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Abstract

The Value of Stratigraphic Well Data for a Geological Carbon Storage
Project

Sawsan AlmalkiM.S.

The University of Texas at Austigp24

Supervisos. Seyyed HosseinCarlos Uroza, and Brahim Hamouche

This study demonstrates the application of Value of Information (VOI) analysis
during the pranjection phase of a geological carbon storage (GCSggirm the Frio
formation, South Texas. VQdnalysis serves as a tool to calculate the dollar amount it
should be paid for a test to reduce geological uncertainty given a test acdthiscy.
research integrates 3D seismic data, legacy well informatidngewiogical insights from
nearby fields. The workflow includes: (a) seismic interpretation for structural modeling,
(b) well-log correlation to define stratigraphy, (c) petrophysical analysis to create a static
model, and (d) dynamic simulations to predic C O pl ume behavior, p
movement, storage capacity, and the areareview (AoOR) definition. Geological
uncertainties were identified to mitigate technical and financial risks, thereby reducing
liability. The primary uncertainty in this analystems from data scarcity within the Area
of Interest (Aol). To address this, multiple models with varying heterogeneity and porosity
were developed for VOI assessment, storage capacity estimation, and business feasibility
analysis for a Direct Air Capta (DAC) project. The research investigaiies likelihood

for the formation storingnore thanl Mt CO within the Aol and a



drilling a stratigraphic well to reduce geological uncertain8esed on this analysis and
assuming a test agacy of 100%, $4.86 million is the maximum amount the operator
should pay for drilling a stratigraphic weRlthoughassuming a 100% accuranay be
idealistic, it provides a clear benchmarkdapping the maximum amount it should be paid

for any givertest Additionally, the study examines the impact of test accuracy variations,
concluding that tests withn accuracy higher th&®% add value to the decisionaking
process This research fills a critical gap in the current understanding of VOI in GCS
studies, particularly concerning stratigraphic well data. Although the VOI analysis is
specific to the site and time frame studied, it establishes a VOI framework that can be

appliedtodecisioma ki ng i n ot her CO storage projects
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Chapter 1: Introduction

1.1 PREVIOUS WORK

Carbon capture and storage (CCS) technologies have advanced significantly,
especially as the pressure to reduce carbon emissions intensifies. Thenmecieasing
demand for effective and cestf f i ci ent CO sequestration sol
to achieve their emission targets (DePaolo et al., 2013). However, challenges remain in
identifying suitable and safe geologic sites, particularly conegrsiorage capacity and
risk assessment.

In the last years, considerable attention has been focused on the use of Value of
Information (VOI) frameworkor reduéng uncertainties and optimizing decistomaking
in geological and carbon storage projdetddreferencs).

Eidsvik et al. (2015) highlighted the integration of VOI analysis with spatial
modeling, demonstrating its relevance in domains like geology and environmental systems.
Similaly, PuertaOrtega et al(2013) applied VObased methodologies &valuate the
value of permeability data in @CS project, illustrating how reduced uncertainty can
improve subsurface characterization and project outcomes. Sato (2011) explored VOI
applications for monitoring C£storage, emphasizing how advancementsfiormation
accuracy can directly influence decision quality.

Elvaretta (2021) investigated VOI in G@equestration projects by combining
Monte Carlo simulations with regression techniques to assess decisions under reservoir
uncertainties, focusing on maxzing storage efficiency and minimizing risks like
leakage. Bratvold et al. (2009) and Bickel (2015) underscored the need to contextualize
VOI within specific decision frameworks to ensure effective resource allocation.

Additionally, Allen et al. (2018¢xamined the influence of geological uncertainties,

such as porosity and fault transmissibility on:G@rage capacities in saline aquifers.



All in all, Geological Carbon Storage (GCS) projects involve significant
uncertainties regarding subsurface eleteristics and the behavior of €@nce injected.
VOI methodhas been a criticaframework for decision analysis in complex projects

mentioned aboveith significant uncertainte

1.2 CARBON CAPTURE AND STORAGE

Carbon capture andiabégeesaatnrdatafofntoridaabé e @ir
mitigate climate chang@PCC et al., 2023)The Gulf Coast Carbon Center (GCCC) is a
global leader in research that develops technologies for effectively monitorino @@
subsurface, as well as understanding the ideal subsurface conditions fio@2@e. Some
of GCCC's studies have focused on estimating storage capacity and other critical factors to
secure the injected G@nd prevent its release into the atmoseland oceans.

CCS is an option to reduce emissions from lagge foss#fuels energy and other
industry sources, provided geological storage is available. It involves capturifgo@O
industrial sourcesr directly from the atmosphere using DAGCC et al., 2023)C
capture ad subsurface injection is a mature technology for gas processing and enhanced
oil recovery. However, CCS is less mature in the power generation sector, as well as in
cement and chemicals production, where it is a critical mitigation oftR®@C et al.,

2023) The technical geologitatorage capacity is estimated to be around 1000 tCO
which exceeds the GGstorage requirements through 2100 to limit global warming to
1.5°C(IPCC et al., 2023)Regional availability of geological storage could be a limiting
factor. On the other hanthe US has significant gexglical storage capacity, estimated

between 3,000 to 8,600 GtEgGsuggesting storage capacity is unlikely to be a limiting

factor. However, economic potential might be lowPual Challenge, 2021)Properly



selected and managed geological storage sites are estimated to permanently isolate CO
from the atmospher@PCC et al., 2023)

Generally, effective C@storagerequires robust regulatory frameworks, public support,
andtechnological advancements to address challenges like induced seismicity, injectivity,

and longterm monitoring.
1.3 VALUE OF INFORMATION

1.3.1Value of Information (VOI)

