Copyright
by
SeanAndrewAvitt
2025



The Thesis Committee for Seandrew Avitt
Certifies that this is the approved version of the following Thesis:

Large-scaleCarbon Storage Effects onUp-dip Fresh Water:
Simulating Plume, Pressure andSalinity Changes in the Wilcox
Aquifer, DeWitt County, Texas, USA.

APPROVED BY
SUPERVISING COMMITTEE:

Tip A. Meckel, CeSupervisor
Carlos A. Uroza, C&upervisor

Marc A. Hesse, Reader



Large-scaleCarbon Storage Effects onUp-dip Fresh Water: Smulating
Plume, Pressure andSalinity Changes in the Wilcox Aquifer, DeWitt
County, Texas, USA.

by

SeanAndrew Avitt

Thesis
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements

for the Degree of

Master of Science in Geological Sciences

The University of Texas at Austin
August 2025



Dedication

This is dedicated to Lauren, my best friend, my wife.

Step 1: Panic!



Acknowledgements

| would like to acknowledge and thank the following people for their support of me and

this work:

My supervisors, Carlos Uroza and Tip Meckel and committee member, Marc Hesse;

Everyone at the Gulf Coast Carbon Center: especially, Sue for making this possible, Jit
for help with my static model, Seyyed for helping with fluid models, and Dolores for
elevating my communicatioand Ismail, Yushan, Maria, Richard, PreviGgrman

Melianna and Argenis;

Everyone at the Bureau of Economic Geology: especially, Peter Hennings for support
and pointing me to Sue and the GCCC, lulia and Hongliu for helping me get started with
stratigraphic picks and 3D interpretation, and J.P. for starting this project antyhakp

continue it;
My coworkers at the Railroad Commission of Texas: especially, Paul Dubois and Danny
Sorrells for supporting méaron, Ted and Leslie for mentoring me, and Leo and Bryce

for providing me with data and references for this thesis;

My science friends and family for support and encouraging me to pursue this: Tim,

Aaron, Ashley, Randy, Marty, Caleb and Steven; and

My family: Lauren, Mom, Dad, Gia, and Mel({r napping beside me as | write this)



Abstract

Large-scale Carbon Storage Effects on Upip Fresh Water: Simulating
Plume, Pressure and Salinity Changes in the Wilcox Aquifer, DeWitt
County, Texas, USA.

Sean Andrew Avitt

The University of Texas at Austigp25

Co-Supervisor: Tip A. Meckel

Co-SupervisorCarlos A. Uroza

Carbon capture and storage has been recognized as an important tool for reducing
emissions of carbon dioxide that contribute to climate change and one of the few options
for permanent Céxstorage. Deep clastic aquifers, like the Paleogene Wilcox Group in the
Texas Gulf Coast area, have been recommended as targets fackamg€Q storage

[e.g, 107 250Megatonnes per annu(itpa)] due to their thick sandstones, moderate to
good porosity€.g, 107 35%) and permeabilitye(g, 17 1000 mD), and overlym

confining systems. Federal regulations ensure protection of freshwater apifels 0 g / L
Total Dissolved SolidsTDS)], but delineation of the Area of Review (AoR) is

commonly focused on the overlying aquifers and vertical conduits (e.g., faults and wells),

which overlooks the potential effect on fresh watedipfrom the CQ storage zone.

The study area, a soutientral part of the Wilcox aquifer, has been previously shown to
have the greatest effect on-dip fresh water from largscale carbon storage. New

geophysical and petrophysical data included in this thesis have not been usstbimspr
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CO storage studies. This study evaluates: (1) fi@Gme migration, pressure diffusion

and salinity dispersion from largeeale carbon storage, (2) the simulation parameters that
have the largest impact on those effects, and (3) whether common regulatory practices
consider lateralife., up-dip) effects on fresh water.

These simulations did not show, unlike previous studies, that$aaje carbon storage

in the lower Wilcox aquifers causes €10 migrate into fresh water. All simulation
parameters had a small effect onQ@me migration at the 10s of kilometers scale after
50 years of C@injection at 1 Mtpa and a 56@ear posiinjection period. The difference

in results from prior studies may be from differences in relative permeability or intrinsic
permeability models. After 50 years of injection, pore pressureases varied over an
order of magnitude about 20 km-djp at the frestsaltwater interface. For example, rock
compressibility cases had the greatest simulated range of 1271kBPaMPa. After 550
years, salinity increases ofi 110 g/L TDS over 17 70km?are simulated mostly within
2.25 km of a sharp freshwatsaltwater interface. The salinity dispersion factor, which
was tested over two orders of magnitude and is not well constrained, had the greatest

influence on salinity changes.

Finally, most simulation results generated in this study are unrealistic fostG@ge

projects due to pressures that would exceed the fracture pressure, which is prohibited by
federal regulations. Any effect on-dlip fresh water simulated would be limited by

federal CQ storage regulations, injectivity and by a rigorously calculated AoR which
would encompass any areas where an increase in pressure could cause signifigant up
salinity mixing. However, these freshwater effects are more likely if injection pressures
arenot limited by fracture pressure, the AoR is defined by alftketance or where

injection project pressures overlap.
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1 Introduction

11 CLIMATE CHANGE & CARBON STORAGE

1.1.1 Climate Change

Fossil fuelsemainthedominant source of energy for the wortdmprisings04 out of
620exgoulesor over 80 %of all primaryenergy resources consumgthergy Institute,
2024) Fossil fuel combustion ialso theprimary cause of global climate chanbecause
of their unabated greenhouse gas emissféinse the industrial revolutioftirca 1850,
atmospheric carbon dioxide has increased fiesa tharBO0 ppm to 415 ppm and the
global average temperature ltasrespondinglyncreased 1.1 °QPCC, 2023)Figure
1).
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Global surface temperature has increased by
a) 1.1°C by 2011-2020 compared to 1850-1900
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Figurel a) Chart ofglobal surface temperatuimm 1850 to 2020eferenced to
pre-industrial baselineb) Chart ofatmospheric concentration of
greenhouse gases: carbon dioxide, methane, and nitroudraxid&850
to 2019(modified fromIPCC (2023).

