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ABSTRACT

Deep saline aquifers have been identified as suitable repositories for geologic carbon sequestration due
to their vast storage capacity, widespread distribution, and low potential for leakage. Among these
potential sites, the Cretaceous deep saline aquifer Lakota Formation in the Powder River Basin has been
suggested as a potential target.

This thesis presents a quantitative feasibility study for carbon geosequestration within the Lakota
Sandstone Formation. The assessment consists of formation evaluation, seismic data analysis,
geomechanical modeling, rock physics analysis, and thermo-hydro-mechanical simulation within the target
reservoir. Various datasets were utilized during the evaluation, including geophysical logs, mud reports,
drilling reports, drill stem tests, diagnostic formation integrity tests, core data, regional stress state maps,
and a high-resolution three-dimensional seismic survey.

Formation evaluation is conducted using geophysical logs to estimate key parameters such as water
saturation, formation water salinity, and total and effective porosity. Permeability is estimated with
empirical relationships and core data. The geomechanical model is constructed using a pore pressure model
calibrated with drill stem test data from the study area. Static and dynamic elastic properties and
strength parameters, including Young’s modulus, Poisson’s ratio, unconfined compressive strength, and
friction angle, are estimated from both geophysical logs and empirical relationships. One-dimensional (1D)
and three-dimensional (3D) mechanical earth models are developed based on regional stress state maps,
poroelastic method, and offset diagnostic formation integrity tests.

Structural and attribute analysis is conducted on the post-stack seismic data. Additionally, 3D seismic
inversions are completed for pre- and post-stack data sets. The seismic property changes within the Lakota
Formation are investigated using Gassmann fluid substitution across a wide range of potential temperature,
pressure, and CO4 saturation conditions. Storage constraints, including storage capacity and injectivity,
are also investigated.

A potential zone of approximately 45 feet in the Lakota Formation is identified for COq
geosequestration evaluation. The formation has an estimated permeability of 0.5 - 5 mD and an average
effective porosity of 11%, with formation water salinity exceeding 10,000 ppm. An existing drill stem test
from one of the wells within the study area reveals a higher thermal gradient than previously reported in
the literature. The 1D mechanical earth model results highlight overpressure compartmentalization in shale
zones extending from the Frontier to Fuson Formations. Variance and ant tracking attributes indicate a

minimal discontinuity in the southwest region of the study area. Post-stack and pre-stack seismic
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inversions show consistent lateral and vertical thickness variations of all formations above the Dakota
Formation. Secondary seals, Mowry, Carlile, and Niobrara Formations, collectively contribute to a seal
thickness of up to 300 meters /1000ft in this study area.

The extent of the Lakota Formation suggests a maximum potential storage capacity of 6.5 Mtons of
COs. The formation pore pressure is estimated 37 MPa, with a fracture pressure of 53 MPa,
potentially allowing for a pressure differential of 15 MPa before compromising the geomechanical
integrity of the Lakota Formation.

Based on the estimated reservoir and stress state conditions, a thermo-hydro-mechanical simulation is
conducted at a constant COs injection rate for up to 10 years at a maximum injection rate of 0.1
Mtons/yr. Changes in pressure, temperature, saturation, and stress due to COs injection after one day,
one month, one year, five years, and ten years are analyzed. The simulation shows significant differences
between thermal and pressure fronts and the concentration of thermal stresses around the borehole,
showing stress changes with the thermal shock fronts. Simulation results reveal limited injectivity
compared to other potential projects.

This research highlights that the permeability and relatively narrow injectable zone within the Lakota
Formation, coupled with a high-temperature anomaly, present challenges in achieving high annual injection
rates without compromising the geomechanical integrity of the Lakota Formation. These conditions limit

the feasibility of the Lakota Formation within the study area for large-scale COs injection projects.
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation

Escalating levels of greenhouse gases, primarily carbon dioxide (GQ) in the atmosphere, are identi ed
as the primary driver of climate change [1]. To mitigate the adverse e ects of global warming, e orts have
been made to develop e cient and reliable methods to sequester and store CQemissions from various
industrial sources. Geological Carbon Storage (GCS) is considered to be one of the most viable options for
reducing atmospheric CGQ concentrations, as it has the potential to permanently store large amounts of
CO;, in geological formations deep underground [1].

In 2013, the United States Geological Survey (USGS) assessed eight regions within the United States for
CO,, storage (Figure 1.1), and the results have been published in their "National Assessment of Geologic
Carbon Dioxide Storage Resources" report [2]. The assessed regions' results are presented in Figure 1.2,

which shows the range estimated by the USGS in 2012 for the technically accessible storage resource.

Figure 1.1 The map illustrates the conterminous United States and Alaska, highlighting eight regions
separated by bold dashed lines and labeled in bold font. It distinguishes evaluated areas, shown in bluish
gray, that were not assessed from 36 areas marked with a pattern that the U.S. Geological Survey assessed
for CO, storage. Image source:[2]. Copyrighto 2013. USGS.



Deep saline aquifers have been identi ed as suitable repositories for COsequestration due to their vast
storage capacity, widespread distribution, and low potential for leakage [3]. Among these potential sites,
the Powder River Basin (PRB) was evaluated as a potential site with a capacity of 18 Gtons of CQ
(Figure 1.2). In particular, deep saline aquifer systems of the Lakota Sandstone Formation within the

Lower Cretaceous strata of PRB have been proposed as potential COstorage site [4],[5].

