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EXECUTIVE SUMMARY

Project Objectives

The objectives of this project are to understand the processes that occur when a maximum of 70,000
metric tonnes of CO, are injected into two different formations to evaluate the response in different
lithofacies and depositional environments. The evaluation will be accomplished through the use of
both in situ and indirect MVVA (monitoring, verification, and accounting) technologies. The project will
optimize for carbon storage accounting for 99% of the CO, using lab and field testing and
comprehensive characterization and modeling techniques.

CO, will be injected under supercritical conditions to demonstrate state-of-the-art MVA tools and
techniques to monitor and visualize the injected CO, plume and to refine geomodels developed using
nearly continuous core, exhaustive wireline logs, and well tests and a multi-component 3D seismic
survey. Reservoir simulation studies will map the injected CO, plume and estimate tonnage of CO,
stored in solution, as residual gas, and by mineralization and integrate MVA results and reservoir
models shall be used to evaluate CO, leakage. A rapid-response mitigation plan will be developed to
minimize CO, leakage and provide comprehensive risk management strategy. A documentation of
best practice methodologies for MVA and application for closure of the carbon storage test will
complete the project. The CO, shall be supplied from a reliable facility and have an adequate delivery
and quality of CO,.

Scope of Work

Budget Period 1 includes updating reservoirs models at Wellington Field and filing Class 1l and Class
VI injection permit application. Static 3D geocellular models of the Mississippian and Arbuckle shall
integrate petrophysical information from core, wireline logs, and well tests with spatial and attribute
information from their respective 3D seismic volumes. Dynamic models (composition simulations) of
these reservoirs shall incorporate this information with laboratory data obtained from rock and fluid
analyses to predict the properties of the CO, plume through time. The results will be used as the basis
to establish the MVVA and as a basis to compare with actual CO, injection. The small scale field test
shall evaluate the accuracy of the models as a means to refine them in order to improve the predictions
of the behavior and fate of CO, and optimizing carbon storage.

Budget Period 2 includes completing a Class Il underground injection control permit; drilling and
equipping a new borehole into the Mississippian reservoir for use in the first phase of CO, injection;
establishing MVA infrastructure and acquiring baseline data; establishing source of CO, and
transportation to the injection site; building injection facilities in the oil field; and injecting CO; into
the Mississippian-age spiculitic cherty dolomitic open marine carbonate reservoir as part of the small
scale carbon storage project.

In Budget Period 3, contingent on securing a Class VI injection permit, the drilling and completion of
an observation well will be done to monitor injection of CO, under supercritical conditions into the
Lower Ordovician Arbuckle shallow (peritidal) marine dolomitic reservoir. Monitoring during pre-
injection, during injection, and post injection will be accomplished with MV A tools and techniques to
visualize CO, plume movement and will be used to reconcile simulation results. Necessary
documentation will be submitted for closure of the small scale carbon storage project.



Project Goals

The proposed small scale injection will advance the science and practice of carbon sequestration
in the Midcontinent by refining characterization and modeling, evaluating best practices for
MVA tailored to the geologic setting, optimize methods for remediation and risk management,
and provide technical information and training to enable additional projects and facilitate
discussions on issues of liability and risk management for operators, regulators, and policy
makers.

The data gathered as part of this research effort and pilot study will be shared with the Southwest
Sequestration Partnership (SWP) and integrated into the National Carbon Sequestration Database
and Geographic Information System (NATCARB) and the 6th Edition of the Carbon
Sequestration Atlas of the United States and Canada.

Project Deliverables by Task

1.5  Well Drilling and Installation Plan (Can be Appendix to PMP or Quarterly Report)
1.6 MVA Plan (Can be Appendix to PMP or Quarterly Report)

1.7  Public Outreach Plan (Can be Appendix to PMP)

1.8  Arbuckle Injection Permit Application Review go/no go Memo

1.9  Mississippian Injection Permit Application Review go/no go Memo

1.10 Site Development, Operations, and Closure Plan (Can be Appendix to PMP)

2.0  Suitable geology for Injection Arbuckle go/no go Memo

3.0  Suitable geology for Injection Mississippian go/no go Memo

11.2  Capture and Compression Design and Cost Evaluation go/no go Memo

19 Updated Site Characterization/Conceptual Models (Can be Appendix to Quarterly
Report)

21 Commercialization Plan (Can be Appendix to Quarterly Report).

30 Best Practices Plan (Can be Appendix to Quarterly or Final Report)

Accomplishments
1. Class VI Progress

Decision was made in July to build a compositional simulation of the Arbuckle saline aquifer in
STOMP, the software used by EPA evaluate the AoR to facilitate the conversion from CMG
simulation used by KGS to software platform used by EPA. After consultation with the
developer of STOMP at Pacific Northwest National Laboratory, a methodology was developed to
import the domain built in the Petrel geomodel into STOMP. The conversion process that was
creating difficulties in sharing the CMG model to STOMP was subsequently solved and
confirmed with EPA. Employing STOMP at the KGS will facilitate future updates.



CMG is now uses the parameters, processes, and rock properties to confirm the AoR with a
conservative model. The same domain and input parameters will be used in STOMP.

Table 6 Testing and Monitoring containing questions from EPA was completed during this
quarter. The table includes testing and monitoring including above confining zone, CO, plume,
and pressure front monitoring. A geomechanical model was built evaluate the extent of surface
deformation associated pressure exerted by the CO; injection.

Table 7, Emergency and Remedial Response Plan, questions was completed during the quarter.
The questions from EPA were satisfactorily addressed by specific answers to questions and
submittal of an Operating Plan for Safe and Efficient Injection (OPSEI) (See Appendix A) that
conveys how and to what extent the monitoring would be used to avoid leakage and earthquakes.
The success of the Operating Plan is based on prioritizing the monitoring technologies:

¢ Reliability of the data and approaches used to analyze the data

e Frequency that the data is acquired during injection

e Sensitivity and precision of the monitoring method and its ability to detect small
changes in CO, plume behavior

e Location and therefore resolution from which the data is collected

e Spatial resolution and coverage of the CO, plume

e Ability to detect movement out of the injection zone both above and below the
injection zone.

A summary of the monitoring techniques and responses are included in Figure 1.

Monitoring Activity

Wellhead | | g oicmometers|| <GPS InSAR CAssm ||2D&3D
Pressure Seismic

Continuous Weekly 2x

HallPlot | | Pressure |(pur ’_Miss. U-Tube Pause
Analysis | [Fall-Off Test Sampling| [Sampling| [Sampling| | Injection

Figure 1. Operating plan for safe injection.

Appendix B titled, “KGS’s Opinion Regarding Likelihood of Inducing Earthquakes Due to CO2
Injection in the Wellington Qilfield,” was also presented on the topic of induced seismicity.



The QASP (Class VI Injection Well: Quality Assurance and Surveillance Plan) was also being
finalized during this quarter and a final signed copy is included in Appendix C.

2. Hydrogeology evaluation

Appendix D. is a report on hydrogeology of the area in and around Wellington Field. The report
was submitted to EPA to provide a perspective of the variable yield and water quality of shallow
unconfined groundwater in the vicinity. The title of Appendix D is “Brief review of the
hydrogeology of the shallow unconfined aquifer in north-central Sumner County, Kansas.”

The summary of findings as reported in Appendix D. —

The shallow geology at the Wellington CO2 injection site is reflective of general
conditions in Sumner County, KS, with alternating thin loess/clay deposits in the uplands
and relatively thick sand/gravel deposits in the lowlands formed by modern drainage. The
alluvial deposits in the lowlands favor local infiltration from precipitation and are likely
to be hydraulically connected with perennial creeks in the area. On the other hand, the
terrace deposits in the uplands are composed of the clayey/loess Bethany Series, which,
with the underlying Wellington Shale provides impedance to infiltration, and due to the
thick underlying salt (halite) beds, results in brackish water in shallow wells lying
between the incised valleys in the area.

It is demonstrated through geologic cross sections and maps that the three shallow highly
brackish monitoring wells at the Wellington site (SW-1, SW-2, and SW-3) are located in
the uplands and that the two (relatively fresh) domestic wells (Shepherd and Blubaugh),
that are to be sampled for water quality, are located in the incised valley along the
perennial Slate Creek. This explains the cause for the sharply varying water quality at the
Wellington site and the two domestic wells southwest of the site.

3. Completed baseline chemistry of produced brines from Mississippian oil reservoir

Existing and new samples of brine from the Mississippian oil reservoir were completed in August
and results and displays using java applications are now online with a methodology to normalize
the data to account for systematic changes so the results can be mapped. Systematic error of the
major constituents, while within the analytical tolerance of +-5%, can assignment of either spatial
or temporal anomalies that could be within the real changes in the brine as the reservoir is swept
by CO2.

An example of the baseline map is shown in Figure 2 that depicts the distribution of pH, CI, and
HCO3.
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List of samples shown on the map

API Number Well Name

15-191-21179 COLE 2

15-191-19005 WELLINGTON UNIT 36

15-191-10077 WELLINGTON UNIT, was J. C. FRANKUM 6 35
15-191-43889 WELLINGTON UNIT, was F. BARLOW 4 51
15-191-10078 WELLINGTON UNIT, was J. C. FRANKUM 5 53
15-191-43814 WELLINGTON UNIT was W.H. Neel 4 28
15-191-10270 Wellington Unit 108

15-191-10295 Wellington Unit 110

15-191-10049 WELLINGTON UNIT was CURTIS 2 13
15-191-10119 WELLINGTON UNIT, was BARLOW 'B' 2 67
10 15-191-43882 WELLINGTON UNIT, was MURPHY 3 82

11 15-191-10257 Wellington Unit 102

12 15-191-10107 WELLINGTON UNIT, was ERKER 17 73

13 15-191-20789 Wellington Unit 144

14 15-191-10093 WELLINGTON UNIT, was MURPHY 1 60

15 15-191-10054 WELLINGTON UNIT was Kamas 7 25

16 15-191-10131 WELLINGTON UNIT, was ERKER 3 49

17 15-191-10066 WELLINGTON UNIT, was LUDWIG 6

18 15-191-10112 WELLINGTON UNIT, was ERKER 10 75

19 15-191-10262 Wellington Unit 128

20 15-191-11442 WELLINGTON UNIT, was ERKER 7 63

21 15-191-10100 WELLINGTON UNIT, was ERKER 9 66

22 15-191-10104 WELLINGTON UNIT, was PEASEL 2 38

© 00 N Ol W N - O

Latitude Longitude PH CI HCO3

37.3186181 -97.4222009 5.4 116779.0
37.316789 -97.4404585 5.0 115677.0
37.3167567 -97.4427281 5.6 115351.0
37.3131677 -97.4267918 5.4 113642.0
37.3113174 -97.4427614 5.2 107742.0
37.3189958 -97.4427138 5.3 116275.0
37.2985459 -97.4314147 5.0 118434.0
37.297249 -97.4518072 4.9 121009.0
37.3262015 -97.4380895 5.2 113183.0
37.3095437 -97.4291032 5.3 118795.0
37.3040974 -97.4405362 6.5 128012.0
37.3004292 -97.4291577 5.2 118622.0
37.3057345 -97.4366087 5.4 139549.0
37.3167935 -97.4267498 5.3 113276.0
37.3094396 -97.4473117 5.3 110894.0
37.3206206 -97.4312801 5.3 119798.0
37.3131714 -97.4313305 5.2 116055.0
37.331713 -97.44715755.4 107441.0
37.3068262 -97.431404 5.3 122869.0
37.291225 -97.433637 5.2 118172.0
37.3095512 -97.4381806 5.6 120744.0
37.3095456 -97.4313725 5.2 125396.0
37.3167954 -97.4290191 4.9 117952.0

85.8
91.5
103.7
128.1
122.0
61.0
915
854
122.0
79.3
128.1
61.0
115.9
73.2
122.0
73.2
97.6
134.2
915
73.2
1159
79.3
854



23 15-191-10281 Wellington Unit 100
24 15-191-10074 WELLINGTON UNIT, was LUDWIG 2 11

25 15-191-10126 WELLINGTON UNIT, was BARLOW 'B' 1 68

26 15-191-11325 Wellington Unit 129
27 15-191-21608 Wellington Unit 149

28 15-191-10096 WELLINGTON UNIT, was FRANKUM 2 44

29 15-191-10134 WELLINGTON UNIT, was ERKER 1 47
30 15-191-10261 Wellington Unit 94

3115-191-10061 WELLINGTON UNIT, was W. I. GASKILL 2 14

32 15-191-21180 Wellington Unit 145

3315-191-10045 WELLINGTON UNIT, was KAMAS 6 32
34 15-191-10294 Wellington Unit 99

35 15-191-10259 Wellington Unit 106

36 15-191-10255 Wellington Unit 107

37 15-191-10271 Wellington Unit 114

3815-191-21000 Cole 1

37.3000928 -97.4405128 5.3 114512.0
37.3271537 -97.4426522 5.6 108781.0
37.3095419 -97.4268338 5.4 122212.0
37.2913664 -97.4291 5.6 111867.0
37.3244862 -97.4512991 4.9 104796.0
37.3130335 -97.4495591 5.6 112224.0
37.313177 -97.43813855.2 116258.0
37.3020297 -97.4359747 5.3 133276.0
37.3244208 -97.440403 5.4 112096.0
37.3149806 -97.4267708 5.2 112734.0
37.3188077 -97.4312801 5.2 117735.0
37.2998989 -97.4518557 6.5 118856.0
37.2988754 -97.4353874 5.3 119951.0
37.2993815 -97.4336889 5.2 120956.0
37.2967687 -97.4302689 5.8 118592.0
37.3186655 -97.4244707 5.2 118516.0

39 15-191-10055 WELLINGTON UNIT, was FRANK KAMAS 9 24 37.3206917 -97.4346848 5.6 132569.0

40 15-191-10136 WELLINGTON UNIT, was PEASEL 2 41
41 15-191-10290 Wellington Unit 123
42 15-191-10059 WELLINGTON UNIT, was RIDDELL 2 16

37.3149899 -97.4381175 6.1 116674.0
37.2935546 -97.4517973 5.8 117231.0
37.3226624 -97.4494956 5.3 99927.5

73.2
85.4
67.1
85.4
854
73.2
109.8
30.5
134.2
85.4
91.5
152.5
73.2
854
915
112.2
79.3
915
73.2
122.0

Data Statistics

MNEM Description Minimum 5% 25% Mean Median 75% 95% Maximum
PH PH 4.9 4.93 5.2 53 5.36 55 6.37 6.5

Cl Chloride 999275 107764.79 112479.0 116779.0 116650.62 119874.5 133063.9 139549.0

HCO3 Bicarbonate 30.5 62.83 73.2 85.4

Gridding Parameter & Calculated Data

Grid Area Parameters

91.81 11405 13419 152.5

ColorLith Plot Limits

Minimum X in feet: Minimum Y in feet; -

509357.4 1369.6
Maximum X in feet: Maximum Y in feet:
520657.6 16128.6

Number of Columns: 34  Number of Rows: 52
Minimum Grid Spacing: 342.4
Search Parameter Selection

Inverse Distance,, .Maximum Distance t018840
Weighting Exponent: = ~Nearest data point, ft: '
Number of Nearest, Maximum Search37670
Neighbors: Radius, ft: '



Minimum Maximum
MNEM  Description Color BrineData  |Color Value Brine Data  |Color Value

PH PH RED 49 255 6.3 0
Cl Chloride GREEN |107764.8 255 133063.9 0
HCO3 Bicarbonate BLUE 62.8 255 134.2 0

Figure 2. Gridding and mapping of baseline brine data using a new Java application.

4. Updated Mississippian model for CO; injection design

The Mississippian reservoir was revisited and updated in July and August to incorporate new
data from the KGS #2-32 drilled in the previous quarter. The core obtained and the log data made
a compelling case for slightly inclined stratification of high-frequency depositional cycles.
Seismic was reexamined to trace this cyclicity and confirm that the small dip of a few degrees
was depositional dip, not structure.

Projected location
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porosity thickening indicative of
low-angle, westward progradational wedges

A s Cross section index map
showing depth slice of amplitude

Figure 3. SW-NE stratigraphic cross section using well logs illustrates the progradational
wedge geometries that clearly distinguish the west and east sides of Wellington Field. The



west side has a uniform porosity profile (colors of yellow and green), while the porosity on
the east side exhibits a notable gradient with the porosity highest at the top. The location of
the CO2 injection is located on the index map that is inset and on the cross section. Thus,
the CO2 injection well is located in a more optimal location with more uniform matrix
porosity profile.

5. Identification of nearby seismicity events

The team of Tsoflias, Graham, Nolte, Raney, and Victorine has made considerable progress since
January when the operation, processing, and interpretation were turned over to them. The critical
threshold for seismic events is 2.5 magnitude, since this is the levels of magnitude that is
commonly felt and is the level at which an event is reported to EPA. Events as low as 1.0 are
being routinely recognized.

Milestone Status Report

Project Schedule

Task 2 — Site Characterization of Arbuckle Saline Aquifer System - Wellington Field

July 1

Area of Review Computational Modeling submission made to EPA GS Data Tool. This included
an updated export of the grid as an attempt to repair conversion errors in the files.

July 1 — Overview presented of seismic activities by Brandon Graham

“For approximately the past month, Alex Nolte and myself (Brandon Graham)
have been assigned to process the 15 Mark Products L-22 3-component seismometers
with IRIS Ref-Tek R-130 Data Acquisition Systems (DAS), as well as install 3
broadband, high sensitivity Nanometrics Trillium Compact Posthole seismometers to
record data concurrent with 3 of the Ref-Tek seismometers. The new Nanometrics
systems have been configured for continuous data collection into an onboard
recoding medium (SD card) at maximum sensitivity of 2 volts peak to peak with a
sampling rate of 250 Hz. This should allow for adequate acquisition of local high
frequency micro-seismic events. During the time period of a high resolution 2
dimensional survey to be performed by the Geophysics group at the KGS, the
Nanometrics systems’ sampling rate will be increased appropriately to allow for
adequate sampling of the high frequency chirp from the vibroseis. This will allow for
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increased control of the velocity model linked with known source location, timing, and
approximate energy.

Processing the seismometer data is non-trivial. The current choice of
processing software is the Seisan Earthquake Analysis Software package, Version
10.3, developed and maintained by Lars Otteméller and Jens Kavskov of the
Department of Earth Science at the University of Bergen, Norway and Peter Voss of
the Geological Survey of Denmark and Greenland. This software was chosen based
upon: recommendation from KGS employees, IRIS backing/associated program
support, the multiple operator system platforms supported (Windows, Solaris, Linux,
and MacOSX) and interoperability of data, processing capabilities, and plotting
location features. Various processing tools include: location based upon arrival times,
back azimuth determination from multi-component stations, magnitude, hypocenter
location, velocity model flexibility and updating, focal mechanism estimation, spectral
analysis, particle motion based on instrument correction, and more.

The process of accessing the data in Seisan required an understanding of the
Seisan software and data structure. Seisan utilizes several databases and file types to
represent data. An .S file is the file type used to organize the relevant data into a
standard format (NORDIC format) for an event. The file contains WAV file names
associated with the event, phase information picked from the WAYV files, magnitude
calculations, calculated location of the event, hypocenter information, etc. The .S files
can be stored in a database structure associated with the data of the event. WAV
files are the response or waveform files recorded from a seismometer. WAV files can
be of various formats, including SEED and MiniSEED, however there are words of
caution in the documentation about the preservation of header
information/metadata with the use of SEED and MiniSEED data. The documentation
does note successful use of SEED and MiniSEED data formats, but warns it is not fully
supported yet. Upon initial testing of MiniSEED data recorded from the Nanometrics
seismometers, there does not appear to be any loss of data however. An option
however would be to convert the WAV file into another format which is more
adequately supported. For the time, we will maintain use of the response file in the
Miniseed (.mseed) format.

The recorded raw waveform data from the Ref Tek R-130 seismometer is
collected through an RTP server and archived at the KGS. This data is saved in several
formats that need to be reconstructed through a series of UNIX based programs to
become a usable format. The data is in a Ref Tek file format that is very similar to a
year/day directory format. All data that was not sent to the KGS server, but was
stored in the cards on the seismometers, must be added into the correct days to
ensure proper formatting. Once all the data is formatted, it is compiled into special
ZIP files of approximately 2 GB each, through a program IRIS developed called NEO.
These files are then sent through a second program (RT2MS) which converts this Ref
Tek file format to MiniSEED format. This process is unfortunately very slow, taking
approximately three hours for each of the 2 GB ZIP files. Since there is already over
200 GB of data from the Ref Tek seismometers, this process can become very time
consuming. More testing of the RT2MS program is underway but currently only one of
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these ZIP files can be processed without error, so the program must be rerun for each
file.