Thelntergovernmental Panel on Climate Cha(iC)has stated that current
greenhouse gas (GHG) emissions aationalGHG emissiongolicies are likely to

overshoot a 1.5C increase in global temperature, resulting in more significant
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consequences in global climate and human adaptation to climate chamgeid o
overshoang this targebr reduce themount of temperature increase above 1. %€
world will have to switch to zer&sHG emitting fuels or lowGHG emitting fuels, like
fossil fuels with carbon capture and storage (COEYC, 2023)

Carbon storage is an important part of the energy transition and tool for getting to net

zero emissions, a state whered©being emitted and stored in equal amounts for a

given period. For the purposes of this research, CCS is the process of taking a source of
COy, for example the exhaust from a boiler of a doad power plant, or exhaust from a
combustion engine or from the atmosphere itself using Direct Air Capture)(BxdC

injecting the CQdeep underground for permanent storage. There are othes bf

carbon storage being researched and in use, but the focus of this research is deep geologic

carbon storage through injection wells.

It is necessary for the world to achieve-neto before 2050 to avoid the worst outcomes
of climate change, especially outcomes which may not be reveigitde energy
consumption today is from fossil fuels, for example, over 50% of US energy
consumption is through molecules sourced from fossil {elS. Energy Information
Agency, 2024b, 2024alertain types ofdssil fuel energy consumptionay be difficult

to replace with renewable energy sources via electrifictigarnational Energy

Agency, 2023)One example isommerciainternationakir travelwhich currently has

no electric alternative.

Carboncapture andtorage is a uniqudimate change solutidmecause it can transition

fossil fuel consumption to lowearbon emissionggeveragingexisting infrastructure, anitl

is one of the few methods capable of generating carbon negative energy when combined
with biomass fuel, BioEnergy with Carbon Capture and Storage (BE@RSE, 2023)

Lastly, the United States is estimated to havei1800 years o€O; storage supply to

sequester GHGs duririgis energy transitioiSzulczewski et al., 2012)
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1.1.2 History of Carbon Storage

The first commercial use of carbon dioxi@EO:0 )njection was in the oil and gas
industry forEnhancedil Recovery(EOR). QOil field operators have been injecting
carbon dioxiddor EORin WestTexassince at least the#970sandcontinueto do so
today.One of thdongest operatingnd most wetknown CQ EOR projects ishe
SACROC Gcurry Area Canyon RedDperators Committ@eunit which began in 1972
Carbon dioxide miscibility with oiswells the oil in the reservoireducesnterfacial
tension between the two phasasdreduces oil viscosityincreasing oimobility and
production(Verma, 2015)As a result, many studies have bperformed on C®
applications in the oil fiel§Hosseininoosheri et al., 201&ver29trillion standard
cubicfeetof CO; is estimated to havieeen injected underground in Texasich is
greater tha®45billion metrictonnes Gt) (Figure2). This estimate assumé#sat all gas
injection reported by wellpermitted to inject C&is only CO since reporting by the

Railroad Commissionf Texas (RRCyoes not requireeporting volume per fluid type.
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Cumulative CO2 Injected (mcf) in Texas by Year

C02 (mcf)

Year

Figure2 Gas injected for wells permitted to inject €@m 1983 through 2023
from the Railroad Commission of
Monitoring Report (Form HLO) records.

The first commercial carbon storagperationwasSleipner(Norway)operated by
Equinor(previously Statoil)which began irl996 injecting CQ separated frorgas
produced fronthe SleipnerVest and Sleipne@st gas fieldinto the Utsira formation
The project sufferethjectivity issuedrom sand influxduring its first year of operation
The wellwasrepeaforatedand gravel packed &nhance injectivityOver 16 million
tonnes t) of CO; werestored at Sleipndsy 2017 aveaging0.9 Mt perannum (Mtpa)
during that timgFurre et al., 2017However, he amount of C&injectedeach year has
been declining since 201Donnelly, 2025) The total CQ mass injected at Sleipniy
27
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2023was approximatehd9 Mt. Equinor is still operating the Sleipner project todayaa

result,Sleipneris both the oldesandthe largest carbon storage project in the world.

1.2 PrREVIOUS WORK ON LARGE-SCALE CARBON STORAGE & GROUNDWATER

EFFECTS

Simulation studies have been performe@vtaluate the feasibility and effects of large

scale carbon storagmcluding sensitivity studies to determisensitivityto certain

simulation paramete8irkholzer & Zhou, 2009; Chang et al., 2013; Gasda et al., 2008;
Michael et al., 2014; Nicot, 2008; Nicot et al., 2009; Noy et al., 2012; Person et al., 2010;
Yamamoto et al., 2009These studies are unique in their scale and focus on distal
effects.Although no definition of largascale carbon storadis been proposgithese
studiesare commonlyscaled to nearbydustrial centerand theirannualCO, emissions

for example, Chicagarea 80 Mtpa(Birkholzer & Zhou, 2009; Person et al., 201

fields with over 10 wells injecting at rateé1 1 5 Mtpafor 20 years or moréNicot,

2008; Nicot et al., 2009; Noy et al., 2012; Yamamoto et al., 2009)

1.2.1 Trapping Mechanisms

Carbon dioxide is buoyant in aquifers and oil reservoirs because it is lighter than those
fluids. As a result, a critical component of permanent storage of carbon dabdg

scalei s understanding how t drevioostudies havez e or
describedCO; trapping mechanismshich canbe putinto threecategoriesl) structural
trapping,2) residual trappingand 3) dissolutiorapping(Figure3) (Nilsen, Lie, &

Andersen, 2015)
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Figure3

Structural residual + structural plume

Brine

Residual

Dissolved

Structural subscale

Parts of the CO, inventory:

Structural residual: ¢ min(z, h)S,
Structural plume:  @min(z, h)(1 — Sy, — Su.)
Residual in plume: ¢ max(h — 2.0) 5,

Free plume: ¢max(h — z,0)(1 — Sy — Snyr)
Residual: ¢max(h, —max(z, h),0)S,.,

Figure3 Example ofCO, trapping mechanisms. Symbols have the following
meanings:, pore volumeSs,, residualCO, saturation Sy, irreducible
water saturationz;, structural tralepth h, depth ofplumenot residually
trapped and h is thedeepestepthof CO;, residually trappe@rom
Nilsen et al., 2015)

Structural trapping itheimmobilization of fluid in astorage spacender a geologic

confining systenin a relativestructuralhigh, so thaCO;, can be storedownto the spilt

over points of the structuf@. P. Bump et al., 2023; A. P. Bump & Hovorka, 2023a;

Nilsen, Lie, Mgyner, et al., 2013Residual trapping is the immobilization oflaid (e.g,

CO; or water)due to the capillary pressure that arises from an affinity on the grain

surfaces for one fluid (wesmettitngrgf Ifuiudaod)o)i mo vee
reservoir.A residual proportion ofvetting fluid becometrapped on the grain surface

which cannot escape.@, irreducible water saturationpimilarly, nonwetting fluids can

becomeeffectivelytrapped fromby capillary entry pressures decreasedelative
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permeabilityfrom proportionalporefluid saturation(This isalsodescribed in sections
3.2.2.10

Fluid Model:Capillary Pressure Modehd3.2.2.11

Fluid Model:Relative Permeability ModglFinally, CO, will dissolve in wateunder
certain pressureemperature conditions, and a small percentagg 10T 25%
(Cavanagh, 2013Bpf the CO will dissolve intoaqueous solutioat typical reservoir

conditions over many years

1.2.2 Distal Effects

Birkholzer and Zhou (2009) performed a regional numerical simulation of$aaje

carbon storage in the lllinois basin into the Mt. Simon formation, 100 megatonnes (MT)
per year over 50 years, which is about one third of theegd@ssions from that region.
They found that such a project would result in overpressure extendirgr2b0twould

not likely impact fresh water. Nonetheless, they called for further research into the

consequences of fdield pressurization on groundwater resources.

