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Wellington Field
Sumner County
Kansas

* Oil field in rural area operating
» 55 wells, 21 million barrels

» Effective waterflood, ready for

since 1929
produced, 46,000 barrels annually

CO2-EOR

Phase | — Completed June 21,
2016-> 20,000 tonnes CO2 injected
into Mississippian dolomite for
EOR

Phase Il — 26,000 tonnes CO2 into ||

Arbuckle saline aquifer, pending
Class VI permit (2017)
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Benefits to the Program

Demonstrate that 99 percent permanence of injected CO,
- 20,000 metric tons tonnes injected into KGS #2-32 into Late Mississippian siliceous dolomite reservoir

between January 9 and June 21, 2016 - CO, plume and EOR response as forecast by model

(Class Il UIC permit)
- 26,000 metric ton injection into underlying Lower Ordovician Arbuckle Group dolomitic saline aquifer

(Pendiing Class VI UIC permit)

Demonstrate reliable and cost effective MVA (monitoring, verification, and accounting)

tools and techniques
Develop best practices for effective and safe CO,-EOR and CO, saline storage
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Technical Status

Task 15. Evaluate Potential to Move Oil and Optimize for Carbon Storage
« Begin CO, injection into KGS #2-32 on January 9, 2016
« Completed injection on June 21, 2016

« 1,101 truckloads, 21,784 US tons, 19,803 metric tons, average of 120 tonnes per day,
approximately 374,000 MCF of CO,

« Total expenditures for purchasing CO, were $1,964,000. Our overall price for CO, was
$90.16 per US ton from Linde Group

Behaving as forecasted by gemdel/simulation
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Monitoring technologies during Class Il injection

1) Surface water analysis

2) 18- seismometer array for passive seismic

3) cGPS and InSAR

4) Weekly analysis of 17 wells surrounding injector

5) Repeat 2D seismic survey (July 2016)

6) Post-CO, injection well performance around Class Il well
7) Arbuckle pressure monitoring since April 2016

igure 1: Contour map of Mississippian formation in Wellington field

Original field O/W contact =-2494 ft #2-32 drilled in March 2015

@ 3763 ft in Wellington KGS #2-32 -
150 ft oil column > CO,-EOR injector
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Targeted area 2High CO,-EOR potential
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« Petrel map of permeability distribution in the
Mississippian dolomite

 CO, injection well is red vertical line

« Lower permeability noted east and south of the injection well,
Berexco Wellington KGS #2-32

 Residual oil saturation in cored injection well averages 23%
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Gas separator
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Wellington Field small scale CO,-EOR
Jason Bruns above (Caanon Well
Services) and Dana Wreath upper right

(VP Berexco, LLC) with KGS staff SCADA System installed on wells
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Time Lapse
Alkalinity

== During and Post CO, Injection
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Kansas Geological Survey
Colorlith Brine Data Map
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Web Applications Built to Display and Analyze Data

“In Real-Time” by the Team During Monitoring -
time lapse maps, cross plots, analytical tools, csv download

South-central Kansas CO; Project
CO; Sequestration
Summary Pages and Web Apps

Select the bubble button below to display respective module.
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Oil production rate, bbls/day

Modeled Oil Production Rate (bbls/day)

120

=
o
o

(0]
o

o))
o

D
o

N
o

Compare 2-32 water injection post CO,: 500 vs 850 bbls/day

500 bbls/day

=850 bbls/day




CO, Plume (mole fraction) Forecast for
September 2016 in Mississippian Reservoir

Gas Mole Fraction(C0O2) 2016-09-01 K layer: 4
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18 seismometer array since Fall 2014

cGPS and inSAR for processing since August 2014
Five shallow monitoring wells around KGS #1-28 and

domestic wells in vicinity

Weekly baseline geochemistry and production data from

17 wells during CO,-EOR

Static bottom hole pressure in lower Arbuckle from KGS

#1-28 since April 2016

ity T
KGS Smdy Area - Summner County, KS 3 |

T J— Locations
”/ KOS 1-28

S Proposed M by we

@ KOS 132 Cluscommizssion Well
¢ Eosiamw

CO lapection Wl

Housing setup for Sercel (Mark Products)
L-22D-3D sensors, ~5ft below surface to
minimize surface noise; installed below
frost line in bedrock