The recorded raw waveform data from the Nanometrics is saved to an SD
card that is manually retrieved and swapped out with a fresh card to continue
recording. The data is natively saved in MiniSEED format, and is directly readable by
Seisan. All data is continuously recorded, and triggered event file creation is not
utilized because the level of detection for micro-seismic events would not consistently
register.

The data is currently planned to be formatted into SEED/MiniSeed, however
as further testing of Seisan is performed, it may be transformed into a different
format such as Seisan format or SAC for data processing purposes. This may be
necessary as other formats are more compatible with signal processing while the
SEED format is better for compressed waveform storage and metadata completeness.
The data handling will initially be tested by creating continuous waveform databases
for the units and separating the components appropriately. The original response
files are saved locally into the working WOR directory of the Seisan file structure, and
then entered through the Seisan software to create a duplicate response file with the
proper file naming scheme, and saved to the appropriate database. 18 databases will
be created: 3 for the Nanometrics X/Y/Z components, and 15 for the Ref Tek X/Y/Z.
Due to the theoretically higher sensitivity of the Nanometrics Trillium seismometer,
we will initially look for first arrivals on the X/Y/Z component of the three Nanometrics
units. This should be faster than loading and manipulating 54 sets of 60 minute long
data from a remote server, which previous tests have suggested causes significant lag
in simple picking of phases. After initial conformation and registration of events into
.S files, selected smaller time windows of the Ref Tek waveforms can be evaluated for
events and phase arrivals. After registration of the events into .S files, the .S files can
be appended to create a single .S file and windowed output of all of the collected
waveform files into a single waveform file. This will allow for: archival of the raw
data, archival of the formatted continuous data, and duplicate formatted event data
with phase picks and processing on a smaller waveform time window for efficient
data handling.

After initial testing of the Nanometrics data from several days in May, many
events have been observed on several scales including regional large scale
(Magnitude 2-3) events recorded by the KGS network outside of Wellington. Local
events interpreted as microseismic events have had a range of qualitative magnitudes
and frequency ranges recorded as high as 70 Hz. Various filter configurations have
been tested to observe events recorded by all three of the seismometers. Many of
these events are close to the noise levels of the filtered frequency ranges. Once
properly formatted Ref-Tek data is available, we will be able to compare the
differences in detection level and frequency noise level for the stations.

The use of high frequency range band pass filtering has exhibited an increased
visualization of micro events (Figure 4). A frequency range of 40-70 Hz for high
frequency events was determined based upon the frequency spectra of the ambient
noise level. The frequency range of 5-30 Hz has been saturated by ambient noise i.e.
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unable to distinguish known micro events from noise. Narrow (5-10 Hz band pass
widths) have been useful for pulling events from the noise, particularly in the range of
60-70 Hz. Due to the enclosed metal vault construction, there has not been a problem
with the 60 Hz AC commercial power line noise.

A preliminary concern with picking the high frequency events (40-70 Hz) in narrow
band-pass windows (5-10 Hz band-pass widths) is the picking of surface noise from
construction level activity. An example would be the movement of heavy machinery
such as a back hoe driving around, and then unloading a bucket of rocks. This
scenario would create long time duration noise with impulse events that could be
picked in a narrow frequency range. Also, the percentage of the bandwidth of these
filters is relatively small, and caution is being taking in the interpretation of this data
in the narrow frequency range. Further review of this method will be compared to the
other stations once data is properly formatted.”
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Figure 4. “The high frequency events observed are close to the noise floor, and the envelope of the
events varies from station to station. The collective comparison of multiple stations will be important
in the determination of the high frequency events and their robustness for picking micro events.”
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July 6" —

Discussion of a mass spectrometer and the requirements of the instrument to perform sampling of
Mississippian waters. A summary from L. Watney’s email describing the specifications and
requirements is below:

“The quad mass spec will be used to measure gases at the wellsite. It is portable, but large
enough for the need to carry to the well location via pickup or van.

The gas samples to be analyzed will be at low temperature and low pressure suited for
sampling of vapor from the Mississippian monitoring wells or vapor from depressurized
samples from the U-Tube.

The mass spec. will require tuning in a lab environment and once at Wellington for a
round of well sampling, should be temporarily stored when not in use in the field in a
clean, air conditioned location. | will need to discuss with Dana.

We are unsure about the detection limit of Xe, but our preference is to use Kr for the
Mississippian injection and SF6 for the Arbuckle. SF6 is reserved for the Arbuckle due to
the possibility of masking by a heavier HC gases that could affect detection of the SF6.
Ar has mass that is very similar to CO2 so use of Ar with the Mississippian CO2
injection is questionable.

We agree that a mass spec with a range of 100-200 amu is preferred, higher so we can
also record the range of HC gases that could precede an oil bank when CO2 releases
lighter HC from oil that it contacts.

In terms of dosage and cost, I'll work with Eugene once he is able to break away from the
EPA permit questions that continue to this day.

Use of the mass spec by the KGS after these CO2 injections -- similar applications would
be envisioned with this unique instrument for the region, perhaps with new funding for
next gen CO2-EOR with tracers as we have previously proposed, testing new
technologies for monitoring such as the use of EM which is currently being discussed.”

After careful consideration, it was decided that laboratory analysis would be sufficient to fulfill
the needs of a mass spectrometer until a perfluorocarbon tracer is introduced with the CO, for the
Arbuckle injection.

July 7%

A conference call was held with a company interested in exploring the feasibility of using
electromagneitic (EM) technology in the Arbuckle CO; injection. Although exhibiting potential,
discussion was deferred.

July 71—
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Conference call with EPA to address the remaining questions that have been based on 1)
EPA/Cadmus difficulty in rebuilding our simulation, and 2) added questions about the simulation
to make it conservative including elements such as relative permeability.

The KGS received an Excel table with the Berexco/KGS testing and monitoring strategy tables
for the above-confining-zone/plume/pressure-front monitoring. The file provides a summary of
important information exchanges and highlights details where more information has been
requested by the EPA.

Comments on the two shallow water monitoring well completion reports were also received,
along with request for more details for EPA.

July 8"

John Victorine updated the online data analysis tools to incorporate the gridding and mapping
with ColorLith to display spatial changes for up to three brine components from the database.
This is intended to use the mapper to show changes in brine composition when CO, is injected.
Future additions will hopefully include concentrations of CO,, HC gases, and tracers.

Plot control was used to select the brine curves and allow the user to change the minimum and
maximum values that are used to compute the ColorLith (Figure 5).
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Blue: TDS 181752.5 2256636

| Clear Selection || Plot Map ‘

Figure 5. Plot control for gridding variables obtained from brine analyses.
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July 9™ - A bar and whisker plot was also added to the gridding and mapping plots (Figure 6).
The function of these plots will be improved over time, including options for the user to control
the cell size, generating “report” outputs, and enhancing the flow and interface of the mapping
dialogs.
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Figure 6. Whisker plots alongside gridding map.

July 9™

An error during the retrieval of the GPS data resulted in a loss of recorded information from
April 15" to early July. Discussions are taking place to transmit the GPS data via telemetry in
order to mitigate the risk of future data losses and expedite processing.

Email from Mike Taylor regarding INSAR:

“InSAR status-

So far, we have acquired six images each over two SAR track
footprints, viewing from two different directions. The iImagery was
acquired between the end of March, 2015, through to the present, and
the next two images have been requested as well. Data quality is very
good over the major roads and other manmade infrastructure. Over
agricultural fields, some decorrelate entirely, others are very
coherent but with a phase signature that varies from field to field
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and is likely related to soil moisture. Still, we will be able to
place upper limits on the deformation and subsurface pressure changes,
particularly at shallow depth, because the field-specific signals are
uniform across each field, without the curvature that would be
observed if the deformation was associated with a subsurface source.”

We are considering the addition of portable radar reflectors for the Arbuckle injection, but this is
pending us moving forward with the Class VI permit.

July 9™

From weekly update in reference to “Berexco Testing and Monitoring Tables 6-24-15" and
“General Instructions New AoR Delineation 7-7-15")

1. On July 2, discussed use of an Ascii grid export for a simplified, conservative CMG
model incorporating an orthogonal grid and input parameters for achieving a
conservative model.

2. July 7th. It was determined that Ascii grid file could not be successfully imported
without resolving irregularities in the grid. A scaling error was also discovered after
running the new version of CMG software requiring re-submission of a new model
domain.

3. Following discussions talked to STOMP developers at PNNL and including expression
of concerns about warning noted in use of STOMP on use of grids such as our build in
Petrel. We also discussed how a model boundary should be handled to match that used by
CMG. We also learned of an alternative means to import Petrel grids from PNNL and are
currently creating our own version of STOMP that we intend to share with EPA to
facilitate decision-making on the AoR as well facilitate updates to the model with the
injection begins. EPA positively acknowledged our effort to work with them to ensure the
successful use of STOMP. EPA confirmed that they were working successfully with a
coarser grid version of the CMG model shared earlier and had been using this to
evaluate our responses toward completing a conservative model toward finalizing an
AOR. This also requires updating since the scale change.

4. Received RAI table on Testing and Monitoring and importantly, remaining questions
pertaining to the USDW determination.

5. Obtained positive response documents we previously provided to EPA regarding safe

injection and addressing seismicity  with the operational plan.

July 10"
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Response to DOE Peer Review recommendations from the IEAGHG submitted (see NETL
Carbon Storage Peer Review form for additional details) (Figure 7).

1. 5. Department of Energy
MNationzl Energy Technolegy Laborztory
RESPONSE TO PEER REVIEW RECOMMENDATIONS FORM
F113 Carbon Storage Peer Beview

March 2 — 6, 2013

Award Number | FEQ0065211

Principal Investigator | Lynn Watnay
Performing Organization | University of Kansas Center for Rassarch

NETL FederalProject Manager | Brian Dirassa

SECTION I: RECOMMENDATIONS

This section is to be completed by the Principal Investizator (PI) and
NETL Federal Project Manager (FPM).

Provided in the individual boxas balow ars the Eaview Panel’s Racommendations, for the sbove raferancad
project, basad on the presentation during the FY15 Carbon Storage Pear Raviaw. Tha Stratesic Canter for
Coal (S3CC) Managament has reviewsd the Eacommendations for sach project and has daterminad that a
rasponsa b the PI is not raquired for some Racommendations. The boxas forthese Recommendations have
baen pre-fillad and no further action is requirad by the PI. The PI and METL FPM ara raguired to develop a
consansus rasponse for all other Eacommendations. The response has four parts which must be addrassad:

1. Develop a consensus narrative rasponsa.

2. Identifv if thers is a scope, cost or schaduls impact.

3. Indicate whathar ths Racommeandation will or will not be incorporatad into the project’s Statemant of
Project Objectives or Staternent of Work by placing an “X™ on the appropriats lina.

4. Ifincorporatad, dasignate a planned completion dats for the Recommendation by marking a three-

month rangs and calsndar vear.

Once consensus is reached betwasn the Pl and the NETL FPM, these responses will be providad to the
raspactive NMETL Teachnmology Manapsr and Division Diractor for review and approval. Pleaase seze
accompanving email for more datailad instructions.

3

Review Panel Recommendation 1 (B1)
Tha contingenew plan whara Class VI approval is dslavad bevondthe expacted approval dats for
complating the project by the dus date (Ssptember 2016) needs to be articulated.

(1) The application for a Class VI geossquestration well permit ramains undar review by U.S. EPA
and the mutually apreed upon schaduls calls for a draft version of Class VI parmit to be issuad by
Augnst 31st. Following a public comment period in the fall, the approved permit to allow CO2 to be
injectad would be raceived by Dacamber 29, 2015, The remaining tims on the DOE contract would
allow for the COZ injection to be finished bw Saptember 30, 2016, A no-cost time axtension will ba
ragquasted of DOE/MNETL to parmit post-injection monitoring for one wear, until Septembear 30, 2017,
the duration requestad of EPA. The projectintends to generats sufficient cost savings in BP3 to carrv
over into the post-project period and perform all necessary monitoring without requiring additional

funds.
(2) Cost, Schedule or Scope Impact: Qutside project scope
{check the appropriate box) x Cost'Schedule impact

. HATIDHAL ENERCY TECHNDLOGY LARORATORY

Figure 7. Page 1 response to the DOE Peer Review recommendations from the IEAGHG
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July 16"
The Gridding and Mapping Module for the CO2 project was released by John Victorine.

Brine Data Gridding & Mapping Module has been completed for the CO2 Project. Help
document remains. A download function allows 1) the user to download the Web App to run PC
without the internet and 2) unzip the file, the program files are located under a directory called
'GRID' so it is safe to unzip where ever you like. The Help Document will be added to the Zip file.
As usual, the web site will also have an Applet version so the software can run as a Web APP.
Google Chrome is NOT recognizing the Java JRE so IE and Firefox browsers are needed.

The web site address is at: http://www.kgs.ku.edu/PRS/Ozark/Software/GRID/index.html.

The user can select any of the "Search By" buttons on the main Gridding and Mapping Module
Panel resulting in a list. The Total column is the number of individual wells that have brine
data, the higher the number the better. Eventually, the "Search By" Formations button will be
removed since all of the brine data will be coming from the Mississippian as the CO2 injection
proceeds. The "Map" Button will become enabled when one highlight a brine data item in the
list and click on the "Select" Button.

The map dialog allows the user to select up to 3 brine data chemical species and simultaneously
display their concentrations a map. Each chemical constituent is a single color (Red, Green and
Blue). The program will automatically display brine data that is available in the download the he
user selects. The user needs to select the check boxes from left to right otherwise the color mix
will not come out right. Eventually, this problem will be fixed.

The Table below the check boxes contains statistics of the chemical data that is displayed (see
Figure 2). The minimum and maximum are initially selected from the 5% and 95% columns, but
you can change the min and max with the text fields at the bottom of the dialog. You can also
change the well labels on the map in the "Add Well Labels By" radio buttons. The default is the
API-Number. When you create a report the program automatically uses the "Well Order" radio
button and then re-displays the selected radio button.
An example report created is at
http://www.kgs.ku.edu/PRS/Ozark/Software/GRID/Example/Output.html. A composite view of
the base map, data table, and mapping is also included below in Figure 8.
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Figure 8. Composite view of maps and tables of brine chemistry provided by the new Java
applications.

July 16"

Relative permeability curves were calculated for both drainage and imbibition for 9 rock types
(RQI) for CO2-brine systems in the Arbuckle. Both drainage and imbibition curves were used
because drainage occurs during the first part of injection, but after injection ceases, imbibition
then occurs, so using imbibition curves in estimates is appropriate. The relative permeability
calculations are based on a water wet system. These results are believed to be reasonable, and
should improve the model in terms of estimated residual trapping of CO2.

July 17"

Weekly update on Class VI application to Brian Dressel:

1. EPA has requested that the QASP be finalized and approved prior to any further sampling
events. EPA provided the document describing the protocol of the private well sampling on
Tuesday. This document was incorporated into the QASP as an addendum and is included in
Appendix C. EPA will witness the next sampling event.
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2. The KGS and Tbirdie developed a schedule to sample two domestic water requested by
EPA. The KGS has been in verbal contact with both of the landowners and received permission to
sample the wells.

3. A nearby certified lab has confirmed that they could process the water samples within several
day turnaround times. Isotopes will also be used to help differentiate the sampled waters. Water
will also be collected from Spring Creek near the domestic wells will be used to evaluate local
conditions where modern drainage is interacting with well water. This is what has been inferred
from the hydrogeologic mapping, where a shallow paleo valley cuts an older terrace as well as
the Wellington Shale. The valley also lies below and adjacent to Spring Creek. Tiraz and | thought
that use of isotopes could help to verify hydraulic connectivity between the creek alluvium,
paleovalley alluvium, and the higher, yet older terrace that is present at Wellington Field.

4. A hydrogeological report is being prepared that will include the geochemical results of water
wells and placed in the context of maps and cross sections conveying the stratigraphic and
lithologic distribution of the shallow unconfined aquifer now significantly refined by the KGS. The
hydrogeologic-database consists of 144 wells with a range of parameters including sediment
profiles, elevations, and static water levels. This report will be immediately submitted to EPA
soon after surface and shallow water analyzes are received.

3. New relative permeability curves have been developed for the Arbuckle modeling per EPA's
request. This data will be incorporated into the CMG model as one of the final components to
prepare a conservative simulation as requested by EPA. The grid and files of variables will be
exported from CMG for use in the STOMP simulation software.

4. TBirdie has acquired the pre-processing (conversion) software and STOMP from Pacific NW
National Lab to build and will complete a simulation that will parallel the CMG-based model. The
intent is to expedite the validation of the AoR by actively participating in the modeling. This
process and workflow being addressed will provide a means to rapidly update EPA during CO2
injection as model gets revised so that focus of efforts can be to address the DOE-sponsored

research.
July 21st

Re-purging of the shallow monitoring wells at Wellington was accomplished;

The 200°well had a fluid water level of 39’6 from the surface.
The 100° well had a fluid water level of 19°1” from the surface.
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July 23"

Difficulties were encountered when purging the 200 well. An air bailer was employed as an
alternative and successful method. Ten gallons of water were recovered from the 200” well in the
first 20 minutes. Initial fluid level was at 63° (Figure 9).

Figure 9. Photo taken while purging the last 3’ of fluid from SW-2.

Final report from J. Bruns below:

“Report from today.

9:00-11:30  Went after parts and built bailer in shop.

12:00 Check fluid level and found it at 63 feet from the surface. Ran in air bailer.
1:00 Began bailing on the 200" monitoring well.

Time Total accumulated gallons
1:30 - 15 murky water

1400- 22 murky

230. 26 murky

3:00 32 murky

330- 40 murky slight gray
4:00 48 gray tint
4:30. 53 total gallons recovered

* the last 3 gallons were very dirty (grey)

There was a cup full of sand in the bottom of the sample bucket on the last couple of
gallons, this shows we were right on bottom.

22



We bailed the well down to only 4" to 6" left in the bottom of the hole.
Picture of the actual bailer and the sand from the bottom two gallons recovered is
provided in Figure 10.

LN B

Figure 10. Sand from the bottom 2 gallons recovered in SW-2.

9:05 PM: It is 104" 4" down to water in the 200" well at 8:30 pm on 7/23/15. That is 95'-6" of
recovery in 4 hours.

The 100" well measured 19'-6" from the surface, which is a 5" lower measurement than two days
ago, but could be an instrument variable.
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7/24/15. 8:00 am. 102' down to fluid on the 200" well.

(per J. Bruns email)

July 27"

Updated drilling report for KGS 2-32 shows that well is in the process of being equipped for
CO2 injection (Figure 11).

COUNTY  Sumner STATE K5
SEC  32-3151W

API#  15-191-22770

ELEVATION 1257 - GR 1269 - KB
GEQLOGIST: Tyler Sanders 316-807-0157
SPUD DATE: 32042015, 7.00 am

427115 Ran 5-1/27 X 2-7/8” Arrowset PEKR. Set @ 3638° KB. Ranswab- fluid level 18007 from surface, 100°
free oil ontop. Recovered 10.8 BW on swab down. Had 700° fill up after 1 hour. Acidized Mississippi
perfs with 2500 gallons 10% NEFE-HCland 250 ball sealers. Treated 3 BPM @ 1300% initially, increased
to 5.7 BPM @ 700 towards end. ISIP 50%, 30 seconds to vacuum. TLTR 90 BTF. Ran swab- fluid
level 11007 from surface. Recovered 447 BW on swab down. Next hour recovered 208 BTF with trace
oi1l. Shut down.

4/28/15 Ran swab- fluid level 20007 from surface, 50° oil ontop. Swabbed 26.7 BTF. Release PER and nmm
across perfs to remove anv remaining ball sealers. Reset PER @ 3638° KB. Ran swab. Recovered 16.8
BTF on swab down.

15 Hour 19.1 BTF, fluid level 2800° from surface

244 Hour 23 4 BTF

34 Hour 16.7 BTF

4t Hour 13.4 BTF

5% Hour 13.4 BTF

6% Hour 20 BTF. Fluid level stayed 28007 from surface. Caught fluid samples.
Shut down.

