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PEER~REVIEW OF UNCONVENTIONAL GAS RECOVERY-~

MULTIWELL EXPERIMENTS

June 26-28, 1984
Key Bridge Marriott Hotel

Arlington, Virginia

******************* AGENDA *******************

ALL MEETINGS WILL BE HELD IN THE FRANCIS SCOTT KEY
MEETING ROOM ON THE LOWER LOBBY LEVEL.

Tuesday. June 26. 1984

7:30 - 8:15 a.m.

8:30 - 8:40 a.m.

8:40 - 8:50 a.m.

8:50 - 9:40 a.m.

9:40 - 10:30 a.m.

10:30 - 10:45 a.m.

10:45 - 11:35 a.m.

11:35 a.m. - 12:25 p.m.

12:25 - 2:00 p.m.

Breakfast at the View Restaurant
on the 14th floor.

Welcome and Introduction
Douglas B. Uthus. Director
Office of Oil, Gas and Shale Technology
U.S. Department of Energy

Peer Review Procedures and Schedule
Judith Kimel, Session Coordinator
App1i ed Managemen t -3d ences , Inc.

Overview of the Unconventional Gas
Recovery Program
Charles A. Komar
Morgantown Energy Technology Center

Overview. of the Western Gas Sands Subprogram
Karl H. Frohne
Morgantown Energy Technology Center

Break

Overview of Multiwell Experiments
David A. Northrop
Sandia National Laboratories

Mu1tiwe11 Experiments - An
Operational Overview
Robert L. Mann
CER Corporation

Lunch
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Tuesday (Continued)

2:00 p.m.

2:00 - 3: 30 p. m.

3:30 - 4:30 p.m.

7:00 - 10:00 p.m.

Wednesday. June 27. 1984

7:30 - 8:15 a.m.

8:30 - 9:20 a.m.

9:20 - 10:10 a.m.

10:10 - 10:25 a.m.

10:25 - 11:15 a.m.

11:15 a.m. - 12:05 p.m.

12:05 - 12:55 p.m.

12:55 - 2:30 p.m.

2:30 p-.m.

2:30 - 4:00 p.m.

4:00 - 5:00 p.m.

Hospitality Suite is open - Room 1492

Reviewers· Roundtable Discussion

Question and Answer Session with Presenters

Reception and Dinner at the Tivoli Restaurant

Breakfast at the View Restaurant
on the 14th floor.

U.S. Geological Survey Research in
Support of Multiwell Experiments
Charles W. Spencer
U.S. Geological Survey

Seismic Investigation of the
Multi-Well Experiment Site
Craig A.Searls
Sandia National Laboratories

Break

Crosswell Acoustic Imaging Project
James N. Albright and Darrell A. Terry
Los Alamos National Laboratories

The Multiwell Experiment Core Program
Allan R. Sattler
Sandia National Laboratories

Sedimentology of and Fractures in
Mesaverde Rocks of the Multiwell
Experiment Site and Environs
John C. Loren z
Sandia National Laboratories

Lunch

Hospitality Suite is open - Room 1492

Reviewers' Roundtable Discussion

Question and Answer Session with Presenters
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Thursday, June 28, 1984

7:30 -8:15 a.m.

8:30 - 9:20 a.m.

9: 20 - 10:10 a.m,

10:10 - 10:25 a.m.

10:25 - 11:15 a.m.

11:15 a.m. - 12:05 p.m.

12:05 p.m. - 12:55 p.m.

12:55 - 2:30 p.m.

2:30 p.m

2:30 - 3:30 p.m.

3: 30. - 4: 30 p. m.

Breakfast at the View Restaurant
on the 14th floor.

Log Interpretation Development
Gerald .C. Kuka l
CER Corporation

Reservoir Analysis/Well Testing
Paul Branagan
CER Corporation

Break

Stimulation Desi~n

Norman R. Warpins/{i
Sandia National Laboratories

Fracture Diagnostics
Dennis Engi
Sandia National Laboratories

Stimulation Analysis
Norman R. Warpins/{i
Sandia National Laboratories

Lunch and Reviewers' Roundtable Discussion

Hospitality Suite is open - Room 1492

Question and Answer Session with Presenters

DOE Wrap-Up Session with Revie'Ners

I' )

NOTE: 30 MINUTES IS ALLOTTED FOR EACH PRESENTATION AND 20 MINUTES FOR
QUESTIONS AND DISCUSSION.





RESEARCH PRESENTATIONS

The information in this section, summarized below was provided by the
peer review session presenters. The materials are organized to folloW the
agenda.
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•

•

•

•

•

•

Presenter

Charles A. Komar
Page 1-23

Karl H. Frohne
Page 24-51

David A. North~op

Page 52-78

Robert L.Mann
Page 19-99

Charles W. Spencer
Page 100-123

Craig A. Searls
Page 124-141

James N. Albright
and

Darrell A. Terry

Page 142-174

Title and Description
of Materials Provided

Unconventional Gas Recovery
Program - Extraction Research.
The view graphs are included.

Western Gas Sands Subprogram.
The view graphs are included.

Multi-Well Experiment. The
view graphs are included.

Current Status of the Multiwell
Experiment; Multiwell Experiment:
A Field Laboratory for Tight Gas;
MWX Stimulation Experiments.
These three supporting documents
are bound under ~eparate cover as
background information and wi 11 be
provided at the review.

Multi-Well Experiment - An
Operational Overview. The view
graphs are included.

USGS Research in Support of MWX.
The complete report is included.

Geologic Aspects of Tight Gas
Reservoirs in the Rocky Mountain
Region. This supporting document
is bound under separate cover as
background information and will be
provided at the review.

Seismic Investigations of the
Multi-Well Experiment Site. The
view graphs are included.

Crosswell Acoustic Imaging
Project. The complete report
is included.
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Presenter

Allan R. Sattler
Page 175-211

John C. Lorenz
Page 212-250

Gerald C. Kukal
Page 251-267

TUle and Description
of Materials Provided

Multi-Well Experiment Core
Program. The view graphs are
included.

The Multiwell Experiment Core
Program. II. This supporting
document is bound under separate
cover as background information
and will be provided at the review.

Studies of the Sedimentology and
Natural Fractures of the Mesaverde
Rocks at the MWX Site and
Environs. The view graphs are
inc1uded ,

Sedimentology of the Mesaverde
Formation at Rifle Gap, Colorado
and Implications for Gas Bearing
Intervals in the SUbsurface;
lateral Variability in the
Corcoran and Cozzette Blanket
Sandstones and Associated
Mesaverde Rocks. Piceance Creek
Basin. Northwestern Colorado;
Reservoir Sedimentology in
Mesaverde Rocks at the Multi-Well
Experiment Site; Diagenesis and
lUhification in Mesaverde Rocks
at the MWX Site; Paludal Zone
Sedimentology. These supporting
documents are bound under separate
cover as background information
and will be provided at the review.

Improve Application of
Conventional logs to Tight Sands.
The complete report is included.

Log Analysis in Low-PermeabilUy
Gas Sand Sequences -- Correcting
for Variable Unflushed Gas
Saturation; A Systematic Approach
for the Effective Log Analysis of
Tight Gas Sands. These two
supporting documents are bound
under separate cover as background
information and will be provided
at the review.
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Presenter

Paul T. Branagan
Page 268-324

Norman R. Warpinski
Page 325-378

Dennis Eng;
Page 379-399

Title and Description
of Materials Provided

Well Testing Reservoir Evaluation.
The view graphs are included.

MWX Stimulation Design; MWX
Stimulation Analyses. The view
graphs are included.

Summary of Results of MWX Paludal
Zone Phase I Stimulation; In-situ
Stress Measurements at DOE's
Multiwell Exper iment Site .•
Mesaverde Group. Rifle Colorado.
These two supporting documents are
bound under separate cover as
background information and will be
provided at the review.

Fracture Diagnostics. The view
graphl are included4

Fracture Diagnostics Results for
the Multiwell Experiment's Paludal
Zone Stimulation; Tight Gas
Research and Development: The
Industry Perspective; Mapping the
Acid Stimulation in the Beowawe
Geothermal Field Using Surface
Electrical Potentials; 2.20
Integrated Real-Time Fracture
Diagnostics Instrumentation
System. These four documents are
bound under separate cover as
background information and will be
provided at the review.
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Western Gas Sands Subprogram

Unconventional Gas Recovery
Morgantown Energy Technology Center

U.S. Department of Energy
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lenticular Tight Sands
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Priority Basins
I Greater Green I
I Riv:u Basin I
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Targel Basin Estimated Gip Maximum Recoverable Gas·

Greater Green River

Piceance

Uinta

136

49

21

86

33

15

Total 206 TeF 134 TeF

(Source: NPC, 1980, Unconventional Gas Source)
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Piceance Basin Geologic Setting
Mesaverde Group
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Western Gas Sands Major Technical Unknowns

• Extent of the resource
- How great
- Where

• lenticular reservoir characterization
- Lens size and geometry
- Orientation
-Extent of natural fracturing
- Extent of interconnection

• Reservoir performance
..... Reservoir properties
- Detection and analysis
...... Well test design and analysis
...... Gas flow mechanics

• Stimulation technology
- Control of geometry
- Effective fluids and proppants
..... Propagation to remote lenses
..... Diagnostics for performance evaluation

'-'

A·84-3,..... 1.9
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Current Approach To Western Gas Sands Research

• Improve understanding through generic research

• Set up a weU-instrumentedand well-characterized field
laboratory to:

- Determine the nature of the reservoirs and how to
extract gas from them

- Test the results of generic research in a realistic setting

• Extrapolate MWXsite results across the basin, then extend
to other basins

• Establish the capability to predict production potential and
stimulation performance

• Focus on Lenticular Sands

A·84·336·' 1



Western Gas Sana.Subpmqram logic

Understanding the Resource Developing the Reserves

ResourcelReserve
Research

GEOLOGICAL INTEGRATION
• Stratigraphy
• Reservoir Definition
• Areal Extent
• Resource Potential

.It

- - Potential
Reserve

w
o

Support
Science

Field'
Verlication

RESEARCH, DIAGNOSTICS, AND MODELING
• Formation Evaluation
• Reservoir Engineering/Modeling
• Stimulation Diagnostics/Modeling

,

,

PRODUCTION TECHNOLOGY
RESERVOIR EXTRACTION

• Flow/Storage • Frac Design
• Reservoir' Geometry • Frac Geometry
• Reservoir Analysis • Frac Performance
• Compeltion Design • Development Method

......, Predictive Extraction
Capability Methods

and and I --( Producible
Reservoir Development • Reserve

Performance Requirements

i

Validation Production
Tests Tests

------------------------------- METe------
A·84,291-4
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Activities in FY 84

• Investigate the mechanics of fluids, proppants, and formation
interaction in gas recovery from tight sands

• Perform model development in support ofMWX data analyses

• Continue the geologic analysis and resource assessment of the
Greater Green River Basin

• Conduct/inspect stimulation mineback research at NTS

• Conduct stimulation experiment in first Lenticular zone (MWX)

• Complete production testing of the Paludal (Lenticular) zone
at the MWX site

• Evaluate first coastal zone to characterize reservoir
properties for future stimulation testing

• Perform borehole/crosswell seismic R&D

Mt4-338-89

.
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Work Breakdown Structure
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WESTERN GAS SANDS SUBPROGRAM

I I I 1
Elemenl I Element 2 Element 3 Element 4

PROGRAM MANAGEMENT GEOLOGICAL INTEGRATION RESEARCH. DIAGNOSTICS PRODUCTION TECHNOLOGY
AND MODElING

---1 I 1 I

Tethnical Inlegralion Geologic Site Support . MWX 1 Fracturing Malerials Studies Slimulation Research
by NTS Minebatk

Program Management Geologic Analysis 01 the Fracturing Mechanics
Piceance Basin and Modeling Sludies Reservoir and Slimulation

Experiments at Mulliwell Facilily
Technology Transler

~Geologic Analvsis 01 Ihe Reservoir Properties R&D
Uinla Basin

{ Diagnostic Inslrumenlation Developmenl
Geologic Analysis 01 the
Grealer Green River Basin

y Reservoir and Slimulation Mode!.ng

~ Engineering/Techniccll Supporl

METe A84336,11



Activity

WGSS Funding Allocation FY84

Performer Funds
(X$1000)

Management
Program Direction
Plan, Execute, Control, Integrate WGSS
Multiwell Operations

FE/HO 150
METC ..
BPO ..

w
w

Geologic Inlegra tion
Greater Green River Basin Analysis

Research/Modeling
Basic Reservoir Research
Engineering Support
Modeling Support
Integrated Stimulation Model
Frac Height Code
Fracture Mechanics R&D
Fracturing Materials R&D
Cross Well Seismics R&D

Production Technology
Fracture Propagation Research (NTS)
Multiwell Experiment

Reservoir Characterization
Stimulation Performance Analysis

* Program Direction Funds

Ivu:Tf.
~.

USGS

NMI
SNLlCER

EG&G
UT/ORU

ORU
llNl

NIPER
lANl

SNl
SNLlCER

Total Budget

413

300
450
200
500

35
400
500
250

302
4500

$8,000,000

A·84·J • J
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Activity

Geological Integration FY· 84 Research

Performer

""'-

,

w
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METe

Geologic Basin Analysis. Greater Green River Basin

Uinta Basin Generic Research

Multi-well Experiment Support
• Core Analysis
• Well logging
• Rock Engineering Properties
• Reservoir Properties

Generic Research
• 3-D Seismic Studies
• Sedementology
• Source rock/maturation studies

USGS

A·84·JJ6·08
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Geologic Integration . Selected Recent Accomplishments

• Performed comprehensive geologic analysis of the
Piceance Basin

- Stratigraphy, sedimentology, mineralogy

- Reservoir characterization

- Source rock/maturation studies

- Mechanical rock properties

- Integrated geologic basin medel

A-84-338·20
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Research, Diagnostics, and Modeling FY 84 Research

W
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Activity

• Reservoir properties R&D
- Matrix porosity/perm studies

• Fracturing materials R&D
- Fluid,proppant, & damage studies

• Fracturing mechanics studies
- laboratory/Modeling R&D

• Geophysics R&D
- Crosswell seismics

• Predictive models
- Reservoir simulator
- Stimulation models
- Fracture geometry model
- Model application & support

• Western Gas Sands Technical Support
- Reservoir test analysis
- log interpretation

Performer

New Mexico Institute

NIPER

lawrence livermoreNl

los Alamos Nl

Univ. of Oklahoma
Univ. of Tulsa
Oral Robert Univ.
METC/EG&G

CER Corp.

A·84·336·06e



Research, Diagnostics, And Modeling Selected Recent Accomplishments

w......

METe

• Development of advanced proppants for severe stress
application in Tight Sands

• Development of an advanced logging concept (NMR
prototype) for saturation measurement in Tight Sands

• Development of a 2-phase, 2· porosity reservoir model

v·_... .-·"

A·84·336·2'
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MultiweU Experiment Strategy

NTS MINEBACK
Frac Design
Model Verification
Novel Stirn Concepts

LAB R&D
Reservoir Definition
Frac Materials
Frac Design Info.
Reservoir Analvsis Info.

Reservoir Properties
Fracture Properties
Frac Design Info.

TECHNOLOGY
TRANSFERRED
TO INDUSTRY .

PREDICTIVE
MODELING

Reservoir Analysis
Stimulation Analysis

ENGINEERlNG
Site Operations
Test Execution

GEOLOGIC
ROCK MECHANICS
Stratigraphy
Gas Resource
lens Distribution

.,J:::o
a

METe ~----
A·84·297·1
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Production Technology FY84 Research

Activity

MultiweUExperiment

• Stimulation Test and Performance
Evaluation of Paludal lenses

• Reservoir Baseline Evaluation of
lower Coastal lenses

NTS (Mineback) Stimulation Research

• Instrument and Execute Hydraulic
Fracture with Proppant Experiment

~

Performer

SNlICER

SNt

A·84·j,.yJ
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Production Technology . Selected Recent Accomplishments

• Completed installation phase of Mulliwell Field lab with
drilling of 3rd well

• Evaluated reservoir potential of Corcoran/Collette
blanket sands

• Evaluated baseline performance of Paludal (lenticular)
target lone

• Completed Phase I minifracs of Paludal target zenes

"'J

A-84-336-22
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MWX Test Cycle

(3 Cycles in 2 Years)

• Select test zone from core/loganalysis

• Stress tests for frac design

• Well tests to baseline target reservoir potential

.p
el'

• lab/modelinginput to frac design

• Stimulation experiment with full diagnostics for frac geometry

I--<H

~
~

~<f1

-v.:
~ .!1)
sf .s:
:Si~

t-<r-I

• Post· frac well tests to evaluate stimulation performance
<,

~ I
~ ~ ~ ~
~ ~ $ ~~.~ ses c:j ~ ~ i~
~ c:j l!' ~ -....
~ ~ -.... ~ ~

~~ I 0 I$.-.o-f $

J--O--I Krt J-O-f

I I I I I I I
1983 84 85 86 87 88

Test Schedule

METe
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Coastal Zone Reservoirs

MWX-l MWX-2 MWX-3
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Technology Extrapolation Strategy

Extend Piceance Basin
results to remaining
Tight Sands Basins

and Trends

Extend MWX Results
throughout the
Piceance Basin

Extensive Site-Specific
research at a fully
characterized field

test facility

------------------------------- METe-----
(
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Activity

Western Gas Sands FYB5 Activities Plan

Performer Funds

<:»:

tJ1
o

METe

Program Direction
Greater Green River Basin Analysis
ModelinglDatabase Support
Basic Reservoir Research
WGSS Technical Support
Multiwell Experiment

Crosswell Seismic R&D
Fracture Mechanics R&D
Stimulation R&D (NTS)
Technical Support

·WGSS Prior Year Reserve Funds

HOIFE
USGS.

METC/EG&G
NMI

SNl/CER
SNl/CER

Total fY85 funds

lANl
LLNl
SNl

SNl/CER

Total WGSS Reserve

$ 287K
313
350

70
330

3400-
$4750K

$ 165K*
400*
400·
70·

$1035K

A·84·336·13



Western Gas Sands Major Thrusts . ~~Y86 and Beyond

ate Studies

Ice R&D

t , l II

I Basin Economic Development Studies I
t •

I

2 (option)

Model Development and- Applicatio

Uinta Basin Geologic Analysis

MWX . 2 Site Assessment
Priority Basin Reserve Estim

Reservoir, Stimulation, and Geoscie

Multiwell Experiment . Piceance B

Model Verification/New Stimulation Tests (WOO)

U1
--'

METe
A-84·33
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PROJECT

TITLE: MULTI-WELL EXPERIMErn

ORGANIZATIONS: SANDIA NATIONAL LABORATORIESI
CER CORPORATION

PRINCIPAL INVESTIGATORS: VARIOUS

/"'"

~,._../

U1
N

PERIOD OF PERFORMANCE:

CONTRACT FUNDING:

PRESENTATION

CONTINUING PROGRAM
(AUGUST 1979 - DECEMBER 1988)

$25/545/000 THROUGH FY84

OVERVIEW OF THE MULTI-WELL EXPERIMENT
DAVID A. NORTHROP

SANDIA NATIONAL LABORATORIES
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(SOURCE: NPC, 1980)

GAS IN PLACE

U1
U1

,,---.,

.1

rn ....... )...................................................

LENTICULAR
BLANKET
COMBINED

TOTAL

192.0
23.9
23.3

239.3 TCF



-. .