Figure 1.2 Graph showing the range estimated by the U.S. Geological Survey in 2012 for the technically
accessible storage resource for carbon dioxide (GQ in each assessed basin in the United States. Image
source: [2]. Copyright© 2013. USGS.

The PRB is a vast sedimentary basin located in the northwestern United States, with a rich history of
oil and gas exploration and production [6]. These activities have yielded valuable datasets instrumental in
evaluating potential carbon geosequestration targets, such as deep saline aquifers.

For this thesis research, | focused on the deep saline aquifer, Lakota Sandstone Formation, located

within the boundaries of my seismic study area.



1.2 Overview of Carbon Geological Sequestration

Carbon geosequestration captures carbon dioxide (C@ from industrial sources and injects it
underground for long-term storage. The process involves capturing C®emissions, compressing them into
a supercritical uid state, and then injecting them into deep geological formations such as depleted oil and
gas reservoirs, saline aquifers, and unmineable coal seams (Figure 1.3) [7]. The trapping is achieved with
di erent mechanisms such as structural, dissolution, mineral, and residual trapping [7].

Among these options, deep saline aquifers are considered to have more signi cant potential for carbon
storage due to their extensive geographic distribution and larger capacities. A recent study estimates that
aquifers could potentially store up to 9500 gigatons of CQ, signi cantly more than the 820 gigatons that
depleted hydrocarbon reservoirs and coal seams can respectively hold [3]. However, £8lorage in aquifers
presents increased complexity, involving a range of hydro-physical, thermal, chemical, and geomechanical

concerns [8].
1.2.1 Geological Carbon Sequestration and Key Parameters for Potential Zones

At least six di erent geological CO, storage options are available (Figure 1.3). For the Lakota
Formation in PRB recommended CO, geological storage strategies are suggested as follows; depleted
oil/gas reservoirs (Figure 1.3, well-1), enhanced oil/gas recovery [9],[10],(Figure 1.3, well-2) and deep saline

aquifer reservoir [4],[10],(Figure 1.3, well-3). For this study, deep saline aquifers will be the main focus.



Figure 1.3 Geologic carbon storage options; out of the available options, this thesis focuses on will be
focusing on option 3, deep saline aquifer. Image source: [11]. Copyrig@ 2023 CO2CRC Limited.

Identifying potential zones for carbon geosequestration involves evaluating various geological [12],[13],
technical, and socio-economic parameters [8]. Major reports prepared by The National Petroleum Council
[14] and USGS [2] emphasize these several key factors for carbon geosequestration:

Geological factors

Porosity and permeability: The storage rock must have su cient porosity and permeability to

accommodate and transmit the injected C.O.5.

Storage capacity: The geological formation should have adequate volume to store signi cant amounts

of C.0. ».

Formation depth: C.O. , storage typically requires depths of at least 800 meters to ensure the C.Q.

remains in a supercritical state, allowing for more e cient storage.

Sealing cap rock: An impermeable layer, such as shale or salt, is necessary to prevent C.@.from

escaping the storage formation.

Technical factors




~ Injection method: Selection of the appropriate injection technique (e.g., direct injection, enhanced oil

recovery) based on site-speci ¢ conditions.

Monitoring and veri cation: Adequate monitoring and veri cation technologies should be in place to

ensure C.O., remains safely stored.

~ Risk assessment:Evaluating the potential for leakage, induced seismicity, and other environmental or

safety hazards is crucial in selecting appropriate storage sites.

Socio-economic factors

Proximity to C.O. , sources: Storage sites should ideally be close to major C®emission sources,

such as power plants and industrial facilities, to reduce transportation costs.

Infrastructure: Existing infrastructure, such as pipelines and transportation networks, can

signi cantly impact the feasibility of a carbon geosequestration project.
Regulatory framework: Legal and regulatory frameworks governing CQ storage, property rights.
1.3 Purpose and Objectives of the Study

This thesis aims to quantitatively assess the potential for carbon sequestration within the saline aquifer
located in the lower Cretaceous strata of the PRB. The study utilizes a wide array of data sources. The

thesis objectives are;

Determination of geologic and petrophysical attributes of the potential C.O. , geosquestration in

Lakota Sandstone Formation within the seismic study area.

To construct a geocellular earth model using publicly available well datasets, including density,
porosity, compressional and shear velocity, spontaneous potential, gamma ray, mud logs, drill stem
tests (DST), diagnostic formation integrity tests (DFIT), as well as core test datasets such as

permeability, porosity, water saturation, and the PRB seismic survey from TGS.

Construct a 1D Mechanical Earth Model (MEM) at the well location and interpolate to build a 3D

MEM for potential C.O. , geo-sequestration formations.

Integrate the model, derived from either seismic data or geospatially interpolated well data, into a

thermal-hydro-mechanical (THM) simulator to determine the appropriate CO , injection rate.

Conduct a quantitative analysis of pressure, saturation, and temperature variations resulting from
THM CO ; injection simulations and evaluate the associated stress changes within the Lakota saline

aquifer.