4/29/15 Ran swab- fluid level 20007 from surface, 75° free oil ontop. Injected 2 BPM for 10 minutes- took fluid
on vacuum. Injected 4 BPM for 10 minutes- stabilized pressure 130%. TOH w/ tubing and PER. RDMO
BXRig#13.

4/30/15 Waiting for pulse test scheduled for the week of May 10.

5112115 Ran pulse test in well.

5/27/15 Too muddy to move in rig/injection tubing.

6/8/15 MIRU Contract WS Rig. TIH w/ nickel coated Arrowset-1X PER with Viton rubber and 1.8757 stainless
steel profile nipple for X-style blanking plugs, nickel coated on-off tool and 110 jts TE-70XT coated
tubing. Pump packer fluid and set PER @ 3636° KB. Annulusheld 1302, RDMO Contract WS Rig. Will
MIT well 6/10/15.

6/10/15 MIT well to 350=- held. Witnessed by JTonathan Hill of KCC District #2 office.

6/23/15 Permit for carbon dioxide injection approved by KCC.

715 Installed 27 2250% fiberglass water injection line from Wellmgton Unit #5321 injection well to Wellmgton
KGS #2-32 well.

727115 Waiting on high pressure stainless steel fittings to finish hooking up wellhead.

Figure 11. Well completion status Berexco Wellington KGS #2-32.
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July 27"

Seismometer array continues to be analyzed to build the catalog and provide a solid methodology
to resolve depth and magnitude. This update provided by B. Graham on a 3.0 magnitude event

near Conway Springs, located west of Wellington is located in Figure 12.
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Figure 12. Location of a prior earthquake examined for testing purposes.

On December 2™ 2014, an earthquake south of Conway Springs, KS was recorded by USGS
network with a calculated magnitude 3.0 at 7.8 km depth was detected and archived in the USGS
database. Event is approximately 18 km West-South-West of the Wellington Array.
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Figure 13. The Conway Springs event as detected by the Wellington seismometer array.

The Wellington Array detected the event clearly and was able to create a preliminary location

and Coda Magnitude of 2.4 (Figure 13).
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Figure 14. Conway Springs event from a single Wellington seismometer.

This is a close up of single station (station WKO06), three channel (Z, North and East) pick of the

registered event. Note the P and S wave arrival (Figure 14). Further analysis addressed in
Figures 15-18.
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Figure 15. The event is registered and picked for P and S wave arrivals. The program then
uses the velocity model and arrival times to determine a location and error ellipse.
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Figure 16. This is a Google Earth map generated by the Seisan program of the location of
the picked event, the error ellipse, and its location relative to the USGS estimated location.

The estimated event locations differ by 2.8 miles (4.3 km) and the depth estimated by the USGS
is 7.8 km compared to 10.5 km calculated with the array. The differences are due to the velocity
model accuracy and proximity of the sensors. The velocity model used by the Wellington Array
is derived from well logs from 1-32 inside the perimeter of the array. The array however is less
sensitive to the azimuthal directivity due to its location in the East North East direction. Utilizing
another sensor outside the array would further enhance the accuracy of events outside the array.
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Figure 17. EXTRA: An example of the frequency spectra of the event. Note the comparison
of the signal over the noise as well as the preservation of the high frequency range (>10 Hz)
which is usually attenuated significantly or absent in most earthquakes, therefore not
recorded.

July 27"

Draft of field and laboratory analysis of the Mississippian wells received from K-State (example
Figure 18). The commercial lab being used held the test results due to a confirmed, high barium
concentration on Well 24.
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Pre-CO2 Injection Averages Nelson South Erker Well #24 Well #25 Well #32  Well #41  Well #45 Well #47 Well#53 Well#61 Well#62 Well#63 Well #82

Sample Date: 6/16/2015 6/25/2015  6/24/2015 6/24/2015 6/24/2015 6/25/2015  6f17/2015  6/23/2015  6/17/2015 6/18/2015 6/18/2015 6/19/2015 6/25/2015
Depth:
Cordinates:
Meters
Average Average Average Average Average Average Average Average Average Average Average Average Average

Notes 10 pm Filtered Unfiltered 10 pum Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 um Filtered 10 um Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered
ORP (mV) -102.50 -3130 -47.43 -102.80 -70.30 -44.40 9037 -83.27 -30.67 -1470 783 -8147 -87.37
pH 5.67 599 583 534 574 5.80 6.13 581 598 587 583 573 575
Temperature Multi Meter (°C) 3350 3293 33.03 2827 3587 3720 2867 3467 3467 3163 33.80 3733 4260
Conductivity (mS/cm) 178.30 166.10 19273 16173 173.23 174.50 150.67 163.63 169.70 16347 171.00 164.03 127.33
Calculated TDS (mg/L) 119451.00 111287.00 12913133 10836133 116086.33 116915.00 100946.67 109634.33 113699.00 11086267 114570.00 10990233 85313.33
Salinity (ppt) 89.20 8110 96.53 8193 8853 8843 7333 8257 8597 83.87 8457 8207 6143
Temperature Conductivity Meter (°C) C 3607 3260 2773 3563 3720 2843 2 2 e & 3713 4263
Turbidity (NTU) 2212 1096 185 235 268 0.19 7.61 262 268 1.5 463 5.16 257
Spectrophotometers

Test Test Range Average Average Average Average Average Average Average Average Average Average Average Average Average
Notes 10 pm Filtered Unfiltered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered
Alkalinity 25- 400 mg/L 52950 97.150 116.950 95.050 75550 81.000 43.100 207.450 320.600 217.700 150.000 213.600 83.400
Ammonia 1-12mgfL 6.850 2503 1.185 1750 1350 1260 Over Range 4613 6.145 5.820 £.300 5.975 1610
Iron 0.2-6mg/L QOver Range Over Range  Ower Range  OwerRange  Over Range Qver Range OverRange  OverRange  OverRange  OwerRange  OwerRange  OwerRange  Over Range
Nitrate 0.23 - 60 mg/L Over Range OverRange | OverRange | OwerRange | OverRange OverRange OverRange OverRange = OverRange | OverRange | OverRange | OwerRange | OverRange
Nitrite 0.015- 2 mg/L 4655 0.046 Under Range 0.021 Under Range 0.052 Under Range UnderRange Under Range 2636 Under Range Under Range 0.053
Sulfate 150 - 900 mg/L 730.750 Over Range 553.950 QOver Range Over Range QOver Range 764.600 Over Range ‘Over Range 879.500 Over Range Over Range QOver Range
Test Kits

Test Test Range Test Result Test Result Test Result Test Result Test Result Test Result Test Result Test Result Test Result Test Result Test Result Test Result Test Result
Notes 10 pm Filtered Unfiltered 10 pum Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered 10 pm Filtered
Alkalinity 20- 400 mg/L 45.00 65.00 55.00 4500 50.00 70.00 45.00 40.00 10.00 35.00 50.00 50.00 60.00
Arsenic 0 - 500 ppb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Chioride 500 - 100,000 mg/L| 100000.00 130000.00 15500000 145000.00 135000.00 130000.00 140000.00 140000.00 100000.00 14500000 135000.00 150000.00 140000.00
Dissolved Oxygen (DO) 1-12mg/L - - - - - - - - - - - - -
Ferrous Iron Over Range OverRange OverRange OwerRange OverRange OverRange OverRange OverRange OverRange OverRange  OverRange  OverRange  Over Range
Manganse 0-3mg/L 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Phosphate 7 2 * i = o 7 = = = * i =
Sulfate QOver Range Over Range  Ower Range QOver Range QOver Range QOver Range Over Range ‘Over Range OverRange  Ower Range Over Range Over Range QOver Range

Figure 18. Analysis sheet submitted by KSU

August 2"

KIOGA short course given in Wichita, KS - “Carbon Dioxide EOR Applications for Kansas
Operators.” Ninety-eight feet of core from the Mississippian oil reservoir in KGS 2-32 were
displayed at the event. The presentations continued through the course of the day.

The final agenda is below:

Carbon Dioxide EOR Applications for Kansas Operators

e 1. Highlight the work being conducted related to CO2-EOR in the state (Lynn 10:00-10:20am)
— Regional and statewide CO2-EOR and storage assessments
— Southwest Kansas CO2-EOR Initiative
— Summary of Hall-Gurney CO2, pilot and commercial scale CO2-EOR
— A new Kansas CO2-EOR Initiative
e Proof of concept needed with a successful CO2-EOR injection at Wellington
e Prospectus for Governor’s Conference

e 2. Introduction to Wellington CO2-EOR small-scale test (Lynn 10:20-10:45)
e Support of DOE-NETL, Contract DE-FE0006821
e Participation in Wellington CO2-EOR Project by Kansas Independent Oil and Gas
Industry and those serving the industry
— Berexco, LLC — operator of the field and field-based activities, Linde,
Praxair — CO2 supply, Fossil Drilling, MudCo, Devilbiss Coring Services,
Halliburton, Core Lab, Trilobite Testing, Schlumberger, CMG, Continental
Analytical Services, Inc.
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— Other collaborators — LLNL, LBNL, IRIS-PASSCAL, Tbirdie Consulting, Inc.,
KGS, KU Geology, KSU Geology
e 3. Characterization of carbonate reservoirs by “exotic” logs (NMR, microresistivity imaging,
geochemical log, etc.) --John Doveton (10:45-11:30)
e 11:30 - 12:00 -- Examine 98 feet of Mississippian core from the KGS #2-32
(http://chasm.kgs.ku.edu/ords/qualified.well_page.DisplayWell?f_kid=1044998939)
e LUNCH 12:00-12:30 p.m. -- Continue examination Mississippian core from the KGS #2-32
e 4. Site characterization — Lynn , Mina Fazelalavi and John Victorine (12:30-1:00)
e Summary of stratigraphy, sedimentology, and diagenesis of the Mississippian reservoir —
Drilling, coring, logging, and testing the Mississippian at Berexco Wellington KGS #1-32,
KGS #1-28, #2-32
e Core analysis and well testing - routine and special; ties to well logs and use in
the geocellular model (FZ/ indices, flow units)
*  Well completion — acidizing
e 5. Petrel geocellular model and seismic inversion — Jason Rush (1:00-1:20)
e 6. Reservoir characterization and well testing (1:20-1:40)
— Capillary pressure and relative permeability
— Pulse/interference test in KGS #2-32
e 7. Compositional simulation of CO2-EOR pilot -- Eugene Holubnyak (1:40-2:00)
¢ 8. Monitoring performance of CO2 injection — 2:00-2:20
¢ Fluid monitoring — baseline and during CO2 injection — Lynn, Saugata Datta & Brent
Campbell (KSU), John Victorine, Jenn Raney, Tiraz Birdie (Thirdie) and Lynn
e Microseismic monitoring — Lynn, George Tsoflias (KU), Alex Nolte (KU, KGS), Brandon
Graham (KU, KGS), John Victorine and Jenn Raney (KGS), Lynn
¢ InSAR-cGPS - Lynn, Mike Taylor (KU), Drew Schwab (KU, KGS), Tandis Bidgoli (KGS)
* 9. Open discussion of the Wellington CO2-EOR project and implementing CO2-EOR in Kansas -
Lynn moderating (2:20-3:00)

Posters shown during the core workshop included in Figures 19 and 20.
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Figure 19. Berexco Wellington KGS #2-32 showing well logs, lithologic interpretation from
logs, core analysis, lithology from core description, and moveable oil (green, residual oil
saturation [not how uniform it is at about 23-25% of the pore space] and water saturation
in blue).
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Figure 19. Berexco Wellington KGS #2-32 as before less the moveable oil. The core
description here includes both a graphic and written description. The graphic is
constructed automatically by parsing the description and relaying components in graphical
form.

August 3"

The drilling report for KGS 2-32 was updated (Figure 20) to reflect the installation of a stainless
steel wellhead. Water injection also started as part of the process to re-pressure the Mississippian
reservoir to the original reservoir pressure.
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5-26/15 Shut down.

27715 Ran 3-1/27 X 2-7/8” Arrowset PKR. Set @ 3638° KB. Ran swab- fluid level 1800° from surface, 100°
free oil ontop. Recovered 10.8 BW on swab down. Had 700° fill up after | hour. Acidized Mississippi
perfs with 2500 gallons 10% NEFE-HCl and 250 ball sealers. Treated 3 BPM @ 1300+ initially, increased
to 5.7 BPM @ 7002 towards end. ISIP 50%, 30 seconds to vacuum. TLTR 90 BTF. Ran swab- fhud
level 1100° from surface. Recovered 44.7 BW on swab down. Next hour recovered 20.8 BTF with trace
oil. Shut down.

4/28/15 Ran swab- fluid level 2000° from surface, 50" o1l ontop. Swabbed 26.7 BTF. Release PKR and run

across perfs to remove any remaining ball sealers. Reset PER @ 3638° KB. Ranswab. Recovered 16.8
BTF on swab down.

13 Hour 19.1 BTF, fluid level 2800° from surface

204 Hour 234 BTF

31 Hour 16.7 BTF

4% Hour 134 BTF

5% Hour 13.4 BTF

6% Hour 20 BTF. Fluid level stayed 2800° from surface. Caught fluid samples.
Shut down.

4/29/15 Ran swab- fluid level 2000° from surface, 75" free oil ontop. Injected 2 BPM for 10 minutes- took fluid

on vacuum. Injected 4 BPM for 10 minutes- stabilized pressure 150%. TOH w/ tubing and PERE. EDMO

BXRig#13.

Waiting for pulse test scheduled for the week of May 10.

Ran pulse test in well.

Too muddy to move 1n rig/injection tubing.

MIRU Contract WS Rig. TIH w/ nickel coated Arrowset-1X PER with Viton rubber and 1 8757 stainless

steel profile nipple for X-style blanking plugs, nickel coated on-off tool and 110 jts TK-70XT coated

tubing. Pump packer fluid and set PER @ 3636° KB. Annulusheld 1502, RDMO Contract WS Rig. Will

MIT well 6/10/15.

/15 MIT well to 350%- held. Witnessed by Jonathan Hill of KCC District #2 office.

5 Permit for carbon dioxide injection approved by KCC.

1713 Installed 27 2250% fiberglass water injection line from Wellmgton Unit #5321 injection well to Wellmgton

KGS #2-32 well.

2715 Waiting on high pressure stainless steel fittings to finish hooking up wellhead.

/1315 Finished hooking up wellhead and began injecting water. Instantaneous rate 300 BWIPD @ 0# tubing

pressure. Backed rate off to 150 BWIPD.
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Figure 20. Status of the CO2-EOR injection well, #2-32 as conveyed by the “drilling”
report.

August 7"

Halliburton will analyze the microresistivity imaging log (XRMI) that was run in Berexco KGS
#2-32 in order to translate their interpretations to a XRMI composite log with stratigraphic
interpretations to augment the existing structural interpretation. The stratigraphic information
was summarized in a written report (Figure 21), but the specific interest is to use the “tadpole”
vectors to determine subtle depth patterns of dip related to deposition of the high-frequency
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cycles present in the Mississippian. Halliburton is also reinterpreting the spectral/diopole sonic
log for geomechanical information using our assigned pore pressure for estimates of bulk moduli
and stress magnitudes.

36



XRMI STATISTICAL ANALYSIS
BEREXCO LLC
WELLINGTON KGS #2 — 32
2680" FSL & 709’ FEL
NE NW NE SE
Section 32 -31S - 1W
Sumner County, Kansas

3819 to 3856 — Laminated calcareous silty clay and cherty limestone — Strike N4OW — Structure
down to the S35W at 5 degrees. Possibly some gas breakout.

3798 to 3819 ~ Laminated calcareous chert and silty limy sandy clay — Strike NAOW — Structure
down to the S35W at 1.9 degrees. Fractures observed — 3 high angle induced, 3814 to 3818,
strike ENE by WSW — High angle fractures — 1 partial, 1 closed and 2 microfaults — E — W strike.

3755 to 3798 — Cherty clay and calcareous sandy silt with limestone layers — Strike N55W —
Structure down to the SSW at 4.4 degrees — Fractures observed — 3780 to 3795 — 6 high angle
induced — strike E12N by W12S — 1 partial at 3768 and 1 partial at 3797 — high angle with strike
E10N by W10S — 1 high angle partial at 3757 with strike NE — SW — 8 high anglé closed with
strike E— W and 3 microfaults, 3759 to 3763, 2 with strike N — S at 45 degrees and 1 with strike
N72E at 33 degrees.

3725 to 3755 — Shaly limy dolometic chert — Strike NS5W — Structure down to the S30W at 3.5
degrees — Fractures observed, 3737 to 3751, 7 high angle — strike ENE by WSW, 1 high angle
closed, 3725, strike W12N by E12S, 3730, 1 partial — strike N52W — 1 microfault, 3753, strike
N58E at 28 degrees.

3698 to 3725 — Calcareous sandy shaly porous chert — Strike WNW by ESE — Structure down to
the SSW at 2.8 degrees — Fractures observed — 9 randomly oriented fractures and microfaults
were observed, 3704 to 3712.

3657 to 3698 — Porous chert and calcareous clay — Strike WNW by ESE - Structure down to the
S20W at 5.1 degrees. Fractures observed — 14 randomly oriented fractures and microfaults —
3658 to 3664 and 3680 to 3697. Shale deformation observed — Strike NAOW — Structure down
to the S35W at 9.6 degrees.
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3627 to 3657 — Carbonaceous shale and calcareous silt and clay — Strike NAOW — Structure
down to the S5W at 1.5 degrees. Fractures observed — 4 closed and 3 microfaults randomly
oriented — Soft sediment deformation clay and silt — Strike E — W — Structure down to the S at
5.1 degrees.

3577 to 3627 — Carbonaceous clay and sandy calcareous silt — Strike NW — SE — Structure down
to the S35W at 3.5 degrees. Fractures observed — 17 closed fractures and microfaults are
randomly oriented. Compaction deformed shale and silty limy clay — Strike NW — SE — Structure
down to the S40W at 7.9 degrees.

3534 to 3577 — Carbonaceous clay and silty shaly limestone — Strike NW — SE — Structure down
to the SW at 1.1 degree. 6 randomly oriented closed fractures and microfaults were observed.

3498 to 3534 — Silty limestone, carbonaceous shale and calcareous clay — Bimodal current along
strike — NE — SW — Structure down to the SSE at 1.5 degrees. Fractures observed, 3509 to 3527,
— 7 microfaults and fractures. The compacted shale appears to have bimodal current aligned NE
— SW with structure down to the S at 3.1 degrees.

3455 to 3498 — Carbonaceous clay, silty shale and limestone — Strike S25E — Structure down to
the S35W at 3.8 degrees. Fractures observed, 3459 to 3480, 5 high angle fractures and 1
microfault with predominant E— W strike.

3426 to 3455 — Laminated carbonaceous shale and shaly lime — Strike N35W — Structure flat.

3366 to 3426 — Carbonaceous clay, silty limestone and sandy clay — Strike N35W — Structure
down to the S35W at 2.5 degrees. Observed fractures — 32 closed fractures and microfaults are
randomly oriented. Deformation laminations have structure down to the S35W at 5.3 degrees.

3326 to 3366 — Limy silt and clay — Strike S55E — Structure down to the S12W at 2.6 degrees.

3280 to 3326 — Carbonaceous shale and limestone — Strike W15N by E15S — Structure down to
the S15W at 5.1 degrees. Fractures observed — 3 closed and 3 microfaults with primary strike
NNW by SSE with angles from 20 to 55 degrees.

3242 to 3280 — Laminated fossiliferous limestone with cherty clay layers and inclusions — Strike
WNW by ESE — Structure down to the SSW at 3.2 degrees. 7 closed fractures and 7 microfaults
randomly oriented were observed varying from 11 to 52 degrees.

