based demineralization is to be successful, more development will be 
needed on a number of topics;  some suggested areas follow:   

• Identify effective preprocessing for produced waters to achieve reliable removals of free, 
dispersed and soluble oils to levels below 0.2 mg/l TPH.  This may require fastidious attention to 
the implementation of a combination of processes that are able to deal with perturbations of oil 
concentrations in the influent stream and treat the stream to very low levels of oil and grease.  
This is critical to the protection of RO and ED units implemented for demineralization.   

• Develop more effective clean-in-place techniques for RO treatment systems that allow 
membranes to operate for more than a year before replacement.  Currently, it is difficult to 
operate RO on produced water for more than a month without significant degradation of 
separations performance.   

• Explore the processing advantages of using of electrodialysis in combination with RO.  The ED 
process combined with RO may be a means of controlling scale-forming divalent ions fed to RO 
and may offer energy saving advantages.  

• Automate the systems.  Sensors, computer controls, broad-band transmission of data collected 
from on-site data-acquisition and from strategically placed cameras can allow remote monitoring 
and intervention of many produced water treatment plants installed within a region.   

• Continue to develop the information base on beneficial use management options, optimal water 
allocations, and environmental effects.      

 
 
 
 
 

SUMMARY 
 
In many regions of the U.S. (especially in the CBM basins), produced water management plays a 

major role in determining the economic feasibility of oil and gas field development.  For on-shore 
production, the possibility of converting produced water to water streams that can be used for 
groundwater recharge, freshwater habitat (through surface discharge) or new beneficial use markets is 
becoming increasingly attractive to energy planners, regulators and other energy industry stakeholders.   

 
As large parts of the continental United States suffer water shortages due to drought and/or 

population growth, opportunities may arise for reclaiming produced water for beneficial use.   In 
particular, many produced waters, including most produced water streams in CBM areas, contain modest 
levels of total dissolved solids that are less than 20,000 mg/l; these waters may only require partial 
demineralization to achieve good brine volume reductions and a demineralized steam suitable for surface 
discharge and/or beneficial use.  Surface discharge, groundwater recharge and proposed beneficial uses 
for produced water in the future (e.g. irrigation, livestock, industrial, etc.) will require, in most cases, a 
considerable effort to upgrade the quality of produced water to meet standards and specifications.   

 
The economics and trade-offs of reclamation, of course, are determined by local conditions, 

including the volume and quality of produced water, the proximity of potential reclaimed water users, and 



the robustness and applicability of treatment technologies.  A number of established (conventional), 
recently-deployed and emerging water treatment technologies (and combinations thereof) will provide the 
basic tools for the engineer to use to meet future challenges and opportunities for produced water 
reclamation and management.  In the area of using membrane-based demineralization (i.e. reverse 
osmosis and electrodialysis) to economically reach treatment goals, additional development and field 
testing will be needed to solve some persistent challenges and make this vision a reality.   
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Table 1.  Typical Values for Produced Water Quality Compared to Some Criteria 

End Use Criteria (ppm)  
Parameter Drinking Irrigation Livestock CBM Water 

Non-CBM 
(Conventional Gas 

Well) Water 
pH 6.5 - 8 - 6.5 – 8 7 - 8 6.5 - 8 
TDS, mg/l 500 2,000 5,000 4,000 – 

20,000* 
20,000 – 100,000 

Benzene, ppb 5 5 5 < 100 1,000 – 4,000 
SAR** 1.5-5 6 5-8 Highly Varied Highly Varied 
Na+ , mg/l 200 See SAR 2,000 500 - 2000 6,000 – 35,000 
Barium, mg/l    0.01 – 0.1 0.1 – 40 
Cl - , mg/l 250 - 1,500 1,000 – 2,000 13,000 – 65,000 
HCO3

-  mg/l - - - 150 – 2,000 2,000 - 10,000 
*  Total Dissolved Solids (TDS) range estimated for the lower 50 percentile 
** SAR = Sodium Absorption Ratio  --  a function of a ratio of Na to Ca and Mg Levels. 

 
 



 
Table 2.  Unit Processes and Their Application to Produced Water Treatment. 

 
Treatment 

Method 

 
De-Oiling 

Suspended 
Solids 

Removal 

 
Iron 

Removal 

Ca & Mg 
Removal 
Softening 

Soluble 
Organic 
Removal 

Trace 
Organics 
Removal 

Desalination & 
Brine Volume 

Red 

Adjust-
ment of 

SAR 

Silicate  
& Boron 
Removal 

API Separator          

Deep Bed Filter 
         

Hydroclone 
          

Induced Gas 
Flotation          

Ultra-filtration 
         

Sand Filtration          

Aeration & 
Sedimentation          

Precipation 
Softening          
Ion Exchange          
Biological 
Treatment           
Activated 
Carbon          
Reverse Osmosis          
Distillation 
          
Freeze Thaw 
Evaporation          
Electrodialysis            
Chemical 
Addition          

 = Indicates that the technology is applicable as a potential remedy as indicated by data collected from pilot or commercial scale units.   
 
 



Table 3.  Overview of Produced Water Treatment Processes for Deoiling (Oil and Grease Removal). 
  

Unit Process 
 

Technology Description 
State of 

Development 
 

Strengths 
 

Limitations 
API Separator 
(Rudolfs, 1971) 
 

A gravity oil-water separator tank that is designed 
to promote the quiescent separation of water and 
free oil.  Oil is mechanically collected as a floated 
material or as a settled mass in the process.  Often 
used in conjunction with chemical pretreatment 
employed to break emulsions.  Useful as a first-
line treatment process.   A variant of the process 
uses corregated plates to collect oil. 

Very well established 
treatment process used in 
the oil and gas industry.   

Performs well in the 
treatment of elevated 
oil concentrations at 
percent levels:  
achieves 50-99% 
removal of free oil.  
Particulates above 150 
µ are removed.  

Soluble components 
of the TPH parameter 
are not efficiently 
removed with the 
process.  Free oil 
concns can be in the 
range of 15-100 ppm.   

Deep Bed Filter 
(Hensley, 1992;  
Santos, 1993) 

A bed of sand or walnut shell granular media that 
is at least four feet deep in a vertical tank.   

Well known and 
established technology in 
the oil and gas industry. 

Able to remove small 
diameter oil droplets 
from produced water.  
Useful for polishing the 
effluent.   

Soluble TPH 
components are not 
removed;  not 
recommended for 
influent oil concns 
over 100 ppm. 

Hydroclone 
(Lawrence and 
Miller, 1995) 
 

A device of cylindrical construction that is fitted 
with one or more tangential inlets which cause the 
fluid entering the cyclone to follow a circular path 
around the wall of the process.  Rotation of the 
fluid generates a centripetal acceleration field 
which is thousands of times greater than earth's 
gravity.  Heavier water and solids move toward the 
outer wall; lighter material moves toward the 
center and the light oil is rejected from the process.  

Well know and 
established technology in 
the oil and gas industry.   

Capable of reaching 
low levels of free oil 
below 10 ppm.   
Low space 
requirements.  Lowest 
cost deoiling device in 
many cases.  Removes 
particles larger than 15 
µ. 

Highly soluble oil 
components of TPH, 
such as naphthenic 
acids, are not 
removed. 
May not be able to 
meet NPDES permit 
effluent oil and grease 
limitations.     

Induced Gas 
Flotation 
(Lawrence, 1993) 

Fine gas bubbles are generated and dispersed in a 
chamber to suspend particles which ultimately rise 
to the surface forming a froth layer.  Foam 
containing the oil is skimmed from the surface.   

Well known and 
established technology in 
the oil and gas industry.   

Oil removals of greater 
than 93% have been 
demonstrated with 
chemical additions. 

Does not remove 
soluble oil 
components.   
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Ultrafiltration 
and 
Microfiltration 
(Santos, 1993) 

Ultrafiltration is a membrane process that is 
capable of retaining solutes as small as 1000 
daltons (1 dalton is 1/16 of the mass of an oxygen 
atom) while passing solvent and smaller solutes.  
Surfactant addition enhances oil removal.  
Operating pressures of 140-410 kPa (20-60 psi) 
are far lower than reverse osmosis pressures.   

Widely practiced on a 
large scale in industry. 
Developmental for O&G 
applications.  Micelle-
enhanced version of this 
process is an emerging 
technology.   

Compact.   
Removes about 85-99% 
of total oil.   Effluent 
oil & grease can 
consistently be reduced 
to below 14 ppm. 

Iron fouling can be a 
problem.  Effective 
cleaning is critical to 
preventing membrane 
fouling and reduction 
in permeate flux  



 
 
 
 
 
 
Table 4.  Overview of Produced Water Treatment Processes for Primary Treatment (Suspended Solids Removal). 

  
Unit Process 

 
Technology Description 

State of 
Development 

 
Strengths 

 
Limitations 

Sedimentation 
(Clark et al., 1977) 

A long retention time tank or retention pond 
designed to establish quiescent conditions for 
settling of particulates.   

Long established 
technology in the oil and 
gas industry. 

Can be designed to 
handle large variations 
in flow.   
Removes large 
particulates;   

Does not remove fine 
particulates.  

Multimedia 
Sand Filter 
(Clark et al., 1977) 
 
 

Consists of a bed of stratified granular materials 
designed to achieve removals of particulate matter.  
Dual medium filter beds can be composed of: 1) 
sand and anthracite, 2) activated carbon and sand, 
3) resin beads and sand, and, 4) activated carbon, 
sand and garnet.  Continuous backwash features 
ensure ease of bed management.   

Very well established in 
many industries for 
suspended solids 
removal.   

Regeneration of the 
filter bed is automatic. 
Effective removal of 
large particulate matter 
and particulate matter 
that can be flocculated.  

Does not remove fine 
particulates. 
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Cartridge Filter 
(Cartridge Filter 
Website, 2004) 

Process comprised of a tube support system that 
holds filter cartridges.  Often used as a 
pretreatment device.  Water is pumped through the 
filter under pressures lower than ultrafiltration.   

Commercially available 
for application in the oil 
and gas industry.   

Easy to maintain. 
Numerous cartridge 
types are available. 
Low pressure drops. 
Effective removal of 
particulates.   

Does not remove fine 
particulates. 



 
 
 
 
 
 
 
 
Table 5.  Overview of Produced Water Treatment Processes for Iron Removal and Softening. 

  
Unit Process 

 
Technology Description 

State of 
Development 

 
Strengths 

 
Limitations 

Aeration and 
Sedimentation 
(Clark, et al., 1977) 

Primarily for iron removal.  Water is aerated, 
settled in a sedimentation tank and filtered.  
Soluble iron in the Fe2+ form is oxidized to Fe3+ 
which forms an insoluble iron hydroxide 
precipitate;  the theoretical solubility of ferric 
(Fe3+) is less than 5 x 10-6 mg/l as Fe.  The 
oxidized iron floc is then removed by 
sedimentation and/or filtration.   

Standard iron removal 
method used by many 
communities across the 
U.S.   

Iron removal has 
considerable benefits in 
protecting downstream 
membrane processes 
(used for desalination) 
from iron fouling.  

The pH needs to be 
adjusted to > 7.5 for 
good performance.   
Organics in the water 
compete for oxygen 
during aeration.   

Lime Soda Ash 
Softening 
(Clark, et al., 1977;  
AWWA, 1971) 

In this process, hydrated lime or caustic soda is 
added to the produced water to adjust the pH to 
above pH 10.  The following reaction results in the 
net removal of calcium: 
Ca(HCO3)2 + Ca(OH)2 = 2CaCO3↓ + 2H2O  

Conventional water 
softening practiced by 
municipalities and 
industry.   

Well understood 
methodology. 
Effectively controls Ca 
and Mg hardness in 
water.   

Large foot print. 
Needs considerable 
operating labor for 
chemicals handling 
and sludge disposal. 
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Ion Exchange 
(Brown and 
Sheedy, 2002) 

A process based on the ability of an ion exchange 
resin to exchange one ion from the water with 
another ion on the resin.  For example, zeolite 
resins exchange sodium ions for calcium and 
magnesium ions that cause hardness in the water.   

Used extensively in 
smaller water systems 
and in individual homes, 
and in industry.   

Compact and low in 
cost in softening 
pretreated water 
streams.   

Requires pretreatment 
(deoiling, 
precipitation 
softening, etc.) to 
avoid resin fouling.    



 
 
 
 
 
 
Table 6.  Overview of Produced Water Treatment Processes  - Secondary Treatment (Soluble Organics Removal).   

  
Unit Process 

 
Technology Description 

State of 
Development 

 
Strengths 

 
Limitations 

Biological 
Treatment 
(Hickey, et al., 
1999) 
 
 
  

A number of biological processes have the 
capability to degrade dissolved oils, volatile acids 
and other soluble organics to carbon dioxide.  An 
example of a biological process that is robust in 
treating produced water is the fluidized bed reactor 
that uses granular activated carbon as the solid 
support for microbial growth (the GAC-FBR 
process).   

The GAC-FBR is 
commercially available 
equipment and has been 
successfully 
demonstrated for the 
treatment of produced 
waters up to 15,000 mg/l 
TDS.   

Reasonable footprint. 
Highly versatile in the 
removal of organic 
compounds.  Able to 
operate in the 
anaerobic, denitrifying 
and aerobic modes.   
Robust performance 
with many produced 
water streams. BTEX 
removal efficiencies 
exceed 98%. 
 

High concentrations 
of total organic carbon 
over 100 mg/l may 
need a denitrifying 
mode of operation;  
this would require 
large process volumes 
and the handling of 
nitric acid and/or 
nitrates.   
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Activated 
Carbon 
(Noll, K.E., 1992) 
 

A fixed bed column that promotes the adsorption 
of organic compounds on the surface carbon media 
as the water passes through the column.  Spent 
carbon media is usually regenerated off-site.  Most 
often applied as a water polishing process for trace 
organics and some inorganic species.   
 
 

Well established process 
in municipal and industry 
sectors.  Best applied to 
organic concentrations 
below 20 ppm.    

Excellent removal 
efficiencies with certain 
organic compounds;  
for example, removals 
of BTEX can exceed 
99%.  
  

Application to high 
organic concentrations 
over 100 ppm TOC 
causes rapid 
exhaustion of 
activated carbon.   



Table 7.  Overview of Produced Water Treatment Processes for Demineralization and Brine Volume Reduction. 

  
Unit Process 

 
Technology Description 

State of 
Development 

 
Strengths 

 
Limitations 

Reverse 
Osmosis 
(Rousseau, 1987) 

A membrane process capable of separating a 
chemical (solute) from an aqueous solution by 
forcing the water through a semipermeable 
membrane by applying a pressure greater than the 
osmotic pressure of the solute.   

Processing more than 
800 MGD at 2,000 plants 
in the U.S., RO is the 
predominant desalting 
technology used in the 
U.S. in the treatment of 
water ---   developmental 
stage for O&G 
applications.  
New membranes and CIP 
are available.  

Good track record with 
sea-water and brackish 
water.  
 
Small footprint. 
 
Handles a wide range of 
TDS concns.   
 
Organics and salts are 
removed 

Demonstration test 
facilities exhibit: 
Membrane fouling 
due to: 
• Oil film on the 

membrane 
• Abrasion of 

membrane due to 
precipitates. 

• Poor water 
recoveries < 65%. 

Vapor 
Compression 
Distillation  
(Doran and Leong, 
2000) 

A process in which the heat for evaporating the 
water comes from the compression of vapor rather 
than the direct exchange of heat from steam 
produced in a boiler.  The process includes a 
multiple-effect evaporator that uses a compressor 
to pull a vacuum on the vessel that induces the 
boiling of water at low temperatures of 40º to 60º 
C.    

Commercially available 
at capacities of 120 to 
120,000 bbl/d.  Often 
utilized for resorts and 
industry.  Also used for 
drilling sites where fresh 
water is limited.  Not yet 
adapted for produced 
water.   

High water recoveries 
of up to 98% can be 
achieved, even with 
concentrated feeds. 
Minimal fouling, 
scaling or plugging 
problems anticipated 
using the seeded slurry 
variant of VC. 

For produced waters 
of low to medium 
TDS, VC distillation 
energy intensive 
compared to ED or 
RO. 
Volatile organic 
contaminants follow 
the product water.   

Freeze Thaw 
Evaporation 
(Boysen et al., 
2002) 

A process that combines the natural processes of 
freezing and evaporation to provide driving forces 
for the demineralization of produced water.  
Freeze crystallization and thawing cycles are used 
to concentrate salts into a reduced volume of brine 
with the concomitant production of demineralized 
water.  Evaporation is used to further reduce brine 
volumes in the summer.    

Commercial deployment 
of FTE is in its first 
decade.  Performance 
data from two 
commercial-scale FTE 
facilities is available.   

Low power 
requirements. 
 
Can often be retrofitted 
to existing evaporation 
facilities. 
 
 

Only applies to areas 
of the U.S. that exhibit 
the required number 
of freeze days. 
Land required is 
significant. 
Operating labor is a 
cost driver.   D
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Electrodialysis 
(Kirk-Othmer, 
1995; Rousseau, 
1987; Tsai, et al., 
1995) 
 

An electrically-driven membrane separation 
process that is capable of separating, 
concentrating, and purifying selected ions from 
aqueous solutions.  In this process, ions are 
transferred through ion-selective membranes by 
means of a dc voltage. Cation-exchange 
membranes are alternated with anion exchange 
membranes  in stacks.   

Commercially available 
since the 1960's and 
employed in a number of 
industries including food, 
chemicals, & 
pharmaceuticals.  Not 
commercially used in oil 
and gas industry.   

High water recoveries 
of > 92%. 
Lower pressure 
operation (<25 psi). 
Resistant to fouling. 
 

Energy costs 
excessive with 
influent salt above 
15,000 mg/l TDS.   
Does not remove 
BTEX or PAH's like 
naphthalene. 
 



 
 
 
 
 
Table 8.  Performance Results for the Integrated Electrodialysis Pilot Unit  

Parameter Influent Effluent Overall Removal, % 
Oil and Grease 90 4 95.5 
BOD5 *   330 51 84.5 
BTEX** 11 0.1 99.1 
Total Dissolved 
Solids (TDS) 

9,100 1,000*** 88.9 

*   BOD5 = Biological Oxygen Demand measured in a five day test 
**  BTEX = Sum of benzene, toluene, ethylbenzene, nd xylenes.  a
*** Generated at peak performance of the ED unit.   
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Figure 1.  Breakdown of Produced Water Chemical Constituents.   
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re 2.  Zeolite Ion Exchange Treatment of Produced Water in the Powder River Basin.   

re 3.  Northern Region of the U.S. Where Freeze Thaw Evaporation Technology Can Be Deployed.   
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e 4.  Schematic of Reverse Osmosis.   
e 5.  Schematic of Electrodialysis.   



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Diagram of an Electrodialysis Membrane Stack Applied to Produced Water Treatment.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Photo of a Commercial Electrodialysis Treatment System Applied to Water Treatment.   
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Particle Size Exclusion Ranges for Various Types of Filtering Technologies.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figu
re 9.  Schematic of the ARCO Pilot Scale Produced Water Treatment System.   



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Pressure Drop Accumulation Profiles of the ARCO Reverse Osmosis Pilot Unit.   
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re 11.  Schematic of the GTI Produced Water Treatment Pilot Plant Including the Induced Gas 
tion Process (IGF) and the Biological Granular Activated Carbon Fluidized Bed Reactor (GAC-
). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Photo of the GTI Produced Water Treatment Pilot Plant Including the Induced Gas Flotation 
Process (IGF) and the Biological Granular Activated Carbon Fluidized Bed Reactor (GAC-FBR). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Oil and Grease Removal from Conventional Produced Water Using Induced Gas Flotation 
(IGF) and the Biological Granular Activated Carbon Fluidized Bed Reactor (GAC-FBR). 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Power Cost Versus Effluent TDS Concentration Achieved with the Pilot ED Unit Treating 
Conventional Produced Water (Influent TDS = 10,000 mg/l).   
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re 15.  Schematic of the Integrated Produced Water Treatment System Using Electrodialysis.   
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ABSTRACT 
 
 A vast quantity of produced water (3.8 million barrels in 2002) is generated during gas production 
in the San Juan Basin, New Mexico.  Most of the saline produced water is re-injected into disposal wells 
at an average cost of $1-$4 per barrel.  Due to the persistent drought condition in New Mexico, beneficial 
use of the produced water is receiving increasingly more attention in the gas production industry.  Based 
upon the Resource Management Plan (2003) proposed by the Bureau of Land Management, about 10,000 
new wells will be approved on federal land in the San Juan Basin for the next 20 years.  Given the volume 
of fresh water required for hydraulic fracturing during well development, reclaiming produced water as 
the base fluid for fracturing not only may alleviate the impact of fresh water shortage, it also may lower 
the cost of well stimulation treatment.  
 
 

Produced water from a gas-producing well near Aztec, New Mexico is used as the base fluid for 
this study.  Thirty-pound gels are formulated with CMHPG, a zirconium-based crosslinker, persulfate 
breakers, and other ingredients.  The apparent viscosity of the gels is measured using Fann Model 35A 
viscometers and the bottom-hole temperature simulated in the experiments is about 128 °F.  The 
rheological effects of several parameters, including pH, hydration time, ionic strength, and presence of 
sulfate, are evaluated. 

 
 
The experimental results demonstrate the feasibility of using produced water from Aztec, NM as 

a base fluid for crosslinked gel-based hydraulic fracturing.  Hydration time and pH are shown to influence 
the maximum achievable viscosity significantly.  An excellent positive correlation is observed between 
the maximum achievable viscosity and the hydration time.  For the solution pH, gellation at pH 5.5 
exhibits the best rheological performance.  By adjusting the hydration time, the gel loading, and the 
amount of breakers applied, it is conceivable that crosslinked gels with optimal rheological characteristics 
can be formulated with produced water as the base fluid for well stimulations.
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INTRODUCTION 
 

New Mexico ranks 2nd in natural gas production and 2nd in proven gas reserves of all producing 
states and the Gulf Coast region.  Currently, there are about 23,600 active gas-producing wells in New 
Mexico with a large portion in the San Juan Basin of northwest New Mexico [1].  Based upon the 
Resource Management Plan (2003) proposed by the Bureau of Land Management, about 10,000 new 
production wells on federal land will be approved in the San Juan Basin region for the next 20 years [2].  
A significant amount of produced water (TDS > several thousand mg/L, low organic content) can be 
generated during gas production.  In 2002, around 3.8 million barrels of produced water were generated 
during gas production in the San Juan Basin [3].  Over 90% of the produced water was re-injected into 
class II wells for disposal at an average cost of $1-$4 per barrel [4].  Although the use of produced water 
for oil and gas drilling and slick-water-based fracturing have been explored in the San Juan Basin, little 
research was conducted to use produced water in crosslinked gel-based hydraulic fracturing [5].  Slick-
water-based fracturing uses the inertial force to minimize the settling of proppants and therefore is not 
suitable for deep-zone fracturing due to the excessive applied pressure required at the surface.  
Crosslinked gel, on the other hand, with its high apparent viscosity can carry a wide range of sand loading 
for deep-zone fracturing at moderate applied pressures.  Reclaiming produced water for crosslinked gel-
based hydraulic fracturing not only can expand the beneficial use of produced water in the oil and gas 
industry but may also alleviate the impact of fresh water shortage due to the drought conditions in New 
Mexico.  

 
 
Depending upon the hydraulic fracturing method used, several hundred to several thousand 

barrels of fresh water are utilized for each fracturing and each well during development may require 
several fracturing jobs at different depths.  This amounts to a significant consumption of fresh water.  
Presently, fresh water from San Juan River and Animas River is used as the base fluid for natural gas well 
development in the San Juan Basin.  Little information is available in the literature regarding substituting 
fresh water with produced water as the base fluid for crosslinked gel-based hydraulic fracturing.  In 
offshore drilling, due to the location limitation, some studies were conducted to examine the applicability 
of using seawater (TDS ~ 35,000 mg/L, sulfate ~ 3,000 mg/L) as the base fluid [6].  Poor viscosity was 
observed possibly due to the reduction of the effective crosslinker concentration resulting from pH shift 
and chelation.  Proper rheological characteristic of the fracturing fluid is crucial to the success of the 
stimulation treatment.  Loss of fluid viscosity can lead to ineffective proppant transport, distribution, and 
placement as well as reduced fracture geometry resulting in loss of revenue [7].   
 
 

Since produced water is different from fresh water primarily in the ionic composition, the 
rheological effects of parameters pertinent to ionic species, including hydration time, pH, ionic strength, 
and the presence of sulfate, were studied and presented in this paper.      

 
 

EXPERIMENTAL METHODS 
 

Produced water from a gas-producing well near Aztec, NM is used as the source water.  The 
produced water was collected after the API separator in the field and glutaraldehyde was added 
immediately into the produced water as a bacteriacide.   Table 1 shows the average composition of the 
produced water.  The fluid system employed in this study is the Purgel III LT CO2 used by XTO Energy 
(Farmington, New Mexico) in hydraulic fracturing of the Dakota formation (~ 6000 ft).  It consists of 
carboxymethyl hydroxypropyl guar gum (CMHPG), zirconium-based crosslinker, persulfate breaker, 
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breaker catalyst, non-foaming surfactant, foaming agent, and delayed release persulfate breaker.  The 
bottom-hole temperature simulated in the experiments is about 128 °F.  The CMHPG employed has a 
backbone of β(1→4) D-mannose units with α(1→6) galactosyl side chains.  The substitution sites for 
carboxymethyl and hydroxypropyl groups are on the mannose and galactose units.        
 
 
 Ingredients of the hydraulic fracturing fluid are obtained from Halliburton (Farmington, New 
Mexico) and mixed using a Waring commercial blender.  Thirty-pound gels are used in the experiments 
unless otherwise noted.  A 30-lb gel is equivalent to 30 lbs of dry CMHPG gelling agent in 1,000 gallons 
of base fluid.  In order to facilitate the addition of CMHPG, liquid gel concentrate consisting of CMHPG 
and a hydrocarbon carrier is formulated (four pounds of polymer to one gallon of hydrocarbon carrier).  
The produced water is first adjusted to the desired pH with glacial acetic acid and a proper amount of 
liquid gel concentrate is then added into the solution for hydration.  After hydration, the crosslinker is 
added into the solution followed by the breakers and other ingredients.  The same amount of crosslinker is 
used for all the experiments presented in this paper.  After mixing, the fluid is placed in a heat cup at 128 
°F and the viscosity is measured using a Fann Model 35A viscometer.  Since the gel is a non-Newtonian 
fluid with apparent viscosity as a function of the shear rate, viscosity is measured at a shear rate of 37.7 s-1 
for high viscosity and 511 s-1 as the fluid is breaking below several hundred cp.  The rheological effects of 
several parameters, including pH, hydration time, ionic strength, and presence of sulfate, are evaluated.  
Several benchmarks of the crosslinked gel are used as the qualifiers of proper rheological characteristics 
for hydraulic fracturing.  They are: 
 

• Maximum achievable apparent viscosity (> 1,500 cp at 37.7 s-1) 
• Sustainable sand carrying viscosity (> 500 cp for over 1.5 hours) 
• Final fluid viscosity after breaking (< 10 cp) 

 
 

RESULTS AND DISCUSSION 
 
 The maximum achievable apparent viscosity of the cross-linked gel at a shear rate of 37.7 s-1 is 
evaluated first without the addition of the persulfate breakers.  Solution pH and hydration time are the 
variables of the study.  Once their proper settings are identified, breakers are then introduced to examine 
the overall rheological performance.  The objective is to demonstrate the feasibility of using the produced 
water from Aztec, NM as the base fluid for hydraulic fracturing.  
 
Effect of pH     
 
 Since carbon dioxide is employed with this particular fracturing fluid, a zirconium-based 
crosslinker, which has a better CO2 compatibility, is used instead of borate-based crosslinkers.  Thirty-
pound CMHPG gels are hydrated for 40 minutes at pH 4.6, 5.7, and 7.2, respectively followed by 
crosslinking.  Figure 1 shows the apparent viscosity of these fluids with time lapsed after crosslinking.  
The 30-lb gel hydrated at pH of 5.7 performs the best with a maximum apparent viscosity of about 2,500 
cp.   
 
 
 This result is consistent with the findings from Rose et al. [8].  Although it is well known that in 
aqueous solutions zirconium hydrolysis and polymerization increase with the increase of pH in the 
absence of strong ligands, little is known about Zr speciation in polymer gels [9].  Recently, however, 
Rose and his co-workers were able to show that in polymer microgels, Zr-dimmers prevail at pH 6 while 
cyclic tetramers are predominant at pH 7 [8].  With the dominance of tetramers and other large aggregates 
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formed by it, a significant portion of the crosslinking Zr may be rendered incapable of performing the 
crosslinking function leading to a lower viscosity [10].  Using molecular modeling Chandrasekaran et al. 
were able to propose the coordination of carboxylate groups on a pair of CMHPG chains with cations 
during crosslinking [11].  At more acidic pHs (e.g., pH 4.6), fewer carboxylate groups on the CMHPG 
chains are de-protonated, which may adversely affect the process of crosslinking.                     
 
Effect of Hydration Time 
 
 Produced water with its high ionic concentration is lesser a good solvent for CMHPG and 
therefore proper hydration of the guar derivative may be crucial in achieving the desirable rheological 
characteristics.  The apparent viscosity of 30-lb gels with 10, 40, 70, and 100 minutes of hydration prior 
to crosslinking (at pH ~ 5.5) is monitored with respect to the time lapsed after crosslinking.  A higher 
value of maximum viscosity is observed with a longer hydration time as shown in Figure 2.  The viscosity 
values averaged between 60 and 120 minutes exhibit an excellent positive correlation with hydration time 
as depicted in Figure 3.  Gradual conformation change of the CMHPG molecules during hydration or 
dispersion of polymer aggregates over time is speculated as the main process contributing to the observed 
phenomenon.     
 
 
 Using molecular mechanics and Monte Carlo methods, Petkowicz et al. showed that the 
galactosyl substitution significantly lowers the spatial extension of the polymer chain when compared 
with that of a pure mannan chain [12].  This conformation of galactomannan may be due to the 
intramolecular hydrogen bonding between the galactosyl side groups and the mannosyl residues.  In 
another study by Kirschner et al., water was shown to disrupt intramolecular hydrogen bond networks by 
forming intermolecular hydrogen bonds with polysaccharides [13].  It is speculated that due to this 
process, radius of gyration (RG) of the CMHPG polymer may increase with hydration time exposing more 
coordination sites for Zr and consequently the process of crosslinking is enhanced leading to a higher 
viscosity.  Another possibility of the hydration effect is the slow dispersion of the CMHPG aggregates 
over time during hydration.  Clumping of CMHPG during the initial hydration stage is often observed 
when preparing the gel.  If the dispersion process is slow, increasing the hydration time should give rise 
to a higher solvated CMHPG concentration in the solution and therefore a higher gel viscosity after 
crosslinking.  Further research of the polymer in produced water using light scattering techniques is 
currently underway to understand the hydration process. 
 
Overall Rheological Performance with Produced Water  
 
 With the effects of pH and hydration time identified, persulfate breaker and delayed persulfate 
breaker are then incorporated into the experiments to examine the overall rheological performance.  
Thirty-pound and twenty five-pound gels are hydrated at pH 5.5 for 40 minuets before the addition of 
breakers and the crosslinker.  Figure 4 shows the rheological performance of these fluids.  Although the 
30-lb gel is not able to break within 120 minutes, by adjusting the amount of CMHPG to 25 lbs per 1000 
gallons and having the same amount of breakers, the gel is able to meet the minimal requirements for the 
breaking pattern.     
 
Effect of Ionic Strength 
 
 Since the ionic composition of produced water can vary significantly from well to well, it is of 
interest to examine the impact of ionic strength on the rheological performance of the crosslinked gels.  
Appropriate amounts of salts are added into Milli-Q water to simulate different ionic compositions of 
produced water as shown in Table 2.  The water is then adjusted to pH 5.5, added CMHPG for a 30-lb 
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gel, hydrated for 40 minutes, and then crosslinked.  No breakers are added for the experiments.  Figure 5 
shows the relationship of the viscosity values averaged between 60 and 120 minutes after crosslinking 
and ionic strengths. The synthetic water with an ionic strength of 0.32 is almost identical to the produced 
water from Aztec, NM in ionic composition.  The resulted gel exhibits a maximum achievable viscosity 
comparable to that of Aztec produced water with 40-minute hydration time.  A similar agreement is also 
observed for the synthetic water with an ionic strength of 0.31, which has a reduced sulfate concentration 
and an increased chloride concentration compared to that of Aztec produced water.  Nevertheless, no 
discernable correlation is observed between the maximum achievable viscosity and ionic strength.  The 
concentration of sulfate also appears to have minimal effect on the maximum achievable viscosity.   
 
Effect of Sulfate 
 
 When fresh water is used as the base fluid for hydraulic fracturing in the field, potassium chloride 
(KCl) is typically added in the water to a concentration of 2% in an attempt to minimize the coagulation 
of clay particles.  With the addition of KCl in fresh water, the high concentration of sulfate in produced 
water stands out as a major chemical difference between fresh water and produced water.  There are 
concerns as how sulfate would affect the breaking of fracturing fluids since sulfate and/or bisulfate is 
frequently the product of persulfate oxidation.  It has been shown that persulfate in aqueous solutions of 
pH between 3 and 13 will undergo thermal decomposition via the reactions illustrated below.  The rate of 
decomposition at this pH range is independent of ionic strength [14].   
 
  S2O8

2- → 2 SO4
-
• 

  SO4
-
• + H2O → OH• + HSO4

- 
  2 OH• → H2O + ½ O2 
 
In the presence of crosslinked CMHPG, persulfate is assumed to undergo induced decomposition through 
the oxidation of the polymer as well as self-decomposition to form HSO4

- and O2 [15].  With the high 
sulfate concentration in produced water, persulfate self-decomposition may be inhibited rendering more 
sulfate free radicals for polymer breaking and consequently causing pre-mature breaking of the gel.  In 
order to evaluate the magnitude of self-decomposition during gellation, the percent of persulfate 
disintegrating within two hours is calculated.  The decomposition reaction follows a 1st order reaction 
with a rate constant of 6 × 10-5 (min-1) at an ionic strength of 0.4 and 122 °F, which are similar to the 
gellation conditions (ionic strength: 3.2, 128 °F) for produced water [14].  There is only a 0.7 % reduction 
in the persulfate concentration via self-decomposition within two hours.  This result suggests that the gel 
breaking process by persulfate should have minimal influence from the sulfate concentration.      
 
 
 A comparative study of 25-lb gels is performed with produced water and produced water doped 
with sodium sulfate to increase the sulfate concentration from 6,700 mg/L to 10,000 mg/L.  Same 
amounts of persulfate breaker and delayed persulfate breaker were added in the fracturing fluids.  No 
enhancement of breaking is observed with the increase of the sulfate concentration as demonstrated in 
Figure 6.             
 
 

CONCLUSIONS 
 
 This study demonstrates the feasibility of using produced water from Aztec, NM as a base fluid 
for crosslinked gel-based hydraulic fracturing.  Hydration time and pH are shown to influence the 
maximum achievable viscosity significantly.  An excellent positive correlation is observed between the 

 5



maximum achievable viscosity and the hydration time.  For the solution pH, gellation at pH 5.5 exhibits 
the best rheological performance.  By adjusting the hydration time, the gel poundage, and the amount of 
breakers applied, it is conceivable that crosslinked gels with optimal rheological characteristics can be 
formulated with produced water for well stimulations.        
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Table 1.  Produced water composition 
Specific gravity 1.0083 
pH 8.03 
HCO3

- (mg/L) 1,290 
Cl- (mg/L) 2,990 
SO4

2- (mg/L) 6,730 
Na+ (mg/L) 5,380 
K+ (mg/L) 68 
Mg2+ (mg/L) 16 
Ca2+ (mg/L) 145 
Iron (mg/L) 0.58 
TDS (mg/L) 16,230 
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Table 2.  Composition and ionic strength of simulated produced water 
 Case I Case II Case III Case IV Case V 
Ionic Species mg/L mg/L mg/L mg/L mg/L 
Na+ 5305 2875 3685 6925 6044 
K+ 68 68 68 68 68 
Mg2+ 18 18 18 18 18 
Ca2+ 144 144 144 144 144 
SO4

2- 6761 1690 3380 10141 3380 
Cl- 2797 2797 2797 2797 6438 
HCO3

- 1307 1307 1307 1307 1307 
TDS 16400 8900 11400 21400 17400 
IS 0.32 0.16 0.21 0.42 0.31 
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 Figure 1.  The Effect of pH on Apparent Viscosity  
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 Figure 2.  The Effect of Hydration Time before Crosslinking 
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 Figure 3.  Correlation between the Maximum Achievable Viscosity and the Hydration Time   
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 Figure 4.  The Overall Rheological Performance of 25-lb and 30-lb gels
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ABSTRACT: Three sources of contamination have resulted in groundwater quality 
impacts at the New Mexico Department of Transportation (NMDOT) Las Vegas Service 
Center in Las Vegas, New Mexico. Leaking underground storage tanks, leaking 
distribution piping, and formerly unlined, salted cinder storage have contaminated 
groundwater with petroleum hydrocarbons, 1,1,1-trichloroethane (TCA), and total 
dissolved solids (TDS), respectively. The plumes are distinct at the source areas, but 
commingle downgradient. The low permeability of the shallow water-bearing zone 
makes groundwater extraction via wells impractical due to low production rates. The 
nature of the commingled contaminants and low permeability of the subsurface, were 
considered in the selection of an extraction and ex-situ treatment remedy for 
contaminated groundwater. Because a trench has greater access to contaminant flow 
pathways (fractures and bedding planes)  than a single, or multiple wells, trench-based 
dual phase extraction (DPE) was piloted to evaluate its ability to dewater a significantly 
larger volume of the subsurface, and to provide a higher groundwater production rate 
than extraction wells. During a 2-week pilot test, the DPE trench achieved a steady state 
groundwater extraction rate of approximately 2.5 gallons per minute (gpm). This 
pumping rate represents an average groundwater extraction rate 10 times greater than was 
attainable with the previous multi-well groundwater extraction system.   
 
INTRODUCTION 

Grou

A pu

The 

ndwater impacts at the New Mexico Department of Transportation (NMDOT) 
District 4 Service Center in Las Vegas, New Mexico, are attributed to three sources. 
Former unlined storage of salted cinders produced a chloride and total dissolved solids 
(TDS) plume in the north portion of the site. Leaking underground storage tanks in the 
center of the site created a plume of petroleum hydrocarbons. Finally, leaking distribution 
piping at the District Laboratory facility produced a 1,1,1-trichloroethane (TCA) plume. 
Figure 1 illustrates the approximate extent of the three plumes. Camp Dresser & McKee 
Inc. (CDM) was retained by the NMDOT to develop a remedy to abate the groundwater 
contamination.  

mp-and-treat remediation system was previously employed at this site to address 
the hydrocarbon impacted groundwater. This system, composed of four groundwater 
extraction wells, treated groundwater through an air stripper before upgradient re-
injection to the aquifer. Over the operational life of the pump-and-treat system the 
average groundwater extraction rate was approximately 0.2 gallons per minute (gpm). 
This system was discontinued upon discovery of the TCA plume. 

contaminated shallow water-bearing zone is characterized by weathered shale with 
low primary permeability and secondary permeability resulting from fractures or joints 
and bedding planes. The lithology of the vadose zone, derived from the weathered shale, 
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FIGURE 1. Site map. 

consists of clay with occasional gravel lenses. Clay and shale in the shallow subsurface 
present challenges with respect to groundwater remediation. As evidenced by the 
operational record of the previous remediation system, low permeability soils cause 
extraction wells to be impractical for the purpose of groundwater extraction due to low 
production rates. 

Though hydrogeologic conditions at this site are not conducive to classic pump-and-
treat operations, they are well suited for DPE. DPE is capable of removing contaminants 
from both the vapor phase in the vadose zone soils and dissolved phase in groundwater. 
This technology typically involves the application of a vacuum to an extraction well, 
resulting in the extraction of contaminants in multiple phases–non-aqueous phase liquids 
(NAPLs) if present, dissolved phase, and/or soil vapor phase. DPE also enhances aeration 
and raises oxygen levels in the subsurface promoting aerobic biodegradation. The radius 
of influence of a DPE well is dependent, in part, on the extent of groundwater drawdown 
achieved. Low permeability soils allow for rapid depression of the water table, improving 
removal of contaminants in the vapor phase.  DPE trenches allow for dewatering and 
remediation of a significantly larger volume of subsurface soil as compared to individual 
DPE wells. Trenches have greater access to fractures and bedding planes (contaminant 
flow pathways) than multiple vertical extraction wells. To test the effectiveness of DPE 
trenches at this site, a DPE trench was installed and pilot tested near the source area of 
the TCA contamination near the District Laboratory. 
 
MATERIALS AND METHODS 
DPE Trench Construction and Equipment.  The Laboratory DPE trench was 
constructed on the east side of the Laboratory Building.  The trench is 98 feet long and 27 
feet deep.  The lower 16 feet of the trench is filled with a high permeability sand and 
gravel. A 2-foot thick low permeability cap, composed of native material amended with 

 



bentonite, was placed on top of the sand and gravel layer and acts as a seal minimizing 
short-circuiting of airflow from the subsurface.  Native material was placed on top of the 
low permeability cap and compacted to bring the trench up to the existing grade.  Two 
DPE wells and three vapor/groundwater monitoring wells were completed in the trench.  
The DPE wells are both 6-inches in diameter and were drilled to a total depth of 30 feet 
below ground surface (BGS). The bottom 4 feet of each well is blank casing to form a 
sump. Both wells are screened from 26 to 21 feet BGS (the saturated section) with 0.010” 
slot screen and from a depth of 21 to 11 feet BGS (the vadose or vapor section) with 
0.020” slot screen. The vapor/groundwater monitoring wells are 1-inch wells completed 
to 25 feet BGS and screened from 25 to 15 feet BGS with 0.010” slot screen.  Figure 2 

shows the cross section of the completed trench. 

FIGURE 2. Laboratory DPE trench cross section. 

A package vapor extraction system, including vapor extraction blower, moisture 
separator, moisture separator pump, and all related controls were rented for the pilot test. 
The vapor extraction blower was a Rietschle model VLR300 vacuum pump with a 7.5 
horsepower (hp) motor capable of 23 inches of mercury ("Hg) maximum vacuum at 210 
standard cubic feet per minute (scfm) maximum flow rate.  A submersible pump was 
placed in each of the DPE wells for the pilot test. Each pump had a ½ hp motor, internal 
pump controller, and was capable of extracting at a rate up to 20 gpm.  Separate pipes 
conveyed water and vapor from each of the DPE wells. Water and vapor were conveyed 
in 1-inch and 4-inch high-density polyethylene (HDPE) pipe, respectively. 

Wate

Num

Pilot Testing. Pilot testing of the Laboratory DPE trench was conducted in four phases: 

r extracted from the DPE wells during the pilot test was stored in 21,000-gallon 
tanks. Three of these tanks were mobilized to the site to contain the water and were 
plumbed together in series. 

erous groundwater monitoring wells have been installed at the site and several of 
these were used to monitor groundwater levels during DPE operations. In addition, three 
new monitoring wells (MW-38, MW-39, and MW-40) were installed to monitor 
groundwater and induced vacuum near the extraction trench. Each of the new wells is 2 
inches in diameter, with total depth of 30 feet BGS, and screened with 0.010” slot screen 
between 15 and 30 feet BGS. Figure 1 shows the locations of all site monitoring wells. 

 

pre-test monitoring, groundwater extraction, dual-phase extraction, and post-test 
monitoring. Depth to groundwater was measured to define a water level baseline to 
calculate drawdown during the pilot test. 

 



The 

 

groundwater extraction phase of the pilot test ran from February 24 at 1:09 p.m., 
when the pumps were turned on, until March 4, 2003 at 10:45 a.m. when the DPE stage 
began. Drawdown calculated from these water level measurements is shown in Table 1. 
Figure 3 shows the groundwater extraction rate from DPE-1, DPE-2, and the combined 
extraction rate during the pilot test. 

Table 1. Drawdown in Monitoring Wells over Time 

  
MW

-7 
MW
-16 

MW
-25 

MW
-38 

MW
-39 

MW
-40 

TCA
MW-1 

TCA
MW-4 

TCA
MW-5 

TCA
MW-6 

TCA
MW-8 

TCA
MW-9 

Date     Time (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) 
                          
2/21/2003 11:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2/24/2003 12:36   0.19   0.26 0.27 0.26 0.30 0.20 0.27       
2/24/2003 14:34   0.18   0.78 0.77 1.88 0.33 0.34 2.41     0.12 
2/25/2003 15:28   0.06   2.38 2.48 2.39 0.90 1.35 3.17     0.40 
2/26/2003 7:09   0.05   2.55 2.64 2.44 1.09 1.57 3.25     0.50 
2/26/2003 10:05   0.07 0.12 2.61 2.71 2.48 1.13 1.62 3.32 -0.10 0.12 0.53 
3/3/2003 9:24 1.35   -0.26       1.48     0.01 0.33 0.89 
3/4/2003 8:55 1.27   0.30       1.41     -0.05 0.26 0.86 
3/4/2003 10:16       2.78 2.85 2.57     3.38       
3/4/2003 11:19       2.82 2.87 2.60     3.41       
3/4/2003 12:20       2.83 2.88 2.60     3.41       
3/4/2003 13:08       2.84 2.89 2.62     3.42       
3/4/2003 13:45       2.86 2.90 2.63     3.44       
3/4/2003 14:33       2.87       2.18         
3/4/2003 15:44       2.88 2.92 2.65     3.46       
3/4/2003 15:55 1.36   0.32       1.43 2.20   -0.04 0.25 0.87 
3/11/2003 11:45 1.45     2.90   2.67 1.58     0.10   1.02 
3/11/2003 13:35 1.44     2.78 2.89 2.49 1.53   3.26 0.07   1.01 
3/12/2003 11:00 1.11     1.90 1.98 1.66 1.46   1.91 0.11   0.93 
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FIGURE 3. Groundwater extraction rate during pilot testing. 

 
The DPE phase was performed on March 4, 2003 in a series of six steps of increasing 

vacuum.  During step one, the blower dilution valve was fully opened. The system 
pressure measured 3.5 inches of water ("H2O) vacuum. The incoming flow rate from 

 



DPE-1 and DPE-2 was measured using pitot tube-style flow meters. After recording 
influent and effluent flow meter readings, vacuum readings were taken at MW-39, MW-
40, TCAMW-5, VMP-1, VMP-2, VMP-3, DPE-1, and DPE-2. Step two began by closing 
the dilution valve until the system pressure measured 4.5 "H2O vacuum. The influent and 
effluent flow meter readings and vacuum measurements at the same monitoring wells as 
in step one were recorded. These steps were repeated for steps 3, 4, and 5 at system 
pressures of 5.5, 6.5, and 7.5 "H2O vacuum, respectively. For step six, the dilution valve 
was fully closed and a system pressure of 7.9 "H2O vacuum was recorded. A summary of 
system pressures, flow rates, and wellhead vacuums is shown in Table 2. The vacuum 
blower was turned off at the end of the DPE phase.  

 
TABLE 2. Summary of Vacuum and Air Flow in Wells 

 
Distance from  

Extraction Trench 
(ft) 

Date 
Time 

4-Mar 
11:02 

4-Mar 
12:00 

4-Mar 
12:32 

4-Mar 
13:30 

4-Mar 
14:25 

4-Mar 
15:20 

Influent Vacuum (in. H2O) 3.5 4.5 5.5 6.5 7.5 7.9 

Vacuum at Wellheads in Extraction Trench ("H2O) 

DPE-1 NA  1 1.4 1.75 2.3 2.5 2.6 
DPE-2 NA  0.6 0.85 1.05 1.25 1.46 1.45 
Average of DPE-1 and DPE-2  0.8 1.1 1.4 1.8 2.0 2.0 
VMP-1 NA  0.6 0.93 1.2 1.4 1.57 1.55 
VMP-2 NA  0.35 0.55 0.77 0.95 1.05 1.1 
VMP-3 NA  0.35 0.6 0.75 0.9 1.05 1.1 

Vacuum at Observation Wellheads ("H2O) 

MW-38 57  NM NM NM NM NM NM 
MW-39 25  ND ND > 0.0 > 0.0 > 0.0 > 0.0 
MW-40 22  ND ND ND ND ND ND 
TCAMW-5 10  0 0.03 0.12 0.15 0.2 0.25 

Air Flow from Extraction Wells (scfm) 

DPE-1   35.7 44.4 51.7 57.5 62.6 63.6 
DPE-2   41.2 50.4 58.1 64.9 71.3 74.7 
Total   76.9 94.8 109.8 122.4 133.9 138.3 

ft - feet 
("H2O) = vacuum in inches of water column 
NM = not measured 
ND = not detected 

 
The groundwater extraction pumps were turned off on March 11, 2003. Depth to 
groundwater was recorded approximately 1 hour after the pumps were turned off. Depth 
to groundwater was measured again on March 12, 2003. Post-test drawdown data are also 
shown in Table 1. 
 
RESULTS AND DISCUSSION 
Groundwater Data.  Groundwater extraction rates over time are shown in Figure 3.  The 
average flow rate throughout the test was about 6.8 gpm, with the highest flow during the 
first 24 hours of the test at around 29.9 gpm.  The high initial flow rate likely represents 
dewatering of the trench cavity and portions of the water-bearing formation in direct 

 



contact with the trench walls via fracture flow.  After the first day of groundwater 
extraction, the average flow rate decreased to about 2.5 GPM until the end of the test.  
This latter rate represents the rate of groundwater flow from the formation into the porous 
trench materials. 
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FIGURE 4. Distance vs. groundwater drawdown in observation wells. 

The 

 

groundwater drawdown observed in monitoring wells versus distance from the 
DPE trench is plotted in Figure 4. Drawdown values used for this plot were those 
observed on February 26, 2003, representing groundwater conditions at near steady-state 
pumping conditions.  Note that the x-axis in Figure 4 is a logarithmic scale. The resulting 
distance-drawdown relationship is shown with the best-fit line.  To determine the 
distance from the trench at which groundwater may be influenced, the best-fit line was 
extended until it intercepted the x-axis (a drawdown value of zero feet).  The line 
intercepts the x-axis at approximately 364 feet, suggesting that groundwater drawdown 
from the trench would be minimal beyond this distance.  Four drawdown values collected 
on March 4 during the DPE step test at a system pressure of 7.9 "H2O are also plotted on 
Figure 4. A line that approximates these data points is parallel with the February 26 data 
for distances less than 100 feet from the trench. Since no monitoring wells with distances 
greater than 100 feet from the trench were monitored on March 4, a meaningful best-fit 
line cannot be created for this data set. 

Vacuum Data.  Vacuum data collected at extraction and observation wells are presented 
in Table 2 along with the influent vacuum at the extraction blower.  These data are also 
plotted in Figure 5 where the x-axis is system pressure measured at the inlet to the blower 
(influent vacuum), and the y-axis represents vacuum at the wellheads.  Influent vacuum 
for the pilot test was maintained within a vacuum range of 3.5 to 7.9 "H2O.  The data 
show a positive relationship between influent vacuum and increased vacuum at the 
extraction wells (DPE-1 and DPE-2), the observation wells in the trench (VMP-1, -2, and 
-3), and an observation well completed in the formation (TCAMW-5).  
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llThe flow rate of vapor extracted from each DPE well was measured separately. 
Air flow data are summarized in Table 2 along with vacuum measurements.  The air flow 
and vacuum data for DPE-1, DPE-2, and the average of DPE-1 and DPE-2 are plotted in 
Figure 6 with wellhead vacuum on the x-axis and air flow rate on the y-axis. A positive 
correlation was seen between increasing wellhead vacuum and increasing flow rate.  
Only one monitoring well outside the DPE trench yielded consistent and reliable vacuum 
measurements during the test: TCAMW-5.  When vacuum measured inside the trench 
(extraction wells DPE-1 and DPE-2) is plotted versus vacuum in monitoring well 
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Analytical Data.  Water samples were collected on February 21 and March 11, 2003 
from water extracted from DPE-1, DPE-2, and grab samples from the water storage tank.  
Concentrations of TCA and 1,1-dichloroethene (DCE) increased in the second sample 
from all three sources.  The average TCA and DCE concentrations for the February 21, 
2003 sampling event were 472 parts per billion (ppb) and 62 ppb, respectively.  The 
average TCA and DCE concentrations for the March 11, 2003 sampling event were 660 
ppb and 117 ppb, respectively.   

 effluent vapor samples were collected approximately 5 hours apart on March 4, 
2003.  The first vapor sample had a TCA concentration of 30 milligrams per cubic meter 
(mg/m3) and a DCE concentration of 7.5 mg/m3. The later vapor sample had a TCA 
concentration of 13 mg/m3 and a DCE concentration of 3.4 mg/m3. 

e water from the trench is treated by air stripping and vapor is vented, it was 
calculated that approximately 8 pounds of volatile organic compounds (VOCs) would be 
introduced to the atmosphere per year.  This level is well below the current regulatory 
threshold. 
 
CONCLUSIONS 

data illustrates that the Laboratory DPE trench is more effective at intercepting 
fractures that transport water and produces greater groundwater flow than anticipated. 
Groundwater extraction rates from the DPE trench were 10 times that of the former 
remediation system. The pilot data indicate that the DPE trench has the potential to 
influence groundwater flow up to 300 feet from the trench. 

head vacuums observed during the pilot test were lower than expected; however, 
applying a higher vacuum to the trench will result in a larger treatment zone in 
unsaturated soils.  Another pilot test using a vapor extraction blower capable of 500 scfm 
is proposed to achieve greater wellhead vacuum levels. 

pilot results indicate that trench-based DPE technology can be effective 
remediation method at this site. This technology has been recommended for the extended 
corrective action.  
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ABSTRACT 

 
The Petroleum Company of Trinidad and Tobago (Petrotrin) has initiated an Enhanced 

Oil Recovery (EOR) project that will involve steam flooding in the Upper Morne L’Enfer 
(UMLE) Sands of the Forest Reserve Oilfield, Trinidad. This project involves the conversion of 
recently drilled wells to injectors, relocation and retrofit of a 30 year- old steam generator from an 
adjacent oilfield, construction of a gathering station, installation of gas, water, steam, and crude 
oil pipelines with associated tie-ins.  These facilities will be operational for a 20 to 50 year 
period. 
 

During the project-planning phase, an Environmental Impact Statement and a Hazard 
Operability (HAZOP) Study were conducted to acquire Environmental Management Authority 
and Ministry of Energy and Energy Industry approvals and address potential safety and 
environmental risks associated with the project. Baseline data was extracted from an 
Environmental Impact Assessment that was recently conducted for drilling sixty wells in the 
same area.  
 

Integrating the environmental baseline into the HAZOP study served to identify and rank 
both potential environmental and safety hazards, which in turn permitted Petrotrin to prioritize 
risk mitigation strategies. All parties involved in the risk assessments agreed that the team 
approach used in the HAZOP study permitted a more efficient and effective forum to identify and 
mitigate both safety and environmental risks as compared to combining results from individual 
assessments.  
 
This paper describes how the UMLE Steam Flood Project’s potential safety and environmental 
risks were assessed and mitigated. The success in minimizing the risk associated with these 
hazards serves to demonstrate that oil and gas operations can coexist with sensitive environments. 
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INTRODUCTION 
 

Petrotrin’s Forest Reserve oilfield is located within the Morne L’ Enfer Forest Reserve in 
the southwest peninsula of Trinidad (See Figures 1 and 2). Trinidad Leaseholds Limited (TLL) 
drilled the discovery well for this field in 1914. Since then, over 1650 wells and supporting 
production infrastructure were developed in this small field of only 12 Km2 by Petrotrin and its 
predecessor companies including Texaco (1956- 1985) and the Trinidad and Tobago Oil 
Company (TRINTOC, 1985-1993).  Other production infrastructure include (some 
decommissioned) eight gathering stations, two tank farms, several steam generators, field offices 
with workshops, three compressor stations, hundreds of miles of pipelines, a power station and 
water treatment plant. 
 

Since the 1920’s, the private main oilfield road traversing Forest Reserve was gated off 
from the general public and the dense tropical evergreen forest also provided a natural barrier to 
outsiders. This gated community became known to locals simply as ‘Forest Reserve’. The Forest 
Reserve residential community under Texaco in the 1970’s and early 1980’s was completely self-
contained with its own electrical and water supply, housing, medical center, churches, primary 
schools, post office, club house with sporting facilities, rifle range and convenience store.  
 

Several other Petrotrin oilfields including the North Palo Seco, Grande Ravine, Fyzabad 
and Central Los Bajos fields surround Forest Reserve. These fields are located within similar 
physical, biological and socioeconomic environments, but were developed by different 
predecessor companies. 
 

Much of Forest Reserve’s operations and support services infrastructure were downsized 
as a result of the downturn of the industry in the 1980’s and the centralization of Petrotrin’s 
Exploration and Production operations in Santa Flora in the 1990’s. Production from the Forest 
Reserve field peaked at an average of 22 000 barrels of oil per day (bopd) in 1959 and has been 
on a steady decline since (1). Present production averages 3200 bopd per day from 334 oil wells. 
In 1999, a reservoir characterization study of the Forest Reserve field identified the Upper Morne 
L’Enfer (UMLE) sands as a prime candidate for drilling.   The UMLE steam-flooding project will 
improve production of the high gravity crudes from stranded reserves. 
 

This is the first EOR project being implemented in Trinidad since the passing of the 
Certificate of Environmental Clearance (CEC) Rules in 2001. This legislation mandates that any 
new project that can have significant environmental impacts, such as the UMLE EOR project, 
will require a CEC from the Environmental Management Authority (EMA).  
 

The Ministry of Energy and Energy Industries (MEEI), who assists the EMA in 
reviewing CEC applications, requested that a Hazard Operability (HAZOP) Study be conducted 
to support the CEC application. The HAZOP Study process is based on the principle that a team 
approach to hazard analysis will identify more problems than when individuals work separately 
and then combine results. The study served to identify and rank both potential environmental and 
safety hazards that permitted Petrotrin to prioritize risk mitigation strategies. An Environmental 
Impact Assessment (EIA) was conducted for the 2003-2004 drilling program in Forest Reserve 
and the baseline data gathered was used in the HAZOP study to assess risk specific to the Forest 
Reserve physical, biological and socioeconomic environment. 
 

The recommendations from the HAZOP study were used to develop the Health, Safety 
and Environment (HSE) risk mitigation management plan. 
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UMLE EOR PROJECT 
 

The UMLE project site, nicknamed the ‘Sahara’ due to the sandy soils in the area, is 
located within the southeastern quarter of the 1999 Reservoir Characterization Study Area (See 
Figure 2).  Petrotrin drilled eight (8) wells into the UMLE sands from 2000-2001. Five (5) wells 
were later added in 2003-2004 drilling program within the same acreage.  

 
The UMLE sands are shallower than 200 feet, have a net oil sand thickness ranging from 

seventy (70) to one hundred (100) feet with high porosities and perm abilities. Average pumping 
production per well is between fifteen (15) to twenty five (25) barrels of oil per day (bopd).  The 
crude is heavy oil with gravities ranging from 11.1o to 15.3º API and viscosities ranging from 200 
to 5000 centipoises (cp). This viscous oil can only be assisted to surface by one method, steam 
assisted recovery.  
 