The concept of Value dinformation (VOI) in decision analysis evaluates the
benefits of acquiring additional information befoneaking a decision. It helps to
distinguish between useful and necessary information gathering by assessing whether the
new information will likely chage the decision that would be made withoyBitatvold
et al.,, 2009) VOI assigns values based on how much information improves decision
making, rather than simply reducing uncertainty ordbiog confidencgBratvold et al.,
2009) VOI analysis involves specifying potential informatigathering activities,
guantifying the accuracy of this information, modeling decisions infiegnioy the
information, and finally determining whether the improvement in decisiaking justifies
the cost of obtaining the informatigBickel, 2015)

For an informatiorgathering activity to add value, it must meet these four crifdoavard

& Matheson, 2005)

Observable The results must be measurable
Relevant The resultsnust influence the understanding of the decision at hand

Material : The information must have the potential to change decisions

= = =4 =2

Economic The value gained must exceed the cost of obtaining the information



The VOI fora specificuncertaintyx and a decisiom is defined as the amount at
which a decision maker is equally satisfweith either obtaining the information or making
the decision based on the current information a{&msvik, 2015) In other words, VOI
represents the maximum price the decision maker is willing to pay for the information
reflecting their personal preferen¢&sdsvik, 2015) At this price, the decision maker does
not prefer having the infmation over not having it, and vice versa. Consequently, any
price below this threshold would be acceptable, making VOI the highest amount the

decision maker should consider investing in acquiring the informéfioisvik, 2015)

1.3.2Value of Perfect Information (VOPI)

Now suppose the decision maker can know for certain the information is always
correct Assuming thaelecision maker is riskeutral the VOI is computed as the difference
between expected value with additional information arekpected value without

information(Bratvold etal., 2009)or:

w0 00 G N 'Q EXXHD "My 'Q'QQOQE "Gl d H o QE &
O QXH®d W 6dOQQ QO NQE NEOD G OGO QE ¢

1.3.3Value of Imperfect information (VOII)

In real worldsituations, the information obtained is imperfect but still helps the
decision maker to know how valuable the information gathering is. Assume that the
decisionmakercan conduct a test tabserve the uncertaintyith an accuracyess than
100% Now, the probability of eaclf the outcomes can be updated based on the test results

usingBayed t heor em

no nono



Also, the posterior probabilities for each outcofxegiven the different test result ¢f)
are calculated.
. NoRdN @
n ogw “ho
1.4 GEOLOGIC SETTING

The Oligocene Frio Formation, a significant oil and gas reservoir in the South Texas
Gulf Coast, has produced an estimated 70 trillion cubic feet of gas and 8 billion barrels of
oil (Bonnaffé et al., 2008)Understandinghe OligoceneFrio Formation,its sequence
stratigraphyframework structural setting, depositional environngand reservoir quality

is essential for efficien€O; storage sitevaluationand management.

1.4.1Regional understanding of the Frio Formation

The Frio deposode constitutes one of the important episodes in the depositional
history of the Gulf of MexicgSnedden &Galloway, 2019)An important sediment influx
and margin accretion occurred during the Frio deposode (FitjureStructurally,
contemporaneous growth faults developed parallel to the shelf margin and syndepositional
movement resulted in sediment thickenon the downthrown side of the faulisqure2).
The Oligocene Frio structure along the Texas Gulf Coast developed in response to third
order sedevel falls wherecoarsergrainedsediments were shed from the exposed shelf
and differentially loaded th&lope, thus triggering down to the basin grovetlts (Brown
et al., 2004)

Extensive Frio research has been done in the Corpus Christi area (South Texas),
which isabout 130 km away from our storage @ennaffé et al., 2008; Brown et al.,
2004; Hammes et al., 2006or instanceBonnaffé et al.(2008, divided tre Frio

Formation in Corpus Christi area into six thotler sequences, each comprising basin



floor and slopdan deposits, along with a prograding wedge deposited duringafded
sealevel lowstand¢Bonnaffé et al., 2008)Growth faulting was important in the area and

significantly influenced sediment distribution and stratigraphy (i.e., Figure
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Figurel: Northern Gulf (US) margin deposodes, sediment influx, calculated as total grain
volume,and continental margin accretion rates

Vicksburg Frio
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Top of Basement \ —8

Figure2: NW-SE cross section of Texas Gulf Coast basin, showing-baasigin faults
(modified from Ewing, 1991)



Landward Basinward

Pelitic sedimentation

Sequence surfaces
third- and fourth-order systems tracts saquence boundary: type 1

(onshell mtervalley ravinement = T5)

N N
I oo  Nollesooytocondenesd
oo Gy S e
ik
. oy :

um flooding surface =
systems v conden
toms tr L ed
lowstand systems E. basin-floor fan of incised transgressive ravinement surtace
tract:incised valley siope fan channel il ——T5==5 with (diachronous) coastal onlap

Figure3: Diagrammatic dip cross section showfogmnation of successive growth
faultedsubbasingCorpus Christi, Texas). Each subbasin is filled with
genetically similar but diachronous depositional systems (from Brown et al,
2004)

1.4.2Depositional setting

During the Oligocene, massive sediment irffrom sources in Mexico and the
southwestern United States occurred as a result of uplift and erosion that started in Mexico
and migrated along the western margin of the Gulf Coast basin (Galloway and others, 1982,
2000). Explosive volcanism and caldemration in Mexico combined with regional
uplift to create an influx of recycled sedimentary rocks, volcaniclastics, and reworked ash
into the western and central Gulf of Mexig&alloway, 1977)