3212 to 3242 — Carbonaceous shale and silty limestone — Strike NE — SW — Structure down to
the SE at 2.5 degrees. Fractures observed, 3240 to 3242, 2 closed striking N50E at 50 degrees —
12 microfaults and 1 closed, 3213 to 3228, randomly oriented varying from 15 to 60 degrees.
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3184 to 3212 — Fossiliferous vugular limestone — slightly shaly and cherty — Strike NAOW — Some
bimodal NE — SW current with structure down to the S30W at 2.1 degrees. Fractures observed —
10 randomly oriented closed varying from 21 to 88 degrees — 5 microfaults with variations of E
— W strike and aligned 38 to 88 degrees,

3140 to 3184 — Carbonaceous shale and fossiliferous limestone — some layers of silt and sandy
clay — Strike N55W — Structure down to the S5W at 4 degrees. Fracture analysis — 3173 to 3184,
3 microfaults and 1 closed — E — W strike — 3 at 85 degrees and 1 at 22 degrees — 3157 to 3170,
4 closed fractures and 4 microfaults variations of E — W strike varying from 18 to 88 degrees —
3143 to 3149, 3 closed and 2 microfaults — ENE by WSW strike varying from 52 to 88 degrees.

3091 to 3140 — Fossiliferous limestone with silty clay layers and inclusions — Strike NW — SE —
with bimodal current NE — SW — Structure down to the S40W at 1 degree. Fractures observed,
3118 to 3139, 1 closed and 5 microfaults — primary strike WNW by ESE — 39 to 89 degrees. 3091
to 3103 — 4 closed and 4 microfaults — variations of E — W strike 29 to 82 degrees. Compaction
deformation beds — Strike N35W — Structure down to the S70W at 3 degrees.

3059 to 3091 — Limestone — fossiliferous and cherty with carbonaceous clay and silty shale —
Strike WNW by ESE — Bimodal NE — SW current — Structure down to the S at 2.4 degrees.
Fractures observed — 8 closed and 9 microfaults — randomly oriented from 16 to 80 degrees,
Compaction deformed beds — Structure down to the SSW at 6.9 degrees.

3037 to 3059 — Slightly cherty shaly limestone fan deposit — Strike NE — SW — Structure down to
the NW at 0.5 degrees. Fractures observed — 1 closed at 3039 — strike ENE by WSW at 86
degrees — 1 at 3056 — strike NNW by SSE at 82 degrees — 3042 to 3045 — 3 microfaults — strike
N30W at 70 to 82 degrees. Compacted zones — 3040 to 3047 and 3052 to 3057 — structure
down to the W13N at 6 degrees.

3023 to 3037 - Fossiliferous clay and calcareous silt — Strike N30W — Bimodal current NE — SW —
Structure down to the S80W at 1.1 degree. Fractures observed, 3024 to 3028, 3 closed and 2
microfaults — variations of N — S strike at 33 to 83 degrees.

2980 to 3023 - Silty clay and fossiliferous shale — Strike N60W — Structure down to the SSW at
1.1 degree. 2940 to 2980 ~ Calcareous clay and silt — Strike E — W — Structure down to the N at
0.7 degree. 2 closed fractures observed, 2957 to 2961 — strike W10N by E10S at 88 degrees.

2910 to 2940 — Slightly coarsening upward calcareous clay and silt — Bimodal current along NE —
SW strike — Structure down to the S30 E at 1.4 degree. Fractures observed, 2011, 2 closed
fractures strike WNW by ESE at 17 and 37 degrees. Compaction deformation zone 2914 to 2930
— structure down to the S70W at 1.9 degree.
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2840 to 2910 — Calcareous clay and silt — Strike N30W — Bimodal current N30E by S30W —
Structure down to the S50W at 0.8 degree.

2811 to 2840 - Fine grained laminated silt and clay fan deposit — Strike NE — SW — Structure
down to the N55W at 1.6 degree. Fractures observed, 2813, 2835, 2836, closed — strike ENE by
WSW at 88 degrees.

2797 to 2811 — Clay and sand — Strike N30W - Structure down to the S60W at 6.8 degrees —
fracture at 2809 — strike W12N by E12S at 88 degrees.

2771 to 2797 — Sand and silty clay — Strike N35E with bimodal current — Structure down to the
S35E at 1.5 degree. Fractures observed — 2 high angle induced 2773 to 2774, strike W15n by
E15S — 2 high angle microfaults 2781 to 2782, strike N35E and 1 closed at 2796 strike N —S at 52
degrees. Fining upward sedimentary deposition with structure down to the SSW at 9 degrees.

2735 to 2771 — Sand and calcareous silt — Strike N35W - Structure down to the NE at 2.2
degrees. Fractures observed — 3 high angle induced fractures 2747, 2763 and 2768 — strike
W15N by E15S — 1 high angle closed fracture 2736, strike E— W — 1 microfault 2739, strike NNW
by SSE at 43 degrees.

2698 to 2735 — Low energy sand, silt and clay — Strike NNE by SSW with bimodal current —
Structure down to the W at 0.6 degrees — fractures observed — 1 high angle closed at 2733 —
strike N1OW — 3 microfaults at 2706 and 2715 — high angle strike E — W at 2713 strike N6OW at
51 degrees. Compacted shale deformation zones have structure down to the W at 12 degrees.

2660 to 2698 — Calcareous clay and dolometic silt — Strike W15N by E15S — Structure down to
the S10W at 1.3 degree. Fractures observed — 2 high angle induced at 2663 — strike W10N by
E10S — 3 high angle closed, 2681 to 2687, strike EION by W10S and W10N by E10S — 2 high
angle microfaults, 2676 and 2678, strike E12N by W12S. Compaction deformation zones —
structure down to the S5W at 7.8 degrees.

This represents our best analysis of the computed data. Since the conversion of electrical
measurements to geologic events is not an exact science, neither Halliburton nor this analyst
will be liable for these results.

We thank you for selecting Halliburton as your evaluation company. We sincerely appreciate it!
OKC Evaluation Team — Charlie Redmond — Manager — James Willingham — Team Leader — Erik
Hutto — Lead Analyst — Layne Hamilton — Analyst — Vukenkeng Che-Alota — Analyst — Aleno
Bashkirtseva — Analyst — Phong Tong — Data Technician — Leah Kelley — Data Technician — Scott
Carr — Sales — Paul McRill — Analyst — August 7, 2015

Figure 21. Sedimentary and structural featured observed by Halliburton in the XRMI
microresistivity imaging log ran in the Mississippian section of well #2-32.
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August 17

T Birdie addressed land surface deformation for CO2 injection via geomechanical modeling. A
contour map shows the expected land surface deformation (rise) due to CO2 injection in the
Arbuckle (Figure 22). The deformation occurs in a fairly wide uplift of approximately 3 mm as
predicted by the model. These are preliminary results that will be refined by conducting
sensitivity simulations with alternate geomechanical properties in some of the formations above
the Arbuckle. However, for INSAR planning purposes it would be safe to assume that we can
expect land surface deformation in excess of 1 mm and therefore we should earnestly keep our
data acquisition systems active to capture this rise. Anticipated surface deformation also applies
to the Mississippian.

The effectiveness of the INSAR could be a very important, cost-effective means to indirectly
monitor pressure in the CO2 injection zone vitally important to help in verifying the area affected
by the CO2 plume. High quality satellite data coupled with the calibration provided by our
continuous GPS system in place provides a means to test this technology.
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Figure 22. Contour map shows the expected land surface deformation (rise) due to CO2
injection in the Arbuckle. The areal extent of map is 1,000 feet by 1,000 feet. The legend on
the right represents land surface deformation in mm.
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August 17-20" — DOE Carbon Storage R&D Meeting

We conveyed our readiness of monitoring technologies to begin CO2 injection:

1) Shallow water well monitoring

2) 18- seismometer array for passive seismic monitoring

3) ¢GPS and InSAR surface deformation to monitor pressure changes in reservoir during
CO2 injection

4) Monitoring wells in underpressured Mississippian reservoir overlying the caprock

5) High resolution 2D seismic survey to verify any leakage through the caprock (baseline
acquired in late August 2015)

6) Engineering analysis in place for optimizing CO2 injection performance (Figure 23)

7) Use Mississippian CO2-EOR as dress rehearsal for the Class VI injection

Forecasted CO, Movement in Reservoir

€O, Concentration

H 77 [Thm
00 01 02 03 04 05 06 0.7 0.8 09 1.0

Water injectors ¥% open

-
-
s b
,."'4/’ Ao .
Tk Water injectors open
v l \
& 5 )

igure 1: Contour map of Mississippian formation in Wellington fidld

Imbibition Relative Permeability Forecasted Pore-Pressure Distribution
for each RQI range (Qil-Brine) 1 Year after CO, Injection

4 ° / :
Water injectors % open

Krw-RQI=0.06
Kro-RQI0.06

- = KAW-RQI-0.05
—— Kio-RQI=0.05

1 i b (GS 2-32 injects water at 500 bbl/d

Figure 23. (upper right) Top Mississippian structural elevation (25 ft contour interval),
(upper right) forecasted CO2 movement from the injection well, #2-32, (lower right) pore
pressure distribution used to control the sweep of the CO2, and (lower left) relative
permeability curves that are being calibrated with two analyses of core.

The work of the hydrogeology of the area around Wellington was conveyed in terms of
addressing the variable nature of the salinity and yield of the shallow aquifer system (Figure 24).
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Shallow aquifer distribution and

interaction with surface water Structural cross section shallow water well sample Iogs—

|| SW-NE -- from paleovalley (Holocene) (left side)
|| >Pleistocene terrace = subcrop of—WeIIinglon Shale (right)
No horizontal scale -
7 Total Length 7 mi (11 km)
i Top -.‘._.- ;
shallow e
aquifer \

{|| SW

firm

Top
Wellington
Shale

40 ft (12 m)

— I
]
ol |
']
w i
S .
= 1]
—
)
ol
£
@

Drainage
Top shallow unconfined aquifer Top Wellington Shale (ft, sealevel datum)
(ft sealevel datum) with dip vectors St

>z

. Paleovallay
underlying modern valley

EFEET ET T

EsaSNEYNRESYEIS

=~-..5:
R T

N
0 05 1 2 A 0 05 1
®  Exsting Water Well - — L ©  Existing Water Well

®  Existing Water Well

Figure 24. Selected maps and cross section from the hydrogeology report to be shared with
EPA regarding the distribution of the shallow aquifer system in the Wellington Field area.
A shallow incised paleovalley lies beneath the Modern valley on the west side of the map.
The paleovalley also cross cuts an older terrace deposit that is present at Wellington.

Induced seismicity in the Wellington Field area was addressed on both an oral presentation and
in a poster at the August review meeting. The emphasis was in the precautions and monitoring in
place so as to provide rapid response to ensure safe injection. The induced seismicity in the area
Is summarized on what occurred in 2014, with nearby brine disposal totaling 128 million barrels,
well above the past that is equivalent to 23 million metric tons of CO2 injected, again eclipsing
any intent to disposal of that amount of CO2 locally in a commercial scale project Figure 25.
The illustration goes on to compare this with our test injection, under 1000 bbls per day of CO2
and a total of 142,000 bbls over ~7 months.
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Figure 25. Comparison of cumulative oil produced, brine disposed of in the Arbuckle, and
earthquake location and magnitude in Harper (west) and Sumner (east) counties in south-
central Kansas. This is compared with the projected CO2 rate and total barrel equivalent
to be injected at Wellington Field.

The seismicity that is being reported by USGS and soon our Wellington seismometer array will
be conveyed to the team using a pseudo 3D display of the earthquakes with a new Java
application (Figure 26). The events are color coded by depth, magnitude, or time.
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Web app: http://www.kgs.ku.edu/PRS/Ozark/Software/KS_Earthquake_3DPlot/index.html ).
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Figure 26. Pseudo 3D display of earthquakes using a new Java application. Display shows

hypocenters.

August 25™

New rock mechanics solutions received from Halliburton for KGS 2-32, 1-32, and 1-28 using the

processing of wireline logs, the spectral sonic and XRMI.

September 2nd

The final QASP was approved by EPA. An additional memorandum was sent from a Quality
Assurance group at EPA along with the approved QASP on September 11", This memorandum

is related to interpretation of the field blank results.

September 3™

Watney presented at the KDHE Geology & Well Technology Section Fall Seminar in Wichita,

Kansas. The talk was titled, “An Operational Plan for Safe and Effective CO2 Injection at

Wellington Field, Kansas in Perspective of Recent, Nearby Seismic Activity.” Much of the
material presented was delivered at the DOE-NETL annual review meeting held in Pittsburgh in

August.
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September 23"

Final QASP uploaded to the EPA GS Data Tool. (Version 7).

ONGOING ACTIVITIES

TASK 1. PROJECT MANAGEMENT AND REPORTING

Key Findings

1.

Progress on the Class VI saline aquifer CO2 test injection and preparations for the
upcoming Class Il CO2-EOR injection at Wellington Field are on track. The site
continues on track to become a viable calibration site and field demonstration of a suite of
monitoring technologies.

The monitoring methods employed in the CO2-EOR may be help to steer the CO2 so that
the sweep efficiency might be improved.

Refined model predictions are being made for both the Arbuckle and the Mississippian as
new information is acquired and processed.

The optimization of CO2 utilization and storage in the Mississippian oil reservoir shows
promise based on the newest findings that are being incorporated into the Mississippian
geomodel.

Induced seismicity is definitely if interest to the Wellington project and the seismometer
array will pay considerable dividends in distinguishing between more far field induced
events and that which could be generated with the CO2 injection, albeit smaller for the
Wellington tests in the framework of microseismicity to allow us to distinguish matrix
versus fracture flow.

Plans for Fourth Quarter 2015 (anticipated start of BP3, December 1, 2015)

o

Complete installation of on-site CO2 storage equipment and injection skid.

Begin CO; injection into the Mississippian.

Finalize EPA’s determination of the presence of a USDW for the Class VI permit
application as an important step to allow EPA to make decisions about the Class VI
application.
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PRODUCTS

Publications, conference papers, and presentations

Watney, L., et al., August 2015, Workshop — Annual meeting of the Kansas Independent Oil and
Gas Association, Wichita, Kansas.

Watney, et al., 2015, present at KDHE Geology & Well Technology Section Fall Seminar on
Thursday, September 3, 2015, Wichita Kansas.

Watney et al., 2015, DOE site visit September 29 and 30, Wichita, Kansas.

PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

A project organization chart follows (Figure 27). The work authorized in this budget period
includes office tasks related to preparation of reports and application for a Class VI permit to
inject CO; into the Arbuckle saline aquifer. Tasks associated with reservoir characterization
and modeling are funded in contract DE-FE0002056.

Organizational Structure
Small Scale Field Test - Wellington Field (FEO006821)

University of Kansas Center For Research

Kansas Geological Survey

Name Project Job Title Primary Responsibility

W. Lynn Watney Project Leader, Joint Pl Geology. information synthesis, point of contact
Jason Rush Joint PI Geology. static modeling, data integration, synthesis
Tiraz Birdie Consulting Engineer ineer, data is, Class VI applicati

Yevhen 'Eugene’ Holubnyak Petroleum Engineer Reservoir Engineer, g, SY

John Doveton Co-Principal Investi Log petrophysics, g istit

Kerry D. Newell Co-Principal Investigat Fluid hermistry

Richard Miller Geophysicist 2D Seismi isition, i ion, itoring wells
Fatemeh ‘Mina' FazelAlavi  Engineering Assistant Log data analysis, modeling

John Victorine Software Prog Datab web tool design

Jennifer Raney Project Coordinator Project g GOl icati data g

KU Department of Geology

Mike Taylor Co-Principal Investigator CGPS, InSAR suneys, microseismic data integration

Drew Schwab Graduate Research Student InSAR suneys, seismic
Subcontracts

Kansas State University Lawrence Berkeley National Laboratory

Name Project Job Title Primary Responsibility Name Project Job Title Primary Responsibility

Saugata Datta Co - Principal Investigator Aqueous Geochemistry, Tom Daley  Co - Principal Investi physicist,
tracer analysis and CASSM data
Austin Krehel Graduate R Barry Freifeld Co - Principal Investigator Mechanical Engineer, U-
Tube

Berexco, Beredco Drilling -- Wichita, KS
Wellington Field access; drilling, completion and testing;
‘monitoring and sampling, daily field operation

Name Primary Responsibility

Dana Wreath - VP Manager, enginear

Evan Mayhew Operations manager, well design

Brett Blazer Engineer, field operations

Jason Bruns Canaan Well Services - contact

Beredco Drilling Team Dirilling and complefion aclivities
CO, Suppliers

Linde, LLC
Earl Lawson  Vice President
Neeraj Saxena Clean Energy Services
Chris White  Business Development Engineer
Mark Weise Oif & Gas Representative Kevin Watts  EOR Director

Praxair Services, Inc.
Pete Wilt  Commercial Business Director
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Figure 27. Organizational Chart.

IMPACT
See earlier discussion.
CHANGES/PROBLEMS
Please refer to earlier discussion.
BUDGETARY INFORMATION

Cost Status Report

Please refer to the next page.
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Appendix A. Operating Plan for Safe and Efficient Injection (OPSEI)

Wellington OPSEI is designed to ensure that the CO2 injection operations are conducted in a safe
manner that does not endanger life or property and is no more risky or intrusive than normal
oilfield operations in Kansas. The plan integrates activities outlined in the permit document
(Section 8 — System Operation, Section 10- Testing and Monitoring Plan, and Section 13-
Emergency Remedial Response Plan). It consists of the following four sub-plans that provide a)
an electronically programmed and controlled workflow for safe day-to-day operations, b)
instrumentation based monitoring checks to provide early warning of CO2 plume and pressure
front deviations, and associated activities to maintain safe injection, c) limits injection to levels
below those that could potentially induce detrimental seismic activity, and c) an emergency rapid
response plan to prevent damage in the unlikely event of a natural disaster, equipment failure, or
escape  of the CO2 from deep within the subsurface.

e Injection Control Plan

e Monitoring-based Rapid Response Plan
e Wellington Seismic Action Plan

o Emergency Remedial Response Plan

The Injection Control Plan is designed to limit injection to safe levels that will maintain the
hydraulic seal above the injection zone, thereby ensuring that the CO2 remains confined within
the injection zone at depths of greater than 4,000 feet below land surface. It is also developed
to ensure that injection occurs at a rate that will not harm the integrity of the injection well,

which can cause leakage.

The Monitoring and Rapid Response Plan is designed to provide early warning of CO2
plume and pressure front deviations, which will trigger an analysis of the causes of the
deviation, a potential revision of the expected plume movement, and place in action a set of
enhanced monitoring activities to ensure safe injection. The plan places more emphasis on
analysis of wellhead and downhole pressure and temperature data in the injection and
monitoring wells, geochemical monitoring of groundwater in the injection zone and the
overlying Mississippian and shallow reservoirs, and (integral and derivative) Hall plot analysis

as recommended in the EPA Underground Injection Control National Technical Workgroup
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report “Minimizing and managing potential impacts of injection-induced seismicity from Class
Il disposal wells: Practical Approaches” -- http://www.epa.gov/rSwater/uic/ntwg/pdfs/induced-
seismicity-201502.pdf.

The success of the Monitoring and Rapid Response Plan to provide early warning is based on
prioritizing the monitoring technologies by establishing: 1) reliability of the data that is
recorded and approaches used to analyze the data, 2) frequency that the data is acquired
during injection and therefore speed of a possible response or corrective action; 3) sensitivity
and precision of the monitoring method and its ability to detect small changes in CO2 plume
behavior; 4) location and therefore resolution from which the data is collected, e.g., at the
injection and monitoring well detecting changes within and in proximity to the injection zone
itself; 5) spatial resolution and coverage of the CO2 plume; and 6) ability to detect
movement out of the injection zone both above and below the injection zone. Significant

changes detected in the behavior of CO2 plume will require an update of the dynamic model.

The top tier methodologies are primarily engineering analytical methods that utilize data
required in the Class VI permit and are both commonplace and best practices for managing
fluid injection. These measurements include injection pressure, temperature, injection profile
monitoring, interference tests, chemical composition, and passive seismic monitoring. The
methods relying on fluids and pressure based data provide the primary means to prevent
leakage of CO2, with the ability to recognize behavior that falls outside of predictions made

from the composition simulations.

The Wellington Seismic Response Plan is designed to limit injection should certain seismic
event thresholds be reached, and if the seismicity is attributable to injection. It is an
amalgamation of the Kansas Seismic Response Plan which relies on a seismic event score, and

EPA preferred seismic magnitude based thresholds to limit injection rates.