1.4 PRB and Geological Setting

The PRB is situated in the northeastern part of Wyoming and the southeastern corner of Montana and
covers an expansive area of approximately 20,000 square miles (Figure 1.4). The basin stretches about 120
miles east to west and extends around 200 miles from the northern to the southern boundary [15]. The
basin is characterized by its thick Phanerozoic sediments, which reach depths of up to 17,000ft [15]. A
signi cant portion of this sediment depth is from the Cretaceous era, primarily comprising marine shale,
sandstone, chalks, and marls [15]. Regarding hydrocarbon production, the PRB was a notable contributor
in 2010, accounting for 35.6% of Wyoming's oil production and nearly 1% of the entire U.S. output.
Furthermore, it was responsible for 24.4% of Wyoming's and 2.5% of the nation's natural gas production,

highlighting its signi cant role in the energy sector [16].

Figure 1.4 Generalized east-west cross-section of PRB showing a west side basin axis. Black Hills
monocline is shown in Cretaceous and Paleozoic rocks on the east side of the basin. Image source: [6].
Copyright © 2009. USGS.

Four major petroleum source rock systems have been identi ed in the USGS 2009 report [6] and also
discussed by Sonnenberg (2020) [15]; the Phosphoria, Mowry, Niobrara, and the coals of the Fort Union
and Wasatch Formations. The Phosphoria source rocks in western Wyoming are considered the source for
the Tensleep and Minnelusa Formations [15]. The Mowry shale is identi ed as the principal hydrocarbon
source for the Lower Cretaceous reservoirs within the basin (Muddy and Dakota) [6] (as illustrated in
Figure 1.5) and the carbonates from the Niobrara Formation are considered to be the primary hydrocarbon
source for itself and underlying Frontier and Turner Sandstones and overlying units (Shannon, Sussex,
Parkman, Teapot, Teckla, along with thermogenic gas into the Fort Union) [15]. The Upper Cretaceous

reservoirs are considered to originate from extensive, younger Cretaceous marine shales [6]. Finally, the



Fort Union and Wasatch are tertiary-aged coals identi ed as containing biogenic gas and migrated

thermogenic gas from below [15].

Figure 1.5 Stratigraphic column of the PRB showing layers from the Cretaceous and Tertiary periods. The
primary source rocks for petroleum within this basin include the Mowry, Niobrara, Fort Union, and
Wasatch Formations. The reach of these petroleum systems is marked by colored bars. The
Muddy/Newcastle Sandstones primarily derive their materials from the Mowry Shale, with additional
contributions from the Skull Creek Shale. Image source: [15]. Copyrigh© 2020 EAGE.

The Cretaceous period has yielded signi cant hydrocarbon producers such as the Dakota, Muddy
(Newcastle), Turner, Frontier, Niobrara, Shannon, Sussex, and Parkman Formations, as illustrated in
Figure 1.5. In the PRB's northern region, Minnelusa Sandstones also exhibit hydrocarbon production.

These targets are brie y discussed in the "production history" section.
1.5 Potential Deep Saline Aquifer Targets and Seals

The USGS reports "Geologic Storage Assessment of Carbon Dioxide (GQin the Laramide Basins of

Wyoming" [10] and "Geologic Framework for the National Assessment of Carbon Dioxide Storage



Resources|Powder River Basin, Wyoming, Montana, South Dakota, and Nebraska" [4] identify several
potential targets for deep saline aquifer storage, including the Lakota Formation, Fall River Group
(Cretaceous-Dakota), Hulett (Jurassic), Nugget (Triassic/Jurassic), and Minnelusa (Pennsylvanian)
Formations. However, within the seismic study area addressed in this thesis, only the Lakota Formation
(2150 m SSTVD) is within reach of the available wells. Consequently, the focus of this study is on the
Lakota Formation.

In addition to the USGS reports, the comprehensive summary by Phillips et al. (2018), titled "A Viable
Path Forward to Carbon Capture and Storage in Wyoming, USA," further underscores the potential of the
Lakota Formation as a geosequestration target, particularly at the Dry Fork research site. This formation
is highlighted for its favorable characteristics, including an average porosity of 15% and a permeability
range of 0.1 mD to 450 mD [17]. Its approximately 2350 m TVD depth also makes it an excellent
candidate for CO, storage, as it lies well below the supercritical CQ depth threshold of 800 m.

PRB o ers a sequence of many seal layers above the Lakota Formation. The Cretaceous Skull Creek is
discussed as the primary seal for the Lakota/Fall River Group reservoirs in the USGS reports Figure 1.5.

In addition, the reservoir is overlain by a sequence of marine shales, including the Mowry, Belle Fourche,
Carlile, Niobrara, and Pierre Formations, collectively contributing to a signi cant seal thickness of
approximately 1200 meters in the region [17]. Some of these seals are highlighted in Figure 1.6. However,
in particular, in this thesis research area, the Fuson Shale Figure 1.6 also serves as a primary shale and is

of interest as it overlays the Lakota Formation.