Chang et al. (2() studied the importance of mudrocks for pressure dissipation in carbon
storage projects. They found thaessure dissipatidmas a power law relatidio the
reservoirmudrock ratio of permeabilitgndspecific storage and the aspect ratio of the
pressure plume, meaning that the characterization of mudrocks (or exclusion) in a static
model has a strong effect on lateral pressure migra®imper delineation of the pressure
front isimportantto determine storage project feasibili§elel.4.2Area of Review

(AoR)].

1.2.3 Effects on Groundwater

Noy et al. (2@.2) performed a numerical simulationlafgescale carbon storage time
Bunter Sandstone in the North Sea Ba3ihey found that up 82 Mt per yearfor 50

yearscould be stored itheir study area witlow likelihood of exceeding the formation
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fracture pressur@ssumed to be greater than or equal to 75% of the lithostatic gradient
However,increases in reservoir pressure would cause a formation flflmxap-dip
anddischarge where the formation outcrops at the seajyeximatelylOi 30 km away
from the injection wellst a rate oL00s to 10,000s dbnnesperday. Theyconcludethat
porefluid pressure may be a more important limitation for lesgale carbon storage
thancontainment of the C£ince the injectate onlyccupies 1% or less of the pore

space modeledHowever, this relative risk is dependent on the specific characteristics of
the storage project, especially aquifer dip and regional flow(Aateg et al., 2024;

Bachu, 2000; Harp et al., 2019)

Yamamoto (2009) found that largeale carbon storage under the Tokyo Bay, fpadt
COrinjected into ten well§10 Mtpa, totalcompleted into th&azusa Grougor 100

years, would spread G@lumes over 4 5 kilometers and increase pressure in inland
aquifers, causing discharge to the shallow aquifers on the order of millimeters per year.
They note that this small discharge should have a negligible effect on groundwater
quality. From their sensitivity analigs they find that pore compressibility striyng

affects pressure buildup and recovery time.

Karstenet al.(2014)modeleda variable densitfresh-saltwater boundary in tHeatrobe

aquifer, which contains freshwater 20 km offshore and 2 km daegsimulatedl i 5

Mtpaof COzinjectioninto one wellfor 20 years after 42 years wétural gaproduction

to evaluate changes freshwatesalinity up-dip from the injection zon€&Some may not

considetrthis a largescale carbon storagémulation butit is the onlyfield-scalecarbon
storagesimulationthatspecificallyevaluatesquifersalinity changes o t he aut hor 6s
knowledge Salinity changesf up to 500 mg/L were simulated at the injec@ver5 km

up-dip salinityincreasegrimarily in response toatural gaproductionand CQ

injectionreducel thatincrease irsalinity. The aquiferover10 km updip had no

simulatedchange in salinityThe greatestalinity changes wer@mulatedalong

stratigraphic boundaries where the saligibytrast was greate3they determined that
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the most sensitive simulation parameters for salinity migimg) brine leakage were seal
permeability and lateral boundary conditi@rl warned thatalinity changes could be

exaggerated if sharp salinity concentrations are modeled.

Nicot (2008) performethrgescale carbon storage the Simsbord\ quifer within the

Wilcox Groupin Texas in 50 injection wellspacedacross approximately 200 kilometers
from DeWitt County to Grimes County, includitigs study aregpurple dotted box,

Figure 3) One Mpaof CO; injection was simulated per well, resulting in 5@dsl, total

After 50 years of simulated injecti@8,500 Mt, total) and 50 years of pogtjection
observation, C@is estimated to have migrated-dp into freshwater[3,000 ppm Total
Dissolved Solids (TDS), Figure 3l the Simsboro Aquifewithin this study areaA

broad andsignificant reversal of the potentiometric gradient occysgdulatinghead in

the Wilcox aquifeto risenear the outcropnd discharge in sonlewer elevations and
streamsThe initial simulation was performed using MODFLOW which isngle-phase
simulator typically used for groundwater modeling. The inputs and results were modified
to simulate the flow of C&and resultant pressures. A year lakicot et al. (2009)
replicatedhose resultsising a multiphase compositional simulatgfigure 3c)
demonstrating both the potential for impacts on the freshwater aquifer and the feasibility
of a simpler singlghasesimulationfor far-field pressureeffectsandan analytical

method for CQ plume estimatiorfHesse et al., 2008; Nicot, 2008; Nordbotten et al.,
2005)
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Figure4
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Modified maps from Nicot (2008) and Nicot et al. (2009) showing the
location of thestudy arean theTexas Gulf CoadiSeeFigure 4)in purple

and a) the simulated pore pressure increase after 50 years of 1 Mtpa per
well injection, b) simulated particle displacement along the 250 ppm TDS
and 3000 ppm TDS lines and analytical solution for §l0me migration
after 50 years of injecting 5 Mtpa per well plus 50 years-pgesttion,

and c) the numerical solution for @@lume migration after 100 years.
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1.3 StuDY AREA & WiLcox GROUP

1.3.1 Geologic History

The WilcoxGroup was deposited into the GolfMexico (GoM) basin during the
Paleocene through the Eocembe Gulf of Mexicobegan riftingat the end of the
Cretaceou&ra, generating passive margins ahe GoM basin(Galloway et al., 2000)

The WilcoxGroup is asiliciclastic sequencef alternating sands, silts and clays
depositeddy a fluvial delta on to the GoM passieentinental shelinargin.The
sediments arderived from the uplift and erosion of the Laramide orogamRocky
Mountain®, carried by rivers across the North American contitetite paleeGoM
coast Locally, theancestralGuadalupe Rivedelta systentransportsedimento the
study aea(Figure5) (Galloway et al., 2000; Hargis, 1986; Olariu & Ambrose, 2016;
Olariu & Zeng, 2018; Xue & Galloway, 1995)
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Figure5