The Wellington Emergency Remedial Response Plan is designed to implement an set of
remedial measures to protect Underground Sources of Drinking Water (USDW) should an

unforeseen natural disaster, well failure, or CO2 escape from the injection zone occur.
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Injection Control Plan

Table 1 Operating Limits for Safe Injection

Parameter™ Upper Limit Note

Downhole Injection| 2,600% psi ~70% of the fracture
Pressure gradient based pressure of
@5,050 ft 3,788 psi (assuming a
Surface Pressure 1,200 psi

Annulus Pressure 100 psi Annulus to be filled with

corrosion resistant fluid and
remain unpressurized. Some

nnnnnnnnnnnnnnnnn Idannvancn ~aniald
Injection Rate Average of 300 tons/day
over a 7 day period
1 All gauge pressures, temperatures, and injection rate will be transmitted to a SCADA

system, which will be programmed to initiate shutdown and inform Berexco over cellular
network should the safe operating limits be exceeded.

2 A stringent pressure threshold of 2,600 psi (0.7 x Fracture Gradient) is a voluntarily
limitation of the KGS, and is subject to the results of the Pressure Fall-Off Test (FOT)
verifying that the formation conditions are as presently assumed. In the event that the
formation is determined to be “tighter” than assumed on completion of the FOT, then a request
will be made to the EPA to allow injection up till the EPA allowable limit of 90% of the
fracture pressure.
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Monitoring based Rapid Response Plan (table)
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Wellington Seismic Action Plan

Background

The Wellington Seismic Action Plan (WSAP) is designed to ensure that CO2 injection does not
result in any harmful seismic activity. The plan is built upon the Kansas Seismic Action Plan
(KSAP, http://kcc.ks.gov/induced_seismicity/draft_state_action_plan.pdf), which was developed
in September 2014 on the direction of Kansas governor Sam Brownback following a series of
relatively large earthquakes in south-central Kansas. The goal of the KSAP is to ensure that
fluids injected into the subsurface in Kansas are managed so as to not cause any detrimental
tremors. To realize the safe injection goals of the WSAP, a local array of seismometers has been
installed at the Wellington site (Figure 1) to monitor seismicity, and to ensure that the CO2

injection activity does not produce undesirable earthquakes.

| Feet
| =——

0 ‘ 1,000 2,000/ 3,00

Area Qf CO?2
Containment | -~

CO2'DOR
Injection Well

Figure 1 Seismometer network at the Wellington sequestration site.
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http://kcc.ks.gov/induced_seismicity/draft_state_action_plan.pdf)

The KSAP consists of a response action plan which is triggered if a particular seismic event
results in exceedance of a threshold seismic action score (SAS). The SAS for an event is
determined by adding the numeric value of the square of the magnitude of an earthquake to the

sum of the individual weighted scores for each of the variables listed in Table 1.

_ . 2 3 3
SAS = Magnitude® + Scoreg; + SCOrey, cwre T (2 X SCOre  mper) + SCOr€ocar recursion T

Score + Score

recursion regional recursion time

The formula attempts to weigh two significant discriminators of seismic events:

Risk — The risk component is captured by the “felt” and “structure” variables. If an event is
felt or if a usable structure is within 6 miles of the event, there is some risk of property
damage which heightens the importance of the event. Conversely, if the event is not felt
or there are no usable structures near, risk to property is minimal and lessens the immediate

need for response

Clustering and timing — If seismic events are clustered over a short period in a fashion
inconsistent with historical activity, it may be indicative of induced seismicity as opposed
to a natural occurrence. While natural seismic events are always of interest, the focus of
the plan is on induced seismicity, which is less understood. Thus, the formula places
more emphasis on possible induced events. The formula variables for “number”, “local
recursion”, “regional recursion”, and “recursion time” are used to address clustering and
timing. The score for the number of earthquakes within a six-mile radius of a current
earthquake event over the previous 30-day period is given twice the weight of the other
factors. The rationale for the added weight is that the number of earthquakes gives an

indication as to the degree of “clustering”.

Additionally, the recursion variables also attempt to discriminate between natural and
induced seismic events. Recursion refers to the empirical observation that naturally
occurring seismicity occurs in an exponential manner— for instance, every seismic event
of magnitude 3 would be preceded by 10 magnitude 2 events and 100 magnitude 1
events. Recursion observations require the acquisition of a statistically significant
number of earthquake events acquired over a relatively long term. A large number of
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events of similar size in a relatively short time period may be an indicator of induced (as

opposed to natural) seismicity. Thus, natural recursion rates get a lower score than rates
that are apparently not natural.

The local recursion (within 6 miles of an event) gives some idea as to activity within the
location accuracy of most current regional networks, while the regional recursion looks at
all data for Kansas recorded over the last 35 plus years on the KGS database from the
USGS, the Oklahoma Geological Survey, and KGS. Both variables are important in
ascertaining if activity is part of an overall regional, natural pattern of activity which

would be of interest, and the more important localized activity which is the focus of this
plan.

Lastly the “recursion time” variable places additional importance on multiple seismic
events of similar size in a 24-hour period. Similar sized events are defined as those
within magnitude 0.5 of each event (e.g. 2.0-2.5, 1.75-2.25, etc.). Again, multiple,

similar magnitude events in a short time period may be an indicator of induced (as opposed
to natural) seismicity.

Table 1 — Seismic Scores

Risk Variables Clustering Variables
Additional # of
Events’
Additional Localized Regional Natural® +/-0.5
Usable Number in Natural® Recursion (Kansas Magnitude
Score Felt Structure™® | Past 30 days® Recursion® Database®) Over +/- 24 hrs
0 No No 0 yes yes 0
1 Yes Yes 1 no no 1
2 2 2
3 3 3
4 >4 4
1
2
3
4

5

http://www.kgs.ku.edu/Geophysics/Earthquakes/historic.html

Based on USGS “Did You Feel It” web site or credible reports
Based on aerial mapping or field observation
Within a 6 mile radius

Natural from the axiom, for every 100 magnitude 1 seismic event there will be 10 magnitude 2s and 1
magnitude 3 seismic event

Kansas database includes all earthquakes recorded in Kansas since the 1970s by KGS, USGS, or OGS
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Wellington Seismic Action Plan (WSAP)

The WSAP consist of a series of monitoring and analytical activities, along with remedial
actions, that are to be implemented if certain seismic threshold levels are exceeded.
These thresholds are based on a) the KSAP SAS score adopted by the KCC and KDHE,
and b) the conventional seismic intensity magnitude (Richter Scale) utilized by the EPA
for managing CO2 injections at the ADM facility in Decatur, IL. The relationship
between the Richter magnitude of an event and the accompanying damage to
infrastructure is presented in Table 2. As can be noted from Table 2, seismic events of
magnitude less than 4, rare not expected to cause any significant damage. The sensitivity
of the Wellington seismometer network is presented in Figure 2. Seismic events above
-0.5 can be detected at the site.

The response action to be implemented for various SAS and seismic intensity levels are
presented in Table 3. The response will only be initiated if the epicenter of the seismic
events is within a mile of the injection well, because the model results indicates an
induced pressure of less than 15 psi beyond this distance. If either the SAS (column 1) or
the Richter (column 2) threshold is exceeded, the corresponding response action specified
in column 3 will be executed. For example, if the SAS score is less than 17 and the
seismic event is of magnitude less than 3.0, then operations are to continue with proper
documentation of the event for semi-annual reporting to EPA. On the other end, if the
SAS score is greater than 17 or if the seismic magnitude exceeds 3.0 and is felt, then
operations will pause and a series of investigation and/or remedial measures implemented
before commencing operations on approval of the EPA Director. The Wellington
project has voluntarily adopted these stringent measures to ensure safe operations at the

CO2 injection site.

59



Figure 2 Coverage and sensitivity of the Wellington seismometer network. Explanation:
Each isoline bounds the area within which the network can detect events for the
magnitude specified by the isoline. Source: Geophysics Division, Kansas Geological
Survey.
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Table 2 Seismic Event and associated earthquake effect and global frequency of

occurrence.
Richter i i Frequency of
Magnibides Description Earthquake Effects Octurtancu
Pt Micro Micro-earthquakes, not felt. fAout s
2.0 per day
2.0-2.9 Minor Generally not felt, but recorded. Ahout 1,000
per day
3.0-3.9 Minor Often felt, but rarely causes damage. e
year (est.)
4.0-4.9 Light N_tJtlFf_-able shaking of 1[1d00r items, rattling noises. 6,200 per year
Significant damage unlikely. (est.)
Can cause major damage to poorly constructed buildings
5.0-5.9 Moderate | over small regions. At most slight damage to well-designed | 800 per year
buildings.
6.0-6.9 Stons Can be destructive in areas up to about 160 kilometres 120 per yequ
(100 mi) across in populated areas.
7.0-7.9 Major Can cause serious damage over larger areas. 18 per year
8.0-8.9 Great Can cause serious damage in areas several hundred miles 1 per year
across.
9.0-9.9 Great Devastating in areas several thousand miles across. 1 per 20 years
. Never recorded; see below for equivalent seismic energy Extremely rare
10.0+ Epic .
yield. (Unknown)

Table 3 WSAP threshold limits and corresponding response action plan. The response action
specified in column 3 will be executed if either the KSAP Threshold Condition (column 1) or
the Seismic Event Magnitude Threshold Condition (column 2) is exceeded.

KSAP Seismic Event Response Action Plan

Threshold Magnitude Threshold

Condition Condition®

<17 Seismic event > M2.0 1. Continue site activities per permit conditions.

and less than M3.0°
and no felt report?

2. Document event for reporting to EPA in semi-annual
reports.
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<17 Seismic event greater . Continue site activities per permit conditions.
than M3.0> and no felt . Within 24 hours of the incident, notify EPA Director of]
report’ the operating status of the facility.
. Review seismic and operational data.
. Report findings to the EPA Director and issue corrective
action, if necessary.
Greater Seismic event greater . Pause injection.
than or than M3.0> and local . Within 24 hours of the incident, notify EPA Director of]
equal to 17 observation or felt the operating status of the facility.

report >

. Monitor well pressure, temperature, and annulus

. Determine if leaks to ground water or surface water

. If leak detected,

. Review seismic and operational data.

pressure to verify well status and determine the
cause and extent of any failure; identify and
implement appropriate remedial actions (in
consultation with the EPA Director)

occurred.

a. Notify the EPA Director within 24 hours of the
determination.

b. Identify and implement appropriate remedial
actions (in consultation with the EPA Director).

1 Seismic event within a mile of the injection well.

2 Determined by local Wellington or USGS seismic monitoring stations or reported by the
USGS National Earthquake Information Center using the national seismic network.

3 Confirmed by local reports of felt ground motion or reported on the USGS “Did You Feel
It?” reporting system.

4 Within 30 days of change in operating status.

Emergency Remedial Response Plan

A summary of the response activities to be implemented if emergency events occur is

documented in Table 4 below. These response actions are to be conducted as required by the

Class VI rule to protect a USDW at an injection site. Explanation of each remedial response in

the table is presented in Section 13 of the Class VI injection permit. All emergency events will

result in the following actions:

1.
2.

Immediate shut down of the injection well,

Identification and characterization of the release,

3. Notification to the EPA UIC program director of the event within 24 hours,
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4. Implementation of the appropriate Emergency Response Remedial Plan presented in
the table below.

Table 4 Emergency Remedial Response Plan

Event Response
Annulus Pressure | Determine if failure is in tubing or borehole. Conduct necessary repairs and

Failure an annulus pressure test. Submit results to EPA Region VII Director and

request permission to resume injection.

Mechanical If the annular pressure test fails (internal MIT) or an analysis of the temperature log
Integrity ~ Test indicates external MIT failure, appropriate steps will be taken to address the loss of
Failure

mechanical or wellbore integrity and determine if the loss is due to the packer system
or the tubing. RST logs may be run to determine well bore integrity. An annulus

pressure test will be conducted along with a temperature log following remediation to

canfirm intearitv

Damage to In the event of damage to wellhead, the nearby area will be isolated. Safe distance
Wellhead and perimeter will be established using a hand-held air quality monitor. Steps
may be taken to log well in order to detect CO2 movement outside of casing.
Appropriate steps will be implemented to repair the damage and conduct survey

conducted to ensure wellhead leakage has ceased.

Well Blowout In the event of a well blow out, the well will be “killed” by pumping fluid with a
due to heavy fluid such that the downhole pressure is greater than the formation pressure
Eq'U|pment in order to stop the well from flowing.

Failure
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Seismic Detection | If any seismic monitoring technique detects escape of CO2 into formations above
of CO2 Escape the primary confining zone, then appropriate investigative and remedial will be
immediately deployed. If the release is along the well bore and above the above the
primary confining zone, then a suite of wireline logs will be used to identify the
location of failure in the well, and repairs conducted. If the leakage is farther away,
or through the primary confining zone, then a plan will be developed in
consultation with the EPA to identify the extent of the problem and to develop
remedial measures.
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Appendix B. KGS’s Opinion Regarding Likelihood of Inducing
Earthquakes Due to CO: Injection in the Wellington Oilfield

This report was prepared to address concern expressed by the EPA about the potential for inducing
earthquakes due to injection at the Wellington CO; sequestration site. There is heightened awareness
and concern about induced seismicity following the observed cluster of (relatively large magnitude)
earthquakes in southern Kansas commencing in summer of 2014 and continuing through early 2015.
The location of the (greater than magnitude 2) earthquakes recorded between January 2014 and June
2015 is shown in Figure 1. Most of the earthquakes occurred in Harper and western Sumner counties
west of Wellington, where there is a large number of new active Class Il injection wells that are
disposing large amounts of salt water produced from horizontal wells completed in the Mississippian
Lime (Figure 1). As shown in Figure 2, there has been a sharp increase in the number of Class Il wells in
Harper and Sumner counties in the past three years, along with an exponential increase in the amount
of brine volume disposed in the Arbuckle Group. In 2014 alone, the amount of brine disposed in Harper
County increased to 104 million barrels (MMBL) from 39 MMBL in 2013. As can be inferred from Figure
3, prior to the recent increase in disposed volume, there were less than a handful of quakes (of
magnitude greater than 2.0) occurring annually in Harper and Sumner counties. In 2014, as the
disposed volume increased to 128 MMBL (primarily in Harper County), the number of earthquakes

jumped to 108.

Due to the increase in earthquake activity, the Kansas Corporation Commission (KCC) has identified five
areas of seismic concern in Harper and Sumner counties (Figure 4), and restricted the amount of brine
that can be injected in these critical areas to 8,000 barrels of saltwater per day. Additionally, the KCC
order limits the daily injected volume in all wells in Harper and Sumner County outside these five areas
to 25,000 barrels per day. Each injection well in all of Harper and Sumner counties is also restricted to a
maximum well head pressure of 250 psi. Since imposing these restrictions, the frequency and number
of earthquakes have been observed to decrease (Figure 5). While not conclusive, the data compilation
and analyses suggests a possible association between injecting high rates/volumes in Class Il wells and

seismic activity in Harper and western Sumner counties.
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Figure 1 Location of earthquakes with magnitude 1.9 or higher in south-central Kansas from January 2014 to

June 2015. Source: National Earthquake Information Center (earthquakes) and Kansas Corporation Commission

(saltwater disposal well data).
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Figure 3 Relationship between disposal volume and seismicity in Harper and Sumner counties. Figure by

Tiraz Birdie, Source: Kansas Corporation Commission and IRIS Earthquake Browser.

Saltwater disposal wells
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> 9 O g8 ~ SUMNER
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- ®
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Source: Kansas Corporation Commission

Figure 4 Areas of seismic concern in which the Kansas Corporate Commission has restricted disposal

volumes in Class Il wells.
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Figure 5 Earthquake count prior to and following Kansas Corporate Commission’s order restricting
disposal volumes in Class Il wells. Figure from Tandis Bidgoli, Kansas Geological Survey. Data source:

National Earthquake Information Center.

In contrast to the Class Il wells active in proximity to the Mississippian Lime horizontal wells, liquid waste
injection at industrial facilities occurs through Class | wells, which are regulated by the KDHE with a more
stringent set of operating conditions. Specifically, the injection is to occur only under gravity (i.e., the
surface pressure at the wellhead is less than zero). The locations of the Class | wells are shown in Figure
6, and these wells have been used to dispose fairly large quantities of waste for decades in the Arbuckle
aquifer without inducing any earthquakes. For example, at the Occidental Chemicals site north of
Wellington, between 50-200 million gallons (MG) of brine, which equates to approximately 1.6-6.4
million barrels (MMBL), has been injected annually in wells at the facility. Cumulatively, approximately
700 MG (22.2 MMBL) is injected at the plant annually through five active wells. This is
substantially higher than the 0.42 MMBL of CO ,! that is to be injected at the Wellington site over a
period of nine months. Additionally, the injection rate at the Occidental site is as high as 175 MG/yr
(15,000 barrels per day) at wells no. 8, 9, and 10, which is significantly higher than the approximately
1,550 barrels per day that is to be injected at the Wellington sequestration site. The injection data at
the Occidental site suggests that the Arbuckle aquifer is capable of absorbing large amount of fluids

injected under gravity conditions without any detrimental seismic repercussions.
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It is worth noting that the groundwater level in the Arbuckle at the proposed Wellington injection well
(KGS 1-28) is about 593 ft below ground surface (Section 4.6.8.3 of permit application). Under this
condition, an induced bottom hole pressure of approximately 290 psi could be accommodated
(assuming a brine chloride concentration of approximately 100,000 mg/l) and still maintain gravity-fed
conditions. Based on the model projections discussed in Section 5 of the Class VI injection well permit,
injection of 150 tons/day of CO, at the Wellington site is projected to induce a bottom hole pore
pressure increase of between 317 and 442 psi. This is not too much greater than the gravity-fed
allowable Class | pressure of 290 psi derived above, and the maximum pressure difference of 152 psi
(442 psi-290 psi) is less than KCC mandated limit of 250 psi surface pressure for brine disposal wells in
areas of seismic concern in Harper and Sumner counties®. If the injection of CO, however is found to
induce unacceptably high magnitude pre-shocks, then the injection rate can be restricted to a maximum

induced pressure of 290 psi in order to operate under Class | conditions.

! Assuming a maximum injection volume of 40,000 tons and a specific gravity of 0.8.

2 Neglecting frictional forces.
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Figure 6 Location of Class | injection wells in Kansas with facility/owner names
Wellington site which can potentially detect pre-shocks.

If the magnitudes of the pre-shocks reach a critical threshold as defined in the Wellington
Seismic Action Plan, it will trigger measures to conduct enhanced monitoring and potentially
limit injection to safe levels. Additionally, as recommended by the EPA induced-seismicity

committee (http://www.epa.gov/rSwater/uic/ntwg/pdfs/induced-seismicity- 201502.pdf), the

Wellington Testing and Monitoring Plan has been updated to include conducting periodic Hall
Plot analysis, which can potentially identify faults intercepted by the (induced) pressure front.
This will also trigger focused monitoring and additional risk analysis as documented in the

Wellington Rapid Response Plan.

To summarize, it is KGS’s opinion that the recent spate of seismic activity west of the Wellington
CO; injection site is likely linked to high volumes of injection into the Arbuckle Group in recent
years at Class Il wells in Harper and western Sumner counties. The total volume to be injected at
the pilot-scale CO; Wellington sequestration site is too low in comparison to induce damaging

earthquakes in the area.
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Appendix D. Brief review of the hydrogeology of the shallow unconfined
aquifer in north-central Sumner County, Kansas

W. Lynn Watney, Jennifer Raney, Tiraz Birdie, John Victorine

Summary

The shallow geology at the Wellington CO; injection site is reflective of general conditions in Sumner
County, KS, with alternating thin loess/clay deposits in the uplands and relatively thick sand/gravel
deposits in the lowlands formed by modern drainage. The alluvial deposits in the lowlands favor local
infiltration from precipitation and are likely to be hydraulically connected with perennial creeks in the
area. On the other hand, the terrace deposits in the uplands are composed of the clayey/loess Bethany
Series, which, with the underlying Wellington Shale provides impedance to infiltration, and due to the
thick underlying salt (halite) beds, results in brackish water in shallow wells lying between the incised

valleys in the area.

It is demonstrated through geologic cross sections and maps that the three shallow highly brackish
monitoring wells at the Wellington site (SW-1, SW-2, and SW-3) are located in the uplands and that the
two (relatively fresh) domestic wells (Shepherd and Blubaugh), that are to be sampled for water quality,
are located in the incised valley along the perennial Slate Creek. This explains the cause for the sharply

varying water quality at the Wellington site and the two domestic wells southwest of the site.