Steamflooding was pioneered by Texaco Trinidad Ltd. in this field in the 1950’s(1). The 
principle of thermal recovery is simple: increasing the oil’s temperature dramatically reduces its 
viscosity, thereby improving its mobility. Recovery of this heavy crude by primary production in 
the pilot acreage is forecast to be  10% +/- of the oil in the reservoir. Recovery using stem 
flooding is forecast to be as high as 40 % of the oil in the reservoir.  
 

The Petroleum Act mandates for drilling programs, the primary objective should maintain 
an inter-well distance of 300 feet. This requirement has been adhered to and there is no further 
space to drill wells within the pilot acreage without violating this clause. There are also no wells 
to be re-completed in this zone of interest in the pilot scheme.  

Development of UMLE steam flooding infrastructure included: 

1. Relocation of the #2 Steam Generator (SG) plant from neighbouring the Central Los Banjos 
field to the Forest Reserve Oilfield. The SG will be repaired to original condition and operated 
under normal parameters. 

2. Installation of the following lines on existing Right of Ways (ROW’s) 

• Water Lines. Installation of 1956 m of  4” Poly Vinyl Chloride (PVC) water line from the 
Forest Reserve water softening plant to the SG. 1500 barrels of water per day would be 
sourced from Petrotrin’s Forest Reserve water wells.   

• Gas Lines. Installation of 1024 m of 3” schedule 40 double random welded gas line from 
the Forest Reserve Blue Basin gas manifold to the SG. These lines will be run above 
ground on pipe racks.  

• Steam Lines. Installation of a steam distribution manifold, 3 expansion loops, 
approximately 4500 feet of 3” and 2” steam injector line leading to injector wells. Much 
of these lines would be reclaimed from other fields and undergo integrity testing. All 
steam lines would be run above ground on supports placed 12’ apart. 

3. Moving the existing road (125m in length by 6m in width) twenty meters to the east for 
accommodation of the steam generator and gathering station. 

4. Injection of steam into the Upper Morne L’Enfer (UMLE) sands via three (3) injector wells 
and producing oil and water through ten (10) off take wells. Production response is expected after 
one year. Over a ten year period, 1.2 million barrels of oil will be produced which responds to a 
recovery of 33 %. 

5. Installation of a new Gathering Station to receive produced fluids from designated wells.   
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MITIGATING LEGAL RISK 
Trinidad and Tobago’s Environmental Management Act became law in 2000 and is 

regulated by the Environmental Management Authority (EMA). The Certificate of Environmental 
Clearance (CEC) Rules 2001 are the environmental permit regulations that fall under this Act, its 
purpose being to ensure environmental risks associated with new or significantly modified 
development activities are identified and a mitigation management plan developed to address 
potential hazards in the in the planning phase (2).  

 
The Ministry of Energy and Energy Industries (MEEI) regulates the Petroleum Act 

(Chapter 62:01 of the 1980 Revised Laws of the Republic of Trinidad and Tobago) that contains 
broad HSE guidelines for the Petroleum sector. The MEEI will not grant approval for a project 
unless a CEC is granted from the EMA. The Forests Act Chapter 66:01 is administered by the 
Forestry Division of the Ministry of Agriculture, Land and Marine Resources. The Morne 
L’Enfer Forest was designated a Forest Reserve under this act. Before any vegetation is 
removed/altered in these reserves or any other state lands, approvals must be obtained from the 
Forestry Division. Petrotrin ensured that all permits from the Forestry Division were obtained 
prior to approaching the EMA and MEEI for approvals. The MEEI and Forestry Division assist 
the EMA in the review of EIA’s that support CEC applications for energy based projects, so the 
EMA will not grant a CEC without a positive response from these agencies  
 

The present Occupational Health and Safety legislation in Trinidad is outdated and only 
provides general guidelines in the Factories Ordinance Act 1948, Petroleum Act and Forests Act. 
The more recent Occupational Safety and Health (OSH) Act was passed by Parliament in 2004 
but is yet to be proclaimed by the President. This legislation will regulate activities pertaining to 
the health and safety of workers in any workplace and will provide more directed legislation with 
stricter penalties. One of the key elements of this legislation is the provision of safer systems of 
work including risk assessments. Even though the OSH Act is not law, Petrotrin exercises 
voluntary compliance with this legislation.  
 

For new projects such as UMLE, the CEC Rules have become a vehicle to enforce draft 
safety legislation as CEC’s granted by the EMA can legally bind applicants to obligations under 
draft legislation including standards and codes. There are no monetary penalties if the CEC Rules 
are breached, however the EMA can shut down the activity and mandate the operator to pay 
compensation costs for any adverse impacts assessed by the EMA.  

 
To acquire a CEC for energy projects such as the UMLE EOR project, the EMA will 

usually request a full scale Environmental Impact Assessment (EIA). On the onset of the project-
planning phase, Petrotrin HSE personnel held several discussions with EMA and MEEI personnel 
to determine what HSE assessments were required. The EMA requested an Environmental Impact 
Statement (EIS), and the MEEI requested a HAZOP Study. Petrotrin HSE personnel used 
findings from the HAZOP Study to develop the mitigation management plan for the EIS.  

 
Environmental Baseline Data was gathered in 2002- 2003 for an EIA to drill 60 wells in 

Forest Reserve.  Because quality and current environmental baseline data was available, the EMA 
exempted Petrotrin from having to provide new baseline data for the UMLE EIS. This reduced 
the CEC procurement time frame by three months.  
 

Most of the HAZOP Study sessions were conducted with MEEI personnel in attendance 
that permitted them to gain insight into the details of the project and lend recommendations to 
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Petrotrin that would permit the project to meet their approval. The findings and recommendations 
arising out of this study were presented to them in a formal report for their approval. 

 
ENVIRONMENTAL BASELINE SURVEYS 

 The 2002-2003 Environmental Baseline Survey of the Forest Reserve Oilfield involved 
surveys of the Physical, Biological and Socioeconomic environment. The company contracted the 
expertise of top local biologists and sociologists to gather and interpret this data. The study area 
was the same as the area delineated in the 1999 Reservoir Characterization Study. Socioeconomic 
surveys however extended beyond this boundary to include communities that are directly 
impacted by activity in Forest Reserve. 

Physical Environment 

 A description of the of the baseline physical environment included assessments of 
topography, geology and climate. Air, (ambient), soil, surface and groundwater quality was also 
measured.  All but two of the twenty (20) water and soil samples measured were found to be 
within standards prescribed in draft environmental legislation. These samples were the pipe end 
discharge of the Bernstein Tank Farm into the Silver Steam River and 1km downstream of this 
tank farm.  The first schedule of the Water Pollution Rules (Draft) contains standards detailing 
the condition or concentration at which a substance or parameter is defined as a pollutant. (See 
Table 1). At present there are no soil quality standards in Trinidad, therefore the Alberta Tier 1 
standards were used to compare analytical results. The soils were slightly acidic to neutral, typical 
of soils in tropical forests experiencing a tropical marine climate.   

Biological Environment  

 Assessments of the biological environment included floral and faunal surveys that were 
conducted by using vehicle and foot transects of the Study Area. Approximately seventy-five 
(75%) percent of the area is occupied by natural forest at various stages of degradation. The 
predominant vegetation formation identified is the Evergreen Seasonal Forest (Clathrotropis 
brachypetala-Attalea maripa faciation). The vegetation along the roadsides and production 
facilities which amounts for less that 0.5 % of the total study area was mainly short herbaceous 
vegetation that is maintained by regular mowing or grazing. In total one hundred and fifty-one 
(151) species of plants were identified of which sixty-four (64) are upper canopy trees (3).  

 Field sampling of the aquatic fauna was carried out in the Silver Stream River and its 
tributaries. A total of 2 species of fish and 5 species of benthic macro invertebrate were collected 
from the three sites sampled.  A total of 1 amphibian species was also recorded for the area. 
Avian species were observed and recorded over a five (5) day period using visualization and 
vocalization as a basis for identification. A total of thirty-four (34) avian families representing 
sixty-seven (67) species were recorded (3).  
 
 This level of floral and faunal biodiversity is on par with other Evergreen Seasonal 
Forests in Trinidad. Field personnel who were interviewed for this EIA noted that most floral and 
faunal degradation did not result from oilfield operations, but due to fires in the dry season started 
by careless motorists who use oilfield access roads open to the public. These fires spread rapidly 
in the dry season and burn for several days. 
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 Socio-Economic Environment  
  
 A socio-economic survey of the project area was conducted using structured 
questionnaires for twenty (20) households, two (2) community leaders and two (2) business 
proprietors(3). This constituted 96% of households and 100 % of businesses in Forest Reserve. 
Two public consultations were held in Forest Reserve and concerns of the stakeholders were 
recorded. Unedited videotapes covering the entire consultations were submitted to the EMA . 

 Most of the concerns were more economic rather than HSE in nature. The majority of 
stakeholders interviewed were in support of oilfield development activity in Forest Reserve, once 
they would benefit directly from these activities. Residents had friends or relatives who worked 
or currently work in the Forest Reserve oilfield.  They believed that the proposed E&P activity 
would bring social and economic benefits for the community. The Forest Reserve community has 
high levels of unemployment, especially amongst the youth. 

 

HAZOP STUDY 
A Hazard and Operability Study (HAZOP) was conducted by project personnel to assess 

risk, and develop recommendations to mitigate risk. This knowledge-sharing exercise brought 
together personnel with the relevant background and experience to identify and rank risks 
associated with this project at this location.  

 
The HAZOP process is based on the principle that a team approach to hazard analysis 

will identify more problems than when individuals working separately combine results. The team 
included personnel from HSE, Utilities, Electrical, Projects, Production, Instruments, Field 
Equipment Maintenance, Gas Sales and Fire. The study was conducted in sessions and through 
brainstorming effort that stimulated creativity, new ideas and a thorough review of project 
parameters. Even though the study’s main focus was hazard identification, it also consisted of 
identifying operability problems and determining whether additional safeguards and operational 
controls were required to ensure an appropriate level of safety for the project. 
 
The procedure consisted of the following elements:  
1) Outlining the scope of the project ensuring individuals has a clear understanding of technical, 

environmental and legal issues and project objectives.  
2) Identifying deviations from normal running operations and the associated causes. Reference 

was made to accident /incident records 
3) Discussing the potential consequences to personnel safety, health, process operations, 

equipment or the environment (minimum level). Environmental baseline data specific to 
Forest Reserve and the UMLE project site was referenced when identifying potential 
consequences 

4) Listing the existing HSE operational controls, emergency response plans and making a 
judgment as to their adequacy in mitigating the hazard  

5) Developing recommendations where additional safeguards are required and assign 
responsibilities. 

 
The team focused on specific portions of the process called “nodes”. Risks from a broad 

spectrum of activities covering all nodes of the project were assessed. The sessions were recorded 
using a pre-formatted template to capture the discussion for each guideword and each node. The 
team lists the consequences, safeguards and any recommendations deemed appropriate.  
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The results were recorded in columnar format under the following headings : 
 

What if.. Cause Consequences Safeguards S L R Recommendations Action 

 
Severity (S) was rated using a scale of 1 to 4 (Negligible to Disastrous) looking at 

potential impacts such as downtime, barrels spilled, fatalities, property damage, environmental 
concerns and public welfare.  

 
Likelihood (L) was rated in terms of incidents per decade using a scale of zero (0) to 

three (3) incidents per decade as rare, and four (4) or more incidents per decade as frequent 
 

Risk (R) was ranked by equating hazard severity and probability. When the level of risk 
identified got a ? or * ranking (See Table 2) risk reduction was recommended.  

 
By nature the process was highly subjective as the HAZOP study teams evaluation are 

dependent upon personal judgment and experience, however the greater the participation level, 
the greater the accuracy in identifying hazards, ranking risk and developing appropriate 
recommendations to mitigate risk.  

 

The six most significant HSE risks identified by a (?) or (*) risk rating (See Table 2) from the 
HAZOP study were from the following activities:  

1. Discharge of produced water into adjacent watercourses.  
2. Hydrocarbon spills from the Gathering Station 
3. Emission of Hydrogen Sulphide (H2S) 
4. Disposal of Tank Bottoms 
5. High Temperature High Pressure (HTHP) Operations.  
6. Site preparation  
 

 Like any assessment of HSE aspects, there were also positive aspects associated with a 
project of this nature being implemented in an economically depressed.  Baseline socioeconomic 
data used in the HAZOP indicated that HSE risk to fence-line communities would be negligible 
due to the remoteness of the project and that the project had more positive social impacts in terms 
of creation of temporary jobs and increased business activity within a socially depressed 
community.  

 

HSE RISK MITIGATION STRATEGIES  
For significant HSE aspects, risk mitigation strategies were recommended by the HAZOP team 
and were incorporated by HSE personnel into the HSE risk mitigation plan for the EIS (See 
Figure 4). The mitigation strategies for the most significant aspects listed above are as follows: 
 
Contractor HSE Management 
 
  A review of accident and incident records from similar Petrotrin gathering stations and 
steam generators indicated that most occurred when contractors undertook regular maintenance 
activities. The implementation of an effective contractor HSE management system was therefore 
a priority in the mitigation management plan. All contractors who were registered to bid for 
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construction and maintenance contracts had to have an effective and documented HSE 
management system that identified, and controlled all risks associated with significant HSE 
aspects. Their HSE management system must include training of all personnel in the significant 
aspects of their activity, operational controls to reduce their risk and emergency response.   

 Project engineers (civil, electrical and mechanical), and operations personnel who have 
overall responsibility for construction the maintenance of the EOR infrastructure are responsible 
for ensuring contractors meet these requirements and perform work in accordance with company 
HSE policy. HSE personnel conduct regular facility and Environmental Management System 
(EMS) audits to ensure continual improvement. 

 
Discharge of Produced Water into Adjacent Watercourses 

All produced crude and water from the UMLE steamflood project will be sent to the 
Bernstein Tank Farm in Forest Reserve for processing and fiscalization.  According to Petrotrin’s 
Produced Water Effluent Monitoring Program which is done monthly on a voluntary basis, the 
main pollutants in effluent water discharge at the Bernstein tank farm that are not in compliance 
with the draft Water Pollution Rules effluent standards (Trinidad and Tobago Bureau of 
Standards - TTS 547: 1998 - Standard for Effluent Discharge From Industrial Processes) are Total 
Petroleum Hydrocarbons (TPH), Total Suspended Solids (TSS), Chlorides (Cl) and Sulphides (S) 
(See Table 1). The baseline surveys also indicated that produced water discharged from the 
Bernstein Tank Farm did not comply with this standard.  

 
Much of this non- compliance with the TTS: 547 1998 standard results from existing 

steam flooding operations within Forest Reserve and surrounding fields (Forest Reserve 
Expansion and Parrylands Cruse-E EOR projects) that feed their production into the Bernstein 
Tank Farm. Steam combined with viscous and high gravity crudes facilitate the formation of 
stable emulsions that exhibit no sign of separation, even after quietly standing still for months. 
The most significant environmental impact from the petroleum industry in Trinidad and Tobago 
is the discharge of such emulsions to the environment without proper treatment to remove the oil. 
Sulphur reducing bacteria (SRB) also proliferate in thermal wells and increase the sulphide 
content of this “Thermal Produced Water”.  

 
With projected steam injection rates into the Morne L’ Enfer Formation to be over 1500 

barrels per day, most of this water will be returned to surface as produced water, so the volume of 
this non compliant effluent from the Bernstein Tank Farm is expected to increase. Production 
from steamflooding in Forest Reserve can contain as much as 70 to 85% water. The yields of 
crude oil at the Bernstein thermal wells are as low as 15 %.  

 
When production enters the tank farm, it is stored in a ten thousand (10 000) barrel wash 

tank, which is bled for about two to three hours per day into two parallel API separators where 
the oil is skimmed off. With the increasing water production expected from this project, the 
retention time in these primary separation facilities will become increasingly inadequate. 
 

Petrotrin has conducted detailed technical studies to mitigate the impacts of produced 
water pollutants from the Bernstein Tank Farm and has begun to implement the following 
strategies: 
 

1. Reduction in TPH with enhanced primary physical separation facilities 
accompanied by site- specific reverse - emulsifier and flocculation treatments.  
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2. Construction of an additional 10 000 bbl wash tank at Bernstein to increase 
residence time is near completion. Technical studies have shown that this 
strategy alone will reduce TPH levels incompliance with draft water Pollution 
Rules 2001. 

3. After primary treatments described in 1) and 2) above, the produced water would 
be piped via PVC line either south into the Columbus Channel, or west into the 
Gulf of Paria. Both water bodies have a high level of mixing due to tidal 
fluctuations. Environmental Impact Assessments to support a CEC application 
for the discharge of this water is carded for the dry season of 2005. 

 
Hydrocarbon Spills from the Gathering Station 

 
Oil  spills at gathering stations usually occurs during tank cleanings, pipefitting work and 

infrequently- tank overflow. Though results from the baseline surveys indicate that oil spills in 
the Forest Reserve field appeared to have minimal impact to biological diversity and soil and 
water quality, Petrotrin has a zero tolerance to oil spills, and as such measures have been 
implemented to significantly reduce the risk of oil spills from the gathering station. These 
measures include: 
 
1. Installation of tank level meters that activate transfer pumps and tank equalizing activation 

switches to prevent tank overflow 
2. Integration of an alarm system into the Petrotrin Police radio communications network to 

notify field operations and maintenance personnel in the event of a power outage or any other 
incident.  

3. Installation of a concrete bund wall to contain spillage in the event of failure of 1) or 2) 
above. The bunded area is designed to contain 125% the volume of the largest tank. 

4. Utilizing a closed system so that there is no effluent discharge at the facility other than storm 
water runoff.  

5. Regular table-top exercises of the Oil Spill Contingency Plan for Forest Reserve with 
necessary follow up action.  

 
Hydrogen Sulphide (H2S) 
 

One of the hazards commonly associated with steam-flooding operations is the 
production of H2S, especially when a steamflood matures. Even though ambient H2S 
concentrations are expected to be negligible, and the wells and gathering station are greater than 
1km and downwind from the nearest settlement, Petrotrin has ensured the risk of exposure to 
contractors and company personnel is significantly reduced. To mitigate any potential risks 
associated with H2S emissions, the following controls have been implemented. 

• H2S Training for all employees and contractors who service EOR infrastructure. 
• H2S Scrubber installed after the gas-liquid separator at the Gathering Station.  
• Installation of battery powered H2S detection and alarm systems that are regularly 

serviced according to manufacturer specifications.  
 

Disposal of Tank Bottoms 
 

Oily basal sediments from all the gathering stations in Forest Reserve are stored in three 
large oily waste pits at the Bernstein Tank Farm. The contents of these pits will be excavated 
from the pit and land farmed on acreage adjacent the tank farm on a rotational basis using 
domestic produced fertilizers to stimulate microbe growth.  
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High Temperature High Pressure (HTHP) Operations 
 

Operational controls and design modifications were implemented to ensure the risk 
associated with these aspects would be reduced to acceptable levels. The design and construction 
of facilities complied with international codes relating to structure (CUBiC), pipe 
laying/trenching (ASME), pipeline specification (API, ASME), fire protection (NFPA) and 
process safety (OSHA and PSM 1910.119) 

 Even though the steam generator was nearly 30 years old, there were many safety 
features that were engineered into the original design such as pressure relief valves, isolating 
valves and shutdown switches, especially for the gas supply and steam generator boiler tube. 
These design safety features significantly reduced most of the potential safety risks that may arise 
from HTHP infrastructure. The Gathering station on the other hand had several operational 
controls that were developed in the past 3 years to minimize the risk of oil spills.  

 Risk associated with vehicle use near HTHP infrastructure was also addressed. The 
project team ensured that as much of the piping was buried and where it was necessary to run 
them above ground, the Right of Way was further from the roadside with proper signage and 
barriers installed. The company has implemented a driver safety program for all employees who 
service field infrastructure. 

  For upset conditions in a HTHP environment, Petrotrin has six Emergency Response 
Plans that are regularly tested and updated. All registered contractors must attend orientation 
sessions to become aware of these plans and notification procedures. These emergency response 
plans include: 

• Fire/ Explosion Emergency Response Plan  
• Bomb Threat Emergency Response Plan  
• Hurricane Emergency Response Plan  
 
To date these facilities have been operational for over four months with no accidents or incidents.   
 
Site Preparation  

From the baseline surveys, it was determined that there were no endangered floral or 
faunal species in the area, but the project team still took measures to ensure the footprint was as 
small as possible. This was not only good environmental practice, but also reduced site 
preparation costs.  
 

Petrotrin’s Survey Department produced a Geographic Information System (GIS) three-
dimensional (3D) model for the UMLE area using Arcview GIS software to spatially reference all 
the variables on the project site that may be impacted upon by the construction and operation of 
the facility (See Figure 3). This model permitted a 3D analysis of several siting scenarios that 
achieved the following objectives: 
 

• Minimize site clearing and earthworks  
• Avoid fragmentation of forest habitats 
• Minimize risk of erosion, slippage and subsidence of slopes and sedimentation of the 

Aripero river  
• Maintain 150 ft buffer between existing wells  
• Use of existing road as much as possible while providing safe access and egress to and 

from the UMLE area  
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• Create no collection ‘basins’ for any potential H2S emissions 
• Minimize distance to injectors to avoid temperature and pressure losses 

 
OHSAS 18001 and ISO 14001 EMS Certification  
 

The HSE Department is currently in the process of implementing a pilot Safety 
Management System (SMS) in accordance with the OHSAS 18001 Specification for the 
Operations Support Services (OSS) Group. The OSS Group includes most of the sections 
involved in the construction and maintenance of EOR infrastructure.  

 
The company’s Exploration and Production Operations Environmental Management 

System (EMS) has been ISO 14001 Certified since 2002. These operations are the largest in terms 
of manpower and acreage to be ISO 14001 certified in Trinidad. The environmental management 
programs for EOR operations were an integral component of the mitigation management plan. 
(See Figure 4). 

 
For this EOR project, both of these HSE management systems play a significant role 

towards improving the effectiveness of the risk assessment and mitigation management process, 
and ensuring mechanisms are in place for continuous improvement in HSE performance.  
 

CONCLUSION 
 

For this EOR project in a tropical forest reserve, an integrated approach to assessing 
safety and environmental risk and developing mitigating strategies was adopted. Environmental 
Management Programs for EOR projects developed under the ISO 14001 EMS certification 
exercise for Petrotrin’s E&P operations, and site- specific environmental baseline data of Forest 
Reserve was made available to a HAZOP Study team who comprised safety, environment and 
project personnel. This team risk assessment approach permitted a comprehensive assessment of 
both safety and environmental risks and the development of appropriate risk mitigation strategies 
for this ecologically and socially sensitive environment. The availability of this baseline data also 
reduced the environmental permit procurement time frame by three months.  
 

Most of the significant HSE risks identified through the HAZOP Study, traditionally a 
safety risk assessment tool, were environmental in nature as adequate safety operational controls 
existed for construction and operation of the steam generator, gathering station and supporting 
EOR infrastructure. Of all aspects identified and assessed for this project, the discharge of 
produced water to the environment poses the greatest HSE risk.  Implementation of new 
operational controls focused on the mitigation of environmental risks and those associated with 
contractor construction and maintenance activities.  
 

HSE professionals who worked on the project agreed that it was more effective to 
mitigate safety and environmental hazards through a collaborative effort of environmental, safety, 
and engineering disciplines. It is the conclusion of the authors that acquiring HSE clearance for 
projects in ecologically sensitive areas will require multidisciplinary risk assessment teams and 
that HAZOP Studies can be a valuable and integral component of Environmental Impact 
Assessments. 
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TABLE 1 
Tank Farm BWPD TPH  

mg/l 
TSS  
mg/l 

Chloride 
mg/l 

Sulphide 
mg/l 

 TTS 547: 1998 Standard  <25 <50 < 250 < 1.0 
Forest Reserve Bernstein 4200 48 85 7200 1.7 
 
Averaged from June 2002- May 2003 data of samples taken and analysed in-house, monthly  
Source-(4). 
 
TABLE 2 

Risk Ranking Matrix for UMLE HAZOP Study 
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Figure 1 – Location of Trinidad and Tobago 

Figure 2 – Forest Reserve Facilities, Location of UMLE Project Site 
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Figure 3 -  Forest Reserve UMLE Steamflood Project Gathering Station and 
Steam Generator Arcview 3D Image 
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REACH is Real: The Proposed Reach System and 
its Effect on a Service Company 

 
 

Janine Killaars and Samuel Lewis, Halliburton 
 
 

ABSTRACT 
 

Guided by the white paper, “Strategy for a Future Chemical Policy,(1) the 
European Commission, in October 2003, drafted a new regulatory framework for 
chemicals. The framework was known as the Registration, Evaluation and Authorization 
of Chemicals (REACH) policy.   

 
REACH is an integrated system that requires all substances produced or imported 

in quantities greater than one ton per year to be registered in the European Union (EU). 
The adoption of REACH will divert the burden of proof for putting safe chemicals on the 
market from the public authorities to the industry.   

 
The formal REACH proposal is expected to be presented for legislation in 

December 2005. If adopted, an 11-year transition (phase-in) period will be implemented 
in three stages. Chemicals will be considered for inclusion in each stage on the basis of 
production volume and chemical hazard. A new European Agency will act as the central 
point in the REACH system.   

 
This paper describes the proposed REACH system and its potential impact on an 

oilfield service company, both as an importer and downstream user of chemicals. The 
following topics are discussed: 

 
• Effects of REACH on producers and importers 
• Effects of REACH on downstream users 
• Impact assessment of the REACH regulation on a service company as a case 

study 
 



INTRODUCTION 
 

The global production of chemicals has increased from one million tons in 1930 
to 400 million tons today. Over 100,000 different substances have been registered in the 
EU market, 10,000 of which are marketed in a volume of more than 10 tons/year. 
Another 20,000 chemicals are marketed in volumes of 1 to 10 tons/year. The chemical 
industry is Europe’s third largest industry. 

 
A downside of chemical development and disbursement is its potential for severe 

damage to human health and the environment. Well known examples exist, including 
problems caused by DDT, asbestos, and benzene. For some companies, the effects of 
toxic substances have resulted in heavy financial burden or bankruptcy. In addition, the 
effects of most chemicals being sold are not known, and the industry has only a limited 
obligation to conduct testing for existing hazards. In fact, many environmental problems 
can be traced to the failure to properly regulate chemicals.(2) 
 
Present EU Registration System 
 

The present system for general industrial chemicals distinguishes between 
“existing substances” (all chemicals declared to be on the market in September 1981) and 
“new substances” (those placed on the market since 1981). Approximately 2,700 new 
substances will require testing and assessment for human health and environmental risk if 
produced at greater than 10 kg/year. For higher volumes, more in-depth testing is 
required.   

 
Conversely, existing substances contribute more than 99% of the total volume of 

all substances on the market and are not subject to the same testing requirements. In 
1981, the total reported number of existing substances was 100,106. The current volume 
of existing substances marketed in volumes greater than one ton/year is estimated at 
30,000.   

 
In addition, public information about the properties and uses of existing 

substances is generally lacking. The current risk-assessment process is slow and 
ineffective. The allocation of responsibilities is inappropriate because public authorities, 
rather than the industry, are responsible for risk assessment. Information about 
downstream uses of substances is difficult to obtain because only the importer or 
manufacturer is required to register the product. Further testing can only be requested 
from the industry if public authorities can prove that a substance may present a serious 
risk. If the industry is not required to submit test results, the potential risk of a substance 
will be difficult to assess. 
 
 

OBJECTIVES OF REACH 
 

The following section outlines the three primary objectives of the REACH 
system: registration, evaluation, and authorization of substances.(3) 
 



Registration of Substances 
 

REACH will require registration of all substances imported or manufactured in 
the EU (including Norway, which plans to adopt the REACH system) in volumes greater 
than one ton/year. Without registration, importing or manufacturing of a substance will 
be prohibited. This registration requirement will force manufacturers and importers to 
gather data to assess the potential risk of substances. Additional testing can be required. 
Importers and manufacturers will analyze the potential risk of each application based on 
information provided by downstream users.(4)  

 
A downstream user will not be obligated to notify every application; however, 

downstream users will have to submit a technical dossier or safety report for every use 
not reported to the manufacturer or importer. A technical dossier will be required to 
register a substance. For substances produced or imported in a volume greater than 10 
tons/year, a chemical safety report will be required. The information requirement is 
determined by tonnage. The deadlines for registration will be set according to the volume 
of the substance on the market and the potential hazard of the substance. Of the total 
number of chemicals on the market in volumes starting at one ton/year (30,000 
chemicals), 140 chemicals have been identified as priority substances. A substance is 
considered a priority substance, or substance of very high concern, if any of the following 
pertain:  

 
• It is classified as a category 1 or 2 carcinogen, mutagen, or reprotoxin 

(CMR). CMRs are known (category 1) or very likely (category 2) to cause 
cancer, DNA mutations, or reproductive damage.(5) 

• It is a persistent, bioaccumulative, and toxic (PBT5) 
• It is very persistent and very bioaccumulative (vPvB).(5) 

 
For priority substances and substances in the highest volume category (greater 

than 1,000 tons/year), the strictest deadlines apply. These deadlines are listed in Table 1. 
Required data submission will also depend on the volume produced or imported. For 
every substance requiring registration, the following information will be mandatory: 
 

• Identification of the manufacturer or importer 
• Identification of the substance 
• Information about the manufacturing process and the produced quantity, 

including all intended uses 
• Proposal for classification and labeling 
• Recommendations for safe handling 
• Summary of test data (Annex V-IX)4 
• Proposal for additional tests 
• Chemical safety report (CSR4) for substances in volumes greater than 10 

tons/year 
• Statement regarding whether information has been generated by testing on 

vertebrates 
 

For chemicals marketed or imported in volumes of 1 to 10 tons/year, the 
following data must be submitted (described in Annex V4): 

 
• Physiochemical properties 



• Basic human health data 
• Short-term aquatic toxicity 

 
For chemicals marketed or imported in volumes of 10 to 100 tons/year, the 

following data must be submitted as described in Annex VI4: 
 

• Information as listed in Annex V 
• Human health data 
• Ecotoxicological data 

 
For chemicals in volumes greater than 100 tons/year and greater than 1,000 

tons/year, the following data (described in Annexes VII and VIII4) is required: 
 

• Information as described in Annex V 
• Long-term toxicity data 
• Repeated dose toxicity data 
• Chronic toxicity data 
• Fate 

 
The deadlines and requirements for registration are listed in Table 1. 

 
Evaluation 
 

Evaluation of the supplied data will be performed by the competent authority in 
the country where the main registrant is based in association with a coordinating agency. 
This agency (anticipated to be based in Ispra, Italy) will evaluate all the data submitted. 
The extent of this agency’s role and authority is still being determined.   

 
An evaluation period will last no longer than 12 months. Within that time, the 

competent authority will draft a decision and forward it to the agency. If other member 
states do not comment, the draft decision will be adopted. Currently, the agency’s role 
can be summarized as follows: 

 
• Set guidelines for the member states. 
• Set criteria for prioritization. 
• Coordinate the decision-making process. 
• Facilitate the Board of Appeals against evaluations of the contracting parties 

and the decisions of the agency. 
• Publish information. 

 
Evaluation requires authorities to carefully examine the data provided by the 

industry, using the following guidelines: 
 

• Substances in volumes greater than 100 tons/year: When the quantity 
produced or imported reaches 100 tons or 1,000 tons, the manufacturer or 
importer will be required to submit all available information and to propose a 
strategy for further testing based on the general information requirements 
defined in Annex V–IX. The authority will evaluate the information and 
testing strategy and decide on the appropriate course of action. 



 
• Substances in volumes less than 100 tons/year: Substances that fall under the 

priority substances criteria will require an evaluation by the authorities at 
volumes below 100 tons/year. Based on this evaluation, immediate safety 
measures and/or further testing may be needed. Furthermore, the authorities 
are empowered to request further testing when the volume produced and/or 
imported by all manufacturers and/or importers exceeds the next higher 
tonnage threshold. 

 
Authorization 
 

For substances of very high concern, authorities will have to give specific 
permission before such a substance can be used or marketed for a particular purpose or as 
a component of a product. The scope will be clearly defined and strict deadlines will be 
set for both authorities and industry. The following substances, including those in 
volumes less than 100 tons/year, that have hazardous properties giving rise to very high 
concern will be progressively subjected to an authorization regime: 

 
• Persistent organic pollutants (POPs) 
• Chemicals listed as substances of very high concern(5) 
• CMR substances 
• PBT and vPvB substances 
• Endocrine disrupters 

 
Uses that do not give rise to concern, such as well controlled industrial uses, may 

be subject to general exemptions from the authorization procedure. 
 
 

EFFECTS OF REACH 
 
Effects of REACH on Producers/Importers (6) 
 

In the first phase of implementing REACH, information will be gathered on 
chemicals’ health, safety, and environmental properties. This information will be 
beneficial to those charged with conducting risk-management measures for public 
authorities and the industry. Testing and registration costs and the cost of running the 
chemical agency for this first phase will mainly fall on importers and producers of 
chemicals and can be passed on to downstream users.   

 
In a second phase, risk management measures may be taken in response to the 

assessment of data submitted in the initial phase. Again, these costs will be assumed by 
producers and importers and can be passed on to downstream users.   

 
The EU has estimated that the total costs for testing, registration, and running of 

the agency will be approximately $2.8 billion (USD) in present value terms. This estimate 
assumes a high level of sharing information and cooperative action between stakeholders 
(formation of consortia).   

 



Another concern is that companies that produce specialty chemicals cannot form 
consortia to share data. This would mean that small companies would have to carry the 
full burden of covering registration costs for specialty chemicals. Although commodity 
chemicals are produced and imported in higher volumes, and thus will have more 
extensive testing requirements, these costs can be shared between multiple companies so 
that the cost per company is decreased. The worst-case scenario for some of the 
producers of specialty chemicals is that they will move outside the EU or not produce or 
import certain chemicals in the EU.   

 
Cost is not the only concern; another significant issue is competitiveness between 

companies operating inside and outside the EU. If a company in the EU manufactures a 
product for use outside the EU, the company will still have to comply with REACH 
requirements because the product is manufactured in the EU. A company that 
manufactures a product outside the EU for use outside the EU will not have to comply 
with REACH, making it possible to manufacture the product cheaper.   

 
Furthermore, REACH will distinguish between articles and substances. All 

substances produced or manufactured in the EU in a quantity greater then one ton/year 
will have to be tested. Testing is not required for articles (e.g. car tires). However, if a 
company inside the EU manufactures the raw materials for car tires in quantities that 
require testing, the company will be obligated to test all the raw materials. If the same 
company is located outside the EU and imports the same car tire to the EU, the company 
will not have to register the raw materials because they are importing an article. 
 
Effects of REACH on Downstream Users 
 

The impact on downstream users is not easy to predict. One Internet dialog based 
on the white paper proposal raised the following concerns: 

 
• Withdrawal of substances by importers because of costs 
• Loss of confidentiality 
• Increased time to market 
• Delay in getting access to substances 
• Refusal to authorize dangerous substances essential to existing 

manufacturing processes 
 

As a general rule, costs for downstream users should not exceed the costs initially 
imposed on the chemical industry. Two possibilities exist for determining whether to use a 
substance: First, accept the costs from the supplier, or second, find a substitute for a lower 
price. Every producer will assess whether the test costs for registering a chemical are 
economically justified.   

 
A producer could also move the manufacturing process to a country outside the 

EU and let the downstream user, which then becomes the importer, pay the price for 
registering.   

 
As a result of these concerns, a number of substances may disappear from the 

market and downstream users may bear the economic consequences, especially when 
adjustment from the industry does not proceed smoothly. In addition, reformulation of 
blends will take considerable effort.   



 
Another concern is loss of confidentiality. Downstream users, particularly in 

specialty chemical markets, probably will not like to share the applications. Also, data 
that has been generated on products are viewed as confidential. In some cases, 
downstream users probably do not want to register the application through the importer 
or manufacturer because of confidentiality concerns. As a result of long and complex 
value chains, it may be extremely difficult to form consortia to share data, let alone 
guarantee confidentiality.   

 
Producers of low-volume substances (under 100 tons/year) will find the costs per 

ton are higher than with high-volume substances. Testing can then become unaffordable 
even if spread over several years. Downstream users will then have to decide whether or 
not to register. Additional costs for downstream users can be divided into the following 
five categories: 

 
• Higher prices for chemicals because cost from producers/importers will be 

passed on to downstream users 
• Downstream users becoming importers when the producer is located outside 

the EU 
• Finding substitutes for substances that have been withdrawn from the market 
• Avoiding substitution and registering products as downstream users 
• Some increase in market power that remaining suppliers might temporarily 

exploit 
 

Estimates of the costs for downstream users range from $3.4 billion to $6.3 
billion (USD). 
 
Impact Assessment for a Service Company 
 

This section describes the potential impact of REACH regulations on a service 
company that supplies chemicals to the oil industry. The service company will be 
affected by the REACH regulations as a downstream user as well as an importer of 
chemicals. Figure 1 shows an overview of the supply routes.  

 
Supplier in EU—Service Company 

 
A differentiation should be made between commodities and specialty chemicals. 

In regard to commodity chemicals, few problems are foreseen because they are widely 
used in the industry. For high-volume chemicals, the cost will be high but can be shared 
among multiple suppliers. Additionally, the formation of consortia for data sharing is 
possible because the uses are known and data for these products should be readily 
available in the public domain. The service company should ascertain from the supplier 
whether registration for an application is included in the registration of the manufacturer 
or the importer. If the service company does not want to disclose the information for their 
application, they should register the application separately. The only consequence of the 
registration for commodity chemicals in the REACH system is that prices can increase 
slightly.  

 
A more difficult situation is expected for specialty chemicals. These chemicals 

mostly fall in the lower-volume thresholds, and often suppliers make substances solely 



for a particular service company. The service company then has to negotiate with the 
supplier to determine who will carry the costs. Even if a supplier will pay for a 
registration under REACH, the costs of the products will go up significantly. In some 
cases where specialty chemicals are sold to several service companies, the formation of a 
consortium to share data is not an option because loss of confidentiality could jeopardize 
competition. Care should be taken by suppliers not to break confidentiality agreements 
when submitting substances for registration and negotiation between several service 
companies. This precaution is especially applicable if the chemicals are used for the same 
application.  

 
Another problem might arise if small specialty chemical manufacturers cannot 

register the product for financial reasons. In those cases, the service company will either 
have to pay the full registration costs or search for an alternative. Both solutions will 
increase the product price, the latter because of research costs. 
 
Supplier outside EU—Service Company 
 

For commodity chemicals, the same arguments described in the previous section 
apply. These chemicals are widely used and costs can be divided among several 
manufacturers, resulting in a smaller price increase for the final product.   

 
For specialty chemicals, manufacturers outside the EU can choose not to import 

the chemicals in the EU. Again, this choice means the service company either pays for 
the registration or finds alternatives. Additionally, because of the complexity of the 
REACH regulations, service companies should keep their suppliers outside the EU well 
informed regarding the requirements. The reality likely will be that companies in the EU 
who buy substances outside the EU will have to act as consultants to help register the 
products, which will require an additional expense that cannot be recouped in the final 
price. 
 
Service Company—Customers in EU 
 

For customers in the EU, the price of chemicals will go up if REACH comes into 
effect. Most likely, the price increase will be most significant for specialty chemicals. For 
each specialty chemical, service companies will have to determine whether to pay for the 
registration, find alternatives, or withdraw the substance from the market. Customers in 
the EU will also be faced with more expensive products and less variety from which to 
choose. 
 
Service Company—Customers outside EU 
 

Customers outside the EU will have a financial advantage over those inside the 
EU because they will be able to select from both REACH unregistered products and 
REACH registered products. They will probably not accept higher prices for chemicals 
because REACH and its associated costs only apply in the EU. Therefore, total costs for 
the REACH system will probably be paid completely by EU member countries. 
 



Assessment of Costs 
 

The service company for the following case study performed an impact 
assessment on the total European portfolio for production enhancement and cementing 
materials. The following process was used to make the impact assessment: 

 
1. An overview was made of the total volume of company products used in the EU 

during 2003. 
2. All substances in these products that exceeded one ton/year were itemized. 

Percentages of the substances in products and overlapping substances in products 
were considered. 

3. An assumption was made that approximately half of the costs for registration 
would be paid by the service company based on the following factors: 

 
• Formation of consortia 
• Suppliers outside the EU for whom the company would have to test 

products 
• Small suppliers who would need financial help to register 
• Data already available on the market 

 
The total cost to the service company for registration under REACH for 

production enhancement and cementing chemicals (applying the assumptions listed 
above) would be approximately $15.8 million (USD). For drilling fluids, approximately 
the same amount is expected. These costs only reflect the high number of tests involved 
in the registration, such as acute-, chronic-, and repro-toxic testing. The man-hours 
involved in gathering information, compiling a technical dossier, and negotiating with 
suppliers are not reflected in this assessment, but will also be significant. 
 

CONCLUSIONS 
 

The REACH system will undoubtedly have a drastic impact on the future of the 
chemical industry. The REACH system can be divided into two parts: First, the benefits 
for human health and the environment, and second, the industry consequences.  

 
Improvement in the regulation of chemicals is necessary to advance the 

knowledge about health and environmental effects of chemicals currently on the market. 
However, the financial impact of REACH will significantly affect the chemical industry 
and its downstream users. Companies will have to decide whether registering their 
substances is still beneficial, especially in the lower tonnage thresholds. Small 
manufacturers who make specialty products could be forced to relocate their businesses 
outside the EU. Downstream users may be forced to reformulate their products and 
increase their prices for chemicals.  

 



 
Table 1. Summary of Data Requirements and Deadlines 

Tons 1 to 10 10 to 100 100 to 1,000 >1,000 

Data annex V V, VI V to VII V to VIII 

CSR No Yes Yes Yes 

Time, after EIFa (yr) 11 11 6 3 

CMR 1 and 2, after EIFa (yr) 3 3 3 3 
aEnter into effect (of legislation) 

 

 
Figure 1. Overview of supply routes after REACH enactment.
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Council with the support of the William and Flora Hewlett Council with the support of the William and Flora Hewlett 
FoundationFoundation

•• Independent Multidisciplinary Scientific TeamIndependent Multidisciplinary Scientific Team
–– Walt Merschat, GeochemWalt Merschat, Geochem
–– Kimberley MacHardy, GeoscienceKimberley MacHardy, Geoscience
–– Tom Myers, GeohydrologyTom Myers, Geohydrology
–– Jim Kuipers, Water Treatment, Cost and Sustainability AnalysisJim Kuipers, Water Treatment, Cost and Sustainability Analysis

•• Two Studies Published:Two Studies Published:
–– Coal Bed MethaneCoal Bed Methane--Produced Water:  Management Options for Produced Water:  Management Options for 

Sustainable DevelopmentSustainable Development
–– TechnologyTechnology--Based Effluent Limitations for Coal Bed Methane Produced Based Effluent Limitations for Coal Bed Methane Produced 

Wastewater Discharges in the Powder River Basin of Montana and Wastewater Discharges in the Powder River Basin of Montana and 
WyomingWyoming

•• Studies released as Draft Reports with 60 day comment period Studies released as Draft Reports with 60 day comment period 
August 26August 26thth

–– Available at :Available at : www.northernplains.orgwww.northernplains.org
www.kuipersassoc.comwww.kuipersassoc.com

http://www.northernplains.org/
http://www.kuipersassoc.com/


Kuipers & AssociatesKuipers & Associates 33

Disposal OptionsDisposal Options

•• Reinjection into depleted or confined coal seamReinjection into depleted or confined coal seam
•• Injection or percolation into depleted or confined Injection or percolation into depleted or confined 

deep aquiferdeep aquifer
•• Injection or percolation into shallow aquiferInjection or percolation into shallow aquifer
•• Evaporation of stored waterEvaporation of stored water
•• Land or crop application dischargeLand or crop application discharge
•• Direct discharge to surface waterDirect discharge to surface water
•• Discharge to municipal or industrial useDischarge to municipal or industrial use
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CBMCBM--Produced Water Disposal, Benefits and ImpactsProduced Water Disposal, Benefits and Impacts

• Loss of aquatic 
species

• Reduced/altered 
wildlife habitat

• Aesthetics
• Recreation

• Increased salinity 
and sodicity

• Increased erosion
• Reduced crop 

yields
• Loss of native 

species

• Spring and seep 
dewatering

• Surface water 
contamination

• Surface water flow 
alteration

• Aquifer depletion
• Aquifer 

contamination
Impacts

• Wildlife and 
livestock watering

• Municipal
• Recreation
• Industrial

• Increased 
irrigation water 
and crop yields

• Increased native 
plant pasture

• Improve surface 
flows

• Increase water to 
downstream users

• Constructed 
wetlands

• Aquifer recharge 
(shallow and deep 
aquifer)Benefits

• Evaporation
• To other uses

• Crop irrigation
• Land application 

disposal

• Direct discharge
• Indirect discharge 

via groundwater

• Reinjection into 
coal aquifer

• Injection into 
aquifer

• Percolation into 
aquifer

Disposal
Method

Other
Soils, 

Native Plants 
and Agriculture

Surface WaterGroundwater
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Water Treatment Methods to Reduce ImpactsWater Treatment Methods to Reduce Impacts

•• Reverse OsmosisReverse Osmosis

•• NanofiltrationNanofiltration
•• Ion ExchangeIon Exchange
•• Capacitive DesalinizationCapacitive Desalinization
•• FreezeFreeze--Thaw Evaporation ProcessThaw Evaporation Process
•• Electrodialysis ReversalElectrodialysis Reversal
•• Rapid Spray EvaporationRapid Spray Evaporation
•• DistillationDistillation
•• Sulphur GeneratorsSulphur Generators
•• Downhole SeparationDownhole Separation

–– Molecular FiltersMolecular Filters
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Regulatory Requirements Regulatory Requirements 
Applicable to CBM Water DisposalApplicable to CBM Water Disposal

•• The The Clean Water ActClean Water Act regulates via National Pollution Discharge regulates via National Pollution Discharge 
Elimination System (NPDES) permitsElimination System (NPDES) permits

•• NPDES permits should be based on Best Available Technology/Best NPDES permits should be based on Best Available Technology/Best 
Professional Judgment criteriaProfessional Judgment criteria

•• Proposed NPDES BAT/BPJ criteria:Proposed NPDES BAT/BPJ criteria:
–– Tier 1Tier 1 Zero DischargeZero Discharge

•• No discharge of contaminants to surface water by using reinjectiNo discharge of contaminants to surface water by using reinjection, on, 
injection, and evaporation.injection, and evaporation.

–– Tier 2 Tier 2 Effluent LimitationsEffluent Limitations
•• Treatment prior to discharge that results in nonTreatment prior to discharge that results in non--degradation of surface degradation of surface 

waterwater

•• Economic ImpactsEconomic Impacts
–– At $2.50 MCF impacts ROI by 1At $2.50 MCF impacts ROI by 1--10%10%
–– At higher gas prices impact is significantly lessAt higher gas prices impact is significantly less
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Defining Sustainable DevelopmentDefining Sustainable Development

•• Either an activity is sustainable, or it is not. Either an activity is sustainable, or it is not. 

•• To To sustainsustain means means ““to maintain; keep in existence; keep going; to maintain; keep in existence; keep going; 
prolongprolong”” (Webster(Webster’’s 1962).  However, human society is s 1962).  However, human society is 
constantly in flux and change is inevitable.constantly in flux and change is inevitable.

•• Sustainable development from an economics standpoint: Sustainable development from an economics standpoint: 
““economic development that meets the needs of the present economic development that meets the needs of the present 
generation without compromising the ability of future generation without compromising the ability of future 
generations to meet their own needs.generations to meet their own needs.””

•• Sustainable development from a societal standpoint:Sustainable development from a societal standpoint:
““the kind of human activity that nourishes and perpetuates the the kind of human activity that nourishes and perpetuates the 
historical fulfillment of the whole community of life on earthhistorical fulfillment of the whole community of life on earth””
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Basis for Sustainable Development EvaluationBasis for Sustainable Development Evaluation
•• Seven Questions for Assessing SustainabilitySeven Questions for Assessing Sustainability

(Source:  International Institute for Environment and Developmen(Source:  International Institute for Environment and Development and World t and World 
Business Council for Sustainable Development, Breaking New GrounBusiness Council for Sustainable Development, Breaking New Ground:  d:  
Mining,MineralsMining,Minerals, and Sustainable Development, 2002), and Sustainable Development, 2002)

1.1. EngagementEngagement.  Are engagement processes in place and working .  Are engagement processes in place and working 
effectively?effectively?
2.2. People.People. Will peopleWill people’’s wells well--being be maintained or improved?being be maintained or improved?
3.3. Environment.Environment. Is the integrity of the environment assured over the longIs the integrity of the environment assured over the long--
term?term?
4.4. Economy.Economy. Is the economic viability of the project or operation assured,Is the economic viability of the project or operation assured,
and will the economy of the community and beyond be better off aand will the economy of the community and beyond be better off as a result?s a result?
5.5. Traditional and NonTraditional and Non--Market Activities.  Market Activities.  Are traditional and nonAre traditional and non--
market activities in the community and surrounding area accountemarket activities in the community and surrounding area accounted for in a way d for in a way 
that is acceptable to the local people?that is acceptable to the local people?
6.6. Institutional Arrangements and Governance.Institutional Arrangements and Governance. Are rules, incentives, Are rules, incentives, 
programs and capacities in place to address project or operationprograms and capacities in place to address project or operational al 
consequences?consequences?
7.7. Synthesis and Continuous Learning.Synthesis and Continuous Learning. Does a full synthesis show that Does a full synthesis show that 
the net result will be positive or negative in the long term, anthe net result will be positive or negative in the long term, and will there be d will there be 
periodic reassessments?periodic reassessments?
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Sustainable DevelopmentSustainable Development

•• Most Sustainable PracticesMost Sustainable Practices

–– Reinjection into aquifers depleted or otherwise Reinjection into aquifers depleted or otherwise 
affected by CBM productionaffected by CBM production

–– Injection or percolation into depleted aquifers with Injection or percolation into depleted aquifers with 
water treatment as required, protecting and/or water treatment as required, protecting and/or 
enhancing water qualityenhancing water quality

–– Crop, livestock, municipal or industrial use with water Crop, livestock, municipal or industrial use with water 
treatment and other mitigations as required, insuring treatment and other mitigations as required, insuring 
against negative impactsagainst negative impacts

–– Surface discharges with water treatment as required, Surface discharges with water treatment as required, 
resulting in improved stream flows with adequate resulting in improved stream flows with adequate 
mitigations against negative impactsmitigations against negative impacts
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Sustainable DevelopmentSustainable Development

•• Least Sustainable PracticesLeast Sustainable Practices

–– Evaporation of water resulting in loss of resourceEvaporation of water resulting in loss of resource

–– Injection or percolation into aquifers where water Injection or percolation into aquifers where water 
quality is deteriorated and negative hydrological quality is deteriorated and negative hydrological 
impacts occurimpacts occur

–– Land application that creates negative impacts on Land application that creates negative impacts on 
soils and water qualitysoils and water quality

–– Direct discharges that degrade water quality and Direct discharges that degrade water quality and 
negatively impacts aquatic life, downstream users or negatively impacts aquatic life, downstream users or 
result in loss of resourceresult in loss of resource
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CBMCBM--Produced Water Produced Water 
Regulatory RecommendationsRegulatory Recommendations

•• Issuance of guidance for and production of Issuance of guidance for and production of 
technologytechnology--based limits for discharges.based limits for discharges.

•• Requirement and enforcement of NPDES permits Requirement and enforcement of NPDES permits 
for surface water discharges and groundwater for surface water discharges and groundwater 
discharge permits.discharge permits.

•• Changes in leasing procedures to coordinate Changes in leasing procedures to coordinate 
production in a manner that encourages or production in a manner that encourages or 
requires systematic production to maximize requires systematic production to maximize 
reinjection and appropriate injection practices.reinjection and appropriate injection practices.
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CBMCBM--Produced Water Produced Water 
Industry RecommendationsIndustry Recommendations

•• Improved openness and responsiveness to Improved openness and responsiveness to 
landowner and public concerns and willingness to landowner and public concerns and willingness to 
take reasonable measures (such as monitoring).take reasonable measures (such as monitoring).

•• Investment into research and development of new Investment into research and development of new 
technologies and into capital improvements for technologies and into capital improvements for 
longlong--term benefits.term benefits.
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CBMCBM--Produced Water Produced Water 
Public Engagement RecommendationsPublic Engagement Recommendations

•• Improved public access to and involvement in the Improved public access to and involvement in the 
governmental and industry processes that lead to governmental and industry processes that lead to 
CBM production and produced water disposal CBM production and produced water disposal 
decisions.decisions.

•• Opportunities need to be created and funded for Opportunities need to be created and funded for 
public input and collaborationpublic input and collaboration

–– with meaningful dialogue and participationwith meaningful dialogue and participation
–– ensure that all aspects of CBM production are ensure that all aspects of CBM production are 

considered by the regulatory and industry considered by the regulatory and industry 
sectorssectors

–– include the impacted landowners and concerned include the impacted landowners and concerned 
public in the decisionpublic in the decision--making processmaking process
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CBMCBM--Produced Water Produced Water -- ConclusionsConclusions

•• The present situation surrounding CBM production The present situation surrounding CBM production 
in many cases adversely affects the environment in many cases adversely affects the environment 
and communities that depend upon it.and communities that depend upon it.

•• Current development is not likely to result in a Current development is not likely to result in a 
high degree of sustainable development, and will high degree of sustainable development, and will 
most likely result in overall negative impacts over most likely result in overall negative impacts over 
the shortthe short--term and, in particular, the longterm and, in particular, the long--term.  term.  

•• If the issues identified are addressed consistent If the issues identified are addressed consistent 
with the recommendations set forth in this study:with the recommendations set forth in this study:

–– many or possibly nearly all negative impacts of many or possibly nearly all negative impacts of 
CBMCBM--produced water can be addressedproduced water can be addressed

–– and improvement can be realized from a and improvement can be realized from a 
sustainable development standpointsustainable development standpoint
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ABSTRACT 
 

The U.S. Environmental Protection Agency (EPA) regulates the polynuclear aromatic 
hydrocarbons (PAHs) content in non-aqueous drilling fluids (NAFs) to prevent the negative 
impact of PAHs on the environment.  The designated screening test written in the Federal 
Register is EPA Method 1654A, an HPLC/UV method.   
 

Ten NAFs of different compositions were analyzed for PAH contents using the EPA 
method.  The method proved to be sensitive for detecting PAH at the level of 0.001 wt% or 
higher.  However, Method 1654A identified some compounds as “PAHs” that were later shown 
to be non-PAH by other techniques such as GC/MS SIM or HPLC/fluorescence.  Such false 
positive results eliminate otherwise good candidate fluids, reducing the pool of viable base fluids.  

 
Using variations allowed within the method, some matrix interferences could be resolved 

simply by using a C18 HPLC column with a higher carbon load that better separates PAHs from 
the matrix interference.  Other matrix interference issues could be resolved using variations 
within the method with a UV detector with alternate wavelengths.  Additional method variations, 
including an auxiliary fluorescence detector that is not currently documented in 1654A, were also 
evaluated.  Both additional detectors were found to reduce interferences, more accurately 
measuring the real PAHs.   
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INTRODUCTION 
 

When synthetic -based drilling fluids (SBFs) were introduced, one of their significant 
advantages over traditional oil-based drilling fluids was the removal of priority pollutants and 
polynuclear aromatic hydrocarbons (PAHs).  The introduction of mineral oils in the 1980s began 
the trend to remove aromatics compounds from oil-based drilling fluids.  While the US EPA 
recognized the advantages of mineral oil over diesel as a mud additive, the technical innovation 
generated a new regulatory issue.  How could mineral oil, which was permitted as a WBM 
additive, be differentiated from diesel which was discharge prohibited as a mud 
constituent/additive and crude oil which was a contaminant?  Use of a simple extraction or 
distillation technique could only quantify the presence of a non-aqueous fluid, but could not 
distinguish between mineral oil, diesel oil and crude oil.  The EPA and industry took on the issue 
and conducted a large research project to evaluate all three fluids using GC/FID, GC/MS and 
HPLC instruments.  From these prolonged efforts emerged a three-tier method that used 
extraction, GC/FID and HPLC techniques to characterize mineral oil, diesel oil and crude oil.  
The research efforts not only provided analytical techniques but also regulatory limits based on 
the characterization of the fluids. 

 
PAH is recognized as a class of compounds that are potentially harmful to human health 

and the environment and consequently, eliminating PAH is a clear step forward in improvement 
of drilling fluid technology.  In addition to PAH content, the EPA also identified toxicity and 
biodegradation as stock limitations for synthetic fluids that have to be met in order to be 
discharged. 
 

Characterizing aromatics, PAHs and other priority pollutants offers significant analytical 
challenges.  First, the constituents being evaluated are not a single chemical species but a blend of 
many constituents and potential contaminants.  Secondly , the source matrix (base fluid) is 
variable and involves a range of many compounds.  While quantifying a specific contaminant in a 
known and stable matrix is straight forward, quantifying trace amounts of potential contaminants 
in a range of source matrices is not and requires a balance of objectives. 
 

The first step in identifying trace quantities of target compounds is the selection of a 
chemical characteristic that the target compounds share but the source matrix does not exhibit.  
Secondly, the target characteristic has to be exhibited in a manner that it can be quantified at low 
levels in the source matrix.  Finally, the range of potential contaminants identified needs to be 
made as encompassing as possible and the potential for false positives and false negatives caused 
by constituents in the source matrix needs to be minimized.  Back in the late 1980s and early 
1990s, this complex analytical problem of finding a range of targets in a range of source matrices 
was accomplished using a new HPLC technique identified by the EPA as Method 1654A (1).  
This method uses the characteristics of UV absorption at a particular wavelength exhibited by 
many PAH compounds.  Rather than integrating a response of one PAH compound, Method 
1664A integrates the area under many PAH compounds and their isomers, therefore boosting the 
ability of the test to identify trace quantities of PAHs. 
 

While the test was developed for mineral oils, the EPA never wrote it specifically into the 
permit as a routine test requirement and chose to rely on certification as a regulatory tool to report 
compliance with the diesel oil prohibition.  When synthetic fluids were introduced, it was quite 
logical to build on the previous research efforts.  Initial information provided to the EPA on 
synthetic fluids used GC/MS techniques to demonstrate a lack of priority pollutants.  However, 
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traditional GC/MS techniques demonstrated poor detection limits for priority pollutants when a 
range of synthetic fluids were analyzed.  This is due to the tendency of hydrocarbons to mask 
over the area of the chromatogram where priority pollutants and PAHs elute.  When tested with 
Method 1654A, the first synthetic fluid introduced did not show any detectable response in the 
test.  Very early in the regulatory information exchange, the industry recommended the use of 
Method 1654A as an appropriate tool to distinguish synthetic base fluids from diesel oils and 
traditional mineral oils.  The initial recommendation, which later became the regulatory limit , was 
“no detection” of PAH as reported in Method 1654A (2).  The detection limit for PAH in Method 
1654A is 10 mg/kg.   
 