. )

w
> 0«:::c I-

UJ Z
I- 0-en ...w «I- .:5

• • c a::
Z z 0
0 <C u,

(/) Z- -l- I- I- W« z z o
> w .w c:- :! - ::;)

I- - (.) 0a:: -0 w u, (/)

:e c. u, w
>< ::» a:
w U)

(J)z -c - :r:
...I c ...w w

~-LL. Q (.)-I- > 0en 0 ...I« a: z
a. c. ::;)

-:

56



FRACTURINGRESULTS:MHF-3EXPERIMENT

HYDRAULIC FRACTURE

1 2 3 4

FLUID VOLUME (gal)

SAND PROPPANT (lbs)

FRAC INTERVAL (It)

117,500 285,000 344,000
400,000 880,000 809,000

40 80 112

228,000

448,000
20

U1
-.I

DESIGN FRAC LENGTH (tt)

POST-FRAC LENGTH (It)

(PRODUCTION MATCH)

GAS FLOW, BEFORE (MCFID)

GAS FLOW, AFTER (MCFID)

.1

840

110-170

60

61

920

150

57

137

860

100

43

160

1648
20-30

55
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POSSIBLE EXPLANAliONS FOR POOR RESULTS:

• FRACTURE OUT OF ZONE - VERTICAL NOT LATERAL

FRACTURE EXTENSION

• REMOTE LENSES NOT INTERSECTED - LENS SMALLER

THAN BELIEVED

• POOR FRACTURE CONDUCTIVITY - SHALES NOT

PROPPED

• CURRENT LOGS CAN'T IDENTIFY GAS-BEARING SANDS
AND GAS-IN-PLACE
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CHARACTERISTICS OF PAST FIELD EXPERIMENTS:

• PRODUCTION-ORIENTED PLANS, SCHEDULES AND BUDGETS

• WELL SPACING ~1 MILE »LENS DIMENSIONS

e NO CORE EXISTS FOR FRACTURED INTERVALS

• LIMITED, IF ANY, FRACTURE DIAGNOSTICS

eLIMITED DATA FOR ANALYSIS: GAS PRODUCTION' AND LOGS

,I

~_i

~



'''"
,.

MULTI-WELL EXPERIMENT

AFIELD LABORATORY FOR TIGHT GAS SANDS

• ITS OBJECTIVE IS TO INCREASE PRODUCTION FROM

: 8 LENTICULAR TIGHT GAS RESERVOIRS THROUGH

GEOLOGIC CHARACTERIZATION AND TECHNOLOGY

DEVELOPMENT

~
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MULTI·WELL EXPERIMENT

• CLOSE-SPACED WELLS WITH FULLMESAVERDE CORE

• COMPREHENSIVE CORE ANALYSIS. LOGGING AND WELL
TESTING PROGRAMS

• VARIED STIMULATION EXPERIMENTS

• GEOPHYSICAL, FRACTURE DIAGNOSTICS, AND IN SITU
STRESS MEASUREMENTS

• ANALYSES ANDEVALUATION FOR IMPROVED MODELS
AND UNDERSTANDING
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RESERVO IR ANALYSES. I

GAS PRODUCTIONPAY STIMULATED

RESERVOIR
LOG DATA" J PROPERTIES

CORE DATA

WELL TESTING"'" .' 'I

RESERVOIR
SEDIMENTOLOGY. 7)1 MORPHOLOGY

STIMULATION

IN SITU STRESS

SEIStwllC SURVEYS

FRACTURE DIAGNOST ICS. ~ FRACTURE
GEOMETRY

cro
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MULTI-WELL EXPERIMENT - SPECIFIC GOALS

-DETERMINE THE SIZE} SHAPE} ORIENTATION AND DISTRIBUTION OF LENTICULAR SANDS

-DETERMINE IN SITU RESERVOIR PROPERTIES AND QUANTIFY THEIR VARIATIONS WITHIN

A LENS AND BETWEEN LENSES

- IMPROVE RELIABILITY AND ACCURACY OF LOGS IN TIG~IT GAS SANDS

• DETERMI NE TI-tE EFFECTS OF EARTH STRESSES UPON STIMULAT ION AND GAS PRODUCT ION

• CONDUCT STIMULATION EXPERIMENTS TO EVALUATE TECHNOLOGY AND ANSWER KEY QUESTIONS

• PERFORM ANALYSES AND EVALUATIONS TO ASSESS VIABILITY OF GAS PRODUCTION FROM

LENTICULAR TIGHT GAS RESERVOIRS

-,.....;;¥
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SANDIA

CER

MWX PERSONNEL

ACTIVITY

MANAGEMENT
CORE ANALYSIS) CORRELATIONS
GEOLOGY) NATURAL FRACTURES
STH1ULATION) STRESS
FRACTURE DIAGNOSTICS
GEOPHYSICS

MANAGEMENT
SITE OPERATIONS
TEST TRAILER
RESER. TEST AND ANALYSIS
LOGGING) CORRELATIONS

WGSS SUPPORT

PRINCIPAL INVESTIGATOR

NORTHROP) SATTLER
SATTLER
LORENZ
WARPINSKI
ENGI
SEARLS

MANN
COATS" MATBIS
WILMER
BRANAGAN
KUKAL

VARIOUS

~.~



SNAPSHOT HISTORICAL SUMMARY--MULTI-WELL EXPERIMENT

(j)
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MAY 1979
JUL 1979
JAN 1980
1980
JAN 1981
FEB-MAY 1981
JUL 1981
AUG-SEPT 1981
OCT-DEC 1981
JAN-MAR 1982
APR-DEC 1982
JAN-MAR 1983
APR-Nov 1983
JUN-AuG 1983
SEP 1983

DEC 1983
JAN-MAR 1984
APR--JuN 1984

FIRST PLANNING MEETING

FIRST TECHNICAL REVIEW PANEL 'MEETING

MAJOR OVERALL MWX PLANNING/NETWORK SESSION

SITE SEARCH AND NEGOTIATIONS

SITE AGREEMENT SIGNED WITH SUPERIOR

LOCAL (COLORADO) PROBLEMS; SITE MOVED

REVISED SITE AGREEMENT (S YEARS)

SITE CONSTRUCTION

MWX-1

MWX-2
CORCORAN-COZZETTE TESTING

SITE SHUTDOWN

PALUDAL TESTING

MWX--3
SITE AGREEMENT EXTENDED THROUGH JULY 1988

PALUDAL STIMULATION EXPERIMENT (PHASE 1)
SITE SHUTDOWN

PALUDAL STIMULATION EXPERIMENT (PHASE 2)

~.
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MWX-l MWX-2 MWX-3
WASATCH
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MULTI-WELL EXPERIMENT ACCOMPLISHMENTS

0'
co

• THREE WELLS DRILLED

• COMPREHENSIVE CORE PROGRAM

• EXTENSIVE LOGGING PROGRAM

• LENTICULAR SANDS CONTINUITY

• FRACTURE AZIMUTH PREDICTION

• DEPOSITIONAL ENVIRONMENTS DEFINED

• SEISMIC SURVEYS CONDUCTED

• NATURAL FRACTURE EFFECTS

• WELL TEST ING

• IN SITU STRESS MEASUREMENTS

• PALUDAL STIMULATION EXPERIMENT

• FRACTURE DIAGNOSTICS

7550-8350' DEEP; 115-215' SEPARATIONS

4150' OF CORE; 20+ PARTICIPANTS

OIL- AND WATER-BASED MUDS; INCLUDES NEW
TECHNIQUES

QUANTIFIED PROPERTY VARIATIONS

SEVERAL METHODS; CONFIRMED

MESAVERDE RESERVOIR MORPHOLOGIES

3D SURFACE; VSP(2); CRoss-BoREHOLE

CORE} LOG} WELL TESTJ GEOLOGIC DATA;
STRESS HISTORY

INCLUDES INTERFERENCE; CORCORAN}
COZZETTE} PALUDAL

CASED AND OPEN HOLE; FRAC CONTAINMENT

Two PHASES; DEC. 1983 AND MAY 198
'•

BOREHOLE SEISMIC MAPPING; FRAC AZIMUTH
AND HEIGHT

\'
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STIMULATION EXPERIMENT METHODOLOGY

• CORE~ LOG~ GEOLOGIC CHARACTERIZATION

• IN SITU STRESS MEASUREMENTS

• WELL TEST IN<3

• COMPILE DATA SET

• SPECIFY OBJECTIVES

• STIMULATION DESIGN

• CONDUCT STIMULATION

• POST-FRAC TESTING

• ANALYSIS
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STIMULATION EXPERIMENT GOALS

• DETERMINE HYDRAULIC FRACTURE GEOMETRY IN RELATION TO LENS ORIENTATION AND

EXTENT IN ORDER TO SEPARATE FACTORS AFFECTING GAS PRODUCTION

• DETERMINE IF LENSES NOT IN CONTACT WITH THE WELLBORE CAN BE INTERSECTED

AND PRODUCED

• DETERMINE IF A SERIES OF LENSES IN CONTACT WITH THE WELLBORE CAN BE

EFFICIENTLY PRODUCED

• EVALUATE GEOLOGIClRESERVOIR FACTORS

(E.G.; WATER SATURATION; EARTH STRESS; ROCK TYPE; ETC.)

• EVALUATE STIMULATION FACTORS

(E,Gu FLUID TYPE; PROPPANT TYPE OR CONCENTRATION" FRAC RATE'; ETC.)

• EVALUATE NEW STIMULATION TECHNIQUES" AS AVAILABLE

.........---,'



~lWX STINULATION EXPERINENTS
WASATCH

TITLE DATES FIELD TIME (MO)
4000

8000

PARALIC HIGH SW" K 3/88 - 6/88 4

5000 1- UPPER FLUVIAL LENTICULAR SERIES 3/87 - 12/87 10
-"-

UPPER FLUVIAL REMOTE LENS 9/86 - 12/86 4
w
Q I --- LOWER FLUV IAL 10/85 - 8/86* 9·Il: NATURAL FRACTURES

-..J w......
> 6000 L - - UPPER COASTAL 6/85 - 9/85 4« REMOTE LENS
(/)
w

~ COASTAL 7/84 - 5/85* 9s LENTICULAR SANDS

7000 ~ PALUDAL COMPLEX GEOLOGY 9/83 - 6/84* 7

/ BLANKET

MANCOS * INCLUDES 3-MONTH WINTER SiTE sHUTDOWN
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FY SANDIA CER

MWX COSTS AND FUNDING

TOTAL
COSTED CUMULATIVE FUNDING CUMULATIVE

.......
~

80 292 925 1.,217 - 8.,700 -

81 994 713 11707 21924 21241 10.,941

82 L456 714.01 8.,857 111781 31828 14 1769

83 11507 41222 51729 171510 81769 23.,538

84 (EST)· 11917 31132 51O
lJ9 22.,559 2J457 251995

85 (EST) lJ900 2J900 4J800 27J359 31800 29 1795

* INCLUDES $450.,000 FOR WGSS SUPPORT



~IWX PERSONNEL

FTE (FY8LJ)

ACTIVITY PRINCIPAL INVESTIGATOR STAEE ASST.

SM"DIA NANAGE~jENT NORTHROP. SATTLER 1.0
CORE A~ALYSlS. CORRELATIONS SATTLER 0.8 1.0
GEOLOGY. NATURAL FRACTURES LORENZ 1.5 1.0
STU'jULATION. STRESS WARPINSKI 1.0
FRACTURE DIAGt-iOSTICS ENGI 1.0 2.0
GEOPHYSICS SEARLS 0.5 ---

'-I 5.8 LI.OU1

CEH MANAGEMENT MANN 1.0
SITE GPERATIONS COATS. MATHIS 1.5
TEST TRAILER WIU1ER 1.0 5.0
RESER. TEST AND ANALYSIS BRANAGAN 1.0 1.8
LOG6I~G. CORRELATIONS KUKAL 1..0 ILl

5.5 8.0

WGSS SUPPORT VARIOUS .L3 ~~ ~ ~

·6.8 10.9

,
~

'~~ .....~.... ...,!;-;;/
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TECHNICAL REVIEW PANEL

• SELECTED ON BASIS OF EXPERIENCE" ONGOING WORK" AND CONTINUED
INTEREST IN TIGHT GAS SANDS

• hlERE HAVE BEEN 12 FORMAL MEET INGS (JULY 1979 - FEB .1984) PLUS
TOPICAL MEETINGS AND CORE DISPLAYS

• TECHNICAL INTERACTION

• MEMBERS: L. ELKINS

J. FITCH

G. MARTIN

W. McMAHAN

R. SAUCIER

C. SHAUGHNESSY

R. VEATCH

- SOHIO

- MOBIL

- ARCO

- SUPERIOR

- SHELL

- EXXON

- AMOCO

II
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MULTI-WELL EXPERIMENT 
AN OPERATIONAL OVERVIEW

CER Corporation
Las Vegas, Nevada

Robert L. Mann

~

u:>
November 1979 to Present Present Contract - 37-1075

Site Operations and Testing

--------------------CER.----
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MULTI-WELL EXPERIMENT
A RESEARCH ORIENTED FIELD LASORATORY

OBJECTIVES

• Determine size, shape, orientation and distribution of lenticular sands.

• Determine in situ reservoir properties and quantify their variations.

• Improve reliability and accuracy of log interpretation in tight gas sands.

• Determine effects of earth stresses upon stimulation and gas production.

• Conduct stimulation experiments to evaluate technology and answer key questions.

-----------------------CER.-·----



SITE SELECTION CRITERIA

• Be in an area of proven Mesaverde production

• Be in an area that is typical of lenticular sand
production in the region

.
~....-

CP
-' • Be a reasonably accessable location

• I

• Be suitable for year around operations

• The objective horizons be at reasonable depths

• The operator or lease owner agreeable to a
long term experiment

- C€R--



DEPTH, ft
(from KS)

19

FORMATION
THICKNESS, ftC>~

3,229

Wasatch 3,210

3,862
3,901

Ft. Union

Ohio Creek
Paralic

614

39

:::::: 300

Fluvial :::::: 1,750

Mesaverde 3,587

::::: 625

Paludal

7,488 R W ..~
7,672 FManco~ +'bsngue:::J
7,830 Cozzette I
8,110 I .

Corcoran I
TD 8,350 I I

:::::: 925

184
158
280
240

GEOLOGIC CROSS SECTION
OF MWX-1

-----------------CER----
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MAP OF WESTERN COLORADO SHOWING MWX SITE
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46 ft

MWX-1

16 in. Conductor

N-oI.-13% in. Hole

~-10%.in. 51.51b
Casing Set @ 4,130
Cemented to Surface

.~- 8% in. Hole

.......--7 in. 29 lb N·80
Casing Set @ 8,350
Cemented to 3,450 ft

CORES

4,170 .. 6,827 ft
7,870·7,960

Total
Oriented

LOGS

4,130 . Surface
4 Logs . comb.

6,827 . 4,130 ft
11 logs· comb.

8,350 . 4, 130 ft
18 logs .. comb.

DSTs

5,885 . 5,830 ft

RFTs

8,135 -4,535 ft
12 tests

2,657 ft
90 ft

2,747 ft
470 ft

Spud Date:
Rig Released:

Sept. 13, 1981
Dec. 21, 1981

- .........---------------..(ex.....---..
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MWX-2

40 ft

8,300

16 in. Conductor

N-oo!I1--14%. in. Hole

1..~-10%. in. 61.5 lb
Casing Set @ 4,102 ft
Cemented to Surface

"l .....~ 8%. in. Hole

~-- 7 in. 29 Ib N-80
Casing Set @ 8,300 ft
Cemented back
to 3,500 ft

CORES

4,870 . 4,956 ft
5,485 ·5,581 Pressure Core
5,700· 5,880
6,390 . 6,568
7,030 . 7,385
7, 817 . 7,907
8,100 . 8,141

915 ft of Core
395 ft Oriented

LOGS

5,438 . 4,094 ft
3 logs· comb.

6,050 . 4,094 ft
3 logs

6,688 . 4,094 ft
9 logs· comb.

8,300 . 4,094 ft
15 logs· comb.

DST
4,895 . 4,955 ft

Spud Date:
Rig Released:

Dec. 31, 1981
Mar. 30, 1982 91 days

..----------------------(ER----.r
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120 ft

7,564

MWX-3

13-3/8 in. Conductor

~- 9-5/8 in. 36 Ib Casing
Cemented to Sudace

2\1-..;'- 8% in. Hole

R1I--- 7 in. 32 Ib
P·110 & N-80 Casing
Set @ 7,474 ft

~-- 5-7/8 in. Hole

CORES

4,887 . 4,928 ft
5,690· 5,870
6,431-- 6,528
6,875· 6,910
7,071 - 7,160
7,536 - 7,564

435 ft of Core
All Oriented

LOGS

4,134· Surface
4 logs. comb.

5,875 ·4,129 ft
5 logs· comb.

6,.875 . 4,130 ft
7 loqs- com b.

7,463 . 4,129 ft
28 logs· comb.

Spud Date:
Rig Released:

June 7, 1983
Aug. 17, 1983 72 days

----------------------CEx....------
89
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• MWX·3 Water Base Mud

• MWX: 1 Water Base Mud (Surface to 4,150 ftl
1-----1

+ MWX·1 Oil Base Mud

@ MWX-2 Water Base Mud (Surface to 4,150 ftl
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Core Program Summary

Amount \
• 1

Recovered Coring Time, Avel'argeRate, "
Core No. Depth, ft ft Bit Type hrs ftlhr

1 4,170-4.221 51 Diamond 24.33 209
2 4.221-4.281 60 Diamond 22.50 2.66
3 4,281-4.341 60 Diamond 13.55 4.42
4 4,341-4,348 7 Diamond 1.50 4.67
5 4,348-4.408 60 Diamond 21.33 281
6 4,405-4,465 60 Stratapax 3.00 20.00
7 4,466-4.565 60 Stratapax 3.00 20.00
8 4.525-4,585 60 Stratapax 4.42 13.57
9 4.585-4,645 60 Stratapax 3.17 18.92

+10 4.645-4.705 60 Stratapax 4.00 15.00
+11 4,702-4,762 60 Stratapax 7.67 7.92
+12 4,762-4,822 60 Stratapax 8.65 6.93

13 4,822-4,882 60 Stratapax 7.25 8.27
14 4.882-4,942 60 Stratacex 3.25 18.46
15 4,942-5,002 60 Stratapax 7.50 8.00
16 5.002·5,062 60 Stratapax 5.92 10.13
17 5,062·5.120 58 Stratapax 7.87 7.24
18 5,120·5.180 60 Diamond 12.25 4.89
19 5,180-5,204 24 Diamond 10.75 2.23
20 5,204-5,264 60 Stratapax 3.50 17.14
21 5,264-6,324 60 Stratapax 8.42 7.12
22 5,324-5.384 60 Stratapax 6.50 9.23
23 5,384-5,444 60 Stratapax 8.38 7.15

+24 5,425·5,485 60 Stratapax 10.00 6.00
+25 5,484-5,534 50 Stratapax 8.00 6.25
26 5.534-6,592 58 Stratapax 10.00 5.80
27 5.592-5.652 60 Diamond 14.33 4.18
28 5.652·5.712 60 Diamond 16.85 3.56
29 5.712-5,772 60 Stratapax 4.66 12.87
30 5,772-5.825 53 Stratapax 14.00 3.78
31 5,825-5.885 60 Stratapax 5.15 11.65
32 5.885·5.932 47 Stratapax 6.37 7.37
33 5.932·5,992 60 Stratapax 6.42 9.34
34 5.992-6,054 62 Stratapax 10.42 5.95
35 6.054-6.114 60 Stratapax 4.88 12.29
36 6.114-6.119 5 Stratapax 4.60 1.08
37 6.119-6.168 49 Stratapax 8.13 6.02
38 6.168-6.258 90 Stratapax 10.25 8.78
39 6,258-0.348 90 $tratapax 14.50 6.20
40 6.348-6,438 90 Stratapax 22.38 4.02

+41 6,438-6.528 90 Stratapax 14.00 6.42
42 6.528·6,618 90 Stratapax 21.57 4.17
43 6.618-6.689 71 Stratapax 15.75 4.50
44 6.689-6,779 90 Diamond 23.12 3.89
45 6.779-6,827 48 Diamond 14.62 3.28

+46 7,870-7.960 90 Diamond 33.62 2.67

+ denotes oriented core
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OPERATIONALPROBLEMS

1. High Pressure Wells - (Overpressured)

2. Severe Downhole Environment ,.,210"

3. Keeping 3 Downhole Instruments Operational

4. Leaky Packers

5. Long Lubricators

6. Surface Leaks

7. Freezing Problems in Lubricator

8. Sufficient Crews for Twentyfour Hour Operations

9. Severe Weather

10. Royalty Payments for Gas Flared During Testing

------------------------CER
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USGS Research in Support of MWX

by

C. W. Spencer, J. K. Pitman, V. F. Nuccio, and R. C. Johnson

MAJOR GOAL OF RESEARCH

The major goals of the U.S. Geological Survey MWX (Multi-Well Experiment)

work. are to provide geologic characterization and related research in support

of the ongoing petroleum engineering, petrophysical, log analysis, and well

stimulation work. at the U.S. Department of Energy's (DOE) MWX field

laboratory. A critical additional goal is to characterize the geologic

conditions at the MWX site. This characterization will then be ~orrelated to

other parts of the Piceance basin and, more importantly, to analog basins so

that the research results at MWX will have broad application to the

identification of, and the enhanced recovery of gas from tight reservoirs

elsewhere in the United States.