Map of Texas Gulf Coast showing tiélcox Group outcrop, thdelta
systems and individual deltas that make up the Wilcox GRagkdale
delta systenandthe firstregressivgR) and transgressiv@) shoreline
limits. Cretaceous carbonate shelf marging salt domes are shown in
light purpleand dark purple, respectivelihe study aredpurple dotted
box) and previous studiesithin the Guadlupe deltare shownNicot
(2008) and Nicot et al. (2009) (green dotted baxidOlariu & Zeng
(2018) (blue box) (modified from Olariu &Zeng 2018).
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The WilcoxGroupoverlies theMidway shale which isomprised dominantlgf marine
mudstonesvith low porosity. Locally, the Midway shale i200 m toovera kilometer

thick. TheWilcox Groupcan bedivided intolower, middle and uppéithostratigraphic
divisionsusing maximum flooding surfac¢sargis, 1986; Xue & Galloway, 1995)he

top of thelower Wilcox is definedby theBig Shale. Thetop of the middle Wilcox is

defined by thé¥oakumShale.The upper Wilcox or Carrizormationis overlain bya
maximum flooding surfacéMFS) at the base of thReklawFm. (Olariu & Zeng, 2018)

The ReklawFm. is fine grainedand 100 m thick, locallyand caps the Wilcosroup.

The Guadalup®elta continues to deposit siliciclastic sediments sourced from the Rocky

Mountains today on to the current GoM continental shelf margin.

The lithostratigraphic divisions also correlatelifferent delts of thepalecGuadalupe
Riverdelta systenfFigure6) (Olariu & Ambrose, 2016)DeltaA is the earliest
Guadalupéeltadepositandmaybeginwithin thebasal shale overlying thdidway
shale until the Top A MF®eltaA is muddyandpunctuated by thin sandsiesnear the
top. Delta Bis sandierandcapped by the DuBhaleMFS. Delta Bis the main storage
target of thisstudy,andits sandsonescan beup to60 m thick with package®f

sandsonesover300 m thick locally. The porosity of Delta Bandsonesis 107 20%

Delta Cis muddy angunctuated with thin san@sesthroughout. It is capped by the Big
ShaleMFS. The BigShale, Web, Yoakum and Clayton shale$ Delta C, Delta | and
Delta Il (seeFigure6) form a lithostratigraphic confining zonieetween the Delta B and
theupper Wilcox(CarrizoFormatior), includingDelta Il (Figure6) (Xue & Galloway,
1995) TheCarrizoFm. has clean sanisesup to 50 m thick with packages of
sandsonesover 200 m thick, locally, and relatively high porosigyg, 20 %).
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Figure6 Lithostratgraphiccorrelationchartfor the Wilcox Group in Texas

Subdivisionis basedn maximum flooding surface®rresponding to

shaleqe.g Big Shalg. Thelower Wilcox DeltaB, the main target of this

study,below the Dull Shale and above the TojsAhaded(Olariu &
Ambrose 2016 modified from Crabaugh, 20D1
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1.3.2 Aquifer

The WilcoxGroup hosts freshwater aquifék&/ilcox Aquifer), including the Carrizo
Aquifer (upper Wilcoxequivalentyand Simsbor@\quifer, which is equivalent to the
Guadalupéelta B The WilcoxAquifer isone ofthe largest ohinemajor aquifesin
Texas underlying 66 countieand iscommonlyusedfor municipal public supplyThe
aquifer is estimated to hate3i 3.9billion acrefeet ofdrinking-quality and brackish

water(Texas Water Development Board, 2016)

The WilcoxAquifer outcrops at the surfaeed is recharged, locally, in Gonzales
Guadalupeand WilsonCounies Waters containing less than 10,000 ppm TiDge
aquiferare estimated textend30 km to the soutbf the outcromndto approximately
1500 m approx.5000 ft.)depthas a confined aquifevithin the study arealhe aquifer
extend even farther> 100 km from Zavala to LaSalle countiesnd ceeper> 1800 m
in Karnes Countyto the southwesif the study are@A. R. Dutton et al., 2003)

1.3.3 Hydrology

The WilcoxGroupreservoiris expected to baydrostatically pressurddom the outcrop
to the carbonate shelf margimhere the Wilcox growth fault zone begitis.and beyond
the growth fault zonegservoirs are geopressurecgerpressured becausediments
are rapidly deposited and compact®dund wateis released by themectiteto-illite
mineralphasechangeand low permeability seaispedediffusion of porepressureA
transition zone is found between the normally pressured hydrostatic zone and the

geopressured zorieigure?) (A. R. Dutton et al., 2006; Harrison & Summa, 1991)

38



Pressure (Mpa)

0 0 20 40 60 80
~ Saltwater
i a_ gradient
L k [1!.? fﬁgﬂpg% Lithostatic
°° g 6 ™o i gradient
= 22.6 MPa/m
€ e 1 psifft
2= o
o oo ® W
g % 2 A Transitional
& 3% %o > o Transitiona
(i %‘Q .
= Q g D
0 %%&5{% o6 a5 >
4 o Freshwater ":'Qﬂtg 3;:6595 A ,_33:‘
gradient B og%ogﬂ N
9.8 MPa/m
0.433 psifft
5 ( psi/ft) \ |

| | | | |
0 2000 4000 6000 8000 10000 12000
Pressure (psi)

r Water well Gas well,
7% data field o Gas well © mapped data
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wells (converted tequivalentwater pressurah theWilcox Group
Freshwater, Saltwatéhydrostaticyand Lithostatic gradient are indicated.
The fluid pressure gradieint the WilcoxGroupfollows the hydrostatic
gradientuntil about 3 km deptlwvhere the gradient increase a
transitional gradienintersecting thé.ithostatic gradient atteout 4 km
(Dutton et al., 2006)

Recharge and hydraulic head at the ground surface causes groundwater to flegvpdown
into the aquifer, some of which travels very deep, as evidenced by the depth of fresh
water discussed above. Theoretically, there is a hydraulic head minimum at a
convergnce zone where dowdip recharge meets with a counteractinegdigpflow like

that from the geopressured zone, arresting freshwater reckéggee@). Therefore, the
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convergence zone is expected to be coincident with an increase in salinity. The
convergence zone may also be coincident with faults and oil fieldgougf the Wilcox
growth fault zone. The presence otdip oil fields suggests oil traveled-alp from the
geopressured zone. Although, it is also possible that the oil traveled along transmissive
faults(A. R. Dutton et al., 2006; Harrison & Summa, 1991)
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Figure8 Hydrologic crosssection of the Cenozoic Gulf of Mexico basithebase

of potable waterthe top of geopressuredne,and flow lines arshown
Theconvergenceone andtargetCO; storage zoneas where the meteoric
and compactional flow lines me@uttonet al, 2006).