In the development document of the Final Effluent Guidelines for Synthetic-Based 
Fluids, the EPA made the following statement concerning selection of PAH content as a 
regulatory limit :  

   
“SBF base fluids typically do not contain PAHs, whereas the traditional OBF base fluids 

of diesel and mineral oil typically contain on the order of 5% to 10% PAH in diesel oil and 
0.35% PAH in mineral oil.  The PAHs typically found in diesel and mineral oils include the toxic 
priority pollutants fluorene, naphthalene, phenanthrene, and others, and non-conventional 
pollutants such as alkylated benzenes and biphenyls.  Therefore, the BAT limitation and NSPS for 
PAHs are components of the final regulation which help discriminate between acceptable and 
non-acceptable base fluids.” (3) 
 
The Chemical Composition of PAHs 

 
PAHs are also called PNAs (polynuclear aromatics) or PCAs (polycyclic aromatics).  

PAH contains at least two fused benzene rings.  Under this broad definition fall many molecular 
structures.  For example, PAH can be subcategorized by the number of fused rings.  When two or 
more rings are present, there is more than one arrangement, or isomer, of the fused aromatic core. 
Each PAH core isomer can then be substituted with different alkyl and other moieties, yielding a 
vast number of unique molecules that can potentially be present in a sample. For example, 
two-ring PAHs are naphthalene, 1-methyl naphthalene, 2-methyl naphthalene, 1-ethyl, 5-methyl 
naphthalene and so forth.  Three-ring PAHs include aromatic core isomers anthracene, 
phenanthrene and their substituted compounds.  With four or more rings, the combinations of 
core structures, substitutes and their locations become very complicated.  There are more than 
100 different PAHs found in coal, coal tar, asphalt, crude oil, diesel fuel, creosote, or other 
organic substances, such as tobacco and charbroiled meat (4).  Some PAHs are identified as 
carcinogens by EPA.  Many of the most potent ones being substituted with hetero (non-hydrogen 
or carbon) atoms.  Sixteen of them are closely monitored by EPA (5,6,7).  Due to their chemical 
structure, all PAHs have strong absorption in ultraviolet (UV) region and most fluoresce under 
UV radiation.  Consequently, detection of PAHs using UV techniques is a good way to identify 
PAHs in a matrix that does not exhibit a UV response.  The basic limitation to this approach is 
that other compounds that are not PAHs can also exhibit a UV response and cause matrix 
interference.   
 
The Chemical Composition of Non-Aqueous Fluids 

 
The regulatory definitions of non-aqueous base fluids (NAFs) include synthetic base 

fluids, enhanced mineral oils, mineral oils and diesel oil.  The synthetic fluids can be further 
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characterized to be one or more of the following: internal/isomerized olefins (IO), linear 
alpha-olefins (LAO or AO), normal paraffins and esters.  Synthetic materials are generally free of 
PAHs because they are synthesized from purified compounds under conditions that do not lead to 
PAH formation.  Refined materials such as mineral oils tend to have PAHs that are not fully 
eliminated through treatment with physical processes.  In the case of enhanced mineral oils, 
hydro-treating and other techniques can treat refined materials to a point that PAHs are not 
detectable. 
 
The HPLC/UV Technique  
 

HPLC, High Performance Liquid Chromatography, is an analytical separation technique.   
The heart of the HPLC is a separation column.  The column consists of a stationary phase 
(usually a liquid layer immobilized on a solid) and a mobile phase (a liquid).  A sample 
introduced into the mobile phase is carried along through the column.  The different compounds 
in the sample undergo repeated interactions between the mobile phase and the stationary phase. 
The continuously moving mobile phase (eluent) sweeps out the compounds (elutes) first that are 
poorly held by the stationary phase, followed by the more strongly held compounds in order of 
attraction. Both the mobile and stationary phases can be manipulated to deliver the desired 
separation.  Variables of the stationary phase are the packing material bonded phase, endcapping, 
pore size, particle size, carbon load, and surface area.  Variables of the mobile phase are the 
eluent composition, the elution profile (isocratic or gradient), the flow rate, and the temperature.  
In addition, the column configuration, such as length, internal diameter and material, is critical to 
the separation.    

 
After the sample components are separated by the column, they enter a detector.  The 

detector yields a signal that can be related to the concentration of each component.  Generally 
speaking, the signal from a UV absorbance detector is proportional to the concentration of the 
compound passing through.  When the signal is plotted against time, the separated compounds 
appear as a series of peaks.  When the system is as complicated as the multiple ring structures and 
substituted forms of PAHs, the signal often appears as a overlapping series, or envelope, of peaks.  
  

The UV detector is particularly well suited for PAH analysis.  Molecules that contain 
conjugated unsaturated or benzenoid systems such as PAHs have strong absorption in the longer 
wavelength UV where non-PAH hydrocarbons usually have little or no absorption.  Quantization 
can be straightforward because the area under of the UV absorption peak is proportional to the 
mass of the component.  The UV detector also works well with solvent gradients, where the 
composition of the mobile phase is changed with time to improve the separation.  Finally, single -
wavelength UV detectors are both inexpensive and robust.  Therefore, UV is usually the first 
choice for PAHs.     
 
 
EPA Method 1654A 

 
EPA Method 1654A, an HPLC/UV method, is designed to detect PAHs in an NAF 

sample without isolating the PAH from the matrix.  The target PAHs are those typically found in 
diesel oil.  The PAHs are partially separated by a reverse phase C18 column, and detected by a 
UV detector.  A 254-nm wavelength UV detector is suggested in the method as one of the initial 
parameters. 
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Identification of PAH (qualitative analysis) is performed by comparing the UV response 

of the sample to the response of diesel during the retention time range characterized by the PAH 
in diesel fuel (Figure 1).  According to the method, PAH is present when a response occurs 
during this retention time range.  Quantitative analysis is performed by calibrating the UV 
response with phenanthrene us ing an external standard method.  The concentration of PAH in the 
NAF sample is thus reported as mg/kg of phenanthrene. 

 
EPA Method 1654A was published in a draft form in  1992, and was intended for 

measuring percent or mg/g of PAH in the NAF extracted from water-based mud or mud 
discharge.  It was written as part of a larger testing system that included an extraction procedure 
and a GC/FID procedure.  Consequently some of the QA/QC requirements of the Method 1654A 
are mingled with QA/QC requirements of the other two procedures.   

 
A study was conducted by the EPA prior to introduction of synthetic fluids to assess the 

suitability of the method for mineral oils.   Some errors were discovered in the test procedure.  
The EPA issued a correction to the method that addressed many of the method errors.  When the 
concept of synthetic fluids was introduced in the early 1990s, both the EPA and industry saw 
Method 1654A as the logical candidate.  In-house testing conducted by industry representatives 
indicated the test would perform well on base fluids used in synthetic drilling fluids at the time.   

 
As the use of SBFs continued, new fluids were introduced and some of the new fluids, 

known to be PAH free, exhibited a UV response that would be classified as PAHs using Method 
1654A.  Such a false signal is referred to as “matrix interference”.  It appeared that techniques 
were available to resolve the matrix interference issues with the method and there were no better 
alternative procedures proposed by either industry or the EPA to detect PAH in synthetic fluids.  
In 2000, the Effluent Limitation Guidelines for Synthetic-Based Fluids, including Method 1654A, 
was adopted by the EPA.  In 2002, this method was written into the general permit of the 
National Pollutant Discharge Elimination System for the Western Gulf of Mexico (NPDES) (2).  
As with the other new tests included in the permit for synthetic -based drilling fluids, there were 
challenges faced by industry to successfully incorporate the new tests into routine activities. 

 
Because the EPA had not previously written Method 1654A into the General Permit, 

most commercial labs that provide services for detecting PAH with HPLC were not familiar with 
the method and used EPA Method 8310 for PAH. The EPA has included Method 8310 in many 
applications for routine groundwater quality analysis, where it is used to determine the 
concentration of certain PAH in groundwater and wastes. Specifically, Method 8310 is used to 
detect the following sixteen PAHs: Acenaphthene, Chrysene, Acenaphthylene, 
Dibenzo(a,h)anthracene, Anthracene, Fluoranthene, Benzo(a)anthracene, Fluorene, 
Benzo(a)pyrene, Indeno(1,2,3-cd)pyrene, Benzo(b)fluoranthene, Naphthalene, 
Benzo(ghi)perylene, Phenanthrene, Benzo(k)fluoranthene, and Pyrene.  In Method 8310, these 
sixteen specific PAH compounds are detected using calibrated retention times and both UV and 
fluorescence detectors.  The method recommends a specific HPLC column.  Consequently, initial 
inquiries into conducting PAH tests on synthetic fluids typically resulted in a test report that used 
Method 8310. 
 

Some commercial labs offered to develop Method 1654A capabilities and began to 
provide test results us ing Method 1654A.  These same labs began to observe matrix interference 
issues with synthetic fluids that were known not to contain any PAH by their method of 
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manufacture and/or by GC/MS analysis.  Consequently, suppliers began to investigate and 
resolve matrix interference issues with Method 1654A.  Through these efforts, most matrix 
interference issues were resolved within the scope of Method 1654A.  Some matrix interference 
issues require additional techniques that are listed in Method 8310 but not specifically authorized 
by Method 1654A. 

 
In addition to developing information about the test method, the research also involved 

studying the alternative techniques recommended by the EPA for resolving matrix interference 
issues.  The EPA published guidelines in 1999 titled Protocol for EPA Approval of Alternate 
Test Procedures for Organic and Inorganic Analytes in Wastewater and Drinking Water (8).  
These guidelines reduce the number of analyses necessary to demonstrate method equivalency 
by removing the requirement for side-by-side analyses using two different methods. Instead, 
applicants are required to demonstrate method equivalency by meeting quality control (QC) 
acceptance criteria associated with EPA-approved methods for different combinations of 
regulated analyte and determinative technique. The Alternate Test Procedure (ATP) program 
provides chemists with the opportunity to use best professional judgment to enhance compliance 
monitoring and encourages use of innovative technologies. Approval for an ATP may be sought 
when the alternate procedure reduces analytical costs, overcomes matrix interferences problems, 
improves laboratory productivity, or reduces the amount of hazardous materials used and/or 
produced in the laboratory.  

 
Any person or organization may apply to gain approval for the use of an ATP for 

determination of a specific constituent which is regulated under the NPDES permit program. 
Under the protocol, the ATP applicant may develop and validate its proposed ATP either using 
the procedures described in the guidance document or the classical interlaboratory validation 
procedures. 

 
Approaching the issues of matrix interference using the performance-based approach 

described by the ATP guidance document requires the target method to have a set of quality 
control (QC) acceptance criteria.  The research into performance-based validation of procedures 
for resolving matrix interference beyond the scope of the current method may require additional 
QC acceptance criteria specifically designed for Method 1654A.  The process of using the 
alternative testing procedure has been viewed as expensive and time consuming.  Consequently, 
suppliers and operators currently have the choice to either reject fluids that exhibit matrix 
interference or resolve the interference within the current test protocol.  As more base fluids are 
introduced and additional testing artifacts emerge, the use of the alternative testing procedures 
may be required.  The test procedures described below reflect the work to date within the current 
protocol and investigating other techniques that may not be specifically authorized by Method 
1654A protocol at this time.     

 
 

METHOD 
 
Preparation of Standard solutions and spikes 

1. PAH standards  
1.1 PAH mixture standard solution, 16 PAHs at 10 mg/L each. 

Sixteen (16) PAH mixture, containing 16 PAHs of 2000 mg/L each, may be 
purchased from Ultra Scientific.  Dilute it 1:200 in acetonitrile  to make a standard 
of 16 PAHs at 10 mg/L each. 
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1.2 PAH calibration standard solution 
1.2.1 Stock solution of 3 PAHs: Separately weigh 25 mg of naphthalene, 25 mg of 

phenanthrene, and 1 mg of indeno[1,2,3-cd]pyrene into three 25-mL 
volumetric flasks respectively.  Fill flasks to the mark with dichloromethane. 

1.2.2 Minimum level solution (0.1 mg/L phenanthrene): Transfer 10 µL of 
phenanthrene stock solution into a 100-mL volumetric flask.  Fill to mark 
with acetonitrile. 

1.2.3 Medium level calibration solution containing 3 PAHs: Transfer 0.5 mL 
naphthalene stock solution, 50 µL phenanthrene stock solution, and 1.25 mL 
indeno[1,2,3-cd]pyrene stock solution into a 100-mL volumetric flask.  Fill 
flask to the mark with acetonitrile.  The resulting solution contains 5 mg/L 
naphthalene, 0.5 mg/L phenanthrene and 0.5 mg/L indeno[1,2,3-cd]pyrene. 

1.2.4 High level calibration solution: Transfer 200 µL of the phenanthrene stock 
solution into a 100-mL volumetric flask.  Fill flask to the mark with 
acetonitrile.  The resulting solution contains 2.0 mg/L phenanthrene 

2. Diesel standard (1250 mg/L) 
2.1 Stock solution of diesel: Weigh 1.25 g of diesel oil into 100-mL volumetric flask.  

Fill to the mark with 40/60 acetonitrile/dichloromethane mixed solvent.   
2.2 Diesel calibration standard solution: Dilute diesel stock solution 1:10 with 

acetonitrile.  Prepare four separate aliquot of these diesel solutions.   
3. Spiked matrix sample with 125 mg/L diesel  

Weigh 1.00 g of a sample and measure 1 mL of stock solution of diesel standard into a 
10-mL volumetric flask, fill to the mark with 40/60 acetonitril/dichloromethane.  

4. Spiked matrix sample with 16 PAHs at 1 mg/L each 
Weigh 1.00 g of sample and measure 1 mL of PAH mixture standard (Step 1.1) into a 
10-mL volumetric flask, fill to the mark with 40/60 acetonitril/dichloromethane. 

 
Setup of the HPLC System 

 
Initial parameters for the HPLC operation: 
Column - Vydac 201TP54 or equivalent 
Mobile phase – (A) water and (B) acetonitrile  
Flow rate – 1.1 mL/min 
Gradient – 50% B at 0 min, hold for 5 min, to 100% B in 15 min.  Hold for 10 min. 
Tem: 30oC  
Detector – UV @ 254 nm 
Inj – 20 µL 
 
The method requires that the above flow rate and solvent gradient to be adjusted so that 

the retention time of naphthalene is 7.2±1.0 minutes, phenanthrene is 10.0±1.0 minutes and 
indeno[1,2,3-cd]pyrene is 18.9±1.0 minutes. 
 
QA/QC program  

 
Method performance is validated through a QA/QC program.  Method 1654A itself does 

not provide a clear QA/QC requirement.  We expanded the original QA/QC program to include 
the analyses of samples spiked with diesel and sixteen PAHs and specified the requirements.  The 
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program consists of an initial demonstration of laboratory capability, and an ongoing analysis of 
standards, and spiked samples to assess accuracy and precision.   

 
Initial demonstrations of laboratory capability are to show the HPLC system is free of 

contamination and meets the detection limit.  A method blank, which is a solvent rinsate of 
glassware, should show a chromatogram of a flat baseline with no detectable peak.  The detection 
limit is verified with the minimum level solution, which is the 0.1 mg/L phenanthrene standard 
solution from Step 1.2.2. The peak of phenanthrene should have a signal/noise (S/N) ratio greater 
than 3.   

 
Ongoing analysis of PAH mixture standards (Step 1.1), diesel standards (Step 2.2), and 

spiked matrix samples (Step 4 and Step 5) are to ensure accuracy, precision and recovery.  The 
chromatogram of the 16 PAHs (1 mg/L each) should show all 16 PAH peaks, each at S/N ratio 
greater than 3.  The analyses of the four aliquots of the diesel standards (1250 mg/L) should yield 
a PAH average percent difference (RPD) of 9.5 or less.  Analyses of spiked matrix samples 
should yield a recovery of PAH at 70% or greater for each spiked sample .   
 
Analyses of Samples 
 

Before the start of sample analysis , the calibration standards need to be analyzed.  The 
three calibration standards from Step 1.2.2 to 1.2.4 were used.  Each standard contains 0.1, 0.5 
and 2.0 mg/L of phnenathrene respectively.  A 20-µL aliquot of each standard was injected. 

 
The test sample is prepared by weighing 1.00 g of sample into a 10-mL volumetric flask, 

filling the flask with 40/60 acetonitrile/dichloromethane mixed solvent to mark.  Mix thoroughly.  
A 20-µL aliquot was injected.   
 
Processing of Data 

 
After analyzing the phenanthrene calibration standards and the sample, the PAH content 

of the sample was ready to be calculated using an external standard method.  First, build a 3-point 
calibration curve using the standards.  Plot the phenanthrene concentration against the integration 
area of each of the three phenanthrene standards.  Then integrate the peak area of the sample from 
the retention time of naphthalene through the end of retention, or until the detector signal returns 
to a stable baseline, which ever comes later.  The retention times of naphthalene and 
indeno[1,2,3-cd]pyrene were defined by the mid-level calibration solution of Step 1.2.3.  The 
integrated area of the sample may appear as a “hump” above the baseline.  Report the PAH 
content of the test sample as mg/kg phenanthrene.  
 

 

RESULTS AND DISCUSSION 
 

Table 1 shows the PAH results for ten non-aqueous drilling base fluids.  Sample #2, #5, 
#8, and #9 show no detectable amount of PAH within the PAH window defined by naphthalene 
and indeno[1,2,3-cd]pyrene.  Sample #1, #3, #4, #6, #7 and #10 all show signal within the PAH 
window.  Figure 2 and Figure 3 are the chromatograms of these six samples that show reported 
PAH content using the initial HPLC conditions recommended by the method.  When the peak 
distributions were examined, most of them were found not to resemble the PAH distributions of 
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diesel or crude oil, suggesting those peaks may not be real PAHs.  A second technique was 
needed to confirm the presence of PAH.   

 
The six samples suspected to be contaminated with PAH were tested by gas 

chromatography with mass spectrometer single ion monitoring detector (GC/MS SIM).    A 
similar method was used earlier to detect crude/diesel oil in SBFs through the detection of 
aromatics/PAHs (9).  In GC/MS SIM test, the samples were directly injected into the GC.  The 
condition of MS detector and the selection of PAH ions were from EPA Method 8275A (7).  This 
test specifically looked for the sixteen PAHs.  The results (column 2 of Table 2) showed that only 
sample #10 was contaminated with PAH such as C2-naphthalene.  The five other samples that 
reported PAH content above the detection limit using the initial HPLC conditions recommended 
by Method 1654A were likely to be reported with false positive PAH. 

 
After studying the chemical properties of the samples and the PAHs, the first attempt to 

solve the problem was to isolate the possible non-PAH peaks from the PHA peaks simply by 
changing of the eluent gradient or flow rate.  After many tests using eluent gradient and flow rates 
failed to resolve the matrix interference, other HPLC conditions and variables that are allowed 
within the method were pursued to solve the false positive problem.  The techniques included in 
the investigation are an auxiliary UV detector at 285 nm and a new HPLC column that has a 
higher hydrophobicity.  In addition, a fluorescence detector (FD), which was used in Method 
8310, was added to investigate both the qualitative and quantitative analysis for resolving the 
matrix interference issue.   Information from these efforts is described below.   

   
UV Detector at 285 nm 

 
Most non-PAH-containing samples in Table 1 that show UV absorptions are olefins.  

Olefin absorptions in the UV region decrease rapidly with the increase of wavelength.  In the 
region of 280-290, olefins have very low absorption while most PAHs still show strong 
absorptions.  Figure 4 show chromatograms of sixteen PAHs at 254 and 285 nm.  The 
chromatogram shows that a 285-nm UV is capable of detecting all sixteen PAHs.  However, the 
absorption of phenanthrene at 254 nm is nearly 7 times as much as the absorption at 285 nm, 
requiring a different calibration factor. 

 
Table 2 Column 3 lists the results of five samples that exhibited false positive results 

using the same HPLC condition as in Table 1 except that the UV detector is set at 285 nm.  The 
matrix interferences from Samples #1, #3 and #4 are eliminated by altering the detector 
wavelength, resulting in resolution of three of the five false positive results.  An example 
chromatogram of Sample #1 is shown in Figure 5.  The total area within the PAH window at 254 
nm is approximately 20 times of that at 285 nm.  After calibration, the reported PAH content 
became lower than the detection limit.    

 
Because of the difference in absorption between 254 and 285 nm, for samples that are not 

olefin based, such as Samples #6, #7 and #10, changing the detector wavelength will probably  
increase the relative absorption of sample to phenanthrene.  Figure 6 shows Sample #6 had a 
higher relative absorption at 285 nm than 254 nm.  For Sample #6, the calculated PAH content 
was 40 mg/kg at 254 nm while at 285 nm it became 150 mg/kg.  Consequently, in some cases, 
rather than resolving the matrix interference, changing the detector wavelength can actually make 
it worse.  Therefore, resolution of matrix interference issues with a modified wavelength is not a 
“one size fits all” solution.  
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Analytical Column with a Higher Hydrophobicity 

 
Choosing an HPLC column for a specific application can be a very difficult process.  The 

column-packing material plays an important role in the success of sample component separation.  
Carbon loading is one of the selection criteria of column packing.  With the same surface area of 
packing material, the hydrophobicity of the column increases with the carbon load.  By using a 
column with a higher carbon load, some matrix interferences can be removed.   

 
Tests were run using HPLC/UV @ 254 nm and a column with higher carbon load.  

Figure 7 depicts the separation of matrix interference of Sample #1 from the PAHs.  The matrix 
peaks of olefins (the three peaks at 24, 27 and 29 minutes respectively) now elute outside of the 
PAH elution window. Table 2 Column 4 shows no peaks were detected within the PAH window 
for olefin Samples #1, #3 and #4.  Note that, changing the column did not resolve all the apparent 
false-positive results.  The paraffin-containing Samples #6, #7 and #10 still showed peaks within 
the PAH windows and the reported PAH contents are essentially the same.  In the final analysis, 
changing the column resolved four of the five false positive results.   
 
Fluorescence Detector 

 
A fluorescence detector measures the re-emission of previously absorbed UV radiation.  

PAHs have a greater number of π-electrons then olefins, therefore are much more fluorescent 
than olefin.  This characteristic makes the fluorescence detection a good confirmation technique 
for this application.  The capability of detecting crude oil in SBM via the detection of PAHs by 
fluorescence was reported elsewhere (10).  All samples, except Sample #10, which were 
suspected to contain PAHs, were tested with HPLC/FD.  The test condition was based on EPA 
Method 8310.  Method 8310 is designed to determine the concentration of sixteen PAHs in 
groundwater and wastes.  The absence of florescent response in the test results (Table 2, Column 
5) suggest the finding of PAH in Samples #1, #3, #4 and #7 by Method 1654A are false.  For 
Sample #6, the result was not conclusive.  There were peaks detected within the PAH window, 
but the peak retention times did not match any of the 16 PAHs. 

 
In the initial use of the FD in this study, it was as a confirmation tool.  Preliminary work 

conducted during this study but not included in the results showed promise for use of the FD in a 
quantitative manner with Method 1654A. Additional developmental work may result in the 
ability to use it for a quantification tool in some cases to resolve matrix interference.  As with 
other options, the use of the FD also has issues and is not a “one size fits all” solution to matrix 
interference.  A limitation for FD is that it is not responsive to all PAHs.  Inconsistent response to 
PAHs makes the FD more difficult to calibrate for quantification purposes. 

 
Of the techniques used in this study, the modification of the column had the fewest 

negative side effects.  Consequently, as more fluids become available for use, additional work 
may need to be conducted in order to address interferences not resolved using the column 
switching technique.    
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Demonstration of Quality Assurance 
 

The QA/QC program should be applied every time the HPLC system is changed.  The 
QA/QC criteria should be met before the reporting of PAHs.  Figure 8 is the overlaid 
chromatograms of spiked matrix sample.  Sample #4 spiked with 125 mg/L diesel (red 
chromatogram) and 1 mg/L each of the sixteen PAHs (blue chromatogram) are shown along with 
the neat sample (black chromatogram).  The spiked samples had an above 70% recovery for 
diesel and PAHs respectively.  This step was included in this study but it is not currently included 
in Method 1654A protocol and would appear to be a necessary modification.  The selection of 
either the sixteen PAHs or diesel would have to be the subject of additional research efforts.      

 
 

SUMMARY AND CONCLUSIONS 
 

EPA Method 1654A was used to evaluate ten non-aqueous drilling fluids.  The method 
proved to be effective in measuring 10 mg/kg (0.001% wt) PAH in non-aqueous fluids as 
specified in the NPDES permit.  However, when working around the detection limit level, care is 
required to make sure that positive results are truly PAHs.  Using the initial parameters suggested 
by the method, six of the ten fluid samples were reported to contain slightly above detection limit 
level of PAHs.  However, further investigations using GC/MS SIM techniques showed that five 
of the six positive results for PAH using the initial parameters in Method 1654A were false 
positives.  Additional efforts using the techniques within the method allowed four of the five false 
positive results to be resolved.  While several methods proved effective, there was no single 
change to the method to resolve all potential matrix interference issues.   

 
As stated in Method 1654A, when it comes to the qualitative identification of PAHs, the 

experience of the analyst shall weigh heavily in interpretation of the chromatogram.  Due to the 
fact that the method does not require the isolation of the matrix, the interference from the matrix 
may cause a false PAH response.  The differences of peak distributions between the sample and 
the diesel standard may be an indication of a matrix interference.   The analyst should study the 
chemistry of the matrix of the sample and use a confirmation technique that was not provided as 
an initial parameter by the method to verify the presence of PAHs. 

 
Based on the complexities in chemical compositions of the non-aqueous drilling fluids, it 

is suggested adding an auxiliary UV detector of 285 nm or a fluorescence detector at the exit of 
the primary 254 nm UV detector.  Only when both the primary and the auxiliary detectors return 
positive identification is the presence of PAHs verified.  If the auxiliary detector is not available, 
the analyst may choose to use other HPLC columns or chromatographic conditions to achieve the 
separation of PAHs from matrix interferences providing that all the QA/QC requirements are met.   

 
            Adding the above stated confirmation technique will strengthen the EPA Method 1654A 
by reducing some of the matrix interferences that were present in the NAFs.  False positive 
results eliminate otherwise good candidate fluids, reducing the pool of viable base fluids.  
Including a spike and recovery step for either diesel or the sixteen PAHs used in Method 8310 
will also strength the method and allow greater confidence in the efforts to resolve false positives.   
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Table 1.  PAH content of ten base fluids by HPLC/UV @ 254 nm (ND = Not detectable) 
Sample 
number 

Non-aqueous drilling 
fluids  ID  

Chemical composition Reported PAH content  

#1 #20021642-01 IO composition #1 23 mg/kg 
#2 #011206BF.001 IO composition #2 ND 
#3 #80271280 IO composition #3 12 mg/kg 
#4 #062602 IO composition #4 25 mg/kg 
#5 #A16579 AO ND 
#6 #20021368 nC11-17 paraffin 40 mg/kg 
#7 #20021642-17 Blend of paraffin, IO and Ester  11 mg/kg 
#8 #20021985 Olefin blend #8 ND 
#9 #20021986 Olefin blend #9 ND 
#10 #20031168 Low toxicity mineral oil 18 mg/kg 
 
 
 
 
Table 2.  Reported PAH content by four other techniques (ND = Not detectable) 
Sample 
number 

GC/MS SIM  HPLC/UV @ 
285 nm 

HPLC/UV @ 254 nm 
using column of higher 
hydrophobicity 

HPLC/fluorescence 

#1 ND ND ND ND 
#3 ND ND ND ND 
#4 ND ND ND ND 
#6 ND 150 mg/Kg 45 mg/kg Peaks are detected, but 

retention times do not 
match any of the 16 PAH’s 

#7 ND 40 mg/Kg 10 mg/kg ND 
#10 Show presence of 

C2-naphthalene 
etc. 

50 mg/Kg 15 mg/kg Not Tested 

 
 
 
 
Table 3.  Example data from QA/QC process 
Test Standards and Spikes QA/QC Results of PAH 
Blank ND 
Phenanthrene standard (0.1 mg/L) 0.1 mg/L 
PAH mixture (16 PAHs at 1 mg/L each)  1.0 mg/L for phenanthrene peak 
Diesel standard (1250 mg/L); 4 replicates The highest RPD of PAH = 4.0 
Matrix (Sample #4) spiked with 125 mg/L diesel Recovery of PAH = 77% 
Matrix (sample #4) spiked with 16 PAHs at 1 mg/L each Recovery of PAH = 75% 
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Figure 1. At 254 nm UV, diesel oil (black) and 16 PAHs (at 1 mg/kg each).   
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Figure 2. Sample #1 (green), Sample #3 (black), and sample #4 (pink) at 254 nm UV. 
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Figure 3. Sample #6 (black), Sample #7 (blue), and sample #10 (red) at 254 nm. 
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Figure 4. The 16 PAHs (at 1 mg/L each) at 254 nm UV (red) and at 285 nm UV (black) 
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Figure 5. Sample #1 at 254 nm UV (black) and at 285 nm UV (red) 
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Figure 6. Sample #6 at 254 nm UV (black) and 285 nm UV (red) 

phenanthrene 
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Figure 7.  At 254 nm, 3 PAHs (black) and sample #1 (red) using a higher carbon load column.  
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Figure 8. At 254 nm, sample #1 spiked w/ 125 mg/L diesel (red), spiked w/ 16 PAHs at 1 mg/L each 

(blue) and unspiked sample #1 (black). 
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Phytoremediation

Plants support microorganisms to cleanup 
contaminated soil.
Rhizosphere degradation  ≡ microbial 
metabolism.
Grasses (Bermuda, Fescue, Sudangrass ...) and 
legume (Soybean).
Advantages:

Applicable for high MW PAHs.
Suitable for remote and large areas.
Economical (~$100/m3).



Application of Phytoremediation to
PAH Contamination

PAH contaminants
Adsorb to soil matrix and relatively immobile.
Unavailable and recalcitrant to microbial degradation.

Root exploration creates interaction between 
soil, contaminants, and microbes.
Root exudates and root debris support microbial 
proliferation and contribute to metabolism of 
contaminants.



Conceptual Model
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Volume and concentration variations: 18 differential equations
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Conventional Rhizosphere Measurement

Rhizosphere volume
Remove grass out of the soil
Gently shake to remove bulk soil
Soil left attached to the root is the rhizosphere

Degradation rate in rhizosphere
Grow grass with high root density
Consider all soil as the rhizosphere

Limitations
Destructive
Not accurate



Objective and Hypotheses

Objective: 
Determine rhizosphere thickness using 
luminescence property of phenanthrene or 
pyrene under UV light.

Hypotheses:
Contaminant depletion in soil zone adjacent 
to the root surface will be visible.
Differences in luminescent intensity of PAHs 
under UV light will be observed between 
rhizosphere and bulk soil.

Anticipated 
depletion of 

Phenanthrene 
in the 

rhizosphere



Experimental Setup

Inclined Chamber

Quartz 
plate

Pyrene

Root

Soybean

UV Source 
+ Camera

Deposit a thin film of 
contaminant onto an UV 
transparent quartz plate.
Assemble a inclined 
rhizotron with the quartz 
plate on one side.
Grow plants under 
controlled temperature and 
water in a BOD chamber.
Test hypotheses by image 
acquisition and analysis.



Deposition Chamber Design
Quartz 
plate

Carbon 
filter

To vacuum 
pump

Dry ice & 
acetoneObjectives

Uniform fine structure film.
Hazardous PAH confinement.

Vacuum chamber
P = 20 mmHg.

Uniform heat distribution
Aluminum chamber.
Thick bottom plate and 
insulated wall.
T = 1200C.

Cooling temperature
Dry ice and acetone.
T =  -78 0C.

Insulated 
Chamber



Phytoremediation Conditions
Rhizosphere effect under field condition

Rhizosphere effect is significant for high MW PAHs on long term 
period.

Method to obtain clear visualization of the 
rhizosphere in laboratory

Remediation is carried out for a long period of time to achieve 
high bacteria proliferation and degradation accumulation.
Background degradation is minimized by minimizing bulk soil 
bacteria contact with water.



Image Acquisition
Apparatus:

Camera: Nikon 8008s w/ 
Nikkor 60mm (micro)
Bellows: Nikon PB-6E  
(22X magnification)
UV lamp: 100W, UVP B-
100AP model
Scanner: Minolta Dimage
Scan Elite 5400

Acquired digital image: 
4000 dpi



Image Analysis Program
Input digital color image is 
converted into binary image.
Cutoff range for the rhizosphere 
region is automatically determined 
by Matlab algorithm.
The whole image is cut into many 
thin slices.
Properties such as area, length and 
width are calculated.
Statistical means are calculated for 
those properties.



Dimension Calibration and Rhizosphere 
Thickness Calculation

Micro 
pattern Rhizosphere 

imageCalibrated 
microscope

Image 
analysis 
program

Thickness  
in pixel

257 pixels

180 µm

Pixel size: 

0.7 µm Rhizosphere 
Thickness



Rhizosphere Effect of Soybean on 
Phenanthrene (10 days)

Visible light illumination Ultraviolet light illumination



Rhizosphere Effect of Bermuda Grass on 
Pyrene 



Rhizosphere Effect of Sudan Grass on 
Phenanthrene (10 day old)

Visible light illumination Ultraviolet light illumination



Rhizosphere in Close-up: Soybean on 
Phenanthrene

10 days

28 days21 days

2.
5 

m
m



Rhizosphere of Bermuda Grass on 
Pyrene at Different Positions



Development of Bermuda Rhizosphere on 
Pyrene

Sep 21,04 Sep 21,04Sep 21,04Sep 27,04

Oct 08,04Oct 03,04



Root and Rhizosphere Dimension

136284Bermuda + 
pyrene

395165 (small)
370 (large)

Soybean + 
phenanthrene

Root diameter
(µm)

Rhizosphere
Thickness 

(µm)



Conclusions

Rhizosphere soil enhances contaminant 
degradation compared to bulk soil.
Rhizosphere thickness:

Expands over time.
Varies along the root.
Depends on plant type, plant growth condition, soil structure and 
other factors.

Non-destructive quantification of rhizosphere 
thickness is possible.
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Environmentally Acceptable Fluid-Loss Alternatives for 
Use in the North Sea 
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ABSTRACT 
 

Environmental sensitivity is an ever-increasing concern, especially in the oil and gas 
industry. As standards grow more stringent around the world, the industry is taking steps to help 
ensure that the ecological impact of oil and gas production is as negligible as possible. To this 
end, a strategy has been adopted to assist in adherence to Norwegian environmental regulations 
for offshore wells. These regulations are arguably the most stringent of the current regulations in 
force. 

 
Typically, fluid-loss additives for oilwell cementing have been comprised of high-

molecular-weight polymers, both natural and synthetic. This necessary feature of fluid-loss agents 
is of great concern because it causes biopersistence, or lack of biodegradation, in the additives. 
Many factors can help render these polymers more effective, yet less biodegradable as molecular 
weight increases. Hence, the development of fluid-loss additives that are both environmentally 
acceptable and highly effective is of paramount importance. 

 
This paper describes the current North Sea regulations and how additives containing 

high-molecular-weight polymers perform in relation to these regulations. Additionally, this paper 
presents comparative studies of some current fluid-loss additives for oilwell cementing and the 
results of ongoing research into developing more environmentally acceptable alternatives. Data 
are provided concerning the performance of additives at various temperatures, as well as additive 
performance in several cement slurries. In addition, ecotoxicological data for these additives are 
presented to exemplify the authors’ work in this field. 



INTRODUCTION 
 
In recent years, the global awareness and response to environmental issues has 

dramatically increased. Environmental concerns have become a major issue in most industrialized 
countries. These concerns are particularly apparent in the oil and gas or petrochemical industries. 
Environmental regulations are becoming very stringent in all sectors of the oil and gas industry, 
especially for offshore oil wells where the effect of chemical processes on the aquatic 
environment is of great concern. These concerns profoundly impact oilfield service companies.  

 
 

EFFECTS OF ENVIRONMENTAL REGULATIONS 
 

Oslo-Paris Commission (OSPARCOM) 
 
One of the most proactive areas in environmental regulation is the North East Atlantic—

primarily Norway and the European Union. Within this region, the Oslo-Paris Commission 
(OSPARCOM) was inaugurated in 1992 and ratified in 1998. The OSPARCOM mainly focuses 
on protection of the marine aquatic environment. The 1992 OSPAR Convention is the current 
instrument guiding international cooperation on the protection of the marine environment of the 
North East Atlantic. Specifically, the commission sets forth the guidelines by which chemicals 
are evaluated for offshore use. To help evaluate chemicals for offshore use, the Harmonized 
Offshore Chemical Notification Format (HOCNF) was introduced in 1995 (1). The HOCNF is a 
mandatory form that a company must complete before applying for a discharge permit in any area 
governed by the OSPARCOM. The company must include data on biodegradation, 
bioaccumulation, and toxicity (typically four specific organisms). The only exception to this data 
requirement is a substance that is given a PLONOR rating (2). Materials with a PLONOR rating 
have been deemed by the OSPARCOM members to “Pose Little Or No Risk” to the environment 
and do not require further testing. Conversely, materials that appear on Annex 5 (previous Annex 
2) of the OSPAR strategy are known Mutagens, Carcinogens, Reprotoxins, etc and are essentially 
denied use (3). 

 
 

Harmonized Mandatory Control System (HMCS) 
 
In 2001, the Harmonized Mandatory Control System (HMCS) was implemented 

primarily to maintain at least a baseline of rigor for the move to more environmentally 
responsible chemicals (4). The HMCS is comprised of four aspects. First, environmental data of 
the product has to be generated. Second, this data must be reported in the HOCNF. This 
document is the basis of the assessment from the authorities as to whether a chemical can be 
introduced in the North Sea. Third, based on the data in the HOCNF, the product will be assessed 
according to the new pre-screening scheme. This step has several outcomes. Finally, when the 
chemical passes the pre-screening scheme, it will be subject to a Chemical Hazard Assessment 
and Risk Management (CHARM) assessment. 

 



The prescreening requires two of the three following conditions to be met for a chemical 
to be initially ranked with the CHARM model (5):   

 
1) Biodegradation >60% tested with OECD 306 marine saltwater testing  
2) Log(Pow) <3  
3) LC50 or EC50 >10 mg/l for all test organisms  
 
Additionally, all substances must pass the initial criteria of >20% biodegradation (6). 

Figure 1 illustrates the prescreening process and provides guidelines for determining initially 
whether a chemical’s use is to be permitted, refused, granted temporary permission, substituted, 
or ranked for evaluation with the CHARM model.   

 
Norwegian Authority 

 
Beyond the criteria set forth by the HMCS, individual country authorities will evaluate 

the HOCNF data to determine priorities for chemicals on the phase-out plan. One example is the 
Norwegian regulatory body. They currently have the most stringent environmental requirements 
in the OSPARCOM region. A general breakdown of the Norwegian interpretation of the HOCNF 
is shown in Figure 2 (7). Any chemical that falls into a “black” category is not permitted; “red” 
category chemicals are generally permitted but placed on a phase-out plan, which means that 
alternatives must be located; and with a “yellow” ranking, the most favorable, permission to use a 
chemical is almost always granted. 

 
Development Goals 

 
Because Norwegian standards are particularly stringent, our objective is for all new 

products that are destined for environmentally sensitive regions to meet these criteria. This goal is 
particularly challenging with regards to cementing fluid-loss agents. These materials are often 
synthetic, high-molecular-weight polymers that are designed to withstand the high temperature, 
pressure, electrolyte, and pH conditions associated with oilwell cementing. The remainder of this 
paper discusses recent efforts to achieve this goal and presents the findings of this research. 

 
 

ENVIRONMENTAL PRODUCT DEVELOPMENT 
 
Previously, the development of environmentally competent fluid-loss materials for 

cementing applications suffers primarily due to poor biodegradation. To be useful cementing 
materials, fluid-loss agents must be primarily soluble in water, which provides a favorable 
bioaccumulation in almost all cases. Due to the high molecular weight of these materials, they are 
typically poorly absorbed by aquatic organisms as a result of poor transport across the cell wall 
membrane. This property leads to low toxicity toward aquatic organisms. This same property, 
however, prevents the material from being biodegraded by the microorganisms in the 
environment. Because the toxicity, biodegradability, and performance are directly, and often 
oppositely, related, maintaining all of the desired properties can be a challenging goal to achieve 

 
Current Materials 

 
The importance of achieving good biodegradation in environmentally sensitive areas has 

driven the continued research in this area. Products A and B are fluid-loss agents currently used 



and due for phase out. The ecotoxicological data for these products is presented in Figure 3. 
These materials are not deemed highly bioaccumulating, which is shown by the fact that the 
Log(Pow) is significantly less than 3 in all cases. Similarly, these products are nontoxic to the 
aquatic test species. However, they also have biodegradation values of 6 and 12%, respectively. 
As shown in Figure 2, these materials both end up with a “red” ranking because of the lack of 
toxicity, but they still require placement on the phase-out plan. 

 
Results of Product Development 

 
Recently, a new material, Product C, has been developed, and its ecotoxicological profile 

is shown in Figure 4 in comparison to Products A and B. Product C is also deemed 
nonbioaccumulating and nontoxic, but has a biodegradation value of 29%, which is higher than 
Products A and B and is above the 20% mark required in the HMCS process. This material falls 
one rank higher than the other fluid-loss agents. Because of the lack of aquatic toxicity, a 
“yellow” rating is now given by the prescreen interpretation, making Product C the most 
environmentally sound synthetic material for fluid-loss control. Development of an 
environmentally competent material is a difficult task, but developing a responsible chemical that 
displays good fluid-loss performance is even more difficult. 

 
Performance Comparison of New Material 

 
The ultimate goal of developing an environmentally responsible fluid-loss agent is to 

achieve a “yellow” ranking and at least equal or surpass the technical performance of the fluid-
loss agents that are being replaced. Product C achieved the desired “yellow” category when the 
prescreening methodology was used, and its performance was then evaluated against Products A 
and B (8). In Figure 5, the fluid-loss control of these products is compared. The capability to 
control fluid loss was evaluated at several temperatures and slurry conditions. Ultimately, Product 
C was proven to be salt-tolerant and effective at temperatures up to 400°F, verifying that it is 
robust enough to be satisfactorily used in cementing applications. Product C also performed 
equally as well as or, in many cases, outperformed Products A and B in the tested conditions. 

 
 

CONCLUSIONS 
 
The expanding impact of environmental regulations has put great demands on new 

product development. The newly established criteria for acceptable materials have made 
balancing the technical and environmental performance complex in many cases. This demanding 
task, however, has not deterred the development of environmentally responsible materials. 
Specifically, a fluid-loss agent for oilwell cementing applications has been developed that meets 
the stringent requirements of the Norwegian sector of the North Sea. This new product has 
ecotoxicological properties that help it achieve the favorable “yellow” rating after prescreening. 
Additionally, the effort focused on this product has led to a technically competent material that 
outperforms the current fluid-loss agents in many cases. The success of this product development 
strengthens the idea that doing business in an “environmentally responsible” way is not only the 
right thing to do, but it does not necessarily require that the performance suffer to achieve this 
commendable goal. 



 
 
Figure 1.  Flowchart used by the HMCS for prescreening (shaded area). 



 

 
 

Figure 2.  Prescreening interpretation by the Norwegian authorities. 
 
 

Product A Product B
Biodegradation 6 12
Bioaccumulation 0.9 <0
Toxicity Nontoxic Nontoxic  

 
Figure 3.  Ecotoxicological profile of Products A and B. 

 
 

Product A Product B Product C
Biodegradation 6 12 29
Bioaccumulation 0.9 <0 <0
Toxicity Nontoxic Nontoxic Nontoxic  

 
Figure 4.  Ecotoxicological profiles of Products A, B, and C. 



 
BHCT
(°F)

Fluid Loss
(ml/30 min)

Density
(lb/gal)

Product A
%bwc

Product B
%bwc

Product C
%bwc

52 15.9 0.66
88 15.9 0.66
74 17.1 0.22
30 17.1 0.55
146 17.5 0.2
61 17.5 0.4
46 17.5 0.5
12 15.4 1.00
65 15.4 1.0
98 17.1 0.22
62 16.5 1.5
34 16.7 0.66
30 16.7 1.10
26 16.8 1.32
160 16.4 1.5
84 16.1 0.77
54 16.5 2.5
107 15.9 0.5
70 16.0 1.5
42 15.8 0.88
40 15.8 0.77
124 17.5 0.55
44 17.5 0.77
110 17.1 0.55
74 17.1 0.77
149 17.5 0.6
116 17.1 0.8
100 17.5 0.44
90 17.5 0.55
34 17.5 0.66
121 17.5 0.4
67 17.5 0.5
60 17.5 0.7
32 17.3 1.07
40 17.0 1.5
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Figure 5.  Performance comparison of Products A, B, and C. 
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Renovating the Hotel California: An Update on RCRA Corrective Action  
 

Keith Marcott,  
Trihydro Corporation,  

Laramie, WY 
 
On April 21, 2004, Marianne Horinko, Assistant Administrator of the Office of Solid 
Waste and Emergency Response (OSWER), issued an EPA Memorandum concerning the 
FY 2005 OSWER National Program Guidance.  A few weeks later on May 11 and 12, 
2004 EPA hosted their annual RCRA Corrective Action Conference in Orlando Florida.  
Both the Guidance document and the conference provided insight into the topics and 
issues that will likely drive the Corrective Action related efforts of regulators, and in turn, 
RCRA facilities over the next several years.  Although the April Guidance Document 
addresses a host of topics including Superfund and Underground Storage Tank (UST) 
issues, this article will focus on the RCRA Corrective Action aspects only. 
 
Near Term 
 
According to the Guidance Document, “Achieving the 2005 GPRA goals is the highest 
priority of the RCRA Corrective Action Program for FY 2005.”  As a reminder, the 2005 
GPRA (Government Performance and Results Act) goals for the Corrective Action 
Program are to achieve “Current Human Exposures Under Control and Migration of 
Contaminated Groundwater Under Control at 95% and 70% of the 2005 baseline 
facilities respectively.  There are 1714 “high priority” sites included in the 2005 baseline.  
Although no specific numbers were given, EPA appears optimistic that these 
Environmental Indicator (EI) goals will be achieved, and a good deal of fanfare 
accompanied the recognition at the Orlando conference of the latest group of large 
companies to take the “EI Pledge” to achieve “yes” determinations for both human health 
and groundwater EIs by September 30, 2005.   
 
The program to provide recognition to those companies taking the EI pledge represents 
the “carrot” half of the equation.  The “stick’ comes in the form of the Corrective Action 
Smart Enforcement Strategy (CASES), a new, targeted enforcement strategy announced 
by  Steve Schimberg, Associate Administrator of EPA’s Office of Enforcement and 
Compliance (OECA) at the May Corrective Action conference in Orlando.  The program 
is designed to ensure that EPA is targeting enforcement resources to meet the 
performance goals, specifically the human exposure EI because it goes directly to 
protection of public health. The CASES program will reportedly focus on sites where 
EPA is the lead agency and where it is determined that administrative orders, or the threat 
thereof, will help move the process along.  EPA reportedly had 16 sites on their list as of 
mid May. 
 
Beyond 2005 – The RCRA 2020 Corrective Action Challenge 
 



The April Guidance Document indicates that once we’ve gotten through FY2005, EPA’s 
focus for RCRA will be on achieving the 2008 GPRA goals.  This is a wider, and perhaps 
loftier, set of objectives which EPA defines as follows: 
 
▪ 

▪ 

▪ 

▪ 

▪ 

Assess 100 percent of RCRA baseline facilities (assess means that enough 
information to rank the site has been gathered); 
Control all identified unacceptable human exposures from site contamination to, at, or 
below health-based levels for current land and/or groundwater use conditions at 95 
percent of RCRA baseline facilities; 
Control the migration of contaminated groundwater through engineered remedies or 
natural processes at 80 percent of RCRA baseline facilities; 
Select final remedies (cleanup targets) at 30 percent of RCRA baseline facilities; 
Complete construction of remedies at 20 percent of RCRA baseline facilities. 

 
Note that the 2008 goals will be based on a revised list of baseline facilities which is 
reportedly in the works at this time. 
 
The last goal in this list, “Complete construction of remedies at 20% of RCRA baseline 
facilities,” is a harbinger of the farther reaching “RCRA 2020 Corrective Challenge” that 
formed the basis of Marianne Horinko’s key note presentation at the May conference, 
and, indeed, was the central theme for both presentations and informal discussions.   
 
The 2020 Corrective Action Challenge sounds simple enough – have all RCRA 
corrective action sites achieve “corrective action complete,” status by the year 2020.  But 
like many simple ideas, it appears the devil is in the details.    For instance, during the 
course of the two day conference at least three different numbers were offered by 
different speakers as to the number of baseline sites.  The numbers ranged from 3,800 to 
6,000, but since the baseline is in the process of being revised, it seems no one has a 
definitive answer as yet.   
 
And then there’s the goal itself - “corrective action complete.” One might think, as many 
at the conference did and as the phrase seems to imply, that corrective action complete 
means that a site has met its remedial action or clean-up objectives.  Not so.  For the 
purposes of this program, EPA is defining “corrective action complete,” as having 
completed construction of the final remedy.  Hence, as in the case of one of the pilot 
projects presented at the conference, a site that has achieved “corrective action 
complete,” may have separate phase hydrocarbons present on the water table. 
 
 Now whether the number of sites to be cleaned up is 3,800 or 6,000, we can all see that 
to achieve the 2020 Challenge, some changes will have to be made, because the rate at 
which facilities meet the corrective action complete yardstick will have to increase by 
over ten fold compared to recent activities.   
 
How to achieve this lofty goal?  According to Horinko, through innovative ideas and 
approaches including: 
 



▪ 

▪ 

▪ 

▪ 

Self-implemented, self-certified clean ups following a  “trust but verify” model with 
audits; 
Use of third party professionals to oversee clean-up processes; 
Enrollment of RCRA facilities in streamlined state response programs; and 
Development of an “oversight light” model with a few key check-in points where 
discussion of clean-up decisions may be important.” 

 
Of these, the one that is perhaps the most interesting is the idea of a self-certification.  
Under such a program, low to medium priority facilities with “positive” regulatory 
histories would be able to implement the corrective action process and self certify 
corrective action complete largely without state or federal oversight.  The idea was 
illustrated at the conference via the presentation of two pilot projects in EPA Region V.   
Margeret Guerriero of EPA Region V, enthusiastically predicted that the program would 
expand and envisions that it will operate “much like the IRS.”  Now there’s a comforting 
thought. 
  
Whether such a program is workable in practice on a national scale is debatable, 
especially given the trend toward No Further Action or Comfort Letters that have become 
an integral part of real estate transactions involving distressed properties.  At least one 
agency official, Richard Nussbaum of the Missouri DNR, has expressed doubts about the 
program, saying, “the regulated community is not clamoring for this ability.  Agency 
oversight and approval is desired due to future liability claims.”  
 
Finally, casting more than a little doubt on the ability of EPA and the States to push these 
programs along is the specter of significant budget constraints.  EPA funding grants used 
to hire outside contractors who typically work on rulemakings have reportedly been cut 
to one quarter of early 1990’s levels.  In addition, budget cuts have forced EPA to close 
the RCRA/Superfund/UST call center.  And as noted by Steve Hammond, Vice President 
of ASTSWMO (Association of State and Territorial Solid Waste Management Officials) 
at the May conference, the 2020 Challenge to reach corrective action complete comes “in 
the face of significantly declining state resources.” 
 
In summary, EPA has big plans for the corrective action program for FY 2005 and 
beyond.  But whether we see any trickle down of these plans at the facility level given the 
programmatic and monetary hurdles that must first be negotiated is certainly subject to 
debate. 
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ABSTRACT 
 
Natural gas exploration and production can be significantly effected by various environmental 

issues within the United States.  The ability to develop natural gas facilities is critical in providing the 
necessary resources and services dependent on natural gas.  Recently, efforts have been made by federal 
and state government entities to aid in the streamlining of environmental permitting/certification issues.  
This paper discusses environmental permitting in several key gas-producing states.  Specifically, this 
piece focuses on those regulatory issues and processes related to Section 404 (Clean Water Act) and 
threatened and endangered species in Colorado, New Mexico, Oklahoma, Texas and Wyoming. 
 



INTRODUCTION 
 

Environmental regulations and the way they are implemented vary by region in the United States.  
Likewise, natural gas-producing formations do not follow simple geopolitical boundaries.  This means 
that energy producers must adapt to differing regulations and procedures for dealing with issues from 
state to state.  This paper will examine the regulatory issues in five key natural gas states.  These states 
are:  Colorado, New Mexico, Oklahoma, Texas and Wyoming.  Two key regulatory issues will be 
examined:  Section 404 of the Clean Water Act and the Endangered Species Act.  It is important to note 
that there are more similarities between the states and regions than differences.  This is natural given that 
the regulations being examined are principally federal.  It is important to realize that differences between 
the states frequently result from a particular regional condition that has to be addressed by the regulatory 
agency in a distinct way. 
 
 

SECTION 404 
 

The Clean Water Act, passed in 1972, is the nation’s principal water resource protection law and 
forms the basis for virtually all regulations pertaining to water quality in the U.S.  Section 404 of the Act 
specifies that the Secretary of the Army is responsible for administering a regulatory program that 
requires permits for discharges (e.g., fills) into waters of the United States, including rivers, streams and 
wetlands.  This regulatory program is operated through the Corps of Engineers.  Jurisdiction under the 
Clean Water Act extends to all “waters of the United States.”  These include any part of the surface water 
tributary system, including adjacent water bodies and wetlands.  Isolated waters may also be included in 
specific circumstances. 

 
 
Although Section 404 of the Clean Water Act is a federal statute, there are regional differences in 

the way it is implemented.  These relate primarily to differences in the various Corps Districts in each 
state.  Each state may be covered by multiple Corps districts.  For example, most of Texas is covered by 
the Fort Worth District.  However, the Tulsa District has jurisdiction over the Texas panhandle, the 
Albuquerque District covers the Trans-Pecos and the Galveston District has jurisdiction along the Texas 
gulf coast.  Table 1 presents the Corps Districts and Regulatory Sub-Offices for each state discussed in 
this paper. 

 
 
Permits granted under Section 404 consist of two basic types:  Individual Permits and General 

Permits.  Individual Permits are granted on a case-by-case basis and are evaluated individually for their 
impact to waters of the United States.  Any project that does not meet the criteria for a General Permit 
must follow the Individual Permit process.  Generally speaking, the Individual Permit process is more 
time-consuming than the General Permit process.  There are two types of General Permits:  Nationwide 
Permits and Regional Permits.  As noted in Table 1, the five states included in this paper consist of six 
separate Corps Districts with a total of 11 Regulatory Offices.  It is important to recognize the jurisdiction 
for each of these districts when developing resources over large areas.  It is conceivable for a single 
project to take place in multiple Corps districts, each of which may have differing types or permits or 
permit conditions. 
 
Nationwide Permits 

 



The Nationwide Permits apply to particular, routine activities that have been determined to have 
overall minimal effects on waters of the U.S.  Currently, there are 43 Nationwide Permits, some of which 
are particularly tailored to oil and gas projects.  Most notably, Nationwide Permit 8 (Oil and Gas 
Structures) covers oil and gas structures on the outer continental shelf and Nationwide Permit 12 (Utility 
Line Activities) covers utility line activities including oil and gas pipelines and certain associated 
facilities.  Several other Nationwide Permits can also be used for petroleum-related projects, depending 
on the particular type of activity. 
 
 

Nationwide Permit 8 authorizes construction of structures for the “exploration, production, and 
transportation of oil, gas, and minerals on the outer continental shelf…”  It applies to those portions of the 
continental shelf that are under lease by the Minerals Management Service.  There are several limitations 
placed on the locations of these structures, most of which relate to navigational safety and national 
security. 

 
 
Nationwide Permit 12 covers construction, maintenance, and repair of utility lines and associated 

facilities, including substations, overhead line tower foundations, and access roads.  This permit 
authorizes total impacts of up to ½ acre for each crossing of jurisdictional waters.  Nationwide Permit 12 
requires preconstruction notification of the Corps when any of the following conditions will occur:  1) 
mechanized land clearing in a forested wetland; 2) a Section 10 permit (Navigational Issues) is required; 
3) utility line crossing will exceed 500 linear feet; 4) the utility line runs in a jurisdictional area parallel to 
a stream; 5) substation discharges greater than 1/10 acre; 6) permanent access roads constructed above 
grade in jurisdictional waters are greater than 500 linear feet; and 7) permanent access roads in 
jurisdictional waters constructed of impervious materials. 

 
 
Nationwide permits are excellent tools for permitting projects.  Proper project planning is often 

required for their use since they often contain specific criteria.  However, the payoff for the initial 
planning effort is a greatly increased permit processing time compared with an Individual Permit.  For 
example, the Corps of Engineers reported in 2002 that the average evaluation time for an Individual 
Permit was 161 days.  By comparison, the average evaluation time for General Permits was only 22 days 
(U.S. Army Corps of Engineers 2002). 
 
Regional Permits 
 

Another type of General Permit that can facilitate natural gas exploration and development is the 
Regional General Permit.  Regional General Permits are a type of general permit that is issued for a 
specific activity in a particular region.  They can be very limited or very broad in scope.  For instance, a 
Regional General Permit may authorize shoreline stabilization projects for a limited stretch of a particular 
river.  On the other hand, there are Regional General Permits that authorize broad activities over entire 
states. 

 
 
It is important to note that each Regional General Permit contains provisions intended to protect 

the environment.  If a particular project does not meet these provisions, it may require authorization by an 
Individual Permit.  Furthermore, the Corps has discretionary authority to deny authorization by Regional 
General Permit if the agency feels that the project would result in unacceptable impacts.  Activities 
requiring Department of the Army authorization that are not specifically authorized by a Regional 



General Permit are prohibited unless they are authorized by nationwide or individual permit.  33 CFR 
322.2(f), 323.2(h), and 325.2(e)(2) contain regulations pertaining to Regional General Permits. 

 
 
There are currently about 55 regional permits in the districts that have jurisdiction in the subject 

states.  Many of these regional permits could have some applicability to gas exploration and development.  
For instance, several of the permits cover minor fills related to road construction, general fills in specific 
locations, etc.  However, of the 55 permits, only eight are truly pertinent to the natural gas industry.  
Table 2 contains a list of the Regional Permits that apply in each of the subject states. 
 
 

The Regional General Permits presented in Table 2 are described briefly below. 
 
 

Utility Line Intake and Outfall Structures:  This permit, jointly issued by several Corps districts 
applies in the Texas and Louisiana portions of the Albuquerque, Fort Worth, and Tulsa Districts.  It 
authorizes installation (backfill and bedding) of utility lines and construction of intake/outfall structures.  
One key requirement of this Regional General Permit is that it requires “reasonable mitigation” for 
unavoidable impacts to jurisdictional waters.  It also will not authorize impacts that exceed the “minimal 
adverse effect” threshold, as determined by the U.S. Army Corps of Engineers on a case by case basis.  
There are also limits on the amount of time that side cast soils can be left in jurisdictional waters and a 
requirement that backfill materials placed in waters be “clean native soils obtained at the site and 
concrete, sand, gravel, rock and other coarse aggregate.” 

 
 
A full application package must be sent to the U.S. Army Corps of Engineers.  This package will 

contain a description of the project along with a purpose and need statement, maps of the entire project, 
brief characterizations of the jurisdictional area to be crossed, and other information as listed in the 
permit. 