Background

The objective of this brief study conducted in July 2015 is to provide addition detail of the geohydrology
in a small area ( approximately 24 mi®) surrounding the small -scale CO, injection site at Wellington

Field, Sumner County, Kansas, referred to here as the Wellington Project. The motivation for the study is
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to understand and explain why groundwater at the Wellington site is highly saline (TDS > 10,000 ppm) in
comparison to two domestic wells approximately 2 miles southwest of the Wellington site which have
relatively better quality water. The goal is to compare water quality in context of the lithology and
stratigraphy derived from a set of shallow domestic water wells examined in the study area. The
information is presented as a series of maps and cross sections that are compared with information
published on the geohydrology and Neogene and Quaternary stratigraphy. Conclusions are drawn from
lithologic and stratigraphic synthesis and compared with findings in the literature and personal

communications from experts in geohydrology and Neogene and Quaternary stratigraphy.

Study Area

Sumner County and the Wellington Project are located in the Wellington-McPherson Lowlands that is
part of the Central Plains physiographic subprovince (Figure 1, Mandel, 2008). The region is often
mantled by up to 3-5 m of loess deposits, which overlie thick deposits of Pleistocene or Pliocene
alluvium preserved as upland terrace deposits. In Sumner County these terrace deposits can be up
upwards of 40 ft (12 m) thick as exposed along the Chikaskia River located approximately 12 mi (20 km)
southwest of the Wellington project site (Figure 2, locality #12 in Fig. 2, Mandel, 2008). A cross section
through the Chikaskia River of Mandel (2008) is presented in Figure 3 which shows the floodplain of the
modern river labeled T-0 and two older terraces, T-1 and T-2, containing successions of alluvial deposits
and paleosols identified by their A horizons. Terrace T-2 dominates the valley floor (Mandel, 2008) and
appears to be juxtaposed with the modern river deposits. A 8 ft (2.5 m) thick coarse-grained deposit lies
adjacent to the river alluvium. Terrace T-1 also cross cuts the older, higher T-2 terrace that are noted
stacked paleosols and alluvial strata dominantly by fine-grained sediment. A mid-level T-2 paleosol is

dated at 3100 yrs. BP and T2 ranges from 1760 to 10,800 yrs. BP (Mandel, 2008).

The Sumner County General Soil Map (Figure 4, USDA, 1978) illustrates the distribution of the soil
associations that are closely related to the terrace deposits on which the soils are formed (Mandell,
2015, personal communication). The Chikaskia River site of Mandell (2008) located southwest of the
Wellington Project, is highlighted on the soil map which shows a low terrace (Pleistocene age as
identified by Mandell) lying juxtaposed to the flood plain association of silt loam and silty clay loam
along the river. These deposits are adjacent to a higher sandy loam (older Pleistocene) that is deposited

on the upland.



At the Wellington project mapped area, Slate Creek located in the southwestern portion of the map has

the same lower flood plain and lower terrace association bordered by a silty loam to silty clay loam on

the upland (Figure 4). The latter deposit mantles the remaining mapped area according to USDA and is
named the Bethany-Kirkland-Tabler association (USDA, 1978). This association is now referred to as the

Bethany series, described as:

The Bethany series consists of deep soils that formed in loess or alluvium of Pleistocene age over
shale of Permian age. These soils are on summits and backslopes of paleoterraces in the Central
Rolling Red Prairies (MLRA-80A). Slopes are 0 to 5 percent. Mean annual air temperature is
about 15 degrees C (59 degrees F), and mean annual precipitation is about 865 mm (34 in)

(https://soilseries.sc.eqov.usda.qov/OSD Docs/B/BETHANY.html)

GEOGRAPHIC SETTING:

Parent material: loess or alluvium of Pleistocene age over shale of Permian age

Landscape: alluvial plain

Landform: summits and backslopes of paleoterraces

Slopes: 0 to 5 percent

Soil moisture regime: Udic-Ustic.

Mean Annual Precipitation: 787 to 940 mm (31 to 37 in)

Mean Annual Air Temperature: 13.9 to 16.1 degrees C (57 to 61 degrees F)

Elevation ranges from 290 to 420 meters (950 to 1380 feet)

Frost free days range from 181 to 240
Thornthwaite Annual P-E indices: 44 to 64

The Bethany series is a silt loam, to silt clay loam that varies from reddish brown to dark brown to dark
grayish brown. It is generally clay-rich and plastic/sticky when wet. This matches with the “gumbo” clay
encountered at the Wellington shallow well SW-1 (KGS, 2015) which prevented the standard rotary bit

from penetrating the clay rich layer at the bottom of this series.

The geologic map of Walters (1961) (Figure 5) identifies the same Pleistocene lower terrace deposits
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along the Chikaskia River and Slate Creek as shown in the soil map of USDA. The Wisconsin-age terrace
deposit, (Qw, in close-up geologic map, Figure 6) present along Slate Creek is described as chiefly arkosic
sand and gravel with lenses of silt and clay. As noted by Walters (1961) “yield large quantities of water to
wells”. Note that Qw is mapped to extend northward on the N-S oriented tributary to Slate Creek,

called Spring Creek, located near the western side of the newly mapped area above the label Qw.
Northward, Spring Creek is mapped as residing on Wellington Shale bedrock (Pw). Downstream from Qw
along Slate Creek is another terrace, Qckl. It is noted by Walters (1961) as “yielding moderate water

supplies to wells locally” . This terrace continues southeastward following Slate Creek.

A major portion of the newly mapped area including the Wellington Project site is mapped by Walters
(1961) as Qg, lllinoisan to Recent silt and clay contains minor amounts of sand and gravel described as
“not yield appreciable quantities of water to wells”. This is identified in USDA soil map as Bethany-

Kirkland-Tabler association (USDA, 1978).
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Figure 1 Map of physiographic sub provinces of the Central Plains of Kansas and Nebraska (from Mandel,
2008, after Wilson, 1978). Sumner County, Kansas is located in subprovince 12 — the Wellington-
McPherson Lowlands.
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the Chikaskia River of Mandell (2008).



AREAL GEOLOGY OF SUMNER COUNTY, KANSAS

o oy Kenneth L Walters
w57

777

/ J.'rI; i

Location of geohy(’l ologic
maps Wellington Project

Mandell (2008) Chikaskia
River valley cross section

Figure 5 Areal geology of Sumner County, Kansas (Walters, 1961). Locality #12 of Mandell (2008) located

by a red star in reference to the new mapped area (light blue highlighted) surrounding the Wellington

Project to the northwest.
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Qw > Wisconsin age terrace, chiefly arkosic sand and gravel, contains lenses of silt and clay.
Yields large quantities of water to wells.

Qckl = Kansan or lllionoisan terrace deposit yields moderate supplies of water to wells locally
Qc =2 lllinoisan to Recent silt and clay contains minor amounts of sand and gravel. Does not yield
appreciable quantities of water to wells. Identified in USDA soil map as Bethany-Kirkland-Tabler
association (USDA, 1978).

Pw = Wellington Shale

Figure 6 Excerpt of map from areal geology of Sumner County, Kansas (created by Walters in 1957 and
published in report of Walters, 1961). Area mapped for geohydrology surrounding the Wellington site
outlines with dashed black line. Red triangle denotes the location of the Wellington site. Domestic wells
to be sampled are labeled with arrow pointing to the map location. Symbols identify key surficial

deposits pertinent to the discussion of the geohydrology.

The mapped area for the geohydrologic study around Wellington Project is shown in the areal
photograph in Figure 7. Spring and Slate creeks and the Wellington Project site are identified for
reference in this figure. In addition, the two domestic wells to be sampled, Shepherd and Blubaugh, are

labeled on the map, located about 2 miles south of the Wellington Project site. The Shepherd well is



located in the Qw terrace that lies alongside the modern alluvium of Slate Creek (Walters, 1961).

The Blubaugh well is at the juncture of Qw and Qc terraces as mapped by Walters (Figure 6).

The yields at the time of completion of the two operating domestic wells to be sampled, Shepherd
and Blubaugh, were 10 and 15 gpm, respectively (Figures 8 and 9). Both wells are still being used
today for domestic purposes using local chemical treatment. The Shepherd well contains 10 ft of
sand overlying another 8 ft of sand and shale that extends to the base of the soft sediment. Hard
shale was encountered at 38 ft, believed to be the top of the Lower Permian Wellington Shale. The
WWOC-5 report on the Blubaugh shows only two feet of sand that was encountered at the base of a
17 ft thick bed of top soil and clay (Figure 9). The underlying blue shale, extending to a depth of 60
ft, is identified as the Wellington Shale in the present investigation. The lithologic column at the

two domestic well sites is shown in figures 10 and 11.
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Figure 7 Area of investigation for the geohydrologic study in the vicinity of the Wellington Project.
The Area of Review (AoR) for the Arbuckle CO, small scale injection is outlined in the dashed red
line. Several shallow water wells are included in this map for reference including the Shepherd and
Blubaugh domestic wells highlighted with yellow text located approximately 2 miles south of the

Wellington project. These two wells will be sampled for water quality.
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WATER WELL RECORD  Form WWC-3 Divison of Wate | | |
i mal Record Comrectson (S i Well Lise Resources Well ID

I LOCATION OF WATER WELL: Fracuon Secton Mnmbc! Tawnsh-p Number Range Number
County: Sumner N WY NW Y SE% i 5 R1ODEBW

2 WELL OWNER: Laut Name Shepherd Fust; Joan Street or Rural Address where well is lomcd (ef urknows, distance and

Busness: direction from rearest lown of intersection): 11 a8 owner"s address, check here: 7]
Address: 254 N. Mitchell

Address

City: sme: KS 21 67152
3 LOCATE WELL

WITH *X" 1N 4 DEP'I;H ﬂl‘Ll"U\IPL[TED W I.Ll42.6... ?‘L i
SECTION BOX: Depthls) .
N ) iicsimiai e §) .. ML, or 4) L] Dey Well s » D\M) 27
WELL'S STATIC WATER LEVEL: . s M’%
| ! bulorwr bt suarflecn, sasasired on { 2 GPS (unit make/model: .. TOMTom AKSSS DINVE,
SNW- (WAAS enabled? [ Yes B No)

Pump test data: ' Well water was ...

Well water wan
l Estimated Yield: .., 10._apen 6 Elevation: 1231 0 @ Ground Level [1T0C
5 Bore Hole Duameter ... 8 ;0 Land Survey [] 0 Topographic Map
| SR " — B2 Owher KQLAR ., +

7 WELL WATER TO BE USED AS:

1. Domestic: 5, [ Public Water Supply: well ID 10, [J Odl Field Water Supply: lease
B Houschold 6. [ Dewatering: how many wells' 11, Text Hole: well 1D ...
[ Lawn & Garden 7. 0] Aqufer Recharge: well ID OCsmed [ Uncased
O Livestock &, [ Monitonng: well ID ...... 12. Greothermal: how many bores’
2. [ kmgation 9. E I Remed. well 1D a) Closed Loop [ Horwontal D\ucﬂ:nl

3. [ Feediot [ Asx Sparge [ Sedl Vapor Extraction b) Open Loop [ Surface Du-n:tw-p- 1 g, of Water
4. [0 Industrial [ Recovery O Ingection 13. [ Other (specifyk ... e

Was a chemical/bacteriologh unpk bmitted to KDHE? [ Yes B No lf)u.dursampkwassdxmu:d...,

Water well disinfected?

8 TYPE OF C. .. CASING JOINTS: B Glued [J Clamped [J Welded [ Threaded
Caung diameter . i, Duameter .. n o 13
Casng height sbove L Wes Wall thickness or gauge l\n 2]
TYPE OF SCREEN OR PERFORATION MATERIAL:
0 Steel ] Stamless Steel [0 Fiberglass arve [m L

O Bras [ Galvanized Steel [ Concrete tle [ Nore used (open hole)
SCREEN OR PERFORATION OPENINGS ARE:

[ Continuous Shet ) Ml Shot [ Gauze Wrapped [ Torch Cut [ Drilled Holes [ Othet (SPECify) ves ves s ves e sneseversssnnnes

[ Louvered Shutter ] Key Punched D“m“rwd Q’mtn G\nn:libmlhkl
SCREEN-PERFORATED INTERVALS: From .23, F

GRAVEL PACK INTERVALS: From....<3

T GROUT MATERIALL [ Neat coment D(_cmlgmlll gnamm Cl(lln
Grout Intervals: From ... PR M SR e e VS

Nearest ¥ possible
O Septic Tank [ Lateral Lines O Put Privy [ Livestock Pens [ Insecticide Storage
[ Sewer Lines [ Cess Pool [0 Sewage Lagoon O Fuxl Storage [ Abandoned Water Well
[ Watertaght Sewer Lmes [ Secpage Pit [ Feedyard [ Fertilirer Storage O Ol WellAGias Weell
[ Ober (Specify)

Darection from well?
10 FROM O
20 Top Sol

0
20 (30  [sand _
30
38

.. L
ool ) or PLUGGING INTERVALS

38 Sand/Shale Mix
47 [Hard Shale

Notes:

11 CONTRACTOR'S OR LANDOWNER'S CERTIFICATION: This water well was b constructed, [ recormwd. or [ plugged
under my jurisdiction and was completed on { mo-day-year) 1 ... and this record is troe to the best of my and belwef.
Kansas Water Well CmmasL:m\h..@.‘.Qﬁa ..... This Al Record was completed on (mo-day- yclll'l 10('1_ M3......e

under the business name of
“Send one copy 10 WA TER WELL OWNER and retasn one for your reconds. Foe of 54,00 for each gonstracted well.
L‘Wdlkﬂn-ﬂmmwnﬂsu Geology Section, 1000 SW Jacksen St Suite 420, Topeka, Kansas 666121367, Telephone THi-296-1563,

| Wit s o banprdb kthek s o vsserwellindes bun) KSA 8241212

Figure 8 WWC-5 record for the Shepherd domestic well (Source: Kansas Geological Survey).
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WATER WELL RECORD Form WWC-5 Division of Water R I
1 LOCATION OF WATER WELL: i Section Number | T I Rusﬁc
Y (] T ‘777_6

Dmlnct dircctiop from nearest town or c:ly street address of well I IGlobal Positioning Systems (decimal degress, min. of 4 &gﬂs!

located within clly" | n W@,\h Latitude:
L 252 ! % !]k Longitud
2 \\RTER“’ELLO“‘\IER El -
RR#, St Address, Box # e’w%") < ;
WEL

Datum:
Chty, Sinic, 21 Code W Data Collection Method:

1 LOCATE WELL'S | 4 DE OF COMI S e L |
LOCATION |
WITH AN “X" IN | Depth(s) Groundwater Encountered Ig Q)... 3
SECTIONBOX: | WELL'S STATIC WATER LEVEL i v mn.dly:’yHH oA

N Pu 1 data; Well water was, vl afer.... ... hours pumping . gpm
T T Est. Yield...\ gpm: Well water was.. 5 & 1, " ISR ing.
W] --NE-- WELL WATER TO BE USED AS: § Public nmrrwppl} 8 Airconditioning 11 Injection well
w 1 | E Domestic 3 Feedlot 6 Oil field water supply 9 Dewatering 12 Onher (Specify below)
1 | 2 Irigation 4 Industrial 7 Domestic (lawn & garden) 10 Monitoring well ...
NI‘" "T'” Was ach Lt | 1 sample submitted to D ? Yes..
Sample was submitted........ Water well disinfected? Yes
5
5 TYPE OF CASING USED: 5 Wrought Iron 8 Concrete tile CASING JOINTS: Glud.,x.. .. Clamped........
Steel 3 RMP (SR) 6 Asbestos-Cement G Other t;pemiy below) Welded....
Ve 4:\35& ?Fi@x . . 1 ] 5

Blank casing diameter ... &=2..... in, 1o o, D:amm :n m fi., Diameter ... L0

Casing height above land surface....... L& ... in., Weight . 2. 5 Jbssft. Wall thickness or guage No. E&R?_‘O .

TYPE OF SCREEN OR PERFORATION MATERIAL:

1 Steel 3 Stinless Steel 5 Fiberglass @/c 9 ABS 11 Other (Specify) ..
2 Brass 4 Galvanized Steal 6 Concrete tile RM (SR) 10 Asbestos-Cement 12 None used (open holc)

SCREEN OR PERFORATION OPENINGS ARE:

| Continuous slot 3 Mill slot 5 Gauzed wrapped Jorchcut 9 Drilled holes 11 None (open hole)
2 Louvered shutter 4 Key punched 6 Wi npped vacul IﬂOthet{:ponfy}
SCREEN-PERFORATED INTERVALS: From.. % .. ft, From .. R
From. - o ; 2 me,.. .
GRAVEL PACK INTERVALS: an’Z.O ; . ft., From ... o fi
From......ooonmmmmnn i, [ 10T, P — fi

6 GROUT MATERIAL: 1 cement _2 Cement gTou'I G}mmne W OMRRE S i i e E R L D RS e TS SRR ST Gae =

Grout Intervals: From .....%3 ... fi.wo. Mo, .. ft., From .. N 2 D—— . o
What is the nearest source ofpo;slblae mwmmtmn

| Septic tank 4 Lateral lines 7 Pit privy 10 Livestock pens 13 Insecticide storage 16 Other (specify

@yscwer lines 5 Cess pool 8 Sewage lagoon |1 Fuel storage 14 Abandoned water well below)

3WMmsghlmulm 6 Seepage pit 9 Feedyard 12 Fertilizer storage _ 15 Oil well/gas well
_6)\1 TO Ll,THOLOGlC LOG FROM | TO PLUGGING INTERVALS

|\ 2|
I’f CA

1 | Zoand
-‘i% D [Huesinale

7 CONTRACTOR'S OR LANDOWNER'S CERTIFICA u ater well was 1ed, (2) ted, or (3) plugeed
under my junsdi I . and this record 1s true to the best of my doc
Kansas Water Well Cont w

tll kctofd Was Co
under the business name of 2
INSTRUCTIONS Lse nypr-nuu i

Figure 9 WWC-5 record for the Blubaugh domestic well, (Source: Kansas Geological Survey).
The stratigraphic and basic lithologic information from the WWC-5 was used to create a series of

lithologic columns for key wells used to create cross sections including the Shepard and Blubaugh wells

(Figures 10 and 11).
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Depth: 47.0

P Lithelegy Remarks Primary Rock Lithology
Rodk Cohman

EEEE% Loess, Loam, Soil
=== Shale

03 sedl Sand, Sandstone

Secondary Rock Lithology

3 20 shale =g 4 Shaly, shale

1-87611
Shepherd
-97.4479673
37.2953918
1221 ft GL

40 gpm

Screen 1191, 1178
0;3;soil

I s 3;20;shale
20;30;sand
30;38;sand, shale
38;47;hard shale

30 3% sand shale

3% 47 hard shale

Figure 10 Graphic lithologic column of the Shepherd well. Hard shale is encountered at 38 feet inferred

to be the top of the Wellington Shale.
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Dﬁih: 19.0
ep Lifhelogy Remarks Primary Rock Lithology

gk‘:“ﬁ,sgé% Loess, Loam, Soil
oo
tirinariinid Sand, Sandstone

0 3 so0dil

3 17 clay

17 19 sand

Figure 11 Blubaugh domestic well. Blue shale lies beneath the sand at 19 ft (below the depth shown in
the figure) is inferred to be the top of the Wellington Shale. The softer clay and the sand are part of the

unconsolidated interval yielding the water used for domestic purposed.

Methodology

The mapped region selected for this study around the Wellington Project includes the Shepherd and
Blubaugh wells to be sampled. Information on existing shallow water wells was compiled into an Excel
database. The resulting maps, well profiles, and cross sections were used to provide a geohydrological
context for the mapped area. This new information is then compared to previous work on the surface

geology and geohydrology as previously discussed above.

A total of 141 wells were extracted from the WWC-5 database

http://www.kgs.ku.edu/Magellan/WaterWell/index.html. Eighty seven wells were selected. Wells not

selected have 1) limited or no information to record and map or 2) wells in dense clusters used for
environmental monitoring were not all used, but a representative well was used to convey information

about those locations. The resulting Excel database is submitted with the report so that wells not
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mapped will be available for inspection. Each well in the database also contains a URL hyperlink to the

actual well record in the WWC-5 online database.

In addition, three shallow water monitoring wells (SW-1. SW-2, SW-3) at the Wellington Project were
added to the Excel database illustrated in the following three profiles (Figures 12, 13, and 14).