Multiple large, bedloadich rivers delivered sediment to the northwest and central
Gulf, focusing into fourmajor fluviali deltaic axes (Figured). These include the
Mississippi, Houston, Rio Grande, and Rio Bravo. Together, these rivers constructed a
robust, highly progradational continental margin that buried the basal Oligocene Vicksburg
fault zone and advanddhe shelf edge 9345 km (6090 miles) basinward of its Eocene
position. Rapid accumulation triggered a succession of arcuate growth thaltsrio
growth fault belf that advanced basinward in tandem with shelf edge progradation, greatly

expanding uper slope and shethargin delta facigSnedden & Galloway, 2019)he Rio



Grandeand Rio Bravo converged to supply a single composite depocenter. Downdip, the
deltes of the Rio Bravo and Rio Grande fluvial systems merged to form the composite,
sandrich, wavedominated Reyno$&lorias system, which bridges the Burgos basin in
Tamaulipas and Rio Grande Embayment of south Texas (Fayu@ur storage sitsits
within the Rio Grandembayment

More details on the stratigraphy and depositional setting of the storageesite

provided inChapter 2 of this thesis.
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of interest.

1.4.3Reservoir Quality

The reservoir quality of the Frio Formation in the Texas Gulf Coast varies
significantly due to several regional factors, including mineral composition, geothermal
gradient, and diagenetprocesses. These factors contribute to the variability in porosity
and permeability, which are cruciarfdetermining the reservoir's ability to storeLCO

Frio sandstones are mineralogically diverse (Galloway 1977; Loucks et al. 1984).
A strong westo-east decrease in abundance of volcanic grains and plagioclagefelds
(and commensurate increase in quartz) parallels the increasing distance between river
drainage axes and the Oligocene volcanic uplands.

Frio sandstones are poorly sorted, fgrained, feldspathic litharenites to lithic

arkoses along the lower Texas|f3Qoast (South Texas) to poorly sorted, fog@ined,



guartzose lithic arkoses to subarkoses along the upper Texas Gulf Coast. Volcanic and
carbonate rock fragments are common in the lower Texas Gulf Coast and decrease in
abundance up the coast (Loucksktl984). Volcanic and carbonate rock fragments are
common in the lower Texas Gulf Coast and decrease in abundance up the coast. Frio
sandstones show a systematic improvement in reservoir quality from the lower to the upper
Texas Gulf Coast that is redat to grain composition and geothermal gradient (Figure

(Loucks et al. 1984).
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15 Stuby AREA AND DATASET

We chose this area in a field South Texas to study the potential of a GQE. si

The dataset consists of existing 14 wells with logs suchaasmaray, spontaneous



potential, density and soniTable 1). These wells are located in the periphery of the area

of interest In addition, the dataset consists of 3D seismic cube wharaisdiorizons and

faults were interpreted. The details will be explained in the next chapters. Most of these
wells are wildcats and plugged and abandoned (P&A). These wells are more than 3000 and

up to50,000 ft apart from each other in theS\tirection.

Tablel: Dataset of the study area

Conce ptual Input Data

Area of Interest 3D Seismic cube

Structure position Legacy wells

Geometry Well Tops

Lithology Seismic horizons
Faults

Welllogs (GR, SP, DT, RHOB, RD..

1.6 RESEARCH RELEVANCE

Geological carbon storage (GCS) projects in the United States are regulated by the
Environmental Protection Agency (EPA) under the Safe Drinking Water Act, which sets
standards to protect Underground Sources of Drinking Water (USDW). The EPA's
"Geologic Sequestration of Carbon Dioxide: Underground Injection Control (UIC)
Program Class VI Well Site Characterization Guidance" (2013) emphasizes the importance
of comprehense site characterization for Class VI wells, typically involving drilling
stratigraphic wells within the project area. However, the decision to drill such wells is site
specific and left to the discretion of the permit applicant. Consequently, uncedainti
persist regarding the value of investing in stratigraphic wells or other data acquisition

methods to mitigate storage capacity risks.



Significant research has been conducted on carbon capture and storage (CCS)
operations, including models that informcadgon-making for GCS projects (Hosseini et
al., 2024). While previous studies on the VOI primarily focus on monitoring technologies,
there is a gap in understanding the value of stratigraphic well data in addressing geological
uncertainties such as resenvquality and sand continuity. This research aims to fill that
gap by applying VOI analysis to stratigraphic well data during thenpeetion stage of a
GCS project.

Our study examines a potential GCS site in South Texas, USA, characterized by
limited data and low reservoir quality. Available information comes from legacy wells
located on the periphery of the area of interest (Aol). The primary challenges include
faulting, low reservoir quality, and the absence of wells at the preferred site locdwgon. T
most significant geological risk is reservoir quality, which affects injectivity and,
consequently, total storage capacity.

Determining whether to drill stratigraphic wells based on current information is a
critical decision, especially onsi dering the site's | ow reser.\
storage volumes. Although this site may primarily interest a Direct Air Capture (DAC)
project due to lower volume requiremeriswever,.even a DAC operator needs assurance

that the formatiorctan store the captured volume within a given timeframe
1.7RESEARCH GOALS

The goal of this study is to develop a s
that assists operators in making informed, -effgctive decisions during piajection
planning. By utizing the VOI framework, we aim to quantify the financial value of
reducing storage capacity uncertainty through additional data acquisition, specifically by

drilling stratigraphic wells.