Figure 1.6 Stratigraphic column for the PRB study area of Wyoming, Montana, South Dakota, and
Nebraska. Storage assessment units consist of a reservoir (red) and a regional seal (blue). Wavy lines
indicate unconformable contacts and gray areas represent unconformities. Image source: [4]. Ss.,
Sandstone; Sh., Shale; Ls., Limestone; Dol., Dolomite; Gp., Group; Fm.,Formation; Mbr., Member.
Copyright © 2012. USGS.

1.5.1 Development History

Despite the PRB's development origins tracing back to 1830, the exploration within the study area is
more recent. The rst exploration well was drilled in 1977, followed by a series of exploration wells
throughout the 1980's Figure 1.8. Initial drilling programs targeted lower Cretaceous Formations,

speci cally the Dakota, Lakota, and Morrison, yet notable gas production was achieved from upper



stratigraphic zones, including the Parkman and Frontier (Turner) Formations.

Despite the modest number of wells drilled in the mid-1970's through the 1990's, the eld gained
substantial activity in the 2000's by adopting horizontal drilling and advancing unconventional completion
technologies. The past eight years have marked a signi cant surge in exploration and drilling activities,
with approx. Forty wells targeted the Mowry, Frontier, Turner, Niobrara, Sussex, Shannon, and Parkman
Formations for mainly wet gas production with several oil-producing intervals. More than 30 wells are
targeted to Parkman, Niobrara, and Frontier Formations (highest production) for gas production. The

vertical wells (the rst exploration wells) are targeted to Shannon, Lakota, and Morrisson Formations.

1.6 Available Data
1.6.1 Well Logs, and Petrophysical Data

Figure 1.7 illustrates the well locations relative to the RCP seismic study area. A total of ten
wells|designated as V1, V2, V3, V4, V5, V6, H102, H110, H115, and H117|and three core datasets from
wells V3, V4, and V7 were utilized to characterize the seismic study area. A speci ¢ haming convention
was employed to maintain con dentiality: 'V' denotes vertical wells, and 'H' denotes horizontal wells, with
sequential numbering for the 'V' wells. Eight of these wells were equipped with quad combo datasets,
which include measurements of density, porosity, resistivity, and acoustic properties. Additionally, two
wells, V2 and H117, were only equipped with triple combo datasets, which include density, porosity, and

resistivity measurements but lacked acoustic data.

Figure 1.7 Well locations relative to the seismic study area. Green wells are vertical, and blue wells are
horizontal.
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Well, V7, although located outside the seismic study area (approximately 0.7 miles from V6), provided
valuable core data from the Dakota Formation. This core data, which included permeability and total
porosity, was instrumental in validating log-based estimations for the Dakota Formation. Detailed
information about these ten wells is provided (in Figure 1.8). All the data utilized in this study were
supplied by TGS or acquired from public data repositories, including the Wyoming Oil and Gas

Conservation Commission (WOGCC) and the USGS core database.

Figure 1.8 Wells used for formation evaluation, seismic inversion, and geomechanical model building. A
total of 8 wells were primarily used. Note that only H117 and V2 wells lack acoustic data.

1.6.2 Seismic Data

TGS provided the high-resolution 3D Railgun survey. The survey was completed in 2019, and
processing was completed in 2021. The survey was delivered to the Reservoir Characterization Project
(RCP) in Oct 2021. The original survey covers a much larger area of approximately 275 square miles. The
provided seismic area included two signi cant source rock targets, Niobrara and Mowry, and the historically
productive tight sand formations, including Turner, Sussex, Shannon, Parkman, Frontier, and Teapot [18].
The seismic study area presented in this research covers 16 sg miles (of the original 275 sg miles area).

The survey's con guration comprises 690 cross-lines and 400 in-lines. It is characterized by a relatively
compact bin size of 41.25 ft x 41.25 ft, considered high-resolution. The receiver and source intervals are 165
ft and 41.25 ft, respectively. The data acquisition utilized advanced techniques, including randomized
compressive sensing and blended techniques. The frequency sweep ranges from 2 to 96 Hz.

TGS also provided six horizon picks: Lance, Parkman, Shannon, Dakota, Madison, and Basement. The
later sections of the thesis provide more detailed information on the seismic data, discussions on pre- and

post-stack inversions, and attribute analysis.
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1.6.3 Core Data

Core data played a crucial role in calibrating and estimating petrophysical properties. Speci cally, core
samples from wells V3, V4, and V7 were used to constrain the estimations of total porosity and
permeability based on empirical relationships (based on log data) within the Dakota Formation. These
core samples were obtained from the Dakota Sandstone, and their calibration provided a foundation for
property evaluation. However, extending these evaluations to the Lakota Formation introduces inherent
uncertainty. In each section, this study thoroughly discusses the uncertainties associated with the applied

methodologies. It is very important to consider these uncertainties when using results from this study.
1.6.4 Other Available Data

In addition to well, seismic, and core data, mud logs, pressure tests from o set wells (Diagnostic
Formation Integrity Tests - DFIT), and results from publications [19] and [20] were utilized to constrain
uncertainties further. Additionally, publicly available data from the Wyoming Oil and Gas Conservation
Commission (WOGCC) in the PRB were incorporated. This included sandstone analysis reports for gamma
ray cut-o values to determine shale volume, Rw values from water saturation estimation, and drilling logs.