Monitoring well, KGS SW-1, a 100 ft deep well, has 9 ft of friable silty sand overlying a minimum of 8 ft
of very soft clay (gumbo). Cuttings were not collected from this well below 22 ft after drilling

recommenced due to late conveyance of notice to the driller.

Well SW-2, was drilled immediately after SW-1 at a location ~200 feet to the south. This well was drilled
without any interruption to a depth of 200 ft, estimated to be ~35 ft above the halite beds in the Lower
Permian Hutchinson Salt. Ten feet of ochre colored sand, 10 ft of brown unconsolidated silt and sand
was encountered above 40 ft of brown to gray soft shale, inferred to be same gumbo soft clay in SW-1

(Figure 13).

SW-3 was the third monitoring well to be drilled to a depth of 50 ft. The upper 25 ft contains loose silt

with moderate argillaceous content (Figure 14). The top of the Wellington firm shale was set at 30 ft.
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ep Rodk Lifhclogy Remarks Primary Rock Lithology

Clay, Claysione
Shale
$ilt, Siltstone

0 5 clay gray wvexy soft

Secondary Rock Lithology

Clayey, Argillaceous, clay
Sandy, sand
Bituminous

S 14 >70§ silt and s o o
red-brown/ochre Eu\e grun o o
quarts loose well rounded 30I
silty clay dispersed loose
circilation

6-sw-1

KGS SW-1 well (100 ft TD)

Located 170 ft east of Wellington KGS #1-
28

County: Sumner County

1260 ft GL

Screen interval: 50-100 ft

14,15 clay :;ycg},':\;;: qz250 Total Depth: 100 ft; Elevation: 1260

5%3 22 clay g ¥ £%_qumbs 0;5; clay, gray, very soft
pe pene 10:\ ° i .
A YR g bit to diill 5;14; >70% silt and sand, red-

ema:\.mng borehole to 100 £t

P P T Lo this brown/ochre, fine grained, quartz, loose,

well rounded, 30% silty clay, dispersed,
loose circulation

14;15; clay, gray, olive green, soft, gumbo,
clay covers drill bit and reduces
penetration, top of Wellington Shale

22 100 shale gray TD: 100 £t. 15;22; clay, gray, soft, gumbo, stopped
penetration of drill, switch to a drag bit to
drill remaining borehole to 100 ft. No
cuttings saved beyond this point.

TD: 100 ft.

Figure 12 SW-1 lithologic column. Well was drilled to 100 ft. Samples were collected to the 22 ft depth
when the drill bit became clogged by the gumbo shale. Drilling commenced with a different bit to drill to
total depth. Reddish brown silt and sand is found at 5-14 ft with soft green and gray (gumbo) clay to 22

ft when cuttings were no longer collected.
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SW-2
KGS SW #2 well (200 ft TD)

Remarks Primary Rock Lithology
e, Located 190 ft southeast of Wellington KGS #1-28
!»s S, Silistone County: Sumner County

Sand, Sandstone

Secondary Rock Lithalogy

Clayey, Asgillacesus, clay
Silly, 5ili

Sandy, sand

Calcaresus

Cypsiferaus, pypoum
Halifersus, salt halite

12571t G

Screen interval: 100-200 ft

Total Depth: 200 ft; Elevation: 1257

0;10; 80% sand, red-brown, coarse to fine; guartz, soft, well rounded; 20% silt,
brown, clayey, dispersed

10;20; 50% silt, very coarse, sand, very fine, brown, quartz, 50% clay, gray, soft
20;30; 80% clay, gray brown, soft, water reactive, 20% silt, gray, more firm

30;40; 60% clay, soft, 40% silt, very fine, gray, soft
40;50; 90% clay, gray-dark gray; firm, not react with water, 10% silt, light gray,
very fine, quartz, rare selenite crystals
50;60; 90% clay, gray to dark gray, 10% silt, gray, very fine, firm, rate selenite
crystals
60;70; 95% clay, gray to light gray, brown, 5% silt, gray, very fine, firm, frequent
selenite
70;80; clay, gray to dark gray; common satin spar (fibrous gypsum)
20;90; clay, gray to dark gray; common satin spar
90;100; clay, gray to dark gray; common satin spar
100;110; clay, gray to dark gray; common satin spar
110;120; clay, gray to dark gray, firm, abundant satin spar and alabaster (finely
crystalline gypsum)
120;130; clay, gray, very soft, mush
130;140; clay, gray, very soft, water reactive, common satin spar, rare limestone,
brown, micrite

140;150; clay, gray to dark gray, very soft, water reactive, common limestone,
brown, micritic

150;160; 50% silt, light gray and ochre brown (dispersed), very fine, 50% clay,
light gray, possible water source

160;170; 50% silt, light gray to dark gray, soft, 50% clay, light gray to dark gray,
very soft, common limestone, gray, micritic, common satin spar

170;180; 50% silt, light gray to dark gray, soft, 50% clay, light gray to dark gray,
very soft, common limestone, gray, micritic, common satin spar

180;190; clay, gray to dark gray, very soft, common limestone, gray, micritic,
common satin spar

190;200; clay, gray, very soft, common limestone, gray, micritic, common satin
spar (Total depth)

235; halite, projected depth

L Y i e

1pad oy gy b

20 35 888 olay, rewn ol
PR B g A L X

30 4G £6% clay sgft 40N it
wary fine sear sstt

40 55 38 olm Tay=da;
i it

Figure 13 Lithologic column for SW-2, a monitoring well at Wellington. Well was drilled to 200 ft,
approximately 35 ft above the Hutchinson Salt Member. The top of the Wellington Shale is at 40 ft ( the
firm gray to dark gray shale). Sand is present from 0-10 ft, sandy silt 10 to 20 ft, and silty soft clay down
to the Wellington Shale at 40 ft.

Presence and implications of gypsum in shallow unconsolidated zone -- The intervals between depths

of 40 and 70 ft in SW-2 and 25 ft and 40 ft in SW-3 contain clear euhedral selenite gypsum crystals.

Below these depths the gypsum becomes satin spar fibrous gypsum in the firm unweathered shale near
to slightly below the top of the Wellington Shale. The satin spar is believed to have developed early
when the Wellington Shale was deposited filling shrinkage cracks in the evaporite beds or filled fractures
formed during the transformation from anhydrite to gypsum noted to occur as burial temperatures
decrease to under ~50° C and the Permian strata are eroded (Liu and Zheng, 2013). Thus, the satin spar

gypsum was probably precipitated at shallowing depths when anhydrite became unstable.
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In contrast, the formation of clear lipid selenite crystals is closely associated with the depth of
permeable silt and sand deposits in the shallow unconfined aquifer present at the Wellington Project
site. The selenite and its presence in the lower portion of the shallow aquifer above the Wellington
Shale containing the in situ burial satin spar suggests that the latter has dissolved and again precipitated
as selenite as undersaturated meteoric water encountered the gypsiferous Wellington Shale. Seasonal
changes in wet and dry conditions could lead to intermittent supersaturation in the pore fluids leading
to the precipitation of gypsum. Samples from SW-2 and SW-3 contain aggregates of silt and sand grains
included in crystals of clear selenite suggesting that this process is common at this location.

Concomitant with the selenite is the elevated salinity of the water in the shallow aquifer at the

Wellington Project site.
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SW-3

KGS SW #3 well (50 ft TD)

Longitude: -97.435, Latitude: 37.318

Located 690 ft south-southwest of Wellington KGS #1-28
County: Sumner County

1255

Screen interval: 25-50 ft

Total Depth: 50 ft; Elevation: 1255 Ground level

0;5; silt, gray, very fine (62-88 um), loose

5;10; silt, gray, very fine, loose grains

10;15; 50% silt, light gray, very fine, argillaceous,
moderately firm, 50% silt, light brown, very fine,
moderately firm

15;20; 80% silt, light gray, argillaceous, moderately firm,
20% clay, silty, dark gray, moderately firm

20;25; 70% silt, light gray, argillaceous, 30% clay, dark
gray, trace gypsum (selenite), clear, angular

25;30; 50% clay, gray, silty, 50% clay, dark gray; trace
gypsum (selenite), clear (recrystallized) cemented
aggregate

30;35; shale, silty, gray to light gray, trace gypsum
(selenite), clear, coarse aggregate (recrystallized)
35;40; shale, silty, gray to light gray, trace gypsum
(selenite), clear, coarse aggregate (recrystallized)
40;45; shale, silty, gray to light gray, scattered gypsum
(satinspar) (in situ vein filling)

45;50; shale, silty, gray to light gray, scattered gypsum
(satinspar) (in situ vein filling)

Figure 14 Lithologic column of SW-3 monitoring well at Wellington. Silt occurs to a depth of 25 ft. The silt

is increasingly mixed with clay. The argillaceous to silty clay from 20 to 25 ft contains gypsum and from 25

to 30 ft the clay turns to firm shale, thus the top of the Wellington Shale is chosen at 30 ft.

The three monitoring wells and the new deep Mississippian injection well, KGS #2-32, illustrate the

continuity of the Wellington Shale beneath the shallow aquifer at the Wellington Injection Site. A new set
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of well cuttings from #2-32 combined with wireline logs starting at 142 ft below the surface show

that the Wellington Shale is continuous below that depth to the top of the Hutchinson Salt, a 200 ft thick
bed of halite. A cross section connecting wells #2-32, SW-3, and SW-2 illustrated the thin nature of the
shallow aquifer located on a shale aquiclude (seal) of the Wellington Shale that isolates the perched thin
shallow aquifer resting on the shale (Figure 15). The Wellington Shale is isolating the meteroric water

from the contact with the halite.

SW-NE well log and sample cross section extending
from new CO,-EOR injection well to the shallow
monitoring wells

@ KGS #2-32 SW-3 SWw-2 I 100 ft (30 m)
C0,-EOR filr 278 flar 2+ M

{ N | .
—Avhutlde ?lljt‘_‘(.‘tlull/.-,,
~Samonitoningwells

I
Q|

% i
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Figure 15 Wireline logs and sample description of the deep Mississippian well, KGS #2-32 located ~ 1
mi southwest of the SW monitoring wells. Halite lies immediately beneath the Wellington Shale (purple
color along the sample description noted by corroded crystals of halite in the fresh cuttings described at
the wellsite). KGS #2-32 is compared to the SW-3 and SW-2 as a cross section datumed at the land
surface. The inset map shows the AoR and the location of the monitoring wells.

The cuttings description for the deep test penetrated through the entire Permian is presented in Figure
16. The halite as it is preserved in the undersaturated drilling mud consists of scattered halite chips of

clear cubic crystals. Below the halite is bedded gypsum.

Cuttings description, Shallow interval

Berexco Wellington KGS #2-32 i -

el e L e Berexco Wellington KGS #2-32
15-191-22770-00-00

1W-315-5ec32 completed logged and cased (3/30/15)
Longitude: __, Latitude: ___

County: Sumner County

KB:1266 .

GL: 1257 ¢ Sample logging commenced below surface
oy resa R conductor pipe at 150 ft.

RM: 0.527 (Wellington Shale) . Samples caught every 10 ft

150;160; Shale, gray, moderately firm (Wellington Shale; .

160;170; Shale, gray, moderately firm, scattered satin spar (vein fill, not recrystallized) . 150 ft -- Wellington Shale (dark gray shale
170;180; Shale, gray to light gray, moderately firm, scattered satin spar i i

180;190; 70% shale, gray, 30% claystone, brown, common satin spar with scatterEdsat’_n spar gypsum)

190;200; 60% shale, gray, 40% claystone, brown . 260 ft — top Hutchinson Salt -- sparse halite
200;210; 90% shale, gray, 10% satin spar . . Lo
210;220; 60% shale, dark gray, 20% gray shale, 10% brown shale, 10% satin spar noted corresponding with same wireline log
220;230; 90% claystone, gray, 5% alabaster {depositional type vs. veinfill), 5% satin spar

230;240; 90% claystone, gray-light gray, olive green, tracered claystone, scattered gypsum, trace halite (dissolved smoothed edges of clear crystals) dEpth (rounded dear crystals affECted by
240;250; 80% shale, olive green, 10%shale, gray, scattered alabaster, trace halite dissolution in freshwater drilling mud)
250;260; 80% shale, olive green, 10% shale, gray, scattered alabaster, trace halite . :
260;270; halite, 90% shale, gray-green, 10% shale, brown, scattered alabaster and satin spar (Hutchinson Salt) * 340 ft—base of Hutchinson Salt (halite
270;280; halite, 70% shale, olive green, 20% shale, dark gray, 10% shale, brown, trace gypsum Vo

280;290; halite, 70% shale, olive green, 20% shale, dark gray, 10% shale, brown, trace gypsum gone, It gray and olive-gray shale and
290:300; halite, 70% shale, olive green, 20% shale, dark gray, 10% shale, brown, scattered halite, clear, smooth, trace gypsum alabaster gypsum begin)

300;310; halite, 70% shale, olive green, 20% shale, dark gray, 10% shale, brown, scattered halite, clear, smooth, trace gypsum N .
310;320; halite, 70% shale, olive green, 20% shale, dark gray, 10% shale, brown, scattered halite, clear, smooth, trace gypsum . 540 ft — top of Chase Group (first dolomite
320;330; halite, 60% shale, dark gray; 30% shale, olive gay, 10% gypsum T

330;340; 60% shale, dark gray; 30% shale, olive gay, 10% gypsum (Lower Sumner Group anhydrite) samples, brown dense distinctive from
340;350; gypsum, 60%shale, dark gray; 30% shale, olive gray, 10% gypsum, trace halite above appear)

350;360; gypsum, 70% shale, gray, 30% shale, dark gray, 10% alabaster

360;370; gypsum, 70% shale, light gray, 20% gypsum, alabaster

370;380; 70% gypsum, alabaster, light gray, light brown, dense, 30% claystone, light gray

380;390; 70% gypsum, alabaster, lightgray, light brown, dense, 30% claystone, light gray

390;400; 80% gypsum, alabaster, 20% claystone, gray

400;410; 80% gypsum, alabaster, 20% claystane, gray, scattered claystone, gray

410;420; 80% gypsum, alabaster, gray, white, scattered dolomite, microcrystalline, dense, gray

420;430; 80% gypsum, alabaster, gray, white, scattered dolomite, gray, light brown, microcrystalline, dense

430;440; 90% gypsum, alabaster, light gray, light brown, 10% shale, light gray

; 70% gypsum, alabaster, 10% shale, dark gray, 10% shale, light gray

;460; 70% gypsum, alabaster, 10% shale, dark gray, 10% shale, light gray, scattered alabaster, translucent

460;470; 95% gypsum, alabaster, 5% shale, light gray

470;480; 95% gypsum, alabaster, 5% shale, light gray

480;490; 95% gypsum, alabaster, 5% shale, light gray

490;500; 95% gypsum, alabaster, 5% shale, light gray

500;510; 95% gypsum, alabaster, 5% shale, light gray

510;520; 90% gypsum, alabaster, 10% shale, light gray

520;530; 80% gypsum, alabaster, 20% shale, light gray

530;540; 80% gypsum, alabaster, 10% dolomite, brown, micracrystalline, 10% shale, gray

540;550; shale, 70% gypsum, alabaster, 25% shale, lightto dark gray, 5% dolomite, brown, dark brown, peloid packstone
550;560; 70% shale, gray ta dark gray, olive green, 30% gypsum, alabaster, trace dolomite, brown, mottled, microcystaline
560;570; 50% shale, gray to dark gray, 45% gypsum, alabaster, 5% dolomite, micrite

570;580; 75% shale, gray, 15% dolomite, brown, micrite, 10% gypsum, alabaster

580;590; 70% shale, gray, 25% gypsum, alabaster, 5% dolomite, brown, micrite

590;600; 60% dolomite, gray, brown, micrite and microcrystalline, 35% shale, gray, 5% gypsum, alabaster (top Chase Group)
600;610; 50% dolomite, brown, 50% shale, gray

610;620; 60% dolomite, brown, gray, wackestone-grainstone, peloid, bioclastic, porosity

620-630; 50% dolomite, micrite, 50% shale, gray 30
630;640; 50% dolomite, micrite, 50% shale, gray

640;650; 50% dolomite, micrite, 50% shale, gray

Figure 16 Cutttings description of the uppermost portion of the deep Mississippian injection well, KGS
#2-32.

The shallow aquifer identified at the Wellington Project Site was extended to the mapped area for the

study shown in figures 6 and 7. It is evident that previous work has established a systematic framework
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for the shallow aquifer based on a distinction of Modern and Holocene sediments differentiated by
lithologies, elevation and location with respect to modern surface drainage. What is particularly evident
is that the antecedent landscape is dominated by a series of terraces that in this region are associated
with paleo drainage in association with the Wellington-McPherson Lowlands. According to Mandell
(personal communication, 2015) the terraces are associated with the paleo Arkansas River drainage. As

noted in Figures 3-6, the older terraces are located at higher elevations. Younger terraces succeed and

cross cut the older terraces in close proximity to the current creek and river drainages. The shallow
sediments residing at the Wellington site are classified by Walters (1961) as Qc, Pleistocene to recent
silt and clay containing minor amounts of sand and gravel and are concluded to not yield appreciable
quantities of water. The mapping in the area is an attempt to place the Wellington Project site in the
context of (active or plugged) water wells in the area to understand the stratigraphy and to use this
information to understand what might control the observed variations in the yields and water quality in

the shallow aquifer.

An Excel workbook was developed based on information found in shallow wells in the WWC-5 database.

Wells used in the mapping contain all or most of the following parameters:

brief sample descriptions

e static water elevation

e reported estimated yield

e surface elevation

e top of shallow aquifer below the Modern surficial soil layer
e top of the Lower Permian Wellington Shale Member of the Sumner Group
e elevation of total depth of well penetration

e net thickness gravel and sand

e netsand

e netsilt

e net thickness clay

e total gravel, sand, silt

e top and base of screened interval

e computed thicknesses of lithology and stratraphic units
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Excerpts from the Excel database are shown in Figure 17a and 17b.

The lithologic, stratigraphic, and elevation data were used to build several maps and two cross sections.
The graphics are used to illustrate spatial attributes of the shallow aquifer system. The mapped area

covering ~ 24mi’ is located north and west of the city of Wellington.
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Figure 17a Left side of a portion of the Excel database.
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1 WELLID VELL_DEPTH ELEV  STATIC_IStatic sea EST_YIELD topsoil top aquifer graveldsd  netsand netsilt netclay lop screerbase screen top Wellington  Top top base aquifeigrav+sand+silt  TD comment  topo g
2 87447 o7 1200 2 1264 1200 1288 0 0 2 1260 1193 1281 7 0 11937 i red Welin5 ft abc|
3 87448 53 1270 8 1262 1270 1267 [ NI [ ° [ 1237 217 1217 50 50 217 10nat
4 87449 44 1301 24 1277 1301 1208 0 0 [ 23 1277 1257 1275 23 0 1257 brownclay 5 fabel
5 87450 44 1324 1324 1321 0 [} [ 10 1300 1280 1311 10 0 1280 soft green cla 30 ft at|
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Figure 17b. Right slide of the Excel database (continuation of Figure 17a).
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A series of maps and a cross section are shown in in Figures 18-22. Figure 18 shows the location of KGS

#1-28 ( the Arbuckle CO; injection well). To the west of this well is the location of a modern drainage
called Spring Creek. This is also noted on the map shown in Figure 6. As noted in Figure 6, Spring Creek
overlies either Permian bedrock or the Qw terrace described as a lower Holocene terrace consisting

chiefly of sand and gravel which are noted to yield large quantities of water.

Figure 19 is an elevation map of the top of the shallow unconfined aquifer constructed from information
in the WWC-5 database. Lower elevations (highlighted in blue) occupies the southwest and southern
reaches of the mapped area immediately below KGS #1-28. Figure 20 shows the net thickness of sand
in the shallow aquifer concentrated in the area immediately west of the KGS #1-28 and in the northeast

along a e topographic low.

Figure 21 shows the elevation of top of the Wellington Shale or base of the shallow aquifer. The
southwestern area is again at a lower elevation and suggests that the Wellington Shale was eroded by
the paleo valley or that this is due to a structural relief. A paleo valley is the likely cause, leading to the

removal of Wellington Shale.

The sample log cross section shown in Figure 22 extends from what is inferred to be a paleo valley on
the left (identified with an orange horizontal bar). The cross section index is shown in Figure 19. The
cross section extends through the area of the Shepherd and Blubaugh domestic wells to be sampled in
the southwest and extends through the Wellington Site up to the northeastern portion of the mapped
area.