Specific objectives of this work. are to characterize the geologic setting

of the MWX site in terms of its 1) regional structure (figure 1), 2) general

stratigraphy, 3) tectonic history, 4) gas generation and migration, 5)

mineralogic and petrologic character of the reservoirs, 6) microscopic

character of porosity and permeability, and 7) the relationship of these

factors to log analysis and well-stimulation recommendations. Other

objectives are a regional study of the Piceance basin including the thermal

history and related gas generation and migration in the MWX area and the

Piceance basin in general. Additional objectives include research directed

toward providing data to Sandia National Laboratory (SNL)l that will aid in

determining the origin and timing of the formation of the natural fracture

systems and the conditions under which they formed. The USGS also is

responsible for providing quality assurance to DOE for support geologic work

done by other contractors. This report has not been reviewed for conformance

to stratigraphic nomenclature standards as used by the USGS.
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Figure l.--Structure map of Piceance Basin on top of the Rollins Sandstone in
Mesaverde Group by R. C. Johnson (1983). Cross sections A-A' and B-B'
not included in this report.
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BUDGET AND COST EFFECTIVENESS

The USGS has had an ongoing research program in the major tight gas areas

in the Western United States. A formal Interagency Agreement was initiated in

1978 at the request of DOE. A part of this program involved work in the

:Piceance basin. This pre-MWXwork was of considerable value in site selection

and provided the USGS and others with background geologic information for some

aspects of the design of the MWX research. To date, the USGS has published 32

papers and maps on the MWX-Piceance research in cooperation with the DOE

Western Gas Sands Subprogram. In addition, a number of unpublished reports on

various aspects of MWX have been prepared. DOE funding for MWX-Piceance basin

work by the USGS:

Prior years - $658K

FY'84 175K

We believe the work has been cost effective in that all persons working

directly on this project had previous experience in the geology of the basin

(primarily in oil shale or oil and gas research) and, therefore, did not have

to go through a learning period relative to the structure, stratigraphy,

tectonics, etc. of the area. Further cost effectivenss resulted from USGS

persons in other research groups becoming interested in the MWX research needs

that complemented their own interests and data needs. This work by other

groups has been done at no cost to DOE (e.g. water analysis, some vitrinite

reflectance studies, gas isotope studies, previous fracture and lineament

studies, etc.).

Perhaps one of the most cost-effective aspects of the research is that

the USGS already had all the necessary laboratory and lIbrary facilities, and

data bases (P.I. well records, microfilm logs and well histories, etc.);

therefore, no further acquisitions of data or equipment have been necessary.

In fact DOE, and the U.S. taxpayers, have realized a considerable saving on

all DOE energy research involving well data (Devonian Shale, Geopressured

Aquifers, etc.) through access to the USGS contract with Petroleum Information

(P.L).
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CONTRIBUTIONS TO EXISTING RESE~~CH

The main contributions of p"Cevious USGS research were to assist in NWX

planning, log prog"Cam and co"Ce program and analysis and assist DOE and CER in

MWX site selection. Six basinwide well-log cross sections that showed well

log cha"Cacte"C, drillstem test recoveries (including field recorded p"Cessures),

perforations tests, reservoir facies and lithology, and cores were published

by Johnson, Granica, and Dessenberger (1979). One of these sections (USGS MF

1130B) is close to the MWX site.

Other contributions to existing research include cooperative studies and

publications coauthored with: 1) CER (log analysis), 2) SNL (VSPseismic, pore

geometry analysis, NMR determination of porosity and pemeability), 3) Mobil

Research (natural fractures and fractu"Ce-filling cements), and 4) IGT (core

mineralogy and interpretion of core data). The USGS reviews Bendix Field

Laboratory petrographic reports and does additional studies, as needed, on

more complex mineralogic problems. One such effort identified a high iron

chlodte clay in MWX core that had previously been identified as kaolinite.

The presence of iron-bearing chlorite is important to recognize when designing

well stimulations because this clay is highly soluble in dilute HCl and can

form ferric hydroxide, which has adverse effects on the production potential

of a reservoir.

Various zones (facies) of theMWX wells are being studied and

interpretations are made relative to the mineralogic and petrographic impact

on well-log interpretation and well stimulation. Several sandstones ()15 ft

thick) in the 3 wells were correlated and the quality of correlation from

well-to-well was rated.

Thermal maturation (gas generation) of source beds are being studied by

N. H. Bostick and V. F. Nuccio using vitrinite reflectance analysis. Amoco

Prod. Co. also is studying vitrinite reflectance to supplement our

investigations. V. F. Nuccio and R. C. Johnson have prepared a thermal

maturity map of the Piceance basin so that the MWX well can be related on the

basis of thermal maturation (gas generation) to the rest of the basin and to

other basins. Figure 2, is a reduced-scale figure of this coal rank (thermal

maturity) map. It is keyed to the Rollins Sandstone structural horizon and

was compiled from vitrinite reflectance, coal calorific values (BTU) and ASTM
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Figure 3.--Cross section A-AI drawn approximately parallel to the Colorado River, in
south-central Piceance Basin. Coal rank zones are superimposed on the cross
section. The Rollins sandstone Member, top of the Cretaceous, Long Point Bed
and Mahogany zone of the Green River Formation are also shown. The onset of
gns production is in the high volatile B bituminous (hvBb) zone and increase
with depth and coal rank. Johnson and Nuccio (in press).
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Figure 4.--14ap of the Piceance Basin showing fields that produced oil, gas, and
condensate from the Mesaverde Group through 1981. 0; 1 and gas producti on
is subdivided into production from above or below the Roll ins sandstone
f4ember. Other wells that have tested oil and gas but have not produced, or
for which no production f; guresare ava ilabl e are also shown. The Mesaverde
Group mainly produces gas, but may contain small amounts of oil and condensate.
This map also shows contours of vitrinite reflectance (Ro) values at the
Roll ins Sandstone level. The onset of major gas production i in rocks with
a Roof about 0.70%. Oil is produced in rocks up to a Ro of .35%, at
which point it is thermally destroyed. From Johnson and Nucc 0 (in press).
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data. These measurements were then converted to coal-rank. Figure 3 shows

the thermal maturation in the vertical dimension through theMWX site and

shows increasing coal rank with depth. This type of paleothermal mapping has

utility in allowing explorationists to predict the depths and areas where gas

(and oil) may be expected to have been generated and the areas and depths at

which oil will be thermally cracked to form gas and condensate (see discussion

on thermal maturation). Figure 4 is a map of the Piceance basin showing

contours of vitrinite reflectance data of the Rollins Sandstone level. The

Rollins Sandstone is a marine sandstone above the Cozzette Sandstone and below

the paludal (coaly) zone.

C12/C 13 isotope ratios of gases from MWX and nearby wells by D. D.Rice

and C.N. Threlkeld, (1981) as well as C12/C13 and 016/018 ratios of fracture

filling calcite cements in natural fractures by J. K. Pitman, USGS and Eve

Sprunt (in press), have been analyzed. These studies provide some insight

into the origin of the gases fracture-filling cements, general temperature,

and other conditions (trends), under which the cements (and fractures) may

have formed. These data along with a proposed sequence of pore pressure

variation have been furnished to SNL for their natural fracture studies.

USGS Studies Under SNL Direction

Two USGS research efforts, surface fracture and vertical seismic

profiling (VSP) related to MWX, are under the direct supervision of SNL and

the general supervision of the USGS Principal Investigator. This work is

being supervised directly by SNLformaximum efficiency, because SNL is the

lead research group for the natural ~racture analysis and the 3-D seismic and

VSP work. E. R. Verbeek and H. A.Grout (1984) have recently published a

report (USGS Open-File Report 84-156) on the surface fractures based on

measurements made at more than 300 sites. They classified the fractures and

compared the surface fracture data with subsurface MWX data. M. W. Lee

(1984a,b, ) has published two reports on the VSP work. These reports are

entitled "Vertical Seismic Profiles at the Multiwell Experiment Site, Garfield

Co., Colo." (USGS Open-File Report 84-168) and "Delineation of Lenticular-type

Sand Bodies by the Vertical Seismic Profiling Method" (USGS Open File Report

84-265).
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RESEARCH METHODOLOGIES, RESULTS, AND UTILITY OF DA:LA

Regional Setting

One of the major objectives of the USGS geologic program is to

characterize the geologic setting of the MWX site. Several regional

structural maps of the Mesaverde have been compiled by R. C. Johnson, using

standard well-log correlation techniques. Isopach maps also were prepared for

the nonmarine Mesaverde so that shallow structural well control could be

projected to depth in areas where no deep drill control existed. For example,

in order to make the Upper Cretaceous Rollins Sandstone structure map, (Figure

1), shallow Tertiary-Cretaceous structure control was projected on the basis

of the isopach map data down to the top of the Rollins in areas where no

Rollins well control was available.

Isopachs of Tertiary stratigraphic intervals were prepared to show

structural growth after Cretaceous Mesaverde deposition. For example, the

areas where Tertiary strata thicken were structurally low at the time of

deposition; and areas where Tertiary strata are depositionally thin (toward

basin margins), represent paleobighs where gas in Cretaceous rocks would move

early in the migration history of the basin. Isopach maps also show

structures that should have been local focal points toward which early

generated gas would have migrated prior to the permeability reduction

accompanying deep burial and reservoir cementation.

Although the USGS has compiled regional iospach data, the detailed

aspects of the sedimentology and stratigraphy (sandstone geometry) in the

southern Piceance-MWX area have been analyzed by John Lorenz (SNL).

Cooperative assistance was provided by Romeo Flores (USGS) relative to

sedimentologic interpretation of the MWX core. The USGS has met with SNL

personnel in the field for cooperative surface work and participated in the

review of some SNL reports. There is no duplication of effort between USGS

and Lorenz's work.

Thermal Maturation

In order to improve predictability of the distribution of gas, and

predict reservoir pressures and rock stress history in tight reservoirs at HWX
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and elsewhere, it is necessary to understand recent research on.-_the origin of

gas (and oil) and overpressuring in the Rocky Mountain Region and at ~fWX. rue

following discussion is excerpted frolll a report by Spencer to DOE (Jan. 1984).

First, natural gas can be generated by bacteria (biogenic) at low

temperature and pressure such as that occurring in the Northern Great Plains

(Rice and Shurr, 1980). Second, gas and oil are generated by the

thermochemical breakdown of organic matter.

Areas of biogenic gas are usually underpressured. Carbon isotope work by

D. D. Rice, USGS, (letters to A. R. Sattler of September 15, 1982 and February

14, 1983) shows that the gas at the MWX site was generated thermally and that

some of the gas in the lower part of the MWX drilled section apparently was

fo.rmed by the breakdown of previously formed oil that originated from marine

hydrocarbon source beds.

There are two types of naturally occuring organic matter that are the

main source of hydrocarbons; 1) hydrogen-rich (lipid-rich) kerogen, and 2)

woody (low-hydrogen) kerogen. Hydrogen-rich kerogen is most common in marine

and lake deposits (shales and siltstones); whereas, the woody type kerogen,

typically derived from land plants, is common in continental shales,

mudstones, siltstones, and coals. As might be expected, coals are mostly made

up of woody kerogen.

Figure 5 shows a generalized diagram of the sequence of generation of

hydrocarbons from lipid rich kerogen. This kerogen is referred to as "oil

prone" because it goes through a thermal stage where a large volume of oil is

generated relative to gas. On continued heating this oil breaks down to wet

gas and then to dry gas. When the oil breaks down to gas, a dark pyrobitumin

residue commonly remains in the reservoir rock. We described guch a residue

in the core from the Cozzette in MWX-2 (Spencer letter of August 18, 1982 to

D. A. Northrop).

Land plant (woody) matter is the source of most of the gas in tight

reservoirs at the MWX site. Woody kerogen is also the source for much of the

gas in the Piceance basin in general, and the Wind River, greater Green River,

and the dry gas parts of the Uinta basin.

Figure 6 shows a generalized diagram of hydrocarbon generation from

woody, "gas prone", kerogen. This figure shows an initial low pressure
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biogenic phase, and ala1;er thermal stage. The onset of the main thermal

phase of gas generation is thought by some workers to start at a vitrinite

reflectance value of about 0.7 to 0.8 reflect.ance in oil (Ro)' Others believe

it may start at a slightly lower or higher Ro' but in the Principal

Investigator's experience the Figure 6 values best fit data from most basins.

Proposed origin of high-pore pressure

Law, Spencer, and Bostick (1980) proposed that overpressuring starts to

occur in tight gas reservoirs when the rock temperatures increase'to about 190

to ZOOoF. The overpressuring is caused by the as generated by the

heating. The overpressuring continues as the rocks (and kerogen) continue to

be heated until the kerogen is largely converted to gas and coaly residue.

Because the kerogen goes through a peak or maximum generation phase (Fig. 6),

most overpressuring is seen in rocks between 0.7 Ro and about 1.5 Ro'
However, in coal-rich intervals the overpressuring (significant 3aS

generation) continues into quite high thermal maturation (coal rank) stages.

The reason for this is that organic-rich source beds typically contain only

about 0 .• 5 to 5 percent organic carbon; whereas, coals are jaos tly organic

matter. The organic-lean beds, once past the stage of peak gas generation,

can not keep generating volumes of gas at a high enough rate to keep up with

"bleedoff" caused by gas migration and diffusion. The coal beds seem to be

able to maintain gas generation at a level high enough to maintain a high or

abnormally high pore pressure. Obviously, the temperature must remain at least

high enough to generate gas (190 to ZOOoF or higher). Figure 7 shows the

intercept of the 190°F reservoir temperature from the MWX-1 LANL temperature

log, with the s~gnificant apparent increase in pore pressure.

The maximum pressures encountered in tight gas reservoirs are at about

the fracture gradient of most tight gas reservoirs. This would suggest that

the fracture gradient of the rocks is a controlling factor limiting maximum

pore pressure. Meissner, (1978) suggested this pressure-release mechanism for

overpressured oil reservoirs in the Williston basin. The estimated pore

pressure in the Cozzette at MWX-l is about 0.81 psi/ft (Branagan and others,

1984) and the fracture gradient for the sandstone is about 0.86 psi/ft.

However, more pore pressure and fracture gradient data need to be acquired and

analyzed in order to fully understand the pressure-relief mechanism.
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The conclusion is that gas generation causes high pore pres'Sure w-hich is

a significant factor in paleorock stress, and may or may not be a significant

factor in the actual development of vertical fractures. Differential pore

pressure certainly is a mechanism for migration of gas and reservoir

liquids. If high-pore pressure can move reservoir liquids, then the movement

of these liquids is probably a significant factor in the formation of pore and

fracture-filling cements.

Proposed Paleopore Pressure at the MWX Site

Our ability to predict the onset of overpressuring in present-day tight

gas reservoirs is improving. Row-ever, the maximum amount of overpressure does

not seem to be predictable at present. There are many types of data needed,

such as; 1) thermal history, 2) reliable present-day temperature data, 3)

level of thermal maturation, 4) ability of source beds to still generate gas,

5) organic-richness of the source beds, 6) natural fracture gradient of seals

and reservoir rocks as well as their lateral and vertical permeabilities. The

DOE research effort at the MWX field laboratory is attempting, for the first

time, to characterize these data as well as much other critical information.

The vitrinite reflectance work of the USGS (N. R. Bostick, V.• Freeman,

and V. F. Nuccio) and AlIloco Production Company provided a high-quality

vertical profile of thermal maturation at the MWX well. Recently completed

regional vitrinite mapping in the Piceance basin by Nuccio and Johnson (1983)

helps to place the MWX site in perspective with the rest of the basin.

On the basis of normal burial history, and burial curves prepared by

Johnson and Nuccio (in press) coupled with the gas generation diagrams (Figs.

5 and 6) the pore-pressure sequence in the Mesaverde of MWX was probably as

follows:

1) Biogenic gas generation (low press., low temp.; Rice and Schurr,

1980)

2) Elevated pore pressure caused by dewatering of sediments (probably

continued biogenic gas generation)

3) Increase in temperature create subsurface environment incapable of

supporting methanogenic bacteria.
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4) Permeability of reservoirs decrease owing to rock dia~~nesis and

compaction. Pore-pressures in low grade coals and lignites in

paludal zone may increase.

5) About 50-55 million years ago, onset of oil generation in Upper

Cretaceous l1ancos Shale marine source beds enclosing Corcoran and

Cozzette (Co-Cz) Sandstones, followed by overpressuring due to

continued oil generation.

6) Oil migrates into Cozzette stratigraphic trap (e.g. MWX-2 core),

overpressuring probably continuing at the Corcoran-Cozzette level.

7) About 48-52 million years ago, initiation of significant gas

generation in paludal zone probably causing high pressures. in excess

of 0.8 psi/ft. Lateral natural-gas fracturing probably occuring, and

possibly some vertical gas-fracturing now occuring. Large gas

volumes being generated. Gas migrating by pressure differential and

buoyancy. Water is simultaneously expelled from coals (Law and

others, 1983) causing a continued increase in paludal zone formation

water resistivities (Rw).

8) Continued burial and heating causes critical gas-generation

temperature front to move upward in the Mesaverde, charging these

reservoirs with gas increasing pore pressures in the upper part of

the fluvial Mesaverde.

9) Corcoran-Cozzette reservoirs heated to an Ro >1.35 and oil is

volatilized causing additional increase in pore pressure. Organic

rich coals in Paludal Zone continue t.o generate gas and pressure

adjacent reservoirs but volume of expelled water is decreasing.

10) Colorado River starting to cut downward toward the present MWX

topographic surface, approximately 9 to 10 million years ago causing

sediments to cool off. As the temperature in each source bed in the

fluvial section drops below 2000F gas generation ceases and pore

pressure returns to normal.