The uncertainties associated with these data sources are discussed in the relevant sections of this study.
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CHAPTER 2
THE WORKFLOW

In this thesis, | investigated and integrated multiple datasets to assess the potential of the Lakota
Formation within the seismic study area. The work ow involved combining various data sources, which are
discussed in detail across the di erent chapters of the thesis. | have outlined the work ow with a visual

guide in Figure 2.1 to provide a clear overview. Below, | o er a brief explanation of each chapter.

Figure 2.1 The work ow is implemented in this thesis. The black sections refer to the chapter titles.

Formation Evaluation (Chapter 3):

In this chapter, | utilized well log data and other datasets, such as core samples, to evaluate the
Dakota, Fuson, and Lakota Formations. The chapter covers log quality control, estimation of formation
water salinity, e ective porosity, and permeability estimation based on the Dakota Formation core dataset.
Additionally, | include a detailed discussion on mineralology. The storage capacity of the Lakota Formation
is estimated based on log data, considering the vertical resolution limitation of seismic data at the Lakota

Formation.
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Geomechanical Model (Chapter 4):

This chapter builds on the well data from the previous chapter, incorporating drilling and mud logs.
Since elastic property determination relies on shear velocities, this chapter also discusses shear velocity
estimation. It includes sections on estimating elastic and rock strength properties, pore pressure, and
minimum horizontal stress. For pore pressure and minimum horizontal stress estimation, | utilized regional
stress maps, pore pressure trends within the PRB, and calibration data from o set wells outside the study
area.

Seismic Data Analysis (Chapter 5):

This chapter focuses on the quality control, interpretation, and structural analysis of seismic data,
employing attributes such as variance and ant tracking. Both post-stack and pre-stack inversions are
conducted. However, due to the vertical resolution limitations of the seismic data at the Lakota Formation,
the seismic analysis was primarily used to estimate the thickness of the upper seal formations, as suggested
in the literature.

Rock Physics of CO , Storage in Lakota Formation (Chapter 6):

In this chapter, | explore the rock physics templates of the Lakota Formation and examine how the
seismic properties of formation uids (CO, and brine) change under potential reservoir conditions. Given
the temperature dependence of these properties, | also address the estimation of true formation
temperature within the Lakota Formation. The pore pressure lower and upper limits, which de ne the
geomechanical integrity thresholds of the Lakota Formation, are derived from the Mechanical Earth Model
(MEM) chapter and are utilized in this analysis. Finally, | discuss how seismic properties evolve in
response to changes in temperature, pressure, and uid saturation within the Lakota Formation.

Constraints of Storage (Chapter 7):

This chapter discusses the geomechanical limitations of the Lakota Formation related to injectivity.
Based on these limitations, a simple thermo-hydro-mechanical (THM) simulation is conducted. The
simulation provides insights into how saturation, temperature, reservoir pressure, stresses, and
displacement change over ten years of injection. The estimated parameters from the well data, MEM, and
rock physics chapters are used for the THM simulation.

Implementation and Final Thoughts (Chapters 8 and 9):

In the nal two chapters, | explore the potential implementation of CO , storage in the study area and
o er my concluding thoughts on critical factors such as con nement risk, trapping mechanisms, and
injection strategies that in uence the feasibility of the Lakota Formation. Additionally, in Chapter 9, |
discuss the signi cance of thermo-hydro-mechanical (THM) simulation, outline the data requirements for a

potential test well to reduce uncertainties, and present my nal assessment of the feasibility of utilizing the
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Lakota Formation within the study area.
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CHAPTER 3
FORMATION EVALUATION

In this section, | present an analysis of the available well and core data, focusing on the petrophysical
properties of the Lakota Sandstone Formation, its upper sealing layer|the Fuson Shale|and the Dakota
Sandstone Formation. The analysis includes estimating formation water salinity, determining total and
e ective porosity, and estimating permeability values using log data in conjunction with published

empirical relationships and core data.
3.1 Well Log Data and Petrophysical Analysis

| used two well data sources for the formation evaluation and petrophysical analysis. TGS provided the
rst dataset. This dataset ensured a minimum inclusion of a triple combo log suite, which consisted of
resistivity, density, porosity, gamma ray, and compressional-shear velocities if the data is available. The
second dataset was sourced from the public domain via the Wyoming Oil and Gas Commission (WYOGC)
website [21], which included mud logs, sandstone analysis reports, core data reports, and drill stem test
(DST) results.

Data quality control checks were conducted on all raw wireline logs to detect indications of borehole
washout and quality degradation resulting from stick/slip. Based on a density correction (DRHO/HDRA)
threshold ranging from 0.15 g/cc to -0.005 g/cc, a borehole quality ag was established to identify sections
where wireline data might be compromised for petrophysical analysis. Additionally, caliper data is utilized
to identify extensive borehole washout zones.