R. Miller &
S. Petrie, KGS
installation

spoad Memstonsg Well

Valid input is now:

2014-12-02-1239-00M.880__021
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qi Quit

Mouse click to select 3 points in spectrum
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Induced Seismicity Southwest of Wellington Field

Total salt water injected by well (@), BOE produced by oil lease (@)

and earthquakes () in 2014, Harper and Sumner Counties, Kansas

Hazelto

Miles i _ | Wellington Field Arbuckle
— . Compos ,_|t_e sagwie | | Injection 26,000 tonnes =
Kingman, BWBDLE = 16, 1= “ 142,000 bbls of fluid over
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. Salt Water Dlsposal (Class Il) in
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< 128,254,699 bbls

0T/ % Equivalent to ~23 MM tonnes CO,
- |+ Oklahoma salt water disposal in 2014
o, o 1“—_ < >4,000,000,000 bbls
S oo

>20 billion tonnes CO,

Sources: Esri, DeLorme NAVTEQ, USGS, Intermap, |PL NRLAN Esri Japan, METI, Esri China (Hong
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Bottom Hole Pressure Monitoring in Arbuckle KGS #1-28 (idle Class VI)

12-18 May 2016 UTC |

12 May 13 May 14 May

Slope of the Filtered Pressure Wave
Start = 2121.77 psi; End = 2121.8 psi

Slope of the Filtered Pressure Wave

—_— plus Tidal Pressure Wave.
{$=0.09 [PU]; C,, = 0.4437 1/[Gpal; dso, = -180 °}

Noise Filtered Pressure Wave

J. Victorine (KGS)
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On 4-25-16, BHP in lower Arbuckle was +31.4
psig higher than what was recorded on
8/23/11.
Since April the pressure has risen to +32.9 psi
(August 6) =
1.5 psi in 103 days
(0.0147 psi/day or 0.44 psi/mo).
Increase in pressure forecast by
simulation of 2-county brine disposal




Earthquake catalog for Central Sumner County, near Wellington oil Field

827 events from April 2015 through

July 2016 in area of interest

Mw ranges from 0.4 — 2.7

~1.0 Mw Magnitude of
Completeness for area of interest
b-value of 1 for complete catalog
Average accuracy within ~0.5 miles
in X, Y, and Z

deagnitude of Completeness of Area of Interest
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Earthquakes Recorded by the
Wellington Seismometer Array

Magnitude vs Depth
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Example of shear wave splitting in local earthquake

w0 Zw BN \ / \J\ A \{\\/\ﬂ[\\ﬂ/\k}\/\/\fﬁ r\/\/’\f/\fﬂ“’vw
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Event # 2 29m26 .
S-wave arrivals
Time difference is &t

with focal mechanisms calculated’":g

Wellingtoh

T4 &wellington

Earthquake with
focal mechanism
calculated
Wellington
seismometer array
{Caldwell USGS
seismometer

Anisotropy can be identified through

shear-wave splitting
e Larger &t indicates higher anisotropy
e Method can be used to identify fracture orientation
*  Next step to ntegrate with geomechanical
modeling!!

‘ Seismic station

Or thogonally
polarized fast and
slow components

Schematic diagram of
shear wave splitting
due to upper mantle...

- Scientific Figure on
ResearchGate. Available from:
https://www.researchgate.net/fi
gure/222413701_fig2_Fig-2-
Schematic-diagram-of-shear-
wave-splitting-due-to-upper-
mantle-anisotropy-after
[accessed Aug 11, 2016]

Anisotropic
volume

Incident shear wave
(linearly polarized)

Focal mechanism inversion from 173 Mw 2 2 local
earthquakes

Maximum horizontal stress at ~80 degrees

Compared to 75 degrees derived from well logs

— <l
0"
0.081

Nolte & Tsoflias (KU)



Technical Status

 Milestone 2 - Submitted Class VI application, June 2014

Awaiting determination of Area of Review (AoR) = Constructed STOMP
model to run alongside CMG-GEM

— Successfully identified mechanism and cost to service financial
assurance requirements for the Class VI permit - inject 26,0000 tonnes of
CO, (7 mo.) and a one-year Post Injection Site Care (PISC) to closure.