11) Present-day; the coastal zone pressure begins to return to normal but

the paludal section is still overpressured because of organic-rich

source rocks and temperatures >190-200oF. Corcoran-Cozzette interval

is still overpressured owing to high temperatures, the effectiveness

of the Mancos Shale as a seal, and a low level of gas generation in

enclosing shales of the Mancos. The Corcoran Cozzette sandstones
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have already beefi fractured (jointed) and are encLoeed'-Ln shales with

a fracture gradient higher than the Co-Cz reservoir pressure (0.81

psi/ft) (Branagan and others, 1984).

Additional refinement, if possible, of the paleotemperature models will

be made to attempt to predict the timing and magnitude of paleopore

pressures. It is not known if the loss of pressure caused by gas leakage

related to tectonic fractures can ever accurately be predicted.

Reservoir Characterization

Geologic characterization. of the reservoir rocks at MWX is one of the

major objectives of this research effort. The MWX core provides a unique

opportunity to compare detailed petrographic data with a wide variety of other

types of data including rock mechanics studies, special core analyses, special

well logs, and conventional and special logs.

Petrographic and mineralogic characteristics

The Bendix Field Laboratory has the responsibility for routine

description of MWX thin sections and conducts some X-ray diffraction studies

of clays. The USGS reviews the Bendix data and provides quality assurance to

DOE on this work.

The USGS has state-of-the-art petrographic laboratories and equipment.

MWX. core is studied using scanning electron microscope (SEM) , qualitative and

quantitative X-ray studies of whole rock and clays, fission-track anealing

studies, flui~ inclusion studies, oxygen and carbon isotopic studies of

fracture-filling cements, and microscopic studies of natural fractures.

Tne reservoir rocks at MWXare generally typical of the rock types that

contain most of the potential gas resources in the Rocky Mountain basins 

most of these rocks are impure sandstones called litharenites, feldspathic

litharenites, and arkoses. Litharenites are sandstones that contain

dominantly quartz but also have significant amounts of rock fragments derived

from the erosion of sedimentary, igneous, and metamorphic rocks. The

feldspathic and arkosic rocks also are dominantly quartz-rich but contain

significant amounts of feldspar grains.
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The reservoir rocks ~re tight because they have been wellc..emented by

quartz, clay and carbonate that were precipitated after deposition. Some of

these rocks may have been conventional reservoirs prior to cementation. The

USGS analyzes the reservoir mineralogy and texture and interprets how these

factors will affect well log response.

Porosity and permeability character

Work by USGS petrographers has shown that the reservoirs in MWX, are

tight because the pores are scattered or relatively isolated through the

rock. The pores, typically formed by dissolution of minerals, are .poorly

connected by tortuous, ribbon-like capillaries (Spencer, 1983). Many of the

pores are filled with secondary clays which were precipitated after

deposition. These clay reduce permeability to gas, increase water saturation

(8w), and lower formation resistivity (Rt).

Relationship of petrography to log analysis problems

Our poetrographic studieo do not necessarily Ifs ol ve" log analysis problems

but have helped to identify those parameters which affect log response. This

information prOVides some of the data for the design of new log computer

programs (developed by G. C. Kukal, CER). These studies also help to explain

why certain conventional well logs do not accurately record porosity, water

saturation, and other parameters. For example, most of the MWX tight

reservoirs have grain densities higher than quartz (2.65 gm/cc). As might be

expected, this is caused by the presence of minerals with densities higher

than quartz but the petrographic work shows that the abundance of these

"heavy" grains varies laterally and vertically, so a density log "matrixlt

calibration to 2.68 or 2.70 will not uniformly correct porosity readings in

all reservoirs. Ideally, a tool should be developed which will measure grain

density and constantly ~ake calibration corrections. G. C. Kukal and others

are trying different techniques to solve this problem. A more complex logging

problem was noted in the petrographic studies of the paludal zone

sandstones. Many of these reservoirs have 1) a significant ()1O%) amount of

detrital carbonate, 2) clay chips (clasts) and, 3) coal fragments scattered

through the rock. The carbonate increases grain densities, while the clay
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chips and coal decrease .·tJ"le density. The coal grains appear ascgas-ef Ll.Led

porosity on the basis of porosity-log calculations and Rt measurements. The

clay chips cause the reservoirs to appear quite shaley.

Another log interpretation problem involves the use of the sp~ctral gamma

ray log to interpret types and amounts of clays present in the reservoirs;

however ,this is not easily accomplished. For example, the potass fum log

detects the potassium in detrital rock fragments and potassium feldspar grains

as well as potassium in illite, and other clays, in the pore spaces.

Obviously the critical factor for gas recovery is the amount of clay in the

pore system. We have only mentioned a few of the geologic factors affecting

log the interpretation. Much.more research needs to be done in the

application of petrographic data to interpretation of present well logs and

development of new tools to more accurately measure these complex reservoir

parameters.

Isotopes of minerals in natural-fracture cements

In the MWX wells, fractures in the Mesaverde commonly are cemented with

coarse-crystalline calcite and with small amounts of quartz, dickite (a kaolin

clay), and barite. Carbon and oxygen isotope studies of calcite fracture-fill

indicate that fractures were cemented by calcite during hydrocarbon

generation, from formation fluids of meteoric (fresh water) origin. Fractures

completely cemented by calcite probably act as a barrier to fluid flow at

depth; whereas, incomplete calcite crystal growths in the fractures may keep

fractures propped open and hence, maintain the increased permeability produced

by natural fracturing. Very little information is available in the literature

relative to isotope studies of fracture-filling cements. Cemented fractures

in the MWX well, as well as other fracture cements in the basin, provide a

unique opportunity to conduct isotopic studies of the origin of natural

fractures in tight gas reservoirs.
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FUTURE RESEARCH DIRECTIONS

There are several areas of research that we believe should be pursued in

the near future to advance the state-of-the-art of enhanced recovery of gas

from tight reservoirs.

Formation Damage

The USGS work to date indicates that formation damage, in certain tight

reservoirs, can be a major obstacle to enhanced gas recovery. It should be

noted that this conclusion is not well accepted by many workers. However,

interpretation of the potential for formation damage is based on extensive

studies of tight reservoirs, not only atMWX, but elsewhere. Formation damage

can occur in several ways, 1) liquid imbibition, 2) migration of fines, 3)

swelling of clays, unbroken gels, 4) fines caused by abrasion of proppant and

formation during fracing, etc. More research is needed to prove or disprove

the effect of the formation damage question.

Reservoir Clays

More research is needed in the area of determining the volume of clay in

tight reservoirs. Clay volumes are critical to many, but not all, log

analysis programs. The spectral gamma ray log is one approach, but on the

basis of USGS petrographic work atMWX and elsewhere, we do not know enough

about the relative radioactivity of different clay minerals. In addition,

some of theMWX reservoirs contain sericite in the rock matrix, and mayor may

not contain illite. Both minerals have a strong potassium (spectra) gamma ray

response. The matrix sericite is non-damaging but the pore filling illite is

a major barrier to gas flow and affects (lowers) formation resistivity.

New and innovative research is needed to differentiate response of clays

in pores versus apparent (and real) clay in the matrix.
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Mineralogic· studies

We plan to study specific mineral assemblages identified in the MWX wells

in detail and relate their origin and occurrence to temporally equivalent

rocks in other areas of the Piceance basin. Such studies should be helpful in

determining the distribution of low permeability reservoir rocks at other

localities that may have gas pootential. Comparisons can also be made with

the same age rocks in other basins, particularly the Uinta basin in Utah and

the greater Green River basin in Wyoming and Colorado.

Fission Track Annealing

The USGS has several world experts on fission track anealing (FTA). This

technique is used to gain insight into the thermal history of rocks.

Vitrinite reflectance can tell the approximate maximum temperature to which

rocks have been subjected and ITA can determine the approximate time since the

rocks were cooled through certain measurable temperatures. Such studies

should be useful for integration into the stress history of the ~asin. A few

MWX samples have been studied by a student at Southern l1ethodist University.

Fluid Inclusion Studies

Fluid inclusion studies are useful to tell the temperature at which

minerals were precipitated or crystallized from formation waters. l1any of the

natural fractures in the MWX wells have fracture lining and filling calcite

cements. Fluid inclusion studies have the potential for determining at what

temperature the cements were emplaced. This information, coupled with the

paleotemperature studies by Nuccio and Johnson, should further refine the

research on natural fractures by SNL and indicate if the natural fracturing

was, or was not, asssociated with the development of overpressuring noted iI]

the earlier discussion.
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Core Petrography to Core and Log Analysis Correlation

The USGS and Bendix petrographic data are being compiled in a computer

file as our time and funds permit. We intend to run statistical correlations

of different parameters to see if certain assumptions can be made relative to

core and log analysis. This should also help to serve as a cross check on the

core analysis results. For example, IGT special core analyses showed that the

MWX Paludal sandstones are less compressable (stronger) than most of the other

reservoirs. Petrographic study showed these rocks have higher percentages of

dolomite than most of the other rocks. The dolomite in the rock 'fabric

appears to cause the rock to have increased strength. Log analysis, to core

correlations would be accomplished in cooperation with the CER log analysis

research.
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- Self Consistant 3-D Statics
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Vertical motion VSP's for the two wells at the
Multi·Well Experiment site after processing Well #2
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EXTENDED VERTICAL SEISMIC PROFILE

- Large Source Offset
- Multiple Source Azimuths
- Simultaneous Borehole and Surface

Data Acquisition
- Lateral Stack for Iclentif~in9

Reflector Ed~es



SUMMARY AND CONCLUSIONS
-~~~~~~~~~~~~~~~~~~~~-~SOOd~h~~~~

• THREE DIMENSIONAL SEISMIC SURVEY

- DATA UTILITY IS LIMITED
- SOMEINFORMATION ABOUT LENS MORPHOLOGY

MAYBE OBTAINED THROUGH ATTRIBUTE ANALYSES

---'
.po
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• VERTICAL SEISMIC PROFILE

- PROVIDED GOOD VELOCITY INFORMATION

- DEPTH LOCATION OF REFLECTORS WAS DETERMINED

- CAN PROVIDE INFORMATION ABOUT LENSES

AWAY FROM THE WELL

-MAY PROVIDE LENS ORIENTATION THROUGH MODELING
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ABSTRACT

The Crosswell Acoustic Imaging Project underway at Los Al amos National

Laboratory ,is supported by the DOE Unconventional Gas Recovery Program and

the Multi-Well Experiment. Research is directed towards increasing under

standing of the structure and properties of tight gas sands through use of

crosswell acoustic imaging techniques at the Multi-Well site.

The Project has compl eted three quarters of activity. The report,

intended for presentation to the Peer Review of Unconventional Gas Recovery

Research, on June 26-28 in Rosslyn, Virginia, provides an overview of research

objectives, tasks, progress, and accomplishments.
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Crosswell Acoustic Imaging Project

June 1984 Review

Overview

Objectives. The Crosswell Acoustic Imaging Project (CAIP) supports the work

of the Multi-Well Experiment through the application and continued development

of downhol e acoustic techniques for examining rock situated between the MWX

wells. Specifically for the current contract period, the objectives of CAIP

are (1) to provide infonnation relevant to the structure and properties of the

Coastal Zone rOCKS through the analysis of crosswell acoustic data in support

of the Multi-Well Experiment and (iil to develop, validate and apply tomo

graphic methodology for the tWO-dimenSional image reconstruction of the

acoustic velocity structure between wells.

Crosswell Acoustic Measurements. Crosswell measurements entail the detecti on,

by a sensor posi ti oned in one well, of si gnal s generated by a sui tabl e

acoustic source located in a second well. Locking-type geophones and

explosives have generally been used as sensor and source, respectively. When

using geophones and explosives, crosswell measurements are extremely time con

suming. Geophone locking, explosives handling, and multiple trips are

required for the acquisition of rel atively few signals that are often in

sufficient to define between-well structures.

A Los Al amos adaptati on of the commerci al acousti c 1oggi n9 tool has

removed the historical inefficiency in making crosswell measurements. The Los

Alamos borehole tools are centralized, non-locking, and rapidly moved. Ultra-

sensitive piezael ectric and energetic magnetostrictive transducers are used

for sensor and source, respectively. Figure 1 shows a typical set of cross-

well measurements. In operation the sensor I al ternately referred ta as the

146



IMAGE cau,

VIEWING
• APERTURE

RECEIVER

TAKE-OFF ANGl.E

FINISH

SURVEY REGION

Fig. 1. Crosswell Acoustic Survey

147



> receiver) is held stationary, while the source (the transmitter) is moved 100

ft/min from a position above to a position below the sensor depth in the

adjacent well. This operation, which we call a scan, is repeated over and

over with appropriate overlap in studying a reservoir strata and constitutes a

survey of that strata. Using the Los Alamos tools, the Coastal Zone at the

Multi-Well site was surveyed in 1982 under contract to Sandia National

Laboratory. During 14 hours of in-hole measurements, 36,000 signals trans-

mitted between wells MWX-1 and MWX-2 were acquired. The wealth of data so

obtained makes tomographic and hi gh-resol uti on acoustic interpretations

possible for the first time.

Background - The Multi-Well Experiment and CAlP.

beyond several well bore radii of gas wells

Means for investigating rock

are few. The principal

seismiclacoustic methods are: vertical seismic profiling (VSP), 3-D seismic

surveying, and crosswell acoustic measurements. While the first two methods

are primarily exploration tools useful in characterizing the geologic setting

and gross structure of the Mul ti -\ole" site, the 1ast is a 1imited-range

research tool particularly suited to the "t ebnratory" formed by the closely

spaced MWX well s , Crosswell measurements, because they can be made in situ,

have an ultimate resolution 20-100 times better than methods requiring surface

sensors and/or sources. The availability of the third well at the Multi-Well

site enabl es unambiguous three-dimensi onal information to be extracted from

crosswell measurements. Thus for the particul ar case represented at the

Multi-Well site, crosswell measurements in addition to being accompl ished

..!!l situ augment VSP and 3-D seismic interpretation by providing significantly

higher resolution data than otherwise possible.
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In spite of the broad scope of measurements possibl e_ using crosswell ·t,1

methods, the CAlP effort is directed onl y towards devel opi ng the meanS for

extracting speci fic infonnation for the Mul ti -Well Experiments. The infor-

mation in turn may be used by the WilX staff for the planning, analysis, and

eval uatio.n of hydraul tc stimul ations of gas-bearing fonnations. The questions

addressed by CAlP work on the Coastal Zone incl ude:

Are specific sands that are assumed to be stratigraphically continuous

or contiguous between wells on the basis of geophysical logs, in fact

so? Are they faulted? Where does a sand clearly represented· in only

one well, terminate between wells? Do isolated sand channels passing

between well s but not penetrated by either, exi st? Where? At what

depth should geophones be placed to best monitor and map locations of

rock failure that occur during hydraulic stimulations of gas-bearing

formations? Can overpressurized and/or undersaturated sands be

readily identified using crosswell data?

Project Elements, Task Statements, and Schedule. CAIP activity is divided

into three principal project elements: (1.0) One-Dimensional Analysis, (2.0)

Two-Dimensional Analysis, and (3.0) MWX Field Measurements. The task state-

ments and compl eti on schedul e for each el ement are given in Appendices A and

B. Project personnel are listed in Appendix C.

One-Dime.nsional Anal ysi s. Ta sics in the first project el ement concentrate

on extracting line-of-sight information from signals transmitted between

wells. For example, a particular discontinuous change in wavefonn within a

scan may indicate that an open fracture exists within the scanned depth

interval. Even though the depth at the detected fracture is approximately
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known, the lateral position of the fracture between well s cannot be deter

mined. However, knowing that the fracture exists is important. Tasks in thts

element emphasize conventional processing and analysis prevalent in con-

temporarysei smol ogy, tend to be accompli shed with few man-months of effort,

and more or less continually provide new infonnation. The interpretation of

these data radically challenges our understanding of the Coastal Zone.

Two-Dimensional Analysis. The objective of the second project element is

directed toward extracting the two-dimensional velocity structure from over

lappi ng scans based on techni ques of al gebrai c reconstructi on tomography

(ART). Although interest in ART spans three decades in the medical and engin

eering sciences, the use of ART in geophysics is relatively new. To be useful

for gas sands research and other geophysical applications, however, the

state-of-the-art of a relatively unstudied class of tomographic problems,

limited-aperture tomography, must be substantially advanced. CAIP activity in

thi s proj ect el ement consequentl y requi res the development and testing of

limited-aperture algorithms, the assembly of all veloeity determinations made

in the Coastal Zone, a singul arly huge computati anal reconstructi on of the

Coastal Zone velocity structure, and interpretations of the result. In

comparison to one-dimensional analysis, the two-dimensional analysis, although

requiring roughly the same level-of-effort, is a year-long pioneering research

activity which is extensive in scope integrati ng theory, code development, and

measurement.

MWX Field Measurements. One anticipates that since there is ]ittle

experience in making crosswell measurements, substantial improvements in

survey design will be indicated by work in this area, particularly as related

to 1imited-aperture tomography. Furthennore, the avail abil ity of MWX-3 as

well as the changing requirements and sophistication of Multi-Well Experiment

150



Tasks make remeasurement of the Coastal Zone highly advantageous. The third

project element meetst-he need for a higher resolution, more comprehensive

survey of the Coastal Zone.

Cost Effectiveness. The principal capital assets required for C,a.I? (two

wireline logging trucks, recording facilities, acoustic tools, mini- and main

frame computers, and software) were assembl ed at Los Al amos over the course of

the 1ast six years in support of DOE Geothennal Programs at a cost substan

tially in excess of this year's total MWX Project budget. These resources are

avail abl e for essenti ally a users fee representing approximately 30% of CAl?

costs. The tenns of use are extremely favorable. If the MWX field measure-

ments pl anned for July were supported under a contract to a commerci al

company, even assuming the required downhol e tools were avail able, price

schedul e costs would exceed the Los Al amos cost by a factor of 3, S45k versus

$135k.

Reporting. Written progress reports are provided to K. -H. Frohn at

Morgantown. Project reviews were given at Morgantown in January and April and

at the MWX Advisory Panel Meeting at Sandia in February.
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) Project Progress and Accomplishments

The following sections, identified by task, are intended to highlight

CAIP progress and accomplishments in the nine months since the Project's

inception rather than provide a comprehensive technical review.

1.1 Coastal Zone 6200..6600

Crosswell Acoustic Velocity Log and Pattern Recognition. The survey '82 of

the Coastal Zone consi sted of parti ally overl appi ng scans with both the

receiver depth and the starting depth of a 240-ft transmitter run incremented

lO-ft between scans. Thus, wh;l e the receiver depth is di fferent for each

scan in the survey, a substantial portion (23/24ths) of each transmitter run

is repeated. A conveni ent format for assembling the velocity information of

the survey data is a representatton that we refer to as the Crosswell Acoustic

Velocity Log (CAVL), in which the velocity of signals transmitted between

wells is plotted versus transmitter and receiver depths, respectively. Two

sections of the CAVL are shown in Figure 2.

The principal sands in the Coastal Zone appear on the CAVL as smooth,

uniformly higher-than-average velocity intervals. Those intervals are thicker

and more homogeneous than one anticipates from a study of the Scnl umberger

Sonic Logs.