Furthermore, all raw wireline logs were corrected for variations due to di erent logging vendors, tool
generations, and lithological scales or environmental corrections. For the scope of this study, all neutron
porosity (NPHI) logs were standardized to a sandstone matrix scale, assuming a sandstone density of 2.65

g/cc, as both Lakota and Dakota Formations are sandstone.
3.2 Formation Water Salinity Estimation

In the evaluation of carbon dioxide storage potential within the PRB, the importance of salinity,
guanti ed by total dissolved solids (TDS), is important in determining the appropriateness of storage
assessment units (SAUs) for CQ sequestration. Adhering to the EPA's 2009 guideline, aquifers with TDS
levels above 10,000 ppm [22], [23] are considered suitable for @Gtorage, distinguishing them from those

preserved for potential drinking water supply due to their lower TDS concentration.
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The 2018 Wyoming State Geological Survey (WSGS) mapped the salinity distribution across the PRB
by analyzing 2,480 spontaneous potential (SP) log measurements and 204 water quality analyses from the
US Geological Survey [22]. This extensive dataset was gathered from 544 strategically chosen wells, and
the salinity pro les were estimated across a substantial depth interval ranging from 1,000 to 7,000ft below
ground level. These pro les, at six strati ed 1,000-foot intervals, revealed that industrial-grade TDS
concentrations (> 5; 000 mg/L) were more prevalent at depths beyond 5,000ft, suggesting that these deeper
strata might be optimal for economical CO, storage [22].

Furthermore, the 2012 USGS report highlights the existence of extensive freshwater reserves within the
Fall River and Lakota Formations, particularly in the SAU-designated zones [4]. This suggests that CQ
sequestration suitability is highly variable within the basin, underscoring the need for thorough
hydro-geological investigation. The ndings show a clear trend of increasing salinity with depth, which
could indicate that the most favorable CO, storage locations lie in the deeper, more saline sections,
particularly in the south-central areas of the basin. However, isolated freshwater deposits at these depths
complicate the selection process [22].

The WSGS approach to estimate TDS levels included not only the application of static spontaneous
potential (SSP) technique from well spontaneous potential logs but also the integration of data from
various public sources, including the US Geological Survey's Produced Water Database (PWD), National
Water Information System Database (NWIS), and the Wyoming Oil and Gas Conservation Commission's
Water Analysis Database (WADB). Although the USGS implemented this combined methodology to
address the challenges of insu cient data and uncertainty, this study still needs to improve due to the lack

of formation uid sample data, resulting in uncertainties in the estimated values.
3.3 Static Spontaneous Potential and Formation Water Salinity

The Static Spontaneous Potential (SSP) method can be utilized to estimate formation water salinity
[22]. This analysis identi es permeable zones by de ections in the SP log. The resistivity contrast is then
calculated by comparing in situ SP measurements with theoretical values derived from resistivity data of
the borehole uid and the formation. This contrast helps estimate formation water salinity using several
empirical charts (presented in Appendix A) based on the formation water resistivity value (Rw). Among
the various SSP estimation methods available [24], the Schlumberger method for estimating Rw from SSP
[25] was implemented, as outlined in Figure 3.1. The estimated Rw is subsequently converted to a salinity
value.

The complete work ow with a sample calculation of this estimation method is available in Appendix A.

The original computational work ow for Rw estimation is presented, including adjustments for the
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temperature to translate resistivity values into salinity in ppm, shown in Figure 3.1 [25].

Figure 3.1 Flow chart illustrating the estimation of formation water resistivity work ow (Rw) from SP log
data, based on Schlumberger work ow (Bateman and Konen (1977) [25]). It outlines the process from
measuring mud ltrate resistivity (RMF) at temperature (Tmf) to determining formation temperature
(Tf) and static self-potential (SSP) in clean sandstone and shale zones.

It is important to note that the static spontaneous potential method has some limitations and may not
provide accurate salinity estimates in certain conditions, such as in the presence of clay minerals, drilling
mud invasion, or a low resistivity contrast between the borehole uid and formation water. In such cases,
additional data or alternative methods may be required to obtain reliable estimates of formation water
salinity [22].

In the above work ow (Figure 3.1), initial spontaneous potential (SP), gamma, and neutron porosity/
density logs were used to identify and calculate the clean formation water resistivity (Rw). The process

began by determining the temperature-corrected water resistivity values from the mud lItrate resistivity
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data provided in the log data. These corrections are performed using the temperature log (or thermal
gradient [26]) and the empirically derived conversion chart presented in Appendix A.2, which allows for the
estimation of Rw at varying temperatures and depths. The analysis assumes that all observed resistivity
variations within the formation are attributable to the formation water. This assumption is critical, as it
excludes resistivity changes due to other factors, such as lithological variations or hydrocarbon presence.
Within the study area, water analysis was only reported for H115 in the public domain data repository.
This report is presented in Appendix A.5 indicates a total dissolved solids (TDS) concentration of 13650
ppm in the Parkman Formation. However, the absence of an SP log in the H115 will present a challenge for
verifying the TDS estimation methodology, as this veri cation could be important for accurately accessing

TDS levels in the deeper saline aquifer Lakota Formation.
3.3.1 Discussion on Formation Water Salinity Uncertainty

While salinity can be estimated using the proposed SPP method, it is important to note that this
approach is fundamentally an estimation process. It requires several assumptions, such as the water-based
mud being free from a high degree of ions and accurate measurement and reporting of mud data. This
highlights the challenges of relying on well logs and reports over forty years old, where uncertainty can be
expected. All the estimated values are presented (Figure 3.6 and Figure 3.3) and further discussed in the
formation evaluation section.