 
 
Exploration and Production Wells:  This permit, jointly issued by several Corps districts applies 

in the Texas and Louisiana portions of the Albuquerque, Fort Worth, and Tulsa Districts.  It authorizes 
discharges of fill material into jurisdictional waters associated with construction and operation of 
exploration and production wells for oil, gas, and water.  This would include construction of drilling pads, 
reserve and mud pits, access roads, dikes, levees, pipelines, coffer dams, equipment ramps, borrow pits, 
disposal and staging areas, etc.  There are some specific limitations on the area that can be filled for 
particular activities.  For instance, discharges in jurisdictional waters associated with clearing and grading 
drilling sites cannot exceed 2.5 acres.  As with other Regional General Permits, the impacts associated 
with this permit must be the minimum necessary to accomplish the work.  There are numerous other 
requirements in this Permit pertaining to items such as erosion and water control, procedures for drilling 
termination, etc.  A preconstruction notification to the U.S. Army Corps of Engineers is required when 
discharges would:  (1) cause the loss of greater than 0.10 acre, (2) impact forested wetlands, (3) require 
stream realignment, or (4) impact several listed habitat types.  The preconstruction notification must 
include specific information listed in the permit; most importantly, it must include a mitigation plan for 
the impacts to jurisdictional waters. 

 
 
Directional Drilling:  This permit, issued by the Galveston District applies in navigable waters of 

the U.S. in the Galveston District, excluding Louisiana.  It authorizes placement of pipeline by directional 
drilling underneath navigable waterways.  There are 19 special conditions for this permit, including items 

http://www.usace.army.mil/inet/functions/cw/cecwo/reg/33cfr322.htm
http://www.usace.army.mil/inet/functions/cw/cecwo/reg/33cfr322.htm
http://www.usace.army.mil/inet/functions/cw/cecwo/reg/33cfr323.htm
http://www.usace.army.mil/inet/functions/cw/cecwo/reg/33cfr325.htm
http://www.swf.usace.army.mil/pubdata/environ/Regulatory/permitting/rgp/rgp11.pdf


such as signage for all crossings of Federal project channels, avoidance of whooping crane habitat during 
the wintering season, minimization of impacts to migratory bird habitat, pipeline crossings must be placed 
perpendicular to the centerline of the channel, etc.  Use of this Regional General Permit necessitates a 
preconstruction notification to the Galveston District.  The notification must include the general permit 
number, a statement that the work will be done in compliance with the permit conditions, a plan view of 
the pipeline, a section view of the pipeline showing burial depth, a description of the work site and 
method for construction/ stabilization, estimated start/completion dates, name and contact information for 
responsible individual. 

 
 
Activities Associated with Oil and Gas Development in the State of Wyoming:  This permit, 

issued by the Omaha District applies in waters of the U.S. in the State of Wyoming.  It authorizes 
discharges of dredge and fill material into jurisdictional waters for activities associated with oil and gas 
exploration and development, to include pad construction, surveys, roads, utilities, reservoirs, erosion 
control, and hazardous waste cleanup.  There are acreage and volume limitations for specified activities.  
For example, a single road crossing cannot result in more than 0.10 acre of fill and all road crossings 
cannot result in a cumulative fill of more than 0.30 acre.  This permit has numerous special conditions, 
several of which relate to differences in procedures for non-federal versus federal land.  Use of this permit 
requires notification of the Corps of Engineers for activities conducted on non-federal lands with non-
federal minerals.  The permittee may not begin work until they have received written confirmation of 
authorization from the Corps.  On federal lands or with federal minerals, permittees may receive 
authorization from the Bureau of Land Management or U.S. Forest Service (as applicable) without prior 
notification of the Corps. 
 
 

ENDANGERED SPECIES ACT 
 

The Endangered Species Act (ESA) of 1973 was passed following the signing of the Convention 
on International Trade in Endangered Species of Wild Fauna and Flora (CITES) earlier that year.  While 
CITES restricted international trade or commerce involving listed rare species, the ESA provided direct 
protection for listed species within the U.S.  Some of its principal provisions included: Clear definitions 
of "endangered" and "threatened" (Section 3); Requirements for all federal agencies to initiate programs 
for the conservation of listed species; Furthermore, federal agencies were prohibited from funding or 
authorizing activities that could negatively impact a listed species or designated critical habitat (Section 
7); Broad prohibitions of “takes” of listed species (Section 9);  
 
 

There have been several important amendments and modifications in the years since its original 
signing.  However, the overall framework of the ESA remains unchanged.  Essentially, it prohibits the 
importing and exporting, taking, possessing, delivering, carrying, transporting, shipping, receiving, and 
selling or offering for sale any endangered flora or fauna.  50 CFR 17.3 broadly defines “take” to include 
engaging or attempting to engage in harassment, harming, hunting, shooting, wounding, killing, trapping, 
capturing, or collecting.  A key part of this definition is the term “harm,” which means an act that actually 
kills or injures protected wildlife, to include “significant habitat modification or degradation where it 
actually kills or injures wildlife by significantly impairing essential behavior patterns, including breeding, 
feeding, or sheltering.” 
 
 

The two agencies that share responsibility for implementing the ESA are the U.S. Fish and 
Wildlife Service (Department of Interior) and National Marine Fisheries Service (Department of 



Commerce).  The U.S. Fish and Wildlife Service has primary authority for terrestrial and freshwater 
species, while the National Marine Fisheries Service has authority over marine species.  There are 
currently 1,265 species listed in the U.S. under the ESA.  Of these, 989 are listed as endangered (390 
animals-599 plants), while 276 are listed as threatened (129 animals/147 plants).  Table 3 lists the number 
of listed animals and plants in each of the five subject states. 
 
 

Section 7 of the ESA requires consultation with the appropriate agency (U.S. Fish and Wildlife 
Service or National Marine Fisheries Service) for projects where the potential impact to listed species, 
proposed species or critical habitat is unknown.  In these cases, a Biological Assessment may be required 
to determine the potential effects of a proposed project.  If the Biological Assessment finds that the 
project will not pose a threat to listed species or habitat, and the U.S. Fish and Wildlife Service concurs, 
then formal consultation is not required.  On the other hand, if the Biological Assessment finds that the 
project may adversely affect a listed species or habitat, formal consultation is initiated and a Biological 
Opinion will have to be prepared by the appropriate agency.  If the Biological Opinion finds that the 
project is not likely to have an adverse effect (a no jeopardy opinion), then the project could proceed.  
However, if the finding of the Biological Opinion is that the species may be jeopardized, then the agency 
works with the project proponent to find acceptable alternatives that would allow the project to be 
conducted. 
 
 

Another important aspect of the ESA, particularly in terms of natural resource development, is the 
provision in Section 4 of the Act authorizing the designation of critical habitat.  Critical habitat is defined 
in Section 3 as specific areas within the geographic area occupied by the species on which are found those 
physical or biological features that are:  a) essential to the conservation of the species, and b) which may 
require special management considerations or protection.  Currently, 482 listed species have designated 
critical habitat (U.S. Fish and Wildlife Service 2004). 
 
 

Critical habitat designations do not necessarily add substantial protection to species already listed 
under the ESA.  The major reason for this is that, while listed species are protected whether they occur on 
public or private land, critical habitat only affects activities with federal involvement.  Hence, if a 
landowner wants to develop a property or the mineral resources on property within a designated critical 
habitat area, and there are no federal permits required for the project, critical habitat considerations would 
not apply.  However, if the project required a federal permit or authorization, such as a Section 404 permit 
to fill a wetland, impacts to critical habitat would have to be considered by the permitting agency. 
 
 

Many states also have laws that protect certain rare species.  These laws function similar to the 
ESA, with the exception that they typically do not provide for protection of habitat (e.g., critical habitat).  
Essentially, they provide protection to the species themselves.  Whether or not a particular state has a law 
providing protection to rare species, states have an important role in management and regulation of these 
species.  State wildlife management agencies possess scientific data and valuable expertise on the status 
and distribution of endangered, threatened, and candidate species.  These state agencies also possess 
broad trustee and police powers over fish, wildlife and plants and their habitats within state borders.  
Unless preempted by federal authority, states also possess primary authority and responsibility for 
protection and management of flora and fauna species and their habitat.  Table 4 lists state laws that 
protect rare species in the subject states. 
 
 



DISCUSSION 
 
 

Section 404 of the Clean Water Act and the Endangered Species Act contain provisions that 
affect exploration and development of natural gas.  An understanding of these, and other, environmental 
laws and pursuant regulations are vital to proper project planning and helps establish the foundation for a 
sound compliance program. 
 
 

The U.S. Army Corps of Engineers administers the Section 404 regulatory program from District 
Offices.  In many cases, the Districts have been subdivided into smaller jurisdictions for more efficient 
permit processing.  However, this often means that large projects may fall into two separate sub-office 
areas or even into two separate Corps districts.  It is important to know the limits of a proposed project 
and be able to coordinate with the appropriate Corps office. 

 
 
The Section 404 regulatory program has several different types of general permits that can be 

applied to natural gas activities, some of which were specifically written for the oil and gas industry.  
These permits include two Nationwide Permits and numerous Regional General Permits.  In the five 
states examined for this paper alone, there are eight Regional General Permits that specifically authorize 
natural gas exploration and development activities.  These permits contain numerous specific 
requirements that may seem complicated.  However, the advantages of these General Permits when 
compared to the Individual Permit process are striking.  These advantages include vastly reduced 
application evaluation times, less public involvement, and more streamlined coordination with other 
regulatory agencies. 

 
 
The Endangered Species Act can also have a significant impact on natural resource development.  

Proper project planning requires that protected species be accounted for.  If at all possible, projects should 
be planned to avoid potential impacts to listed species.  However, there will be times that impacts to listed 
species may be unavoidable.  In this case, there is a standard process for consulting with the U.S. Fish and 
Wildlife Service (or National Marine Fisheries Service).  Consultation often results in a modified project 
that would reduce the likelihood or severity of potential impacts. 
 
 

The Endangered Species Act also has provisions for declaring certain areas as Critical Habitat for 
a particular species.  Critical Habitat can also have a significant effect natural gas projects, particularly 
where they occur on federal lands or when they involve a federal permit or authorization.  Once again, 
proper project planning requires that areas are screened to ensure that issues related to Critical Habitat are 
known going into the project. 

 
 
Many states also have state laws that regulate rare species.  These laws often mirror the 

Endangered Species Act in the way they function with the major exception that they typically do not have 
provisions for designating or protecting habitat (e.g., Critical Habitat). 

 
 
The Clean Water Act and the Endangered Species Act are intended to protect our Nation’s natural 

resources.  Proper planning requires due diligence with regard to environmental issues that may affect a 
given project.  This planning should include identification of all potential issues affecting a given project 



so that necessary permitting or authorizations can be handled in the early stages.  This will help ensure 
compliance while facilitating development of energy resources such as natural gas.  
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Table 1.  Corps Districts and Sub-Offices for the Subject States. 
State Corps District Regulatory Sub-Office Description 

Southern Colorado 
Regulatory Office 

All drainages that flow into the Rio Grande 
River. 

Albuquerque 

Durango Regulatory 
Office 

All drainages that flow into the Arkansas 
River. 

Omaha Denver Regulatory Office Northeast one-third of Colorado - all 
drainages that flow into the North Platte, 
South Platte, Smoky Hill and Republican 
Rivers. 

Frisco Office Grand and Summit counties. 
Gunnison Basin Office Northwest two-thirds of Colorado. 

Colorado 

Sacramento 

Durango Regulatory 
Office 

Southwest one-third of Colorado. 

Albuquerque District 
Office 

Central portion of New Mexico. 

Durango Regulatory 
Office 

Northwest portion of New Mexico. 

New Mexico Albuquerque 

El Paso Regulatory Office Southern portion of New Mexico. 
Oklahoma Tulsa Tulsa District Office Entire state of Oklahoma. 

Albuquerque El Paso Regulatory Office Trans-Pecos region of Texas. 
Fort Worth Fort Worth District Office Central portion of Texas. 
Galveston Galveston District Office Gulf Coast region of Texas. 

Texas 

Tulsa Tulsa District 
Office 

Texas Panhandle and the Red River 
counties. 

Wyoming Omaha Wyoming Regulatory 
Office 

Entire state of Wyoming. 

 
 
Table 2.  Current Regional General Permits Pertinent to Gas Exploration and Extraction in the Subject 
Districts. 
Corps District Geographic Area Covered Regional Permit 

Texas and Louisiana Utility line intake and outfall structures (199950040)* Albuquerque 
Texas and Louisiana Exploration and Production Wells (200100047) 

http://www.swf.usace.army.mil/pubdata/environ/Regulatory/permitting/rgp/rgp11.pdf


Texas and Louisiana Utility Lines and Intake and Outfall Structures 
(CESWF-99-RGP-2)* 

Fort Worth 

Texas Exploration and Production Wells (CESWF-01-RGP-
11) 

Galveston Texas Directional Drilling (14114[05]) 
Omaha Wyoming Activities Associated with Oil and Gas Development 

in the State of Wyoming (GP 98-08) 
Texas and Louisiana Utility line intake and outfall structures 

(TXG3000011)* 
Tulsa 

Texas and Louisiana Exploration and Production Wells (TXG30009) 
*Same Regional General Permit issued jointly by Albuquerque, Fort Worth and Tulsa Districts. 

 
 
Table 3.  ESA Listed Species for the Subject States. 
State Total ESA Listed Species Animal Species Plant Species 
Colorado 31 18 13 
New Mexico 39 26 13 
Oklahoma 19 18 1 
Texas 81 53 28 
Wyoming 15 11 4 
Totals 185 126 59 

Source – U.S. Fish and Wildlife Service, 2004 
 
 
Table 4.  State Laws Pertaining to Rare or Endangered Species in the Subject States. 
State State Endangered Species 

Statute (Yes or No) 
Law/Regulation 

Colorado Yes Colorado Revised Statutes Annotated §§33-2-109 et 
seq. 

New Mexico Yes NM Chapter 17 Statutes Annotated 1973, 17-2 Part 3 
Oklahoma Yes Oklahoma Statutes Title 29 §5-412 
Texas Yes Tex. Parks & Wild. Code Ann. §§68.001 et seq; 

83.006; 49.015 (for animals) 
Tex. Parks & Wild. Code Ann. §§88.001 et seq. (for 
plants) 

Wyoming No -- 
 

http://www.swf.usace.army.mil/pubdata/environ/Regulatory/permitting/rgp/rgp2.pdf
http://www.swf.usace.army.mil/pubdata/environ/Regulatory/permitting/rgp/rgp11.pdf
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ABSTRACT 
The development of natural gas wells, pipelines, access roads, and ancillary features can be 

significantly delayed by Section 404 (Clean Water Act) permitting requirements.  Section 404 requires 
authorization prior to the discharge of dredge and fill material into waters of the United States.  These 
waters can include lakes, rivers, wetlands, streams, mudflats, etc.  The assessment of waters of the U.S. 
can be difficult, costly and time-consuming.  Two methods for assessing the potential for waters of the 
U.S. were analyzed for accuracy and efficiency.  The first of these methods, the AWP Model, was a GIS 
model incorporating SPOT imagery, digital soil data, Digital Elevation Models (DEMs), and digital 
ortho-photography.  The second method involved personnel familiar with aerial photo interpretation and 
waters of the U.S. using one-meter resolution color-infrared aerial photographs and U.S. Geological 
Survey topographic maps to digitize streams, wetlands, and on-channel ponds in GIS.  Both 
methodologies appeared to be capable of predicting the occurrence of waters of the U.S. with high 
percentages of positive predictions.  The AWP model costs approximately $0.02 per acre while the office 
delineation cost approximately $0.52 per acre. 



 
 

INTRODUCTION 
 
Natural gas exploration and production in North Central Texas is occurring at a staggering rate 

due to the productive Burnett Shale formation.  More than two thousand wells have been drilled and over 
400 per year are being drilled.  This well development in addition to the access road and pipeline 
development, requires intricate scheduling and logistics.  Coinciding with natural gas exploration is 
continued commercial and residential development.  This commercial and residential development 
coupled with intensive natural gas exploration has resulted in drilling sites being more frequently located 
in less desirable areas.  Oftentimes, available drilling sites are located in floodplains or near streams 
where other development has not been practical.  A common theme in these areas is the presence of 
wetlands and streams.  As a consequence, the development of natural gas wells, pipelines, access roads, 
and ancillary features can be significantly delayed by Section 404 (Clean Water Act) permitting. 

 
 
Section 404 of the Clean Water Act requires authorization from the U.S. Army Corps of 

Engineers (USACE) prior to discharge of dredge and fill materials into waters of the U.S.  Waters of the 
U.S. include rivers, streams (including perennial, intermittent and ephemeral), bogs, sloughs, lakes, ponds 
(including stock tanks connected to other jurisdictional waters) and wetlands.  Pre-construction 
authorization, commonly referred to as permitting, can take from six weeks to over a year. 

 
 
Currently, the Fort Worth district of the USACE requires field delineations to determine if waters 

of the U.S. exist on site.  The jurisdictional limits of waters of the U.S. are determined using the ordinary 
high water mark (OHWM) for each of these water bodies. 

 
 
The OHWM is defined as: “…that line on the shore established by the fluctuations of water and 

indicated by physical characteristics such as a clear, natural line impressed in the bank, shelving, changes 
in the character of soil, destruction of terrestrial vegetation, the presence of litter and debris, or other 
appropriate means that consider the characteristics of the surrounding areas (33 CFR 328.3).” 

 
 
Wetlands are those “areas that are inundated or saturated by surface or ground water at a 

frequency and duration sufficient to support and that under normal circumstances do support, a 
prevalence of vegetation typically adapted for life in saturated soil conditions [as defined by the USACE 
and U.S. Environmental Protection Agency].”  Wetlands must contain three parameters under normal 
conditions to be identified as jurisdictional.  These three criteria include the presence of (1) hydric soils, 
(2) hydrophytic vegetation and (3) wetland hydrology. 

 
 
With an excess of four hundred wells a year being drilled in the north central Texas area alone, 

proposed drilling locations are being staked and prepared two to three months in advance.  Drilling rigs 
are assigned to proposed wells based on location and the type of drilling.  In addition, some locations 
require city permits by the respective city council.  Discovery of waters of the U.S. at a proposed site can 
create a delay of at least six weeks, if the waters cannot be avoided.  Moving the proposed well at this 
point may not be a good option because the process of attaining city permits must be reinitiated and 
internal groups must re-evaluate the location in reference to long term goals. 



 
 
Screening of sites prior to staking and initiating well site development might avoid costly delays 

due to the Section 404 permitting process or relocating wells.  Two methods for assessing the potential 
for waters of the U.S. were analyzed for accuracy and efficiency.   

 
 

Automated Waters Prediction Model 
 

The first of these models was developed by Devon Energy Corporation, the University of North 
Texas and Carter & Burgess, Inc. (Carter & Burgess).  Preliminary results of this model were presented at 
the 2003 International Petroleum Environmental Conference (Stevens et al., 2003).  In summary, this 
model, termed the Automated Waters Prediction (AWP) Model, incorporated SPOT imagery at a 20-
meter by 20-meter resolution, digital soil data from the National Resource Conservation Service, 30-
meter resolution Digital Elevation Models (DEMs), and Texas Natural Resource Information Service 
digital ortho-photography. 

 
 
SPOT imagery was used for open water identification and vegetation classification particularly as 

it applied to forested areas.  Open waters identified through the SPOT imagery classification were 
buffered by 0.10 miles (528 feet).  Soils data was incorporated into the model so that frequently and 
occasionally flooded areas could be identified, as these areas are theoretically more likely to support 
wetlands than soils that are not regularly inundated.  Elevation analysis was based upon DEMs.  DEMs 
were used to evaluate slopes along drainages and to identify flat areas that could support wetlands.  DEMs 
were also used to derive streams that were not readily delineated in lower resolution data.  These derived 
streams were observed to closely match drainage patterns observed on aerial photographs.  Streams were 
classified as to their order and buffers were created based on order (i.e., first order streams buffered by 
0.025 miles, second order streams buffered by 0.05 miles, and so on, up to seventh order streams buffered 
by 0.30 miles).  

 
 
All data was combined to form four levels depicting the probability of encountering wetlands and 

other waters of the U.S. (e.g., streams and on-channel ponds).  Level 4 represents the highest probability 
of encountering waters of the U.S. while Level 1 presents a lower level of encountering waters of the U.S.  
Level 1 encompassed area within stream buffers or within wet forest (forested areas along waterways as 
identified by SPOT imagery).  Level 2 were areas of low slopes contiguous to stream buffers.  Level 3 
included areas within stream buffers, occasionally flooded, and low slope areas, but not including wetland 
forest areas.  Level 4 included pond and lake buffers, or frequently flooded areas, or wetland forest within 
stream buffers, or occasionally flooded and wetland forest areas.   

 
 
The AWP model covered approximately 575,000 acres.  The initial development of this model 

took several months.  However, now that a methodology is established reproduction of the model could 
be expected to be much quicker.  Costs included data gathered and geographic information system (GIS) 
development time.  Cost per acre was approximately $0.02. 

 
 
To access the accuracy of this model 156 8.26-acre (600-foot by 600-foot) sample areas were 

randomly selected from areas that had been delineated in the field.  Fifty-six of these sites were actual 
well pad sites that were field delineated for waters of the U.S.  The remaining 100 sites were randomly 



selected from a large (approximately 3,500 acres) tract of land that had been previously delineated by 
placing a grid with 600-foot by 600-foot sample areas and randomly selecting 100 of these areas for 
analysis.  Global Positioning System (GPS) data representing boundaries of waters of the U.S. were 
overlaid on the model showing the four priority levels.  

 
 
Each sample area was examined to determine if one of the four priority levels was within the 

sample area and if waters of the U.S. were within the sample area.  Potential results included a positive 
prediction of waters of the U.S. (i.e., at least one of the four priority levels existed and waters of the U.S. 
were identified within the priority level, or no priority level and no waters delineated on site), a false 
positive prediction (i.e., the model predicted waters of the U.S., but none were delineated in the field), a 
false negative prediction (i.e., none of the priority levels occurred within the sample area, but waters of 
the U.S. were delineated on site).  

 
 
Results are as follows:  Positive Prediction:  115 sites (73.7 %) contained one of the four priority 

levels and waters of the U.S.  False Positive Prediction:  37 sites (23.7%) contained one of the four 
priority levels but did not contain any waters of the U.S.  False Negative Prediction:  4 sites (2.6 %) did 
not contain any of the four priority levels but did have waters of the U.S.  

 
 

Office Delineations 
 
In addition to the AWP model, another method of assessing waters of the U.S. was analyzed.  

Carter & Burgess personnel used one-meter resolution color-infrared aerial photographs and USGS 
topographic maps to digitize waters of the U.S. (i.e., streams, wetlands and on-channel ponds) in GIS 
(ArcView 3.2).  Two biologists digitized waters of the U.S. on approximately 9,700 acres in north central 
Texas.  Both biologists were familiar with wetland ecology, hydrology, vegetative associations, and aerial 
photograph interpretation, but neither biologist had visited the sites prior to digitizing waters of the U.S.  
This methodology was termed “office delineations” for ease of communication.  The entire 9,700 acres 
was delineated in the field by a staff of six biologists (including those that conducted the office 
delineations) after the office delineations were complete. 

 
 
The office delineation of 9,700 acres cost approximately $5,000 dollars and took two weeks to 

complete.  This cost and time included time to gather digital aerial photographs and digital USGS 
topographic maps, as well as the time it took biologists to digitize potential waters of the U.S. within the 
GIS system.  Cost-per-acre was approximately $0.52. 

 
 
To test the accuracy of the office delineations, a 600-foot by 600-foot grid was placed over the 

entire project area.  Because the 9,700-acre study area was not a contiguous block, sample grids outside of 
the project area were excluded.  Many sample grids along the boundary of the tracts did not measure 600-
feet by 600-feet so they were also discarded.  One hundred of the remaining grids were randomly selected 
for inclusion in the analysis.   Potential results were similar to those in the AWP model analysis (i.e., 
positive prediction, false positive prediction, and false negative prediction). 

 
Results are as follows:  Positive Prediction:  84 sites (84 %) contained “office delineated” and 

field delineated waters of the U.S.  False Positive Prediction:  15 sites (15%) contained “office 
delineated” waters of the U.S., but did not contain any field delineated waters of the U.S.  False Negative 



Prediction:  1 site (1 %) did not contain any “office delineated” waters of the U.S., but did have field 
delineated waters of the U.S.  

 
 

Discussion 
 

Being able to predict the occurrence of waters of the U.S. without physically visiting sites can 
provide valuable information in the early planning phase of establishing well sites in a cost- and 
time-efficient manner.  All well sites should be inspected prior to initiation of construction by a qualified 
wetland scientist who is familiar with wetlands, non-wetland waters of the U.S., and the USACE 1987 
Wetland Delineation Manual.  However, the potential for encountering waters of the U.S. (and potential 
delays) at proposed well sites can be decreased by implementing tools to predict the occurrence of waters. 

 
 
Two different methodologies for predicting the occurrence of waters of the U.S. in north central 

Texas were assessed for accuracy and efficiency.  The AWP model incorporated several layers of readily 
available spatial data and GIS modeling techniques to predict the occurrence of waters of the U.S.  This 
model correctly predicted the occurrence of waters of the U.S. 73.7% of the time in this study.  In only 
2.6% of the time did the AWP model fail to predict waters when they were in fact present within the 
600-foot by 600-foot sample areas.   

 
 
Carter & Burgess, Inc. personnel digitized waters of the U.S. from the office using high 

resolution aerial photographs and USGS topographic maps.  These “office delineations” correctly 
predicted waters 84% of the time and failed to predict waters when they were present in only 1 instance 
(n=100).  The results from both the AWP model and office delineations are presented in Table 1. AWP 
Model vs. Office Delineation Results. 

 
 
Both methodologies appeared to be capable of predicting the occurrence of waters of the U.S.  

The high percentages of positive predictions in both methods would provide the well site planner a 
relatively high level of confidence in avoiding delays associated with permitting or having to move a well 
site at a later time.  Furthermore, the planner could feel relatively confident that field delineations will not 
result in the occurrence of waters of the U.S. when either method predicts that no waters exist.  If either 
method predicts waters of the U.S., the well site could be moved early in the planning phase to avoid 
undue delays.   

 
 
The false-positive results for both methods reveal that in some instances the well site might be 

moved to avoid predicted waters of the U.S. when the move is not necessary.  The potential exists to 
modify the model so that the buffer area around derived streams and open waters is minimized.  The 
office delineations could be conducted with a more critical examination of potential waters of the U.S. so 
that less potential waters were delineated.  However, adjusting the model or methodology associated with 
office delineations to reduce the potential for false positive predictions has the potential of resulting in 
more false negative predictions.   

 
 
One of the critical results that this study was concerned with was the occurrence of false negative 

predictions, or when the method (model or office delineations) did not predict waters of the U.S. when 
they actually occurred at a proposed site.  A false negative prediction could easily result in delays 



associated with permitting impacts to waters of the U.S. or having to move a well site after local and 
regional permits have been processed.  Both methods had relatively low percentages of false negative 
results.  The acceptable level of false negative results should be determined by the user. 

 
 
The cost and time of addressing waters of the U.S. and Section 404 permitting is an important 

factor in oil and gas well establishment.  Using remote methods to predict waters of the U.S. can reduce 
costs associated with field delineations and permitting, or moving a well late in the establishment period.   
All sites should be verified by a qualified wetland biologist.  However, verifying that a site does not have 
waters of the U.S. is much quicker (and cheaper) than delineating waters of the U.S. on site and 
potentially permitting impacts to those waters.  The use of predictive methodologies assessed in this study 
has the potential to reduce expenses associated with waters of the U.S. and establishing oil and gas well 
sites. 

 
 
The costs of developing the AWP model and doing the “office delineations” varied from $0.02 

per acre to $0.52 per acre, respectively, in this study.   Much of the costs associated with the AWP model 
were due to data acquisition and coordination.  Once the data was collected and efficiently organized, GIS 
processes were used to determine potential areas of waters of the U.S.  Costs per acre associated with 
developing the AWP model could be expected to decrease as the size of the study area increases, and vice 
versa, as the model incorporates many computer automated functions. 

 
 
The cost of the “office delineations” conducted by Carter & Burgess personnel was $0.52 per 

acre.  This cost was largely due to personnel time to digitize potential waters of the U.S. over aerial 
photographs and USGS topographic maps.  The cost-per-acre for office delineations similar to the one 
used in this study could be expected to stay relatively constant for both large and small areas.  Another 
efficiency aspect of the office delineations is the human subjectivity of personnel producing office 
delineations.  Carter & Burgess personnel were familiar with conducting delineations of waters of the 
U.S. in the field and were familiar with interpreting high quality aerial photographs in north central 
Texas.  Personnel who are less familiar with waters of the U.S. and/or less familiar with aerial photo 
interpretation could be expected to produce office delineations that were less accurate.  The opposite 
scenario also exists - personnel more familiar with waters of the U.S. and more familiar with aerial photo 
interpretation could be expected to produce more accurate office delineations.      

 
 

Conclusions 
 

Both of the methods for predicting waters of the U.S. prior to conducting a site visit were 
successful.  Results showed that both methods had a high percentage of positive identifications and a low 
percentage of false negative identifications.  In addition, both models had some level of false positive 
predictions that could result in moving wells due to predicted waters of the U.S. when waters were not 
actually present.  False positive predictions could result in unwarranted expenses associated with moving 
wells that do not have to be moved.  However, adjusting prediction methodologies to reduce false positive 
predictions has a high likelihood of increasing false negative predictions.  Both methodologies could be 
tailored to the needs of the user, and the user should establish acceptable levels of false positive and false 
negative predictions. 

 
 



The AWP model costs approximately $0.02 per acre (approximately 575,000 acres at $13,000) 
and took several months to develop.  Now that a methodology is established reproduction of the model 
could be expected to be quicker.  Cost-per-acre could be expected to go down as acreage is increased and 
cost would likely increase slightly for smaller areas.  The office delineation cost approximately $0.52 per 
acre (9,700 acres at $5,000) and took two weeks to complete.  Cost-per-acre for office delineations could 
be expected to remain relatively constant as area increases or decreases. 

 
 
This study assessed two methods of predicting waters of the U.S. prior to verifying their 

occurrence during a site visit.  Both methodologies have potential to assist planners when establishing 
well sites and decrease the potential for timely and costly delays associated with delineating waters of the 
U.S., permitting proposed impacts, or moving a well late in the establishment period.  

 
 

Table 1.  AWP Model vs. Office Delineation Results 
 AWP Model Office Delineations 

Positive Prediction 73.7 % 84 % 
False Positive Prediction 23.7 % 15 % 
False Negative Prediction 2.6 % 1 % 
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IntroductionIntroduction
Bacteria in the terrestrial subsurface exhibit Bacteria in the terrestrial subsurface exhibit 
great variation in their distributions, great variation in their distributions, 
numbers, and metabolic activitiesnumbers, and metabolic activities

While numerous factors contribute to this While numerous factors contribute to this 
heterogeneity, among the most influential is heterogeneity, among the most influential is 
the physical and chemical composition of the physical and chemical composition of 
the soil or sediment in which the the soil or sediment in which the 
microorganism residesmicroorganism resides



Introduction Introduction 

Many studies have looked at changes in Many studies have looked at changes in 
subsurface bacterial communities over scales subsurface bacterial communities over scales 
of tens to hundreds of metersof tens to hundreds of meters

Most of these studies have found large Most of these studies have found large 
changes in microbial community structure, changes in microbial community structure, 
numbers, and metabolic activities between numbers, and metabolic activities between 
soil types with different soil types with different petrophysicalpetrophysical
propertiesproperties



IntroductionIntroduction
We were interested in examining the metabolic 
activity of sulfate-reducing bacteria (SRB) in the 
shallow subsurface on a smaller (>10 m) scale and 
correlating any variability in metabolism to changes 
in the physical composition of the surrounding 
aquifer

Our primary goal was to determine what is causing 
the small scale (cm) heterogeneous distribution of 
SRB metabolic activity at our study site



HypothesesHypotheses
Variability in the metabolic activity of Variability in the metabolic activity of 
sulfate reducing bacteria seen at this site sulfate reducing bacteria seen at this site 
is due to differences in cell numbersis due to differences in cell numbers

Variability in the metabolic activity of SRB Variability in the metabolic activity of SRB 
seen at this site is due to differences in the seen at this site is due to differences in the 
petrophysicalpetrophysical properties of the sedimentproperties of the sediment
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Live Homogenized Sand
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Live SRB
Added

No Additions

Mean (- cells)
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Sulfate-reducing activity did not vary with depth, 
bacterial number, grain size, permeability, or hydraulic 
conductivity

In this shallow aquifer, SRB metabolic activity did vary 
with porosity

Porosity – Proportion of the non-solid volume to the 
total volume of the material

In this aquifer, low sediment porosities may be
limiting access of SRB to nutrients or preventing 
sufficient cell numbers from congregating 



Conclusions
SRB were present and metabolically active in
all sediment types tested

SRB numbers varied by 6-7 orders of 
magnitude both within and between sediment types

SRB metabolic activity varied by 100-200x both 
within and between sediment types

Some of the variation observed in SRB metabolic 
activity was due to changes in sediment porosity
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Phase equilibrium data are essential for the proper design and operation of most 

chemical processes.  When experimental data are unavailable, thermodynamic models, 
such as group contribution methods, are used to predict phase equilibrium.  The accuracy 
of these models in predicting infinite-dilution activity coefficients (γ∞) of aqueous 
systems is questionable.  Moreover, model development is hampered by a lack of (a) γ∞ 
data at temperatures above 300 K, and (b) γ∞ data for water in hydrocarbon systems.  
Using quantitative structure-property relationships (QSPR), mathematical models are 
developed relating the structure of a diverse set of organic molecules to γ∞ values for 
hydrocarbons in water and water in hydrocarbons.  

 
The database used for this study contains over 1400 data points at temperatures 

ranging from 283.2 to 373.2 K.  The data include both direct and indirect measurements 
for a variety of hydrocarbons, which include alkanes, alkenes, aromatics, halogenates, 
alcohols, phenols, aldehydes, ketones, acids, esters, ethers, amines, amides, nitriles, nitro 
compounds, and sulfur compounds.  QSPR models were developed using linear as well 
as non-linear modeling tools, and results indicate these models are satisfactory in 
correlating single temperature aqueous solubility data, but fail when correlating multiple 
temperature data.  

 
A suitable theoretical backbone, which could account for the effect of temperature 

on solubility, was required. Bader and Gasem (1993), previously at OSU, had developed 
an equation of state (EOS) to correlate γ∞ of aqueous systems, however, the parameters 
used in this EOS could not be generalized satisfactorily.  Structure based generalizations 
were developed for these parameters using existing QSPR tools, and preliminary results 
indicate this combined approach of an EOS to account for temperature effects and 
structure based parameter generalizations provide accurate estimates for γ∞.  
 



INTRODUCTION 
 

 Water, which is the most common industrial solvent, plays an important 
role in many different areas including separation processes, distillation units, 
chromatographic systems, waste treatment, and environmental concerns [1-7].  With 
growing application of biotechnologies, there also exists an increased need for phase 
equilibria of aqueous systems in those processes [8].   

 
Due to the unique molecular structure of water and the attendant physical 

characteristics, including hydrogen bonding, systems containing hydrocarbons and water 
often exhibit strong nonideality when compared to systems comprised only of 
hydrocarbons.  The activity coefficient, γ, is a parameter that quantifies the amount of 
nonideality present in a system.  When a component of a hydrocarbon-water binary 
system is sufficiently dilute, the infinite-dilution activity coefficient, γ∞, is reflective of 
only intermolecular solute-solvent interactions without the additional complication of 
solute-solute interactions.  Insight into the chemical and physical forces present in an 
aqueous system is provided by these coefficients.   

 
The solubility of any solute in a given solvent may be described in terms of the 

activity coefficients ( ) at a given temperature and pressure.  For a given temperature 
and pressure, the mole fraction of a solute (x

iγ
i) can be expressed as follows, when the 

hydrocarbon is at low concentration:  
 

( )
°∞°

°

−

−
=

jii

j
i pp

pp
x

γ
                                                                                                                 (1) 

 
where p is system pressure,  is the pure vapor pressure and °p i

∞γ  is the infinite-dilution 
activity coefficient. The subscripts i and j indicate the solute and the solvent, respectively.  
In deriving this relation, we assume low-pressure operations, where ideal-gas behavior 
applies to the vapor phase.  
 

While several experimental methods exist for the investigation of infinite-dilution 
activity coefficients, these methods often suffer serious limitations [9-11] and are time 
consuming.  Models for the prediction or calculation of infinite-dilution activity 
coefficients would be useful and are represented by examples from theoretical regular 
solution theory models [12-18], theoretical equation of state models [19], pure 
component models [20-22], group contribution models [23-25], empirical models [26-
31], the LSER model [32, 33], and computational chemistry models [34-39].  These 
models generally do not provide satisfactory predictions, and early QSPR studies were 
limited by the involvement of only single temperature data of one component of the 
aqueous systems. 
 

The molecular structure of a chemical determines the chemical and physical 
properties of a particular chemical compound.  Continuing investigation has centered on 
elucidation of the relationship between physical properties and molecular structure.  As 



computational capability has improved, research revolved around developing free energy 
relationships by molecular mutation using Monte Carlo (MC) simulators [40].  Although 
this approach remains attractive, Monte Carlo is being replaced in many applications by 
QSPR models. The QSPR approach often provides predictions for chemical and physical 
properties of as-yet-unmeasured or unknown compounds based on structure information.  
High quality predictions are obtained using these descriptors since structure-property 
mapping is at an atomic level rather than at a functional group level.  QSPR models will 
be influential in enabling advances in chemical design, where a key challenge is the 
development of tools permitting the rapid creation of unique molecules. Over the last ten 
years, QSPR have played an increasingly important role in drug screening and discovery 
[41] and application is appearing in areas outside the pharmaceutical industry.  While 
standard methodologies for chemical design result in a discovery phase of research and 
development from two to three years, QSPR methodologies are estimated to result in a 
reduction of this phase to three to six months. 
 
 The objectives of this work are to (a) develop a quantitative structure property 
relationship (QSPR) for prediction of i

∞γ  values of hydrocarbon-water systems, (b) 
evaluate the efficacy of QSPR models using multiple linear regression analyses and back 
propagation neural networks, (c) evaluate the ability of the model to predict aqueous and 
hydrocarbon solubility at multiple temperatures.          
 

DATABASE 
 

The database, which is culled from 96 journal literature sources dating from 1927 
to 1995, consists of 1400 infinite-dilution activity coefficients (IDAC) at temperatures 
ranging from 283.15 K to 373.15 K from a diverse set of structural classifications [42].  
Data available consist of both hydrocarbon in water and water in hydrocarbon IDAC’s, 
and the hydrocarbon in water data is further sorted with reference to experimental origin.   

 
The two origin classifications are direct measurements and indirect 

measurements.  Examples of direct measurements are gas-liquid chromatography method 
(GLC), headspace GLC method, gas-stripping method, liquid-liquid chromatography 
method, differential ebulliometry method, and differential static method.  Included under 
the general title of GLC methods are stationary phase GLC, non-steady-state GLC, and 
relative GLC.  The indirect measurements include extrapolations from vapor-liquid 
equilibrium data, and calculations from other thermodynamic data such as liquid-liquid 
equilibrium data and gas-liquid partition coefficient data.   

 
Where provided by the source material, the database also contains error estimates.  

These error estimates were then used in the case studies.  Table 1 and 2 provide a 
numerical analysis of the database and a list of the different hydrocarbon structures found 
in the database.   

 
The database was used to develop six case studies for this study.  The first three 

case studies, DIRECT, INDIRECT, and WATER, consisted of all available data, 
including error points, for each of the three sections of the database; direct, indirect, and 



water in hydrocarbon, respectively.  The fourth case study, INDEX1, used all data, but 
did not use error points due to a software limitation.  The fifth and sixth case studies, 
INDEX2 and WATERIND respectively, involved only matched hydrocarbon in water 
and water in hydrocarbon data.  For example a measurement of hexane in water, whether 
from the direct or indirect set, must have a corresponding measurement of water in 
hexane for inclusion in both INDEX2 and WATERIND.  A summary of the case studies 
is available in Table 3.  Regardless of the type of measurement, namely the water in 
hydrocarbon data, the hydrocarbon structure was used exclusively for the study with the 
exception of WATERIND.  In this particular case study, the structure of water was used 
to represent the water in hydrocarbon data.  After the initial step in QSPR model 
development, the DIRECT and INDIRECT case studies were combined to form a case 
study, HC, comprised of all hydrocarbon in water data. 

 
The molecular structures found in the database were prepared in the following 

manner: 
 

1. Molecular structures were drawn and optimised using the MMX molecular 
mechanics force field module available in ChemDraw Ultra [43].   

2. 2D structures were generated using ChemDraw Ultra.  
3. Chem3D Pro [44] was employed to generate 3D molecular structures from 

exported 2D structures.   
4. These structures were initially optimized using the MOPAC [45] module 

available in Chem3DUltra.  
5. The pre-optimized structures were submitted to the AMPAC 6.0 [46] 

program for further geometry refinement and for the calculation of 
molecular orbital parameters. The AM1 parameterizations were used to 
calculate the quantum-chemical molecular descriptors.  

6. Output from AMPAC was used in CODESSA [47] to calculate various 
molecular descriptors. 

 
In addition to a small number of constructed descriptors, over 1400 descriptors 

from such categories as constitutional, topographical, geometric, electrostatic, quantum 
chemical, and thermodynamic [48] were generated for each molecular structure and are 
briefly described as follows: 

 
1. Constitutional Descriptors:  These simple descriptors reflect only the 

molecular composition of the compound without using the geometric or 
electronic structure of the molecule e.g., number of atoms, number of 
bonds, number of rings, and molecular weight. 

2. Topological Descriptors:  These descriptors provide the atomic 
connectivity in the molecule, which include molecular connectivity 
indices, substructure counts, molecular weights, weighted paths, molecular 
distance edge descriptors, kappa indices, electro topological state indices, 
and many other graph invariants [49, 50]. 

3. Geometric Descriptors:  These descriptors are calculated to encode the 3D 
aspects of the structures and include such descriptors as moments of 



inertia, solvent-accessible surface area, length-to-breadth ratios, shadow 
areas, and gravitational index [51, 52]. 

4. Electrostatic Descriptors:  These descriptors are calculated to encode 
aspects of the structures that are electron related, which include partial 
atomic charges, HOMO energies, LUMO energies, and dipole moment. 

5. Quantum Chemical Descriptors:  These descriptors represent quantum-
chemically calculated charge distribution in the molecules and, therefore, 
describe the polar interactions between molecules and their chemical 
reactivity.  The descriptors also provide the value of the partial charge on 
the atoms in the molecule (e.g., dHmin represents the minimum partial 
charge on a hydrogen atom).  Additionally, these descriptors relate to the 
strength of intramolecular interactions and characterize the stability of the 
molecules, their conformational flexibility, and other valency-related 
properties, such as the maximum bond order (PAB) for a given pair of 
atomic species A and B in the molecule [53]. 

6. Thermodynamic Descriptors:  These descriptors are calculated on the 
basis of the total partition function (Q) of the molecule and its electronic, 
translational, rotational, and vibrational components. 

7. Constructed Descriptors:  The descriptors generated by CODESSA do not 
provide the best modeling approach because functional group descriptors 
are entirely neglected. However, it has been shown that functional groups 
play an important role in estimating properties [54, 55].  Forty functional 
group descriptors were constructed for each molecule.  This data set then 
was analyzed to develop a single descriptor, which was representative of 
the whole data set.  The concept of group contributions is based on the 
premise that each functional group in the molecule provides either a 
positive or negative increment to the molecular properties.  Specifically, 
addition of functional groups is likely to alter the properties by increasing 
the polarizability and possibly the dipole moment of the molecule; thus, 
these functional groups redistribute electrons, increase or decrease internal 
strains, and also change the molecular symmetry and rotational entropy 
[54-56].  This approach initially identifies the molecules that are best 
represented by the model, and then finds the descriptors that provide the 
most reduction in the squared error for the outliers.   

 
QSPR MODEL DEVELOPMENT 

 
 Development of a QSPR model for each case study consists of a strategy to 
reduce the number of descriptors and three different analyses. 
 

The Type I analysis employs CODESSA to generate a linear model by means of 
multiple linear regression.  During this first analysis, the descriptor set is reduced by 
elimination of non-orthogonal descriptors.  The result of an analysis specifying 25 
parameters was employed to determine outliers in the data.  If there was a deviation 
greater than 2σ, a datum was determined to be an outlier and was eliminated from the 
case studies.  An example of this is shown for INDEX1 in Figure 1.  The analysis was 



repeated to generate a final set of approximately 200 descriptors, which are the most 
significant.  CODESSA was then used with the corrected data and the final descriptor set 
at specifications of 14, 12, 10, 8, 6, and 4 descriptors in order to generate R2 plots for the 
determination of the optimum combination of R2 value and number of descriptors.  
Results are presented in Table 4. 

 
Prior to commencement of the Type II analyses, each case study was randomly 

divided into a training set, prediction set, and cross validation set composed of 70, 20 and 
10%, respectively, of the total number of data in each case study.  The different sets will 
be employed to test the viability of the a priori predictive capability of the models.  Type 
II analysis involves the addition of linear and nonlinear descriptors, descriptor reduction 
using a genetic algorithm, and linear analysis with CODESSA.  The added descriptors 
included melting point, boiling point, octanol-water partition, functional group parameter 
based on molecular structure, and various mathematical manipulations of such 
descriptors as the molecular weight, gravitational index, and molecular volume.   

 
Using the descriptor set from the Type I analysis and the additional descriptors, a 

genetic algorithm in NeuralPower [57] is employed to reduce the descriptor set to 50 
descriptors in a stepwise fashion where the set is reduced by approximately 25% each 
time over the course of five iterations of the genetic algorithm.  With the new descriptor 
set CODESSA was then used at various specifications of descriptors in order to generate 
R2 plots for the determination of the optimum combination of R2 value and number of 
descriptors.  The result for the Type II analysis is shown in Table 5 and a plot for 
INDEX1 is provided in Figure 1. 

 
The twenty most significant descriptors from the Type II analyses are used as a 

descriptor set for the Type III analyses, which are non linear models using neural 
networks.  A back propagation neural network was used in NeuralPower.  The initial 
weights for the network, type of transfer function, and network architecture were 
determined through trial and error.   

 
Once a transfer function and architecture were selected, ten replicate analyses 

using randomized initial weights were performed.  During these analyses, the root mean 
square error (RMSE) of the training set and cross validation set was compared as training 
cycles accumulated.  An increase in the RMSE of the cross validation set is indicative of 
over training or a loss of general predictive capability of the neural network.  A contour 
plot can then be constructed using the cross validation RMSE, which is utilized in 
determining the region of least RMSE.  The identified region will be the replicate 
analysis used for the Type III model.  When a replicate in a contour plot contains an 
extended “valley” of relatively unchanging RMSE values, such as shown by replicate 
number five in Figure 3, training is halted at a point in which the lowest RMSE value is 
obtained while using the fewest possible number of training cycles, which reduces the 
computational burden.  Using Figure 3, two possible selections are replicate five and ten 
at 6000 and 2000 training cycles, respectively.  Calculation of the %AAD for the 
training, prediction, and cross validation sets of replicate five results in 5.7, 13.5, and 
13.0, respectively and for replicate ten results in 6.0, 12.8, and 11.8, respectively.  As 



shown by the improvement in the training set %AAD, these numbers illustrate that 
improvement in the training set correlation with additional training comes at the expense 
of a decrease in the predictive capability shown by the increase in %AAD for the 
prediction and cross validation sets.  In this case for INDEX1, replicate number ten with 
2000 training cycles would be selected.  After selection of a particular replicate and 
number of training cycles, the results are obtained for the Type III models.  The result for 
the Type III analysis is presented in Table 5 and a plot for INDEX1 is provided in F
. 

igure 
4

 
RESULTS AND DISCUSSION 

 
A summary of the QSPR modeling results for INDEX1 is presented in Table 5 

(for other case study results see [58]).  In general the non-linear model performs better 
than the linear model in predicting the infinite-dilution activity coefficient.  The back-
propagation network was used for generating the non-linear model. The resulting 
descriptor set obtained for the Type III analysis provides insight into the relationship 
between structural molecular features and physical properties of an organic molecule.  
Among the final descriptor set were two constructed descriptors, a functional group 
parameter and a mathematical manipulation of the gravitational index.  Hybrid models, 
which involve the use of descriptors obtained from linear methods to develop non-linear 
models, are increasingly being employed due to the decrease in the amount of 
computational time required when using only non-linear methods. 

 
The new Type III model developed for predicting γ∞ of hydrocarbon-water 

systems provided satisfactory prediction of γ∞ data (6.0 %AAD and R2 of 0.988).  The 
descriptors currently given in the literature and used in software packages do not 
adequately describe the molecular structure relationship with γ∞, but the addition of 
constructed descriptors improved the model predictions.  However, predictions at 
extended temperatures are still poor.  Since the majority of the data in the database are 
collected at ambient temperature, the lack of extended temperature data results in 
network training skewed to ambient temperature data. 

 
A possible solution is the provision of a theoretical backbone to the model, which 

accounts for temperature dependence in the data.  Preliminary study has been given to the 
development of an improved QSPR model, which is based on the Bader-Gasem equation 
of state [19].  Due to the need of inclusion of extended temperature data, application of 
this model has been limited to a small subset of the main database, but initial results of 
3.5 %AAD show marked improvement and are encouraging.  Details of the other case 
studies and further work concerning theoretical backbones for temperature dependency 
are available from the Thermodynamics Group of the School of Chemical Engineering at 
Oklahoma State University [58]. 
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Table 1:  Numerical Analysis of the Database 

Type Data Error Data
Hydrocarbon in Water   
     Direct Measurement 776 438
     Indirect Measurement 388 0
Water in Hydrocarbon 236 66

 
 
 
 
 
 
 



 
 

Table 2:  Database Hydrocarbon Structures 
 

Hydrocarbon in Water Water in Hydrocarbon 
Direct  Indirect  

Alkanes Aliphatic Alkanes Aliphatic Alkanes 
Alkenes Cyclic Alkanes Aromatic Hydrocarbons 
Aromatic Hydrocarbons Aliphatic Alkenes Halogenated Hydrocarbons 
Halogenated Hydrocarbons Cyclic Alkenes Alcohols 
Alcohols Alkynes Ketones 
Phenol and Derivatives Monocyclic Aromatics Acids 
Aldehydes Polycyclic Aromatics Aldehydes 
Ketones Halogenated Hydrocarbons Ethers 
Acids Alcohols Esters 
Esters Phenol Derivatives Compounds with Nitrogen 
Ethers Ketones   
Amines and Amides Acids   
Nitriles Esters   
Nitro Compounds Ethers   
Compounds with Sulfur Aldehydes   
  Amines and Amides   
  Nitro Compounds   
  Compounds with Sulfur   

 

Table 3:  Summary of Case Studies 

 

Case Study 
Number of 

Values Case Study 
Number of 

Values 
DIRECT   WATER   
     Data Values 776     Data Values 236
     Error Values 438     Error Values 66
     Total 1214     Total 302
INDIRECT   INDEX2   
     Data Values 388     DIRECT 410
     Total 388     INDIRECT 30
INDEX1   WATERIND   
     DIRECT 776     DIRECT 410
     INDIRECT 388     INDIRECT 30
     WATER 236     WATER 154
     Total 1400     Total 594

 



 
Table 4:  Summary of Type I Results 

 
Case Study Results 

DIRECT INDIRECT WATER INDEX1 INDEX2 WATERIND 
R2 with all Data at 
25 Parameters 0.9802 0.9607 0.9800 0.9358 0.9048 0.9064

Numbers of Outliers 64 21 17 72 40 46
% of Outliers 5.3 5.4 5.6 5.1 6.7 7.7
R2 with Corrected 
Data at 25 
Parameters 

0.9879 0.9767 0.9880 0.9686 0.9555 0.9507

Number of 
Descriptors in   
Final Set 

35 40 33 39 46 47

R2 at 14 
Parameters 0.9785 0.9617 0.9753 0.9485 0.9505 0.9364

R2 at 12 
Parameters 0.9757 0.9533 0.9703 0.9370 0.9481 0.9323

R2 at 10 
Parameters 0.9708 0.9465 0.9543 0.9336 0.9419 0.9230

R2 at 8   
Parameters 0.9619 0.9243 0.9359 0.9197 0.9323 0.9057

R2 at 6   
Parameters 0.9434 0.8997 0.8962 0.8979 0.9100 0.8724

R2 at 4   
Parameters 0.8880 0.8622 0.8271 0.7871 0.8216 0.8048

 
 

Table 5:  Summary of QSPR Model Results 
 

INDEX1 Results Type I Type II Type III 
Numbers of Descriptors 10 3 20 
R2 0.937 0.956 0.988 
%AAD -- 10.0 6.0 
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Figure 1:  Infinite-Dilution Activity Coefficients of INDEX1 Case Study (Type I) 
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Figure 2:  Infinite-Dilution Activity Coefficients of INDEX1 Case Study (Type II) 
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Figure 3:  Contour plot for INDEX1 (Type III) 
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Figure 4:  Infinite-Dilution Activity Coefficients of INDEX1 Case Study (Type III) 
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Presentation Outline
1. The Problem

Disorganized and inefficient data handling
2. The Solution

Centralized data management
3. Implementation Issues

Cost justification
Technology selection
Cultural Issues
Other parties

4. Solution Examples
NAPL Management
Reporting for risk-based decisions
Stiff Diagrams and other spatial displays
Other petroleum-related examples
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Your projects are drowning in field and 
sample data

The Problem

Lab deliverables may be incomplete 
and contain errors

Finding data and generating reports 
is starting to bury you

You need to present an accurate picture 
of the site situation
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The Problem

Mapping

Statistics

Project
Management

Validation

Web Access

Reporting

Graphing

Planning

?
?

?

?

?

? ?

?

GIS Coverages Lab Deliverables CAD Files

Spreadsheets Legacy Systems

ASCII Files Word Proc. Files Chain of Custody

Field Notebooks Regulatory ReportsHard Copy Files
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Project Data Management
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Distributed Data Management
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Tower of Babel

Do you know where your data is?



Why Improve Your Data Management?

The problem:
Inefficient data management …

Hurts project outcome
Increases costs
Delivers poor quality results
Causes loss of revenue
Reduces competitive advantage

Why it’s important:
Bad data management can …

Cause projects to fail
Consultants to lose credibility
Or even lose clients
Inaccurate data or poor presentation can result in 
negative health impacts
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The Solution
Mapping

Statistics

Project
Management

Validation

Web Access

Reporting

Graphing

Planning

Centralized
Open

Database
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Centralized Data Management

Centralized
Database
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Data Flow Diagram
Database
Software



Benefits of Better Data Management

Better data management will help you 
Effectively manage and present data
Save time and money
Generate more accurate and 
understandable results
Be more efficient and increase your 
revenue or decrease costs
Generate higher stakeholder satisfaction
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Implementation Issues

Cost justification
Technology selection
Cultural issues
Other parties
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Cost Justification Examples
Decreased overhead

Complex field and lab project
Moved data management from project 
scientist to less expensive support 
person
Saved $12,000 per year on that one 
project
Project was lump sum - savings went 
straight to the bottom line

Lowered operating cost
Used database system to identify 
monitoring wells where constituents of 
concern were consistently below 
target levels
Each year their regulator approved 
less-frequent sampling intervals for 
about two of their wells
This resulted in a savings of $9,000 
each year, increasing from year to year

Increased efficiency
Implemented a closed-loop 
system for consistent lab 
deliverables
Decreased average time to 
process deliverables from 
30 minutes to 5 minutes
Saved $5,000 per year on 
that one project

Increased revenue
Data management system 
helped a consulting 
company land a $300,000 
data management project
20% went to technology 
and startup costs
The result was a $240,000 
gross profit on that one 
task



Cost Justification Calculation

www.geotech.com

 Example Your company 
Cost items 
 Software $4,000 ________ 
 Support (3 years) 2,400 ________ 
Total cost $6,400 ________ 
   
Cost savings 

Data loading – save 50% of  4 days per 
year at $80 per hour, for 3 years 

$3,840 ________ 

Analysis – save 50% of  4 days per 
year at $80 per hour, for 3 years 

$3,840 ________ 

Reporting – save 50% of  4 days per 
year at $80 per hour, for 3 years 

$3,840 ________ 

Total savings $11,520 ________ 
   
Payback – $11,520 ÷ 6,400 1.8:1 ________ 
   
Plus intangibles Work quality ________ 
 Client satisfaction ________ 
 Staff morale ________ 
 



Technology Selection

Here’s how to select the best system for 
your projects and organization:
Determine your needs
Evaluate technology options
Analyze technical and business benefits of 
highest ranking solutions
Research the technology provider
Choose a solution and then use the software 
on a typical project to see how it really fits
Implement across the organization
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Cultural Issues

Successful system implementation 
requires addressing several issues:
How do your teams work together?
Where and how will the data be managed?
Will interaction be required between different 
groups and/or offices?
How do people feel about taking on new tools?
How is technology acquired - overhead or 
project funds?
How will staff members be trained?
How can a new database system be used to 
improve overall project performance?
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Other Parties

Be sure that your implementation plans 
cover all interested parties:
Field crews - provide tools to gather data 
digitally
Laboratories - have them check data for 
consistency before delivery
Validators - provide easy interaction with the 
database system
Clients - make the data available in convenient 
formats
Regulators - use the flexibility of the database 
to provide exactly what they request

www.geotech.com



Solution Examples

NAPL management
Reporting for risk-based decisions
Stiff diagrams and other spatial displays
Other petroleum-related examples
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NAPL Data Text Display
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Groundwater Calculations and 
Graph 2 This ground-

water graph 
shows water 
levels and NAPL 
thickness along 
with a dissolved 
constituent 
(benzene). It 
shows  marked 
seasonality in 
the data.



Text Display of Data for Risk Analysis
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Report With Multiple 
Regulatory Limits 2

This report shows comparison to multiple 
limits at one time.



Stiff Diagrams From the Database
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Callouts on Maps

Benzene in Soil



Put data 
from the 

database on 
GIS maps –
First use the 
database to 
select data 
for display
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Define 
display 

parameters
www.geotech.com

Add to the GIS as 
XY data



Assign value and flag to labelsAssign value and flag to labels
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See results on the screen

Note non-detect 
exceedence
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Soil Borings With Values From the Database

Benzene 
(ppm)
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Time-Sequence Graphs on GIS Maps
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Integrating Project Planning and Tracking
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Conclusions

1. Petroleum environmental projects are 
inherently complex

2. Efficient data management can reduce cost 
and improve quality

3. Tools to do this are affordable and have a 
high return on investment

4. Implementing a centralized data 
management system makes sense for most 
petroleum environmental projects
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FUELS 

 
Bruce Rising (New Unit Marketing)and Dr. Jianfan Wu (Gas Turbine Engineering) Siemens Westinghouse Power 

Corporation, Orlando, Florida  32826 ( bruce.rising@siemens.com) 
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Gas turbines are multi-fuel capable power generation systems.  Because of their robust design, they can operate 
on low heating value gases, liquid fuels, natural gases and refinery gases.  In a recent industry study, the 
environmental impact related to gas turbine operation on fuel oil was determined based on the available emissions 
data for metal emissions from gas turbines.  Data collected by EPA reported the noted detectable trace metal 
emissions during oil operation.  However, many of the tests were over fifteen years old, and fuel from the storage tanks 
at the facility may have been even older.  Attempts to determine an accurate environmental assessment were hindered 
by the quality of the emissions data, and the paucity of fuel sample analytical results for distillate fuels..    