Scans assemb1 ed in the CAVL format enabl e patterns of vel oeity, character

istic of simple but nonetheless important g.eo1ogic structures, to be ident-

ifi ed shoul d they occur between well s , The structure and vel oci ty patterns

that we have studi ed are shown in Fi gure 3. Those structures are: (1) a sand

conti nuous between well s , (2) sand penetrated by on1 y one well and termi nati ng

between wells, (3) a sand present between wells but not penetrated by either,

(4) two sands in the same depth interval, each penetrated by a different well,

152



llIIZS

L\
..J~

illS

-_....._-

-

..."
3IlI

IllS

..

'i -',
jl

.. J~ .... l......

as

'138

11"'" ..tI5lS-i0=

I2IIS

I.

...,

-
T
1

MWX RCVR Depth 1ft!

'.

am

.

13M

g

i
Q
Q:
I-

~

.....
U1
W

Fig. 2. Portions of the Crosswell Acoustic Velocity log



Well Wett

Structure 7rs.

.::'\'r;
• I~ :Patter"

t•
o~~
a: l!1r'~!*h II'.. ,.'
~ ~:N~·;. ,;"
to- t.L.,..•...

,fj. .

ReVR Depth

.;~.·f·~;!:::
II
'·''' ' .. ,..- f·

,.,)i

.'.II::'·,.... ,··i ..

-'
(J1

~

. • •' -- ;_ _ . . _.__._-_.._-.;,.,.. ~__. ;. "w.. ••. • ..

Fig. 3. Velocity log Patterns (Darker Tones Correspond to Higher Velocity)



and (5) a sand faul ted between wen s , The pattern for each structure is

remarkabl y di fferent. Ear exampl e, fi gure 3 shows the veloeity change at the ,)

base of a continuous bed occurs at identical transmitter depth regardless of

the receiver depth of the scan. This pattern is unique. When only incomplete

patterns are recognizable, interpretation in terms of structure is non-unique;

however, even in these in.stances the infonnation contained in the Schlumberger

Sonic Logs may force uniqueness. That is indeed the case for the Coastal

Zone. A sand channel has been located in the 6250-6300-ft depth interval that

is not penetrated by either well s MWX-l or MWX-2. Further, we have 1earned

the base of the sand identi fied as Red B by the MWX staff is di scontinuous

between wells, which is contrary to its assumed structure.

Velocity and Attenuation Characteristics of the Coastal Zone. The average

velocity and attenuation for the rocks scanned in the Coastal Zone are shown

in Figure 4 as a function of receiver depth. The Coastal Zone is bounded

above and below by velocity and attenuation di scontinuities that may appear on

3-0 seismic surveys of the MWX site. A weak correlation between velocity and

attenuation appears to .exi st. Average acoustic veloeity in general increases

with depth. The increase may rel ate to either an overall decrease in the

porosity of sandstone strata, an increase in the sand fraction with depth, or

a decrease in overpressure or water saturation. Substantially more study of

the implications of the velocity and attenuation changes is warranted because

each of the possible phenomena may affect production estimates before

stimulation.

Attenuati on as a function of depth has been cal cul ated and compil ed for

each scan. Discontinuous changes in attenuation over short depth intervals as
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well as substantial asymmetries in attenuation about many receiver positions

have been observed. Mor..e about this in the section on Sensor Qeployment.

Full Waveform Representations of Scan Data. A catalogue containing a con

densation of all signals transmitted between wells has been compiled.

Refl ected, tube, and guided waves as well as head wave first-arrival s can be

identified in the catalogued scans. On the basis of Schlumberger Sonic Logs,

one would expect that coherent reflectors from lithologic discontinuities

should be ubiquitous. They are in fact sparse. Clearly, rock within a few

radi i of the MWX well s has. been so damaged duri ng drill ing that vel oci ty

contrasts and thereby acousti c impedances between strata appear much greater

than they actually are. The identi fication of first arriving head waves is

important. If head waves are not accounted for in an analysis of crosswell

data, twoimage reconstructions will not be possible. In addition, any attempt

to map the progress of hydraul icstimul ati on using microsei smlc monitoring

techniques will be difficult. Identi fication of tube and guided waves has

even more important implications for crosswell interpretation.

Tube Waves, Waveguiding Strata, and the Coastal Zone. A major fraction of the

acoustic energy generated at the transmitter, rather than being directly

injected into surrounding rock, is trapped travell ing up and down the well

away from the transmitter in the fonn of tube or Stonely waves. We have

discovered that in the Coastal Zone, tube wave energy in turn leaks out of the

transmitter well through strata having appropriate thickness and velocity to

form waveguides. The extremely small fraction of the energy trapped in the

stratigraphic waveguide that arrives at the adjacent well is reconverted as a

tube wave and is detected. Fi gure 5 shows the travel path through two strata
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from a transmitter position T to a receiver. The thickness of the strati

graphic waveguides dete.cted in the Coastal Zone varies from~ 3 to 10 ft in

thickness. The waveguidi ng structures we have i denti fi ed must be conti nuous

between well sand cannot be faulted with a vertical displ acement greater than

the thickness of the strata.

The presence of clearly visible signals emerging from waveguiding strata

implies that crosswell measurements, without addi tional technological advances

in acqui sition equipment, are possible at ranges in excess of 500 ftwher.e

those structures exist.

Sensor Deployment• .Ample information is now catalogued and available for

sel ection of optimum sensor locations within the Coastal Zone for microseismic

monitoring of hydraul ic stimuTations. Optimum sensor locations are those for

which (1) head waves will not be the first arriving signal s and (2) the

velocity and apparent attenuation structure is as uniform and symmetric about

the sensor as possible.

2.0 Two-Dimensional Analysis

The Objective of this project element is to develop, v.alidate, and apply

a computational algorithm for the recovery of a two-dimensional velocity image

of the Coastal Zone from Multi-Well crosswell acoustic data.

Literature Search - Crosswell Tomography. A 1iterature search was conducted

and reviews made for the purpose of (1) determining the state-of-the-art in

crosswel1 imaging and (2) reviewing developments in medical and industrial

tomography relevant to gas sand imaging. Published literature dealing with

crosswell appl ications is meager - nine arti cl es in all. Hal f of that
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1iterature was pubHshed in the past year. In studying:.the 1iterature, one

sees little p..ogress in technical capability or theory; claims are poorly

supported by the results presented, conflicts within and between articles are

not resolved, and a common basis for eval uating the performance of tomographic

algorithms has not evolved and paradigms have not emerged. Most of the

literature reports the effect of noise and refracted travel paths on numerical

simul ati ons of image reconstructi on of simpl e geol ogi c structures. Image

di stortion due to the 1imited aperture imposed by constraints on crosswell

measurements is acknowledged but subsequently ignored. Little practical

experience is evident. Three attempts have been made to reconstruct velocity

images using real data, but the attempts have been with extremely limited data

sets. It may be safely said that geophysical tomography, particularly cross

well imaging, is struggling to be born, in stark contrast to the accumul ated

experience and practice in the medical and industrial fields.

The Los Al amos Tomography Code. An extensive ensembl e of tomographic software

was made avail abl e to CAIP through the weapons program at Los Al amos. Incl uded

was an algorithm for (1) ART, (2) prediction of acoustic-wave travel time

through mechanical structures, and (3) extensive graphics support. CAl? is

collaborating with the original developers of the code at Los Alamos in

modifying and validating the code for crosswell applications.

The original code has been modified to cal cul ate travel times through

simple geologic structures that might be found in the Coastal Zone. An

algorithm has been implemented to sort data obtained, using crosswell scans

into the parallel beam fonnat required by the original code. The image field

has been changed from a ctrcul ar to a trapezoidal fiel d representative of the

boundaries of the survey conducted in the Coastal Zone.
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The Tomographic Process. Since the viewing of a geologic structure situated

between wells from all angles is precluded (the limited-ap~tture problem),

insufficient data are avail abl e with which to recover the exact image of the

structure, and so di stortions resul t , In attempti ng to recover a vel oct ty

image:

(1) a starting image (stratigraphy) is assumed;

(2) the travel time for all signal s transmitted through that image is pre

dicted;

(3) predicted and measured travel times are compared, and

(4) di fferences in travel time are used to improve the current image

before repeating steps 2, 3, and 4.

The starti ng image may be an exact repl ica of the image we seek to recon

struct,or commonly, an image having a constant veloeity throughout the fiel d

of view is used.

In evaluating tomographic algorithms, reconstructions for which exact

images or constant-velocity images are initially assumed, we find the least

and greatest distortions in final calcu1 ated images that will occur using the

code. In actual practice using measured values, image distortion will

probably 1ie between the two extremes because beneficial starting images can

be constructed using data derived from wellbore geophysical logs and strati

graphic interpretations. Mitigating this benefit are deleterious effects of

measurement error.

Limited-Aperture Reconstructions. Without modification, the Los Al amo.s code

was used to study the effect of 1imited apertures on image reconstructions.

Aperture, expressed in terms of crosswell measurements, is the tncl uded angle

at the receiver of the triangular, scanned area between wells. For the
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Coastal Zone measurements, the aperture is an approximately constant val ue of

100°. For industrial ap-pl ications, the aperture is often 180°.

The images shown in Figure 6 were calculated fora rectangular object in

the center of a fiel d of view having a range of aperture of from 180° to 60°.

The reconstructions were made using constant-velocity starting images. With

decreasi ng aperture, the amplitude and ori entati on of the di storti ons change.

Another set of calculations (not shown in Figure 6)were made in which a

rectangul ar analogue of a sand channel was rotated in the fiel d of view having

a 90° aperture. Distortions were least, parallel to the wellbore boundaries.

The shape of the channel was· best resolved when the channel was tipped 45° on

its side. Highly dipping structural features Iccated between wells will thus

be least resolved by crosswell measurements.

Testing - Simple Geologic Structures. Tests of the modi fi ed Los Al amos code

were made using predicted travel times through the simpl e geologlc model s

shown in Fi gure 7. For each model a reconstructi on was derived for both exact

and constant-velocity starting images. The reconstruction for constant

velocity images are shown. In our judgment, if an image of the qual ity

Obtained using the constant-velocity starting image could be recovered from

the Coastal Zone measurements, this would be of great value to the MWX Project

and gas sands technology.

Testing - Sattler's Stratigraphic Cross Section. Figure 8 shows an image

reconstructed (bottom) from synthetic travel times derived from a simpl Hied

model of Sattler's interpretation of the Coastal Zone (top). We have

separated the Coastal Zone excl usivel y into sand and "other" strati graphy and

lG2
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have assigned a constant velocity to each. The assignment of a constant

velocity to the majors-ands is fully justified based on information contained

in the CAVL and the Schlumberger Sonic Log. The "other l ' stratigraphy (coals,

shales, and minor sands) characteristically are thin interbedded layers which

are hi ghly vari abl e in velocity. One can thus expect that in recoveri ng the

image of the Coastal Zone using real data, the major sands will stand out

aga i nst a chaoti c background of hi gh-vel oct ty contrasts as broad smooth

regions of slowly varying velocity. In thi s case we will have obtained a poor

image of the fine structure of the Coastal Zone, but also a much better image

of the gas-bearing sands, the latter being just the sought after result.
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3.0 FY84 Crosswell Measurements

Previous Crosswell Measurements. The principal objective of t~e 1982 measure

ments was lito establish whether crosswell acoustic studies were possible at

the MWX sf ta." Secondary objectives were: "(;) to collect sufficient cross-

hol e data so that pretreatment conditions coul d be determined • • .,

(ii) to provide quasi-one-dimensional analysis of selected crosshole scans,

and (iii) to determine whether two-dimensional analyses ••• were warranted

." (Ref., Albright J. N., Los Alamos MWX Crosswell Acoustic Measurements,

Technical Memorandum to D. A. Northrop, 2/7 /83. ) The obj ectives of the 182

measurement program were ful fill ed. The Coastal Zone data taken" during that

project form the empirical basi s for the developmental work underway in the

Western Gas SandsCAIP.

Since 182 the Multi-Well Experiment has increasingly refined knowledge of

the Coastal Zone and has identi fied uncertainties (i .e., the continuity, or

lack thereof, of certain sands between wells) that, if resolved, would sub

stantilly impact experimental pl ans , The '82 data are inadequate to satisfy

the current sophistication of Multi-Well Experiment needs. The new crosswell

measurements wi11 recti fy this si tuati on.

The New Measurements. The principal intent of the new measurements is to

examine the Coastal Zone at the highest resol utton: practicabl e from vantage

points that will incl ude MWX-3. In contrast with the fi rstsurvey, thi s means

reducing the receiver spacing from 10 to 3 ft, reversing the MWX 1-2 survey

(the substitution of a transmitter for receiver and vice versa in a second

complete survey), and taking measurements between MWX 1-3 and MWX 2-3. All of

the major sands in the zone will be stUdied. Improvements in overall data

qual ity can be expected due to certain subassembly design and component
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changes made in the borehole tools. In addition, better survey designs are. \
now possibl e as a result of Los Al amos work cornpl eted in the first quarter of

FY84.

Schedule. Wellbore Cood; tions. and Operations Support. Two cal endar weeks of

schedul ed access to the MWX well s are necessary to cornpl ete the new measure

ments. In-well operations are expected to be completed in four working days.

Three days each should be allowed for rigging and contingencies. Each well

should be water-filled to the surface. Borehole fluids should be free of

entrained gas. Access to saOO-ft depth is necessary to survey the deepest

major sand in the coastal zone , the Red Sand. Los Alamos will field all

necessary equipment for its operations with the exception of the wellhead

tower tor similar provision) for the rigging of wireline sheave and lubri-

cators. A field engineer representing the Multi-Well Experiment and having

knowl edge of conditions in the MWX well s shoul d be present throughout the

entire Los Alamos operations.
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los Alamos Crosswell Imaging Project
Fiscal Year 1984
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1.0 One·Dlmenllonal AnaIYII.

1.1 COllStal ZOne 6200-6800

1.2 Jun 84 Measuremellts

2.0 Two-Dlmellllonal Analysla 8

2.1 literature Review and Task Guidllilne

2.2 Code Modifications and MWX Trials

2.3 Coastal Zone ART 1821

3.0 MWX Cronwell Mea.uremeilt.

3.1 Preparations and Survey Design I--

3.2 Field Measurements I-

* AlgebraicReconslruc!ion Tomographv CARll
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Appendix B

Task Statements

1.0 One-Oimen.sional Anal ysi s

1.1 Coastal Zone 6200=-6800. Velocity: Measure average and interval

P-wave velocity for the 62 scans taken in the 1982 sur-vey of the Coastal

Zone. Prepare a crosswell acoustic velocity log of the zone. Identify

and characterize the velocity signature of the major sands. Full wave:

Plot the waveform of stacked signals within each scan corrected for

(direct ray path) normal moveout, geometric spreading, apparent atten

uation, and the radiation patterns of source and receiver. Identify

coherent refl ectors and locate their posi tion if possibl e. Examine plots

for evi dence of wavegui ding structures and locate those structures.

Calculate and plot the relative attenuation for each tran.smittedsignal.

Analyze and interpret the above resul ts in the context of tight sands

properties and structures exhibited in the Coastal Zone.

1.2 June' 84 M.easurements. Process the new data acqui red at Ri f1 e as

described in Task 1.1

2.0 Two-O jmensiona1 Measurements

2.1 Literature Review and Task Guideline (Development). Review rel evant

medical /industri al and all geophysical 1iterature to assess current state

of-the-art in 1imited-vi ew tomography. Identi fy potenti al sources of

applicable computer software. Develop overall guidelines for Task 2.0 in

the context of the requirements of imaging tight sands and of the

successes (and fail ures) in the hi storical development of tomography.

2.2 Code Modifications and MWX Trails. Modify HART (Hanson's Algebraic

Reconstruction Tomography) for optimum velocity-image reconstruction of
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the Coastal Zone data. Make pravi s ion for fl exibil ity in survey design,

convenience of data- input, and grey-tone and rel ief presentations of data.

2.3 Coastal Zone ARna2l. Load into computer memory acoustic-si gnal

time-af-flights, wellbore trajectories, and the scan coordinates of trans-

mitter and receiver. Using the code developed and tested in Task 2.2,

reconstruct the velocity image for the Coastal Zone within the resolution

provided by the 1982 survey. Quanti fy sensitive parameters in the image

reconstructi on. Evaluate and interpret image reconstructions.

3.0 MWX Crosswell Measurements.

3.1 Field Preparations· and Survey Design. Prepare the field operations

plan, service the borehole tool s, and reconfigure the data recording

system for crosswell surveying. Prepare the measurement design for

closely spaced surveys of the Coastal Zone from each well pair. Load

wellbore gyrosurveys into computer memory and calculate optimum measure

ment designs based on transmitter/receiver acoustic radiation patterns,

geometric spreading, and apparent attenuation.

3.2 MWX Fi el d Measurement. Survey the Coastal Zone sediments penetrated

by the MWX wells at Ri f1e.
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Appendix C

Project Personnel

James N. Al bright. Jim is co-investi gator on the Crosswell Acousti c Imaging

Proj ect of the Western Gas Sands Subprogram. He recei ved hi s PhD degree in

Geophysical Sciences from the University of Chicago in 1969. Subsequently he

was Assi stant Professor of Geophysics at Syracuse University. Si nce 1974, he

has been employed at Los Al amos National Laboratory in various capacities.

Jim formed the Geophysics Group at Los Al amos in 1980 and served as its first

Group Leader. More recently, he has been staff member and Deputy .Group Leader

for Geological Engineering. His research has concentrated on the design and

analysis of borehole seismic/acoustic measurements of rock and reservoir

properties in support of Hot Dry Rock, Hydrothermal, National Security, and

Multi-Well Programs. Recent pres·entations and pUb1 ications incl ude:

- Albright, J. N. and Terry, D. A. (1984), "Seismic Measurements in Deep

Boreholes," presented at the International Symposium on Observations

of the Continental Crust through Drilling, May 21-25, Tarrytown, N.Y.

- Batra, R., Albright, J. N., and Bradley, C. (1984), "Downhole Micro

sei smic Monitoring of an Ad d Treatment in the Beowawe Geothermal

Field/ to be published in.the Proceedings of the Geothermal Research

Council, October, Reno, NV.

- Pearson, C. F., Feh1er, M. C., and Albright, J. N. (1983), "Change in

Compressional and Shear Wave Velocities and Dynamic Modu1ii During

Operation of a Hot Dry Rock Geothermal System," Jour. Geophy. Res., v ,

88, 3468-3475.

- Albright, J. N. and Pearson, C. F. (1982), "Acoustic Emissions as a

Tool for Dry Rock Site," SPE Jour., 525-530.
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Darrell A. Terry. Darrell received academic training, including an MS degree
~\

in 1976, at the University of Washington. He has been empl-oyed at the Los ,I

Al amos National Laboratory since 1ate 1983 as a Visiting Staff Member and the

co-investigator on the Crosswell Acoustic Imaging Project. His professional

background incl udes acoustical modell ing in the aerospace industry, mari ne

sei smicsoftware development for Western Geophysical Co., and most recently

managing product development in North ~erica for commercial borehole seismic

software at Schlumberger Well Services.

Pertinent pUblications include:

- Fyle, t, M. and Terry, O. A. (1977), A Galerkin Finite Element Model

of Acoustic Propagation in Ducts With Shear Flow. Report to the

BoeingConmercial Airplane Company.

- Albright, J. N. and Terry, D.. A. (1984), "Seismic Measurements in Deep

Bo reho1es ," paper presented at the Internati onal Symposi urn on

Observations of the Continental Crust through Drill ing, May 21-25,

Tarrytown, N.Y.
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Appendix 0

Project Technical Memoranda

Albright, J. N., IlProject Monthly Report,1I November ... June, FY84.