The KarnedViexia-Talco (KMT) fault systems also coincident with the dowatip limit
of freshwater in the study are@lay smearing across thquifer within thefault zone

would redue@ permeabilityandreduce or cease flow across the fault zone and dbvn
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rechargeThrow across the KMT faultone @n be up to 330 m and completely separate
formatiors. However, the throw along the KMT fault zone decreases to the southwest and

into this study aredFigure9).

Aquifer Karnes- Mexia-Talco
outcrop Study area Fault Zone

East Texas
<=, Basin faults

iz
CARRIZO-WILCOX

AQUIFER

Wilcox Growth - Qutcrop
Fault Zone Sabine Subsurface
: freshwater

Uplift

" 0 100 km

Downdip limit 0 50 mi

of freshwater

Figure9 Map of theCarrizoWilcox Aquifer showing theutcrop and dowdlip
limit of fresh watewmith faults fromthe Wilcox Growth Fault Zone and
KarnesMexia-Talco Fault ZoneFaults are coincident witbutcrop and
freshwatel(3,000 ppm TDSkub-crop limits in somelacesDuttonet al,
2006)

The pore space above the base of potable water and below the top of geopressure are not
suitable for carbon storagEigure8). Storage in freshwater aquifers is prohibited by US
federal regulationéSeesection1.4.1USDW and Fresh Watgand storage in over

pressured zones is more costly and risky than hydrostatically pressured (normal pressure)
or undefpressured zones. Reservoirs that are normally pressured have a hydrostatic head
equal to the reservoir depth for a water column of thees@gensity. Whereas

overpressured reservoirs have a pressure greater thanlggrreaburd reservoirand

are capable of pushing their potentially salty fluids upward through a fault, fracture or

artificial penetration, and into overlying freshwater aquifsiatural carbon dioxide
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reservoirs have been found to be naturally wplessured as a result of dissolution of
CQO into formation wate(Akhbari & Hesse, 2017)

1.3.4 Hydrocarbons

Severabil fields inthe Wilcox Group iriTexas haveroduced ovetO million barrels
(MMbbl) of oil (> 1.6 x 16 m®) and even mor&Vilcox fields have produced over 100
billion standard cubic feedf natural gasX 2.8 x 1 m®) (A. R. Dutton et al., 2006;
Galloway et al., 1983; Kosters et al., 198@pst of theWilcox fields within the study
areacan be found along thgrowth fault zon€Figure10) (A. R. Dutton et al., 2006;
Fisher & McGowen, 1967Bignificant accumulations of oil and gas occur in the Wilcox
Groupnear the study aresnd have been produced siatdeastl 943in DeWitt County
(Railroad Commission of Texas, 1943)

However,oil and gagroduction from the Wilcox Group has been declirfiogn fields

in DeWitt County sincat leastl993(as f ar back as the Railroad
online production queryJor example,ited He |l en Gohl lsigfield Wi | cox) 0 |
produced a cumulative 834,0B@rrels of oil between 19%hd 2025n DeWitt County

TheEagleville (Eaglefordl) field producedl5.5 MMbbl from 1993through 2025n

DeWitt Countyandproduced over 2.5 Mbbl in 2014 aloneThe Cretaceoug&agleford

Formationhas become the dominasdurce of hydrocarborier DeWitt Countyas

conventionahydrocarbon resources, like the WilcGxoup fields continue to wane.
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Figurel0 Map of Wilcox Groupoil and gas fieldsear the study area (purple box).
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fields locally indicate fault traps.
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1.3.5 Saltwater Disposal

Two hundred twentyine oil and gas injection well permits have been issued in DeWitt

and Gonzale€ounties Figurel0, Tablel). Of those, 199 were issued for saltwater

disposal and 53 of those were issued for secondary or enhanced oil recovery injection

into the WilcoxGroup. Saltwater disposal permits can be authorized in Texas for

formationsnot productive (Type 1) geroductive (Type 2) of oil or gas. Whether the

permit included the Wilcoroup for injection was based on permitted formation and

field name. SWD permits issued in Texas after 2012 will typically be permitted for

specific geologic formations, as well asinjection interval top and bottom feet below

ground surfaceFor Type 1 SWD permits, the field name is not required to match the

injection intervalformations so only those with permitted formations were considered.

For Type 2 SWD permits without a permitted formation, it was assumed that the field

matched the permitted

injection i-In)selr val,

field. A geologic model could be compared with permitted injection intervals to confirm

if the permited injection intervals are withithe Wilcox Group but this was not

undertaken.
Tablel Injectionwell permitsin DeWitt & Gonzales County, Texas
Injection Permit Type DeWitt | Gonzales| DeWitt & Gonzales County
Injection Permits 140 89 229
SWD Type 1i O&G Non-productive | 92 71 163
SWD Type 2i O&G Productive 23 13 36
Wilcox SWD 27 26 53

1.3.6 Seismicity

TheKarnesMexia-Talco fault systenflocally referred to as the Karnes Trough)

seismically active todayrecent seismicitywhich has been increasing since

approximately2010,has been attributed tonconventionabil and gas activityincluding
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hydrocarbon productiomydraulic facturing and saltwater dispos@icKeighan et al.,
2022; Schultz et al., 2020Ylost earthquake activity in the Karnes Trough and Eagleford
Trendhas beemttributed to hydraulic fracturin@Fasola et al., 2019; Zebker & Chen,
2023) Earthquakes have occurred recently along<Wd fault zoneand the Southern
KarnesCounty(SKC) fault zonewhile the Growth Fault Zone has recorded fewer
earthquakes with lower magnitudes. The SKC fault Zali& between the KMT fault
zone and the Growth Fault Zgnehich all generally trendortheastsouthwest
following the paleecoastlineand carbonatplatform margingMcKeighan et al., 2022)
The largest earthquake within the study areaava® M on October 10, 2023, at
13:59:24 (UTC) in DeWitt Countglong the Southern Karnes fault zp(ileexNet
Seismic Monitoring Program, 202@igurel1l).