We will apply the VOI methodology to determine the "buying prig’atvold et
al., 2009)for drilling stratigraphic welld the maximum amount a DAC operator should
be willing to invest. Any cost exceeding this value would not justify the investment, as it
would not provide sufficient value relative to the incurred expenses.
Thisr esearch i nvolves evaluating-ufi®a pl ume
complex structural setting with high depositional facies variability. By simulating injection
in an area wvih low structural gradient and complex depositional fgoies can assess the
impact of geological uncertainties on storage capacity.
By extending VOI analysis to include stratigraphic well data and focusing on
geological uncertainties, this study conttémi to improved decisiemaking in GCS

projects, particularly during the pnejection stage.

1.8 PROJECT WORKFLOW

The research is structure as follows: it begins with an overview of the potential
storage site and an assessment of available data§Hapgdgr 2: Reservoir
Characterization Geological and geophysical data from a site in South Texas, including
raw data and previous interpretations, were cleaned and gcladibked before static
model building.

In Chapter3: 3D Geocellular Modeling for the pr Frio Zoneusingwell logs,
seismic horizons, and faults within the zone of intengas conducted Structural
interpretationin time was followed by timedepth conversion. Facies analysis identified
sand trends based on well logs and seismic faci&d geological mode{static model)
was built to generate porosity and permeability models, with petrophysical analysis

determining key reservoir parameters.



The static model served as the foundation for simulation stud@sim pt er 4: CO
Storage CapagitAnalysis CO pl ume simulations model ed p
front extent to delineate the Area of Review (AoOR), assessing storage capacity and the
reservoir's dynamic response to CO i njectio

In Chapter 5: Value of Informatigneconomic modeligp and VOI analysis
evaluated the benefits of drilling stratigraphic wells to reducergpeetion uncertainties.

This analysis determined the maximum justified investment in additional data acquisition
methods to mitigate geological risks.

The study concldes with a discussion of findings and future worlCimapter 6

followed by conclusions and recommendation€imapter 7



Chapter 2: Reservoir Characterization ofthe Storage Site

2.1INTRODUCTION

The storage site is located in South Texas, USA, within the paleo Rio Grande
embayment. Due to a confidentiality agreement with the landowner, the exact location of
the site cannot be released. However, the evaluation with real data is provided irsthis the
report. The storage site sits withinadal area of 10 miles (52,435 ft) by 9 miles (42,700
ft) as shownin Figure 7. The subsurface characterization was performed on the Frio
formation, which poses a challenging reservoir quality due to its volcaoin t e nt 6 s nat u |

The initial plan was to characterize the fstbrage window (about 3000 to 4200 ft)
including running amplitude analysis in Paleoscan on several seismic horizons in the
model. Howeverthis analysis is still not conclusive due to theoamt of noise in the
seismic The full storage section (Figu® was originally considered to provide an
overview of the total storage capacity of the site. Due to time constraints, only one zone
was targeted for detailed evaluation, that is the intdredleen Frio Top and FrieS1
marker (called Upper Frio zone) (see Fig8yeThis research focuses on the Upper Frio
zone, so a feasibility study for a GCS site would have some limitations since it does not
consider the total section for storage. Thegumbmay not be economic for the Upper Frio
zone itself, but it could be economic if we consider the full stratigraphy available for CO

storage. This will be discussed in the VOI section of the thesis
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2.1.1 Data cleaning and readiness

We received actual data for the research study. A lot of data cleaning was needed
to pursue the research workflow. A project in Petrel was received withdata (logs,
seismic interpretations, and a structure modglin time domain). | managed along with
my supervisors and a geophysicist from the land owner to narrow and tailor the project
area to our needs. In the case of the well log data, the sponta potential (SP) and
Gamma Ray (GR) logs were quality checked by plotting all GR logs and SP from the
interest zone (Upper Frio) in a histogram window (Fig@reSince all wells with the

specific GR or SP are laying on top of each qgttilemthese |gs are fairly consistent and



good to go for stratigraphy and petrophysics analysis. Only one well was set for

normalization, adding a calibration of 40 mV.
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Figure9: The SP and GR logs of the wells show normalization withirz¢ime of interest
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wells with SP than the GR log. We ignore the outliers in the SP log, limiting
the scale between O

Basic weltlog analysis is crucial to build a robust model. Latehis chapter, a framework

of which petrophysical wellog curves were calculated to feed into the medalild be
discussedThere are 14 wells with limited well log data; twelve out of them have SP log,
four with GR; three with sonic (DT), and two welith bulk density log (RHOB) (see
Table 2). The SP is scaled from 0-1®0 mV, and GR from 0 to 150 API, following the

standard practice. There are three key wells with SP, GR, RHOB, and DT logs.



Table2: Available welllogs

Well log Total Number Log name
SP_SM 12 Spontaneous potential
RD_SM 12 Deep Resisitivity
RS_SM 12 Shallow resistivity
GR_SM 4 Gamma Ray
DT_SM 3 Sonic

CALI_SM 3 Caliper
RHOB_SM 2 Bulk Density
RM_SM 1 Medium Resisitivity
NPHI_SM 1 Neutron Porosity
DRHO _sSM 1 Density

Forstandardization purposegells were grouped with my own naming convention,

whi ch i s the

reason

for

a

A S M)o Despiteftiei x

availability of multiple log curves, the ones used infbgophysical analysisere the SP,

GR, sonic and bulk density.