Albright, J.N. and Bradley, C., IlCrosswell Acoustic Velocity Log for the

Coastal Zone,1I February 16, 1984.

Albright, J.N. and Bradley, C., "Catalogue of Full Wave Representation of

Acoustic Signals Transmitted Between Wells in the Coastal Zone, II April

16, 1984.

Albright, J. N. and Bradley, C., IICatalogue of Acoustic Attenuation Scans in

the Coastal Zone, II June, 1984.

Bradley, C., "Inf'l uence of Refracted (headwave) Arrivals on Crosswell Acoustic

Surveys, II March 13, 1984.

Terry, D., IICrosswell Acous'cic Tomography - Review of the State-of-the-Art for

Gas Sands Applications,1I December 17, 1983.

Murdock, M., "Algebraic Reconstruction Tomography - Programs Developed for the

HP -85 Persona1 Computer," January 16, 1984.
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Table I. Permeability Damage Studies (Smith Energy Services)

7138.75'-71-39.6' 0.078 md
7138.75'-7139.6' 0.047 md·
7138.75'-7139.6' 0.060 md

7081.5'-7082.4' 0.090 md

Pepth

7134.5'-7135.3'
7134.5'-7135.3'
7134.5'-7135.3'
7134.5'-7135.3'

Initisl
Permeability

0.071 md
0.070 md'
0.050 md
0.053 md

Treatment

A
B
C
D

B
C
D

D

Final
Permeability

0.015 md
0.026 md
0.023 md
0.054 md

0.450 md
0.018 md
0.059 md

0.093 md

Percentage of Damage
or Improvement

-
-78.9%
-62.8%
-54.0%
+ 1.9%

...41.9%
-61.7%
- 1.7%

+ 3.4%

CONDITIONS

Temperature .. 21aoF
Confining Pressure (around the core plug) - 500 psi

The systems tested were :

A. 50# broken gel

B. 30## broken gel

C. 30## broken gel containing 1 gallon FRS-l (fluid recovery surfactant) per 1000 gallons
broken gel.

D. A prepad system called LPM-l (low pH methanol) which consists of 100% methanol
containing 7 gallons LPA-9l low pH additive) per 1000 gallons methanol. This prepad
system was followed by the 30il broken gel frac fluid containing 1 gallon FRS-l/I000
gallons broken gel.

Contents of 30# and 50il Gels

2% KCl
30fl or 50il WGA-2 (gelling material)
0.25 gallons BCS-2 (bactericide)/1000 gallons H20
1 gallon CSP-3 (clay stabilizer)/1000 gallons H20
4# WCB-l (chemical breaker)/1000 gallons H20
BW...4 (buffer) amount needed to attain pH 7.0
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tABLE I. CORRELATION OF ROCK. PROPERTY DAtA WIIH CORE GAMMA
AND SONIC LOOS._ U BLANKET AND LENTICULAR FORMA,TIOtIS -

, .

Lithology
Depth

( it.)

Gatllllla Ray
Number

(arbitrary)

Blanket Morphology

Young's
Modulus
(GPa)

Inverse
Velocity
uS/ft

Sand 7956.1 (1) 3.5 35
Sand 7882.6 (2) 4.5 40
Sand 7349.6 (2) 3.0 39

Shale 8100.5 (2) 12.5 20
Shale 7821.5 (2) 13.0 19

Lenticular Morohology

Sand 6520.5 (2) 4.0 28
Sand 6117. 7 (1) 7.0 28
Sand 6151.8 (1) 5.5 28
Sand 6140.4 (2) 4.0 32

Sltst/Mdst 6564.6 (1) 7.5 40
Sltst/lidst 6561.7 (2) 16.0 15
Sltst/Mdst 6443.9 (2) 11.0 17
Sltst/Hdst 6462.5 (2) 4.0 36
Sltst/Hdst 6428.9 (1) 12.0 16
Sltst/Hdst 6422.2 (1) 5.5 40
Sltst/Hdst 6418.4 (2) 4.5 36
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Figure 12.
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DIRECTIONAL PLUGS CUT FROM ASAMPLE OF MWX SANDSTONE CORE.
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Table 4. MWX DIRECTIONAL PE&'!EABILITY

Drrhrttleabil1tr to Gas (Ka.,) Microdarcy
%Greater than

N 80 0 w* N 100 E N 80 0 WPerms Vertical

Core ID

MWX-3, 61-13 1.22].1d 2.16\Jd 77% 1.88IJd
5737 ft, Fluvial

MWX-3, 63-12 2.51\Jd 3.7511d 49% 4. 93].1d
5830 ft, Fluvial

MWX-3, 64-13 1.77lJd 1.8811d 6% 1.16\ld
6446 ft, Coastal

MW}{-3, 65-11 0.S911d 1.201Jd 35% 0.7411d
6514 ft, Coastal

MWX-3, 67-10 1.4011d 1.95\ld 39% O.S6\ld
7090 ft, Paludal

MWX,-3, 67-32 9.2 \ld 11.3 IJd 23% 7.0 IJd
7131 ft, Paludal

~N SOD W value is from the second CORAL ruIl.

Permeabilities were measured attbe following values of net confining
stress: Fluvial cores • 3800 psi; Coastal cores • 4000 psi; Paludal cores =
4200 psi.
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ROSE DIAGRAM OF Mwx-3 FRACTURE AZIMUTHS

IN 30oI~TERVALS FROt~ TRUE NORTH(I)°) I

(NUMBER OF FRACTURES)
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TYPE
MAXIMUM

STRESS DIRECTION a REMARKS

USGS--LINEAMENTS AND FAULTS SURFACE

SANDIA--SURFACE FRACTURES SURFACE

--'
U:>......

SANDIA--CORE FRACTURES
IN SANDSTONE

SANDIA--STRAIN RELAXATION

DOWELL--DIFFERENTIAL
STRAIN ANALYSIS

~1ETC-- VELOCITY

SAND IA--TOPOGRAPHY

MOBIL/SANDIA TELEVIEWER

CORE

CORE

CORE

CORE

CALCULATION

LOG

N65°-800W

N79°W

N81°W

N75°W

N82°W

N800-900W

N78°W
N600W

N74°W

7°

8°

15°

12°

CONJUGATE SHEAR

ROTATION

MINIMUM VELOCITY

4000 FT
8000 FT

SANDIA HYDRAULIC
FRACTURE

N67°W 7100 PT \
\



IN SITU ISOTROPIC CASE-RELAXATION CRACKS

SANDSTONE, DEPTH 1995.8ms.o __--,.----,----r---.,......----.,r-------,

Pc'"0 MPc

60 MPa

---....----..... ~-- 40 MPa, ... _.......~-.............

---.....--- _.....---..--_......_----..--
4.8

~
'> 4.6...-o
o
.J
W
>
o 4.4-z
o
en
<C
a:....
S 4.2

120 150 180906030
4.0 ----"""----'---.....Lo.-- -"' ..-J

o

ORIENTATION (DEG. EAST OF NOR"TH)

.-....-------_. "" .~.- . .
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SUMMARY COMPARISON OF
MINIMUM HORIZONTAL STRESS MAGNITUDE

AT MWX SITEs RIFLE, COLORADO:
DEPTH 7874-7940 ft.
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SUMMARY COMPARISON OF
MAXIMUM HORIZONTAL STRESS DIRECTION

DETERMINED FROM ORIENTED CORe TECHNIQUES
FOR MWX SITE, RIFLE, COLORADO: DEPTH 1420-2475m

RANGE MEAN

N
a
a

STRAIN RECOVERY
MEASUREMENTS (62 cores)

DIFFERENTIAL STRAIN
ANALVSIS (6 cores)

85 -135

75 - 119

105 :t 15

98:t 12



RECOVERY OF PRESSURE CORE

TARGET SANDS WERE LENTICULAR SANDS 15-30 FEET THICK

ONLY THREE IS-FoOT PRESSURE CORE BARRELS COULD BE ..

EMPLOYED

WE WANTED TO FILL ALL BARRELS WITH SAND

WELL CONTROL AVAILABLE 12S FEET AWAY

SPECIAL LOGGING RUN MADE TO WITHIN 50 FEET OF Top SAND

TARGET LENSES HIT • • • ALL PRESSURE CORE BARRELS FILLED

WITH SAND

ONE PRESSURE CORE BARREL FAILED--CORE STILL FROZEN AND

PRESERVED FOR SIDE BY SIDE ANALYSES OF PRESSURE

AND "NORMAL" CORE

"NORMAL" AND PRESSURE CORE ANALYSIS SHOW LITTLE DIFFERENCE

IN WATER SATURATION FOR SIMILAR POROSITIES
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GAMMA RAY
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\.

CAUSES OF DISCREPANCY IN WATER SATURATION VALUES

1. ORGANIC FLUIDS INVADING CORE

2. CLAY BOUND WATER

3 . EXTREMELY TIGHT ROCK
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ESTIMATE OF GAS IN PLACE

CALCULATE AND COMPARE IN SITU PORE PRESSURES

1. FROM GAS CAPTURED FROM PRESSURE CORE SAMPLE?,
4>, Sw

2. FROM HYDROSTATIC PRESSURE OF DRILLING FLUID
REQUIRED TO MAINTAIN EQUILIBRIUM DURING DRILLING.

. ,
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-eo

-50 source rocks
(COZZETTE & CORCORAN)

Nonmarine source rocks
(MAIN BOOY OF MESAVEROE)

1 & 2

1.00 0.9 0.6 0.7

)

C, /C,_s
Chemical 8& Isotopic Analysis of Gas
from MW X Core
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~ POP. 1

0.5 1.0 1.5 2.0 2.5 3.0
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COASTAL ZONE
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N
o
ex>

CON C LUS ION S

RESERVOIR PARAMETER DATA

ROUTINE ANALYSES ACROSS SANDS THROUGHOUT MESAVERDE.

SPECIAL PERMEABILITIES (DRY) ACROSS ZONES OF INTEREST.

RELATIVE PERMEABILITIES AND CAPILLARY PRESSURES IN

ZONES OF INTEREST.

WATER SATURATION FROM PRESSURE CORE DATA.

STRESS AND ROCK MECHANICS PROPERTIES

MECHANICAL PROPERTY ANALYSES IN ZONES OF INTEREST.

ORIGINS AND STUDIES OF NATURAL FRACTURES.

HYDRAULIC FRACTURE DESIGN.

HYDRAULIC FRACTURE AZIMUTH PREDICTION.

\
\
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CON C L U S ION S (C 0 NT' D)

GEOLOGIC ANALYSES

MINERALOGY} SEDIMENTOLOGY ACROSS MESAVERDE; EMPHASIZED

IN ZONES OF INTEREST.

PALEOPRESSURE AND PALEOTEMPERATURE MODELS.

EVALUATION OF COALS AND ORGANIC MATERIAL.

ORIGIN OF GAS IN MESAVERDE.

HYDRAULIC FRACTURE DESIGN

FORMATION DAMAGE.

DECOMPOSITION OF FRACTURE FLUIDS.

PROPPANT EMBEDMENT.

CORE-LOG CORRELATIONS

CORRELATIONS BEING OBTAINED ON SIMPLE} EMPIRICAL}

AND ADVANCED LEVELS.
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FUTURE MWX CORE ANALYSIS

COMPLETE RESERVOIR PARAMETER AND ROCK PROPERTY ANALVSES OF CORE

FROM ZONES TO BE STIMULATED.

UVDRAULIC FRACTURE DESIGN

CORE ANALYSES PERFORMED BV SERVICE COMPANIES AND OTHER

LABORATORIES ON A ZONE-BV-ZONEBASIS.

TEST EFFECTS OF ALCOHOL-SURFACTANT TREATMENTS ON CORE.

ASSIST) IF APPROPRIATE) IN DEVELOPMENT OF A DELAYED

BREAKER.
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f=UTUREMWX CORE ANALYSIS (CONT'D)

ROCK MECHANICS AND STRESS

TEST OF NET STRESS HYPOTHESIS.

TEST OF CONCEPT OF PORE PRESSURE IN SHALES.

FAILURE ENVELOPE STUDY FOR ORIGIN OF NATURAL FRACTURES.

ORGANIC MATURATION--COMPLETE ANALYSES OF MWX CORE (ORGANIC CONTENT)

PYROLYSIS),

COMPLETE ANALYSES OF PALUDAL COALS (RESERVOIR PARAMETERS) ROCK

PROPERTIES} EMBEDMENT).









"._.;"c "w_"""'/

Studies of the Sedimentology and Natural Fractures of

the Mesaverde Rocks at theMWX Site and Environs--------------~
Geotechnology Research Division 6253,

Sandia National Labs

John C. Lorenz
N......
N

Period of Performance: Continuing

Contract Funding: Part of MWX, approx.2 FTE
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FLUVIAL

PALUDAL

-{~·t
~ . ~._.~- .:..

Modified from Rubyetal 1981

,:"";;4Water ;.~. "..:.,~ Coal Sandstone [ ..J
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Levee Siltstone. ~).~ ~ -:
Crevasse Splays:~,...-;.., :



Reservoir Morphologies at theMWX Site ~-_.......--------------------------
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Triangular Lavout of the MWX Wells Allows
Probability Calculations of Reservo1r Widths

1000

NORTH

t
r 10 10 ,0 .0 10

-
Cl
ci..

MWX-1

ZZ6



(J)

0
o
~

o
~

::3
o
"t-

o
(J)

o
~

o
.c
0..

.-
<
C)

c:......
(J)

:3-

"'C
Q.).....
co·
E.-.....
(J)

w
c:
CD
Q.)

CD
(I),

::>
CO

:I:
(J).=.
.....
"'C

o
::>
~.

(I)
(J)
Q.)

a:

227



Estimates Have Been Made f6rReservoir Width [fi1)
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·Delta Plain Reservoirs are Lenticular
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Continuing Sedimento~OgicalStudies (!til

• Lens-Specific Core Description and Interpretation

• 3-D Lens Density and Spacing Studies

• Grain Sizes Relative to Depositional Environment (UNM)
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MWX FRACTURE STUDY

I. Empirical approaches
A. Field mapping (USGS)

" .
B. MWX Data: core, logs,

petrology, rock mechanics
C. Well tests (CER)

II. Theoretical approaches
A. Organic maturation (USGS)
B. Topography (Sandia)
C. Tectonics (USGS, Sandia)
D. Overburden (Sandia)

. -

III. Integration of data

A." ModeUngofFractures (Sandia)
- -

B. Application of models to
" -

reservoir (CER, Sandia)
C. Well tests and stimulation
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Fracture Orientations in Outcrops at Rifle Gap

(Verbeek and Grout, 1984)-------------~
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Fracture Orientations Across the Northern Piceance
Creek Basin (Verbeek and Grout, 1983)--------------~
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Topographic Induced Variation in Maximum Horizontal
Stress at MWX (Clark, 1983) (tj;]
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Fracture Study: Continuing Work____:.....--- ffi
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• Refine Fracture Model

Add visco-elastic calculations

Mesh with refined empirical observations:
Calcite twins, tectonics, isotopes, field studies,

pore pressures, weH tests

• Calculate Fracture DensitieslFrequencies

-Measure Laboratory Fracture Permeabilities

- Model Effects of Lithology Changes and Bed Thickness
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INTRODUCTION

The Department of Energy (DOE) Western Gas Sands Subprogram (WGSS) has supported
log interpretation R &0 at CER for six years. The objective of this paper is to
prov,ide an account of work performed during 1983-1984.

Two major areas are discussed:

• The status of log interpretation R&D for tight gas sands; and

• CER log interpretation support functions for MWX.

BACKGROUND

The 1977 Western Gas Sands Project(Subprogram) Plan identified several principal
activities to comprise the subprogram. These included resource assessment, lab
oratory R &0, and field research, development and demonstration. Logging tech
nology development was stressed throughout the plan document as an integral portion
of each principal activity.

In November 1980, a WGSS workshop was held to rethink the subprogram direction and
objectives. Again logging technology development was identified as a key objective.

GOALS AND OBJECTIVES

The goal of the CER logging R &Deffort is to develop techniques for log analysis
which will bring reliability up to confidence levels consistent with the accuracy
requ.ired to determine reservoir characteristics and for the selection of intervals
to be completed and/or stimulated.

Specific tight sand objectives include the following:

• Develop log interpretation methods to accurately characteriz.e lithology,
clay volume, clay type, porosity, formation water salinity, gas saturation,
matrix permeability, and fracture permeability.

• Develop and fully util ize a t1WX depth correlated log and core data base.
Provide the data base to all project participants that require thi sdata.

• Develop analysis techniques specific to requirements dictated by MWX well
conditions eg., oil base mud (MWX 1 and 2) , high barite content (MWX 1,2 and
3) and high mud filtrate salinity (MWX 3).

• Support MWX operations with timely interval and zonal log analysis reports
which util ize new techniques developed for low permeabil ity reservoirs.

• Support MWX completion activities, eg., perforation interval selection,
cement evaluation, stress barrier interpretation and regional azimuthal
stress analysis.
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NEW LOG INTERPRETATION TECHNIQUES

Many new analytical procedures are outlined in the two enclosed technical papers.
Because these papers outline the technology in detail, this discussion will be
confined to merely a listing of the new techniques developed.

The work performed includes the development of individual techniques designed to
solve specific problems and the integration of the techniques into a feasible
and reliable analytical system. Table I lists the task areas and provides a status
of toe development and technology transfer of each.

Figure 1-15 are visual output of the miscellaneous techniques discussed in Table I.

MWX PROJECT SUPPORT

Table II summarizes the status ofMWX related log analysis reports. The paludal
interval report will. soon be released in its final form. The pral iminary coastal
interval report will be available this sUl11I1er. Analysis of the fluvial interval
is in progress.

In addition to the M~JX interval reservoir characteriz.ation reports, separate reports
are being prepared for each interval characterizing the petrophysical relationships.

FUTURE RESEARCH AND OEVELOP~1ENT

CER I S present work and plans for the foreseeabl e future incl ude the following:

• Detailed log analysis of the three MWX wells. Reports are being provided
in a timely manner to support MWX testing and stimulation activities.

• Verification and publication of the log interpretation techniques that have
been developed over the last few years. This includes the performance of
case studies to test the validity and practical application of the techniques
utilized by this log analysiS system.

• Continued development of new techniques. The new approaches to tight gas
sands log interpretation "fall out" from detailed MWX log-core-well testing
compari sons and crossplcts .

New ideas or techniques in various stages of documentation include:

• the quantification of permeabil ity in tight gas sands and comparison to core
data and well tests;

• application of the new log analysis techniques to several well case studies
in varied geologic provinces (testing the universal applicability of the
system);

• the CER method of Rw interpretation - verification using produced water
data;

• the use of dielectric measurements to quantity Rw and cross-correlation of
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the results to the above method;

• redefinition of clay and matrix related nomenclature and new analytical
techniques to refiTle matrix constants - using mostly MWX l1etrographic
data to verify results;

• fracture detection using modeled log responses - comparison of the method
to fracture detection logs and core data; and

• geologic studies using computer log models and regional Rw profile map
ping.

CONCLUSIONS

CER has performed significant research in tight gas sands log interpretation. 1983-84
has been an important time for the continued development and transfer of this tech-
nology. .

The MWX wells and DOE WGSS Core Program have provided the key data needed to carry
out logging R&D. This data will be fully utilized to verify new logging tech
niques. CER will also continue to support MWX testing and stimulation activities
by providing detailed log analysis of the MWX wells.