45



<= Magnitude <= 1.5 - EF64
. s =
ew -
Camp Braunfels O EF65
Bullis 3 7 =
% =
R3913 & Bees 56
- ’0’ :l‘o‘ |
* . E
> *
w2 .
A -
*
Qs 0
: . %
San Antonio . EF62 O %, EFeo
Earthquakes (Preliminary) 5
0 <= Magnitude <= 1.5 . E@
Ao A
pr=]
*
*
*
*
*
*
7 o
= ‘o,
= o

=
|

Figurell

Victoria

o] 20 km
|20mr.\ 1

Map ofearthquake®2.5 Mfrom the TexNet Earthquake Catalog from

2017to May 2025 modified from(TexNet Seismic Monitoring Program,
2025) The study area isdicated by thelotted purple rectangl@he
Karnes Troughs thesource of thédongestlineation of earthquakes
following just north ofthe GonzaleeWitt County line andhto Karnes
Countyto the southeasThelargest earthquake within the study area is

indicated inred

46



14 USFEDERAL REGULATIONS

Subsurface injection, including geologitorageof carbon dioxide, poses a risk to
undergroundresh watei(U.S Environmental Protection Agency, 2018)the United
States, underground fresh water is primarily protected by the Safe Drinking Water Act
(SDWA) (1974), including the Underground Injection Control (Ul§€Bctionwhich
prohibits underground injection without authorization by a UIC Program and requires
designation and protection of Underground Sources of Drinking Water (USDil€)

42, U.S. Code § 300tb) and Title40, Code of Federal Regulations (CFR144.7 &8
146.1 Injection into a USDW is generally prohibited by UIC rule and injection must be
sufficiently isolated from USDWs. This is primarily confirmed by geologic,
geomechanical and natural and artificial penetration reviews which are performed to
confirm that cafining zones above and below are sufficiently impermeable, have
sufficient strength and confining stresses, and are not penetrated by natural faults or

fractures or artificial penetrationfer exampleabandoneail and gas wells.

1.4.1 USDW and Fresh Water

Underground Sources of Drinking Water are aquifers which are used for drinking water,
or contain moderately saline or freskwaters are capable of producing useful quantities
and are not exemptedl) CFR§ 1463:

Underground source of drinking watBdSDW) means an aquifer or its portion:
1)
(i) Which supplies any public water system; or
(i) Which contains a sufficient quantity of ground water to supply a public
water systemand
(A) Currently supplies drinking water for human consumption; or
(B) Contains fewer than 10,000 mg/| total dissolved solids; and

(2) Which is not an exempted aquifer.
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The state of Texas requires protection of fresh water from injection operations and

defines fresh water as fAhaving bacteriologic
make i1t suitable and feasible for rbeneficial
Code 827.002003. These federal and state definitions of waters protected by UIC

regulation andby Texas law USDW and fresh water, are often used interchangeably,

though, they are not the same. The state definition is more qualitative, does not include

aquifer exemption in its definition, and is generally considered broader.

For simplicity and to avoid the appearance of any policy or opinion by a UIC program
(e.g, the Railroad Commission of Texas), | will use there generalerm fresh water

hereas opposed to USDW. The term fresh water used in this thesis refers to waters that
are estimated to be moderately saline and less than 10,000 parts per million (ppm) total
dissolved solids (TDQ)nless the context clearly indicates otherwisay estimation of

water quality herein is not intended to designate waters for protectiamylnegulation

and any discussion of regulation is purilyacademigurposes

Injection into fresh water igrohibitedby federalregulationsn most casesvhich means
that injectioncommonlyoccurs below freshwater aquifers. Lithologies like shalkeys
and other impermeable strata are identified, reviewed and relied ufsmtoonfining

zones whichsolate injection storage intervals frdneshwateaquifers

Carbon storage isommonlysited below 800 m depth (2,600 feet) where pressures are
high enough to keep carbon dioxide in a supercritical dense (Mase et al., 2009)in
many parts of Texas and the US, fresh water does not occur this deep. However, the
Wilcox Aquifer contains fresh water at depthsapproximatelyl800 m (6,000 feet) in
Karnes CountyHamlin & Rocha, 2015and1500m (5,000 ft) in DeWitt County.
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1.4.2 Area of Review (AoR)

A critical part of injection regulations is the Area of RevidwR), whichrequires
identification of natural and artificial penetrations of any confining zone which isolates

the injection zonérom protected aquiferdf any are identified, those penetrations could
require remedial action for the project to proceed, for example, plugging of an abandoned
well. Proper identification of the location of wells and construction, cementing,

completion and plugging of the Wdlore is an important focus of the Ro

For UIC Class VI permits, the AoR is defined by a computer simulation of the proposed
carbon storage operation which shows the maximum extent of thpl@@e and the
maximum extent of pore pressure added from storage. Any well that pesigtea®O
plumecould be a condufor buoyantCO, migrationunless it was designed ftirat

corrosive environmenflypically, the AoR boundary beyond the €@lumeis based on

an increasgireservoirpressureaused bynjection Areas with increased reservoir
pressureapable of bringindluids from the injection zone up to the base of USDW
definethe AoR 40 CFRA 1 4(B..P8B&mp & Hovorka, 2023b; U.S Environmental
Protection Agency, 2018This means that the AoR is based on the UIC Class VI permit
applicantdés (and regulatorés) understanding
the pressure modeling. Generally, this is donealuding fresh water neaheinjection
wells, identifying the deepest USDW immediately overlying the storage zone. This is
because the greatest risk will commonly be from an improperly plughaddoned well

which could be close to thejectionwell.

However, if the USDW is shallow relative to the depth of the storage zone, the carbon
storage operator is given greater pressure accommodation for a smaller AoR. For
example, Nicot et al. (2009) estimated an AoR radius using a-femial heis
approximationTheis, 1935pand found a difference of 20 km in the estimate of the
boundary of the AoRdemonstrating theffectof brine density differences on the AoR
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between a California case (21 km) and a Texas cds@ kin). Note that this is not a
difference in the pore pressure generated from injection, but a difference in the regulatory
allowable pressuredir i t i c a lwhighrdefiges therAeRd The pressure at 21 km is

the same in both cases. More importantly, because pressure reduces approximately
logarithmically with distance from the source, the pressure is also the same at 2 km, but
the pressure at 2 km is not consetkfor its potentiagffecton freshwater in the Texas

case, because the brine density difference would not allow brine from the storage zone to

riseto the elevation of the fresh water.

However, if the storage zone itself contains freshwéberexampleup-dip of the
injectionwell, and is not considered as part of the definition of the AoR because it is
some distance away, the pressure beyond the AoR boundary could have some lateral

effect on fresh water in the storage zone itdaljijre12).

Injection Abandoned
Well Well

W

Overlying Freshwater

,———E = b Plume Migration?
.