 
Considering the great improvements in the US refining infrastructure, we concluded that any metals in a distillate 

fuel oil sample would probably be at the ultra-trace level, and would very likely be at the detection limits of the most 
analytical methods.  Further, the concentrations of any hazardous metals (such as lead or mercury) would be 
extremely low, and the modeled emissions from using such a fuel would yield no measurable health impact.  To 
address this question, we reviewed the existing literature on the subject, and found that no coordinated effort had 
attempted to identify the concentrations of trace hazardous metals, certainly not using some of the latest measurement 
methods (in this case ICP-MS).   

 
The next step was to collect samples, and screen them for the presence of eight hazardous metals.  Fuel samples 

(distillate) were collected from around the United States, taken from existing storage facilities, with fuel tanks assigned 
to a gas turbine power generation unit.  Samples were taken to be representative of each Petroleum Administrative 
Defense Districts (PADD).  The survey results revealed no measurable concentrations of Arsenic, Mercury or Lead in 
any fuel sample taken.  No detectable levels of Chromium VI were reported.  All samples were screened using Mass-
Spec, with detection levels below 1 ppb.  These results indicate that the distillate feedstocks available to the power 
generation industry are essentially free of toxic metals, and pose no health risk to the public when used in a gas 
turbine.  The results also suggest that the petroleum distillate transmission and distribution system does not introduce 
cross contamination to the fuel supply.

11th Annual International Petroleum Environmental Conference, Oct 12-15, 2004 



 

Introduction 
Non-combustible materials present in a fuel are typically released into the environment during the combustion 

process.  With low-grade fuels, such as residual fuel oil or coal, metals, including toxic metals can be present in 
significant concentrations.  Such is not the case for distillate fuels.  Yet, there has been a widely held perspective that 
distillate fuels encumbered with potentially toxic metals. 

 
The metals of most concern are those that exhibit a high degree of toxicity, or carcinogenicity, at very low 

concentrations.  Mercury and lead are two key metals where there has been intense interest to reduce or eliminate their 
release into the environment.  Removal of lead from gasoline, and switching to cleaner fuels has had a positive impact 
in reducing these emissions into the environment.  In the twenty years since the removal of lead from gasoline was 
mandated there has been a steady decrease in lead emissions, and a steady increase in the quality of liquid fuels 
available for the power generation industry.  As the results show here, the quality of distillate fuels is exceptional, and 
the metal contaminants found in liquid fuel oil are even lower than those mandated in drinking water. 

 

Experimental 
 
Samples from across the US were collected at storage facilities supplying fuel to power generation installations.  

Thirteen samples were collected and analyzed using ion mass spectrometry to identify the presence of specific metal 
toxins in the fuels 

 
The toxic metals selected for this study were based on the need for conducting an environmental health risk 

analysis related to gas turbine operation.  In the risk analysis, emissions from a gas or fuel oil fired gas turbine were 
determined based on the mass emission rates of each toxic component.  Both organic and inorganic emissions were 
used in the health risk analysis.  For liquid fuel (No. 2 fuel oil) operation, the analysis assumed that any metal in the 
exhaust was due to the presence of metals in the fuel oil.  In the initial phase of the study, the dominant metal of 
concern (based on results of emission tests on gas turbines) was chromium, since emission measurements of chromium 
yielded the highest emission factors.  Yet with chromium, the dominant risk is the Cr-VI oxidation state.  However, the 
existing emissions test data did not attempt to quantify the oxidation state of any metals reportedly detected in the 
exhaust.   

 
Routine industrial fuel tests, with metal detection levels in the ppm range, report measurable concentrations of 

arsenic and lead.  However, the metals are almost routinely reported at the detection limits of the apparatus, which was 
not sufficient for our needs.  In the risk analysis, the presence of either arsenic or lead at the ppm level would calculate 
unacceptable risk levels.  To address the accuracy of the earlier fuel tests, and to estimate health risks related to 
emissions from burning liquid fuels, the set of metals selected for a detailed ultra-trace survey was selected.  Those 
metals in selected are shown in the following table. 

 
1.  Arsenic 5.  Nickel 
2.  Cadmium 6.  Manganese 
3.  Chromium  7.  Selenium 
4.  Lead 8.  Mercury 

 

Analytical Method 
 
Fuel characterization methods have been used extensively to quantify the presence of various components, 

including metals, in fuel oil.  Historically, most of the test methods have cutoff their analysis at the 1 ppm (1,000 ppb) 
level, and usually this has been sufficient.   But to accurately determine the impact of burning liquid fuel, and the 
subsequent release of any metals into the environment, it has been necessary to push for a deeper and more thorough 
analysis using improved methods methods.  For this study, an Inductively Coupled Plasmas-Mass Spectrometer 
(Thermo-Elemental X7 ICP/MS) was used.  It uses a high temperature plasma between 6000 K and 8000 K, connected 
to a high sensitivity mass spectrometer.  The plasma is formed in an RF chamber, where the sample can be delivered as 
a solution, vapor, or even solid.  The mass spectrometer is a quadrapole mass-spec designed to rapidly measure ions at 
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each mass unit.  Detection limits are species dependent, and range from parts-per-trillion (ppt) to parts-per-billion 
(ppb).   

 

No. 2 Fuel Oil Analysis Results 
 

The results of the survey show that No.2 Fuel Oil to be remarkably clean and of high quality.  A detailed summary 
of the analytical results is shown in Table 1.  the most prevalent compound in the fuel samples was chromium, 
although no Cr-VI was detected.  The fuels were essentially free of arsenic, cadmium, selenium, and mercury.  The 
concentration of arsenic permitted in drinking water is higher than the quantities reported in the fuel samples.  

 
Table 1.  Summary Of Distillate Oil ICP Results. 

Metal Analysis from Fuel Samples Selected from Across United States
Samples collected from Gas Turbine Installations around the United States

All concentrations are reported in units of ppb (by weight)
Total

State or Region Sample ID PADD Arsenic Cadmium Chromium Chrome VI Lead Manganese Nickel Selenium Mercury
1 California 30352 V 0 0 175 0 3.01 6.9 0 0 0
2 Colorado 30374 IV 0 0 203 0 1.89 6.73 0 0 0
3 Florida 30391 III 0 0 244.6 0 3.48 5.56 0 0 0
4 Wisconsin 30353 III 0 0 226.8 0 2.07 6.03 4.93 0 0
5 Florida 30354 III 0 0 238.2 0 5.29 5.76 12.33 0 0
6 Minnesota 30355 II 0 0 272.1 0 7.2 6.35 184.77 0 0
7 California-South 30405 V 0 0 175.8 0 18.79 10.07 15.05 0 0
8 NC 30423 III 0 0 259.16 0 2.3 6.61 28.95 0 0
9 Arkansas 30424 IV 0 0 202.49 0 46.18 10.95 28.2 0 0

10 Arkansas 30447 IV 0 0 403 61 0 0 0 0
11 Arizona 30494 IV 0 0 306 41 0 0 0 0
12 California-North 30522 V 0 0 165 0 0 0 0 0 0
13 Maine 30425 I 0 0 279.88 0 2.59 7.11 101.78 0 0

Average 0 0 242.4 15.0 5.5 28.9 0 0
SD 0 0 65.05 20.59 3.53 54.51 0 0
Max 0 0 403 61 10.95 184.77 0 0

Detection 
Limit, ppb 0.9 0.1 0.07 0.08 0.1 0.2 5 0.2

 
 
 

Comparison with Other Fuel Samples. 
 
As the name implies, residual fuel is the components of the petroleum feedstock that remain after distillation.  

Because of the nature of the distillation process (atmospheric or vacuum), most of the heavy metals would be expected 
to be found in the residual fuel oil.  This appears to be the general rule that is easily demonstrated. 

 
However, the mere presence of a metal, such as chromium, in the fuel, does not necessarily imply that it is in a 

toxic form in the turbine exhaust.  For chromium, the oxidation state of concern is the +6.  A 1998 survey of industrial 
boilers using heavy oil reported that the metal of critical concern was Nickel.  In the case of Nickel, it is the presence 
of nickel-subsulfide (Ni2S3) that is the hazardous component.  But it is not the nickel oxide of concern, NiO, but the 
nickel subsulfide (Ni2S3).  However, nickel sub-sulfide is in a reduced state, a condition that should be difficult to 
maintain in intense industrial burner.   

With the recent regulatory focus on a wide range of industries, there has been intense focus to determine what 
compounds represent any real, or potential hazard.  A recent survey of residual fuels used in large boilers indicated that 
nickel was present in ranges from 30-40 ppm, significantly higher than the levels of nickel observed in the current fuel 
study)(1).   Stack test measurements revealed that there was no evidence of reduced nickel in the particulates, 
indicating that good combustion (and excess oxygen levels) are effective means of fully oxidizing all the compounds 
in the fuel.  We would expect similar results from the nickel present in the No. 2 fuel oil samples noted in this study. 

 
In a 1999 survey of crude oil samples, McGaw reported data on 18 metals trace metals in a wide range of crude oil 

samples(2).  A comparison of the average concentrations found in the McGaw reveals are markedly improved 
compared to the distillate samples from this study. 

 

11th Annual International Petroleum Environmental Conference, Oct 12-15, 2004 



11th Annual International Petroleum Environmental Conference, Oct 12-15, 2004 

 
Table 2.  Comparison Of Crude Samples With Distillate Results 

 
Metal As Cr Pb    Ni Hg Cd 
Concentration in crude 
oil samples (McGaw 
1999 study), ppb 

60 270 32 19690 60 10 

Concentrations in 
distillate fuel oil (this 
study). ppb 

0 242 15 28 0 0 

 
In a study on Iowa ground water quality, researchers used similar techniques as those selected here to identify any 

role between underground storage of fuels and possible aquifer contamination.3 
The Iowa ground water survey examined transportation fuels, which are even more tightly specified than the fuels 

used in gas turbines.  The authors of that study also failed to identify the presence of any mercury in No. 2 diesel fuels 
taken from selected regional sources.  The highest chromium reported in the study was only 31 ppb, although there 
was no attempt to identify the presence of any specific oxidation states of the chromium.  In essence, this earlier study 
from a relatively select group of sources further confirms the high quality, and lack of toxic metals, in the US distillate 
fuels base. 
 

Conclusions 
 
Gas turbine liquid fuel samples were characterized for the presence of eight trace hazardous metals.  The study 

revealed that many of the metals of concern (including mercury and arsenic) are not present at any level above the 
detection limits of the ICP-MS used.  Chromium is not present in the +6 oxidation state, the oxidation state of most 
concern.  Nickel is present at even lower concentrations, but there is no evidence that nickel could form the toxic 
sulfide compound during a combustion process that occurs with excess oxygen available.  The source of lead is 
probably due to cross contamination from the small quantities of leaded fuels that are still used today (aviation 
gasoline is still marketed as a low lead fuel). 
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Abstract 

 
 Linking the source(s) of BTEX exceedances in hydrocarbon-contaminated groundwater has 
been shown to be extremely difficult because of differences in partitioning properties of volatile 
hydrocarbon analytes between potential source oil interfaced with the groundwater. Because 
aqueous solubility is predicted to be the controlling influence in the partitioning of hydrocarbons 
from NAPL to groundwater, a solubility-based approach to matching dissolved hydrocarbons in 
groundwater to their source NAPL has been developed.  Aromatic diagnostic hydrocarbons, 
expressed in multiple pairs, from PIANO (gasoline-range hydrocarbons consisting of paraffin, 
isoparaffin, (mono-) aromatic, naphthene, and olefin compounds) analysis were identified using 
analyte aqueous solubility and structure relationships, which were found to be useful in 
distinguishing the source(s) of hydrocarbons in groundwater. Gasoline and coal tar NAPLs and 
associated groundwater were chemically characterized at a number of contaminated sites to confirm 
the diagnostic relationships that can link the BTEX present in remote offsite areas of groundwater 
to source hydrocarbons at a contaminated site.  
 
Keywords: Hydrocarbon Fingerprinting, PIANO, Mono-Aromatics, Solubility, Coal Tar, Gasoline 
 
 

Introduction 

 Linking hydrocarbons in groundwater to spilled oil or other hydrocarbon-enriched material 
(e.g., coal tar) is an issue at contaminated sites, especially where there are BTEX (benzene, toluene, 
ethylbenzene, and xylenes) exceedances from multiple sources that require cleanup and potentially 
multiple liabilities.  BTEX compounds have often been used to determine hydrocarbon sources, but 
with very limited success.  The problem with using BTEX in identifying and differentiating (i.e., 
‘fingerprinting’) sources is that 1) the loss of these highly volatile and soluble hydrocarbons in 
weathered oil makes correlation of oil and groundwater hydrocarbons difficult; and 2) there are 
potential changes in BTEX composition in groundwater due to their different physical properties, 
such as solubility, and microbial degradation preferences.  From experiences, the overall 
composition of oil hydrocarbons (i.e., ‘fingerprint’) in groundwater does not resemble the 
‘fingerprint’ of the oil (non-aqueous phase liquid - NAPL) in contact with the groundwater.  As a 
result, it is essential to determining sources of hydrocarbons in groundwater to understand the 
partitioning properties of hydrocarbons of source oil to the groundwater.  

 The major factors controlling the composition of hydrocarbons in groundwater are the 
composition of the NAPL and the partitioning behavior of individual constituents of the NAPL(1).  
The concentrations of NAPL constituents in water interfaced with the NAPL are dependent on the 
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partitioning equilibrium of the constituents (i.e., solutes) between the aqueous phase and the non-
miscible organic phase(2,3,4). Also, concentrations of NAPL constituents in water are controlled 
kinetically and depend on the rate of molecular diffusion of the solutes in the NAPL phase and at 
the interface (4,5,6,7).  The rate is governed by water temperature, pH, and salinity(4).  Constituents in 
water interfaced with a NAPL may exceed the theoretical solubility due to co-solvency of the other 
constituents in the NAPL(4).   
 
 Because of the different partitioning properties of most hydrocarbons in a NAPL, the 
relative concentrations of hydrocarbons in the aqueous phase will differ from those originally 
present in the NAPL.  Compared to the hydrocarbon composition in the NAPL, groundwater 
compositions will have greater concentrations of the more-soluble hydrocarbons, such as BTEX, 
relative to those of the less-soluble, higher-molecular-weight hydrocarbons such, as C3- or C4-alkyl 
benzenes (e.g., 1,2,4-trimethylbenzene) or polycyclic aromatic hydrocarbons (PAHs).  Furthermore, 
many sources share comparable distributions of BTEX compounds.  As a result, fingerprinting 
hydrocarbon sources in groundwater is difficult, especially with a limited set of compounds with 
different partitioning properties, such as BTEX.  Because of the different partitioning properties of 
the individual BTEX compounds, fingerprinting source NAPL on the basis of only these mono-
aromatic hydrocarbons is generally inconclusive.  
 
 Because hydrocarbons have different partitioning properties, fingerprinting a NAPL source 
in groundwater may be enhanced through identifying a set of hydrocarbons that partition similarly 
from the NAPL to the aqueous phase, thereby maintaining the relative composition of the NAPL 
(source) in the aqueous phase.  The most useful physical property for selecting appropriate volatile 
hydrocarbons for fingerprinting is solute aqueous solubility(8).  
 
 Aqueous solubility of hydrocarbons has been determined to be the controlling influence in 
the partitioning of hydrocarbons from NAPL to groundwater(1,9,10).  Gasoline-range petroleum 
NAPLs are comprised of many volatile hydrocarbons in addition to BTEX(9,11), which may also be 
found in contaminated groundwater. Depending on source material, these other volatile 
hydrocarbons can include paraffins, isoparaffins, alkylated mono-aromatics (aromatics), 
naphthenes, and olefins (PIANO).  Sauer and Costa(8) have demonstrated that some of these PIANO 
compounds, especially the aromatics, are also found in coal tar and coal-tar by-product NAPLs.  
The aromatic compounds enable the selection of multiple hydrocarbons with similar aqueous 
solubilities that can be useful in identifying and differentiating different NAPL sources in 
groundwater.    
 
 This paper presents the use of an extensive volatile hydrocarbon characterization 
(approximately 30 mono-aromatic compounds) and associated diagnostic analyte pairs of 
hydrocarbon products (NAPLs) and hydrocarbons in groundwater to differentiate sources of 
volatile hydrocarbons (e.g., BTEX) in groundwater. 
 

Methods 
 
 Groundwater and NAPL were investigated at two sites, one in West Virginia, the other in 
California.  Two wells were sampled at the West Virginia site in June 1998.  One well (MW-1) 
contained LNAPL (gasoline), and the other well (MW-2) without NAPL was located 50 feet down-
gradient of MW-1.  At the California site, two wells were sampled in May 2000; one well (MW-4) 
contained the DNAPL (coal tar) and the other well (MW-3) without NAPL was located 105 feet 
cross-gradient of MW-4.  
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 NAPL and water samples were analyzed for mono-aromatic compounds listed in Table 1 
by a purge-and-trap, gas chromatography/mass spectrometry (GC/MS) methodology.  The method 
followed the procedures of EPA Method 8260B (EPA SW-846, 1996) with modifications in 
chromatographic conditions and target analytes. The purge-and-trap and chromatographic 
conditions for these analyses were the following:  Initial Temperature-35oC, Initial Hold Time-15 
min; Initial Ramp Rate-2oC/min to 90oC; Second Ramp Rate-4oC/min to 120oC; Third Ramp Rate-
10oC/min to 230oC; Purge Trap Temperature-<35oC; Purge Time-15 min. 
 
 Quantification was based on average response factors obtained from a five-point 
concentration calibration curve.  The calibration solutions of target compounds were made up from 
standard solutions obtained from Supelco Inc. (certified Alphagaz PIANO solutions from Air 
Liquide America Corporation, La Porte, TX).  Quality control (QC) samples included continuing 
calibrations solutions, method blanks, and spiked blanks.  Recoveries of all surrogate compounds of 
the samples were within Method 8260B QC criteria.  Reporting limits for target analytes were 10 
µg/L for water and 50 mg/kg for NAPL.  Woods Hole Group Environmental Laboratories 
(Raynham, MA) performed the analyses.   Although the samples from West Virginia and California 
were analyzed at different times, the same analytical conditions as prescribed by the standard 
operating procedures were used for each set of analyses, except that the number of target analytes 
differed slightly. 
 

Results 
 
 Results of the chemical analyses for the West Virginia and California samples are presented 
in Table 1.   Stacked histograms showing the distributions (fingerprints) of individual aromatic 
constituents in each sample are displayed in Figure 1 for the West Virginia site samples and Figure 
2 for the California site samples.  Table 1 also lists solubility values for individual compounds, 
which were determined either by measurement of specific hydrocarbons in water (Sauer and Costa, 
2003).    
 
 Although the general aromatic fingerprinting patterns of the NAPLs appeared similar to 
those of the corresponding groundwater samples (Figures 1 and 2), the relative concentrations of 
most of the analytes differed between the NAPLs and corresponding groundwater.  A closer look 
shows that only the analytes with similar solubility had consistent relative concentrations in both 
NAPL and groundwater, e.g., 1,3,5-trimethylbenzene and 1,2,4-trimethylbenzene in MW-1 NAPL 
and groundwater (Figure 1) and MW-4 NAPL and groundwater (Figure 2).  In contrast, constituents 
with dissimilar solubility (e.g., xylenes and 1,2,4-trimethylbenzene) did not retain their relative 
concentrations in NAPL and the groundwater in direct contact.   
 
 Pairs of analytes (diagnostic ratios) with similar solubility values (ratio ~ 1 + 0.10-0.15) 
were determined and are listed in Tables 2 and 3 for the West Virginia and California samples, 
respectively.  The ratios of solubility values for the analyte pairings, SW(1)/ SW(2), are shown in 
column A of the tables.    The next three columns (B, C, and D) are the diagnostic ratio values, 
Concentration(1)/Concentration(2), for the same compounds in NAPL and groundwater samples.  
Columns E and F provide comparative ratios C/B and C/D, respectively, from columns B, C, and D 
in the tables. 

Discussion 
 
 To determine if the source of hydrocarbons in the groundwater originated from the NAPL 
at each site, the diagnostic ratios of the groundwater samples were compared to the ratios of the 
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NAPL.  For target analyte pairs of similar solubility (analyte solubility ratio ~ 1; column A in 
Tables 2 and 3), similar diagnostic ratio values for both groundwater and NAPL would indicate that 
the source of hydrocarbons in the water was from the corresponding NAPL.  To facilitate 
comparison of the NAPL and groundwater diagnostic ratios, comparative ratios were calculated for 
the NAPL and corresponding groundwater sample taken from the same well.  The comparative ratio 
values for the West Virginia and California samples are shown in column E in Tables 2 and 3, 
respectively.    
 
 Essential to the rationale for selecting analyte pairs of similar solubility as diagnostic tools 
in source identification is their consistency in both the NAPL and groundwater immediately in 
contact with the NAPL.  The fingerprinting relationship between the NAPL and the groundwater 
starts at the NAPL-groundwater interface and for this reason groundwater samples were collected at 
monitoring wells containing the respective NAPLs.   Because of the importance of aqueous 
solubility in soil-groundwater as well as NAPL-groundwater interactions, this approach for 
selecting diagnostic analyte pairs of similar molecular structure and solubility is expected to 
provide diagnostic source ratios that are retained downgradient of the source, making the analyte 
pairs effective tracers of source NAPL.  It is reasonable to predict that processes that may alter 
hydrocarbon distributions based on factors other than solubility, such as selective biodegradation, 
may affect these ratios, but such factors were not evident for the analyte pairs and the sites included 
in this study.   
 
 As illustrated in Tables 2 and 3, analyte pairs with similar solubility (column A) have 
groundwater/NAPL ratios of approximately 1.0 + 0.15.  Similar solubility pairs are grouped in the 
upper part of the tables.  Generally, analyte pairs with solubility differing by 25% are not useful for 
matching NAPL source with groundwater contamination.  The comparative ratios for 
groundwater/NAPL (column E) in Table 2 that include 1-methyl-2-ethylbenzene (1M2E) were 
consistently high (approx. 1.3), which may be due to a lesser-than-expected concentration in the 
NAPL. Conversely, analyte pairs with dissimilar solubility, such as 1,3-dimethyl-5-ethylbenzene/1-
methyl-4-ethylbenzene (13M5E/1M4E), have comparative ratio values different from 1.0.  Analyte 
pairs with dissimilar solubility (greater than 1.0 + 15%) are grouped in the lower part of the tables.   
  
 Because of the difficulty of sampling dissolved-phase constituents in groundwater in 
contact with NAPL, it may be questioned whether the consistency in ratio values from the NAPL to 
the groundwater in this data set reflected emulsified NAPL in the groundwater.  If NAPL emulsions 
had been included, the diagnostic ratio of almost any pair of target analytes would be the same in 
the water as in the NAPL.  Conversely, if the target analytes were in a soluble form, then target 
analyte pairs with dissimilar solubility values would show different ratios in water compared to the 
NAPL, while target analytes of similar solubility values would retain ratios in water compared to 
the NAPL.   The diagnostic ratios of analytes with dissimilar solubility values (e.g., 1,3-dimethyl-5-
ethylbenzene/1-methyl-4-ethylbenzene [13M5E/1M4E] and 1,2-dimethyl-4-ethylbenzene/1-methyl-
2-ethylbenzene [12M4E/1M2E]) were calculated (Tables 2 and 3) and illustrate the predicted 
differences for NAPL and groundwater from analytes of dissimilar solubility.   
 
 Groundwater samples collected a distance away from the NAPL source at the West 
Virginia and California sites were analyzed for target analytes to see if the hydrocarbons in these 
remote groundwater samples originated from the respective NAPLs.  Comparative ratio values were 
calculated for analyte pairs from the remote groundwater sample and the source groundwater 
sample for the two sites (column F in Tables 2 and 3).  At the California site (Table 3), diagnostic 
ratios of the cross-gradient groundwater sample (MW-3) were different than those of the NAPL and 
groundwater at MW-4, indicating that the remote groundwater hydrocarbons did not originate from 
the coal tar NAPL. At the West Virginia site (Table 2), the diagnostic ratios of the downgradient 
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groundwater sample (MW-2, column D) were found to be very similar to those of the NAPL and 
groundwater from MW-1 (columns B and C) indicating the source of hydrocarbons to groundwater 
in MW-2 was the gasoline NAPL in MW-1.  The comparable diagnostic ratios of the MW-1 
groundwater (Table 2, column C) and the remote MW-2 groundwater (column D) provide evidence 
that the selected ratios were retained during transport in the aquifer.   
 
 An interesting observation regarding the groundwater samples at the West Virginia site was 
that the diagnostic ratio values of analytes pairs with dissimilar solubilities (e.g., 1,3-dimethyl-5-
ethylbenzene/1-methyl-4-ethylbenzene [13M5E/1M4E]) were similar (comparative ratio ~ 1.0, 
column F).  An interpretation of this empirical observation is that once in the groundwater, the 
relative distributions of many target analytes are retained during transport.  However, changes 
during transport, especially over longer distances than evaluated in this study (approximately 50 ft), 
may be expected for analytes of dissimilar properties that would influence analyte transport (e.g., 
preferential degradation or adsorption to organic material and soil particles).  Although some 
analyte pairs with dissimilar solubilities may be useful in fingerprinting hydrocarbons at different 
groundwater locations, these pairs would not be useful for attributing volatile hydrocarbons in 
groundwater to their NAPL source. 

 
Conclusion 

 
 Through the application of a solubility-based approach, this study demonstrates that 
analyzing for the alkyl benzenes with 3, 4, and 5 carbon groups (C3- , C4, and C5-alkyl benzenes) 
present in fuel oils and other hydrocarbon products and pairing analytes with similar solubilities 
provides conclusive source diagnostic fingerprints for identifying and differentiating sources of 
volatile hydrocarbon (including BTEX) in groundwater.  The diagnostic ratios that are most useful, 
but not limited to, are:  
 

• 1-Methyl-3-ethylbenzene/1-Methyl-4-ethylbenzene 
• 1,3,5-Trimethylbenzene/1,2,4-Trimethylbenzene 
• 1-Methyl-3-propylbenzene/1-Methyl-4-propylbenzene 
• 1,4-Dimethyl-2-ethylbenzene/1,2-Dimethyl-4-ethylbenzene 
• 1-Methyl-2-ethylbenzene/1,2,3-Trimethylbenzene 
• 1-Methyl-2-propylbenzene/ 1,2-Dimethyl-4-ethylbenzene 

 
 Whereas geochemical conditions did not appear to influence the solubility dynamics, it is 
prudent to select several diagnostic pairs when applying this solubility-based fingerprinting model. 
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Table 1.  Alkyl Benzene Results for NAPL and Groundwater (GW) Samples from West Virginia (WV) and California 
(CA) Sites 

        

      MW-1  NAPL MW-1 MW-2 MW-4 NAPL MW-4 MW-3 
   SW 

1 WV WV WV CA CA CA 
  Abbv. (@ 25oC) LNAPL GW GW DNAPL GW GW 
    mg/L mg/kg oil ug/L ug/L mg/kg oil ug/L ug/L 
         
Benzene B 1790 ND 601 2,620 ND 48.2 ND 
Toluene T 535 7,800 3,230 7,100 97.5 289 2.3 
Ethylbenzene E 161 13,700 2,020 1,460 790 653 92.0 
m/p-Xylenes mpX 151 72,000 15,700 11,500 2,270 1,692 48.6 
o-Xylene oX 171 29,500 8,710 5,930 1,420 931 2.04 
Isopropylbenzene IP 65 2,400 177 104 270 78.4 44.9 
n-Propylbenzene NP 51 10,900 378 165 111 22.8 158 
1-Methyl-3-ethylbenzene 1M3E 83 71,000 7,520 4,290 1,500 351 32.2 
1-Methyl-4-ethylbenzene 1M4E 93 15,800 1,690 1,270 769 154 44.3 
1,3,5-Trimethylbenzene 135M 48 29,100 3,100 2,190 1,080 270 42.2 
1-Methyl-2-ethylbenzene 1M2E 74 19,200 2,700 1,990 478 104 51.4 
1,2,4-Trimethylbenzene 124M 52 98,000 9,820 6,430 3,710 908 126 
1,2,3-Trimethylbenzene 123M 75 NA NA NA 3,950 783 371 
Isobutylbenzene IB 10 1,400 48.7 15.2 ND ND 10.4 
sec-Butylbenzene SB 18 1,200 41.5 18.2 ND ND 13.1 
1-Methyl-2-isopropylbenzene 1M2I 48 15,700 678 452 NA NA NA 
1-Methyl-3-isopropylbenzene 1M3I 43 2,370 125 79 304 31.2 9.0 
1-Methyl-4-isopropylbenzene 1M4I 23 NA NA NA 397 38.0 6.3 
1-Methyl-3-propylbenzene 1M3P 9.1 4,350 162 89.3 145 9.9 17.2 
1-Methyl-4-propylbenzene 1M4P 10 8,350 311 154 114 8.2 45.7 
n-Butylbenzene NB 12 4,150 79.4 ND 64.5 3.4 28.6 
1,3-Dimethyl-5-ethylbenzene 13M5E 12 18,800 811 545 507 39.3 20.1 
1,2-Diethylbenzene 12E 23 1,290 79.6 55.8 32.7 2.9 16.1 
1,3-Diethylbenzene 13E 27 NA NA NA ND ND 180 
1-Methyl-2-propylbenzene 1M2P 13 6,110 286 181 67.5 5.4 58.0 
1,4-Dimethyl-2-ethylbenzene 14M2E 15 13,000 692 417 302 26.5 49.5 
1,2-Dimethyl-4-ethylbenzene 12M4E 13 21,600 1,060 680 640 54.2 141 
1,3-Dimethyl-2-ethylbenzene 13M2E 20 NA NA NA 71.8 7.3 21.5 
1,2-Dimethyl-3-ethylbenzene 12M3E 17 NA NA NA 159 14.3 28.6 
1,2,4,5-Tetramethylbenzene 1245M 3.5 NA NA NA 524 41.5 137 
2-Methylbutylbenzene 2MB 10 NA NA NA ND ND 1.4 
Pentylbenzene PEB 3.4 2,070 ND ND 43.0 ND ND 

ND-Not detected; NA-Not analyzed        
1 – Solubility values referenced in Sauer and Costa (2003)(8)      
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Table 2.  Diagnostic and Comparative Ratios of Gasoline NAPL and Associated Groundwater (GW) 
Samples 
       

    Diagnostic Ratios Comparative Ratios 
 A  B C D E F 

Analyte Pairs 
Solubility 

Ratios 
MW-1 
NAPL 

MW-1 
GW 

MW-2 
GW 

MW-1 GW/     
MW-1 NAPL 

MW-1 GW/   
MW-2 GW 

       
135M/124M 0.92 0.30 0.32 0.34 1.07 0.93 
1M3E/1M4E 0.89 4.50 4.46 3.37 0.99 1.32 
1M3P/1M4P 0.91 0.52 0.52 0.58 1.00 0.90 
14M2E/12M4E 1.15 0.60 0.65 0.61 1.09 1.07 
1M2E/1M4E 0.80 1.22 1.60 1.56 1.31 1.02 
1M2E/123M 0.99 NA NA NA -- -- 
1M2P/12M4E 1.00 0.28 0.27 0.27 0.96 1.02 
1M2E/1M3E 0.89 0.27 0.36 0.46 1.33 0.77 
123M/124M 1.27 NA NA NA -- -- 
1M2E/124M 1.42 0.20 0.27 0.31 1.40 0.89 

13M5E/1M4E 0.13 1.19 0.48 0.43 0.40 1.12 
12M4E/1M2E 0.18 1.13 0.39 0.34 0.35 1.15 
NA = not 
analyzed       
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Table 3.  Diagnostic and Comparative Ratios of Coal Tar NAPL and Associated Groundwater (GW) 
Samples 
       

    Diagnostic Ratios Comparative Ratios 
 A  B C D E F 

Analyte Pairs 
Solubility 

Ratios 
MW-4 
NAPL 

MW-4 
GW 

MW-3 
GW 

MW-4 GW/    
MW-4 NAPL 

MW-4 GW/    
MW-3 GW 

       
135M/124M 0.92 0.29 0.30 0.33 1.02 0.89 
1M3E/1M4E 0.89 1.94 2.27 0.73 1.17 3.12 
1M3P/1M4P 0.91 1.27 1.21 0.38 0.96 3.21 
14M2E/12M4E 1.15 0.47 0.49 0.35 1.04 1.39 
1M2E/1M4E 0.80 0.62 0.67 1.16 1.08 0.58 
1M2E/123M 0.99 0.12 0.13 0.14 1.10 0.96 
1M2P/12M4E 1.00 0.11 0.10 0.41 0.95 0.24 
1M2E/1M3E 0.89 0.32 0.30 1.59 0.93 0.19 
123M/124M 1.27 1.07 0.86 2.94 0.81 0.29 
1M2E/124M 1.42 0.14 0.11 0.41 0.78 0.34 

13M5E/1M4E 0.13 0.66 0.25 0.45 0.38 0.56 
12M4E/1M2E 0.18 1.34 0.52 2.74 0.39 0.19 
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Figure 1.  Alkyl benzene distributions in NAPL and groundwater from the West Virginia site. 
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Figure 2.  Alkyl benzene distributions in NAPL and groundwater from the California site 
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Objectives

• To verify the use of fly ash instead of cement  in 
plugging the abandoned oil, gas, and water wells.

• To develop the cheaper, environmentally friendly, 
and more economical method of plugging wells 
with fly ash grout.



Introduction

• Oil and gas wells plugged and abandoned in Oklahoma 
were 1691 in 2002, and a total of 102,331 from 1971 
to 2002.

• Cement grout is the present material used for plugging.

• Fly ash is known to have properties very similar to 
cement and can be produced with strength similar to 
cement.

• The optimum fly ash formulation was developed in 
phase I (fly ash + 30 % water + 0.5 % retarder).



Why is Plugging Important?

Aquifer

Clay

Clay

Contaminated Surface Water

Downward 
Leakage

Upward 
Leakage

Significant threat to groundwater quality =>  direct channel



Phase I: 
New Process for Plugging Abandoned Wells

(IPEC – Project No.: EPA–R82-7015-01-0)

Fly ash + 30 % water 
+ 0.5 % retarder

• Chemical & Physical Analyses
• Particle size tests
• Thickening time tests
• Free water tests
• Fluid loss tests
• Compressive strength tests



Phase II: Developed 
Formulation

Laboratory tests 
to verify the fly 
ash slurry for 
plugging wells

Fly ash Plugging 
Method

Coiled Tubing 
Pumping Test

Bond Strength 
Tests

Verification of 
Fly ash Samples

Placement Method
Field Tests



Fly Ash Sources

Oklaunion
Hugo

Muskogee

Oologah
Red Rock

Oklahoma City

These five major power plants use the same Wyoming 
coal as fuel and produce over 90% of fly ash in 
Oklahoma.



Verification of Fly ash Samples
Chemical Analysis Results (unit: %)

1.460.702.231.451.471.5 max
Available 
alkalies as 

Na2O*

5.937.976.055.605.39-Magnesium 
oxide* (MgO)

25.4231.3226.5024.5325.63-Calcium oxide 
(CaO)

1.512.512.701.331.815.0 maxSulfur trioxide 
(SO3)

62.1652.5357.5063.5761.7650.0 min
Sum of SiO2, 
Al2O3, and 

FeO3

5.975.926.235.977.44-Iron oxide 
(Fe2O3)

22.3115.2817.0121.9723.56-Aluminum 
oxide (Al2O3)

33.8931.3334.1635.6330.76-Silicon dioxide 
(SiO2)

RedrockOklaunionHugoMuskogeeOologah
ASTM C-618 

Class C 
Requirements

Items



Physical Analysis Results (unit: %)

94.6392.6095.0093.4093.40105.0 maxWater require 
% control

96.83111.1090.0098.8892.3575.0 minSAI 28 days 
(*2)

0.030.130.100.030.010.8 maxAutoclave 
expansion (*1)

0.230.420.400.200.206.0 maxLoss on 
ignition

0.26-0.960.230.595.0 max
Specific 
gravity 
variable

2.652.782.682.672.71-Specific 
gravity

0.140.000.100.080.093.0 maxMoisture 
content

0.70-0.730.180.105.0 maxFineness 
variable

14.1013.4019.9013.5513.3034.0 maxFineness
(+325 mesh)

RedrockOklaunionHugoMuskogeeOologah
ASTM C-618 

Class C 
Requirements

Items



CaO Content and Fineness of the 
Oklaunion Fly Ash

11.36 13.4
10.79 11.40 10.92

13.52 13.6812.4
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Flow Characteristics

• Thickening time tests

• Rheology tests at different temperatures

• Frictional pressure loss tests through coiled 
tubing



Thickening Time (Unit: hr:min)

7:34 to 
55 Bc4:154:453:003:50

Fly ash 
+ 
30 % 
water + 
0.5 % 
retarder

RedrockOklaunionHugoMuskogeeOologah
Fly Ash 
Sample

•To determine the duration for a fly ash slurry as 
a  pumpable fluid 

•Thickening time criterion for Class H and A cement: 
2 hours



Rheology Test Results
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Power Law Model Parameters at 80 °F

271541064209430189
Viscosity 
at 170 s-1, 

cp

0.511.794.832.122.871.50
Kv×10-3, 

(lbf-sn/ft2)

0.9830.8860.7030.8590.7780.812n 

CementRedrockOklaunionHugoMuskogeeOologahSources



Coiled Tubing Pumping Test Setup

Micromotion Flow Meter 

50 bbls
Tank

Centrifugal pump

30 ft, 11/2 in. straight (D
P across 20 ft)

Triplex Pump

2000 ft of
1 ½ in. 

CT

D
P

7 ft
3 ft

D
P

Disposal 

Tank



Friction Pressure Loss Data Analysis

• Generalized Reynolds number

• Fanning friction factor

• Newtonian fluid correlation 
Straight tubing (Drew); Coiled tubing (Srinivasan)
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Exhibits 6 % drag reduction – Retarder effect



Bonding Characteristics / Permeability

• Shear bond strength tests

• Hydraulic bond strength tests

• Gas permeability tests



Shear / Hydraulic Bond Strength

Fly Ash Core

Cylinder

Force 

Force 

Fly Ash Core

Cylinder

Shear bond strength = Force / Contact Area
Hydraulic pressure is applied to initiate leakage of fluid 
between the plug and the wall of the wellbore



Core Holders

Shear Bond Hydraulic Bond

Core holder dimensions: 
Diameter: 2 3/8 in., length: 3.23 in. and 5.89 in.



Prepared Fly Ash Samples

Shear Bond Hydraulic Bond

Fly ash plugs in core holders after a week of curing
in water bath at 80 °F



Shear Bond Tester

Gauge

Steel 
Cylinder
Core 
Holder



Hydraulic Bond Tester

Ruska Pump Gauge
Tubing

Sample 
Protector



Fly Ash Plugs After Testing

Shear Bond Hydraulic Bond

Fly ash plugs in core holders after testing for shear 
and hydraulic bond strength



Shear Bond Strengths ( 7 day curing)

Compressive 
Strength, psi 1875154411081732178698

12858667631132107097Shear Bond 
Strength, psi 

CementRedrockOklaunionHugoMuskogeeOologahSources

Shear Bond Strengths:
Evans et al.: Class A cement: 422 psi - 2 day curing @ 80 F
Parcevaux et al.: Class G cement: 1150 psi - 7 day curing  @ 68 °F



Hydraulic Bond Strengths ( 7 day curing)

1250 
to 

1500

2000
to

2100

1500 
to 

1750

1750
to

2000

1800 
to

2000

150 
to

200

Hydraulic 
Bond 

Strength, psi 

CementRedrockOklaunionHugoMuskogeeOologahSources

Evans et al.: 
Class A cement: 500 - 700 psi - 2 day curing @ 80 °F



Gas Permeability

0.1970.2370.2410.2620.0620.521Permeability, 
md 

CementRedrockOklaunionHugoMuskogeeOologahSources

Gas permeability of cement cured for 3 to 7 days is 
usually 0.1 md
Gas will not migrate through fly ash plug just like in 
cement



Correlation Between Silica and Fly Ash 
Strengths and Permeability
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Silicon dioxide is well correlated with strengths and 
permeability
Generally, it is used for achieving high compressive & 
tensile strength, and durability of fresh concrete



Correlation Between Iron Oxide and Fly Ash 
Strengths and Permeability
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Iron oxide correlates positively with permeability



Correlation Between Shear Bond Strength 
and Compressive Strength
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Field Testing
Plugging of Two Abandoned Wells



Conductor Casing: 12 ½-in. @ 18 ft
Surface Casing: 8 ¼-in. @ 1799 ft
Total Depth: 1812 ft
No Perforations

Well No. 1
Gas Well: Grady County
Year Drilled: 1926



Surface Casing: 7-in. OD 24 #@ 1434 ft
Production Csg: 5 ½-in. OD 17# @ 1730 ft
Total Depth: 1749 ft
No Perforations

Well No. 2
Oil Well: Grady County
Year Drilled: 1942



Conclusions

• An optimum fly ash slurry formulation has been 
developed which meets or exceeds the industry 
requirements even under the most severe 
conditions.

• The chemical/physical properties of all fly ash 
samples were found to be fairly consistent between 
the years 2000 and 2003.

• Fly ash slurry rheology was found to be  
temperature dependent.  Shear stress increased 
with increasing temperature.



Conclusions (cont.)

• Fly ash slurry was successfully pumped through 
2000 ft of 1 ½-in. coiled and also  through 20 ft of   
1 ½-in. straight tubing.  Approximately 6 % drag 
reduction was observed in both coiled and straight 
tubing.

• The shear bond strength (except Oologah) ranged 
from 763 to 1132 psi. These results were in 
reasonably good agreement with the cement plug 
values.



Conclusions (cont.)

• The hydraulic bond strength of fly ash plug (except 
Oologah) ranged from 1500 to 2100 psi. These 
results were also comparable to the Class H cement 
(1250 to 1500 psi).

• From statistical analysis, Silicon dioxide affected the 
shear bond / compressive strength and permeability 
of fly ash samples.

• The fly ash with low iron oxide content produced  
lower permeability fly ash core.



Conclusions (cont.)

• The compressive strength was found to be 
proportional to the shear bond strength.

• With the assistance from the Corporation 
Commission of Oklahoma, two abandoned wells 
have been identified as the candidates for plugging 
using the optimum fly ash formulation developed in 
this research.  Presently, these wells are in the 
process of being  plugged.
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ABSTRACT 
 

Resuspension events, such as dredging, can cause anoxic sediments to be exposed to oxic 
conditions.  In this study, the release of heavy metals (Ni, Co, Cu, Zn, Pb and Cd) and inorganic 
compounds (As) from initially anoxic sediments and the sources and fate of the released metals 
are investigated.  After 1-2 days aeration, significant amounts of heavy metals (Mn, Zn, Cd, Ni, 
Co) are released to the aqueous phase with decreasing pH, primarily due to the oxidation of acid 
volatile sulfide (AVS) and pyrite (FeS2).  In a well-buffered system, oxidation of iron sulfides 
alone does not induce heavy metal release.  While the release of Zn, Co, Cd and Ni needs to be 
initiated by the oxidation of iron sulfide minerals, we believe that carbonates and oxides are the 
primary sources of the released metals.  Among the heavy metals and inorganic compounds 
investigated, it appears that there are three distinct categories: 1. Mn, Zn, Cd, Ni, and Co; 2. Fe, 
Pb and As; and 3. Cu, with respect to their release profiles.  The different profiles are believed to 
be related to their sources and the relative affinity of these compounds to iron and/or manganese 
oxyhydrooxides and/or organic matter after oxidation.  A new dredge elutriate test is being 
developed to better measure bioavailability. 

 1



INTRODUCTION 
 
In industrialized countries, many water bodies are polluted with contaminants like metals.  

And many of these contaminants are associated with suspend matter (1).  Particulate matter has 
sorptive behavior, which can cause sediments to act as a sink for metals in aquatic environments 
(1,2).  In anoxic sediments, sulfides are often believed to be the major solid phase regulating the 
mobility and bioavailability of heavy metals. The ratio of ΣSEM (simultaneously extracted 
metals) /AVS (acid volatile sulfide) has been proposed by the EPA as a measure in evaluating the 
quality of sediments contaminated with heavy metals such as Cd, Pb, Ni, Zn and Cu. At 
ΣSEM/AVS < 1, sediments are interpreted as non-toxic because the reactive sulfide present 
exceeds the extractable sediment metal concentrations. Nevertheless, “non-toxic” sediments can 
also act as potential sources for heavy metal release to aquatic biota.  Changing the aquatic 
conditions and exposing the anoxic sediment to an oxic environment can cause the sulfide 
material to be reoxidized and metals released. This can turn into a consequential pollution source.  
The aquatic conditions can be changed through physical and chemical properties.  These changes 
can occur by natural events such as storms, by human activity such as dredging, or prop wash.  
The mobilization and bioavailability of these metals can be influenced by changes in the pH, 
redox conditions, and organic complexation (1).  Some of the effects are kinetically limited or 
some are dominated by equilibrium. According to the U.S. Amy Corps of Engineers, 
approximately 380 million cubic yards of sediment are dredged every year in the U.S. (3). The 
environmental risks of these dredging activities have become a major concern and a better 
understanding of the potential environmental impact of resuspension event on the mobility of 
toxic metals is greatly needed. 

 
 

 When the anoxic sediment is introduced to oxic conditions two main reactions happen.  
First, the oxidation of sulfides causes the release of the metals.  Second, the oxidation of iron and 
manganese cause the precipitation of iron and manganese oxyhydroxides.  These oxyhydroxides 
have very strong adsorptive surfaces.  In turn, the newly freed metals will adsorb to the 
oxyhydroxides.  So the question lies in how fast each process proceeds.  According to 
measurements done, the rate of oxidation of iron and manganese is faster than sulfides (4) so 
there are ample surfaces available for sorption.  So, during resuspension events the precipitated 
metals can switch to adsorb species.  This can form a top layer of pollutants on the sediment 
when sedimentation occurs.  So frequent resuspension events could cause continuous desorption.  
When the metals are in the adsorb state they can be released rather quickly if the pH were to drop.  
If the adsorbent is transported back to anoxic conditions then the metals will be transferred back 
to stable sulfides.   
 
 
 Previous resuspension experiments have been performed either under controlled pH-Eh 
conditions (3-5,16) or without any pH control (6,7).  It has been reported that resuspension of 
sulfide-rich anoxic sediments tend to decrease the solution pH, primarily due to the oxidation of 
AVS and pyrite. Significant release of toxic metals to the aqueous phase and the enhanced 
mobility and bioavailability of these metals, therefore, are expected with increased acidity. 
Degtiareva and Elektorowicz (6) conducted a computer simulation of metal release following 
resuspension of contaminated sediment and they concluded that the fate of toxic metals during 
resuspension depended on the calcite concentration in the sediment. Although considerable 
release of heavy metals due to the increased acidity during resuspension has been reported 
extensively, the nature of metal release, especially the sources and mechanism of the release, is 
still unclear. In this study, the resuspension of anoxic Trepangier Bayou sediments will be 
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conducted under controlled and uncontrolled pH conditions and the results will be evaluated on 
both long-term (6-7 days) and short-term (24 hours) time scales. The sources of the released 
metals will also be investigated by comparing sequential extraction results of the sediments 
before and after resuspension experiments. 
 
 
 The importance of microbial activities has long been studied (8-11). Singer and Stumm 
(8) reported that the iron-oxidizing bacteria, Thiobacillus ferrooxidans, catalyzed pyrite oxidation 
about 106 times faster than abiotic oxidation. Likewise, Pugh et al. (10) showed that the oxidation 
rate of pyrite and marcasite was about nine-fold greater for the same treatment inoculated with T. 
ferrooxidans. Although the importance of microbial catalysis in sulfide oxidation has been well 
established, little is known about their effect on heavy metal release during resuspension of 
anoxic sediments. During resuspension, when anoxic sediments are exposed in well-oxygenated 
overlying waters, intensified microbial activities would be expected with the adequate supply of 
oxygen.  In this study, we will examine the effect of microbial activity on heavy metal 
mobilization by comparing their release pattern in the presence and absence of microbial 
population. 
 
 

MATERIALS AND METHOD 
 
Sediments  
 

Sediments from Trepangier Bayou, Norco, LA were chosen for this study because of the 
potential for serious heavy metal contamination problems. Samples were collected from a soft-
bottom shallow-water area and the organic carbon content of this sediment is 8.1%. To maintain 
its anoxic character, Trepangier sediment was stored in a N2  gas filled glove box. Subsampling 
and sediment transfer were carried out under N2 condition. The total metal concentration in the 
sediment was determined by ICP and ICP/MS after the sediment was digested with nitric acid 
reflux (1:1) and hydrogen peroxide oxidation (30%) following the EPA SW-846 method 3050. 
Trepangier Bayou sediments contain significant concentration of Zn, Cu, Ni, Pb and As.  A 
detailed characterization for the sediments including total metal concentrations, AVS, total 
reduced sulfide and organic carbon analyses are summarized in Table 1. 

 
Sequential extractions  

The sequential extraction method of Tessier et al. (12) was adopted to study the metal 
distribution in various fractions. The extraction released metals sequentially in the following four 
operationally defined fractions: 1: exchangeable, 2: bound to carbonate; 3: bound to iron and 
manganese oxides; and 4: bound to sulfides/organic matter.  The extraction procedure was 
conducted on wet Trepangier Bayou sediments preserved under N2 conditions. Sample handing 
was also conducted in N2 gas-filled glove box but the extractions were performed outside the 
glove box in a closed centrifuge tube and the oxidation of anoxic sediments during the extractions 
was assumed to be negligible. Similar sequential extractions were also performed on Trepangier 
sediments aerated for 7 days. 

 
Resuspension experiment 
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Laboratory scaled resuspension experiments were run where pH, Eh, dissolved oxygen 
(DO), and microbial activities were either monitored or controlled and the release of heavy metals 
in solution and suspended solids were analyzed.  Trepangier sediment slurries  (4 - 40 g dry 
weight) were resuspended in one liter of either 0.01 M NaCl or artificial river water (0.01 M 
NaCl + 0.86 mM NaHCO3 and 0.33 mM CaCl2) solutions were resuspended by an overhead 
propeller stirrer. Water samples were collected as a function of time (0, 2, 5, 15, 30 min followed 
by 1, 3, 5, 24, 72 h and 1 week). Most experiments were stopped after one week’s stirring except 
for one resuspension experiment was monitored for one month. In the first 15 minutes, water 
samples were taken while stirring and the solution drawn from the suspension was not replaced. 
In subsequent samplings, the samples were taken from the supernatant solution (~ 20 ml) and the 
amount of solution withdrawn was replaced by an equivalent volume of artificial river water to 
maintain a constant solid/solution ratio. The stirrer was stopped for 2 to 3 minutes to allow solids 
to settle before sampling and the supernatant solutions were withdrawn with a syringe and filtered 
through 0.45 µm Nalgene syringe filters (SFCA). The pH, Eh and DO of each solution were 
recorded immediately before each sampling. An Orion- Ross combination glass electrode and a 
platinum redox electrode with an expandable ion analyzer EA 920 (Orion Research) were used 
for the pH and Eh measurements.  The glass electrode was calibrated at 25°C using buffers at pH 
of 4.0, 7.0 and 10.0 and the Eh electrode was checked using a redox buffer at +476 mv, following 
Standard method 2580. The filtered samples were then acidified with 1% nitric acid and analyzed 
for Fe, Mn, Zn, Cd, Cu, Ni, Co, S, As and DOC concentrations. 
 
 

The microbial activity was controlled by addition of 0.01M NaN3 as a bacterial inhibitor 
and the anaerobic condition was controlled by purging the sediment suspension with N2. Similar 
resuspension experiments were also conducted with the addition of calcite (5% Ca) and EDTA 
(0.1 mM). To summarize, our resuspension experiments were conducted under the following 
widely different pH, Eh conditions: 1. aerated (varying both Eh and pH); 2. anaerobic (low Eh 
and neutral pH); 3. no microbes (varying Eh, neutral pH); 4. anoxic and pH adjusted (Low Eh, 
varying pH); and 5. buffered with the addition of calcite (varying Eh, neutral pH).  

 
 

Reagent-grade or better chemicals were used to make all solutions. Water used in this 
research was prepared by passing deionized water (Continental Water Co., Bedford, MA) through 
a Barnstead Ultrapure Mixed Bed Cartridge (Barnstead Co., Boston, MA) to remove silica and 
CO2. The water was further purified with an Amberlite XAD-2 resin (Rohm & Hass Co., 
Philadelphia, PA) column to remove trace organic materials. Solution metal concentrations were 
measured on a Perkin Elmer Optima 4000 DV ICP-OES or an Elan 9000 ICP-MS. The RSD of 
three replicate analyses was generally below 3%. For selected samples, the dissolved organic 
carbon (DOC) content of the solution was analyzed. DOC concentrations were measured using a 
total organic carbon analyzer TOC-5050A (Shimadzu Corporation) and the relative standard 
deviation (RSD) of five experiments was generally below 2%. 

 
 

RESULTS AND DISCUSSION 
 

Resuspension under aerobic conditions - the kinetics of metal release 
 

The results of aerated resuspension experiments of Trepangier sediments conducted 
without controlling pH are presented in Figure 2. In Fig. 2, the change in solution pH and Eh at a 
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sediment concentration of 20 g/l is plotted in a Eh-pH diagram for Fe speciation and the reactions 
and equations used to draw this diagram are summarized in Table 2. During the 6 days aeration 
period, the solution pH decreases from 7.2 to 3.8 and Eh increases from –320 to +390 mV. The 
Eh-pH diagram of Fe is adopted here because it not only presents the progressive changes in the 
solution pH and Eh, but also shows the relationship between these changes and Fe speciation 
through the dissolution and precipitation of Fe solid phases. It is important to note that this and 
the following Eh-pH diagrams are constructed for one set of conditions, and any changes in these 
concentrations will shift the position of the boundaries between the stability fields. The solution 
DO concentration increases sharply within the first 3 hours of resuspension (from 1 to 8.1 mg/L) 
and stays above 8.1 throughout the whole experiment. Accompanied by pronounced pH and Eh 
changes, dissolved S and metal concentrations increase considerably between 24 to 48 hours of 
aeration and the metal release is proportional to the sediment concentration.  As shown in Fig. 3, 
the solution S concentration increases during day 1 to 3 and reaches a plateau after 3 days 
aeration. We measured the AVS content in the Trepangier sediment after resuspension and the 
results indicate that more than 99% of AVS is oxidized after 6 days aeration. Based on the results 
of the solution S concentration, total sulfides and AVS analyses before and after resuspension, we 
estimate that ~ 40% of the total released S is from the oxidation of AVS and 60% is from pyrite. 
At the end of the 6 days resuspension experiment, the percent release of Fe and Mn is 0.03 % and 
62.6 % respectively, whereas the total release of S is 71.0% (Fig. 4). The order of trace element 
total release from the Trepangier sediment is Cd (58.2%) > Zn (57.6%) > Co (36.5%) > Ni 
(21.2%) > Cu (3.6%) > As (1.2%) > Pb (0.35%). A similar order of metal release (Cd > Zn > Cu 
> Pb) has been reported by Calmano et al. (4), even though their resuspension experiments were 
performed at controlled neutral-pH values. 

 
 

Similar to the findings of this study, many investigations (6,7,13) have shown a distinct 
pH drop after exposing the anoxic sediments to oxygenated overlying waters and it is suggested 
that the oxidation of AVS and pyrite is the primary source of the increased acidity, according to 
the following reactions: 
2 FeS, solid + 9/2 O2 + 5 H2O → 2 Fe(OH)3, solid + 2 SO4

2- + 4 H+    (1) 
FeS2, solid + 15/4 O2 + 5/2 H2O → 2 FeOOH, solid + 2 SO4

2- + 4 H+    (2) 
As shown in these two equations, 1 mol of AVS can produce 2 mol of H+ whereas 1 mol of pyrite 
can produce 4 mol of hydrogen ions. Equations 1 and 2 also predict the subsequent precipitation 
of Fe-oxyhydroxides. Interestingly, the last two data points (day 5 and 6) in Fig. 2 sit right on the 
phase boundary between Fe2+ and Fe2O3 indicating the possible precipitation of iron 
oxyhydroxides, which may explain the dramatic decrease of solution Fe concentration after day 3 
in Fig. 3. 
 
 

In this study, the release of heavy metals and the inorganic compound from Trepangier 
sediment are evaluated on both long-term (6-7 days) and short-term (24 hours) time scales. For 
the short-term resuspension, the solution pH drops from 7.2-7.3 to 6.7-6.8 and Eh changes from –
330 to –160 mv (Fig. 1). Unlike the long-term resuspension, where the dramatic changes in 
solution pH and Eh and significant metal release are observed, the mobilization of metals within 
the first 24 hours is insignificant. After 24 hours aeration, the percent release of Ni, Co, Zn, Cd, 
Pb and Cu can be seen in Fig. 4 and no relationship between metal release and sediment 
concentration is observed.  

 
 

The results of our aerated resuspension experiments suggest that the kinetics of metal 
release during resuspension of an anoxic sediment is fairly slow and appreciable metal release 
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typically occurred between one to two days aeration. However, Saulnier and Mucci (14) reported 
a significant release of Fe, Mn and As in the first hour of resuspension of anoxic sediment in 
seawater.  The kinetics of metal release during the resuspension of anoxic sediments is likely 
related to the oxidation rate of sulfide minerals and different sulfide minerals exhibit different 
oxidation rates. For instance, it is reported that AVS is usually oxidized during a few hours of 
exposure of an anoxic sediment to oxic waters whereas a major portion (20% - 50%) of pyrite can 
oxidize in a day (15). Nicholson and Scharer (13) demonstrated that the rate of pyrrhotite 
oxidation at atmospheric concentration of O2 and 22°C was 100 times faster than that measured 
for pyrite. Compared to AVS and pyrite, metal sulfides including CdS, Cu2S, PbS and ZnS appear 
to be more resistant to oxidation and it was reported that the oxidation of these minerals could 
take more than 24 hours resuspension (16).   

 
Aerated vs. anoxic resuspension 
 

Figure 5 compares the solution pH and Eh changes during resuspension under aerated 
and anoxic conditions (N2) at a sediment concentration of 10 g/l. When the Trepangier sediment 
is resuspended under aerated conditions, the solution pH decreases from 7.0 to 4.8 and Eh 
changes from –210 to –16 mv after 5 days aeration. In contrast, the solution pH increases from 
7.0 to 7.4 and Eh is maintained at ~-300 mv when the sediment is resuspended under anoxic 
conditions. As seen in Fig. 5, pyrite appears to be stable during the anoxic resuspension (open 
symbols) while the oxidative dissolution of FeS2 is expected to occur under aerated conditions 
(closed symbols). The percent release of Fe, As, Mn, Co, Ni, Cd, Zn, Pb and Cu under anoxic, 
aerobic and acidic anoxic conditions is compared in Fig. 6. The release of these metals is 
negligible when resuspended under N2. However, the release of Mn, Co, Ni, Cd, and Zn are 
significantly greater in the aerated samples.  Meanwhile, the remobilization of Cu, Pb and As in 
both systems is similar, presumably due to the readsorption to the newly formed iron 
oxyhydroxides under aerated conditions and the strong complexation with dissolved organic 
matter. 