The lithology of the western edge of the cross section, located in the inferred paleo valley, contains a
thick sand at the bottom of the section adjacent to the top of the Wellington Shale. In contrast, the
lithology at the Wellington site is silty with more clay and interpreted as the higher older terrace that
was apparently cut by the younger terrace in the adjoining paleo valley to the west. Significantly, this
cross section is believed be analogous and likely equivalent to the profile of the modern river deposits
and older terraces illustrated by Mandell (2008) in the drainage basin immediately south of Spring and
Slate Creek, along the Chikaskia River (Figure 3). It is argued here that the lateral connectivity of these
temporally and spatially distinct terraces demonstrated by Mandell (2008) likely apply to the Wellington
site. Permeable hydrostragraphic units comprising the lower terrace along the creek may not be laterally

connected to the (older) higher terrace at the Wellington site.
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The full SW to NW cross section discussed above is shown in Figure 23. Note the paleo valley northeast of
the higher elevation which coincides with the large sand thickness in Figure 20. The basal contact of the
surface aquifer and the contact with the Permian Wellington Shale is identified by the red line. The wavy
orange line is the land surface. Note the basic conformance of the two surfaces. A Pleistocene alluvial
terrace exist in the vicinity of the three shallow water wells at Wellington (SW-1,SW -2, and SW - 3), and
east of these wells. as described further below. The terrace continues eastward in the cross section until
reaching the fourth well from the east side where the terrace laps onto the Wellington Shale. At this well
location, only a thin mantle of soil/loess overlies the Wellington Shale. The Pleistocene terrace is again
present in the next two wells as the elevation falls and is then replaced by sand-rich paleo valley deposits

in the northeastern-most well.

The northeastern-most well is topographically higher than the paleo valley deposits on the west side of
the cross section where gravel-rich sediment occurs. The lack of gravel in the northeastern paleo valley
suggests that the two valleys are distinct units, i.e., the gravel-rich sediment is inferred to be along the
headland of the paleo valley and does not extend and connect to the northeastern valley where sand is
present. Mapping of the paleo valley and sediments, an isopach of the shallow aquifer and the
elevation of the Wellington Shale suggest a continuous paleo valley system, but the liithofacies
succession suggest otherwise. Also, the low in the Wellington Shale conforms to the thicker shallow

aquifer supporting an incised valley interpretation.

Shallow water wells drilled at Wellington Field reside above the paleo valley to the west. The sand and
gravel, abundant and thick in the paleo valley, are replaced by red-brown silty layer (with fine sand and
sticky plastic clay) that is correlated to the Bethany series of soil and the underlying parent material of a
Pleistocene terrace alluvial deposit. The terrace is interpreted by Mandel (personal communication,
July, 2015) as an early deposit of the ancestral Arkansas River preserved as a high terrace in north-
central Sumner County. The Bethany series is described and mapped in the Soil Survey of Sumner
County (USDA Soil Conservation Service). This identification was made by Rolfe Mandel at the KGS

(personal communication, July 23, 2015).
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Figure 18 Extent of CO, plume surrounding Wellington injection well (KGS 1-28) and location of
Shepard and Blubaugh water wells which have been selected for water quality sampling and

comparison with shallow Wellington monitoring wells (SW-1, SW-2, and SW-3).
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®  Existing Water Well - —

Figure 19 Elevation (ft, msl) of top of shallow unconfined aquifer in study area. Source: KGS WWC-5
water well database.
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Sowwwes: ESRI KGS, KCC
Map Printed 771515

Figure 20 Net sand and gravel thickness in study area. Warmer colors indicate greater thickness.
Thicknesses are in feet. Source: KGS WWC-5 water well database.
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Figure 21 Elevation (ft, msl) to top of Wellington shale showing dip vectors of the surface. Source: KGS
WWC-5 water well database.
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| Structural cross section shallow water well sample logs
SW-NE -- from paleovalley (Holocene) (left side) :l

\__!
W

—>Pleistocene terrace = subcrop of Wellington Shale (right) _ /-
No horizontal scale = g
Total Length 7 mi (11 km) 7 /‘/ “NE

Top shallow
aquifer _
SW SRS g - = B B shale -| Top
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(Source:Watney using data from Excel

Figure 22 Structural cross-section through study area.
workbook, online Java Well Profile, and Coreldraw)
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Figure 23. Southwest to northeast structural cross section of the shallow unconfined aquifer in north-
central Sumner County. (Source: Watney using data from Excel workbook, online Java Well Profile, and

Coreldraw)

The location of the E cross section and the index is shown in Figure 19. Notice at the northeastern side
of the cross section that the shallow aquifer/upper terrace consistently thins to the current topographic
high to a point where the Wellington Shale directly underlies the modern soil, i.e., serving as the parent
material (C horizon). Farther northeast, the elevation falls, the shallow terrace aquifer thickens and
appears to be cross cut by a younger lower terrace deposit resembling the incised valley to the

southwest which contains thick sand. Datum: Sea level (ft). No horizontal scale.

Conclusions

The two domestic wells, Shepherd and Bluebaugh, to be sampled for EPA are located in the sand-rich
facies in both a paleo valley and the edge of a current valley of a tributary to Slate Creek. In contrast to
other areas in the study area including the Wellington project site, this portion of the shallow aquifer
shown in the maps and cross sections contains or lies in proximity to thick coarse clastics. The two
operating domestic wells to be sampled have high yields and water which can be used with local
chemical treatment. The paleo valley resides beneath and is likely hydraulically communicating with the
alluvial deposits along Spring and Slate creeks. This potentially provides a source of water for the

domestic wells in addition to local recharge in the area.
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	EXECUTIVE SUMMARY
	Project Objectives
	Scope of Work
	Project Goals

	Project Deliverables by Task
	Accomplishments
	1. Class VI Progress
	Decision was made in July to build a compositional simulation of the Arbuckle saline aquifer in STOMP, the software used by EPA evaluate the AoR to facilitate the conversion from CMG simulation used by KGS to software platform used by EPA. After consu...
	CMG is now uses the parameters, processes, and rock properties to confirm the AoR with a conservative model.  The same domain and input parameters will be used in STOMP.
	Table 6 Testing and Monitoring containing questions from EPA was completed during this quarter. The table includes testing and monitoring including above confining zone, CO2 plume, and pressure front monitoring. A geomechanical model was built evaluat...
	Table 7, Emergency and Remedial Response Plan, questions was completed during the quarter. The questions from EPA were satisfactorily addressed by specific answers to questions and submittal of an Operating Plan for Safe and Efficient Injection (OPSEI...
	 Reliability of the data and approaches used to analyze the data
	 Frequency that the data is acquired during injection
	 Sensitivity and precision of the monitoring method and its ability to detect small changes in CO2 plume behavior
	 Location and therefore resolution from which the data is collected
	 Spatial resolution and coverage of the CO2 plume
	 Ability to detect movement out of the injection zone both above and below the injection zone.
	A summary of the monitoring techniques and responses are included in Figure 1.
	Figure 1. Operating plan for safe injection.
	Appendix B titled, “KGS’s Opinion Regarding Likelihood of Inducing Earthquakes Due to CO2 Injection in the Wellington Oilfield,” was also presented on the topic of induced seismicity.
	The QASP (Class VI Injection Well: Quality Assurance and Surveillance Plan) was also being finalized during this quarter and a final signed copy is included in Appendix C.
	2. Hydrogeology evaluation
	Appendix D. is a report on hydrogeology of the area in and around Wellington Field. The report was submitted to EPA to provide a perspective of the variable yield and water quality of shallow unconfined groundwater in the vicinity. The title of Append...
	The summary of findings as reported in Appendix D. –
	The shallow geology at the Wellington CO2 injection site is reflective of general conditions in Sumner County, KS, with alternating thin loess/clay deposits in the uplands and relatively thick sand/gravel deposits in the lowlands formed by modern drai...
	It is demonstrated through geologic cross sections and maps that the three shallow highly brackish monitoring wells at the Wellington site (SW-1, SW-2, and SW-3) are located in the uplands and that the two (relatively fresh) domestic wells (Shepherd a...
	3. Completed baseline chemistry of produced brines from Mississippian oil reservoir
	Existing and new samples of brine from the Mississippian oil reservoir were completed in August and results and displays using java applications are now online with a methodology to normalize the data to account for systematic changes so the results c...
	An example of the baseline map is shown in Figure 2 that depicts the distribution of pH, Cl, and HCO3.
	List of samples shown on the map
	Data Statistics
	Gridding Parameter & Calculated Data
	ColorLith Plot Limits

	Figure 2. Gridding and mapping of baseline brine data using a new Java application.
	4. Updated Mississippian model for CO2 injection design
	The Mississippian reservoir was revisited and updated in July and August to incorporate new data from the KGS #2-32 drilled in the previous quarter. The core obtained and the log data made a compelling case for slightly inclined stratification of high...
	Figure 3. SW-NE stratigraphic cross section using well logs illustrates the progradational wedge geometries that clearly distinguish the west and east sides of Wellington Field. The west side has a uniform porosity profile (colors of yellow and green)...
	5. Identification of nearby seismicity events
	The team of Tsoflias, Graham, Nolte, Raney, and Victorine has made considerable progress since January when the operation, processing, and interpretation were turned over to them. The critical threshold for seismic events is 2.5 magnitude, since this ...
	Milestone Status Report
	Project Schedule
	Task 2 – Site Characterization of Arbuckle Saline Aquifer System - Wellington Field


	July 1
	Area of Review Computational Modeling submission made to EPA GS Data Tool.  This included an updated export of the grid as an attempt to repair conversion errors in the files.
	July 1 – Overview presented of seismic activities by Brandon Graham
	July 6th –
	Discussion of a mass spectrometer and the requirements of the instrument to perform sampling of Mississippian waters. A summary from L. Watney’s email describing the specifications and requirements is below:
	 “The quad mass spec will be used to measure gases at the wellsite. It is portable, but large enough for the need to carry to the well location via  pickup or van.
	 The gas samples to be analyzed will be at low temperature and low pressure suited for sampling of vapor from the Mississippian monitoring wells or vapor from depressurized samples from the U-Tube.
	 The mass spec. will require tuning in a lab environment and once at Wellington for a round of well sampling, should be temporarily stored when not in use in the field in a clean, air conditioned location. I will need to discuss with Dana.
	 We are unsure about the detection limit of Xe, but our preference is to use Kr for the Mississippian injection and SF6 for the Arbuckle. SF6 is reserved for the Arbuckle due to the possibility of masking by a heavier HC gases that could affect detec...
	 Ar has mass  that is very similar to CO2 so use of Ar with the Mississippian CO2 injection is questionable.
	 We agree that a mass spec with a range of 100-200 amu is preferred, higher so we can also record the range of HC gases that could precede an oil bank when CO2 releases lighter HC from oil that it contacts.
	 In terms of dosage and cost, I'll work with Eugene once he is able to break away from the EPA permit questions that continue to this day.
	 Use of the mass spec by the KGS after these CO2 injections -- similar applications would be envisioned with this unique instrument for the region, perhaps with new funding for next gen CO2-EOR with tracers as we have previously proposed, testing new...
	After careful consideration, it was decided that laboratory analysis would be sufficient to fulfill the needs of a mass spectrometer until a perfluorocarbon tracer is introduced with the CO2 for the Arbuckle injection.
	July 7th
	A conference call was held with a company interested in exploring the feasibility of using electromagneitic (EM) technology in the Arbuckle CO2 injection. Although exhibiting potential, discussion was deferred.
	July 7th –
	Conference call with EPA to address the remaining questions that have been based on 1) EPA/Cadmus difficulty in rebuilding our simulation, and 2) added questions about the simulation to make it conservative including elements such as relative permeabi...
	The KGS received an Excel table with the Berexco/KGS testing and monitoring strategy tables for the above-confining-zone/plume/pressure-front monitoring.  The file provides a summary of important information exchanges and highlights details where more...
	Comments on the two shallow water monitoring well completion reports were also received, along with request for more details for EPA.
	July 8th
	John Victorine updated the online data analysis tools to incorporate the gridding and mapping with ColorLith to display spatial changes for up to three brine components from the database.  This is intended to use the mapper to show changes in brine co...
	Plot control was used to select the brine curves and allow the user to change the minimum and maximum values that are used to compute the ColorLith (Figure 5).
	Red-Green-Blue PH-TDS-Borate PH-TDS-Strontium Sodium-Chloride-TDS
	Figure 5. Plot control for gridding variables obtained from brine analyses.
	July 9th - A bar and whisker plot was also added to the gridding and mapping plots (Figure 6).  The function of these plots will be improved over time, including options for the user to control the cell size, generating “report” outputs, and enhancing...
	Figure 6. Whisker plots alongside gridding map.
	July 9th
	An error during the retrieval of the GPS data resulted in a loss of recorded information from April 15th to early July.  Discussions are taking place to transmit the GPS data via telemetry in order to mitigate the risk of future data losses and expedi...
	Email from Mike Taylor regarding InSAR:
	We are considering the addition of portable radar reflectors for the Arbuckle injection, but this is pending us moving forward with the Class VI permit.
	July 9th
	From weekly update in reference to “Berexco Testing and Monitoring Tables 6-24-15” and “General Instructions New AoR Delineation 7-7-15”)
	4.  Received RAI table on Testing and Monitoring and importantly, remaining questions pertaining to the USDW determination.
	5. Obtained positive response documents we previously provided to EPA regarding safe injection and addressing seismicity with the operational plan.
	July 10th
	Response to DOE Peer Review recommendations from the IEAGHG submitted (see NETL Carbon Storage Peer Review form for additional details) (Figure 7).
	Figure 7. Page 1 response to the DOE Peer Review recommendations from the IEAGHG
	July 16th
	The Gridding and Mapping Module for the CO2 project was released by John Victorine.
	Brine Data Gridding & Mapping Module has been completed for the CO2 Project.  Help document remains.  A download function allows 1) the user to download the Web App to run PC without the internet and 2) unzip the file, the program files are located u...
	The Table below the check boxes contains statistics of the chemical data that is displayed (see Figure 2).  The minimum and maximum are initially selected from the 5% and 95% columns, but you can change the min and max with the text fields at the bott...
	Figure 8. Composite view of maps and tables of brine chemistry provided by the new Java applications.
	July 16th
	Relative permeability curves were calculated for both drainage and imbibition for 9 rock types (RQI) for CO2-brine systems in the Arbuckle.  Both drainage and imbibition curves were used because drainage occurs during the first part of injection, but ...
	July 17th
	Weekly update on Class VI application to Brian Dressel:
	1. EPA has requested that the QASP be finalized and approved prior to any further sampling events.  EPA provided the document describing the protocol of the private well sampling on Tuesday. This document was incorporated into the QASP as an addendum...
	2. The KGS and Tbirdie developed a schedule to sample two domestic water requested by EPA.  The KGS has been in verbal contact with both of the landowners and received permission to sample the wells.
	3. A nearby certified lab has confirmed that they could process the water samples within several day turnaround times. Isotopes will also be used to help differentiate the sampled waters. Water will also be collected from Spring Creek near the domest...
	4. A hydrogeological report is being prepared that will include the geochemical results  of water wells and placed in the context of maps and cross sections conveying the stratigraphic and lithologic distribution of the shallow unconfined aquifer now...
	3. New relative permeability curves have been developed for the Arbuckle modeling per EPA's request.  This data will be incorporated into the CMG model as one of the final components to prepare a conservative simulation as requested by EPA.  The grid...
	4. TBirdie has acquired the pre-processing (conversion) software and STOMP from Pacific NW National Lab to build and will complete a simulation that will parallel the CMG-based model. The intent is to expedite the validation of the AoR by actively pa...
	July 21st
	Re-purging of the shallow monitoring wells at Wellington was accomplished;
	The 200’well had a fluid water level of 39’6” from the surface.
	The 100’ well had a fluid water level of 19’1” from the surface.
	July 23rd
	Difficulties were encountered when purging the 200’ well. An air bailer was employed as an alternative and successful method. Ten gallons of water were recovered from the 200’ well in the first 20 minutes. Initial fluid level was at 63’ (Figure 9).
	Figure 9. Photo taken while purging the last 3’ of fluid from SW-2.
	Final report from J. Bruns below:
	7/24/15. 8:00 am.  102' down to fluid on the 200' well.
	(per J. Bruns email)
	July 27th
	Updated drilling report for KGS 2-32 shows that well is in the process of being equipped for CO2 injection (Figure 11).
	Figure 11. Well completion status Berexco Wellington KGS #2-32.
	July 27th
	Seismometer array continues to be analyzed to build the catalog and provide a solid methodology to resolve depth and magnitude. This update provided by B. Graham on a 3.0 magnitude event near Conway Springs, located west of Wellington is located in Fi...
	Figure 12. Location of a prior earthquake examined for testing purposes.
	On December 2nd 2014, an earthquake south of Conway Springs, KS was recorded by USGS network with a calculated magnitude 3.0 at 7.8 km depth was detected and archived in the USGS database. Event is approximately 18 km West-South-West of the Wellington...
	Figure 13. The Conway Springs event as detected by the Wellington seismometer array.
	The Wellington Array detected the event clearly and was able to create a preliminary location and Coda Magnitude of 2.4 (Figure 13).
	Figure 16. This is a Google Earth map generated by the Seisan program of the location of the picked event, the error ellipse, and its location relative to the USGS estimated location.
	The estimated event locations differ by 2.8 miles (4.3 km) and the depth estimated by the USGS is 7.8 km compared to 10.5 km calculated with the array.  The differences are due to the velocity model accuracy and proximity of the sensors.  The velocity...
	Figure 17. EXTRA: An example of the frequency spectra of the event.  Note the comparison of the signal over the noise as well as the preservation of the high frequency range (>10 Hz) which is usually attenuated significantly or absent in most earthqua...
	July 27th
	Draft of field and laboratory analysis of the Mississippian wells received from K-State (example Figure 18).  The commercial lab being used held the test results due to a confirmed, high barium concentration on Well 24.
	Figure 18. Analysis sheet submitted by KSU
	August 2nd
	KIOGA short course given in Wichita, KS -  “Carbon Dioxide EOR Applications for Kansas Operators.” Ninety-eight feet of core from the Mississippian oil reservoir in KGS 2-32 were displayed at the event. The presentations continued through the course o...
	The final agenda is below:
	Carbon Dioxide EOR Applications for Kansas Operators

	Posters shown during the core workshop included in Figures 19 and 20.
	Figure 19. Berexco Wellington KGS #2-32 showing well logs, lithologic interpretation from logs, core analysis, lithology from core description, and moveable oil (green, residual oil saturation [not how uniform it is at about 23-25% of the pore space] ...
	Figure 19. Berexco Wellington KGS #2-32 as before less the moveable oil. The core description here includes both a graphic and written description. The graphic is constructed automatically by parsing the description and relaying components in graphica...
	August 3rd
	The drilling report for KGS 2-32 was updated (Figure 20) to reflect the installation of a stainless steel wellhead. Water injection also started as part of the process to re-pressure the Mississippian reservoir to the original reservoir pressure.
	Figure 20. Status of the CO2-EOR injection well, #2-32 as conveyed by the “drilling” report.
	August 7th
	Halliburton will analyze the microresistivity imaging log (XRMI) that was run in Berexco KGS #2-32 in order to translate their interpretations to a XRMI composite log with stratigraphic interpretations to augment the existing structural interpretatio...
	Figure 21. Sedimentary and structural featured observed by Halliburton in the XRMI microresistivity imaging log ran in the Mississippian section of well #2-32.
	August 17th
	T Birdie addressed land surface deformation for CO2 injection via geomechanical modeling. A contour map shows the expected land surface deformation (rise) due to CO2 injection in the Arbuckle (Figure 22).  The deformation occurs in a fairly wide uplif...
	The effectiveness of the InSAR could be a very important, cost-effective means to indirectly monitor pressure in the CO2 injection zone vitally important to help in verifying the area affected by the CO2 plume. High quality satellite data coupled with...
	Figure 22. Contour map shows the expected land surface deformation (rise) due to CO2 injection in the Arbuckle. The areal extent of map is 1,000 feet by 1,000 feet. The legend on the right represents land surface deformation in mm.
	August 17-20th – DOE Carbon Storage R&D Meeting
	We conveyed our readiness of monitoring technologies to begin CO2 injection:
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