2.2STRUCTURAL FRAMEWORK

2.2.1 3DSeismic Interpretation: Horizon mapping

The targeted seismic horizons are Top Fmal Frio FS1, which are the top and

base of the Upper Frio zone. The average thickness of the zone is 500 ft. In the initial stage

of the study, the base of the storage section (Frio FS7 marker) was reinterpreted from a

seismic horizon provided by the dabwner. The base of the Frio storage section (Frio

FS7), in the area of interes,about2900to 4200 ft from the Frio Top as shown in Figure

10. The Frio formation in the area of interest is thick but we chose to limit the interval of
interest to the Pper Frio zone, for the purpose of this thesis project, since it would require

more structural interpretation and modeling that is beyond the timeline and scope of this

research. Figur&0 shows a seismic line and a well with a chebbt that was usefdr

calibration of seismic horizons veell picks. Figurell showsthe seismicsurfacesof

att a



interest for this researcbnalnline and Xlineintersection witlthe depth grids intersecting

wells A and B The depth grids wengsed as inputs for 3D modeling

SP STVO| (3]
I T ) )
Well-
fe257%]
Fesoo .
-
= Top Frio, |
=
el 3
=
T
4 &
E{ Frio FS: ;
7500
n Frio FS:
= 3
< 3
- FrioFS3
? -
é -8500 3
o .
E
L —
= Frio FS4; it
500
Frio FS5. t
Frio FS6] ||
froso0q ||
. E
= —{41000-
Frio FS7.
.

Figurel10: Seismic interpretation of Top Frto base of Fricstorage sectiofi.e., FS7)




_hm3nifs TepFrio

Figurell: QC visualization The displayed surfaces on the Inline and Xline seismic are
thedepth grids intersecting the well tops at wells A and B.

2.2.2 Main Faults and Faults that intercept the Upper Frio zone
Thereis a totalof 37 faultscutting both horizons, the Top Frio and Frio F&humber of
faults were received frotihe data owner and others were interpreted at G@S @arbf
the data readiness and quality check praocEssse faults were picked on the 3D seismic
volume (Figure ). After cleaning and adjusting the faults, the new total number came
down to 35 (Figue 13). The 3D fault modeling was an important process as the faults are
all included in the AOI for geomodelling with Petrel software. It is crucial to account for

the major and minor faults, especially when modeling the extethe CQ plumeand



pressue build up and the leakage potential of these faults in the AOI. The faults could
either act as sealing features or leakage pathways. In this research we ignore the conditions
of these fault pathways and we considered the faults in the model as volurherrreter

to Chapter 4 for the details of G@lume modelingand pressure build yip
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2.2.3 Time-Depth Conversion

The inherited original project was in the time domain. For a standard 3D
geomodelling workflow, the domain must inedepth.

There are multiple velocity methods and models in Petrel fokdanced Velocity
Modek. For this project, the velocitynethod used for defining the velocity input i
dependent upon the velocity model that has been t$edsurfaces (Top Frio and FS1)
cover the whole area of the velocity zoiiée value is estimated using the thaepth
relationship (TDR) through the zorfer each well and interpolated to give a surface
describing the variation of the value across the m(sde Appendix A)Then the data in
the correction columnwhich are the Top Frio and Frio FS1 depth surfacesysed to
define the valueFigure X4 is displaying one of the surfaces, i®op Frio depth surface
(the well picks are tied to the surfacBtrel finds the value at the location of each of the
correction points so that the resulting conversion will match the correction point. The
values arenterpolated to give a surface describing the variation of the value across the
model Now, the zone in the velocity model must have a definition of the velocities within
that zoneThe velocity modelisedis V=Vo=Vint, the value of Vo is a surface defigithe

value at each XY location.
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in the correction column to define the value in the velocity model
Both resulted depth surfacE®op Frio andFS1)are very similar and consistent to the time
surfaces (Figuré5), sothe velocity model created acceptable for converting more time

surfaces to deptiny input in the time domain can be depth converted in the software.
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2.3STRATIGRAPHIC AND DEPOSITIONAL FRAMEWORK

2.3.1 Well Log Correlation

A key well was used to pick the Top Frio horizon on 3D seismic due to the
availability of the Paleo data. We did not receive a synthetic seismogram for an appropriate
seismiewell tie. The seismic horizons were previously interpreted fragrated 2D and
3D seismic surveys along with check shots mdheaThe targeinjection intervalis the
Upper Friozone the stratigraphic upperostinterval of the Friostorage section (Figure
16). The reservoir units were picked based on well log correlationtofak2900 to 4200
ft Frio storage section gefined from thd-rio Top totheFrio FS7marker(Figurel7). But

we limited the detailed evaluation to the 500ft from Frio Top to Frio FS1.
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2.4RESERVOIR QUALITY ANALYSIS

For the petrophysical analysis of this section, a workflow involving three main
cases with a totalf 21 realizations, was performeda&hcase examindsow porosityand
variogram ranges affectorage estimate® account forthe VOI analysis.Variogram
estimatesdue to the scarcity of the data in the arparticularly the nugget and sill,
determine spatial correlation and model variahlee vertical variogram was based the
well log trend, and the horizondlateral spatial cwelation) variogram ranges were
estimated theoretically based on the current knowledge of the formation and nearby filed.
The processs a blindtesting methodio have a base case by removing two wells out of the
three key wellsThen building a secongeneration model by adding the second well out
of the 3 key reference wells; then building a thgeheration model by addirtge third
well from the group of key wells. The objective is to evaluatdstudy the uncertainty
ranges by evaluatingnd documening any changes in the storage capacity estimations
when running the dynamic simulations in chapterie analysiss as follows:

Definitions:

1. Key wells

There are only three wells out of tuairteenavailable legacy wells with computed

porosity log from sonic or density curves

2. Base case

Model with 12 existing wells only.