Lateral Pressure? te '._" Lt Sah‘nity
; Mixing>

ym————

Figurel2 Cartoon ofan injection well, injecting a C{plume,near an abandoned
well which could be a conduit to overlying fresh watdp-dip fresh water
is shownwithin the same reservoindicating potential effectsn fresh
groundwatefrom CO, plumelateralmigrationor injection pressure.
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The results of this study are intended to evaluate the hazard posed to fresh water in the
storage zone, but at some distance from the storage area, such thabtine firesh water
could be ignored during a typical AoR and could be endangéhnesistudy will also
considetrthe likelihood of a single carbon storage operator, multiple operators and
operators of other injection wells.§, saltwater disposal wellgffecting inzone fresh

water It may be unlikely that a single operator using a comgaitetdated AoR would
exclude fresh water in the storage zone itself due to an assumption that only fresh water
overlying the storage zomeed identification and protection. But, multiple operators are
not necessarily required to account for use of the same reservoir pressui@spacep

& Hovorka, 2024)when developing a permit application unless that operation has
already begun. Further, only UIC Class VI and Class | wells for disposal of hazardous
wastes are required to perform reservoir simulations for their AoRs. For example,
saltwater disposal welia Texas have a fixed hile AoR, Title 16 Texas Admin. Code
(TAC) §3.9 & §3.46.

A recent review of AoRs for Class VI projects in Texas showed a range of critical
pressures from approximatel®00 (overpressured) to 500 psil(47 3.43 MPa) with

most critical pressures, especially those along the Texas Gulf Coast, between 40 and 160
psi (0.27i 1.1 MPa) (Staff of the Railroad Commission of Texas, Personal
Communication, March 27, 2025).

1.5 THIS STUDY

1.5.1 Objectives

This study is undertaken to evaluatezone and wglip effects from largescale carbon
storage. The Wilcox Group, Delta B (Simsboro Aquifer) was selected as the stratigraphy
of interest since it is a prime example of a basal clastic saline aquifer, hasgood

porosity and permeability capable of latgmale carbon storage, but is also connected to

an important uglip freshwater aquifef§gure12). The Wilcox Group has been
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estimated to have 220 Gt G, storage capacitfWarwick et al., 2013)However, this

study area was previously identified as having a higher risk farp@ne migration

(Nicot, 2008; Nicot et al., 2009New geophysical data 2D seismic lineand

petrophysical data from Delta B core within the study area are available and introduced
here. Previous studies have shown that pressures frorskeaigecarbon storage can

affect nearby aquifers. However, quantification of the effect on fresh vgdieited.

Thereforethis study is designed to:
1) Quantify CO, plume migration, pressure diffusion and salinity disperfiom
large-scale carbon storagpe the Wilcox GroupDelta B;
2) Assess \Wwich simulation parameters have the largest impact on those etiacts
to what degreeand
3) Evaluatewhether arrentregulatory practicesonsider such effects on fresh

water.

More specifically, this studguantifiesthereservoir volumetffected andlistance
traveled bythe CQ plume concentration changes freshwatersalinity and the volume
of frestwater aquifer tiected;and the relationship dhe increase in pressure salinity
changesThe effectsof largescale carbon storage in the Wilcox Group in the study area
are estimated bgenerating a static geologic model watinatigraphic, structural,
lithofacies, porosity, and permeability modelgh newly appliedgeophysicahnd
geologicdatg running blackoil reservoir simulationto simulate injection o€Og,
includingcapillary pressurand relative permeability fluid moddisised omewy
acquiredcore dataandrunningadvectiondispersion modelingf salinity changes along
a sharp fresisaltwater interfacd.astly, thelikelihood of thesefreshwater effectbeing
realizedwith physicalandregulatory constraints is discussed wittplications forCCS

projects and UlGegulatory programs.
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2 Methods: Static Geologic Model

2.1 M oODEL OVERVIEW

Thestudy areajeologic model is composed (df) stratigraphic(2) structural and3)
lithofacies angetrophysicaproperty component3hose components were generally
modeled in that order, althoudghetmodelingprocess was iterativend not strictly
sequentialOnce thestratigraphic and structural model was cregbedndaries were
selectebased on structuréhe model was cub a smaller sizecornerpointgridded and
populated with lithofacies and petrophysical properéder the highresolution model
was crated, the model was upscateda medium and coarse scale withltiple
realizationdor simulation(Figure13). Well data, including location, and well logs were
extracted from an existin§&P Global (formerly IHS) Petra database and moved to
Petrelsoftware Static model developmenmtasperformed in Schlumberger Petrel
softwareusingthe Geoscience packagexcept where notetbr example, custorRython
scriptsused forinear fitting of seismic check shoasmdporosity modelingor Excel for

porositypermeabilitylinear regressiaon
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Figurel3 Staticgeologic model workflow and data sources

2.2 STRATIGRAPHIC MODEL

221 Data

Approximately 1% geophysicalvell logs (Figure14) within the study area
approximately 65 km by 82 knnere used tpick tops(e.g, 144 Wilcox Togs, 56 Austin
Chalk) togeneratestratigraphic surfaces for certdmrmation or zone tops, typically
corresponding tonaximum flooding surfaceFSs)(Olariu & Zeng, 2018; Xue &
Galloway, 1995)The study area is approximat&g00 km?, yielding approximatelyt
well log for each 36 krhor a well loglocated abougvery 6km on averagéFigure14).
Well logs were selected fatratigraphicand lithologicuse(e.g, gamma rayGR) and

spontaneous potential (SP) logs) or petrophysicalaigegorosity and sonic logs).
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Figurel4 Map of the study area (purple box) with approximately 147 well locations
within the study area.
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2.2.2 Model Generation

The Bureau of Economic Geologybés (BEGG6s) St a
Research (STARR) groupi & Urozaof t he BEGO6s Gul f GCoast Carb
GCCC)and S&P Globaprovidedstratigraphic togpicks for referencel op pickswere

informed by thoselatasetendOlariu & Zeng (2018) The top picks and surfaces that

were created are (from oldest to youngestistin chalk (marker, not true top of Austin

chalk), Mi dway Group, top of Delta A MFS (ATop
Shale, Yoakum Sdie, Top of Wilcox Group MFS, and Reklaw Sh@tegurel5).