— Enhanced borehole seismic capability to measure sub M -2to 3
magnitude events and combine with surface seismometer array

Permeability K (md) 2014-01-01  Jlayer: 66 Simulation of Arbuckle CO, Injection
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Status of Attachments in the Wellington Class VI Permit

I I T

-

* Permit details are in the following 9
attachments
e 7 Attachments near completion

SUMMARY OF OPERATING REQUIREMENTS Draft Prepared

AREA OF REVIEW AND CORRECTIVE ACTION PLAN Awgtitilng confirmation of Area of Review by EPA
modelers

TESTING AND MONITORING PLAN  Draft Prepared

WELL PLUGGING PLAN Draft Prepared

Awaiting confirmation of Area of Review by EPA
modelers

EMERGENCY AND REMEDIAL RESPONSE PLAN  Draft Prepared

POST-INJECTION SITE CARE AND SITE CLOSURE PLAN

. CONSTRUCTION DETAILS Draft Prepared

 FINANCIAL ASSURANCE DEMONSTRATION Preferred financial instruments established

and costs estimated to guarantee financial
STIMULATION PROGRAM Draft Prepared obligations

Injection Well
Drilling, Coring,
and Logging

Berexco/KGS Class VI Permit

The Kansas Team
IS Ready

KGS, Berexco, T. Birdie Consulting




Accomplishments of KscoZ))
the Wellington Project during BP2

ACTIVITIES CARRIED OUT TO DATE BY THE KANSAS TEAM

Successful CO, injection in the Mississippian carried out by
Berexco, LLC, Wichita, KS

Injection done in a highly controlled and monitored environment

Linde Group, a leader in CO,, capture and supply, an excellent
partner for the project, provided steady supply of CO,

Assisting in defining safe disposal and economic potential for
Kansas reservoirs

Rapid-response detection & mitigation procedures being tested
are as part of a comprehensive operation & risk management
plan

Advanced monitoring technologies
Wellington Field is proving to be a viable field laboratory



Future Plans and Expectations

Continue post-injection monitoring of Mississippian wells
and operation of seismometers and deep well pressure.

Continue to acquire SAR satellite images and recording
cGPS, operation of seismometer array, pressure
monitoring, and surface and well sampling.

Complete processing of the long offset repeat 2D
seismic line acquired over the Mississippian injection site
to validate CO, plume.

Updated BP3 monitoring technologies and budget for the
Arbuckle injection, ready to inject in the Arbuckle saline
aquifer, pending receipt of Class VI permit in early 2017.

Basis for Determination and Findings (D&F) filed to
extend the project beyond September 30, 2016 in order
to carry out Arbuckle injection.

Kscoa
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Synergistic Activities

Collaboration with Susan Carroll, PI, LLNL

Lawrence Livermore National Laboratory

Enhanced porosity and permeability in carbonate
CO, storage reservoirs: An experimental and

modeling study

Project Number. FWP-FEW0174 — Task 5

— Task addition = Experimental calibration of NMR well logs to determine pore
connectivity in the injection zone at the Wellington CO, storage demonstration
site, Kansas

Data rich site with considerable data sharing with all data publically available

» Carbonate and caprock cores, modern wireline logs, tests -> KU, KSU et students and faculty;
industry consortium

* Water and oil samples
* Multicomponent 3D - new processing techniques - KU, KSU, BEG
» Earthquake catalog being built from operating IRIS/KGS 18-seismometer array

* Monitoring and risk analysis from operational plan for safe and effective injection and adaptation
by EPA for this project

e Test NRAP tools

Extensive Web (Java) application tools and development, petrophysical application
focus, data archiving

— Need more users and explore incorporation into NATCARB
26
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Schedule — Wellington Small Scale Injectlon

SMALL SCALE FIELD TEST, Wellington Field, Sumner County, Kansas 2016 2017 2018
DE-FED006821 BP2-Ext2 BP2 BP3 year 1 (fabrication & injection) | BP3 year 2 - PISC BPSvrS ge!no-go
Task  Task Name Aug'lSs Nevw'l5 Feb'l6 May'16  Aug'l6 Jan'17  April'l7  July'l7 Oet'17 |Jan'18 April'18  July'18 Oct'18 |Jan‘19  April'19 July'19 Oct'13