Long range CER research goals include extrapolation of the techniques developed
for the MW.x wells to wells in other geologic provinces to verify the universal
applicability of the techniques.
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TABLE I
NEW LOG INTERPRETAT ION TECHNIQUES

-; -.-";'

"ave developed a highly
iterative and tedious system.
Need to develop a method using
artificial intel! igence

Functional, not verified

N
01
01

TASK AREA-'---"---

I. Methods Developed Specific To
~~X logging Conditions

A. Use of photoelectric effect
measurement in barite weighted
mud

B. Thermal Neutron environmental
correction for oil base mud

C. Dielectric constant borehole
corrections

II. General Techniques for Tight Gas
Sands

A. Geologic definition for calibra
ting clily volume in shale

Il. Clay volume log analysis equations
1. ganlna ray 1
2. density - neutron
3. sonic

C. Systematic methodology to refine
formation clay and matrix
constants

D. Technique to determine influence
of clay upon resistivity log

E. Technique for modeling matrix
density from basic well logs
1. gallIna ray
2. photoelectric effect-

gamma ray
3. photoelectric effect
4. bulk density
5. sonic - density - neutron

ganlna ray

PRINCIPAL PUilPOSE

lithology, n~trix density, porosity

porosity, gas saturation

fracture detection

clay volume

clay volume,
gas saturation

clay volume, matrix density, porosity,
gas saturation, permeability

water saturation

porosity

DEVELOPMENT STATUS

Functional, need to compare to
petrographic data

finished

Functional, highly en~irical

Finished, needs additional
documentation

Finished
Finished
Functiona1, needs further
refinement

Functional
Functional

Functional
Functional
Not developed

!

PUBLICATION STATUS

Unpublished, planned
SPWLA (1985-86)

Unpublished, may publish
in log Analyst

No plans to publish

SPWLA (1983)
SPE (1984)
planned SPWLA (1905- 86)

SPWI.A (1983). SPE (1984)
SPWlA (1983), SPE (1984)
SPE (1984)
planned SPWLA (1985-86)

SPE (1984)
pla nned SPWlA (1985- 86)

No plans to publish

planned SPWLA (1985-86)



IASK,AIlEA

F. Variable Inatrix parameter re
finement techniques for gigahertz
and megahertz frequency electro
magnetic logs

TARtE I (CONTINUED)

PRINCIPAL PURPOSE DEVELOPMENT STATUS

Rw' water saturation, fracture detection Functional

PU8LICATIOfi~~TUS

planned SPWLA (1985-86)

G. Improve<1 excavation effect
equat10fl for low permeability
formations

II. Equation to calculate gas
saturation using basic well log
data (independent of resistivity
logs)

gas saturation

porosity
gas saturation

Functiona1 but need addit lona1
refinement

highly refined

SPE (1981)
No inillediate plan to publ1sh
mOre recent refinement

SPE (1981)
SPWlA (1983)
SPE (1984)

l. Quantitative permeability
equation

M. Natural fracture detection
through modeling of basic logs

N. Improved bad hole logic 
technique to recognize erroneous
log data

I.

J.

N
~, K.

Technique to interpret Ilw
using lnodeled log responses

Investigation of tight gas
sand invasion profiles - synthetic
density and neutron logs to
visualize degree of invasion

Qualitative permeability index
using ['" Sw technique

Rw
water saturation

matrix permeability

matrix permeabllity

matrix permeabi 11 ty

fracture permeabH ity

kh, net pay

Functional, requires additional
verification and documentation

documented, however should be
correlated to core capillary
pressure data

Functional, has fair verification,
needs more documentation

Functional at MWX, also works in
Travis Peak/Hosston Sands, need to
apply elsewhere

Appears functional, but not well
verified

Functional

SPWLA (1983)
SPE (1984)
planned SPWlA (1985-86)

SPE 11981)
SPWlA (1983)

SPWLA (1983)
SPE (1984)
planned SPWLA or SPE (1985-86)

planned SPWlA or SPE (1985~86)

SPE (1984)
planned SPWlA (1986)

No immediate plans to
publ tsh



N
(J1
-...J

JASU\jlEA

A. I'etrophysical relationships for the
Mesaverde Group. MWX site

8. Corcoran-Cozzette
MWX report

C. Preliminary Paludal Report
MWX-I. MWX-2

Il. Paludal Ileport
MWX-I. MWX-2 ••~X-3

Eo Paludal lleport
MWX-I. MWX-2. MWX-3
(Final lleport)

F. Preliminary Costal lleport
MWX-l. MWX-2. MWX-3

G. Other analysis in progress
Lower FluvfaI MWX-l. MWX-2. MWX-3
Upller Fluvial ~X-l. MWX-2. MWX-3

PRINCIPAL PURPOSE

project support

project support

project support

project support

project supper t

project support

project support

TABLE II

.'WX PIlOJECT SUPPORT

DEVELOPMENT STATUS

n~st crossplots have been
generated for marine. paludal
and coastal intervals

complete - could be revised
using newer analytical techniques

complete and later revised

complete and revision in progress

analysis complete

analysis nearly complete

in progress

., ..."./

PUBLICATION STATUS

planned SPE (1985)
planned Sandia Contractor
Report (1985) ,

Sandia Contractor Report
(Dec. 1983)

CER Report (March 1983)

CER Report (January 19811)

CER Report (July 19M)
planned Sandia Contractor
Report (1985)

CER Report (August 19811)

severaI reports are III anned
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Core Analysis, k ~ 11ld
Initial Buildup, k ~ 6 to 10pd
History Match Transient Pressure Test, It ~ 400lld
Fracture Gradient 0.86 psi/ft
High Stress Boundary (1 psi/ft) Between Upper
and lower Cozzette < 20 ft
High Probability of Penetration During Fracture
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Reservoir and Well Parameters
for the Cozzette Sandstone

at the MWX Site

Formation Height,

Formation Porosity,

Formation Water Saturation,

Reservoir Temperature,

Gas Viscosity,

Initial Reservoir Pressure,

Dry KHnkenberg Permeability,

In Situ Klinkenberg Permeability,

WeUbore Radius,

Perforated Interval

Tubing Length

h 30 feet

f/lt 6.9 %
Sw 40%
T 230°F

1J 0.018cp

Pi 6,300 psi

kg 1.0/Jd
kg 0.08/Jd

rw 7.0 in.

7,855 - 7,892 feet MWX-l

7,830 - 7,850-60, 7,874-84 feet,

MWX-2

7,820 feet MWX-l, MWX-2
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MULTI-WELL EXPERIMENT

• HOMOGENOUS PERMEABiliTY VARIATIONS

• SPACIAL VARIATIONS OF REDUCED PERMEABiliTY AT MWX #2

• REDUCED PERMEABILITY AT MWX #2

• ANSISOTROPIC PERMEABILITY

• BOUNDARY EFFECTS WITH ANSIOTROPIC PERMEABILITY

• VARIATIONS OF NATURAL FRACTURE DENSITY AND PERMEABllTY
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UPPER COZZETTE
SummaryIConclusions

• An orthogonal fracture network that ex
hibits a large permeability ratio distributed
within a very tight sandstone matrix.

• Good pressure communication exists between
the observation well and the naturally frac
tured reservoir, i.e., not much damage sur
rounding the well.

• The areal extent of the fracture system is
large with no apparent boundaries closer
than 1,000 feet.

• An av.erage reservoir permeability that lies
in a.ranqs of 4 to 7md.

• Advanced stimulation techniques, including
a propped hydraulic fracture would have
little if any effect on enhancing production,
and may have been counter productive.
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UPPER COZZETIE
Summary/Conclusions

• Production from very tight matrix sandstones
approximately O.08.ud can be substantial,
provided there is an extensive natu ral fracture
system connected to the welL

• Damage surrounding the wellbore can mask
the productive capacity of even a highly
overpressured very permeable system.

• Well test data from the production well may
indicate conventional production history and
not exhibit, in a reasonable time, a slope
change on semilog plots that would suggest
a dual porosity system.

• Average values for ·permeability obtained
from the production well (200 to 300.ud)
may be considerably smaller than the more
appropriate ones derived from an observation
well (4 to 7md).
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N
\.0
N

II (gross) = 32.0
h (net)~ = ~.O
+e H = 4.5
Sw = 11.5
Vel = 22.2

MWX-3

h (gross) = 46.0
h (neq* = I~.O

4'l! = 9.1
Sw = 52.8
Vel = 13.5

h (gross)
II (net)~

,pe
Sw
Vel

41.0
2.0
5.9

61.7
17.1

~ lIased 011 5w ami 5)(0 (;(I/Ilputed curve soparnt len , Ilid h:all n!1
I"mlleablilly deve loplllelll

HCalculaUolls are Ilrelllllillary resuHs based (IIi manual nthet·
than fOlllllllll!r alia tvs I s
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MHX-l PALUOAL ZOUE 2

WELL TEST ~CIIEOUL[

N
1.0
~

Uate

7/11-13

7/19-25

7/25-31

7/31-0/·'

8/'1-11

Test

Stress Test

Dr audnun #1

uu t l dup 61

Orawdown N?

Buildup 62

Pl'c1ir.dnary rtesults

~ min = 0.88 psi/ft

tf • 123 hrs. ij = 1'10 HtrO

6t = 152 hrs. Pw = 4035 psi
(Nearby boundary indicated)

tf = 108 hrs, ij = 16§ ~(rD

6t = 11!0 hr s , Pw = '17110 psi
(Nearby boundary indicJtcd)
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p

FAULT DISTANCE CL) CALCUL~TION

I

t:.t~i

LOG
t p + t:.t

(" . \
I

_t

VAN POOLLEN (6t,)

0.00105 i< (21t;)

o ~ Ct
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C =

L =

snut~in time (hrs)

0.02 md

0.02 c p
0.00012 psi~:

Distance (ft)



Paludal Zone +2

Reservoir Model Properties

Perpendicular Ooundary with ~O It from WellbOlo, No Flow at Boundary.

N
1.0.......

(;).

Ilesorvoir Prassuru 1I)'05t
Reservoir Tomporature (Trost

Avg. Ros. Temperature (laYtI)

Outer Boundary (110)

Wellhoro Iladius tRw)
Tuhing Inside Diamote. (l1.0.)

Wollhore Volumo ~Vw)

formation Permeahility (K)

Net Pay tloiuht (tl)
Total PoroliiIY(~)

Waler Saturation [Sw]

Skin facto.(S)
formation Turlmlont faciO. (tl)

= 6,200 psi

"" 250"F
"" 160"f

= 6.000 h
"" 0.3 It
= 2.269 Inchos
= 140.02 It)
... 50 pd

= 25 It
"" 0.00
= 0.46

'" 0
"" 6.5 x JOU
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MULTI-WEll EXPERIMENT
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• RESERVOIR MODEL DATA k 50 d

• APPARENT OBSERVATION OF FAULT NEARMWX #2

• DISTINCTIVE TWO BOUNDARY SYSTEM
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I
67-32 ( 7131 FT.> NeB'i PLUG

I ,
I I Iliar- _ --- _..to .... - - - ~A

~ I
I

w- t-Q- - it- ..lc- -
~ .... - ,

I

I
-------~

I

I I I

I I

... - - 5w=31%
I I e- - Sw=41%

h ~ - 5_=51%
)e---- Sw=61%

,
"-

'-
".. I I
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I " ... I,
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_NET STRESS ( PSI)
MWX-3 PALUDAL ZONE 3
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HIGHEST- PERMEABILITY ZONE
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CORE ANn LOG

DERI~-D RESERVOIR CHARACTERISTICS

PALUDAL ZONES :3 & 4

Zone :3

<i':,

S ,
w

k ,
g

h,

iJ,

'I,

Zone 4

$:,
S ,

Ttl

k ,
g

h,

total matru porosity

water saturation

relative matrix gas
permeability (5 = 45%)

. Ttl

productive channel thickness

M'"w'X-l

M\r1X-2

MWX-3

gas viscosity

reservoir ~emperature

total matrix porosity

water saturation

relative matrix gas
permeability (5 •w

productive splay thickness,

MWX-l

MWX-2

MWX-3

ga.s viscosity

reservoir tempera.ture

10.3%

46.0:

3.0Ud·

8 £t

12 £t

o £t

.02cp

2100 r

10.2%

46.0:

< 0. 5IJd

18 £t

2 £t*

14 ft

.02cp

2l0°'F

* Fault intersects Zone 4 in ~A-2 and masks true reservoir thickness.

This value is probably a ~nimum.
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MWX-1, PALUDAL ZONE 3-4

RESErtVOIR EVALuATiON

IU.NUMERICALSIMULATION

~
Single Phase Single Phase

REMARK Radial Model Dual Porosity Model

Pre
Frac K = 0.025 md, (Average Value)
Reid t-I = 40 ft

RESERVOIR PARAMETER:

Data
K matrix =0.003 md

AOF =250 MCFO K nat. Irac = 1625 md

Match Spacing =20 ft
Width =0.001 in

II
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PHASE I

POST FRACTURE WELL TESTING OBJECTIVES
(UNPROPPED FRACTURE)

• DETERMINE PRODUCTION ENHANCEMENT MWX-1

• ESTIMATE UNPROPPED FRACTURE CONDUCTIVITYlLENGTH

• EVAlUATE FORMATION DAMAGE FROM FRAC FLUID

• DETERMINE CRITERIA PHASE II INTERFERENCE TEST
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MWX-1, PALUDAL ZONE 3-4

FRACTUREEVALUATION

I. FIELD OATA

(A) Pre Frae Data
• 7 Days Flow, Q =250 MCFD
• 5300 psi .. 800 psi

(8) Phase I Frac Data
• 6 Days Flow, Q =200 .MCFD
• 5300 psi - 700 psi

(C) Phase II Frac Data

319



) MWX-1, PALUDAL ZONE 3-4

FRACTURE EVALUATION

II. CONVENTIONAL ANALYSIS

(A) Pre FracData

K matrix = O.003md {Laboratory Core Analysis}
H = 40 ft {Log Analysis}

Well Testing
KH = 1.0 md - ft
S = 0.59

(B) Phase I Frac Data
KH = 0.64 md-ft
S = -3.79
KeD =2.5
KfW = 71.4 md-ft

320
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MULTI-WEll EXPERIMENT

• PRE FRAC k h::: 1.Omd ft

• POST FRAC kh~ 0.6 md ft

• APPROXIMATELY 85% LIQUID RECOVERY

• FRACTURE CAPACITY~71 md ft

• SLIGHT RESERVOIR DEGREDATION

• UNPROPPED FRACTURE WAS PERMEABLE

-----------------------------Ct:R---
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MWX-1,'PALUDAL ZONE 3-4

FRACTUREEVALUATION ':

III. NUMERICAL SIMULATION

~ODEL

REMA~

Pre
Frae
Field
Data
Mateh

Phase II

Frae

Evaluation

Single Phase
Radial Model

K= 0.025 md, (Average Value)
H=40ft

AOF = 250 MCFD

K =0.003 rnd (Matrix Value)

L frac = 432 ft
W frac = 0.6 in
K frac = 1.0 D

Q = 2500 MCFD 10 days
5300 psl- 1700 psi

AOF = 900 MCFD

323

Single Phase
Dual Porosity Model

RESERVOIR PARAMETER:
.K matrix = 0.003 md
K nat. frac = 1625 md
Spacing = 20 ft
Width = 0.001 in

RESERVOIR PARAMETER:
Same As Above

L frac = 400 ft
W frac = 0.6 in
K frac = 100 D

Q = 1350 MCFD 7 days
5300 psi· 110 psi

RESERVOIR PARAMETER:
Same As Above

L frac = 400 ft
W frac = 0.06 in
Kfrac=50D

Q = 985 MCFD 7 days
5300 psi • 1134 psi



MULTI-WELL EXPERIMENT

W
N
.p.

3.0f-d

Frac - MWX#3 (10 days)

Frac - MWX#2 (11 days)

36}td

Frac» MWX#3 (8.5 days)

Frac - MWX+2 (1.0 days)

·-----------------------Ct:R-----









W
N
(J'l

title: MWXSTIMULATION DESIGN

or9anization: SANDIA NATIONAL LABS

principal investi2lator:N. WARPINSKI

period ofperforl'tlance: CONTINUING

fundin9:PARTOF MWX
APPROXIMATE 1.0FTE RATE

..
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STIMULATION GOALS
DETERMINE FRACTURE GEOMETRY IN RELATION

TO LENS ORIENTATION AND EXTENT
CAN LENSES NOT IN CONTACT WITH THE WELL .

BE INTERSECTED AND PRODUCED

EFFICIENTLY PRODUCE A SERIES OF LENSES

EUALUATE GEOLOGIC/RESERUOIRPARAMETERS

EUALUATE STIMULATION FACTORS

EUALUATE NEW STIMULATION TECHNIQUES. .

o.
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STIMULATION DESIGN
RESERUOIR DATA (COREJLOGS)

GEOLOGIC DATA (CORE) LOGS) SEISMIC)

WELL TESTING (INTERFERENCE)

IN SITU STRESS

ASSEMBLE DATA SET

DEFINE GOALS AND OBJECTIUES

DESIGN TREATMENT

, MINIFRAC FOR FINE TUNING
.1

"-
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RESERUOIR FACTORS
PERMEABILITY AND POROSITY

FLU ID LEAI(OFF
BACK STRESSES
DAMAGE

ROCK PROPERTIES
YOUNG/S MODULUS (FRAC WIDTH)
POISSON/S RATIO
FRACTURE TOUGHNESS

RESERUO I.R PRESSURE

..



v.>.
rg

PALUDAL
RESERUOIR PARAMETERS

MATRIX PERMEABILITY = 1-2 MICRODARCYS
POROSITY = 8-12 %

WATER SATURATION = 35~40 %

BULK PERMEABILITY· = 20-50MICRODARCYS



PALUDAL ROCK PROPERTIES

GAMMA LOG (API units)

I I
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~
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200

YOUNG'S MODULUS
106 psi

3 4 5 6
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(It)
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7100

7200

7300

POISSON'S
RATIO
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GEOLOGIC FACTORS
SAND MORPHOLOGY

TYPE (CHANNEL~' MEANDER BELT)
SIZE (WIDTH)

STRUCTURAL FEATURES

NATURAL FRACTURES

DEPOSITIONAL ENUIRONMENT
ROCKS ABUTTING PAY ZONE
STRESS CONTRASTS

.1
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IN SITU STRESS

FRACTURE HEIGHT (CONTAINMENT)

TREATMENT PRESSURE ANALYSIS

ABNORMAL TREATING CONDITIONS

NOLTE PRESSURE DECLINE ANALYSIS
NIERODE ISIPANALYSIS

.1
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Ht-f---WIRELINE

2 7/8" TUBING

RC MANDREL

H P PRESSURE GAUGE

GRC NIPPLE

IAr---PACKER

~-PERFORATED SUB
~

iit4-PERFORATlONS
~-

IYIooe--RETRIEVAMATIC PACKER

~
2 DRILL COLLARS

FOR WEIGHT

CASING .