3. Bplus (B+)

Adding one well to the base case model totaling 13 wells with a nevsifyoro

relationship

4. Bplus plus (B++)

49



Adding one more well to the B+ model totaling 14 wells with a new porosity

relationship

2.4.1 Petrophysical Interpretation

In petrophysics, volume of clay (Vclay) is the fraction of a rock volume occupied
by clay mineals. It is an important parameter used to determine the amount of clay present
in the formation, which directly impact porosity, permeability, and fluid saturétioore
et al., 2011) Knowing that not all wells have the asired log density (RHOB) and sonic
(DT) logs to compute porosity from, and due to lack of core data, | used the measured logs
GR and SP to calculate the Vclay (1)&(2) at each well suggestingagetiurves (Vclay
and PHIE)(Satti et al.,, 2024)| set the Vclay based on the low (minimum) and high

(maximum) readings of the logs at each well to set a cutoféfarvoir and noneservoir.

OO Oe—— 1)
Where;o @ & idtthe volume of clay)YD s the SP reading in a clean sand (maximum
deflection),”Y0 is the SP readmnat the depth of interest, a0  is the SP reading

in a pure shale (SP log baseline)

Estimating Vclay using the SP log has several limitations; the SP log is less sensitive to
clay content than the gamma ray log, potentially leading to Essatem ¢ & @stimates

(Rider, 1996)

DOA OOYO—m— 2)
Where;"OY i©the Gamma Ray IndeXQY is the GR reading at the depth of interest,

‘0OY isthe GR reading in clean sand (minimum value),’&M is the GR reading in

pure shale (maximum valu®ukal & Hill, 1986)
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This method ofb & & isittee simplest approach and could potentially ovienese the clay
content in the reservoir. For the purpose of $tusly, Ejuations (1) and (2yere usedlue
to limitations mentioned earlier (lack of core data to calibrate, scarcity of the datapoints).
The GR log may not always clearly differentiate betwsands and shales, especially if
there are radioactive minerals present in clean g&halga et al., 2019Many assumptions
fall under using’O'Y ‘@rectly asw o &, di @dssumesa linear relationship between GR
readings and clay content. This assumption is often an oversimplification of the actual
relationship (Bhuyan & Passey, 1994; Piava et al., 2018) this reservoir we are
considering nosreservoir as both silt and shale potentially resulting in a higher clay
content, and sand as reservoir. In addition, GR does not account for the presenee of non
clay minerals in shales. Shales typically contain on76% clay mimrals, with the rest
being siltseized quartz, feldspars, and other mindiBisiyan & Passey, 1994)

| calculated the petrophysical log curve PHIE from total porosity (PHIT), as PHIT
represents the total amount of pore space within a rock, including all voids, both connected
and nonconnected that do not contribute to flow. Therefore, PHIE is more relevant and
representative as it repr eserrBea, 19/9thay it he
contribute to fluid flow through the formation. | then compule@® O@ingEquation (5)
at well leveland applied to all unsampled wells that will be discussed in the following
segment.

2.4.2 Porosity Analysis

Three main (key) wells have either sonic or density logs that we could compute
porosity from. No neutron porosity curves were available from &nlyese wells. These
three key wells are located in the periphery of the f&&jure 18) Although all three key
wells have sonic log, the sonic is not as precise as the density. The sonic is a signal that

travels through the different matrixes withoutfeliéntiating them. Density log measures
51



the bulk density of the rock, which directly correlates to porosity. Density porosity has a
more direct relationship to the rock matrix and pore fluid densities, leading to higher
confidence in its result when matrdensity is well known. Sonic porosity is highly
sensitive to the type of fluids present in the formation, such as gas, oil, or water. Gas, in
particular, causes significant drop in acoustic velocity. Often leading to an overestimated
porosity. To accourfbr this,we applied uncertainty to the porosity with a margin of error.
The density log, however, is generally less sensitive to the type of pore fluid. Sonic logs
are affected by the degree of compaction and cementation of the formation. The velocity
of sound through rock can be influenced by rock compaction, particularly in deeper
formation leading to inaccuracy in porosity estimates. Density logs are less influenced by
these factors, resulting in more realistic and confident reflection of the porosity.
Acknowledging the differences, | still had to compute the petrophysical porosity log curve
using sonic porosity for the well that only had sonic log lacking density. | used the
relationship between PHIT and Vclay of the keglls to getPHIE_base, PHIE_B and
PHIE_B++ curves

From sonic porosity (PHIS):

e

6 00— — 3)

e

Whered "O"@Yhe sonic porosity/0 is the interval transit time of the formation (from

the sonic log in (us/f)Yo is the matrix interval transit tim&o is the fluid transit
time, typically ~189 us/ft(Wyllie et al., 1956)
From the density porosity (PHID):

0 000——M—— 4)
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Whered "0"0®the density porosityY 'O Ois the matrixdensity of the rock (g/cfh
YO0 & the bulk density from the density log (gRniy "'O0 "@8ithe fluid density (g/cR)
typically 1.0 g/cn in water(Peters, 2012)

0 "0'00Y) "0'0"Y "00"Yk (5)
for all key wells with RHOB or DT log

Figure18: Highlighting the three key wells in the AOI where property modeling and VOI
analysis was focused on

Since the remaining wells in the project do not have density or sonic logs, we

computed the porosity from key wdllby getting the linear relationshiptweend "0"'0'0
andw  (Figurel9), and applied to the remaining wells. To study the VOI based on the

current field knowledge. We computédO'O0O from the well with sonic porosity only

(i.e., welll) and excluded the two other key wells

1. PHIE BasecasePetrophysicalWorkflow:
l.  Compute key welll with sonic porosiBguation(3) A 0 '00"Y
.  Computed 'O'Gibkey weltl
. Plotd "O'GO®

IV.  Linear relationship to apply to remaining wells
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PHIE_base

y =-0.2411Vclay +0.24
039%, R?=0.9327

PHIE

Vclay

Figurel9: PHIE vs Vclay from key well no.1 to get the linear relationship for PHIE_base