Given the signi cance of formation salinity for geosequestration, validation or measurement of the
formation salinity should also be included in the data acquisition plan for any stratigraphic test well
program. For example, spontaneous potential logs, uid sample analysis, and production water analysis

should be conducted. These steps mitigate the inherent uncertainty associated with available data.
3.4 Total and E ective Porosity

E ective porosity is a critical parameter in the assessment of geological formations for CQ
geosequestration, as it quanti es the fraction of a rock or sediment's total volume that is accessible for the
storage and migration of uids. This measure excludes the volume occupied by water that is chemically
bound to clay particles|commonly referred to as "bound water"|which is immobile and therefore does
not contribute to the porosity relevant for uid movement (Figure 3.2).

Thus, determining e ective porosity is important in evaluating the potential of subsurface reservoirs for
the secure and long-term containment of injected CQ. High e ective porosity in a geologic formation can
indicate a considerable capacity for CQ storage. However, it must also be coupled with su cient cap rock

integrity to prevent upward migration of the sequestered gas [27]. The interplay between e ective porosity,
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permeability, and trapping mechanisms de nes the suitability of a site for CO, geosequestration and is a

key focus in the eld of CGS research. Image adapted from: [28].

Figure 3.2 Sections of a rock formation analyzed by various logging methods, detailing the distinctions
between e ective and total porosity. It encompasses the rock matrix's shale volume, clay content, bound
water, irreducible water, free water, and hydrocarbon- lled spaces. The lower segment of the diagram uses
arrows to correlate the estimated porosity values|derived from core samples, density, neutron, and sonic
logging|to their respective components within the total rock structure, providing a comprehensive
understanding of porosity measurements and their relation to the geological features. Image adapted from:
[29].

Petrophysical logs, such as neutron and density logs, are indicated in Figure 3.2 to show their respective
sensitivity to di erent porosity types. In this gure, the matrix refers to the background material of the
rock, which is usually solid and without porosity. Shale, silt, and clay are types of sedimentary rock or
particles that can be present in the rock matrix. The volume these constituents occupy can a ect the
overall porosity of the rock. The volumes of shale and clay within the rock are represented by \Shale and
V _Clay, respectively. Shale typically has low porosity, and clay can contain bound water that does not
contribute to e ective porosity. Bound water is chemically attached to clay particles and cannot be easily
displaced, making it unavailable for storing and moving other uids like hydrocarbons or CO,. Irreducible
water remains in the rock pore space after external forces are applied to remove it, and hydrocarbons
cannot displace it. Free water lIs the pore space and can be moved or displaced by other uids.
Hydrocarbons, including oil or natural gas, occupy a portion of the pore space. The total porosity ( tota )
includes all the pore spaces in the rock, regardless of their contribution to uid ow. The e ective porosity
( Eeective ) includes only the pore spaces that can contribute to the ow of uids like hydrocarbons or CO,,

excluding the volume occupied by bound water and potentially other immobile uids [27].
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Neutron logs are more responsive to hydrogen content. This is because the neutron log response is
sensitive to the presence of hydrogen atoms in the formation. Speci cally, the neutron log uses a neutron
source and detector to measure the hydrogen content of the borehole environment. The output of the
neutron log is a function of the hydrogen content, which is related to the porosity and uid saturation of
the formation [27]. The neutron log provides total porosity, including the presence of bound water. In
contrast, density logs infer the connected pore volume, which correlates more directly with e ective
porosity. The adjustment for shale volume, described by equation 3.4, is essential for accurate calculations
of e ective porosity, a parameter of signi cant importance for the evaluation of reservoir quality and uid

ow characteristics for CGS [29].

The volume of shale in a geological formation can be estimated using the gamma ray log readings. The

equation for the volume of shale ¥sn) is given by:

GRIog GRmin
V, h = 3.1
° GRmax GRmin ( )
Where: GR\oq is the gamma ray log reading of the formation,GR i, is the minimum gamma ray
reading, typically representative of clean, non-shale formations, andsRnax is the maximum gamma ray

reading, indicating pure shale.
E ective porosity is calculated using the following equations:

ma B

T= — (3.2)
ma
Ty = (33)
ma f
E= 1 (74 Ven) (3.4)

The following symbols represent the associated terms and their measurement methods in the porosity
equations [27]: 1 is the total porosity, typically determined from core samples or estimated through
various logging tools such as neutron, density, and sonic logs.g is the bulk density (measured in g/cm?)
obtained from density log readings in the zone of interest.Vg;, is the shale volume (expressed as a volume
fraction, v/v), calculated from gamma ray logs, spontaneous potential logs, or other shale volume
estimation techniques. ma is the matrix density (g/cm 2), usually determined by laboratory measurements
on core samples or assumed from known values for speci ¢ mineralsgy, is the shale density (g/cn?),
measured directly from shale core samples or estimated based on typical densities for known shale

compositions. ; is the uid density (g/cm 2), measured in the eld for the specic uid present in the pore

space or assumed based on standard uid densities.
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3.5 Permeability Estimation

Permeability is the capacity of a rock layer to transmit water or other uids, such as oil. The standard
unit for permeability is the Darcy (D) or, more commonly, the millidarcy (mD) [30]. The relationship
between porosity and permeability is not obvious due to the complex nature of pore structures and
connectivity within geological materials [24]. Thus, estimating accurate permeability from petrophysical
properties, such as logs, can present a signi cant challenge [31].