335 -
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° MWX2 Minimum Stress, perforations

D. MWX3 Minimum Stress, open hole

\l MWX3 Maximum Stress, open hole

GAMMA (API units) STRESS (psi)
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o MWX2 Minimum Stress, perforations

6 MWX3 Minimum Stress, open hole

'V MWX3 Minimum Stress, pertoratt

o MWX 1 Minimum Stress, perforations
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FRACTURE HEIGHT ANALYSIS
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PALUDAL DUAL ZONE HEIGHT GROWTH
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PALUDAL STIMULATION
OBJECTIUES:

DETERMINE FRACTURE GEOMETRY WITH
RESPECT TO RESERUOIR MORPHOLOGY

AZIMUTH
HEIGHT

~ LENGTH
INTERSECTION WITH LENSES
EFFECT OF COALS
EFFECT OF NATURAL FRACTURES
OUERALLFRACTURE BEHAUIOR

EFFICIENTLY PRODUCE THE PALUDAL
CHANNEL SANDS
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MINIFRACS
FRACTURE DIAGNOSTICS

HEIGHT
LENGTH
PRESSURE
AZIMUTH

ANALYSES FOR FRACTURE PARAMETERS
LEAKOFF. COEFF rc lENT
EFFICIENCY
LENGTH
WIDTH
CLOSURE TIME

FINE TUNE STIMULATION DESIGN Ii



MINIFRAC--TREATMENTSCHEDULES

TEST RATE UOLUME FLUID CONC PREPAD
i (bpPl)' (sal) (#/1000 (gal)

gall
w
-t:>
.j::l.

WGA-2* 2100+1 10 15J000 30

2 10 30 J000 WGA-2* 60 4500+

* SMITH EHlRQV 5fRUICI.S WATER-GELLING AGENT - e (NO CROSSLINKER)
+ tlETHAHOL PIltI'AD '0- 1..IItOVlDL.OAD R£CQV£ItV 1\



PALUDAL STIMULATION
PHASE I RESULTS

e

'",-.,/

(J.)
+:
(J'l

MINIFRAC
HEIGHT (ftl
LENGTH (ft)
C (ft/Jl'I'Jin)
EFFICIENCY (%)
MAX WIDTH (in)
AUG WIDTH (in)
CLOSURE TIME (hr)
ISIP (psi)

1
135
275

0.00129
67

0.59
0.26

3
6670

2
150
420

0.0007
79

0.79
0.34

18
6870
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FRACTURE DESIGN
SERVICE COMPANY DESIGN

FLUIDS
PROPPANT

. UOLUME

MWX PROJECT INPUT
RESERUOIR AND ROCK PROPERTIES
IN SITU STRESS AND FRACTURE HEIGHT
FLUID/ROCK INTERACTION
RESERUOIR GEOLOGY/MORPHOLOGY
PROPPED LENGTH

ADDITIONAL MWXPARTICIPANTS 'INPUT
\

\



PALUDAL FRACTURE DESIGN

PROPPED LENGTH = 500 ft

HEIGHT = 200 ft

TREATING PRESSURE = 1500 psi ABOUE
CLOSURE

~ CLOSURE TIME = 30 hr (NO PROP)
~

LEAKOFF COEFFICIENT = (3.0007 ft/Jralin

EFF ICIENCY = 75% .

SAND UOLUMESUFFICIENT TO PACK BOTH
FRAC ZONES IF GEL BREAKS EARLY

~



STIMULATION DESIGN
STAGE FLUID SAND TIME

(gal) (cone) (p.p~)(size) (min)
..

1 7700 MEOH PREPAD 9 .2
2 18000 40 PAD 21 .4
3 3000 35 1 .5 20/40 3.8

<.v

~ 4 5000 35 2 20/40 6.5
5 6000 35 3 20/40 8 .1
6 14000 35 4 20/40 19 .• 7
7 18000 25 5.5 20/40 26.8
8 1000 25 5.5 12/20 1 .5
9 8764 I(CI FLUSH· 10.4

·TOTAL· 81464 193 .. 000 Ibs 107.4
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title: MWX STIMULATION ANALYSES

organization: SANDIA NATIONAL LABS

principal investigator: N.WARPINSKI

period of performance: CONTINUING

fundin9: PART OFMWX
APPROXIMATE 1.0 FTE RATE
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STIMULATION EUALUATION
FRACTURE DIAGNOSTICS

FRACTURE ANALYSES

POST-FRAC WELL TESTING

LONG-TERM PRODUCTION

,
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DIAGNOSTICS

BOTTOM-HOLE PRESSURE

BOTTOM-HOLE TEMPERATURE

POST-FRAC TEMPERATURE SURUEYS

POST-FRAC GAMMA SURUEYS (RA SAND)

BOREHOLE SEISMIC SYSTEM

SURFACE ELECTRIC POTENTIAL ARRAY

TILTMETER ARRAY



STIMULATION ANALYSES·
NOLTE-SMITH TREATMENT· PRESSURE ANALYSIS

FRACTURE BEHAUIOR

NIERODE ISIPANALYSIS
LEAI(OFF COEFF rc lENT

~ NOLTE PRESSURE DECLINE ANALYSIS
TREATMENT PARAMETERS

FRACTURE HEIGHT
TEMPERATURE SURUEYS
RADIOACTIUE SAND GAMMA SURUEY
PRESSURE/STRESS HEIGHT ANALYSIS

POST-FRACREDESIGN

................-
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FRAC PRESSURE ANALYSIS
(NOLTE AND SMITH)

FROM NORDGREN

Al LARGE FLUID LOSS

[
4E3 Q2 ].1/4_.)l 1/8

.D.P - 2 • 1P(1-)llq3 CH5 •• t

Bl NO FLUID LOSS

LlP =2 .5·[· . 2E j.( Q2 ]1/5 1/5
(1-v2l4 HIS t

~ "



FRAC PRESSURE ANALVSIS.
(NOLTE AND SMITH)

ilP(tl « t e

w
en
.-~

NEWTONIAN
NON-NEWTONIAN

1/8 <e < 1/5

1_ < e < 1

for n~=e.75

0.14 < e < 0.22
for n~=0.5

o•17 < e <0.25 ,
\
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FRAC PRESSURE ANALYSIS
(NOLTE AND SMITH)

FOl JR· TYP l·Ci·'" , ("" 1", r ..... <'.C'-, I f ~ .:. ,
• ..... 1,., .. •. 1..... ..'~. t r , I • ,'''; ~ •• )

4

LOG TIME

0..

a:
I
-.J
W
Q

CJ
o-.J .... ...... _

1) SMALL., CONSTANT SLOPE
NO HEIGHT GROWTH

2) UNIT SLOPE
SCREENOUT

A

3) NEGATIUE SLOPE
HEIGHT GROWTH

4) ZERO SLOPE
HEIGHT GROWTH
INCREASED LEAKOFF

~

w
U'1

'U'1
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NIERODE ANALVSIS
SEMI-EMPIRICAL THEORY TO EUALUATE
THE LEAKOFF COEFICIENTFROM THE
CHANGE IN THE APPARENT CLOSURE STRESS

FG( t z ) = FG (t 1 ) [1 + A(C ~ tz - t~ ) B]

A=0.20233
8=0.47850

REQUIRES MULTIPLE SHUT-INS DURING THE
TREATMENT TO EUALUATE THE CHANGE IN
THE ISIP
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NOLTE ANALVSIS
ESTIMATE FRACTURE PARAMETERS FROM THE
PRESSURE DECLINE BEHAUIOR AFTER SHUT IN

dP(bl = 4fH~E' . feb)
dT H Bs1Tf{:

-1 -1/2
2({l+b--{b) > feb) > sin t r i-» ]

b - DIMENSIONLESS TIME
C - LEAKOFF COEFFICIENT
Hp - LEAKOFF HEIGHT
E'- WEIGHTED MODULUS
H - TOTAL HEIGHT
Bs-PRESSURE RATIO
to- PUMP TIME
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NOLTE ANALYSIS
USE THE ACTUAL DECLINE PRESSURE IN A
CURUEMATCHING TECHNIQUE TO DEFINE
THE MATCH PRESSURE

P*-. CH p E' fro
- H2 B,

Hp FROM LOGS
H FROM TEMPERATURE LOGS/DIAGNOSTICS
Bs FROM FLUID PROPERTIES
to IS THE PUMP TIME
E.t FROM CORE/LOGS/EXPERIENCE

CALCULATE C) THE LEAKOFF COEFFICIENT
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POST-FRACPRESSURE/STRESS ., ..
HEIGHTANALVSIS

ESTIMATE FRACHEIGHTFROMMEASURED
BOTTOM-HOLE TREATMENT PRESSURE

REQUIRES:

IN SITU STRESS DISTRIBUTION
BOTTOM-HOLE PRESSURE US TIME

" ADDITIONAL STRESS TESTS REQUIRED?
,

DO RESULTS MATCH WITH FRAC MODEL?
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MINIFRAC TREATMENT SCHEDULES

TEST RATE UOLUME FLUID CONe PREPAD
# (bpi'll) (ga 1) (#/1000 (gal)

gal)

w 1 10 15)000 WGA-2* 30 2100+0'
N

2 10 30}000 WGA-2* 60 4500+

* SMITH ENERGY SERVICES WATER-GELLING AGENT - 2 (NO CROSSLINKER)
+ METHANOL PREPAD FOR IMPROVED LOAD RECOVERY

~ ~

,-..
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210
,

200

APPROXIMATE

FRAC HEIGHT

(150 ft)

, PRE-FRAC
\ TEMP. SURVEY
\ (LANL)

\
\
\
\

-POST-FRAC \
TEMP. SURVEY \

(5 hr) \

\
\
\
\
\

\ COAL

\
\
\
\
\
\
\
\
\
\

180 190
TEMPERATURE ~F)

170

6900

7100 JONE 4

MINIFRAC #2

POST-FRAC 
TEMP. SURVEY

(4 hr)

:E:
~

fh 7000
Q
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RESULTS
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RESULTS OF PHASE I TESTS

CLOSURE STRESS = 5900 psi

. LOWLEAKOFF

NO APPARENT EXTENSIUE HEIGHT GROWTH
HEIGHT = 150 ft

FRACTURE ORIENTATION ::: N65W

ADEQUATE LENGTH GROWTH

HIGH INJECTION PRESSURES
HIGH STRESS REGIONS ABOUEOR BELOW
FRACTURE BRANCHING
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PALUDAL POST-FRAC TEMPERATURE LOG

TEMPERATURE eF)
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PALUDAL STIMULATION .
NOLTE ANALVSIS RESULTS

,

w......
0'\.

HEIGHT Cft)

NETLEAKOFF Cw Cft/~fYtin)

GROSS LEAKOFFCW Cft/~l'tIin)

WING LENGTH Cft)

AUERAGE WIDTH (in)

EFFICIENCY C%)
,

200

.0015

.0006

400

0.7

76.

180

.0012

.00053

400

0.78

76
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PALUDAL STIMULATION
RESULTS

TREATMENT PRESSURE ANALYSIS
NO EXCESSIUE HEIGHT GROWTH
GREATER THAN EXPECTED EXPONENT

ISIPANALYSIS
NOT APPLICABLE IN THIS FORMATION

PRESSURE DECLINE ANALYSIS
LENGTH SOMEWHAT LESS THAN DESIGN
GOOD FLUID EFFICIENCY
CLOSURE AT 70 min

PRESSURE/STRESS ANALYSIS
ABNORMAL TREATMENT PRESSURE

"ADDITIONAL STRESS TESTS REOUIRED
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STIMULATION ANALYSES
CONCLUSIONS

STIMULATION ANALYSES) TOGETHER WITH

FRACTURE DIAGNOSTICS) CANPROUIDE
VALUABLE INFORMATION ON FRACTURE

BEHAVIOR

,



;~





w......
\D

"" '"-

~

FRACTURE DIAGNOSTICS

ORGANIZATION: SANDIA NATIONAL LABORATORIES

PRINCIPAL INVESTIGATOR: DENNIS ENGI

PERIOD OF PERFORMANCE: CONTINUING

•., ~.

( J

c)

CONTRACT OR PROJECT
FUNDING:

PART OF MWX AT AN
APPROXIMATE 3.0 FTE RATE

';

~
. cr. pm 12 " 'TJ6·000 78tI1 we ..' 7 [ 5 TPUnrrr ,•• me xo ;_ '1If·'MM'R'tznwnnr'!ltt'W&m r

• $ tn' II :e, 7 ..... .'!4 77' §. . • 'ttY','m f ppm, En, 7!PfiW'=mM i 'M' 2' rnrn="fl5tM'fi'MNEf'tW·,)



INDUSTRY ASSESSMENT OF SELECTED TIGHT GAS R&D OBJECTIVES
~

•. MEASURE EFFECTOF VERY IIIGH
NETCONFINING PRESSUREON
CAPILLARY PRESSURE

fl. IMPROVE FLUIDIPROPPANT
OESIGN AND PLACEMENT

10. MEASUflE FRACTURE AZIMUTH.'
AND lENGTH DURING FRACTURE
EXTENSION

•. IMPROVE SURFACE CONTROL
OF FRACTURE PROPAGATION

5. IMPROVE ABILITY TO CONFIRMt
FRACTURE GEOMETRY AfTER
STlMULAYlON

S. DETECT DISCRETE GAS·
BEARiNG LENSESREMOTE FIlO'"
TIlE WELLBORE

7. IMPROVE ABILITY OF LOGSTO
DIFFERENTIATE RESERVOIR
QUALITY

3 2 2

9 8 8

4 7 4

2 3 5

8 10 10

5 4 3

10 9 9

I) 6 6

6 5 6

Importance
to Company 11 COMMENTS·

'

Low 8. Consonsu& I. Iha. Ihl. oblectl.o la nol vory Irnpol1onl-
Mod II allacl. 'ow 'eaeNol•••nd c.n ba achlo.ed •• n••ded .
High

Low t I. Flral prlo.lly due 10 conaensu. o' high peyoll; oene,ally,
Medp.edlCllon lo",e. risk elld .oone., conl.oll. hiohe••nd
WOh lonoe. le.m.

Low 2. Necessary 10. p"dlClloniconl,ol-.I.k, lliulno .nd p.y!'11
"'ad 'evo.able
HIOh

Low II. Impol1anl wo.k bll' ",ell alonOlow.,d .ololh.n-.lak, p.yoll,
M.d liming '.1I0'.b....
High

Low t 10. Impo"onl'o, \luld de.elopmonl ond geom"lry com,ol-
"'ed high peyoll encou,aoo••eaea.ch bill ,Iak and IlmlllO
High ulll.vo.abl•.

Low 7. CeRl,allo .0I8cllnooa. lono. and deslgllblll co.l-ollocll.o
Med .lImulI~,I&k, poyoll .nd lime .II'••o,abla.
Itlgh

low 4. Cel1.. 8110 conl,olllng"ac'".e Ooornelty-rlske moda.ale,
"'ed payoll high .nd .elall.oly .hOl1lead lime.
HIOh

low S. Vety .I.ky ond long le.m, "8yolllow duo 10 long lime
Mad bolo,e lonllcula, 'osou.co Impol18nli0 opo.alo.s.
HIOh

low 3. Risks 100 high .elallve 10 payoll-Ianllcula, .esou,ce and
Med lechnology '0••ecov"rlng II ,•• In Ihe 'UIU'8.
High'

low t 5. E••onllal eleillaniin .chlevlng p,ediclablllly .nd pos.lbly
Med conl.ol~,lak. mode.ale,p.yoll high, load lime 1I10de.ala.
1tI0h

LEVEL OF
PAYOFF

RISK OF
R&D FAILURE 31

I ::. ..I

• ..:.. .1

.. .... . I
. :. )

,. .:. I
I· ..:... I
1-·· ::. I

low Med High

I. ......
I ~ ..:.. ·
I ....• ••

4

2

3

9

4

6

8

10

" 7

Time to
Achleve21

Importance level 01
to Indu&trv11 Ellort11

RANK ORDER

•
I. PREDICT ANDIOR CONTROL

fRACTURE GEOMETRY
jSHAPE, EXTENSION, AND
ORIENTATION)

2. MEASURE INSITUSTRESS TO
BETTERPREDICT FRACTURE
GEOMETRY

3. PENETRATE LENSESREMOTE
FROM THEWELLBOIlE

R&D OBJECTIVES

w
CO
o

"RANKING OF INDUSTRY PRIORITY OR COMMITMENT, WITH 1 = HIGHEST, 10 =LOWEST.
2/RANKING OF TIME UNTIL COMMERCIAL APPLICABILITY, WITH 1 = SHORTEST, 10 = LONGEST.
31EXPECTED PAYOFF TO COMPANY VERSUS RISK OF R&D PROGRAM FAILING TO PROVIDE COMMERCIALLY

APPLICABLE PRODUCTS. (NOTE THAT NOT ALL RESPONDENTS ANSWERED THIS QUESTION FOR ALL OBJECTIVES)
4/1NTERPRETATIONOF me AUTHORS DERIVED FROM INTERVIEW RESPONSES.

,SOURCE: BRASHEAR, J. P., L. E. ELKINS, AND M. R. HAAS, TIGHT GAS RESEARCH AND DEVELOPMENT:
THE INDUSTRY PERSPECTIVE, SPEIDOE 10807, MAY, 1982.



IN SITU INSTRUMENTATION CONFIGURATIONFOR
MWX!SX-1FRACTURE DIAGNOSTICS ,

MWX-1 MWX-2 MWX-3

w
co.....

6980

7000

7020

7040

7060

7080

7100

7120

7140

7160

7180

7200
1D60000.66
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MWX/SX-1BOREHOLE SEISMIC RESULTS' , ,
.A STEP RATE/FLOWBACK

• MINIFRAC # 1

• MINIFRAC #2

EJ
MWX-3•......

.-, e.
•1 e•••••C •.... , .

• 7 \ o.· - ..

• ••• • •
(,,0.) • •
co
+:> • •

~ = N66.6°W

(f =8.00

l I
50 FT

•

PLAN VIEW

N

•f:EJ

MWX- 1 .A. I

o

•

•
TtfOOO.62

-0
l()

a



MWX/SX-1BOREHOLE SEISMIC RESULTS· ,

A STEP RATE/FLOW BACK

o MINIFRAC # 1

o MINIFRAC #2 MWX-3

SIDE VIEW

I

ID.
MWX-1

o
000

o 0

N
-0
o

o

o
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o
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•• 7000FT
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MWX/SX-1 FRACTURE DIAGNOSTICS SUMMARY

ESTIMATED FRACTURE PARAMETERS

TECHNIQUES
AZIMUTH

(DEG)
WING AVERAGE

HEIGHT (FT) LENGTH (FT) WIDTH (IN)

tAl
co
0'1 GEOLOGIC/CORE

. (PRE-FRAC)

TEMPERATURE LOG

PRESSURE DECLINE!
FLOW

N65 W ± 12

150
(1110-7020)

440 .32

~ ;
1.1

C.\

SEISMIC N67 W ± 8 160 375 MINIMUM
(7165-7005)

TH6000.06
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SURFACE ELECTRICAL POTENTIAL ARRAYFOR
ROSSI 21-19 ACID STIMULATION '
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PRELIMINARVINTERPRETATION,

150 !195° FLOW MAJOR FAULT co
M
o

ROSSI
~ I 'I I
01 R1'l R1

I GINN
•R2 Ra

SIDE VIEW

ROSSIBATZ
I I I

R1 R2 Ra

TA6000.81
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LABORATORY MODEL TANK EXPERIMENT

w
Y';)
0'

ADVANTAGES: • CONTROLLABLE

• THE EXPERIIVIENTERCAN VARY:
• RESISTIVITY OF THE MATERIALSUSED
• MICRO-ARRAVS AND THEIR SPACING
• NATURE, SHAPE, SIZE AND OEPTH OF

POLARIZABLE BODIES

• IMPROVES QUANTITATIVE INTERPRETATION
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()

DISADVANTAGES: • DIFFICULT TO PRODUCE IN-SITU CONDITIONS

• DIFFiCULT TO PRODUCE CURRENT'DENSITIES
AS SMALL AS THOSE IN THE FIELD

-DIFFICULT TO OBTAIN CONSISTENT RESULTS
TE6000.31
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