Task 10. Build Infrastructure for CO2 Pressurization at Mississippian Injection Well for Carbon Storage
£ k 10.1 Build a Receiving and Storage Facility at Injection Site
Subtask 10.2 Install Pumping Facility at Well Site for Super Critical CO2 Injection ' ‘ended June 21 '16
Task 11. €02 Transported to Mississippian Injector and Injection Begins approx. 20,000 matric tons.
Subtask 11.1 Transport CO2 to Injection Borehole | |
Task 12. Monitor Performance of Mississippian CO2 Injection
Subtask 12.1 Inject CO2 in Mississippian Borehole Under Miscible Conditions
Subtask 12,2 Monitor Production of Surrounding Wells
Task 13. Compare Performance of Mississippian Injection Well with Model Results
Subtask 13.1 Revise Geomodel if necessary
Task 14. Evaluate Carbon Storage Potential During the Mississippian CO2 Injection

Task 15. Evaluate Potential to Move Qil and Optimize for Carbon Storage in the Mississippian Reservoir — Wellington Field
Subtask 15.1 Revise Wellington Field Geomodel
Subtask 15.2 Use Simulation Studies to Estimate Carbon Storage P
Subtask 15,3 Estimate Field-Wide Carbon Storage Potential in Mi
Task 16. Drill Monitoring Borehole (2-28) for Carbon Storage in Arbuckle Saline Aquifer
Subtask 16.1 Obtain Permit to Drill Monitoring Borehole
Subtask 16.2 Drill and DST Moniloring Borehole
Subtask 16.3 Log Monitering Borehole
Subtask 16.4 Ci lete Monitoring Borehole per MVA rec
Subtask 16.5 Cenduct Mechanical Integrity Test
Subtask 16.6 Analyze Wireline Logs
Subtask 16.7 Perforate, Test, and Sample Fluids

ass VI reach stage of public comrment Class VI [September 2016)

VI permit and funding

Task 18, Re\rlse Site Chamntenzahon Models and Slmulatlons for Carbon Storage and
submit a revised Site Characterization, Modeling, and Monitering Plan to DOE:
Sublask 18,1 Revise Geomodels With New Data
Subtask 18.2 Update Arbuckle and Mississippian Simulations
Task 19. Retrofit Arbuckle Injection Well (#1-28) for MVA Tool Installation
Subtask 19.1 Install CASSM Source(s)
Task 20. Equipment Disr ent from Mississippian Injector and Install at Arbuckle Injector

Task 21. Retefit Arbuckle Observation Well (#2-28) for MVA Teol Installation
Subtask 21.1 Install U-Tube
Subtask 21.2 Install CASSM Receiver (for cross-hole tomagraphy) ept 30, 2016 [end of and field activities)
Subtask 21.3 Install DTPS Sensors
Task 22. Begin Injection at Arbuckle Injector
Subtask 22 1 Move Surface Equipment to Arbuckle Injector
Subtask 22 2 COZ2 Transportation to Arbuckle Injector
Subtask 22.3 Inject Super Critical CO2
Task 23. MVA During Arbuckle Injection
Subtask 23.1 CASSM Menitoring
Sublask 232 Soil Gas Chemistry and CO2 Flux Sampling and Analysis
Subtask 23 3 U-Tube Menitoring
Subtask 23.4 Shallow Groundwater Sampling and Analysis
Subtask 23.5 Head Gas & Water Sampling and Analysis from Existing Mississippian Borehales
Subtask 236 InSAR Data Analysis
Sublask 23.7 Second Crosswell Tomography Halfway Through Injection
Subtask 23 8 Integration of CASSM and Cross-well Tomography
Task 24. Risk Management Related to Carbon Storage in Arbuckle Saline Aquifer
Subtask 24.1 Integrate MVA Analysis and Observations to Detect CO2 Leakage
Subtask 24.2 Activate Mitigation Plans if Leakage Detected
Task 25. Compare Simulation Results with MVA Data and Analysis and Submit Update of Site Characterization, Medeling, and Menitering Flan
Subtask 251 Revise Geomodel to Improve Match with MVA Data
Task 26. Post injection MVA - Carbon Storage

120 tons per day; up to 26,000 tonnes, ~6 months

Dec ‘17

Task 27. Evaluate Carbon Storage Potential in Arbuckle Saline Aquifer at Wellington