 
 
Another set of anoxic resuspension experiments, whereby the solution pH was manually 

lowered by the addition of HCl, was compared with the aerated resuspension when the solution 
pH was naturally reduced by the oxidation of sulfide minerals.  Clearly, under anoxic conditions, 
when the solution pH is manually lowered to 4.6, the precipitation of iron oxyhydroxides as well 
as their scavenging for As and Pb is minimized.  It is proposed the increased acidity, instead of 
redox changes during resuspension, is the direct trigger to the dramatic increase in the release of 
Mn, Co, Ni. In the case of Zn and Cd, besides the pH effect, redox potential could also be an 
important factor. Cu is released to a similar extent in the solution of both systems suggesting that 
the mobilization of Cu is probably less strongly influenced by pH and redox changes. 

 
Resuspension in well-buffered systems 
 

The effect of calcite on solution pH and Eh changes during Trepangier sediment 
resuspension is presented in Fig. 7. Similar to the resuspension experiments conducted at 10 and 
20 g/l, dramatic changes in solution pH and Eh are observed when the sediment suspension is 
aerated for 7 days without the addition of calcite. In contrast, little changes in pH and moderated 
changes in Eh occur in the system with the addition of calcite. Consequently, significant release 
of metals is observed without the addition of calcite but no or little release is found after the 
addition of calcite (Fig. 8). These findings are consistent with our Eh-pH plot (Fig. 7) where the 
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oxidative dissolution of FeS2 and FeCO3 was predicted with no addition of calcite whereas 
possible phase transformation from FeS2  to FeCO3/Fe2O3 is suggested in the presence of calcite. 

 
 
It is interesting to note that, while the release of all the metals are quenched by the 

addition of calcite, the release of S, primarily due to the oxidation of AVS and FeS2, is similar in 
both systems. There are two explanations for this finding. For metals initially bound with sulfide 
minerals, the release of these metals are masked by the precipitation of metal carbonates and/or 
oxides, or by their readsorption onto newly formed iron carbonate and oxyhydroxides. For metals 
originally bound with carbonate or oxide phases, they will not be released since carbonate/oxides 
are stable at neutral pH. Therefore, again we conclude that the increased acidity is the direct cause 
of the significant mobilization of most heavy metals.   

 
 
In agreement with these observations, Saulnier and Mucci (14) reported that the 

resuspension of oxic sediments did not lead to the release of Fe, Mn and As, whereas the 
resuspension of anoxic sediments in an oxygenated water can induce a significant release of these 
elements.  Likewise, Degtiareva and Elektorowicz (6) demonstrated that the fate of toxic metals 
during resuspension depended on the calcium content in the sediment. In contrast, Calmano et al. 
(4) reported a continuous increase in dissolved Cu, Cd and Zn concentration following sediment 
resuspension at pH 7.5. This discrepancy could be explained by two possibilities. Firstly, the 
resuspension experiments by Calmano et al. (4) were performed on a long-term scale and the 
highest release rate occurred after 200 hours resuspension. In our study, resuspension experiments 
at neutral pH are conducted for 168 hours and significant release of metals might not occur in the 
time scale of our experiments. Secondly, the concentration of total Fe in our sediment is about 7 
times greater than that in the sediment studied by Calmano et al. (4) and the pH of resuspension 
experiment was controlled by the addition of calcite. Consequently, the chances for the 
precipitation of metal carbonate minerals and the readsorption by iron oxyhydroxides and calcite 
in our system is much higher and the great scavenging ability of these phases may explain the 
lack of metal release in this study. 

 
Resuspension in the presence and absence of microbial activities 
 

Figure 9 compares the changes in the solution pH and Eh during the resuspension of 
Trepangier sediment in the presence and absence of microbial activities. As shown in Fig. 9, 
when the sediment suspension is aerated in the presence of a bacterial inhibitor, NaN3, little 
changes in pH and moderate changes in Eh are observed (open symbols).  After 6 days 
resuspension, the percent release of metals and inorganic compounds are compared in Figure 10. 
Clearly, the release of Mn, Zn, Ni, Co and Cd is much greater without NaN3 and therefore in the 
presence of microbes. For instance, the percent release of Zn and Cd is ~2 orders of magnitude 
greater in the presence of a microbial population and the induction time for the microbial activity 
is between one to two days. It is evident that the presence of microbes catalyzes the oxidation of 
AVS and pyrite during aeration, which consequently accelerates the production of solution 
acidity as well as the simultaneous release of Mn, Zn, Ni, Co and Cd to the aqueous phase. 
Contrary to these metals, the percent release of Pb and As remains almost unaffected by the 
addition of NaN3 possibly due to their readsorption onto the newly formed iron oxyhydroxides.  

 
 
In contrast to all the other metals, more Cu is released to the solution in the absence of 

microbes (Fig. 11).  Given that Cu is known to form strong complexes with dissolved organic 
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carbon (DOC), the solution concentration of DOC was also measured in these experiments. 
Figure 11 plots the concentration of DOC as a function of aeration time in the presence and 
absence of microbes. As shown in Fig. 11, the concentration of DOC increases in the first 14 
hours and then decreases with time in the presence of microbes. In contrast, the concentration of 
DOC increases gradually with time throughout the whole experiment without microbes. The 
DOC concentration in the suspension likely reflects a balance between the production of DOC 
from the decomposition of high molecular weight organic matter and the consumption of DOC by 
bacterial activities during resuspension.  Although the nature of DOC is not investigated in this 
study, a fraction of the DOC is certainly able to form strong complexes with heavy metals, 
especially with Cu.  Therefore, we propose that the greater release of Cu to the aqueous phase in 
the absence of microbes is due to its complexation with dissolved organic matter in the 
suspension.  

 
 
During dredging operations, when anoxic sediments are exposed in well-oxygenated 

overlying waters, the changes in the solution physical and chemical environment may favor the 
growth of bacteria such as Thiobacillus ferrooxidans. The improved incubation environment 
(more O2 supply) will thus enhance microbial activities, which is believed to catalyze the 
oxidation of sulfide minerals and accelerate the release of many toxic metals. The results of this 
study indicate that, besides the pH and Eh changes, microbial catalysis is essential in regulating 
metals release during sediment resuspension and this effect may last a long period even after 
dredging operations are finished. Whereas the importance of pH and Eh has been studied 
extensively, the effect of microbial activities on metal release during and after a dredging event 
may be a bigger concern and should not be overlooked. 
 
Sources of the released metals 
 

Figure 12 plots the fractional distribution of Fe, As, S, Mn, Co, Ni, Cd, Zn and Pb in 
exchangeable, carbonate, oxide and sulfide/organic matter phases, in wet anoxic Trepangier 
sediments and after 7 days aeration. Comparing Fig. 12 and 1, it is evident that the binding forms 
of heavy metals and As change significantly before and after the resuspension experiments.  For 
Co, Ni, Zn, Cd and Mn, the dominant fraction is shifted from either carbonate, oxide or 
sulfide/organic matter phases to the exchangeable phase. In the case of Fe, As and Pb, 
considerable decrease in the carbonate and sulfide/organic matter fractions confirms the rapid 
precipitation of iron oxyhydroxides and their strong scavenging ability for As and Pb. The 
fractionation pattern of Cu remains the same except for a slight increase in the exchangeable 
phase after aeration confirming the strong complexation between Cu and organic matter, which 
possibly remain stable during the time scale of our resuspension experiments.  

 
 
It is clear that the resuspension of an anoxic sediment in oxic waters not only induces 

heavy metal release to the aqueous phase, but alters their partitioning in the sediment as well. For 
Zn, Pb, Co, Ni and Cd, the transformation from strongly bound species (oxidic, carbonatic and 
sulfidic) to more weakly bound species (exchangeable) would increase the mobility and 
bioavailability of these metals in aquatic environment. Over the extended periods of dredging, the 
change in the binding forms of the solid phases is likely a bigger concern than that in the solution 
phase. Therefore, we suggest that, besides the measurements of the total metal concentrations in 
solution and solid phases, the binding forms of these metals in the sediment also be investigated 
in any future study. 
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Sulfide oxidation provides the primary source of metal release (4,14) and the release 

pattern of Mn, Zn, Ni, Cd and Co in this study is indeed very similar to that of S during our 
resuspension experiments.  Nevertheless, our sequential extraction results indicate that the 
solution concentration of most metal ions exceeds their total concentration in the sulfide/organic 
matter phase. For instance, the solution concentration of Zn, at the end of a 6 days resuspension at 
20 g/l, is about 2450 µg/l, which is 5 times greater than the total Zn associated with the 
sulfide/organic matter phase. Metal sulfide minerals, therefore, could not be the primary source 
for Zn. By comparing Figure 12 and 1, we believe that a major portion of released Zn is from the 
oxides in the sediment because the oxide fraction of Zn decreases sharply after resuspension 
(from 77% to 28%). Following the same reasoning, we propose that during the resuspension of 
Trepangier Bayou sediment, oxides are the major source for Zn, Cd and Mn release, carbonates 
are important for Fe, Mn, Co, Ni, Pb and sulfide/organic matter is the dominant source for Pb and 
Cu. 

 
 

In summary, among the heavy metals and inorganic compounds investigated, it appears that 
there are three distinct categories: 1. Mn, Zn, Cd, Ni, Co; 2. Fe, Pb and As; and 3. Cu, with 
respect to their release profiles during resuspension. Group 1 metals apparently are associated 
with Mn carbonate/oxides. They are released to the water column with increased acidity during 
aerated resuspension and their dramatic release is not affected by the precipitation of Fe 
oxyhydroxides. In agreement with this study, Stummeyer and Marchig (17) reported that the 
transition metals Co, Ni and Zn were strongly bonded with Mn oxide phases and were available 
for incorporation into manganese nodules when the horizontal position of the redox boundary and 
the surfaces of manganese nodules are located in the same depth.  Group 2 elements show strong 
affinities with Fe oxyhydroxides, which minimize their release to the aqueous phase during 
resuspension, even under acidic conditions (pH 4). For Group 3 the element Cu, the unique 
release profile may be determined by its strong complexation with organic matter.  Therefore, the 
different fate of heavy metals and inorganic compounds during resuspension may be related to 
their sources and the relative affinity of these compounds to iron and/or manganese 
oxyhydroxides and/or organic matter after oxidation. This classification is consistent with the 
results of resuspension in the presence and absence of microbial activities and the sequential 
extractions before and after resuspension. 
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Table 1 Acid digestion of metals and inorganic compounds from Trepangier Bayou sedimentsa. 

Metals and other 
parameters 

Trepangier Sediment 
Quality 
Guidelineb 

(µg/g) 

Ions Conc. (µg/g) Conc. (µmol/g)  

Total Fe 86687 1552  

Total Ca 7587 189.3  

Total Mn 983 17.9  

Total Zn 240 3.67 459 

Total Co 10 0.17  

Total Ni 22 0.37 48.6 

Total Cu 33 0.52 149 

Total Pb 257 1.24 128 

Total As 19 0.25 33 

Total Cd 1.0 0.01  

Total sulfide (%)  1.33  

AVS              125  

calcite              219  

OC (%)             8.1  
a Sediments were digested with nitric acid reflux (1:1) and hydrogen peroxide oxidation (30%)  

following the EPA SW-846 method 3050.  
b The values are sediment quality guidelines determined by EPA (EPA 905/R-00/007, June 

2000) that reflect probably effect concentrations (PECs, i.e., above which harmful effects are 
likely to be observed). 
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Table 2  Reactions and equations used to draw Eh-pH diagram for part of the Fe system.  

Phase boundary Reaction Equation 

FeCO3/Fe2O3 2FeCO3 + 3H2O = Fe2O3 + 2HCO3
- + 4H+ + 2e Eh = 0.747 – 0.118pH + 0.059log[HCO3

-]a 

FeCO3/Fe2+ FeCO3 + H+ = Fe2+ + HCO3
-  pH = -0.33 – log[HCO3

-] – log[Fe2+]a 

Fe2+, H2S/FeS2 2H2S + Fe2+ = FeS2 + 4H+ + 2e Eh = -0.057 – 0.118pH – 0.059 log[H2S] – 0.0295log[Fe2+]a 

Fe2+, SO4
2-  

/FeS2 
FeS2 + 8H2O = 2SO4

2- + Fe2+ + 16H+ + 14e  Eh = 0.354 – 0.067pH + 0.0084log[SO4
2-] + 0.0042log[Fe2+]a 

Fe2+/Fe2O3 2Fe2+ + 3H2O = Fe2O3 + 6H+ + 2e Eh = 0.728 – 0.059log[Fe2+] – 0.177pHa 

FeCO3, H2S/ 
FeS2 

FeCO3 + 2H2S = HCO3
- + FeS2 + 3H+ +2e Eh = -0.0472 – 0.0885pH – 0.059 log[H2S] + 0.0295log[HCO3

-]b 

FeCO3, SO4
2-/ 

FeS2 
FeS2 + HCO3

- + 8H2O = 2SO4
2- + 17H+ + 

FeCO3 + 14e 
Eh = 0.354 – 0.0716pH + 0.0084 log[SO4

2-] – 0.042log[HCO3
-]b 

a Equations were taken from Garrela and Christ (1965). 
b Equations were derived in this study using the log K values provided by Garrela and Christ (1965). 
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Figure 1. Plot of the fractional distribution of metal ions,sulfur and As in exchangeable, 
carbonate, oxide, and sulfide/organic matter phases in anoxic Trepangier bayou sediments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 . Eh-pH plot of Fe species and solid phases for the Trepangier sediment (20 g/L) in a 
0.01 M NaCl solution following 6 days aeration. For phase boundaries, solid lines are drawn at an 
activity of total dissolved Fe of 10-6, dissolved S of 10-6 and pCO2 = 100. Dashed lines are 
drawn at [Fe] =10-4, [S] =10-4 and pCO2 = 10-2 
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Figure 3. Plots of solution metal and sulfur concentrations as a function of aeration time during 
resuspension of Trepangier sediment in a 0.01 M NaCl solution. 
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Figure 4. Percent metal release to the water column following 1, 3 and 6 days aeration of 
Trepangier sediment (20 g/l) in a 0.01 M NaCl solution. 
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Figure 5. . Comparison of Eh-pH plot for Fe species and solid phases for Trepangier sediment in 
artificial river water following 5 days aerated ( ) and anoxic ( ) resuspension. Phase boundaries 
drawn at assumed activity: [Fe] = 10-6, [S] = 10-6 and pCO2 = 100 
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Figure 6. Percent metal release to the water column following 5 days resuspension of Trepangier 
sediment (10 g/l) in artificial river water under aerated, anoxic and acidic anoxic conditions. 
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Figure7. Comparison of Eh-pH plot for Fe species and solid phases for Trepangier sediment in a 
0.01 M NaCl solution following 7 days resuspension in the presence (  ) and absence of calcite 
( ). Phase boundaries drawn at assumed activity: [Fe] = 10-6, [S] = 10-6 and pCO2 = 100 
 
 
 
 
 

0.001

0.01

0.1

1

10

100

S Mn Cd Zn Pb Cu

%
 re

le
as

e

 with calcitewithout calcite 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Percent metal release to the water column following 7 days aeration of Trepangier 
sediment (40 g/l) in a 0.01 M NaCl solution in the presence and absence of calcite. 
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Figure 9. Comparison of Eh-pH plot for Fe species and solid phases for Trepangier sediment in a 
0.01 M NaCl solution following 6 days resuspension in the presence ( ) and absence of NaN3 
( ). Phase boundaries drawn at assumed activity: [Fe] = 10-6, [S] = 10-6 and pCO2 = 100 
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Figure10. Percent metal release to the water column following 6 days aeration of Trepangier 
sediment (20 g/l) in a 0.01 M NaCl solution in the presence and absence of NaN3. 
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Figure 11. The release profile of Cu and DOC during 6 days aeration of Trepangier sediment (10 
g/l) in a 0.01 M NaCl solution in the presence and absence of microbial activities. 
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Figure 12. Plot of the fractional distribution of metals ions, sulfur and As in exchangeable, 
carbonate, oxide and sulfide/organic matter phases in in Trepangier sediment, after 7 days 
resuspension in a 0.01 M NaCl solution. 
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Methods of Remediation of Brine Spills

timeLess expensive, readily 
available

Organic matter

Takes a long time to 
remediate a site by 
removal through 
plant matter

Stabilizes the soil and 
increases permeability

Halophilic plants

Expensive, not 
effective for soils 
with high sodicity

Promotes flocculation, 
improves permeability

Synthetic 
polymers
(PAM)

Expensive, timeEffective, good source of 
calcium

Gypsum
ConsProsAmendments



Proposed Mechanisms
Physical improvement of the structure of the soil by 
providing pores for water to enter the soil and leach 
brine components
Compounds formed during the decay of the hay can 
exchange cations with the soil, releasing sodium from 
the clay
Products formed during the decay of hay can bind the 
clay particles into water stable aggregates

All the above mechanisms are influenced by microbial 
life which was the focus of our first experiment.



Goals and Objectives

To determine the effects of remediation on microbial 
community in  lightly brine contaminated soil with 
organic matter

To determine the effects of organic matter on salt 
concentrations in soil during the remediation of heavily 
brine contaminated soil



Microcosm Description

0.46 x 0.50 x 
0.23 m3

THF, T6To study salt 
concentration 

trends

2

0.6 x 0.6 x 
0.825 m3

T, TH, TF, 
THF

8To study
microbial 

community

1

Size of 
microcosms

Treatments 
compared

No. of 
microcosms

ObjectiveExperiment 
No.

T = Tilling only TH = Tilling with hay only

TF = Tilling with fertilizer only THF = Tilling with hay and fertilizer



Contaminated soil for the first microcosm experiment 
was take from a field demonstration site.

 

Gibbs 7

Gibbs
Control

Gibbs 9



Sampling and Analysis
For first experiment:

One four-fold composite sample was collected for 
both in-lab analysis and microbial analysis

In-lab analysis  
Brine component 
analysis
Cation exchange 
capacity
Nutrients analysis



Amendments for Experiment 1

910------THM8
91014.569.5TFHM7
910------THM6
91014.569.5TFHM5
---14.569.5TFM4
---------TM3
---14.569.5TFM2
---------TM1

Amount 
of

hay (g)

Amount of super
phosphate (P2O5)

fertilizer (g)

Amount of
ammonium 

nitrate
fertilizer (g)

Treatment
type

Microcosm
labels

Volume of soil per microcosm: 0.3 m3



Brine Components Analysis

1:1 mixture of oven-dried soil and de-ionized water is utilized to 
extract brine components
Na+ and Cl- concentrations are determined using ion 
chromatograph.



Sodium concentrations remained the same 
through most of the experiment 
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Phospholipid Fatty Acid (PLFA) 
Analysis

PLFA Analysis provides quantitative way to assess viable biomass, 
community structure, and metabolic activity. 
Classification of PLFA groups into groups of microorganisms: monoenoics, 
branched monoenoics, terminally branched saturates, mid-chain branched 
saturates, normal saturates, polyenoics (or eukaryotes).

For the purpose of our experiment:
A four-fold composite sample was 
collected from each microcosm.
Samples were collected in sterile 
Whirl-pak® bags.
Samples were packed in blue ice and 
shipped overnight to Microbial 
Insights, Inc.



Eukaryote levels were higher with hay and decreased 
with time
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Fungi levels were higher in microcosms with hay & 
decreased with time
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Anova results for fungi, prokaryotes and 
eukaryotes

0.000***18:2w6
0.013*Prokaryotes
0.000***EukaryotesHAY
0.67818:2w6
0.716Prokaryotes
0.689EukaryotesFERTLIZER
0.44518:2w6
0.006**Prokaryotes
0.078EukaryotesTIME
SignificanceDependent VariableSource

* : significant at p=0.05

** : significant at p=0.01

*** : significant at p=0.001



Observations
The bacterial and fungal PLFA concentrations were higher in the 
microcosms that received hay than those that didn’t receive hay.
Fertilizer had no statistically significant effect on PLFA 
concentrations.
Total PLFA concentrations decreased with time.



Principal component analysis shows division of 
the microcosms based on treatment with hay
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Principal component analysis of only the prokrayotes shows that 
hay still has the primary effect 
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Shannon's diversity index was lower in microcosms 
with hay due to higher fungal members
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Shannon's diversity index for prokaryotic PLFA was lower due to 
hay
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Shannon's diversity index for eukaryotic PLFA was not different 
with or without hay
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Microcosm PLFA community structure clusters based upon time and 
treatment with hay

Initial 
Samples

Early T and TF

Late T & 
TF

TH and THF



Initial 
samples

Microcosm prokaryote PLFA community 
structure based upon time & treatment with hay

Early T & TF
Late T & 
TF TH

THF



Cation Exchange Capacity
Significant 
value (P)Source

0.271Time*Fert*Hay
0.180Fert*Hay
0.174Time*Hay
0.667Time*Fert
0.007**Hay
0.858Fertilizer
0.002**Time

P values from ANOVA test on 
cation exchange capacity data 
shows that:

•Time and hay have significant 
effects on CEC. The CEC 
increased with time. The CEC for 
microcosms containing hay was 
higher.

•Fertilizer has no effect on CEC.
* : significant at p=0.05

** : significant at p=0.01

*** : significant at p=0.001



Observations
Hay had effects on 

Fungal biomarker concentrations
Prokaryotic biomarker concentrations
Eukaryotic biomarker concentrations
Community structure
Shannon’s diversity index

Fertilizer had effects on
Prokaryotic community structure (when combined 
with hay)



Summary of experiment 1:
Soil moisture levels to sustain microbial life are 
not high enough to remove salt.
Addition of hay increases the cation exchange 
capacity of the soil. This is one of our proposed 
mechanisms.
Microbial communities are influenced by the 
addition of hay but generally not by the addition 
of the fertilizer.



Sampling and Analysis -2nd experiment

Leachate samples were analyzed for brine contaminants.
Soil samples were analyzed for residual brine concentration.



Watering schedule
6 times a month
1.25L per microcosm for first 4 waterings
1.00L per microcosm subsequently
Tap water with de-chlorinating drops
Leachate and soil samples are collected before the soil 
is watered



Amendments for Experiment 2
Volume of soil per microcosm: 0.05 m3

375.27.6156.2THFM3
---------TM4
---------TM5
---------TM6

375.27.6156.2THFM2
375.27.6156.2THFM1

Amount of
hay (g)

Amount of super
phosphate (P2O5)

fertilizer (g)

Amount of
ammonium nitrate

fertilizer (g)

Treatment 
type

Microcosm 
labels



Sodium concentrations in the microcosms are not 
decreasing
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Leachate from microcosms with hay is more concentrated
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Volumes of leachate removed were lower for 
microcosms with hay
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Milligrams of sodium removed through leachate
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Total milligrams of sodium & chloride 
removed through leachate -12 % of initial salt

53230
91952
60347
85052
72163
79912

Sodium

99760M6-T
171254M5-T
113386M4-T
160490M3-THF
135016M2-THF
150077M1-THF

Chloride

Sodium and Chloride removed are slightly higher due to hay and fertilizers but 
not statistically different at 95% CL.



Observations
The leachate sodium and chloride concentrations have 
decreased over time.
The leachate sodium and chloride concentrations are 
higher for microcosms that received hay and fertilizer.
The microcosms that have received only tilling have 
produced more leachate.
Total sodium and chloride removed are higher in 
microcosms that received hay and fertilizers. (but not 
statistically)
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ABSTRACT 
 

Oil and gas exploration and production activities in the San Juan Basin of 
northwestern New Mexico have resulted in the development of a dense network of access 
roads constructed with natural soil surfaces. This development falls within the Largo 
Canon, Animas River, and Rio Puerco watershed, which are characterized by some of the 
highest naturat erosion rates in the United States because of the presence of highly 
erodible soils. Erosion problems associated with the natural surface access roads have 
become the focus of concern fro both the Bureau of Land Management (BLM) and 
private landowners. The BLM is actively working to define and address these road-
related erosion problems. Among other activities, the BLM funded Argonne National 
Laboratory to conduct a programmatic and engineering review of the erosion problems, 
the objectives being to (1) identify, characterize, and prioritize the issues; (2) assess the 
adequacy of existing road design standards and construction practices; (3) identify 
potential solutions; and (4) recommend follow-on actions. This paper presents the 
observations, conclusions, and recommendations of Argonne’s review. The full report 
can be accessed at http://www.ead.anl.gov/pub/doc/ANL-EAD-1690.pdf. 
 
 

http://www.ead.anl.gov/pub/doc/ANL-EAD-1690.pdf
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Abstract 
 
The first year was focused on developing new technology for silt fence that does not fail under 
conditions where current silt fence would fail due to undercutting, overtopping of low areas, and 
excessive lateral flow when installed on steep slopes. An additional focus was on developing 
models to predict trapping of sediment with existing technologies and with the new technology. 
Field experiments have been run using existing technology with varying soil types on cross-
contour slopes ranging from approximately 1 percent to 14 percent. Using this data, a new 
technology, given the acronym FAEST, has been developed and preliminary data collected 
showing it to be very effective under conditions where the current technology fails. Studies are 
also being conducted on the impact of flocculants used to control discharge of colloidal particles. 
These studies indicate that the use of flocculants with the FAESF theoretically has the potential to 
eliminate most of the sediment currently being discharged through silt fence. Finally, algorithms 
have been developed with which to predict all of the processes necessary to predict flow and 
sediment trapping with FAESF as well as with the current technology. These algorithms are 
currently being programmed into a computer model that can be used as a design aid. 



INTRODUCTION 
 

Background 
 
 Sediment has recently become an emphasis in the EPA NPDES storm water rules 
because of its impact on habitat and the macro-invertebrates in stream channels.  Studies have 
shown that by removing the surface cover and disturbing the parent soil material, construction 
operations increase sediment yield by as much as 10,000 times that of undisturbed sites (Haan et 
al., 1994).  As this excess sediment moves into streams and waterways it not only increases the 
cost of water treatment and reduces reservoir storage capacity through deposition, it also modifies 
the stream systems and destroys the habitat of many of our desirable aquatic species (Smith et al., 
1992; EPA, 2001).  Ongoing research by the ARS showed that the reduction in species diversity 
is strongly related to the number of hours sediment load exceeds 1000 mg/l, a sediment 
concentration that is frequently two orders of magnitude below that in runoff from most 
construction sites (EPA, 2002). Clearly, methodologies are needed to reduce sediment loads to 
levels that maintain habitat and species diversity.   The only method currently applicable to 
pipeline construction that does not disturb large amounts of additional landscape is silt fence, 
which has not proven to be effective, as discussed below. 
 
 Many studies have found silt fence to be practically ineffective (EPA 2002, Barrett et 
al.1995, and Barfield and Hayes 1992, 1997).  Laboratory studies using carefully controlled 
conditions have obtained trapping efficiencies in the range of 40 to 100 percent, depending on the 
type of fabric, overflow rate, and detention time (Barrett et al., 1995; Wyant, 1980; Wishowski et 
al., 1998; Britton et al., 2001).   Based on these laboratory data, the EPA reported in 1993 (EPA 
1993) that silt fence can have a trapping efficiency for total suspended solids of 70 percent, for 
sand of 80 to 90 percent, for silt loam of 50 to 80 percent, and for silty clay loam 0 to 20 percent.   
 
 Field studies, however, have not substantiated this claim and a recent evaluation of 
sediment control technologies conducted by the EPA did not support these claims for high 
trapping efficiency (EPA, 2002).  In fact, Barrett et al. (1995) obtained a value of zero percent 
trapping averaged over several samples with a standard error of 26 percent.  Barrett et al. 
speculate that the field tests do not show results similar to lab tests because of: 1) inadequate 
fabric splices; 2) sustained failure to correct fence damage resulting from overtopping (when flow 
is concentrated at low points); 3) large holes in the fabric; 4) under-runs or under-cutting due to 
erosion of the toe ditch; and 5) silt fence damaged and partially covered by the temporary 
placement of stockpiles of materials (or by construction activities).   
 
 Field inspections (Barfield and Hayes, 1992, 1997) have also found that silt fence was 
seldom installed according to standards and specifications, and when actually installed according 
to the best current standards, was still not effective in controlling sediment.  Further, the overland 
flow can be concentrated by the silt fence and seek the weakest spot on the fence where it 
undercuts the fence or flows through cuts in the fabric.  The result is that shallow overland flow 
coming into the site was transformed into concentrated flow downslope from the fence frequently 
causing increased erosion.   
 



EPA Study 
 
 The most comprehensive study of silt fence performance under controlled field 
conditions was recently completed by the PIs of this project (Stevens et al. 2004).  This study 
resulted from an identified need to develop guidelines and computational aids to assist designers 
to make the most effective use of currently available silt fence technology.  In the process, the 
work significantly advanced understanding of the mechanisms controlling silt fence performance 
and failure and provides the foundation for development of a new technology. 
 

Objectives 
 
 The overall objective of the project is to turn the currently unsuccessful silt fence 
technology into a highly effective sediment control system, to be known as Failure Avoidance 
and Effective Silt Fence Technology (FAEST). Research is needed to replace current ineffective 
technology with a workable alternative that is effective at trapping sediment for the duration of 
the construction project and is cost effective as well.  Studies at OSU and other locations show 
that it should be possible to accomplish this.  Specifically, the objectives for the first year of the 
project to be covered in this paper are: 
 
 Prove the FAEST silt fence design and implementation concept under laboratory and 
field conditions where current silt fence is inadequate due to:  
• 
• 

• 
• 
• 

Flow concentrations and resulting undercutting failure of the toe 
Failure to trap clays and fine silts due to inadequate detention time 

 
 Significant progress was made for several other objectives: 
 

Investigation of use of PAM as a flocculant to increase settling of clays and fines 
Development of a mechanized installation system 
Development of a mathematical model to predict trapping of sediment 

 

Preliminary Design 
 
 The generic design for FAEST is shown in Figure 1.  Field and laboratory evaluations 
were first focused on optimizing the dimensions to achieve a balance between maximizing 
effectiveness and maintaining a configuration that would be workable in terms of weight, bulk, 
effort required for installation, etc.  The initial design had a 1.5-foot apron, fence height of 1.5 
feet, and post spacing of 3 feet.  The flow barriers were attached at each post, as shown in the 
figure and extended to the edge of the apron.  A type of conventional silt fence, Nilex 2130, was 
selected as the preliminary fabric.  In the previous testing (Stevens et al., 2004), this was found to 
have the best trapping efficiency (due to its tighter weave) and be the easiest to work with of the 
two conventional fabrics evaluated.  Figure 2 is a photo of the first field installation. 
 

Methodology 
 



Field Laboratory Design 
 
 In order to provide access to a wide variety of test conditions, a Silt Fence Test Site 
(SFTS) was constructed at the USDA-ARS Water Conservation Structures Laboratory in 
Stillwater, OK.  A long history of cooperation exists between Oklahoma State University and the 
USDA lab personnel, who agreed to support the testing by furnishing a site and access to water 
and electricity.  In addition, equipment and tools could be borrowed and a benefit derived from 
their advice and expertise in field testing. 
 
 Since a rainfall simulator would have to be constructed, limitations to the size of the 
source area for sediment and runoff had to be accepted.  An area of 20 feet upslope by 40 feet 
along the fence was selected as being small enough to be manageable for purposes of 
constructing a rainfall simulator, yet large enough to represent a large number of field conditions.  
A five percent slope was selected for the source area.  The covered, sloped area between the 
samplers and fence (Figure 3) needed to be as steep as possible so that the slope along the toe 
could vary.  However, it also needed to be flat enough that personnel and equipment could work 
safely.  Balancing these concerns and the need to minimize the amount of fill needed, a 20 foot 
long, 3:1 slope was selected. 
 
 Source area runoff samplers were installed as shown in Figure 4 to briefly sample runoff 
water and sediment from the source area and create minimal disturbance to the flow as it 
progressed toward the silt fence.  To further minimize disruption of the flow, the samplers would 
operate in alternating groups, with only half of the samplers open at any one time.  Runoff to be 
sampled was collected in a trough mounted between the plot walls, as shown in Figure 4.  
Samples for runoff volume and sediment concentration were to be taken at intervals throughout 
the simulation. 
 
 Samples for discharge rate and sediment concentration were also to be collected at the 
upslope side of the fence.  At this sample point, flow passing through and flow overtopping the 
flow barriers was collected in a trough mounted on the edge of the plot.  A third trough was 
mounted downslope of the fence to collect discharge passing through the fence.  Flow was 
sampled at the outlets of these troughs at intervals throughout the simulation.  Figure 5 is a photo 
of the installation. 
 

Test Parameters 
 
 The grid of test parameters was developed to include the widest variety of conditions, 
given the physical limitations of the SFTS.  The first group of simulations was performed with a 
full length fence, which on the 3:1 slope should give a slope along the toe of approximately 13 
percent.  However, after several months of use and settling, the elevation differential on the slope 
decreased, so the actual slope was on the order of 9 percent.  From there, the slopes are increased 
by shortening the fence and by-passing a portion of the plot.  Figure 6 is a photo of the 
abbreviated fence. 
 
 Three soils were selected to cover a range of conditions:  a very sandy, noncohesive, 
highly erodible soil; a red, moderately cohesive and moderately erodible soil, and a stiff black 
clay soil that was relatively erosion-resistant.  The USDA textural classifications of these soils 
were sandy loam, loam, and silty clay, respectively. 



 
 The rainfall simulator is programmed to rain at a rate of about 2.5 inches/hour.  Rain 
gages are placed under the simulator so that the actual amount can be recorded.  Also, the slopes, 
fence lengths, apron and flow barrier dimensions, post spacings, etc. are measured and recorded 
as part of each simulation.  The preliminary test grid includes one simulation with each soil – 
slope combination.  Additional tests may be conducted to optimize the apron and flow barrier 
configurations.  The original test grid also called for simulations with another fabric, Nilex 2127.  
This was eliminated since the previous project demonstrated that Nilex 2130 clearly performed 
better; in addition, many distributors have discontinued carrying Nilex 2127.  Table 1 shows the 
nominal test parameters. 
 

Rainfall Simulations 
 
 Five simulations have been accomplished to date.  The purpose of the first simulation 
was to observe the functioning of the sampling apparatus and make qualitative observations of the 
effectiveness of FAEST.  No samples were taken.  The amount of sediment trapped in the small 
impoundments was impressive, as shown in Figure 7.  The sampling apparatus functioned well.  
Also, it was observed that the depth in the impoundments never exceeded 0.5 feet.  This is 
significant in that the height of the fence could be reduced and a single 3-foot width of fabric used 
for the toe, apron, and vertical portion of the fence.  To obtain the full 1.5-foot fence and apron 
per the preliminary design and also have a toe to anchor required joining two panels of silt fence 
to obtain a width of about 4 feet.  Being able to use a single 3-foot wide panel resulted in 
significant savings both in material and labor. 
 
 The next three simulations were full simulations with the full length fence, 9 percent 
slope, and silty clay, sandy loam, and loam as the soils.  During these simulations, samples were 
collected, the depths in the impoundments were observed at intervals, and the times at which the 
flow barriers were overtopped were recorded.  An extensive photographic and video record was 
made of each test.  The tests were run until all the flow barriers were overtopped or until a steady-
state was reached and it was clear that no further overtopping would occur. 
 
 The most recent simulation was conducted to observe the performance of various flow 
barrier configurations, so no samples were taken.  A variety of flow barrier shapes and 
orientations were tested, as shown in the photograph (Figure 6).  The time of overtopping for each 
flow barrier was recorded. 
 

Results 
 

Field Observations 
 
 After the first three full simulations, it was clear that the soil type had a significant impact 
on the fence performance, particularly in the incidence of overtopping of the flow barriers.  With 
the silty clay, the clay particles tended to coat the fence, blocking the openings and restricting 
flow through the fence.  As a result, the impoundments filled fairly rapidly and all the flow 
barriers were overtopped within one hour.  At the other extreme, the sandy loam did not coat the 
fence or restrict the openings, and only a few impoundments at the downstream end overtopped.  



The loam soil represented an intermediate situation, with a moderate amount of coating and 
clogging of the openings.  Figure 8 is a graphic of showing the relative times of overtopping.  The 
zero point on the time scale represents the beginning of significant runoff. 
 
 The data in the figure confirms the observations made in the field.  In general, the 
impoundments filled and overtopped much sooner with the silty clay soil that with the loam, and 
overtopping did not occur at all locations with the sandy loam. 
 
 Another observation concerned scour along the interface between the upslope soil and the 
apron fabric.  With the silty clay, there was very little scour and flow did not tend to concentrate 
along the interface.  With the sandy loam, however, there was noticeable concentrated flow, to 
the point that the water would not run into the impoundments.  This was noted as a problem that 
would need to be addressed.   It should be further noted that, based on the amount of scour 
observed, it was clear that the toe would not fail by undercutting.  The primary problem with the 
concentrated flow was that the runoff bypassed the impoundments. 
 
 So that the impoundment hydraulics could be studied, shingles were placed over the 
interface to force water into the impoundments.  There also was development of concentrated 
flow with the loam, but again there was no potential for failure of the toe, just bypassing of the 
impoundments.  This was likewise noted as a problem with the design that would have to be 
addressed, and the interface was covered to direct the runoff into the impoundments.   
 

Field Measurements 
 
 The samples taken during the simulation were used to determine the runoff hydrograph at 
the edge of the source area and the discharge hydrographs upslope of the fence and through the 
fence.  The hydrograph upslope of the fence represents flow through and flow overtopping the 
flow barriers.  Cumulative runoff volumes and average discharge rates were computed at each 
sampling point.  Table 2 compares the results for the three soils.  In one respect, the results 
contradict the observations.  Given the observed plugging and quicker overtopping with silty clay 
and loam, a lower discharge rate through the fence is expected.  However, the sandy loam, which 
did not appear to plug the openings, had the lowest discharge rate through the fence.  A possible 
explanation for this is that a greater fraction of the water seeped under the apron with the sandy 
loam soil. 
 

Laboratory Analyses 
 
 Samples collected at the sampling points were analyzed for suspended solids 
concentration, settleable solids, and particle size distribution.  Analysis of all the data is pending, 
however, a preliminary assessment of the concentration data was completed to evaluate the 
sediment trapping effectiveness of FAEST. 
 
 Table 3 summarizes the average suspended solids concentration at each of the sampling 
points.  Data from the first simulation should be interpreted with caution since a malfunction in 
the oven used for drying the sample caused a spike in temperature, and several sample bottles 
melted.  Also, the field supervisor did not make the samplers aware that the runoff samples 
collected upslope of the fence were also to be analyzed for concentration, so those samples were 



not retained.  We plan to do several more simulations using that type of soil, so the missing data 
should not be a problem in the long run. 
 
 The average concentrations and cumulative runoff volumes were used to develop a 
preliminary estimate of the total sediment in the runoff and the total sediment discharged upslope 
of the fence and through the fence.  These preliminary estimates show a trapping efficiency that is 
vastly improved over that observed during the testing of conventional silt fence.  In fact, during 
that series of tests, there were simulations wherein more sediment was discharged upslope of the 
fence than was discharged from the source area plot.  Trapping efficiency estimates are 
summarized in Table 4.  The computed value for silty clay is not valid since samples collected 
upslope of the fence were not analyzed for sediment. 
 

Modeling 
 

Rainfall – Runoff – Sediment yield 
 
 The mathematical model of FAEST is a single-event model using a 3-hour storm that 
represents the central and most intense 3 hours of an NRCS storm.  The user specifies the NRCS 
type curve and depth of rainfall.  Future versions may include an option for a user-defined rainfall 
duration and distribution.  The previous study of conventional technology (Stevens et al., 2004) 
concluded that either failure or steady-state conditions occurred after one to two hours of rain, a 
phenomenon also observed with the limited field testing conducted to date for this study.  NRCS 
curve number methodology is used to generate runoff volume, and since overland flow distances 
from the drainage divide to the fence are expected to be small, runoff is assumed to be 
instantaneous.  At present, the 3-hour storm is divided into 5-minute time steps, which was found 
to work well in the previous study. 
 
 Sediment yield from the contributing drainage area is computed using MUSLE, the 
modified universal soil loss equation (Williams,    ).  This single-event technique was found to 
work well, particularly when an adjustment for highly disturbed areas was applied (Stevens et al., 
2004). 
 
 Each impoundment is treated as a reservoir and a volume balance is applied: 
 
 in outVol Vol S− = ∆  (1) 
 
where Volin is the volume entering over the time step, including overland runoff, flow through the 
barrier at the upstream end, and flow over/around the upstream barrier.  Volout, the outflow 
volume consists of flow through the fence, through/over/around the downstream barrier, and 
seepage into the apron.  Seepage into the toe trench was found to be significant in the study of 
conventional fence, and preliminary results with FAEST indicate that to be the case here, also.  In 
addition, the build-up of sediment in the small impoundments was significant to the point that it 
impacted the head available to push flow through the fence and barriers.  An adjustment for this 
will be incorporated. 
 
 Trapping of sediment within the impoundments will be modeled using techniques similar 
to those incorporated into WEPPSIE (Lindley et al., 1998).  Additional field data will be obtained 



before this component of the model is finalized.  Also, an adjustment to allow for decreased flow 
through the fabric resulting from coating and blockage of the openings will be included.  Likely, 
this will be an adjustment factor for the weir flow equation similar to that proposed by Britton 
(1999), with the adjustment factor a function of both soil and fabric properties. 
 

Summary, Conclusions, and Recommendations 
 
 A series of laboratory tests of FAEST has been completed using a moderately steep slope 
and three different soils.  The testing is continuing with steeper slopes. 
 
 Laboratory testing of the first-generation FAEST prototype has demonstrated that there is 
significant improvement over conventional silt fence, both in increased sediment trapping and in 
eliminating failure by undercutting.  The slope that was used in the first series of tests was equal 
to the steepest slope that was used with the conventional fence.  The conventional toe failed by 
undercutting with two out of the three soils, whereas the FAEST toe did not fail.  A positive 
trapping efficiency was recorded for all three tests.  For conventional fence at that slope, in 5 out 
of 6 tests, more sediment was discharged along the toe than was discharged from the source area. 
 
 The first series of tests indicates that better trapping may be obtained with a wider apron 
and correspondingly longer flow barriers.  However, the amount of improvement will need to be 
balanced against the increased cost and installation effort caused by use of a wider piece of fabric.  
We plan to resolve this issue through additional field testing and simulations with the model, once 
it is validated. 
 
 Other aspects of FAEST that are in development with anticipated completion in Year 2 of 
the project are optimizing post spacing and fabric strength to keep bulging and sagging to an 
acceptable level and use of polyacrilimide (PAM) to increase trapping through promoting 
flocculation of clays and file silts.  With a post spacing of 3 feet, the Nilex 2130 fabric did not 
deform significantly with water and sediment loads up to 0.5 feet deep.  However, it is possible 
that that a stronger fabric and wider post spacing could be more cost effective.  This will be 
investigated through a combination of finite element modeling and field testing.  Laboratory jar 
tests have confirmed that addition of PAM and calcium to sediment in suspension causes the 
clays to flocculate and settle rapidly. 
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Tables 
 
 

Table 1.  Parameters for test grid 

Soil Slope, percent Runoff per unit length of 
fence, cfs/ft 

9.3 0.0011
12.8 0.0010Sandy Loam 
18.5 0.0007

9.3 0.0011
12.8 0.0010Loam 
18.5 0.0007

9.3 0.0011
12.8 0.0010Silty clay 
18.5 0.0007

 
 
 

Table 2.  Flow rates and discharge volumes 
Average Discharge Rates, cfs Silty Clay Loam Sandy Loam 
Edge of Source Area 0.042 0.031 0.035
Upslope of fence 0.013 0.021 0.011
Through fence 0.006 0.006 0.005
Volume Discharged, ft3 
Edge of Source Area 130.9 161.4 126.6
Upslope of fence 33.4 88.8 28.3
Through fence 15.6 26.7 16.8
Duration of runoff, min. 53.9 86.3 59.8
 
 
 
 

Table 3.  Average suspended solids concentration at each sampling location 
Date Soil Type Location Average ppm 

EP 285678/16/2004 
 

Silty clay 
 TF 6396

EP 7657
UF 3207

8/24/2004 
 
 

Sandy Loam 
 
 TF 5480

EP 24615
UF 16285

9/10/2004 
 
 

Loam 
 
 TF 8907

Note:  EP - edge of source plot; UF - upslope of fence; TF - through fence 
 
 



 
Table 4.  Estimated sediment discharge and trapping efficiency 

TE Total lbs in runoff Discharged UF, lb Discharged TF, lb TE, percent 
16-Aug 238.4 0.0 6.2 97.4
24-Aug 60.6 5.7 5.8 81.1
10-Sep 253.2 91.3 15.0 58.0

Note:  UF - upslope of fence; TF - through fence 
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Figure 1.  Generic design of FAEST 



 
 
Figure 2.  Photo of field laboratory installation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Flow Path When Not Sampling

Flow Path When Sampling

Sampling Tube (drains to 
sampling pit)

Silt Fence and Downslope Sampling

A

B

Slope covered with sheet metal

Flow Path When Not Sampling

Flow Path When Sampling

Sampling Tube (drains to 
sampling pit)

Silt Fence and Downslope Sampling

A

B

Slope covered with sheet metal

Moveable Flap for 
Controlling Sample Time
Moveable Flap for 
Controlling Sample Time

Figure 3.  Schematic showing location of samplers, covered area, and fence 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  CAD rendering of samplers, plot walls, and collection trough 
 

 
 
Figure 5.  Sampling troughs for flow through fence (left), flow through and over barriers (center), 
and flow under apron (right). 



 
 
Figure 6.  Abbreviated fence with different flow barrier configurations. 
 

 
 
Figure 7.  Sediment trapped in impoundments. 
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Figure 8.  Times that flow barriers were overtopped. 
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ABSTRACT 

 
Many refinery permits now require the development of Toxicity Reduction Evaluation (TRE) 

programs designed to reduce toxicity to acceptable levels when Whole Effluent Toxicity (WET) is 
detected. The objective of the TRE is to determine the actions necessary to achieve permit compliance in 
terms of WET limits and chemical specific limits. Insight into the development and history of the EPA 
policy regarding enforcement of the TRE regulations, as well as into the relevant statutory provisions of 
the Federal Clean Water Act are presented. The consequences of not performing a TRE, performing it 
improperly, or failing the TRE process are addressed. Wastewater treatment is normally the most viable 
option for managing/controlling toxicity as compared to source control/elimination. The methodology, 
test results, and conclusions of three successful refinery TRE projects are presented.  
 



INTRODUCTION 
 

The major mechanism for regulating the discharge of toxic materials in the United States today is 
the National Pollutant Discharge Elimination System (NPDES) (1). Developed as a primary component 
of the Clean Water Act of 1972, the NPDES permit program initially regulated the discharge of toxic 
constituents into the environment through conventional parameters, such as biochemical oxygen demand, 
suspended solids, and pH. These conventional requirements, in conjunction with a list of “priority 
pollutants” (129 chemicals), served as a means of controlling the release of toxic substances exclusively 
through chemical-specific analyses (2). However, this chemical-specific approach was limited in its 
ability to monitor potentially toxic discharges in several areas including: 1) incomplete assessment of all 
toxic materials being discharged as the result of an inordinate number of potentially toxic substances not 
included in the priority list or identified by vague conventional measurements, and 2) inability to evaluate 
extraneous factors such as the effluent or receiving stream matrix on the toxicity of chemicals in the 
effluent (bioavailability). Thus, these limitations warranted the development and implementation of an 
integrated approach which included the use of the Whole Effluent Toxicity (WET) testing to compliment 
the chemical-specific analyses (3). 
 

Refinery wastewaters represent very complex wastewater relative to defining and controlling 
aquatic toxicity. The chemical characteristics can vary significantly from refinery to refinery and even 
temporally within the same refinery. Conventional physical/chemical parameters are not typically reliable 
indicators or predictors of toxicity. Testing and analytical methodologies must be varied and flexible. 
Identification of specific toxicants can be like looking for a needle in a haystack. Wastewater treatment is 
normally the most viable option for managing/controlling toxicity as compared to source 
control/elimination. The methodology, test results, and conclusions of three successful case studies by 
end-of-pipe wastewater treatment are presented. Implemented solutions consisted of projects involving 
both improved preliminary (pretreatment) processes and secondary biological treatment processes. 
 

Many NPDES permits today require the development of Toxicity Reduction Evaluation (TRE) 
programs designed to reduce toxicity to acceptable levels when WET is detected.  The first of two 
approaches commonly used in the abatement of effluent toxicity is treatment without the specific 
identification and confirmation of the causative toxicants.  The second method involves specific 
identification and confirmation of the causative toxicants with the goal of locating and eliminating the 
problem(s) at its source and/or treatment of the causative toxicants.  The latter approach to reducing WET 
by specifically identifying refractory toxicants in refinery process wastewater streams and treatment in the 
wastewater plants is presented in this paper, along with three case studies.  

 

TOXICITY REDUCTION EVALUATION PROGRAM 

A general overview of the TRE program is presented in Figure 1.  The objectives of the TRE are 
to determine the actions necessary to achieve permit compliance in terms of both WET limits and 
chemical specific parameters.  The TRE may identify remedial actions as simple as improved 
housekeeping procedures and improved wastewater treatment plant operations.  However, wastewater 
streams are usually numerous and variable, requiring extensive investigation to determine the 
causes/sources of toxicity. 
 

A two-phased, multi-tiered approach is normally utilized for the toxicity characterization and 
reduction evaluation, as presented in Figures 2a and 2b.  The toxicity characterization consists of various 
treatments to identify the physical and/or chemical characteristics of the causative toxicants, as well as the 



consistency of the toxicants.  The toxicity reduction evaluation also defines control measures and/or 
treatment scenarios for toxicant control. 
 

The Toxicity Identification Evaluation (TIE) is the major component of the TRE program.  A 
schematic of the first phase of a TIE is presented in Figure 3.  Effluent samples are physically and 
chemically fractionated to determine the toxicity of each fraction.   Changes in toxicity are 
clues to suspect classes of compounds or individual compounds.  Testing for freshwater discharges are 
normally performed with Daphnid sp and Pimephales promelas.  Testing for saltwater discharges are 
normally performed with Mysidopsis bahia and Menidia beryllina.  The characterization treatments 
consist of the following: 
 

• 24-hour Ambient Degradation 
o Toxicity reduction by volatilization, photolysis, sorption/desorption to solids 

 
• Aeration 
o Toxicity reduction by oxidation, volatilization 
o Indication of treatability potential 

 
• Filtration 
o Toxicity reduction associated with filterable material 

 
• C18 and/or C8-Solid Phase Extraction (SPE) 
o Toxicity reduction by removal of non-polar to semi-polar organic compounds 
o Successful removal prompts Phase II TIE 

 
• Mixed-Bed Ion Exchange (Anion & Cation Resin) 
o Toxicity reduction by removal of TDS and heavy metals 

 
• Zeolite Ion Exchange 
o Toxicity reduction by ammonia removal 

 
• EDTA Chelation 
o Toxicity reduction attributable to chelatable cationic toxicants such as heavy metals 

 
• pH Adjustments 
o As a stand-alone treatment or in conjunction with other characterization treatments such as 

C18 and aeration 
o Effects of ionic strength adjustment 
o Chemical reversibility under acidic and basic conditions 

 
A schematic of the Phase II TIE is presented in Figure 4.  C18 solid phase extraction (SPE) is 

used to separate organic compounds into fractions according to molecular weight and polarity.  The 
sample is first concentrated onto a C18-SPE column and then removed by a gradient elution with 
methanol:water.  Toxicity tests are then performed with each methanol:water fraction, and any toxic 
fractions are analyzed by GC-MS analysis. 
 
 



REFINERY CASE STUDY NUMBER ONE 

A formal TRE was initiated in March 1995 due to chronic toxicity to Pimephales promelas 
(fathead minnows).  Sporadic toxicity to Ceriodaphnia dubia was also observed.  Multiple Phase I and 
Phase II TIE results were varied and inconclusive relative to defining a specific toxicant(s).  The formal 
TRE ended and additional characterization studies were initiated in April 1997.  Ammonia-nitrogen was 
determined to be a significant factor causing toxicity.  Additional toxic compounds appeared ionic in 
nature.  Primary toxicants were determined to be possibly semi-polar, ionizable organics with inorganic 
dissolved solids suspected of being a contributing factor.  Sporadic hydraulic and organic overloading 
were also determined to be contributing factors.  Individual heavy metals were not found in high enough 
concentrations expected to be toxic; however, additive effects of several metals was a possible factor in 
exacerbating toxicity.  The total conductive dissolved solids or ionic strength of the treated effluent matrix 
was suspected to affect the bioavailability of organic compounds. 
 

Additional studies included C8-SPE and activated carbon treatments performed in conjunction 
with compliance biomonitoring tests.  Phase II TIE results determined the following: 
 

• Toxicity was most concentrated in the 85% and 90% fractions of the Phase II TIE’s 
• C8-SPE and analyses using polar carbowax column appeared to yield better results than C18 

and standard semi-polar GC column 
• Due to multiple compound complexity, GC mass spectral matches yield only reasonable 

toxicant(s) possibilities 
• Typical compounds identified by GC-MS analysis included the following: 

 
  - Branched Alkanes 
  - Aliphatic Ketones 
  - Branched Alkenes 
  - Substituted Thiophenes 
  - Sulfones 
  - Substituted Phenols 
  - Aromatic Alcohols 
  - Branched Aliphatic Alcohols 
  - Amines 
  - Aromatics 
  - Nitriles 

 

REFINERY CASE STUDY NUMBER TWO 

A formal TRE was initiated for acute toxicity to Daphnia pulex (water flea).  Phase I TIE results 
indicated filtration removed toxicity.  Therefore, it was suspected that the toxicant was suspended in the 
water or sorbed to suspended solids.  Toxicity of individual samples oscillated or degraded over time 
indicating possible sorption/desorption dynamics.  A wastewater treatment plant evaluation indicated that 
additional aeration capacity might be needed, and that a regulated biomass recycle and wasting program 
might improve treatment performance. The Phase II TIE results indicated that filtration removed toxicity.  
Filterable toxicity could be recovered from the residue filtered from the water.  Solid phase micro-
extraction methodology (SPME) yielded better analytical results than did direct injection GC-MS 
analyses.  Chemical constituents were extracted directly from the solids filtered out of the effluent.  Semi-



volatile aromatics, high molecular weight aliphaties, substituted phenols, aromatic amine and indole 
compounds, long-chain esters of fatty acids, and substituted PAH’s were identified in the toxic fractions.  
It was determined that the suspected identified toxicants should have been biodegradable under proper 
treatment conditions. Preliminary modifications were therefore made to the treatment plant, including 
increased aeration capacity, and capabilities to operate at lower food-to-microorganism ratios and higher 
solids retention times.   
 

The existing treatment plant consisted of  preliminary treatment by API oil/water/solids 
separation followed by a two-stage secondary biological treatment system. The first stage was a combined 
equalization/aeration tank followed by a fixed film biological treatment process. The treated effluent from 
the fixed-film process gravity flowed to the clarifiers for solids/liquid separation. The treated effluent was 
discharged to a receiving stream, and the waste sludge was transferred to a holding/storage tank prior to 
disposal. The preliminary modifications consisted of adding more aeration horsepower to the 
equalization/aeration tank, and temporary pumps and piping to provide return activated sludge (RAS) 
from the clarifiers to the equalization/aeration tank. 
 

These preliminary modifications allowed a full-scale pilot study to be performed to evaluate 
enhanced biodegradation of the suspected toxicants. The full-scale study resulted in the removal of 
effluent toxicity to the water fleas. The treatment plant effluent consistently passed all its biomonitoring 
tests during the one year full-scale study period, until permanent modifications could be completed. 
Permanent modifications consisted of the addition of more aeration horsepower to the combined 
equalization/aeration tank, along with modifications of the secondary clarifiers, and new permanent 
pumps, piping, instrumentation, and controls for RAS flow control back to the equalization/aeration tank 
and waste activated sludge (WAS) flow control to the sludge holding/storage tank. With these 
modifications, the previously operated once through aeration system was converted to an activated sludge 
system. This system was then operated as an activated sludge system at higher solids retention times and 
lower F/M ratios. 
 
 

REFINERY CASE STUDY NUMBER THREE 
 
 

NPDES permit renewal studies exhibited sporadic toxicity to Daphnia pulex and occasional 
toxicity to fathead minnows.  The refinery wastewater treatment plant consisted of dissolved air flotation 
(DAF) preliminary treatment followed by equalization and an activated sludge process. Standard 
physical/chemical parameters were evaluated as indicators of toxicity. (See Figures 5,6, and 7). Figure 5 
presents D. pulex percent survival and effluent COD concentrations of samples collected over several 
years time period. Figures 6 and 7 present P. promelas percent survival  and effluent BOD and ammonia-
nitrogen concentrations, respectively, of several samples collected over several years.  The most regularly 
monitored parameters such as BOD, COD, pH, alkalinity, hardness, TSS, oil and grease, etc., were found 
to not normally correlate well with toxicity  
 

Preliminary analytical investigations determined the following suspect compounds to be present 
in the effluent: 
 

• Alkanes 
• Branched Alkanes 
• Branched Alkyl Alcohols 
• Substituted Phenols 



• Sulfur Compounds 
• Substituted Indoles 

 
Ammonia-nitrogen levels were determined to be high enough periodically to be problematic to the 
fathead minnows.  Total dissolved solids concentrations above 1,500 to 2,000 mg/l were determined to be 
problematic to the water fleas (See Figure 8). 
 
 
ENFORCEMENT: THE DARKER SIDE OF VIOLATING 

WHOLE EFFLUENT TOXICITY LIMITS 
 
 

With a few notable exceptions, the EPA and the states have been fairly relaxed in their 
enforcement approach to exceedances of WET limits.  The emphasis has been on working with 
respondents to implement TREs and achieve compliance, rather than on bringing enforcement actions.  
However, the federal and state agencies do have the proven ability to penalize miscreants.   
 

The federal Clean Water Act provided the basis of TREs, and contains these building blocks that 
led to eventual development of the WET program: 

 
• Section 101(a)(3) declares a national policy that the discharge of toxic pollutants in toxic 

amounts be prohibited. 
 

• Section 301 requires point source dischargers to obtain NPDES permits before discharging into   
waters of the U.S. 

 
• Section 308 allows the EPA to require reports, monitoring, and sampling. 

 
• Section 309 states that any violation of a permit condition or limitation is subject to 

enforcement.  
 

Based on those statutory policies, and the implementing regulations in 40 Code of Federal 
Regulations Part 122, the EPA began developing a WET program approximately twenty years ago.  In 
1984 the EPA issued its “Policy for the Development of Water Quality – Based Permit Limitations for 
Toxic Pollutants” (2).  This document addressed the use of methods to assure that toxic whole effluent 
discharges are regulated consistent with federal and state requirements.  It discussed integration of 
chemical and biological approaches, testing requirements (WET requirements), use of data, setting of 
effluent limitations, and monitoring. 
 

In 1989, the EPA’s Office of Water issued an internal memorandum entitled “Whole Effluent 
Toxicity Basic Permitting Penalties and Enforcement Strategy”(3). This internal memorandum included 
basic permitting principles for WET.  Even more significant to this discussion is the memorandum’s 
adoption of a “Compliance Monitoring and Enforcement Strategy for Toxics Control.”  The Strategy 
specifically stated that it was intended to ease permittees’ fears of indiscriminate penalties for violations 
the permittees are unable to control.  That statement set the tone for the attitude of EPA towards WET 
violations: the agency’s efforts have focused on convincing permittees to take the steps necessary to 
improve compliance, including amending a discharge permit to require remedial action.  This is not to 
say, however, that the agency will tolerate all non-compliance: 
 



“The appropriate initial enforcement response may be to require additional 
monitoring and then rapidly escalate to formal enforcement…But when an 
inspection…indentifies noncompliance, the Region and State should initiate formal 
enforcement with a compliance schedule, unless remediation is already required in the 
permit…Any formal enforcement action will be tailored to the specific violation and 
remedial action.”   