In this case, | chose the linear relationship instead of the plots with polynomial
degree 2 because these will result in negative PHIE if used otherwise. In addition, before
dedding on using sonic porosity (PHIS) as the petrophysical log for keylwetiompared
the density porosity from the two other key wells (PHID) and plot them against their sonic
log to get a relationship for porosity that can be used at keylw&he trophysical log
response is showim Figure 20. The PHIS (in blue) when compared to PHID_sonic (in

blue), it gave a significantly higher poroskiy over 100%.
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Figure20: Key well-1 displaying sonic porosity (PHISpmpared to RID_SONIC
(regression relationship between density porosity and sonic). PHIS was used
instead for better results

Again, for VOI analysis, the following workflow was applied for the lBodel by adding
key well2 to the base case to evaluate any significhahges in the porosity modeling.
2. PHIE (B+) Petrophysical Workflow:

V. Computedensity porosity for key welt with Equation(4) A 0 'O'0"Y
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VI. Computed "O'GiDkey weli2
VII.  Plotd 'OG®w (Figure 2)

VIll.  Polynomial 29 deg relationship to apply to remaining wells

PHIE_Bplus

y = 0.121x2- 0.3044x +0.1971
03 0%, R?=0.7586

PHIE

Figure21l. PHIE_B+ case: PHIE vs Vclay plot from key well no.2 to get the linear
relationship for PHIEB+
3. PHIE (B++) Petrophysical Workflow:
IX.  Compute density porosity for key wdlwith Equation(4) A 0 '00"Y

X.  Computed "O'0f key welt3
XI.  Plotd '0'Gi®®  (Figure 2)

XIl.  Polynomial 29deg relationship to apply to remaining wells
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PHIE_Bplusplus

039%e y =0.1007x2-0.2423x + 0.1552
° R?= 0.5453

PHIE

Figure22i PHIE_B++ case: PHIE vs Vclay from key weB to get the linear
relationship for PHIEB++

2.4.3Challenges

The reservoir quality is the main challenge in this potential GCS site as shown in
the plots where the porosity is relatively decreasing with new wells aditlede are two
existing wells with neutron porosity (one of them in sandstone matowever, did not
work on the correction for density porosity (PHID) and neutron porosity (NPHI). This
correction is generally related to gas effect correction. Byyaygpthe correction this
would affect the porosity even negatively. The porosity (&) is equal to the square root of
the average of the squared values of NBHI)(and density porosity’( (Bhuyan &

Passey, 1994Fquation 6) that could result in lower porosity value than dgpsirosity.

n n n (6)
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2.44 Permeability Analysis

The permeability was calculated from a porogigrmeability transform from a
nearby field in the Frio Formation that we beliexepresenta similar geological
characteristicsgquation 7).Other permeability transform functions weested using a
different from literature reviewWyMcRae et al., 1995¢xplaining the different rock types
with their poreperm relationship as a comparis@ee Appendix B)In addition,the
closest transform is fronsidewall core plug from two wells around the AOI but the data
was highly scattered and uncertain with a coefficient of determinatym{R.27as seen
in Figure23(b), whereas thappliedporo-permfor the project is honoring threeells with
an R of 0.41 (Figure 3(a)), therefore it was more realistic to use the transfor&vination

(7) from the nearby field.

Q ™o & z @)
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Figure23: (a) PoroPerm transform from a nearby field applied in the study (b) Two

wells outside the AOI with core plug PeRerm with a lower R(scattered
anduncertain) thatvas not used
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Chapter 3: 3D Geocellular Modeling for Upper Frio Zone
3.1RESERVOIR 3D GEOMODELING

The static model was built in Petrel software. The structural framework was done
using Corner Point Gridding workflow to model and QC the faults. The extend of the AOI

for geomodelling is shown iRigure 2.
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Figure24: Boundary polygonndicating the extend ahe AOI used for modeling

Prior to implementing corner point gridding, structural gridding was performed
using theStructural Frameworkn Petrel. However, the resulting 50 layers in the Upper
Frio zone (Top Frio- Frio FS1) within the 3D geomodel consistently exhibited
discrepancies that prevented the structural model from being effectively utilized for
property modeling in Petrel. Consequently, the workflow was shifted to corner point
gridding. Additionally, thePetrel version was updated to the newer version 2023.6 to run

a Pillar gridding framework for creating the final structural grid.
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3.1.13D Grid and Structural Modeling
Table 3 summarizes the input for the 3D modeling framework. The 14 available legacy
wells, the twahorizons that were seismically interpreted, and the 35 faults also interpreted
seismically. Finally, the main input is the measured porosity curves to run simulations for

the CQ plumeand pressure build up.

Table3: Summary of inptidata available for constructing 3D geologic modeling

Data Number of Data Available Data Origin

Horizons 2 Seismic interpretation
Seismic interpretation (Al

Faults 35 interpretted by Carlos and
Karen)

Wells 14

Lithotype Curve (Vclay) 14 Well log interpretation

Porosity Curve 14 Well log interpretation

The Upper Frio zors average thickness is 500ft. In order to capture 5ft per cell
the model would haveequire100 layers. With these grid parameters and resolutin
dynamic model wouldhot be able to handle the data processing. Therefore, it was
necessary to reduce the number of layers to 50, capturing 10ft thickness pesteat
and therebynaking the grid coarsefhe new grid resolution is shown Trable4, where
the new g cell size is 3,568,000. If weadused thdiner grid, the simulation runs euld
take longerthan anticipated, andhis wasbeyondthe project scopeAlso, Figure25
displays the faults in one of the surfaces (Top Frio) that were included for 3D

geomodelling. Figur&6 shows he resuling horizons of the Top Frio and Frio FSh
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thesehorizonmapsthe green to red coleangerepresentshallow deptk, and the blue to

purplerangerepresergdeeper depths.