Task 28. Evaluate regional Carbon Storage Potential in Arbuckle Saline Aquifer in Kansas

EPA Required Site Closura
December 30, 2018

Task 29. Closure of Carbon Storage Project in Arbuckle Saline Aquifer at Wellington field H
Sublask 29.1 Acquire 3D and Process Seismic Data Around the Arbuckle Injector
Subtask 29.2 Interpret Acquired 3D Data and Compare with Baseline Survey
Subtask 29.3 Integrate MVA Analysis with 3D Surveys to Establish CO2 Containment

Subtask 29 4 Seek Regulatory Permission for Closure
Task 30. Develop a Best Practice Manual:

Original Project ends: December 31,2016
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Monitoring based Rapid Response Plan

Meonitoring Activity

Wellhead | | g icmometers|| <GPS InSAR CASSM ED_& E_D'
Pressure Seismic
Continuous Weekly X
Hall Plot Pressure MIT IS5 U-Tube Pause
Analysis | [Fall-Off Test Sampling||Sampling| |Sampling| |Injection

- Injection Control Plan
- Wellington Seismic Action Plan
- Monitoring-based Rapid Response Plan

- Emergency Remedial Response Plan

|

Wellbore plugging

Hall Integral, Cumulative (AP*At), psi-days

’ - /{ Fracture near the well ‘

Enhanced injectivity
*  Opening of pay zone
Fracture extension

Boundary
Offset injection well
o
Hall Plot

lllustration of Hall Plot
depicting normal radial
flow and changed
reservoir conditions

Cumulative injected water, W; (bbl)

http://www.epa.govirSwater/uic/ntwg/pdfs/induced-seismicity-201502.pdf

- as recommended by
EPA

Under review
by EPA

Operational plan for safe and
efficient CO2 injection to
Draft emergency and remedial

response plan for Class VI permit

Monitoring and Rapid Response
Plan is designed to alert the team of
anomalies while injecting CO,,
based on prioritizing the monitoring
technologies --

1) Reliability of the data and
approaches used to analyze

2) Frequency that data is
acquired during injection

3) Sensitivity and precision of the
monitoring method - detect
small changes in CO, plume
behavior

4) Location and therefore
resolution of the data

5) Detection of spatial extent of
the CO, plume

6) Ability to detect movement
above and below the injection
zone.




PRESSURE VS TIME

Company: KGS
Location: Wellington 1-28 run 8

Test Description: Menitoring induced seismicity near the Wellington il field CO2 injection in the Mississippian and Arbuckle reservoirs

Serial# 61799
Comments: bllip 2

2140 psig

/'\

2138

2136

2

2132

30

2

16 psi (100.3 kP)

2128
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122

7
Detta Time (Hours)
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Class VI Permitting Timeline
Prepared Opinion on
Induced Selsmicity in Kansas
Conduct
wellington maodeling
Seismic Action for 26,000
Construction of A Plan prepared Conduct analytical studies tons and
3 shallow wells Instailed Quality in response to 0 dem:sfrale il prepare
at EPA’s Wellington Yot and Mgy USDW at site new report
request to Selsmic Analysis at about induced
prove absence Array ialice: sefsmicity Prepared Site
of UsDw voalls Structure and
Induced
Work with EPA to prnlplrn permit Attachments Salitoicity Maport
|
Apr 2014 Oct 2014 March 2015 Aug 2015 Feb 2015 July 2016
August 20, 2014 [
Face-to-face kickaff |
,r:t&""g e Parmit Respond to Request For Information on all sections of permit
reformatted :
Permit and T ALEPAS
application resubmitted Water Prepare ST S gondaciad issaint
submitted using new G5 Quality Quality Safe and Efficient STOMP plan for
April 2014 Tool Testing and Sataraite iad Injection (OPSEI) l'll'l'll-llﬂo:ll- to mnlmrlngl
Analysis at Surveillance prepared as 3 SO Atk
February 2014 : monitoring AoR evaluations Mississippian
MG model updated 2 domestic Plan [CASP) :
October 2013 wells response plan. eservolr
Draft 1o Dana Weath
May 2013
Artuciie Petrel model
apdated
January 2013
il St
g
Febroary 2012 Planned permitting efforts as budgeted and tasked in PMP
Comed il were
Pk with Jnash
Tui“.l'l! Bruce . ” i . :
Kot of s 24 Unplanned efforts requested by EPA to address induced seismicity, USDW determination,
P& b
ri..e’:-'m The and detailed operation/monitoring to address EPA “lessoned learned” from legal and technical challenges”
Wi e,
Bﬂ!uhf::dnrmd
of ke Peclingt and the
Coevierai i thad
Berentn will b able 1o
mmw Berexco/KGS Class VI Permit