 
When the EPA takes enforcement action, it may require the respondent to: (a) perform a TRE, (b) 

determine the appropriate remedial action, and ultimately, (c) comply with the effluent limit.  The 
Strategy also recognizes administrative orders as an enforcement tool, and says that such orders should 
require a schedule of corrective actions, compliance by a certain date, and possibly an administrative 
penalty.  In certain cases, a second TRE will be required.  If that does not result in compliance, 
enforcement can escalate.  However, according to the Strategy, technical support from EPA is preferred:  
 

“In a few highly unusual cases where the permittee has implemented an 
exhaustive TRE plan, applied appropriate influent and effluent controls, maintained 
continued compliance with all other effluent limits, compliance schedules, monitoring, 
and other permit requirements, but is still unable to attain or maintain compliance with 
the toxicity – based limits, special technical evaluation may be warranted and civil 
penalty relief granted.”   

 
More recently, in 1995, the EPA issued its National Policy Regarding Whole Effluent Toxicity 

Enforcement (4). This policy provides additional insight into the factors which EPA and state 
environmental agencies consider in deciding whether to take enforcement action.  Once a regulated entity 
violates its discharge permit, the agency reviews all relevant data on the seriousness of the harm caused, 
the compliance history of the facility, and other relevant facts.  
 

While the Policy recognizes that EPA’s Environmental Management System (EMS) guidance 
recommends an escalating response to continuing violations, the National Policy espouses a reasonable 
approach towards the first-time offender:  
 

“EPA does not recommend that the initial response to a single exceedance of a 
WET limit, causing no known harm, be a formal enforcement action with a civil 
penalty.”   

 
In 2001, EPA was compelled to issue another policy document as a result of a settlement 

agreement which dictated that EPA issue technical guidance on conducting TREs and TIEs (5). The 
“Clarification Regarding Toxicity Reduction and Identification Evaluations in the NPDES Program” 
rendered several conclusions: 
 

• Permittees should seek technical review and comment from their regulatory authority when 
developing TRE plans.  

 
• A close cooperative relationship between the permittee and the agency is encouraged, with 

the goal of developing the most effective resolution and making mid-course corrections.  
 

• “Enforcement decisions should be guided by case-  and site-specific consideration of existing 
and historical toxicity, including toxicity magnitude, duration, and frequency, and the 
permitee’s diligence in resolving and preventing WET noncompliance.” 

 



As should be obvious from the foregoing, EPA has the power and ability to take enforcement 
action for WET and TRE violations.  How has the agency exercised that power?   
 

According to a summary prepared by Phil Jennings, Environmental Scientist in EPA’s Dallas 
Region VI offices, there have been approximately 100 penalties levied by EPA over the past 15 years for 
violations of WET limits.  The largest penalty by far was $2.9 million, assessed against two pulp 
companies in California.  Most penalties, however, settle for less than $5,000.00 after a show cause 
hearing.  This does not mean that EPA will tolerate violations forever, and a permittee is well-advised to:  
(1) be very involved in drafting the language of your permit or permit amendment; (2) know and 
understand the terms of your permit; (3) identify a competent laboratory; and (4) identify good 
environmental consultants and lawyers, just in case! 

 
 

SUMMARY AND CONCLUSIONS 

Refinery wastewaters are complex wastewaters relative to defining and controlling toxicity.  The 
wastewaters can vary significantly according to different production processes and raw materials 
processed. Conventional physical/chemical parameters are not always reliable indicators or predictors of 
toxicity.  Additive effects of multiple compounds are probably responsible for most observed toxicity.  
Testing and analytical methodologies must be varied and flexible.  Identification of specific toxicants can 
be like looking for a needle in a haystack.  Wastewater treatment at refineries is normally the most viable 
option for managing/controlling toxicity as compared to source control/elimination. 
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Figure 1.  TRE Program General Overview.
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Figure 4.  Schematic of Phase II TIE. 
C18 Solid Phase Extraction (SPE) to separate organic compounds into fractions according to molecular weight and polarity. 
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   Figure 5  .  D. Pulex Survival versus COD.  
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Figure 6.  P. Promelas Survival versus BOD concentration.
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Figure 7.  P. Promelas Survival versus NH3-N concentration. 
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Figure 8.  D. Pulex Survival versus TDS Concentration. 
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Background 
 
Many leaking underground storage tank cases, even those not considered to pose a threat to human health or the 
environment, remain open due to the periodic presence of residual light non-aqueous phase liquids (LNAPLs).  
Although the majority of the LNAPL has been removed at many of these sites, it is not unusual to find open 
environmental cases that exceed 10 years of age.  The residual phase of the LNAPL continues to degrade 
ground water quality by partitioning into dissolved phase concentrations that can be in excess of regulatory 
criteria. Corporations have finite resources that they are able to allocate to the remediation of these types of 
sites.  Although the individual budgets on these low-risk sites can be minimal, their collective impact on 
corporate environmental programs can be quite significant.  In order to ensure that adequate funding is available 
for sites that truly pose a risk to human health and the environment and warrant active remediation, regulatory 
agencies and companies alike are evaluating alternative, non-traditional approaches and technologies for the 
cleanup of these low-risk sites.  The expedited removal of residual LNAPL can help mitigate the source of the 
dissolved phase plume, minimize the risk to potential receptors, achieve regulatory compliance, and ultimately 
expedite case closure.   
 
Approach 
 
To accelerate cleanup and closure of these low-risk sites, two non-conventional remedial approaches have been 
combined:  in-situ surfactant flushing and mobile multi-phase high-vacuum extraction.  Surfactants are designed 
to change the interfacial tension between the water and NAPL bodies and desorb the residual LNAPLs 
entrained in the soil matrix by micro-emulsifying the organic particles, and forming a micelle.  In the case of 
weathered LNAPLs, surfactants have been used to decrease the viscosity of the material, resulting in increased 
and more efficient recovery.  Surfactants are also considered bioremediation enhancing and vapor suppression 
agents.  The use of mobile multi-phase high-vacuum extraction allows the environmental engineer to focus 
remediation efforts at a targeted area of the site without incurring the cost and disruption associated with 
traditional permanent remediation approaches.  Additionally, this method increases the effective radius of 
influence, while minimizing the volume of effluent recovered that requires treatment and/or disposal.  This 
combined approach involves the in-situ application of a surfactant mixture, under pressure, into the site 
subsurface.  The injection is followed by high-vacuum induced multi-phase recovery from an extraction well, 
via a mobile vacuum truck. 
 
In addition to the physical removal of residual LNAPL and dissolved constituents during the flushing and 
extraction process, this study evaluated the solubilization and mobilization of the residual LNAPL and 
dissolved constituents following extraction.  While there has been concern that the addition of a surfactant 
mixture may only result in the dilution and physical dispersion of any residual LNAPL and potentially increase 
the concentrations of the dissolved constituents, this study observed the successful mass phase transfer/removal 
following surfactant application/extraction and tracked the resulting attenuation of the dissolved constituents.   
 
When surfactants are introduced into a water / NAPL system, they have two major results: 1) mobilization of 
free NAPL and 2) solubilization of residual NAPL.  Of these two, mobilization is more rapid and has resulted in 
much of the negative views of surfactant use.  In order to counteract the effects of mobilization and prevent 
unwanted migration, this study followed the surfactant injection with an extraction event to capture and remove 
the majority of the mobilized NAPL mass.  Additionally, as shown with many other remediation technologies, 
more effective mass removal is achievable when a system is not allowed to achieve equilibrium.  One example 
of this is the use of pulsed air sparging versus continuous air sparging.  It was decided that the combined use of 
an injection and extraction event in close temporal proximity could help achieve this desired “push-pull” type of 
disequilibrium. 
 



 
 
Site Background 
 
The site selected for this test is an operational retail gasoline service station.  The site is located in the southern 
portion of Maryland, within the Coastal Plain.  The lithology of the site is characterized by interbedded alluvial 
sands, silts, clays and gravels.  Ground water at the site is found at a depth of approximately 15-feet below 
ground surface.  Ground water at the site generally flows to the southwest at an approximate gradient of 0.0003 
feet/foot.  Figure 1 depicts a map that shows the general features of the site and the location of the injection / 
extraction and monitoring wells as well as total benzene, toluene, ethylbenzene, and xylenes (BTEX) 
concentrations detected in the monitoring wells prior to applying the surfactant. 
 
There has been an open environmental case at the site since 1984, due in part to the intermittent presence of 
LNAPL in several of the ground water monitoring wells at the site.  Although the case has been open for over 
two decades, active remediation was not undertaken due to the limited areal distribution of LNAPL and high 
dissolved BTEX in the ground water at the site.  Additionally, since only the surficial, water-table “aquifer” was 
impacted and the site is not located in an area with potable wells, active remediation was not deemed necessary 
to protect human health and the environment.  The case could not be closed previously due to the limited 
presence of LNAPL in one of the monitoring wells (Maryland regulations prohibit the closure of cases with 
LNAPL present and require the removal of LNAPL to the maximum extent practical – a sheen).  Environmental 
activities at the site were limited to quarterly ground water monitoring and the use of passive bailers for LNAPL 
recovery. 
 
Historically, a dissolved BTEX plume has extended from the area of the underground storage tank (UST) tank 
field to the area of well MW-7.  Well MW-1 has historically contained several inches of LNAPL, while well 
MW-2 has contained periodic traces of LNAPL.  The maximum LNAPL thickness reported historically in well 
MW-1 was approximately 1.40 feet.  However, at the beginning of the pilot test, MW-1 contained 
approximately 0.56 foot of LNAPL.  
 
Surfactant Injection / Extraction Event #1 
 
On October 6, 2003, all wells at the subject site were gauged.  Monitoring well MW-1 was found to contain 
0.56 foot of LNAPL and MW-2 was found to contain 0.01 foot of LNAPL.  Following well gauging and 
preparation of necessary materials, 150 gallons of 4% solution proprietary-blend non-ionic surfactant (EC-165, 
EnviroClean, LLC) was injected into well MW-1.  Approximately 100 gallons of 3% solution surfactant was 



injected into well MW-2.  The surfactant mixture was injected through a down-well surge block at a flow rate of 
approximately 5 gallons per minute (gpm) and a pressure of approximately 15 pounds per square inch (psi).  It 
was estimated that the surfactant mixture achieved a radius of influence of approximately 10 feet around the 
injection wells.  Based on literature research of surfactants, the surfactants were left in the ground for a period 
of approximately 72 hours prior to extraction. 
 
On October 9, 2003, all wells at the subject site were gauged.  MW-1 and MW-2 were not found to contain any 
LNAPL.  Following well gauging, a vacuum truck equipped with a down-well drop-tube and well seal was 
utilized to evacuate the liquid in the two injection wells, under vacuum.  Approximately 500 gallons of water, 
LNAPL, and emulsion was removed from well MW-1 and approximately 300 gallons of water and emulsion 
was removed from well MW-2.  
 
Following completion of the first surfactant injection and extraction event, the monitoring wells at the site were 
gauged several times.  Approximately 0.02 foot of LNAPL was detected in MW-1 one week subsequent to the 
completion of the extraction event, and LNAPL did not return to MW-2.  Due to the presence of residual 
LNAPL in MW-1, it was decided that one additional surfactant application would be conducted. 
 
Ground Water Monitoring Results Subsequent to Event #1 
 
Subsequent to the first surfactant injection / extraction event, but prior to the second event, a round of ground 
water samples was collected from all of the monitoring wells at the site.  A >99.99% reduction in total BTEX 
concentrations was observed in injection / extraction well MW-1 and a 97% reduction in total BTEX 
concentrations was observed in injection / extraction well MW-2.  BTEX concentrations in downgradient wells 
MW-5 and MW-6 remained non-detect during this sampling period.  However monitoring well MW-5 did 
exhibit a slight increase in methyl tertiary butyl ether (MTBE) concentrations (64 parts per billion [ppb] to 285 
ppb).  A slight increase in dissolved BTEX concentration was observed in Well MW-7 (14 ppb to 68 ppb) 
subsequent to the first injection / extraction event.  The ground water monitoring results from MW-1 are 
included in Figure 2.  The ground water monitoring results from MW-2 are included in Figure 3.  
  

Figure 2
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Surfactant Injection / Extraction Event #2 
 
On January 9, 2004, all wells at the subject site were gauged.  MW-1 and MW-2 were not found to contain any 
LNAPL.  However, due to the presence of relatively high levels of dissolved BTEX in the vicinity of the two 



injection / extraction wells, a second surfactant injection and extraction event was completed.  Following well 
gauging and preparation of necessary materials, 200 gallons of 5% solution proprietary-blend non-ionic 
surfactant (EC-165, EnviroClean, LLC) was injected into well MW-1.  Approximately 100 gallons of 5% 
solution surfactant was injected into well MW-2.  The surfactant mixture was injected through a down-well 
surge block at a flow rate of approximately 5 gpm and a pressure of approximately 15 psi.  The surfactants were 
left in the ground for a period of approximately 96 hours prior to extraction during this injection event. 
 
On January 13, 2004, all wells at the subject site were gauged.  MW-1 and MW-2 were not found to contain any 
LNAPL.  Following well gauging, a vacuum truck equipped with a down-well drop-tube and well seal was 
utilized to evacuate the liquid in the two injection wells, under vacuum.  Approximately 390 gallons of water 
and LNAPL emulsion was removed from well MW-1 and approximately 625 gallons of water and LNAPL 
emulsion was removed from well MW-2.  
 
Ground Water Monitoring Results Subsequent to Event #2 
 
Subsequent to the second surfactant injection / extraction event, a round of samples was collected from all of 
the ground water monitoring wells at the site.  Approximately an additional 60% reduction in total BTEX 
concentrations was observed in injection / extraction well MW-1, for a net reduction of >99.99% over pre-test 
concentrations, and a net 40% reduction in overall total BTEX concentrations was observed in injection / 
extraction well MW-2.  BTEX concentrations in downgradient monitoring well MW-5 went from non-detect 
levels of benzene to a detectable concentration of 1 ppb.  MTBE concentrations in monitoring well MW-5 
increased from 285 ppb to 555 ppb.  Downgradient monitoring well MW-6 remained non-detect for BTEX and 
MTBE.  BTEX concentrations in monitoring well MW-7 slightly increased from 68 ppb to 80 ppb. The ground 
water monitoring results from MW-1 are included in Figure 2.  The ground water monitoring results from MW-
2 are included in Figure 3.   
 

Figure 3
Surfactant Injection & Extraction Well 
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Ground Water Monitoring Results in Surfactant Injection / Extraction Wells 
 
The study found that LNAPL was not observed in any of the test sites following the two surfactant injection and 
extraction events.  The LNAPL reduction observed in MW-1 was significant.  Prior to the initiation of the test, 
MW-1 contained 0.56 foot of LNAPL.  Subsequent to the completion of the test, MW-1 was found to not 
contain measurable LNAPL.  LNAPL monitoring results are depicted in Figure 4.  Also, the study found that 



dissolved BTEX concentrations in the injection / extraction wells was reduced by 99.99% and 18% in wells 
MW-1 and MW-2, respectively, following the two surfactant injection and extraction events.   
 
As discussed previously, the two main mechanisms associated with the use of surfactants in a water / oil system 
are mobilization and solubilization.  Both of these mechanisms were observed during the study.  First, the 
majority of the LNAPL mass in the site subsurface was mobilized following the injection of the surfactant 
solution.  Within several days of the injections, Winsor Type III reactions were observed in MW-1.  The Winsor 
Type III reaction is characterized by the presence of three distinct phases:  an aqueous or dissolved phase, a 
micro-emulsion phase, and a NAPL phase.  During the vacuum extraction event performed on October 9, 2003, 
this multi-phase phenomenon was observed.  Fluids recovered from the vicinity of MW-1 included 
hydrocarbon-impacted ground water, micro-emulsion globules, and LNAPL.  The amount of fluid recovered 
from well MW-1 was approximately 500 gallons.  It was estimated that approximately 25% of this fluid 
consisted of NAPL and micro-emulsion, with the remainder of the mixture being comprised of impacted ground 
water and surfactant solution.  Within a relatively short period of time (several days to weeks) following the 
initial injection / extraction event, dissolved BTEX concentrations in well MW-2 increased significantly.  
During this same period of time, residual LNAPL in the vicinity of MW-1 continued to be mobilized by the 
residual surfactant.  The occurrence of the residual surfactant was confirmed during subsequent monitoring 
events, visually by the presence of a tracer dye that was included in the surfactant formulation.  Following the 
initial extraction event on MW-1, no LNAPL was detected.  However, within one week after the extraction 
event, the LNAPL thickness in MW-1 had returned to 0.02 foot.  Solubilization of the LNAPL mass present in 
the site subsurface was observed during this study; however, mobilization appeared to be the predominant 
mechanism, followed by solubilization.  As shown in Figure 3, there was a marked increase in dissolved BTEX 
concentrations immediately following the initial surfactant injection.  As shown in this figure, however, the 
relatively high dissolved BTEX concentrations appeared to quickly attenuate.  It is believed that the surfactant 
released the NAPL mass from the relatively unavailable residual phase into the extremely bioavailable 
dissolved or aqueous phase, where it can be readily broken down by resident microbe populations.   
 

Figure 4
Measured LNAPL Thickness
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Ground Water Monitoring Results in Downgradient Wells 
 
There is concern that the surfactant treatments can be simply diluting, displacing, or dispersing the LNAPL 
mass and result in creating a more dissolved fraction.  In order to evaluate this potential concern, close attention 
was given to the two ground water monitoring wells located hydraulically downgradient from the surfactant 
injection / extraction wells, MW-1 and MW-2.  Figure 5 depicts the results of ground water samples collected 
from downgradient wells MW-5 and MW-6, as well as the side gradient well MW-7.  Given the historical 



direction of ground water flow at the site and the spatial proximity to the source and treatment area, special 
consideration was given to well MW-5. 
 
As to the concept of dilution, during the initial surfactant injection event, approximately 250 gallons of 
surfactant solution were introduced into the subsurface in the areas of MW-1 and MW-2.  The volume of non-
native fluid introduced into the system is <0.5% of the total volume of the water contained in the area between 
MW-1 and MW-2.  It is highly unlikely that this extremely small volume of water, relative to the water volume 
of the test area, resulted in the initial concentration reductions of 97% to >99% observed during the first phase 
of the test. 
 
With regard to the role displacement and dispersion play on this site, the data collected from the downgradient 
monitoring wells may support limited contribution due to these mechanisms.  Immediately following the first 
and second surfactant injection / extraction events, the dissolved petroleum concentrations in MW-5 increased.  
Benzene concentrations went from non-detect to 9 ppb.  BTEX concentrations went from non-detect to 11 ppb.  
MTBE concentration went from 64 to 1,960 ppb.  If a correlation does exist (there are no contributions from 
current operations at the service station), the decrease in mass observed in the areas of MW-1 and MW-2 would 
likely result in significantly higher dissolved petroleum concentrations than those observed in MW-5.  It should 
also be noted that within 3-4 days of injection, the surfactant solution was extracted.  In fact, 3-4 times the 
initial injection volume was recovered and removed by the vacuum extraction unit.   
 
In the absence of dilution, dispersion, or displacement as the mechanisms for the attenuation observed at the 
site, the ideas of bioavailability and biodegradation are given more weight.  Although no microbial samples 
were collected as part of this study and biodegradation was not directly studied, anecdotal evidence supports the 
occurrence of enhanced biodegradation subsequent to the injection / extraction events.  It is believed that the 
significant attenuation rates observed in wells MW-1 and MW-2, subsequent to the injection / extraction events 
is due to the increased bioavailability of the contaminant mass as a by-product of increased solubilization. 
 

Figure 5
Downgradient Monitoring Well Data
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Results from Additional Test Sites 
 
The results of this study were promising and the technology was employed at several other sites throughout 
Maryland.  Results observed at this site were consistent with the results observed at the other sites.  The 
following graphs show the results from two other surfactant injection / extraction sites.  Although the results are 
not quite as remarkable as those from the study site, the results are consistent with the observations at the study 



site.  It should be noted that the wells presented below contained only relatively high levels of dissolved BTEX 
and did not contain LNAPL as the study site did. 
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Conclusions and Path Forward 
 
The goal of this study was to determine if surfactant injection / extraction could be a viable remediation option 
for low-risk petroleum sites that did not warrant full-scale active remediation efforts.  Many sites and 
environmental cases exist that do not pose a significant risk to human health or the environment, but must 
remain open due to the continuous or intermittent presence of small amounts of LNAPL.  In the State of 
Maryland, a site that has been shown to not pose a significant risk can be closed once LNAPL is removed and a 
declining contaminant mass and/or concentration trend is shown.  Ultimately, the surfactant injection / 



extraction events employed at the subject site were able to remove all the persistent measurable LNAPL from 
the site monitoring wells. The closure request for this site has been submitted and approved pending a final 
compliance inspection at the site (it is an operational retail gas station) by the Maryland Department of the 
Environment regulator.   
 

Figure 6
Dissolved Benzene Concentrations
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Figures 6 and 7 depict the dissolved benzene and Total BTEX concentrations observed at the site over time.  
Based on this data, and the resulting case closure, this form of remedial application appears to be successful.  
The client was able to achieve case closure in a period of a little more than one year, at a cost of approximately 
$25,000 (including monitoring costs).  Operations at the site were minimally disrupted by the surfactant 
injection / extraction project, as it can be deployed as a mobile technology. 
 

Figure 7 
Dissolved Total BTEX Concentrations
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Future studies will focus on the biodegradation of the dissolved phase of the contamination.  This study 
demonstrated the successful physical removal processes of LNAPL from affected areas.  Additional study is 
required to evaluate the processes of bioavailability and potential limiting factors that may affect 



biodegradation.  If the surfactant injection / extraction technology is applied to a site, it is important to 
understand the biochemical parameters at the site that may limit the rate of removal so that if an increase in 
dissolved phase concentrations is observed in downgradient wells, measures can be put in place to address these 
potential concerns.  These biochemical parameters may include dissolved oxygen concentration, CO2, ORP, pH, 
sulfate, sulfide, nitrate, nitrite, iron, alkalinity, BOD, COD, methane and bacterial plate counts.  It is 
recommended that the biochemical and hydrogeologic parameters be understood at sites where there may be 
risk to potential downgradient receptors prior to incorporating this technology. 
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ABSTRACT 
 
A review 551 publications relating to remediation of oilfield brine spill sites revealed a 

lack of information concerning spill and site characteristics and restoration success.  Despite 
major knowledge gaps, several paradigms emerged.  Reduction in salts via leaching and soil 
amendment is essential.  Toxicity and biomagnification of oil components, metals and 
radionuclides is of concern.  Soil reclamation, phytoremediation and mycorrhizal fungi 
augmentation is a viable cost-effective alternative to soil removal and replacement.  
Reestablishment of native plant communities and ecological functions may be the best measures 
of remediation success.  Lastly, development of remediation strategies requires detailed analysis 
and monitoring of soils and long-term assessment of plant communities.   

 
Gaps in knowledge include the lack of risk assessment for production chemicals and 

radionuclides, BMPs for organic and chemical soil amendments, and tolerance limits for many 
plant species.  We recommend that remediation include detailed spill and spill site 
characterization and long-term quantitative assessment of remediation.  Spill sites encompassing 
a range of environments should be re-visited to evaluate restoration status, and a large-scale, 
multi-site experiment should be conducted to test remediation strategies across the region. 
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INTRODUCTION 
 

Oilfield brine contamination of soil results in a range of direct and indirect environmental 
impacts.  Ecosystem sensitivity to brine contamination and the ability to recover depends on the 
flora, fauna, soil properties, geology, slope, hydrology and climate of the spill site.  Moreover, the 
spill quantity and composition influence ecosystem responses.  A need exists therefore to 
understand the interactions between brine spills and environmental variables in order to effect 
remediation.  Toward this goal, we reviewed the brine spill restoration literature.  The review is 
organized by site characterization, spill characterization, in situ bioremediation, 
phytoremediation, bioaugmentation, and recovery assessment.   
 
Site Characteristics  

 
The success of any remediation effort is dependent upon the environmental context, such 

as local geology, mineralogy, soil condition, nutrient levels, pH, texture and structure, 
temperature and precipitation.  The geology of a spill site complicates the treatment of soils 
affected by produced water discharges.  In Louisiana, for example, much of the land mass was 
formed from alluvial deposits from the Mississippi and Red Rivers.  These rivers carry heavy 
sediment loads from temperate climate areas where weathering of primary and secondary 
minerals is less intense.  Consequently, many of the soils are classified as inceptisols (1) or recent 
alluvial soils, and have not been exposed to the long-term weathering processes typical of soils in 
other subtropical regions.  These alluvial soils often have high cation exchange capacity, clay 
content and water-holding capacity, and low infiltration rates.  Frequently the water table is at or 
very near the surface.  Thus, high water tables along with low soil infiltration rates make it 
difficult to leach salts from surface soils.  In contrast, acidic, non-alluvial ultisols, with more 
moderate moisture levels, a significant clay accumulation zone and moderate infiltration rates (1), 
are more responsive to leaching treatments.   

 
Brine-contaminated soils have excess soluble salts and high electrical conductivity.  

Many of the brine-affected soils in Louisiana are classified as saline-sodic (Lindsay, 
1998).  Sodic (alkali) soils have excess exchangeable sodium (Na+), high pH and low soluble 
salts.  When the amount of absorbed sodium exceeds 10% of the total cation exchange capacity, 
soil mineral particles tend to disperse and hydrologic conductivity decreases.  As the sodium 
absorption ratio increases, higher rates of clay dispersion, soil swelling and pore plugging occur.  
Sodic soils usually lose their structure and have extremely low water infiltration rates such that it 
is difficult to leach excess sodium to deeper soil layers (2).  Saline-sodic soils have both high salt 
concentrations and high exchangeable sodium with a pH < 8.3.  Only very salt tolerant plants 
remain productive in soils > 15% ESP.  Many salt sensitive plants are negatively affected at EC 
values from 1-2 mS cm-1 (3-4).   

 
The addition of salt-laden produced waters to soil changes the ability of plants to take up 

water and nutrients and may increase the bioavailability of some heavy metals that are bound to 
clay particles (5).  The availability of soil macronutrients is affected by a large number of factors 
including type of soil parent material, extent of weathering, soil pH, precipitation regime, 
evaporation potential, soil organic matter content, cation exchange capacity and relative nutrient 
concentrations in the soil water (5).  Trace elements and heavy metals have a greater tendency to 
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accumulate in clay than sandy soils.  Thus, the potential for toxic concentrations of metals and 
trace elements must be considered in restoration planning. 

 
Mineral clays have a net negative charge that attracts positively charged ions like Na+ and 

calcium (Ca2+).  Attracted cations may form a diffuse layer (or cloud) around each clay particle.  
The thickness of this diffuse layer is related to cation valence and ion concentration.  In soils with 
high concentrations of Na+, the diffuse layer increases in size, soils expand, and clay particles 
tend to disperse.  In order to reclaim these soils, the diffuse layer around clay particles must be 
reduced in size.  The application of Ca2+ with a higher valence than Na+ will cause the clay 
particles to release sodium and accept calcium.  This reduces the size of the diffuse layer around 
clay particles, increases water percolation rates, and allows the now free sodium ion to be leached 
from the soil (3).  Highly reactive clays such as smectite and vermiculite have a greater tendency 
to form impermeable diffuse layers than less reactive kaolinite and illite clays.   

 
Slight increases in pH tend to make Ca2+ more available, while decreases in pH reduce 

calcium availability (2).  Some minerals (such as kaolinite, aluminum oxides, iron, and smectitic 
clays) along with organic matter have variable charges depending upon pH.  At high pH, organic 
matter and some minerals become negatively charged which increases the ease at which soil 
particles disperse.  At low pH organic matter becomes more positively charged and has an 
increased tendency to promote flocculation (3). 

 
The texture and structure of soil affect permeability.  In order for excess salts to be 

leached from surface layers and high levels of exchangeable sodium replaced with calcium, large 
amounts of water must permeate the soil.  Permeability is high in sandy soils with large pores.  
However in clay soils, leaching of salts can lead to the loss of soil structure, clay dispersion and 
plugging of soil pores.  Subsequent rainfall can lead to clay expansion, soil swelling, and water 
stress in plants. 

 
Climate has an overriding effect on soil type and rates of remediation.  Climate 

determines the frequency and duration and quantity of precipitation and evaporation that affects 
the fate of nutrients and salts in the soil.  Adequate precipitation is needed to leach salt and other 
contaminants from soils affected by produced waters.  In arid areas (< 25 cm precipitation per 
year) without access to irrigation, bioremediation of contaminants is often lengthy and 
impractical.   

 
Adequate soil moisture, temperature and aeration are also necessary for microbial 

degradation of oil.  Oil and oily materials in the soil tend to flocculate, become hydrophobic and 
exclude water, soluble nutrients and oxygen.  Only a small proportion of the flocculated oily 
material offers an environment suitable for colonization by oil-degrading microorganisms.  
Improving soil aeration and maintaining soil moisture levels at 50-80% of field capacity provides 
optimal conditions for microbial degradation of oil (6). 
 
Spill Characteristics 

 
Produced water has five major components: oil (dispersed and soluble), salt, heavy 

metals, production chemicals and radionuclides.  Oilfield separators are unable to remove soluble 
oils and very fine droplets of dispersed oil.  Thus, oil may contaminate soils from a spill of 
produced water.  In upland habitats, toxicological studies on crude oil affected soils in Texas 
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show that earthworm survival is related to total petroleum hydrocarbons (TPH) levels.  As TPH 
levels declined through biodegradation after 3-5 months, earthworm survival increased to normal.  
Soils with high amounts of residual hydrocarbons remained toxic to earthworms for as long as 
eight months (7). 

 
Salt concentrations in produced waters vary from a few ppm to 300,000 ppm.  For 

comparison, seawater contains about 35,000 ppm total dissolved salts (90% of which is sodium 
chloride).  Salts in produced water are primarily chlorides and sulfides of Ca, Mg, and Na (4).  
High concentrations of salt in the soil may result in clay dispersion and loss of soil structure, 
leading to increased rates of erosion.  In areas with low rainfall, excess salt may encrust on the 
surface, further reducing water infiltration rates and soil moisture.  Excess salt in the soil affects 
plants by increasing the osmotic pressure of the soil solution and reducing hydrologic 
conductivity and water infiltration, thus reducing the ability of plants to take up water and 
nutrients.  Salt is also directly toxic to many plant species (2, 8).  Lastly, sodium and chloride ions 
in high concentration also have an adverse influence on microbial activity associated with the 
breakdown of organic matter and the release of nutrients in the soil (9).   

 
Heavy metals like barium, strontium, zinc, nickel, copper, lead and mercury are often 

associated with produced water.  Lead, chromium and nickel are often among the most abundant, 
though heavy metal concentrations vary between individual wells (10).  The potential for 
bioaccumulation makes even low accumulations of heavy metals of concern.  Heavy metals such 
as cadmium and mercury at levels below 250 ppb can affect larval stages of blue crabs.  
Chromium also appears toxic to juvenile blue crabs (11).  In upland habitats, Goodin (6) found 
elevated levels of nickel, strontium and barium in pine needles exposed to an oil/brine blowout. 

 
Presence of production chemicals may also impact remediation; however little is known 

about the environmental effects of these chemicals.  Drilling fluids and production chemicals are 
of three classes, oil-based, water-based and synthetic-based muds.  Oil-based muds typically 
contain a hydrocarbon-based fluid consisting of diesel fuel (6-10% by volume), brine (calcium 
chloride), clays, weighting agents and a variety of other additives.  Although oil-based muds are 
effective in solving many drilling problems, they disperse poorly from offshore drilling rigs and 
are associated with significant pollution events.  Water-based muds are an aqueous solution of 
clays, weighting agents and production chemicals.  They tend to pose fewer environmental 
concerns but may not be as effective as oil-based muds.  Newer synthetic-based muds are 
reported to be effective drilling agents and appear to be less toxic in the environment than either 
oil- or water-based muds (12).   

 
Some of the drilling fluid additives associated with oil-based muds have been examined 

for toxicity using earthworm and seed germination tests (13).  Fluids with high to medium 
aromatic hydrocarbon content (> 0.08% aromatics) resulted in high earthworm mortality.  Fluids 
with less than 0.003% aromatic hydrocarbon content produced little earthworm mortality and 
were judged to be suitable candidates for land farming or other remediation procedures.  McCosh 
and Getliff (13) also tested the toxicity of four different brine bases (calcium chloride, potassium 
acetate, potassium formate and calcium ammonium nitrate) on earthworm survival.  Potassium 
acetate (applied at the rate of 0.95-MT cuttings per 1-MT amendments) was judged to be least 
toxic and readily degraded by soil microorganisms and earthworms.  However, many variables 
including soil particle size, particle composition and heavy metal content influence the toxicity 
and bioavailability of toxic components.   
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Recent attention has focused on the presence of radionuclides (particularly radium) in 

produced waters.  The occurrence of soluble radionuclides like radium (226Ra and 228Ra) in 
produced water was first documented in USSR and subsequently found in association with oil and 
gas production sites in Oklahoma, Texas, California, Illinois and coastal Louisiana.  Onshore 
concentrations of radium measured in the U.S. varied from 0.1 to 1620 pCi L-1 (picocuries per 
liter of water).  Recent measurements of radium levels in the Gulf of Mexico and California 
ranged from 29 to 277 pCi L-1.  Concentrations in Louisiana and Texas produced water range 
from 19 to 28,000 pCi L-1.  Background concentrations of 226Ra in Louisiana soils are, on 
average, about 2.4 pCi g-1 (87.8 mBq g-1; 14).  Coastal water concentrations of radium isotopes 
are generally <1 pCi L-1.  Proposed EPA regulations suggest that liquid wastes containing 50 pCi 
of radium per liter should be considered hazardous (11).  Fish and shellfish exposed to produced 
water may accumulate radium.  The human health hazard of radium-contaminated fish has been 
evaluated in several risk assessment studies (e.g., 15).  However, no definitive conclusions as to 
the level of hazard associated with fish and shellfish consumption are widely accepted. 

 
In situ Bioremediation 

 
In situ bioremediation is an on-site enhancement of intrinsic bioremediation (i.e., natural 

attenuation).  In situ bioremediation is applied when intrinsic bioremediation is too slow to satisfy 
regulatory agencies or landowners, or when risk assessment suggests enhancement of natural 
attenuation is required.  Soil remediation may take a year or longer (16).  Intrinsic bioremediation 
may be encouraged by mechanical techniques, biostimulation, phytoremediation and 
bioaugmentation.  Successful remediation of saline soils depends upon the ability to leach salts to 
depths below the rooting zone (3).  Recovery of saline and sodic soils includes: 1) drainage to 
lower water tables and leach excess salt, 2) replacement or removal of exchangeable sodium 
(often with calcium), and 3) improvement in soil particle aggregation to rebuild soil structure (2).   

 
Several mechanical techniques are available to enhance in situ bioremediation.  These 

techniques focus generally on irrigation, drainage and removal of contaminant.  Additional 
mechanical techniques involve ripping or tilling of soils to improve soil structure and the 
application of organic and chemical amendments. 

 
Leaching of salts from the root zone is required for control of soil exchangeable sodium 

content (17) and growth of non-salt tolerant plants (2, 18-19).  Leaching can be achieved through 
sprinkler irrigation or flooding.  Generally, one acre-foot of water passed through one foot of soil 
will reduce salinity by ca. 80% (20-21).  Keiffer and Ungar (4) suggest that at least a 100-fold 
dilution with fresh water is needed to leach salts from brine-saturated soils.  A variety of sources 
provide equations to estimate the quantity of water needed to control salinity (e.g., 22-23).  
However, if evapotranspiration, soils, geology or hydrology of a spill site prevent dilution and 
percolation from the root zone, irrigation and chemical amendments will not improve soil 
structure (18).   

 
At sites with poor drainage or saturated soils, subsurface drains improved drainage and 

soil aeration, and resulted in reduced electrical conductivity, percent exchangeable sodium, 
sodium adsorption ratio of a saturation paste extract (24) and reduced soil bulk densities (25).  
Spacing of drains will influence the rate of salt leaching.  Drains placed 25 m apart in India 
reclaimed soils in one year (26).  Three years were required to reduce salinity to an equivalent 
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value with a drain spacing of 75 m.  Drain depth also influences drain spacing (Datta et al. 2002).  
In fine soils, for example, Carty et al. (23) recommend 3.05 m lateral spacing with a drain depth 
of 0.91 m or 6.10 m lateral spacing for a drain depth of 1.83 m.  Drain design (depth and spacing) 
will also be influenced by soil texture and contamination.  Soils high in clay and salt may require 
a cover (textile or gravel) to prevent sediment from filling drains (26) and drain sumps.  Leachate 
can be removed from sumps for disposal via deep-well injection.  Installation of subsurface 
drainage systems may be costly.  Costs include excavation, land leveling, materials, labor (27) 
and leachate disposal.  Subsurface drains will not enhance drainage in oil contaminated soils as 
the hydrophobic properties of oil impede leaching (28).   

 
Soil structure and vegetation re-establishment may be enhanced by ripping or tilling soils.  

Montalvo et al. (29) compared the success of different seeding methods on highly disturbed soils.  
Deep ripping (>40 cm) contributed to long-term success of vegetation.  They documented that 
ripping and imprinting provided the best overall results relative to ripping with hydroseeding or 
ripping with drilling.  Imprinting creates patterned depressions in the soil surface to provide safe 
sites for seeds.  However, success of seeding methods varied as a function of seed size and soil 
characteristics. 

 
Environmental conditions at spills sites may be sufficiently degraded such that organisms 

cannot sustain necessary ecosystem function.  Often, the quantities and availability of nutrients, 
oxygen or moisture may be limiting.  Consequently, amendments providing these limiting 
resources may stimulate organism performance and reproduction.  The addition of organic matter 
(e.g., straw, native prairie hay, sawdust, bark, wood chips, or manure) to soils may accelerate 
remediation of brine-contaminated sites (2, 30-33).  Organic matter can be applied to the soil 
surface (e.g., 5.08 – 10.16 cm in depth (34) or 2.25 metric tons ha-1 (33)) or tilled into soils (e.g., 
five bales per 92 square meters in each of two years, (35)).  Organic matter improves soil 
structure, water infiltration and percolation (33, 36), and thus salt-leaching (33, 37).  The addition 
of organic matter to soil with electrical conductivities of < 26 dS m-1 has also been shown to 
increase soil biological activity (9).  Mulch also reduces water loss by preventing evaporation, 
controlling erosion and preventing surface sealing (34, 37-40).  The most cost effective approach 
to the use of organic amendments is to locate locally available waste organic matter.  A potential 
problem relating to quality of organic matter arises, however, if the mulch contains seeds of non-
native species.  McFarland et al. (41) found that seedlings of forage sorghum derived from mulch 
outcompeted the salt-tolerant species sown to promote restoration.   

 
Chemical amendments improve soil structure and provide nutrients to soil 

microorganisms and plants.  Compounds may be added by surface application (dry or wet), 
tilling, irrigation or hydroseeding.  Calcium is commonly applied to saline soils.  Calcium (e.g., 
calcium sulfate, calcium nitrate, calcium carbonate or calcium chloride) replaces adsorbed 
sodium, allowing sodium to leach to depths below the rooting zone (42-43).  Further, calcium 
amendments provide a means for plants to maintain potassium transport and potassium/sodium 
selectivity (44-45).  Calcium has also been shown to increase nitrate assimilation in the presence 
of salinity (46-47).  The application rate of calcium is a function of pH, cation exchange capacity 
and ESP in soil depths of 0 – 30.48 cm and 30.48 – 60.96 cm.  Formulas provided in Carty et al. 
(23) determine the quantity of calcium needed to reduce percent exchangeable sodium to 5%.  
Abrol et al. (48) suggested that soil samples taken to determine gypsum requirements should first 
be leached with ethanol to remove soluble carbonates.  The soluble carbonates then will not 
contribute to the estimated rate of gypsum application.  Soluble potassium-magnesium sulfate 
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(langbeinite) and magnesium chloride have also been used to displace sodium from soils and are 
more soluble than gypsum (49-50).  The US Soil Salinity Laboratory Staff (51) and Sandoval and 
Gould (2) summarized research on the application of acids or acid formers (e.g., sulfur, sulfuric 
acid, iron sulfate and aluminum sulfate) to reduce soil salinity or sodicity.  The sulfuric or 
hydrochloric acids react with calcium carbonate in soils to release calcium (52).   

 
A variety of commercial products (such as ADP-7, SC-1 sodic converter, and Spersal) are 

also available to assist in soil reclamation (53).  In addition, polymers have been used to improve 
soil condition.  Polyacrylamide (PAM), a high molecular weight, anionic, long chain of three 
carbon monomers, flocculates dispersed clay particles and stabilizes soil structure (54-56).  The 
anionic form of PAM applied at the manufacturers recommended application rate exhibited no 
toxicity to fish ((57) cited by (58)).  Some neutral and cationic forms of PAM are acutely toxic 
however (57).  Application of 20 kg PAM ha-1 improved water infiltration 7 to 10 fold (59).  The 
efficacy of PAM depends on soil texture and mineral content.  Water infiltration is improved on 
fine- and medium-textured soils (55, 60).  PAM applied to a soil (Holtville silty clay) with a high 
proportion of montmorillonitic clay did not enhance permeability below the surface (61).  Zahow 
and Amrhein (62) found that at an application rate of 50 mg polymer kg-1 air-dried soil, polymers 
also did not improve hydraulic conductivity of soils with > 15 percent exchangeable sodium.  
Under these conditions, the application of gypsum in addition to the polymer improved soil 
structure.  Nwankwo (58) found that a combination of PAM, seed and mulch controlled erosion 
and enhanced vegetative growth.  PAM therefore may be an option for severely affected sites.  
For less severely impacted sites, mulch may be preferred because of the additional benefits 
organic matter provides.  Further in a direct comparison between straw mulch and PAM in the 
ability to control sediment loss and increasing infiltration in furrow irrigation, straw mulch was 
more economical and more effective (63).  Straw mulch reduced sediment loss by 80% relative to 
62% by PAM; and improved water infiltration 62.9% as compared to 9.2% with PAM.  Cost 
including labor of PAM was 20.3% greater than straw mulch.  

 
Unfortunately, chemical amendments have a high rate of failure in reducing salinity and 

sodicity where brine drainage from the root zone is impeded (23).  With insufficient drainage, 
many of these amendments will add additional salts to the soils (40).  Additionally, salt 
concentration in soils at spill sites varies as a function of space and time.  Areas of high 
concentration of salt may remain barren of vegetation.  Bhatti and Bakhsh (64) formulated a 
method to apply varying amounts of gypsum across a site in response to spatial variation in 
salinity.  Geostatistics were used to divide the site into areas requiring specific quantities of 
gypsum.  Geostatistics requires specialized knowledge and numerous soil samples, and thus may 
be too expensive to be generally applicable to brine spills. 

 
Reeve and Bower (65) suggested that sodic soils could be reclaimed more rapidly and 

with less total water by irrigating with successively diluted saltwater.  The saltwater serves as a 
flocculant and provides divalent cations.  Dubey and Mondal (30) also concluded that saltwater in 
combination with gypsum, pyrites and farmyard manure could reclaim sodic soils.  Agricultural 
practices in India suggest that alternating fresh and saline waters in irrigation may improve soil 
structure (66).  However, the presence of contaminants in oilfield brine may preclude the use of 
brine in irrigation water to reclaim soils.  

 
Amendment of saline soils with inorganic nutrients, particularly phosphorus, may 

improve salt tolerance of some plant species (67-68).  Okusanya and Ungar (69) and Okusanya 
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and Fawole (70) showed that the addition of phosphate to soils improved root growth and root 
surface area for nutrient uptake in Lavatera arborea (Tree mallow), Spergularia marina 
(Saltmarsh sand spurry) and S. rupicola (Rock sea-spurry).  In contrast, several authors found that 
added nutrients including phosphorus and nitrogen did not have a positive effect on salinity 
tolerance (e.g., 47, 71-73).  Any benefits of nutrient amendments depend apparently on soil type, 
nutrient presence and form, and plant species.   

 
The addition of inorganic nutrients is also known to enhance microbial degradation of 

petroleum.  Nitrogen and phosphorus often limit microbial metabolism in the presence of large 
quantities of carbon.  C:N:P ratios of approximately 100:20:10 have been suggested for optimal 
rates of degradation (74-75).  IPEC (35) recommends 12.7 kg of 13-13-13 (N-P-K) fertilizer per 
92 square meters in two consecutive years for reclamation of oilfield brine spill sites.  

 
Re-establishing vegetation is essential to re-initiate ecosystem function.  Vegetation 

improves soil pH, organic carbon content, moisture-holding capacity and reduces electrical 
conductivity or salt content (4, 76-79).  Vegetation frees calcium in soil via carbonic acid (80-82).  
Carbonic acid is formed by carbon dioxide released by respiration (80).  Plants also shade and 
change the soil surface albedo as a result of litter production altering soil temperatures and 
evaporation rates (83-84).  Further, plants may affect soil moisture by reducing the level of the 
water table (85), slowing capillary movement of salt to the surface and increasing vertical 
permeability by root penetration (86).  Lastly, plants control erosion by retaining soil sediments.  
Thus, plants contribute directly to soil reclamation.   

 
Plants interact with oil-degrading microbes in the rhizosphere by providing resources that 

may be limited.  Sloughed root cells, exudates, diffusion and biological nitrogen fixation provide 
nutrients, oxygen and enzymes to soil microbes (87-90).  Oil and oil brine attenuation occurs 
more rapidly in habitats with plants than habitats devoid of vegetation (4, 91-92).   

 
Vegetation may be re-established by broadcasting seeds, hydroseeding, hydrosprigging, 

outplanting nursery stock or by relying on natural colonization from the seed bank, dormant 
lateral buds of woody vegetation (93), rhizomes (93-94), roots (93, 95) or immigration of seeds 
(96).  However, differential sensitivity of different stages in the life-cycle of many plant species 
(e.g., 97) may influence methods used to revegetate spill sites.  Germination of some range 
grasses, for example, may be reduced in the presence of salt (e.g., 98-99).  Percent germination 
may also be affected by elevated exchangeable sodium percentage.  Corn, sorghum, tomato and 
ryegrass exhibit reduced germination in the presence of high ESP (100).   

 
Pretreatment may enhance germination for some species.  Chaudhuri and Wiebe (101) 

documented that wheat seeds pretreated with calcium chloride exhibited greater germination in 
the presence of brine than seeds not pretreated.  The effect of calcium on potassium selectivity 
may play a role in improving germination in the presence of salt.  Undersander (102) also 
improved percent germination and rate of germination of seeds in salt solution by pretreating 
seeds with adenosine monophosphate.  Lastly pre-sowing field irrigation may enhance 
germination and establishment by reducing soil salinity during the establishment phase of a 
plant’s life-cycle (66).   

 
Relative cost, site preparation, plant availability, landowner preference and desired 

species may determine selection of a revegetation method.  Sowing seeds reduces costs relative to 
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outplanting nursery stock by eliminating nursery expenses and reducing shipping cost and labor 
(103).  High mortality of seedlings as a result of environmental conditions or salinity may 
increase costs of establishing vegetation by seed.  Additional expenses for seeds may include 
pretreatment (103).  Hydroseeding also is more expensive than dry seeding, but allows 
simultaneous application of mulch, water, fertilizer, fungal inoculum and seed (104). 

 
A number of sources address salt tolerance of different plant species (e.g., 105-106).  

However, few have focused on species tolerant to both salt and petroleum.  Accordingly, 
petroleum tolerant vascular plant species were identified and compared with the lists of salt-
tolerant species to ascertain species tolerant of both petroleum and salinity.  The identified 98 
vascular plant taxa (encompassing 17 families) potentially tolerant of oil brine contaminated soils 
(list of taxa available at http://ans.latech.edu/biosci-symposium.htm).  The majority (50%) of 
species occur in Poaceae.  Within the Poaceae, species belonging to Pooideae (51.3%), 
Chloridoideae (24.3%) and Panicoideae (21.6%) were frequent.  The second most numerous 
family was Asteraceae (12.2%) followed by Chenopodiaceae (6.8%).  These families reflect, to 
some degree, families that contain halophyte species (species tolerant of high saline conditions).  
Poaceae, Asteraceae, Cyperaceae and Chenopodiaceae represent the majority of halophytic 
species for the Atlantic and Gulf coasts of North America (107).  Poaceae is also 
disproportionately represented among oil tolerant species (108).   

 
The list of oil and salt tolerant vascular plant taxa is not comprehensive; species unlikely 

to succeed in the southeastern United States were not included nor were strictly agronomic crop 
species.  Further, a large number of additional salt tolerant species have not been tested for 
tolerance to hydrocarbons.  Many sites may have such low concentrations of hydrocarbons 
however that species tolerant only of salt may become successfully established.  Additional 
research is required to identify the varying tolerance for oil and salt of different species 
throughout their lifecycle.  Lastly, while several cultivars are present on the list, little research has 
examined intraspecific variation for oil brine tolerance.  Such variation is expected however as 
intraspecific variation has been demonstrated for a freshwater marsh species, Panicum hemitomon 
(Maidencane), in response to salinity (109). 

 
Halophytes may be particularly useful in revegetating brine spill sites.  Lists of 

halophytic species are available in the literature (e.g., 107, 110-114).  Breeding and selection has 
provided economically useful crops and patented halophyte cultivars (115-116) and the use of 
halophytes to revegetate and produce economic return from saline contaminated soils is 
increasing (76-77, 111, 116-117).  Research is still required to delineate salt and environmental 
tolerances of many halophytes, and tolerance to oil contamination.   

 
Like glycophytes, performance of halophytic species may depend upon life-history stage.  

Some halophytes require reduced salinity for germination (e.g., 118-122) and in some cases 
establishment (123).  Temperature also affects the relationship between germination rate and 
salinity (121, 124-125).  Consequently, natural variation in precipitation and temperature as a 
function of season may dictate which particular halophyte species may be sown at a given time 
(4).   

 
Revegetating spill sites with halophytes or other salt and oil tolerant species may result in 

plant communities dissimilar to adjacent undisturbed vegetation (126).  Additionally, few native 
woody species exhibit salt tolerance, consequently re-established vegetation may lack woody 
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structure.  However, plant species composition at restoration sites may change over time as soil 
conditions improve and shade-intolerant exotics are supplanted by native species.   

 
Bioaugmentation at brine spill sites potentially involves amending soils with bacteria and 

fungi capable of degrading hydrocarbons, reclaiming soil structure and enhancing re-
establishment of plants.  Generally, however, sufficient bacteria to metabolize hydrocarbons are 
naturally present in terrestrial soils and aquatic systems (127-132) and the addition of indigenous 
microorganisms does not accelerate biodegradation (e.g., 133).  Further, while high soil salinity 
has been shown to slow degradation of hydrocarbons (134), bacteria adapted to high saline 
environments and capable of degrading hydrocarbons have been isolated (e.g., 135).   

 
In contrast, augmenting soils with mycorrhizal fungi may improve remediation success.  

Ectomycorrhizal fungi increase mineralization, contribute to soil structure (136) and have been 
implicated in degradation of persistent organic pollutants (reviewed in 137 and 138).  
Additionally, mycorrhizal fungi provide plant access to nutrients that are not directly available to 
plants.  Vesicular arbuscular (VA) mycorrhizae can increase drought tolerance of plants (139).  
These plant-fungal interactions resulted in improved performance of Medicago sativa in a 
hydrocarbon-polluted substrate (140) and for Lactuca sativa (Lettuce) individuals under saline 
conditions (141).  Lactuca showed improved rates of photosynthesis and transpiration, mineral 
nutrition, stomatal conductance, and water use efficiency in the presence of mycorrhizal fungi 
(141-142).  Mohammad et al. (143) concluded that AM fungi improved plant performance by 
excluding sodium absorption.  However, mycorrhizal fungi are sensitive to disturbance (144-146) 
and may be expected to decline in abundance and diversity after continued exposure to oilfield 
brine contamination.  Further, ectomycorrhizal fungal species vary in their salt tolerance, which 
in turn is influenced by soil pH (147).  For example, Laccaria bicolor and Hebeloma exhibited 
tolerance to NaCl, while Suillus brevipes and Laccaria proxima did not (147).  Therefore, 
mycorrhizae may be a limiting factor in soil reclamation, revegetation, succession and restoration 
of ecosystem function in arid or contaminated sites (144, 148).   

 
Fungal inoculum can be applied in liquid or dry form, or be used in the nursery to 

inoculate stock prior to outplanting.  Vesicular arbuscular mycorrhizal fungi are present in most 
plant species and have been found in association with halophytes, xerophytes, grassland and 
forest species, salt marsh grasses and freshwater plant species (149-155).  A number of salt and 
oil tolerant species have been found to associate with mycorrhizal fungi.  For example, Festuca 
arundinacea, Lolium perenne, Bouteloua curtipendula and Panicum virgatum are known to form 
mycorrhizae (156).  Phalaris arundinacea, Lotus corniculatus (150), Spartina patens, Distichlis 
spicata (151) and Hordeum vulgare (143) are also colonized by mycorrhizal fungi.  Accordingly, 
establishment of these species in brine-contaminated soils may promote the spread of mycorrhizal 
inoculum to other species.  Only A few tolerant plant species identified are nonmycorrhizal (e.g., 
Chenopodium album, Polygonum aviculare and Rumex crispus (144) and may not benefit by 
application of inoculum. 

 
Recovery Assessment  

 
The success of remediation efforts have been evaluated using both biological and 

physical/chemical indicators of contamination (157).  Approaches using biological indicators 
vary from the direct assessment of toxicity using single indicator taxa to the use of complex 
multimetric indices of biological integrity that assess the relative abundance of different 
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populations within a community (158).  Approaches using physical/chemical analyses quantify 
soil characteristics or levels of soil contamination.  

 
Protocols for toxicity tests using individual taxa, such as Eisenia fetida (red worms), are 

available and have been reviewed by the Argonne National Laboratory (ERA topic 10 
supplement; US Department of Energy).  Many of these tests involve contaminants found in oil or 
oil brine.  Survival and reproduction of E. fetida and other invertebrates provide a relatively 
inexpensive test of toxicity (7, 13, 159-160).  In addition, invertebrates as indicator taxa have 
been used successfully in marine communities where disturbance resulted in significant reduction 
in invertebrate abundance followed by gradual recovery (161-163).  Lee et al. (164) used a snail, 
Viviparus georgianus, to assess remediation of an oil spill in a freshwater wetland.  The restricted 
distribution of some indicator taxa may limit this approach to specific geographic areas or habitat 
types.   

 
Plants also act as effective and inexpensive indicators of habitat contamination.  Corn, 

lettuce, mustard and wheat have all served as indicators of toxicity in soil water.  Saterbak et al. 
(160), Marwood et al. (165) and Salanitro et al. (7) have also demonstrated that seed germination 
responses are consistent and sensitive to petroleum contamination.  Several other organisms 
responsible for bioremediation of petroleum have been suggested as indicators of degradation 
processes.  For example, Ulfig et al. (166) found growth of fungi in the genus Tricophyton to be 
an accurate indicator of hydrocarbon concentration.   

 
Hatcher (157) suggested use of a soil health index to assess remediation of contaminated 

soils.  This approach uses chemical, physical and biological characteristics.  The index evaluates 
a number of relevant parameters including organisms on various trophic levels in comparison to a 
reference non-contaminated soil.  Karr and Chu (158) developed multimetric indices of biological 
integrity.  These indices rely on assessing a variety of community matrices or parameters (i.e., 
abundance of different animal species, diversity, individual health or reproductive success of 
indicator species) at multiple scales (individual, population, community and ecosystem).  The 
resulting matrices are used as qualitative and numerical expressions of relative biological 
integrity.  However the extensive field sampling required by this approach, limits its usefulness to 
regulators and industry.   

 
A review of standard chemical methods for assessing the presence and concentration of 

contaminants at spill sites is provided by Fiorenza et al. (167).  The American Society for Testing 
and Materials and the US Environmental Protection Agency have standard methods for soil 
moisture, pH, soil nutrients, TPH, polycyclic aromatic hydrocarbons, leachable hydrocarbons and 
toxicity.   

 
Various models have been developed for risk assessment and bioremediation.  Stevens 

(168) reviewed mathematical models for bioremediation of hazardous waste-contaminated soils.  
Chen et al. (169) developed a model for BTEX (benzene, toluene, ethylbenzene, and xylene) 
movement in soil and aquifers that can be useful to focus assessment and remediation strategies.  
Rhoades (17) presented a model for leaching sodium ions from the soil.  Several models assess 
toxicity of produced water (170) and the viability of different management strategies (171).  
Thus, models that link biological and chemical processes occurring during remediation (and in 
some cases include financial costs) may be the most useful in determining the best restoration 
option. 
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CONCLUSIONS 
 
The large number of physical, chemical and biological variables (Table 1) that influence s 

the fate of brine at spill sites complicates the implementation and assessment of remediation 
efforts.  This complexity underlies the need for standardized quantitative assessment of spill, site 
and soil characteristics before, during and at the conclusion of remediation efforts.  Further, the 
lack of long-term monitoring data is one of the largest barriers to the development of successful 
remediation strategies.  This information is essential to the development of well-defined formulas 
for soil amendments, the development of seeding, vegetative outplanting and fungal inoculation 
prescriptions, and guidelines for assessing remediation success.   

 
Additional review of endpoints in restoration success is also needed.  The best approach 

may be to structure exit strategies based upon the return of ecosystem function.  Ecological 
function may be assessed by a variety of ecosystem and community characteristics, such as 
primary productivity, vegetative cover, performance of macroinvertebrate indicator species 
and/or soil composition.  The practice of using historical reference communities or a pre-
determined plant community composition as a restoration goal may not be practical.  The 
reclamation of saline soils and the return of native, non-salt tolerant vegetation is a long-term 
process that may change the physical conditions required by reference communities.  Thus, 
attainment of ecological function standards obtainable under a variety of physical conditions may 
be more appropriate.  

 
In conclusion, it is apparent that large information gaps complicate the development of 

standardized remediation practices applicable to a variety of habitats.  In order to fill these 
information gaps we make the following recommendations. 

 
Recommendations 
 
1) Future remediation efforts should include detailed characterization of the spill and spill 

site, and short- and long-term quantitative assessment of remediation success; 
2) Previously remediated brine spill sites encompassing a range of environments and 

reclamation techniques should be re-visited to evaluate restoration status; and 
3) A broad scale, multi-site, carefully controlled experiment should be conducted to test 

remediation strategies.  The study should employ a standardized experimental design 
across an array of environments.  Such an experiment is necessary to further refine 
remediation efforts and construct comprehensive restoration and assessment guidelines. 

 
In order to develop specific brine remediation guidelines related to amendment 

application rates, seeding and out-planting recommendations and assessment criteria, more 
detailed information is needed in the following areas:  
 
Specific Information Needs 
 
1) Risk assessment of production chemicals; 
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2) Risk assessment of radionuclides in produced water from oil and gas production on 
terrestrial sites; 

3) A best management practice (BMP) approach to quantities of soil organic and chemical 
amendments;  

4) Identification of salt and petroleum tolerance limits for additional plant species, 
encompassing a range of habitats; 

5) Defining the ability of native plant species to replace salt-tolerant species or halophytes 
as soils improve; 

6) Delineating the best combination of mycorrhizal fungal strains to enhance revegetation of 
spill sites; and 

7) Identifying salt-tolerant pioneer plant species to initiate self-design of vegetation. 
 