Multiple strike-orientedand diporiented crossectionlines (Figure16) wereinterpreted

across the study aréagenerate surface€rosssectiongFigurel7i Figure22) were

inspected and revised for uniformiyurfacesvere generated s i ng Petr el 6s st ar
settingsfrom formation tops anthspected fodip angle and azimutht was assumed that

all surfaces are conformable and extend throughout the stualyHareever, the
Cretaceoushelfmarginendsnear the Growth Fault ZonBonethelesghis

simplification is reasonable because0©not expected to migrate downward into the

Cretaceous or substantially down dip

The stratigraphic zones modeled were informed by their lithologies. The Reklaw
formation and Midway Group are expected to confineiammdeflow from the

reservoirs in between. The low permeability Yoakum shale and Big Shale separate the
permeable reservoirs of the Carrizo Formation (Delta Ill) and Def{fa B. Bump et al.,
2023; Olariu & Zeng, 2018; Téth, 197&acies interpretation was performed by Carlos
A. Uroza and myself to better understand, and illustrate, likely flow paths along storage

reservoirs and impermeable barriers to fléwg(re23, Figure24).
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2.2.3 Model Description

Strata within thestudy areaently dip to the southeast in the direction of the God/
clastic wedges progradatidnip azimuthmeanis 145° with about 70% of gb azimuths
between 120 160°(Figure26). Dip anglemeanis 2.6° and generally less than 3°
especiallynorth ofthe Growth Fault Zone(Figure27). Dip angles may exceed 3iear
faults Faults ae notcommonlyapparentn well log crosssectionup-dip of the Growth
Fault Zonedue to theirimited slip compared tthewell log spacingand are difficult to
interpretusing only well logwithin the Growth Fault Zone due toe complexityof the

structure and stratigraphy.
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Figure25 Stratigraphic model, interpolated surfaces Midway Group (dark purple), Top A (pink), Dull Biwis)( Big
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Figure26 Dull Shalesurface top of the main storage target, colored by dip azimuth.
Dip azimuth ispredominantlysoutheasbetweenl 20-160°.
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2.3 STRUCTURAL MODEL

2.3.1 Data

Surfaces discussed section2.2 Stratigraphic Model were inputs into the structural
modelin addition to publishedeismic datasetinterpreted msssections and seismic
lines from Olariu& Zeng (20B) were referencetb help guide structural interpretation
and in some casefyaded into Petrel bgeoreferening andvertically scalng based on
visual inspection and comparison to nearby log profAeSulf Coastdip-oriented2D
seismiclingl il ON s e i veasitiimomed to thetudy)area and interpretéeigure
28, Figure29). The seismic line was provided courtesy of ION Geophysical Corporation
(data now owned and licensed by Fairfield Geotechnologiesjacesnterpretedrom
3D seismic data were provided BEG STARRgroup The3D interpretatiordata was in
two-way time andvasconverted to depth. Depth conversion was approximated by
performing a linear regression through dhshotdatausing Python and NumP$everal
linearregressions were attempta@ryingpolynomialdegreegrom one to sixto
compareerrors A simpleparabolavas chosenue to diminishingeduction in errowith
higher degregof polynomialregressior{Figure30). Thelinear regressiorquation

rounded to two decimal places,

Equationl a PH X pT O PTG LBV

wherezis depth in meters arids the seismic reflectiotwo-way time.
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Figure28 Map of Study Area (purplpolygon, Model Area ¢yanpolygon), ION
seismic ling(red), STARRIinterpretedsurfacegrom 3D seismicyellow
areg, and faultsconsideredbrown).
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Figure29 Interpreted seismic sectipmcludingKMT Fault Zone, Southern Karn€ountyFault Zone and Growth Fault Zone from left to right, northwest to southeast.
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Figure30 Plotcomparingseismic check shot data (orangegthe linear regression
fit selected (blueln two-way time (ms) versus depth (m).

2.3.2 Fault Model

Faults were modeled across the study area based on the available data in that part of the
study area. Fault interpretation near seismic data, along the 2D line that bisects the length
of the study area and within the 3D data, the growth fault zone ittieesn quarter of

the study area, are more detailed with higher confidence. Faults to the north and on the
eastern or western edges of the study area are more generalized with less confidence.
Where data sources appeared to conflict, the seismic daiiigretation of seismic data

was generally honored.
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Initial faults with approximately 90° dip were generated usivalablefault traces. After
the 2D seismic line was interpreted with faults and 3D surfaces and published seismic
lines(Olariu & Zeng, 2018yvere loadednd spatially referencethe initial faults were
resolved with those new data. Initial faults were joined where those interpretations
appeared to be the same fault; deleted or revised where better swseuc

interpretation differed; and initial faults were modified to adoptasthd morphology from
seismiebased interpretatiofrault dipsin the KMT and SKC fault zonewsshich arenorth

of the Growth Fault Zonevere modeled as near vertiea indicated by the 2D seismic
line (Figure29). Faults were modeled assuming that they intersect all horizons from the

Reklaw Fm. through the top of the Midway Group.

2.3.2.1 Fault Model Description

Forty-four faults were modele@Figure31): 15faultsas part of the KMT Fault Zone

which segments the study area fadltscomprise the main fault zone and 4 shorter
faults to the north); two within thBKC Fault Zone that extend about 30 km or lasd

halve the study area, discontinuously; andf@ultsas part of the Growth Fault Zone

which segments the study area to the south. Statistics for the modeled faults are in the

following table:

Table2 Faultmodel statistics

Fault Property Mean | Min. Max. | Std. Dev.

Dip (°) 58 29 90 19
Dip Direction (°) | 157 0 355 41
Fault Throw 23 0 411 35

Faults within the study area follow the trends of the larger fault systems that they belong

to. Generally, these faults trend northesmithwest, have normal slip displacement and
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dip between 30° to 90°. The fault dipnsarly verticain thenorth,(KMT fault zong and
middle (SKC fault zong of the study areayhereas the faulslong the southern Growth
Fault Zoneare moreshallowly dipping(Figure31). Thismay represent a difference in
thetype offaults Growth faults are arcuate and have lower dip angles with ¢@fzhu

& Ambrose, 2016; Olariu & Zeng, 201&lowever, this is also a function of available
data. North of the STARR 3D seismic interpretation, the only reliable source of fault dip
is the ION 2D seismic lineMost of the variability in faults modeled in the north is a
function of the fault modeling algorithm and teailablefault maps that they are based

on.

TheKMT fault zone and the Growth Fault Zone (GFZ) also differ in their stilike.
GFZ faults have very uniform dip approximating the mean dip direofias7°(67°
strike), whereas the KMT fault zone bows pointismuthsoutteast and the eastern and
western portions of the KMT faults point more easterly and southerly, respectively.
Lastly, fault throw in the KMT fault zone is generally modeéesdess than 100 m
whereas several GFZ faults are modeled with throws greater than 100 m.
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Figure31 Forty-four 3D modeled faultsolored bydip in a) map view and b)
looking northeast
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