Table4: 3D Grid resolution parameters

Grid cells (nl x nJ x nK) 320 x 223 x5
Grid nodes (nl x nJ x nK) 321 x 224 x5
Total number of grid cells: 356800(
Total number of grid nodes: 3667104
Number of geological horizons: 51
Number of geological layers: 50
Total number of 2D cells: 71360
Total number of 2D nodes: 71904
Total number of defined 2D nodes: 5094C

Z(TOP FRIO)
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t

Figure25: Top Frio depth map, showing the 35 faults included in the geologic modeling
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FRIO TOP/Segment 3
Elevation depth [ft]

Frio FS1/Segment 3
Elevation depth [ft]

Figure26: Frio top (above)and FS1(below)horizons in 3D structure moddihe blue
represents deeper depth and the green up to red color represent shallower
deph
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3.1.2 Fault modeling

Fault modeling was crucial for accurately characterizing the subsurface structure,
which directly impacts the feasibility and safety of geological carbon st@aemisse,
2024) The fault modeling framework applied incorporated key elements including the use
of 3D seismic data to model the faults and referemezzdns. This approach provided a
reliable basis for fault editing, ensuring that the structural model captured the essential
elements neessaryfor evaluating the geological integrity of the storage site.

A significant amount of quality control (QC) wasdertaken in the 3D workflow
(see Appendix C)The faults hagreviouslybeen interpreted seismicaliy time. In the
structural modeling module of Petrel, the fault framework was originally built under
structural frameworkand moved taorner point griddhg within the Pillar GriddinglIn
Figure27, the faultshavealreadybeenQ C 6 d a n dthraughtruncatioe ahd merging
usingthe Edit Fault Model tool paletten Petrel.A total of four faults were merged into
two, with slections based on the domindault andthe dip/orientation of the faudtin
relationto the surrounding faultsThe rumber of faults were truncated to the regional
masterfault in Figure27. The reasons to follow this process include the following:

A Improvedmodelng of the 3D gridand avoigénce ofdiscrepancies

A Ensuring thattte workflow inPetrelrunsproperlyby adjusting alfaults
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Figure27: The 35 faults in the AOI showing the regional growth fault on the west

Further QC and fault cleaning were necessary as showigime 28, wherethe fault
horizon lineswereuseda s 1 nput i n t he 0 lhdhefagtonodeling t o edi

process. Finally, Figur29 is the resulted structural model of the Upper Frioezhmown

in dark grey.
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Figure28: Before and after adjusting the horizon lideljustment of the horizon line
circled in red
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Figure29: Target injection zone visualizat of the Top Frie Frio FSin dark grey.
This isthe structural model under Structural Framework in Petrel (Geospace
view).
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3.2PETROPHYSICAL PROPERTY M ODELING

Property modeling isonsideredn important step in 3D geomodelling. Itaried
out byfilling grid cells with discrete or continuous propertiestailed faciesnodelling
effort was notperformedfor this project however,sandstones were separated from
shales/mudstones the well levelpased on a sand eoff at GR and SP logs

The 3D model was populated with porgsialues usingsRFSstochastic methqd
a welkknown geomodeling techniquthat effectively honorsavailable data points,
particularly under conditions afatascarcity Through a sguential simulatiorprocess,
eachlocation is generated while consideribpgth previously simulated points arattual
well data.By utilizing this approach, uncertainty is characterisffiéctively, which is
crucial when dealingvith sparse datasefglultiple realizations can be produtasing this
method, thereby enhancing the understandinganiability and uncertainty within the

model.

3.2.1 Well log Upscale and Data Analysis

Porositylogswere upscaledsing arithmetic method in Petrel. Figukeshows the

inputwell log and the upscaled porgsihonoring the same response.
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Figure30: The resulted upscaled log PHIE_base of the key-Well consistent with its
input well log. The blue log is the PHIT. The datunfiagtenedin Anahuac
shale.

Whenperformng data analysis in Petrel, mimga normalscore transformation of
the data before runing the GRFSsimulation algorithmNormal score transformatios
used with cautionparticularly since the project haBmited input data, because the
distribution ofthe property is forced to match the distributiontle€ input exactly (that is,
both the position and the relative height of the histogram béos).can sesome ofthe
results of these histogram later in this sectidfter the data is normal scorethe
variogramsare sefand an thesimulation. In Petrel, when the simulation is complete, the
data is backtransformed automatically from the normal distribution to draginal

distributionas seen in Figure23
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Figure31: Normal scoe transformation performed in Petrebdelingbackgroundor
running stochastic simulation (property modelinff)e histogram on the
right shows the transformed values (standardized to follow a normal
distribution with a mean of 0 and standard deviatibh)o

Figure 32 indicates that a value is picked amtmulated from the normal
distribution the histogram with the transformed values is standardized to follow a normal
distribution with a mean of 0 and standard deviation of 1. Tftar thegeostatistical
algorithm has been run, the picked valubadsktransformed to its original distribution

After the data had been batiansforned from the data analysis, the vertical
variogramrangewas setaccording to the wellogs, and the horizontal (lateral spatial
correlation) major and minor variogram rasgeere theoretically estimated basedtom
current geologic knowledge of thield and by analogy with a nearbyelid. The values
were established at 20,000ft for thesbcase 15,000ft for the low case, and 25,000 ft for

the high case, as shown in Tables 5, 6, Anthe majororientation direction{azimuth
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