 

ACKNOWLEDGMENTS 
 
We thank the Louisiana Applied and Educational Oil Spill Research and Development 

program for financial support. 
 
 

REFERENCES CITED 
 
1. Miller, R.W. and Donahue, R.L., Soils: An Introduction to Soils and Plant Growth, 

Englewood Cliffs, NJ, Prentice Hall (1990). 
2. Sandoval, F.M. and Gould, W.L., “Improvement of saline- and sodium-affected disturbed 

lands,” in Reclamation of Drastically Disturbed Lands, F.W. Schaller and P. Sutton (ed.), 
485-504, Madison, WI, ASA-CSSA-SSSA (1978). 

3. Lindsey, M., Chemical Estimation of Relative Hydraulic Conductivity in a Highly Saline 
Soil, M.S. thesis, Baton Rouge, Louisiana State University (1998). 

4. Keiffer, C.H. and Ungar, I.A., “Germination and establishment of halophytes on brine-
affected soils,” J. Appl. Ecol., 39, 402-15 (2002). 

5. Aber, J.D. and Melillo, J.M., Terrestrial Ecosystems, Philadelphia, PA, Saunders College 
Publishing (1991). 

6. Goodin, D.A., Remediation of an Oil Contaminated Wetland and the Effects of Crude Oil 
and Brine on Two-Year Old Loblolly Pine (Pinus taeda) Seedlings, PhD Dissertation, 
Baton Rouge, Louisiana State University and Agricultural and Mechanical College 
(2001). 

7. Salanitro, J.P., Dorn, P.B., Huessemann, M.H., Moore, K.O., Rhodes, I.A., Rice Jackson, 
L.M., Vipond, T.E., Western, M.M. and Wisniewski, H.L., "Crude oil hydrocarbon 
bioremediation and soil ecotoxicity assessment," Env. Sci. Tech., 31, 1769-76 (1997). 

8. Mace, J.E. and Amrhein, C., "Leaching and reclamation of a soil irrigated with moderate 
SAR waters," Soil Sci. Soc. Am. J., 65, 199-204 (2001). 

9. Rao, D.L.N. and Pathak, H., “Ameliorative influence of organic matter on biological 
activity of salt-affected soils,” Arid Soil Res. Rehab., 10, 311-19 (1996). 

10. Stephenson, M.T., "Components of produced water: A compilation of industry studies," 
J. Petrol. Tech., 44, 548-50, 602-3 (1992). 

11. Knecht, A.T., “The impact of produced water discharges from oil and gas operations on 
the estuarine environment in Louisiana - a literature review”, New Orleans, Office of 

 



 
 

14 

Water Resources, Department of Environmental Quality (1988). 
12. United States. Environmental Protection Agency, “EPA - Effluent Guidelines Fact 

Sheet”, EPA-821-F-00-014, Washington, D.C., EPA (2000). 
13. McCosh, K. and Getliff, J., “Drilling fluid chemicals and earthworm toxicity,” in 

proceedings of the 10th Annual International Petroleum Environmental Conference, 
Houston (2003). 

14. Beck, J.N., Keeley, D.F., Meriwether J.R. and Thompson, R.H., “Baseline study of 
environmental radioactivity in Louisiana,” Final Report to the Louisiana Board of 
Regents Louisiana Tech University, Ruston (1986). 

15. Hamilton, L.D., Meinhold, A.F. and Nagy, J., “Health risk assessments for radium 
discharges in produced waters,” in Produced Water, J.P. Ray and F.R. Engelhart (ed.), 
303-14, New York, Plenum Publishing Corporation (1992). 

16. Rogers, J.L., Hicks, R.T., Shaw, B. and Jensen, J., “Procedure for development of 
contingency plans to mitigate produced water releases on BLM lands,” in Produced 
Water, J.P. Ray and F.R. Engelhart (ed.), 35-44, New York, Plenum Publishing 
Corporation (1992). 

17. Rhoades, J.D., "Leaching requirement for exchangeable-sodium control," Soil Sci. Soc. 
Am. Proc., 32, 652-6 (1968). 

18. Foth, H.D., Fundamentals of Soil Science, New York, John Wiley and Sons (1990). 
19. Loomis, R.S. and D.J. Connor, Crop Ecology: Productivity and Management in 

Agricultural Systems, New York, Cambridge University Press (1992). 
20. Abrol, I.P., Yadav, J.S.P. and Massoud, F.I., “Salt-affected soils and their management,” 

FAO Soils Bull. 39, Food and Agriculture Organization of the United Nations, Rome 
(1988). 

21. Cardon, G.E. and Mortvedt, J.J., “Salt-affected soils,” Colorado State University 
Cooperative Extension, Crop Series no. 0.503, Fort Collins (1994). 

22. Ayers, R.S. and Westcot, D.W., “Irrigation requirements: Leaching requirements, 
irrigation efficiency,” in Guidelines for Predicting Crop Water Requirements, J. 
Doorenbos and W.O. Pruitt (ed.), 78, Rome, Food and Agriculture Organization of the 
United Nations (1977). 

23. Carty, D.J., Swetish, S.M., Priebe, W.F. and Crawley, W., “Remediation of salt-affected 
soils at oil and gas production facilities,” API Publ. No. 4663, Washington, DC, 
American Petroleum Institute (1997). 

24. Sharma, D.P., Singh, K. and Rao, D.V.G.K., "Subsurface drainage for rehabilitation of 
waterlogged saline lands: Example of a soil in semiarid climate," Arid Soil Res. Rehab., 
14, 373-86 (2000). 

25. Hundal, S.S., Schwab, G.O. and Taylor, G.S., "Drainage system effects on soil physical 
properties of a Lakebed clay soil," Soil Sci. Soc. Am. J., 40, 300-4 (1976). 

26. Gupta, S.K., "A century of subsurface drainage research in India," Irrig. Drainage 
Systems, 16, 69-84 (2002). 

27. Datta, K.K., De Jong, C. and Singh, O.P., "Feasibility of subsurface drainage for salinity 
control in the Trans-Gangetic region of India," Irrig. Drainage Systems, 51, 275-92 
(2002). 

28. Harris, T.M. and Veenstra, J., “Final Report: Demonstration of a subsurface drainage 
system for the remediation of brine-impacted soil,” EPA Grant Number: R8270 15-01-0, 
University of Tulsa, Oklahoma State University (2001). 

29. Montalvo, A.M., McMillan, P.A. and Allen, E.B., "The relative importance of seeding 
method, soil ripping, and soil variables on seed success," Restoration Ecol., 10, 52-67 

 



 
 

15 

(2002). 
30. Dubey, S.K. and Mondal, R.C., "Sodic soil reclamation with saline water in conjunction 

with organic and inorganic amendments," Arid Soil Res. Rehab., 7, 219-31 (1993). 
31. Salo, L.F., Artiola, J.F. and Goodrich-Mahoney, J.W., "Evaluation of revegetation 

techniques of a saline flue gas desulfurization sludge pond," J. Env. Qual., 28, 218-25 
(1999). 

32. Anderson, E.S., Remediation of an Oilfield Brine Spoil for Establishment of Southern 
Pine (Pinus taeda, Pinus elliottii, Louisiana), M.S. thesis, Austin, Stephen F. Austin State 
University (2000). 

33. Conway, T., “Plant materials and techniques for brine site reclamation,” Plant Materials 
Technical Note No. 26, Manhattan, KS, USDA, Natural Resources Conservation Service 
(2001). 

34. Adams, J.E., "Influence of mulches on runoff, erosion and soil moisture depletion," Soil 
Sci. Soc. Am. Proc., 30, 110-4 (1966). 

35. IPEC (International Petroleum Environmental Consortium), “IPEC Guidelines for 
remediation of small brine spills,” Tulsa, International Petroleum Environmental 
Consortium (2002). 

36. Badia, D., "Straw management effects on organic matter mineralization and salinity in 
semiarid agricultural soils," Arid Soil Res. Rehab., 14, 193-203 (2000). 

37. Fanning, C.D. and Carter, D.L., "The effectiveness of a cotton-bur mulch and a ridge-
furrow system in reclaiming saline soils by rainfall," Soil Sci. Soc. Am. Proc., 27, 703-6 
(1963). 

38. Hamilton, G.J., "Investigations into the reclamation of dryland saline soils," J. Soil Cons. 
N.S.W., 28, 191-211 (1972). 

39. Singh, B., "Influence of forest litter on reclamation of semiarid sodic soils," Arid Soil 
Res. Rehab., 10, 201-11 (1996). 

40. Millar, J., “Managing salt affected soils,” in proceedings of the South Dakota No-Till 
Association 2003 No-Till Under Cover, Sioux Falls, SD, South Dakota No-Till 
Association (2003). 

41. McFarland, M.L., Ueckert, D.N., Hons, F.M. and Hartmann, S., "Revegetation of oil well 
reserve pits in West Texas," J. Range Manag., 40, 122-7 (1987). 

42. Bower, C.A. and Goertzen, J.O., "Replacement of adsorbed sodium in soils by hydrolysis 
of calcium carbonate," Soil Sci. Soc. Am. Proc., 22, 33-5 (1958). 

43. Lauchli, A., “Calcium, salinity and the plasma membrane,” in Calcium in Plant Growth 
and Development, R.T. Leonard and P.K. Hepler (ed.), 26-35, American Society of Plant 
Physiologists Symposium Series, Rockville, MD, American Society of Plant 
Physiologists (1990). 

44. Epstein, E., "How calcium enhances plant salt tolerance," Science, 280, 1906 (1998). 
45. Liu, J., Zhu, J.-K., "A calcium sensor homolog required for plant salt tolerance," Science, 

280, 1943-5 (1998). 
46. Huffaker, R.C. and Rains, D.W., “N use efficiency as influenced by S assimilation in 

barley exposed to salinity,” in Soil and Plant Interaction with Salinity, J. Letey (ed.), 33-
8, Berkeley, Division of Agriculture and Natural Resources, University of California 
(1986). 

47. Lewis, O.A.M., Leidi, E.O. and Lips, S.H., "Effect of nitrogen source on growth response 
to salinity stress in maize and wheat," New Phytol., 111, 155-60 (1989). 

48. Abrol, I.P., Dahiya, I.S. and Bhumbla, D.R., "On the method of determining gypsum 
requirement of soils," Soil Sci., 120, 30-6 (1975). 

 



 
 

16 

49. Artiola, J.F., Gebrekidan, H. and Carty, D.J., "Use of langbeinite to reclaim sodic and 
saline sodic soils," Comm. Soil Sci. Plant Anal., 31, 2829-42 (2000). 

50. Bauder, J.W. and Brock, T.A., "Irrigation water quality, soil amendment, and crop effects 
on sodium leaching," Arid Land Res. Manag., 15, 101-13 (2001). 

51. United States Salinity Laboratory Staff, Diagnosis and Improvement of Saline and 
Alkaline Soils, Washington, D.C., USDA Handbook 60 (1954). 

52. Lamond, R.E. and Whitney, D.A., “Management of Saline and Sodic Solutions,” 
Manhatten, Soil Management MF-1022, Cooperative Extension Service, Kansas State 
University (1992). 

53. Burley, M.J., "Reclamation of brine spill sites," Spill Tech. Newsletter, 13, 3 (1988). 
54. Lentz, R.D. and Sojka, R.E., "Field results using polyacrylamide to manage furrow 

erosion and infiltration," Soil Sci., 158, 274-82 (1994). 
55. Sojka, R.E., Lentz, R.D., Ross, C.W., Trout, T.J., Bjorneberg, D.L. and Aase, J.K., 

"Polyacrylamide effects on infiltration in irrigated agriculture," J. Soil Water Cons., 53, 
323-32 (1998). 

56. Al-Abed, N., Amayreh, J., Shudifat, E., Qaqish L. and El-Mehaisin, G., "Polyacrylamide 
(PAM) effect on irrigation induced soil erosion and infiltration," Arch. Agron. Soil Sci., 
49, 301-8 (2003). 

57. Roa, A., “Polyacrylamide for enhancing sediment and pollutant removal in urban 
catchment basins,” Madison, WI, Dane County Land Conservation (1997). 

58. Nwankwo, K.N., “Polyacrylamide as a soil stabilizer for erosion control,” WI-06-98, 
Madison, Wisconsin Department of Transportation, Bureau of Highway Construction, 
Technology Advancement Unit (2001). 

59. Green, V.S. and Stott, D.E., “Polyacrylamide: A review of the use, effectiveness, and cost 
of a soil erosion control amendment,” in proceedings of the 10th International Soil 
Conservation Organization Conference, Sustaining the Global Farm, D.E. Stott, R.H. 
Mohtar and G.C. Steinhardt (ed.), West Lafayette, IN, International Soil Conservation 
Organization (2001). 

60. Heller, H. and Keren, R., "Anionic polyacrylamide polymers effect on rheological 
behavior of sodium-monmorillonite suspensions," Soil Sci. Soc. Am. J., 66, 19-25 (2002). 

61. Mitchell, A.R., "Polyacrylamide application in irrigation water to increase infiltration," 
Soil Sci., 141, 353-8 (1986). 

62. Zahow, M.F. and Amrhein, C., "Reclamation of a saline sodic soil using synthetic 
polymers and gypsum," Soil Sci. Soc. Am. J., 56, 1257-60 (1992). 

63. Shock, C., Zattiero, J., Kantola, K. and Saunders, M., “Comparative cost and 
effectiveness of polyacrylamide and straw mulch on sediment loss from furrow irrigated 
potatoes,” Annual Report, Ontario, OR, Malheur Experiment station, Oregon State 
University (1994). 

64. Bhatti, A.U. and Bakhsh, A., “A management strategy of using gypsum for reclamation 
of salt affected soils,” J. Indian Soc. Soil Sci., 43, 657-59 (1995). 

65. Reeve, R.C. and Bower, C.A., "Use of high-salt waters as a flocculant and source of 
divalent cations for reclaiming sodic soils," Soil Sci., 90, 130-44 (1960). 

66. Tyagi, N.K., “Managing saline and alkaline water for higher productivity,” in Water 
Productivity in Agriculture: Limits and Opportunities for Improvement, J.W. Kijne, R. 
Barker and D. Molden (ed.), 69-87, Wallingford, UK, CAB International (2003). 

67. Ravikovitch, S. and Porath, A., "The effect of nutrients on the salt tolerance of crops," 
Plant Soil, 26, 49-71 (1967). 

68. Ravikovitch, S., Porath, A. and Yoles, D., "The influence of phosphorus and nitrogen on 

 



 
 

17 

millet and clover growing in soils affected by salinity. I. Plant development," Plant Soil, 
35, 555-67 (1971). 

69. Okusanya, O.T. and Fawole, T., "The possible role of phosphate in the salinity tolerance 
of Lavatera arborea," J. Ecol., 73, 317-22 (1985). 

70. Okusanya, O.T. and Ungar, I.A., "The growth and mineral composition of three species 
of Spergularia as affected by salinity and nutrients at high salinity," Am. J. Bot., 71, 439-
47 (1984). 

71. Khalil, M.A., Amer F. and Elgabaly, M.M., "A salinity-fertility interaction study on corn 
and cotton," Soil Sci. Soc. Am. Proc., 31, 683-6 (1967). 

72. Chatterton, N.J., Goodin, J.R., Duncan, C., "Nitrogen metabolism in Atriplex polycarpa 
as affected by substrate nitrogen and NaCl salinity," Agron. J., 63, 271-4 (1971). 

73. Bernstein, L., Francois, L.E. and Clark, R.A., "Interactive effects of salinity and fertility 
on yields of grains and vegetables," Agron. J., 66, 412-21 (1974). 

74. Finn, J., “Part II: Technology Design/evaluation,” in Phytoremediation of Hydrocarbon-
Contaminated Soil, Fiorenza, S., Oubre, C.L. and Ward, C.H. (eds.), 91-135, Baton 
Rouge, LA, Lewis Publishers (2000). 

75. Dibble, J.T. and Bartha, R., “Effect of environmental parameters on the biodegradation of 
oil sludge,” Appl. Env. Micro., 37, 729-39 (1979). 

76. Zhao, K.-F., "Desalinization of saline soils by Suaeda salsa," Plant Soil, 135, 303-5 
(1991). 

77. Qadir, M., Ahmad, N., Qureshi, R.H. and Ilyas, M., “Role of salt tolerant plants to reduce 
salinization and sodification,” in Biology of Salt Tolerant Plants, M.A. Khan and I.A. 
Ungar (ed.), 371-9, Karachi, Pakistan, University of Karachi (1995). 

78. Dagar, J.C., "Vegetation of salt affected soils and its scope for agroforestry 
interventions," Intern. J. Ecol. Env. Sci., 24, 49-57 (1998). 

79. Ghaly, F.M., "Role of natural vegetation in improving salt affected soil in northern 
Egypt," Soil Tillage Res., 64, 173-8 (2002). 

80. Raloff Raloff, J., “Hybrid grass roots out soil salinity,” Sci. News, 127, 374 (1985). 
81. Hopkins, D.G., Sweeney, M.D., Kirby D.R. and Richardson, J.L., "Effects of 

revegetation upon selected soil chemical properties in sodium-affected soils of western 
North Dakota," Agron. Abstracts, 225 (1987). 

82. Hopkins, D.G., Sweeney, M.D., Kirby, D.R. and Richardson, J.L., “Effects of 
revegetation on surficial soil salinity in panspot soils,” J. Range Manage., 44, 215-20 
(1991). 

83. Evans, R.A. and Young, J.A., “Plant litter and establishment of alien annual weed species 
in rangeland communities,” Weed Sci., 20, 350-56 (1970). 

84. Oke, T.R., Boundary Layer Climates, New York, Methuen and Co. (1978). 
85. Barrett-Lennard, E.G., "Restoration of saline land through revegetation," Agr. Water 

Manage., 53, 213-26 (2002). 
86. Yensen, N.P., Bedell, J.L. and Yensen, S.B., “The use of agricultural drain water for 

forage production in coastal ecosystems,” in the proceedings of the International 
Symposium on Salt-Affected Lagoon Ecosystems, Valencia, Spain, University of 
Valencia (1995). 

87. Moser, M. and Haselwandter, K., “Ecophysiology of mycorrhizal symbioses,” in 
Physiological Plant Ecology III: Responses to the Chemical and Biological Environment, 
O.L. Lange, P.S. Nobel, C.B. Oxmond, H. Ziegler (ed.), 391-411, Berlin, Springer-
Verlag (1983). 

88. Sims, J.L., Sims, R.C. and Matthews, J.E., "Approach to bioremediation of contaminated 

 



 
 

18 

soil," Haz. Waste Haz. Mat., 7, 117-49 (1990). 
89. Davis, L.C., Erickson, L.E., Lee, E., Shimp, J.F. and Tracy, J.C., “Modeling the effects of 

plants on the bioremediation of contaminated soil and ground water,” Env. Prog., 12, 67-
75 (1993). 

90. Shimp, J.F., Tracy, J.C., Davis, L.C., Lee, E., Huang, W., Erickson, L.E. and Schnoor, 
J.L., “Beneficial effects of plants in the remediation of soil and groundwater 
contaminated with organic materials,” CRC Crit. Rev. Env. Sci. Techn., 23, 41-77 (1993). 

91. Keiffer, C.H., Owens, C.K. and McCarthy, B.C., "Phytoremediation of saline impacted 
soil," Am. J. Bot., 84, 86 (Abstract) (1997). 

92. Banks, M.K., Govindaraju, R.S., Schwab, A.P. and Kulakow, P., “Part I: Field 
demonstration,” in Phytoremediation of Hydrocarbon-Contaminated Soil, Fiorenza, S., 
C.L. Oubre, and C.H. Ward (eds.), 3-88, Baton Rouge, LA, Lewis Publishers (2000). 

93. Hutchinson, T.C. and Freedman, W., "Effects of experimental crude oil spills on 
subarctic boreal forest vegetation near Norman Wells, N.W.T., Canada," Can. J. Bot., 56, 
2424-33 (1978). 

94. Baker, J.M., "Recovery of salt marsh vegetation from successive oil spillages," Env. 
Poll., 4, 223-30 (1973). 

95. Racine, C.H., "Long-term recovery of vegetation on two experimental crude oil spills in 
interior Alaska black spruce taiga," Can. J. Bot., 72, 1171-7 (1994). 

96. Burke, D.J., "Donor wetland soil promotes revegetation in wetland trials," Restoration 
Manage. Notes, 15, 168-72 (1997). 

97. Pearen, J.R., Pahi, M.D., Wolynetz, M.S. and Hermesh, R., "Association of salt tolerance 
at seedling emergence with adult plant performance in slender wheatgrass," Can. J. Plant 
Sci., 77, 81-9 (1997). 

98. Ryan, J., Miyamoto, S. and Stroehlein, J.L., “Salt and specific ion effects on germination 
of four grasses,” J. Range Manage., 28, 61-4 (1975). 

99. Miller, T.R. and Chapman, S.R., “Germination responses of three forage grasses to 
different concentrations of six salts,” J. Range Manage., 31, 123-24 (1978). 

100. Bains, S.S. and Fireman, M., "Effect of exchangeable sodium percentage on the growth 
and absorption of essential nutrients and sodium by five crop plants," Agronomy Journal, 
56, 432-5 (1964). 

101. Chaudhuri, I.I. and Wiebe, H.H., "Influence of calcium pretreatment on wheat 
germination on saline media," Plant Soil, 28, 208-16 (1968). 

102. Undersander, D.J., "Effects of adenosine monophosphate on germination of forage 
species in salt solutions," J. Range Manage., 39, 40-3 (1986). 

103. Schmidt, L., Guide to Handling of Tropical and Subtropical Forest Seed, Humlebaek, 
Denmark, Danida Forest Seed Centre (2000). 

104. Vavrek, M.C. and Colgan III, W., “Restoration of an oil spill site: Hydroseeding,” 
OSRADP Technical Report Series 03, Baton Rouge, Louisiana Applied and Educational 
Oil Spill Research and Development Program (2003). 

105. DePew, M., "Salt tolerant turf restores landscape," Landscape Management, April, 39-40 
(1998). 

106. Seliskar, D.M. and Gallagher, J.L., "Exploiting wild population diversity and somaclonal 
variation in the salt marsh grass Distichlis spicata (Poaceae) for marsh creation and 
restoration," Am. J. Bot., 87, 141-6 (2000). 

107. Duncan, W.H., “Vascular halophytes of the Atlantic and Gulf coasts of North America 
north of Mexico,” in Ecology of Halophytes, R.J. Reihold and W.H. Queen (ed.), 23-50, 
New York, Academic Press (1974). 

 



 
 

19 

108. Vavrek, M.C. and Campbell, W.J., “Development of a sensitivity index for plant 
responses to applied oil,” Louisiana Applied Oil Spill Research and Development 
Program, OSRADP Tech. Rep. Series 98-011 (1999). 

109. Hester, M.W., Mendelssohn, I.A. and McKee, K.L., "Intraspecific variation in salt 
tolerance and morphology in Panicum hemitomon and Spartina alterniflora (Poaceae)," 
Intern. J. Plant Sci., 159, 127-38 (1998). 

110. Waisel, Y., The Biology of Halophytes, New York, Academic Press (1972). 
111. Mudie, P.J., “The potential economic uses of halophytes,” in Ecology of Halophytes, R.J. 

Reihold and W.H. Queen (ed.), 565-95, New York, Academic Press (1974). 
112. Flowers, T.J., Hajibagheri, M.A. and Clipson, M.J.W., "Halophytes," Quar. Rev. Biol., 

61, 313-37 (1986). 
113. Aronson, J.A., "Haloph: A Database of Salt Tolerant Plants of the World." Tucson, 

Office of Arid Lands Studies, University of Arizona (1989). 
114. Yensen, N.P., Halophytes of the Gulf of California and their Uses, Hermosillo, Mexico, 

University of Sonora (2001). 
115. Gallagher, J.L., "Halophytic crops for cultivation at seawater salinity," Plant Soil, 89, 

323-36 (1985). 
116. Yensen, N.P., “New developments in the world of saline agriculture,” in the proceedings 

of the Prospects for Saline Agriculture, Islamabad, Pakistan Academy of Sciences, 
Pakistan Agricultural Research Council and COMSTECH (2000). 

117. Flowers, T.J., "Physiology of halophytes," Plant Soil, 89, 41-56 (1985). 
118. Williams, M.D. and Ungar, I.A., "The effect of environmental parameters on the 

germination, growth, and development of Suaeda depressa Pursh Wats.," Am. J. Bot., 59, 
912-8 (1972). 

119. Ungar, I.A., Ecophysiology of Vascular Halophytes, Boca Raton, FL, CRC Press (1991). 
120. Pujol, J.A., Calvo, J.F. and Ramirez-Diaz, L., "Recovery of germination from different 

osmotic conditions by four halophytes from southeastern Spain," Ann. Bot., 85, 279-86 
(2000). 

121. Gulzar, S. and Khan, M.A., "Seed germination of a halophytic grass Aeluropus 
lagopoides," Ann. Bot., 87, 319-24 (2001). 

122. Houle, G., Morel, L., Reynolds, C.E. and Siegel, J., "The effect of salinity on the 
developmental stages of an endemic annual plant Aster laurentianus (Asteraceae)," Am. 
J. Bot., 88, 62-7 (2001). 

123. Tobe, K., Li, X. and Omasa, K., "Seed germination and radicle growth of a halophyte, 
Kalidium caspicum (Chenopodiaceae)," Ann. Bot., 85, 391-6 (2000). 

124. Badger, K.S. and Ungar, I.A., "The effects of salinity and temperature on the germination 
of the inland halophyte Hordeum jubatum," Can. J. Bot., 67, 1420-5 (1989). 

125. Egan, T.P. and Ungar, I.A., "The effects of temperature and seasonal change on the 
germination of two salt marsh species, Atriplex prostrata and Salicornia europaea, along 
a salinity gradient," Intern. J. Plant Sci., 160, 861-7 (1999). 

126. Dyer, J.M. and Farrish, K.W., "Reforestation of a brine contaminated oil field site," Land 
Water, July/August, 38-41 (1997). 

127. Lee, K. and Levy, E.M., “Enhanced biodegradation of a light crude oil in sandy beaches,” 
in proceedings of the 1987 Oil Spill Conference (Prevention, Behaviour, Control, 
Cleanup), Washington, D.C., American Petroleum Institute (1987). 

128. Leahy, J.G. and Colwell, R.R., "Microbial degradation of hydrocarbons in the 
environment," Micro. Rev., 54, 305-15 (1990). 

129. Fayad, N.M., Edora, R.L., El-Mubarak, A.H., Aarif, H. and Polancos Jr., A.B., 

 



 
 

20 

"Effectiveness of a bioremediation product in degrading the oil spilled in the 1991 
Arabian Gulf war," Bull. Env. Contam. Toxic., 49, 787-96 (1992). 

130. Prince, R.C., Bare, R.E., George, G.N., Haith, C.E., Grossman, M.J., Lute, J.R., 
Elmendorf, D.L., Minak-Bernero, V., Seniue, J.D., Keim, L.G., Chianelli, R.R., Hinton, 
S.M. and Teal, A.R., “The effect of bioremediation on the microbial populations of oiled 
beaches in Prince William Sound, Alaska,” in the proceedings of the 1993 Oil Spill 
Conference, Washington, D.C., American Petroleum Institute (1993). 

131. Atlas, R.M., "Petroleum biodegradation and oil spill bioremediation," Marine Poll. Bull., 
31, 178-82 (1995). 

132. Swannell, R.P.J., Lee, K. and McDonagh, M., "Field evaluations of marine oil spill 
bioremediation," Micro. Rev., 60, 342-65 (1996). 

133. MacNaughton, S.J., Stephen, J.R., Venosa, A.D., Davis, G.A., Chang, Y.-J. and White, 
D.C., "Microbial population changes during bioremediation of an experimental oil spill," 
Appl. Env. Micro., 65, 3566-74 (1999). 

134. Ward, D.M. and Brock, T.D., “Hydrocarbon biodegradation in hypersaline 
environments,” Appl. Env. Micro., 35, 353-59 (1978). 

135. Bertrand, J.C., Almallah, M., Acquaviva, M. and Mille, G., "Biodegradation of 
hydrocarbons by an extremely halophilic archaebacterium," Letters Appl. Micro., 11, 
260-3 (1990). 

136. MacFall, J.S., “Effects of ectomycorrhizae on biogeochemistry and soil structure,” in 
Mycorrhizae and Plant Health, F.L. Pfleger and R.G. Linderman (Ed.), 213-37, St. Paul, 
APS Press (1994). 

137. Donnelly, P.K. and Entry, J.A., “Bioremediation of soils with mycorrhizal fungi,” in 
Bioremediation of Contaminated Soils, Adriano, D.C., Bollag, J.M. Frankenberger, Jr., 
W.T. and Sims, R.C. (eds.), 417-36, Madison, WI, American Society of Agronomy, Crop 
Science Society of America, Soil Science Society of America (1999). 

138. Meharg, A.A. and Cairney, J.W.G., “Ectomycorrhizas – extending the capabilities of 
rhizosphere remediation?” Soil Biol. Biochem., 32, 1475-84 (2000). 

139. Allen, M.F. and Boosalis, M.G., "Effects of two species of VA mycorrhizal fungi on 
drought tolerance of winter wheat," New Phytol., 93, 67-76 (1983). 

140. Cabello, M.N., “Effectiveness of indigenous arbuscular mycorrhizal fungi (AMF) 
isolated from hydrocarbon polluted soils,” J. Basic Micro., 39, 89-95 (1999). 

141. Ruiz-Lozano, J.M., Azcon, R. and Gomez, M., "Alleviation of salt stress by arbuscular-
mycorrhizal Glomus species in Lactuca sativa plants," Phys. Plant., 98, 767 (1996). 

142. Poss, J.A., Pond, E., Menge, J.A. and Harrell, W.M., "Effect of salinity on mycorrhizal 
onion and tomato in soil with and without additional phosphate," Plant Soil, 88, 307-19 
(1985). 

143. Mohammad, M.J., Malkawi, H.I. and Shibli, R., "Effects of arbuscular mycorrhizal fungi 
and phosphorus fertilization on growth and nutrient uptake of barley grown on soils with 
different levels of salts," J. Plant Nut., 26, 125-37 (2003). 

144. Reeves, F.B., Wagner, D.W., Moorman, T. and Keil, J., "The role of endomycorrhizae in 
revegetation practices in the semi-arid west.  I: A comparison of incidence of mycorrhize 
in severely disturbed vs. natural environments," Am. J. Bot., 66, 6-13 (1979). 

145. Stahl, P.D., Williams, S.E. and Christensen, M., "Efficacy of native vesicular-arbuscular 
mycorrhizal fungi after severe soil disturbance," New Phytol., 110, 347-54 (1988). 

146. Frost, S.M., Stahl, P.D. and Williams, S.E., "Long-term reestablishment of arbuscular 
mycorrhizal fungi in a drastically disturbed semiarid surface mine soil," Arid Land Res. 
Manage., 15, 3-12 (2001). 

 



 
 

21 

147. Kernaghan, G., Hambling, B., Fung, M. and Khasa, D., "In vitro selection of boreal 
ectomycorrhizal fungi for use in reclamation of saline-alkaline habitats," Restoration 
Ecol., 10, 43-51 (2002). 

148. Miller, R.M. and Jastrow, J.D., “The application of VA mycorrhizae to ecosystem 
restoration and reclamation,” in Mycorrhizal Functioning: An Integrative Plant Fungal 
Process, M.F. Allen (ed.), 438-67, New York, Routlage, Chapmann Hall (1992). 

149. Khan, A.G., "The occurrence of mycorrhizas in halophytes, hydrophytes, and xerophytes, 
and of Endogone spores in adjacent soils," J. Gen. Micro., 81 (1974). 

150. Read, D.J., Kouchekh, H.K. and Holgson, J., "Vesicular-arbuscular mycorrhiza in natural 
vegetation systems. I. The occurrence of infection," New Phytol., 77, 641-53 (1976). 

151. Cooke, J.C., Butler, R.H. and Madole, G., "Some observations on the vertical-distribution 
of vesicular-arbuscular mycorrhizae in roots of salt-marsh grasses growing in saturated 
soils," Mycologia, 85, 547-50 (1993). 

152. Rickerl, D.H., Sancho, F.O. and Ananth, S. "Vesicular-arbuscular endomycorrhizal 
colonization of wetland plants," J. Env. Qual., 23, 913-6 (1994). 

153. Brown, A.M. and Bledsoe, C. "Spatial and temporal dynamics of mycorrhizas in Jaumea 
carnosa, a tidal saltmarsh halophyte," J. Ecol., 84, 703-15 (1996). 

154. Aguilera, L.E., Gutierrez, J.R. and Moreno, R.J., "Vesículo arbuscular mycorrhizae 
associated with saltbushes Atriplex spp (Chenopodiaceae) in the Chilean arid zone," Rev. 
Chil. Hist. Nat., 71, 291-302 (1998). 

155. Carvalho, L.M., Cacador, I. and Martins-Loucao, M.A., "Temporal and spatial variation 
of arbuscular mycorrhizas in salt marsh plants of the Tagus estuary (Portugal)," 
Mycorrhiza, 11, 303-9 (2001). 

156. Hetrick, B.A.D., Wilson, G.W.T. and Todd, T.C., "Differential responses of C3 and C4 
grasses to mycorrhizal symbiosis, phosphorus fertilization, and soil microorganisms," 
Can. J. Bot., 68, 461-7 (1990). 

157. Hatcher, J.F., "Soil health index in remediation of contaminated sites. Approach and 
application," Ann 1st Super Sanita, 38, 111-3 (2002). 

158. Karr, J.R. and Chu, E.W., "Biological monitoring: Essential foundation for Ecological 
risk assessment," Human and Ecological Risk Assessment, 3, 993-1004 (1997). 

159. American Society for Testing and Materials (ASTM), "Standard Guide for Conducting a 
Laboratory Soil Toxicity Test with a Lumbricid Earthworn, Eisenia fetida," American 
Society for Testing and Materials (1997). 

160. Saterbak, A., Toy, R.J., Wong, D.C.L., McMain, B.J., Williams, M.P., Dorn, P.B., 
Brzuzy, L.P., Chai, E.Y. and Salanitro, J.P., "Ecotoxicological and analytical assessment 
of hydrocarbon-contaminated soils and application to ecological risk assessment," Env. 
Tox. Chem., 18, 1591-607 (1999). 

161. Rosenberg, R., "Benthic faunal dynamics during succession following pollution 
abatement in a Swedish estuary," Oikos, 27, 414-27 (1976). 

162. Tomascik, T. and Sander, F., "Effects of eutrophication on reefbuilding corals. III. 
Reproduction of the reef building coral Porites porites," Marine Biol., 94, 77-94 (1987). 

163. Suchanek, T.H., "Oil impacts on marine invertebrate populations and communities," Am. 
Zool., 33, 510-23 (1993). 

164. Lee, L.E.J., Stassen, J., McDonald, A., Culshaw, C., Venosa, A.D. and Lee, K., "Snails as 
biomonitors of oil-spill and bioremediation strategies," Biorem. J., 6, 373-86 (2002). 

165. Marwood, T.M., Knoke, K., Kerrm, Y., Hung, L., Trevors, J.T., Suchorski-Tremblay, A., 
Flemming, C.A., Valerie, H., Liu Dickson, L. and Seech, A.G., "Comparison of toxicity 
detected by five bioassays during bioremediation of diesel fuel-spiked soil," Env. Tox. 

 



 
 

22 

Water Qual., 13, 117-26 (1998). 
166. Ulfig, K., Plaza, G., Worsztynowicz, A., Manko, T., Tien, A.J. and Brigmon, R.L., 

"Keratinolytic fungi as indicators of hydrocarbon contamination and bioremediation 
progress in a petroleum refinery," Polish J. Env. Stud., 12, 245-50 (2003). 

167. Fiorenza, S., Oubre, C.L. and Ward, C.H., (ed.), Phytoremediation of Hydrocarbon-
Contaminated Soil, Boca Raton, Lewis Publishers (2000). 

168. Stevens, D.K., “Mathematical modeling in bioremediation of hazardous wastes,” in 
Bioremediation of Contaminated Soil, D.C. Adriano, J.-M. Bollag, W.T. Frankenberger, 
Jr. and R.C. Sims (ed.), 631-64, Madison, WI, American Society of Agronomy, Crop 
Science Society of America, Soil Science Society of America (1999). 

169. Chen, Z., Huang, G.H. and Chakma, A., "Integrated environmental risk assessment for 
petroleum-contaminated sites - A North American case study," Water Sci. Techn., 38, 
131-8 (1998). 

170. Gulley, D.D., Mount, D.R., Hockett, J.R. and Bergman, H.L., “A statistical model to 
predict toxicity of saline produced waters to freshwater organisms,” in Produced Water, 
J.P. Ray and F.R. Engelhart (ed.), 89-96, New York, Plenum Publishing Corporation 
(1992). 

171. Nakles, D.V., Ortiz, I. and Frank, J.R., “An analysis of management strategies for 
produced waters from natural gas production,” in Produced Water, J.P. Ray and F.R. 
Engelhart (ed.), 73-87, New York, Plenum Publishing Corporation (1992). 

 

 



 
 

23 

 

Table 1.  Primary environmental parameters important to remediation design and implementation 
in oilfield brine spill sites. 
Environmental variable Data source  
Precipitation USDA-NRCS 
Temperature USDA-NRCS 
Geology USDA-NRCS 
Soil condition  
  Salinity (Electrical conductivity (EC)) Laboratory analysis 
  Sodium: Exchangeable sodium percentage (ESP); Sodium adsorption 
ratio (SAR); Cation exchange capacity (CEC) 

Laboratory analysis 

  pH Laboratory analysis 
  Trace elements (metals) Laboratory analysis 
  Drainage, infiltration USDA-NRCS  
  Nutrient levels Laboratory analysis 
  Radionuclides Laboratory analysis 
Mineralogy (Clay type) USDA-NRCS 
Soil texture Laboratory analysis 
Slope Laboratory analysis 
Depth to water table USDA-NRCS 
Oil Laboratory analysis 
Local vegetation type USDA-NRCS 
Presence of mycorrhizal fungi Laboratory analysis 
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WHY SHOULD YOU CARE?WHY SHOULD YOU CARE?

Enforcement Actions/Penalties
Unpermitted Discharges/Spills
SPCC (40 CFR 112.1(a))
Wetlands
Stormwater
Citizen Suits

Sarah K. Walls
Cantey & Hanger, L.L.P.



HOW DID WE GET HERE?HOW DID WE GET HERE?

Current controversy over CWA’s jurisdiction 
has its roots in:
1899 Rivers and Harbors Act
– Purpose was to keep the nation’s waterways open 

to navigation to promote interstate commerce.
1948 Federal Water Pollution Control Act
1965 Water Quality Act

Sarah K. Walls
Cantey & Hanger, L.L.P.



BUTBUT

Neither FWPCA nor WQA proved 
effective in comprehensive protection 
against pollution.
Since early focus of laws was on 
navigability, Army Corps initially 
asserted jurisdiction only over truly 
navigable waters.
True until the mid-1970’s . . .

Sarah K. Walls
Cantey & Hanger, L.L.P.



19721972

The federal Clean Water Act was enacted “to 
restore and maintain the chemical, physical, 
and biological integrity of the Nation’s 
waters.”

33 USC § 1251

Sarah K. Walls
Cantey & Hanger, L.L.P.



BELIEVE IT OR NOT:BELIEVE IT OR NOT:
“(I)t is the national goal that the discharge of 
pollutants into the navigable waters be 
eliminated by 1985.” [!!!!] 

33 USC § 1251

Sarah K. Walls
Cantey & Hanger, L.L.P.



WE’VE ONLY JUST BEGUN . . .WE’VE ONLY JUST BEGUN . . .

The statutory definition of navigable 
waters is “waters of the U.S., including 
the territorial seas.”

33 USC § 1362(7)

Sarah K. Walls
Cantey & Hanger, L.L.P.



WHAT’S PROHIBITEDWHAT’S PROHIBITED

The Clean Water Act prohibits the 
discharge of oil or hazardous 
substances into or upon the navigable 
waters of the U.S. or adjoining 
shorelines in such quantities as have 
been determined may be harmful to the 
public health or welfare or environment 
of the U.S.

33 USC § 321(b)(3)

Sarah K. Walls
Cantey & Hanger, L.L.P.



The Oil Pollution Act imposes strict liability on 
parties responsible for the discharge of oil:

“. . . each responsible party for . . . a facility 
from which oil is discharged, or which poses 
the substantial threat of a discharge of oil, 
into or upon the navigable waters or adjoining 
shorelines . . . is liable for the removal costs 
and damages . . . that result from such 
incident.”

33 USC § 2702(a)

Sarah K. Walls
Cantey & Hanger, L.L.P.



FOR DECADESFOR DECADES

All assumed most surface waters were waters 
of the U.S. even if not navigable in fact.

In 1975 federal district court held that CWA 
means feds have jurisdiction “to the 
maximum extent permissible under the 
Commerce Clause of the Constitution.”  
NRDC v. Callaway (D.D.C. 1975)

Sarah K. Walls
Cantey & Hanger, L.L.P.



Years of regulators and courts broadly 
interpreting “Navigable Waters.”

Navigable doesn’t mean navigable.

Water doesn’t mean wet.

Migratory bird rule.

Sarah K. Walls
Cantey & Hanger, L.L.P.



ONCE MORE INTO THE ONCE MORE INTO THE 
BREACH DEAR FRIENDS, BREACH DEAR FRIENDS, 

ONCE MORE . . .ONCE MORE . . .

“SWANCC”

Solid Waste Agency of Northern Cook County
v.

U.S. Army Corps of Engineers

U.S. Supreme Court 2001
Sarah K. Walls
Cantey & Hanger, L.L.P.



SWANCC RULES:SWANCC RULES:

CWA did not regulate the filling of an 
isolated wetland merely because 
migratory birds used the wetland for 
habitat.

Sarah K. Walls
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ACCORDING TO SUPREME ACCORDING TO SUPREME 
COURT IN SWANCC, COURT IN SWANCC, 

Congress intended that law’s jurisdiction 
be limited to navigable waters and non-
navigable waters that have a 

“significant nexus”
to navigable waters, such as wetlands 
adjacent to navigable waters.  

Sarah K. Walls
Cantey & Hanger, L.L.P.



THE GREAT DIVIDETHE GREAT DIVIDE

Some courts now limit “navigable 
waters” to wetlands that are adjacent to 
open water.
– Fifth Circuit:  D.E. Rice v. Harken 

Exploration Co. (5th Cir. 2001)

AND

Sarah K. Walls
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AGAIN IN THE FIFTH CIRCUITAGAIN IN THE FIFTH CIRCUIT
U.S. v. NeedhamU.S. v. Needham (5(5thth Cir. 2003)Cir. 2003)

Spill occurred at well when pumper/guager pumped 
oil from a containment basin into a drainage ditch.
Ditch led to bayou, to canal, thence to Gulf of Mexico.
Court found Needham liable for discharge to 
navigable water.
However, Court rejected government’s position that 
“navigable waters” includes all waters with any
hydrological connection to “navigable water.”

Sarah K. Walls
Cantey & Hanger, L.L.P.



OTHER COURTS HAVE CONCLUDED OTHER COURTS HAVE CONCLUDED 
THATTHAT

SWANCC only excludes wetlands that 
are isolated and have no hydrological 
connection to navigable waters, i.e., 
anything else is a navigable water.

N.C. Shellfish Growers Ass’n. v. Holly 
Ridge Assoc.,  (E.D.N.C. 2003)

Sarah K. Walls
Cantey & Hanger, L.L.P.



RECENT CASE LAW IN THE RECENT CASE LAW IN THE 
OIL & GAS INDUSTRYOIL & GAS INDUSTRY

CRIMINAL:
Edward Hanousek, Jr. v. U.S.
Ninth Circuit Court of Appeals (2000)
U.S. Supreme Court denied writ.

Supervision of rock quarry project; backhoe struck 
petroleum pipeline.
Even though off duty and at home when accident 
occurred, petitioner convicted under CWA 33, USC 
§§ 1919(c)(1)(A), 1321(b)(3) for negligently 
discharging oil into a navigable water of U.S.

Sarah K. Walls
Cantey & Hanger, L.L.P.



GROUNDWATER IS NOT GROUNDWATER IS NOT 
NAVIGABLE WATERNAVIGABLE WATER

Rice v. Harken Exploration Company
Fifth Circuit Court of Appeals (2001)

Family trust sued oil and gas operator for alleged 
series of small discharges of hydrocarbons, produced 
brine, etc. onto property in violation of Oil Pollution 
Act of 1990.
Fifth Circuit ruled that OPA does not cover pollutants 
that are not directly affecting navigable waters, i.e., 
groundwater is not “navigable water.”

Sarah K. Walls
Cantey & Hanger, L.L.P.



SPCC VIOLATIONSSPCC VIOLATIONS
U.S. v. Murphy Oil Co.
(Western District of Wisconsin, 2001)

Case best known for CAA findings regarding 
knowingly withholding information from state agency.
Company also found guilty of violating 40 CFR 112 
for failing to implement an amendment to its SPCC 
Plan regarding slop oil tanks as potential spill 
sources, and not installing secondary containment.
Also guilty of not having P.E. certify amendments to 
Plan.

Sarah K. Walls
Cantey & Hanger, L.L.P.



PRODUCED WATERPRODUCED WATER
Northern Plains Res. Council v. Fidelity 
Exploration & Development Co.
(Ninth Circuit 2003, writ denied by U.S. 
Supreme Court)
Extraction of methane gas from coal seams in 
Montana.
Fidelity pumped groundwater and discharged into 
river.
Groundwater was salty and contained chemicals 
equaling pollutants.

Sarah K. Walls
Cantey & Hanger, L.L.P.



HELD:  Unaltered groundwater 
produced in association with methane 
gas extraction and discharged into river 
is a pollutant within meaning of CWA.
ALSO HELD:  States cannot create 
exemptions to CWA.
U.S. Supreme Court refused to hear 
case.

Sarah K. Walls
Cantey & Hanger, L.L.P.



PRACTICAL ADVICEPRACTICAL ADVICE

Assume nothing.
Have a wetlands survey performed.
Analyze need for permits.
Keep your SPCC Plan up to date.
Don’t ignore:  Ignorance is not always 
bliss.
When in doubt, get a legal opinion.  
(Engineers are not lawyers.)

Sarah K. Walls
Cantey & Hanger, L.L.P.



COMPREHENSIVE DRILLING WASTE MANAGEMENT 
PROGRAM SIGNIFICANTLY INCREASES VALUE AND 

SETS STANDARD FOR COMPLIANCE IN BRUNEI 
OPERATIONS 
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ABSTRACT 

 
To improve solids control efficiency, gain control over drilling waste streams, and ensure 

compliance with ISO-14001 requirements, Brunei Shell Petroleum (BSP) implemented Total Fluids 
Management® engineering services in the Anduki, Seria, and Rasau Land campaign. As a result, BSP has 
reduced average total drilling fluids and waste management cost per meter drilled on land wells by 6.8%, 
including the additional cost of the Total Fluid Management service (personnel and additional 
equipment). Additionally an average decrease of 13% was seen in total waste management and drilling 
fluids costs. Key performance indicators include volumes of fluid disposed (m3/m), Total Fluids 
Management® services costs per meter drilled, HSE incidents, and third party costs.  
 
Total Fluids Management service is designed to address every aspect of the drilling fluid system: mud 
and personnel, chemical treatments, solids control optimization, water recovery and treatment, and 
drilling waste handling and transportation. In support of the BSP operations, the team for Total Fluids 
Management services compiled and executed written procedures to identify waste streams and disposal 
options, including manifests to enable mass balance of waste volumes. These procedures were reviewed 
by the ISO audit team and accepted without changes.  
 
 

The program for Total Fluids Management services features a centrally located waste water 
treatment plant and the process for drying drill cuttings prior to landfill disposal. Halliburton personnel 
manned and operated the waste water treatment plant. The drying facility was operated by a national 
third-party company, with volumes and logistics tracked and reported on the reporting data base for Total 
Fluids Management services. The land rig campaign generated 4,000 m3 of liquid waste from water-based 
mud, brine, waste water, and pit cleaning sludge in a 12-month timeframe. From this waste stream, the 
waste water treatment plant produced 2,196 m3 of treated water, of which 244 m3 were reincorporated 
into the active system. The remainder of this waste was a dense mixture of solids and water, which after 
the removal of excess water through evaporation, had the necessary properties for disposal to landfill.  
 
 

Based on twelve months of operations encompassing twenty-seven wells, BSP expects to save an 
average of US $24,000 per rig per month through the continued use of Total Fluids Management services. 
This savings includes the additional cost of the Total Fluids Management services, including full time 
Waste Management Personnel on the rig, the operation of the Anduki Waste Water Treatment Plant, and 
the Environmental Compliance Reporting. This paper details the procedures and metrics used to establish, 
maintain, and continuously improve cost-efficient drilling waste management performance. 



TOTAL FLUIDS MANAGEMENT: KEY 
OBJECTIVES 

 
Historically waste pits were used at land rig sites. At the end of each well the wet cuttings were 

dug out and trucked to landfill, where a significant cost was incurred as the cuttings were treated purely as 
a waste material. Once the water-based mud could no longer be directly reused, it was disposed of via a 
sewage works after pumping off from solids settling pits. This disposal also incurred significant cost and 
the polymers in the mud seriously disrupted the workings of the plant. This led to remedial work being 
carried out to maintain the sewage works and also meant that any prolonged shutdown of the plant could 
stop the drilling operation. A strategy was formed to turn the cuttings into a useful product no longer 
classified as waste and to find a better means of disposing of liquid mud and brine. 
 
 

BSP established three goals to be achieved by the introduction of Total Fluids Management services 
in the Anduki, Seria, and Rasau Land campaign: 
 

1. Reduce drilling fluid costs through improved solids control efficiency and performance. 
2. Improve waste stream tracking related to drilling operations. 
3. Assist BSP in becoming ISO 14001 compliant. 

 
 
Total Fluids Management services were initially implemented on 12 wells over a six-month trial 

period. At the end of that interval, BSP had reduced overall total drilling fluids and waste management 
cost per meter drilled on land wells by more than 30% (Figure 1).  
 

 
The representative Total Fluids Management services analyzed the impact of Total Fluids 

Management services based on the following key performance indicators (KPI): 
 
Type of Analysis KPI 
 
Volume (m3/m) 

 
Fluid disposed per meter drilled  
Waste water disposed per meter drilled  
Mud consumption per meter drilled  

 
Cost (USD$) 

 
TFM cost per meter drilled  
Planned versus actual drilling fluid cost 
Third party charges 

 
Health, Safety, and Environment (HSE) 

 
Number of recordable incidents 
Number of STOP cards produced 
Transportation (km) 

 
To meet the project goals, the team immediately implemented several changes and improvements 

at the wellsite, as shown in the following examples. All rig centrifuges were replaced with new units that 
were maintained by skilled technicians. A fully functioning waste water treatment facility was installed to 
treat the waste stream from water-based fluids and return the treated water to the rig for reuse. Full-time, 
dedicated supervisors for Total Fluids Management services were placed on several rigs to track and 



account for the waste streams and waste management, a step that strongly supported BSP’s efforts to gain 
ISO 14001 certification. 

 
 

Volume Analysis and Reduction in Disposal Volumes 
 

The representative for Total Fluids Management services reviewed the data collected by BSP 
each month on all wells, then correlated the information with data from each well to create a per well 
benchmark. The source for the BSP data was disposal manifests that broke out monthly volumes of fluid 
received for disposal. The representative observed variances between the actual volumes generated at the 
rig and the volumes recorded for disposal. Full-time supervision by personnel resulted in a significant 
reduction in disposal volume per meter drilled (Figure 2). 
 

 
The waste water treatment plant was designed to treat water-based fluid waste streams generated 

by a land rig and return the treated water for reuse. The treatment process included advanced flocculation 
techniques. At the time this paper was prepared, the plant had received over 4,000 m3 of drilling waste 
including drilling fluid, brine, waste water, and sludge from pit cleaning. From this 4,000 m3 of waste 
fluid, the Anduki plant produced 2,196 m3 of treated water. The rig was able to incorporate 244 m3 of this 
volume into the active drilling fluid system. The dense mixture of solids and water remaining after the 
treatment and removal of excess water through evaporation had the necessary properties for disposal to 
landfill. 
 

 
The volumes of water-based and synthetic-based drilling fluid consumed per meter drilled was 

also reduced by the application of Total Fluids Management processes. By installing new, well-
maintained centrifuges at each rig and closely monitoring surface and downhole volumes as well as 
shaker performance, personnel were able to reduce the mud consumption from an average of 
approximately 3.0 m3 per meter drilled during the first 10 wells to an average of approximately 0.25 m3 
per meter drilled on the 12 wells where Total Fluids Management services were implemented (Figure 3). 
These results also coincided with longer wells on average. Because every litre of water used on site needs 
to be trucked away, treated, and disposed of, a reduction in water usage is also a critical success factor. 

 
 
Cost Analysis and Comparative TFM Costs 
 

The Total Fluids Management process addresses every aspect of the drilling fluid system: mud 
and personnel, chemical treatments, solids control optimization, water recovery and treatment, and 
drilling waste handling and transportation. For Total Fluids Management services to be cost effective, the 
savings achieved in waste handling and disposal and the prevention of non-compliance must be greater 
than the cost of maintaining Total Fluids Management services and necessary personnel on the project. 
 

The cost of Total Fluids Management services to BSP was calculated on a per-meter-drilled basis 
(Figure 4), then analyzed in terms of savings in actual versus planned drilling fluids costs and a reduction 
in third party charges. After full Total Fluids Management services were established on the 12-well 
project, more than half the wells came in well under the planned drilling fluid cost, as compared to earlier 
wells where the actual cost exceeded planned cost the majority of the time (Figure 5).  Third-party 
charges also dropped dramatically after the introduction of full supervision by Total Fluids Management 
services. The results achieved on the S-808 well demonstrate the type of savings effected by Total Fluids 
Management services: 



 
 Total Total Fluids Management Services Cost on Well (USD$) 22,424 
  Less: 
  Reduction in Third Party Charges 3,750 
  Savings between Planned and Actual Drilling Fluid Cost 52,002 
 
 Total Savings Resulting from TFM Services (USD$) 33,328 
 
 
Impact on Health, Safety, and the Environment 
 

A reduction in waste volumes translated into fewer kilometres driven by third-party disposal 
services. At the time this paper was prepared, BSP and the team for Total Fluids Management services 
agreed to a method for monitoring transportation kilometres as compared to target values. This 
documentation will help BSP reduce liability related to transportation. 
 

 
The personnel for Total Fluids Management services has demonstrated a commitment to safety 

throughout the project. Since commencing operations on the 15-well land project, the team has logged 
more than 13,000 man-hours with no recordable incidents. Representatives for Total Fluids Management 
services are also responsible for writing 372 STOP cards to help ensure continued safe operations on the 
project. 
 
 

GAINING ISO 14001 CERTIFICATION 
 

Total Fluids Management services is a comprehensive quality management system that maps out 
the appropriate activities to complete seven key processes: developing solutions; preparing resources; 
mobilizing resources; delivering services; demobilizing resources; completing reports; and reviewing 
performance.  Total Fluids Management services allow for adaptation to specific circumstances and help 
maintain a focus on continuous improvement. As demonstrated in the BSP project, the successful 
implementation of Total Fluids Management services had a positive impact on drilling fluid costs, waste 
stream reduction, waste management cost reduction, and a reduction in environmental liability for the 
operator. 
 

 
Compliance with the ISO 14001 procedural standard relies on accurate identification and tracking 

of all waste volumes and the correct disposal of waste streams. The written procedures and fit-for-purpose 
forms that support the Total Fluids Management process are designed to meet or exceed the requirements 
of regulatory agencies and ISO standards (Figure 6). In support of the BSP operations, the team for Total 
Fluids Management services compiled and executed written procedures to identify waste streams and 
disposal options, including manifests to enable mass balance of waste volumes. These procedures were 
reviewed by the ISO audit team and accepted without changes.  

 
 

IMPROVEMENTS AND ACHIEVEMENTS 
 

Simply drying the cuttings by frequent turning in tropical sunlight can reduce the liquid content 
of the cuttings to less than 20%. Below this level the cuttings can be used as capping material in the 
landfill and are received at no cost by the landfill operator. A low-cost drying operation thereby led to a 



huge reduction in classified waste as well as an economic benefit. By means of a wastewater treatment 
plant utilising flocculation and centrifuging, liquid mud could be reduced to clean brine and a solids 
stream. The centrifuged solids are mixed in with the cuttings for drying. The clean brine can be injected 
into the produced water stream at the nearby crude oil terminal at no cost other than for the initial 
treatment in the wastewater treatment plant and transportation to the terminal. In addition, some of the 
regenerated brine can be used to build new mud so that some recycling can take place. 
 

 
The team for Total Fluids Management services recommended and implemented a number of 

modifications to equipment and procedures. The examples shown below demonstrate the importance of 
educating each crew member and service company representative about his or her role in achieving better 
waste management performance. These examples also show how comprehensive the scope of Total Fluids 
Management services is on a given project, ranging from software development to reconfigured rig 
equipment. The following improvements were achieved: 
 
• 

• 
• 

• 
• 

• 

• 

• 
• 
• 
• 
• 
• 
• 

Incorporated a tracking database to assist with accurate accounting processes for fluid movement, 
costs, and other metrics that will help BSP with continued ISO 14001 compliance. 
Reduced the volume of waste water generated at the rig site through rig crew training. 
Worked with onsite drilling fluids representative to monitor and optimize dilution rates, shaker screen 
usage, and drilling fluid properties. 
Equalized the surface mud system so that surface volume was reduced by approximately 40%. 
Eliminated the need for solids control equipment wash water by installing hoses that wash the screens 
with drilling fluid rather than water. 
Enabled effective offline centrifuging and the reclamation of used mud volumes as well as 
centrifuging of the active system. 
Supervised and confirmed daily maintenance of all solids control equipment to ensure maximum 
performance. 

 
 

CONCLUSIONS 
 

Based on twelve months of operations encompassing 27 wells on land and offshore, BSP expects 
to save an average of US $24,000 per rig per month through the continued use of Total Fluids 
Management services. The key activities expected to generate this cost savings are as follows: 
 

Waste stream minimization 
Close supervision of the handling and disposal of drilling wastes 
Daily maintenance of solids control equipment by trained technicians 
Thorough training for rig crews and service personnel on waste stream reduction and management 
Evaluation and optimization of surface mud system 
Accurate performance measurements and focus on continuous improvement 
Compliance documentation 
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Figure 1: Average cost/m for Total Fluids Management services before and after implementation 

 

 
Figure 2: Volume disposal per meter drilled before and after Total Fluids Management services 
 



 
Figure 3: Drilling fluid consumption per meter drilled 

 

 
Figure 4: Total Fluids Management services cost per meter drilled 

 



After Full TFM Implementation

 
Figure 5: Planned versus actual drilling fluid costs before and after Total Fluids Management services 

 



 
Figure 6: Example Total Fluids Management Services Daily Report 
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