Pressure Measurement — 29 July to 5 August 2016 UTC
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8/01/2016,| 08 46 26.84, 70.4, 1.014992, |07 0535.56, 69.6, 375854.0
——— Filtered Pressure Wave 8/02/2016,) 0850 19.42, 70.2, 1.014866,|080246.93, 67.4, 379066.0
8/03/2016, 0854 11.39, 69.9, 1.014733,|085753.10, 64.4, 382835.0
8/04/2016,| 08 58 02.75, 69.6, 1.014596,|095034.78, 60.7, 386978.0
8/05/2016, 09 01 53.50, 69.4, 1.014453,|104055.42, 56.8, 391243.0
8/06/2016, 09 05 43.65, 69.1, 1.014304,|112915.74, 52.8, 395339.0
8/07/2016, 0909 33.18, 68.8, 1.014150, |12 1606.99, 48.8, 398957.0
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_22:00:00.0

Fibtered Pres sure

WELLINGTON EGS 1-18
Pulse

Square
¥ of Passes: 10 # of Poinds: 10

Pressure measured from 2016-05-15 22:00:00.0 to 2016-05-17 00:00:00.0

fd b2

Fibtered- Tidal Fressure
WELLINGTON KGS 1-1%

Ap =0.34 psi (2.3 kP)

pi 112234

MIA-NS-16

_01:00:00,0
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—04:00:00.0
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_07:00:00.0

—10:00:00.0

13:00:00.0

_16:00:00.0

_19:00:00.0

—22:00:00.0

@)

Bottom Hole Pressure

Monitoring
Porosity: 0.9 KGS #1-28 (idle Class VI)
Cw: 0.4437 [L/GPa]
Correction:

Phase: -180.0 ~ - y y
Filtered Pressure Track 4 @‘ta.! lé @f M\_a_‘_y gl @ .«A_.n_ @zm@_l‘_/
— pror s T o e as decumented feor

pressure catalog

Pressure Events: 16 May 2016 16:00to 17:00 (UTC)
A: “piston like” pull up then down

dip 05:40to 06:10
pulse 06:10 to 08:00
Base: 21:40
B: 4 pulses
(1) 16:40to 17:15
(2) 17:15t0 18:05
(3) 18:05to 18:20
4) 18:20 to 19:00
Base: 19:00
C: dip 22:00 to 22:30
Ap =
16 psi
(100.3 kP)
| ap=1epsi(00.3kp) \ \\eek of

-8-16

Min: 05:41:18 2122.042 psi Ap =
Max: 06:42:42 2122.235 psi 235 psi

2122.161 psi (6.4 kP)

Max: 16:59:42 2122.254 psi
Max: 17:35:00 2122.341 psi
Max: ~18:15:08 2122.261 psi
Max: 18:35:36 2122.292 psi

2122.225 psi

Min: 22:10:14 2122.111 psi

RS E _';;’_—f-' 2 .':\
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Spatial and Temporal Relationships of Earthquake Catalog

longitude

longitude

Earthquake Depth

Earthquake Magnitude
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latitude latitude
Occurrence by Month
-97.2
. - | i l December 2015 2 300 Magnitude 2 300 Depth
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-97.4 o o / g ©
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L e (4] ©
LT AT 0 e tiE September2015 G =
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= ; - o 0
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97.8 - 3 5 May 2015 Magnitude (Mw) depth (km)
36.8 37 3‘?'2 34 316 2 events of Mw 2.5 or greater in area of
latitude

interest

Diamonds indicate locations of Wellington Seismometer Array Nolte & Tsoflias (KU)



Pressure (psi) -- Mississipplian reservoir
September 2016

Pressure (psi) 2016-09-01  Klayer: 4

1000.00 feet

Holubnyak (KGS)
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