Despite this, empirical studies proposed correlations that facilitate permeability estimation from
porosity data, occasionally incorporating irreducible water saturation as an additional parameter. Seminal
works in this eld, such as those by Timur (1968) [32], Coates and Dumanoir (1973) [30], Wyllie and Rose
(1950), and Morris and Biggs (1967), have provided foundational models for such estimations [24].

This study's target Lakota sandstone formation presents a challenge for estimating the permeability
due to the lack of core data available for validation. However, the Dakota Sandstone Formation core
sample o ers permeability and pore data at three wells. Moreover, the Lakota Formation has no core data
among all four vertical wells. Given these constraints, to estimate the permeability, | utilized two widely
used methodologies for permeability estimation from porosity: the Wyllie-Rose and the Coates methods.

Wyllie-Rose equation is described as the following [33]:

d
K=Ky - (3.5)

e.
wirr

where: K is (Permeability), ¢ is (e ective porosity), e and d is (empirical coe cients), K, is
(permeability coe cient), and Sy is (irreducible water saturation).

Historically, two seminal sets of values for these coe cients have been developed. Timur (1968)
presented coe cients based on an empirical analysis of 155 sandstone samples, with values= 2, d =4:4,
and K, = 3400. Conversely, Morris-Biggs (1967) proposed coe cients:e=2, d =6, and K,, = 62500.

On the other hand, Coates and Dumanoir's relationship considers not just the total porosity but also

the e ective porosity and incorporates the concept of irreducible water saturation [33]:

2
Swirr

total e

e Swirr

In the given equation aboveK represents permeability, K . denotes the permeability coe cient,

(3.6)

signi es e ective porosity, ta cOrresponds to the total porosity determined from neutron-density logs,
and Syir stands for irreducible water saturation.

The results of my estimations for well V3 are shown in Figure 3.4, for well V4 are shown in Figure 3.6,
and for well V6 are shown in Figure 3.3. Permeability estimates derived from the Wyllie-Rose and Coates

methodologies show a similarity in pattern. However, the Wyllie-Rose approach, particularly when
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utilizing standard coe cients such as those proposed by Timur or Morris-Biggs, tends to overestimate
permeability (for both the equations, the d values are bigger than the power component of the Coates and
Dumanoir equation). | adjusted the Kw and Kc values to match the core permeability values from Dakota
core samples while using the proposed constants in two of these relationships. To estimate the permeability
in the Lakota Formation, | used the same Kw and Kc values, assuming these constants are also valid for
the Lakota Formation.

In contrast, to better correlate Coates-derived permeability curves with core analysis data, the
adjustment coe cient was modi ed to two distinct values, 650 and 100 (plotted as coat-lower in the
gures). These adjustments aligned with core permeability data from V4 and V3 wells, employing a
dual-value strategy to capture the variability observed in core sample permeability, where a single constant
proved insu cient for accurate representation. Despite the tendency of the Wyllie-Rose method to
overestimate, its peak permeability values remained within the bounds of the maximum core-derived data
(As shown in Figure 3.4, Figure 3.6 and Figure 3.3). Three di erent permeability estimates were employed
for injection simulation scenarios, providing a range of potential outcomes. The ndings from these
estimates are detailed in the subsequent section, with log representations in Figure 3.6, Figure 3.3, and
Figure 3.4.

The log interpretation section discusses the estimated permeability data from the geophysical logs and

the methodologies described above.
3.6 Formation Evaluation

In the seismic study area, the Dakota-Morrison section of wells V6, V3, V5, and V4 logs are presented
in Figure 3.3, Figure 3.4, Figure 3.5, and Figure 3.6. These gures illustrate the integration of log and core
data, except for well V5, which lacks core data. Although the V6 well did not have available core data,
core data from the nearby well V7, located 0.7 miles away, was used and overlaid in the corresponding
depth interval, where gamma ray values from core analysis achieved depth matching.

The rst two columns of the provided logs are the reference tracks for true vertical depth (TVD) and
subsea TVD (TVDSS). The color-coded density correction values are shown on reference Track-1 (TVD
depth), where magenta and red indicate borehole rugosity issues. The color-coded caliper data is shown on
reference Track-2 (TVDSS), where red zones identify the washout sections on the log.

Track 1 shows the volume of shale, visualized as a dark green shaded area, alongside the spontaneous
potential curve in red and the gamma ray curves in green. Resistivity measurements are shown in Track 2.
Following Track-3, neutron porosity, density, and density correction are shown. The compressional and

shear slowness (estimation is discussed in Chapter 3) are presented in Track-4. Track 5 shows porosity,
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distinguishing between e ective, total, and core-measured porosity. Track 6 shows permeability estimations
utilizing the Wyllie-Rose, Coates, and Dumanoir (low and high) methodologies. Alongside are the direct
air permeability measurements from core samples. Track-7 shows estimates of formation water salinity

(dark orange), water saturation (blue), and water saturation from core analysis (magenta).

Figure 3.3 V6 well log Dakota - Morrison Formation sections.
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