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Abstract

Effect of Sub-seismic Reservoir Heterogeneity o& O Plume Migration,

Onshore Gulf of Mexico

Germéan Chaves, MSEER
The University of Texas at Austin, 2024

Supervisor: Alexander Bump, Seyyed Hosseini

This study examines the impactofsute i smi ¢ f aul ts and channel s ¢
the Lower Miocene formation in an onshore area of the Texas Gulf of Mexico. This geological
formation is characterized by heterogeneous reservoirs with an impamaotnt of
unconsolidated fluvial sandstones, where-seilsmic faults and channels are challenging to

identify using conventionadeismicmethods. The research focuses on potential unintended

|l at er al mi gration of CO a nsize beyoral theg leasingtarea t h e ¢

in carbon capture and storage (CCS) projects.

A methodology was developed to characterizesibmic faults and channels by integrating
seismic data, literature correlations, and well log analysis. Fault seal capacity was estimated
using a combination of shale gouge ratio (SGR) and transmissibilittyptier approaches,
yielding fault transmissibility valuesigher than 0.1 as a realistic value for-s@smic faults
Additionally, a workflow for generating capillary pressure and relative permeability curves was
established, integratintterature data and welknown correlations. This workflow enables

reservoir engineers to include these curves in the simulation even-scdata regions.

Experimental static models were built using available geological information, including 2D/3D

seismic amplitude extractions, well log correlations, and core data integration. These were



followed by dynamic simulations incorporating these-seismic features in synthetic, single

unit, and fullfield models. Sensitivity analyses on geological uncertainties andessimic

fault characteristics revealed that séismic faults with transns#ility valueshigher than 0.1

have mini mal I mpact on the AOoOR size and sha
permeability injection zones, while pressure dissipation occurred throughout the model, with

low-permeability zones acting as pressure buffers

The full-field models validated these findings under realistic operational constraints,
demonstrating that stbe i s mi ¢ features do not significa
migration or pressurbuildup in most scenarios. Additionally, lopermeability zones were
found to act as barriers to CO flow and as

size and shape.

These findings suggest that operators should prioritize semrale feature characterization

and consider heterogeneous geological settin
injection. Proper boundary definitions are critical for optimizing A&, minimizing costs,

and enabling CCS projects in areas previously considered as unsuitdiitestudy highlights

the potential of composite confinement systaosceptt n enabl i ng effective

complex geological environments.
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1. CHAPTER |

1.1INTRODUCTION

Reducing global greenhouse gas emissions, particularly carbon di&xid¥ (s a critical
global concern. In the US, approximately 1,600 million metric tons of af@aemissions
(32% of the totalyearly C O emissionsin the US, coning mainly from activities such as
burning fossil fuels for electricity, transportation, and industrial processss classified as
easy to capture sources®fO (GAO, 2022) beingthose emissionshe focus of the firs€ O
reductionprojects currently developed in the Uhe constant increase 6f O concentration

in the atmosphere observed during the last decades éasdiesidered as one of the factors
affecting climate change. Thssirge inC O, a major contributor to global warming, correlates
with increased energy consumption, aiding economic development but intensifying
environmental challengdg&uropean Environment Agency, 201Acknowledging this, many
countries, as per Ubgreement$UN, 2015)are committed to reducing O emissionsn the

following years

Different alternatives are being evaluated and implemented worldwide to @ddeeissions
includingbut not limited toi) electrification of transportation to reduce fossil fuel consumption,

i) replacing fossil fuel electricity generation by renewable energy use such as solar, wind,
hydrogen and geothermal, iii) permanently storageCoD underground using carbon capture
and storage technology, among oth@arbon Capture and Storage (CCS) technology emerges
as a potentiatontributor toC O emissio reduction capturinglarge amounts ofC O from
industrial processes and storing it undergroeitlder in saline aquifers or depleted oil or gas
reservoird GAO, 2022)

After 50 years of investigation and research, CCS has been demonstrated as an effective way
to safely stor&C Ofor geological time period#®\ wide spread of commercial CCS deployment

in the US is ongoing, mostly due to government incentives that would allow operators to capture
and storeC O safely and economically, keepingorldwide commitments to redudg O
emissions.While some global projects are underway, tuerentcapture capacity remains

modest $0.5Mtons/year worldwide andS9Mton/year in the US for 2@B, representing less
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than2% of total global emissions 3 7 Gt o fwhich @npliey tbah an jncrease the

orderof Gigatonsin captures required to achieve the UN agreemdHts\, 2023)

The Onshore Gulf of Mexico Basin (GOM) has become a focal point for CCS initiatives in the

US due to its established geol ogy, regul ator:
power plants and industrial facilities. Collaborative efforts betwiden US government,

research institutions, and operators aim to establish a robust CCS industry, and address common

concerns and challenges related to undergrour

For carbon capture and storage projects being developed in the GPM, r at or s6 busi
incentive is to fill their current | eases wit
starting point, and good business plan that maximizes the value of the lease. Initial scoping of

CcO projects s tmadels of ratdl plume grewmhtaroend the injector (s)
assuming a simple geology and homogeneous petrophysical model for the injection zone (s).

As the injection prospect is developed, mede represent fluid flow get more sophisticated,

and additional geology information is considered. Small features such as heterogeneities
(channels) and sufeismic faults can be found in the models and would impact the fluid flow
behavior onfe. t he CO pl u

1.2STATEMENT OF THE PROBLEM

Onshore Gulf of Mexico area has a complicated geglaggidevelopingCCSprojectsin that

area is not that simpl&lost of the surface area onshore Texas is characterized by multiple oil
and gas fields, agricultural and industrial uses. At the same time, subssifiacéom being
homogeneous, on the contrary,censideredor being heterogeneous, with the preseote
multiple fluvial channel systems, big quantity sifike-parallel faults with high throw and
multiple salt diapirs(Figure 1). Consideringurface and suburface limitationsthe geology
characterizationlocation definition an€ O migration within leasing ared®s become of great
relevance for operatodauring CCS project developmefeological featurementioned before

can beesasilyidentified by seismic interpretation abdconsidered during site characterization

and C O fluid flow predictions but, subseismic features, such as, ssésmic faults and
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channelscould alsobe presenin thesegeologicalenvironments and can’t be easily identified
through conventional seismic methods. So, thesfible unintended lateral migration ©fO
beyond the leasing area due to -sefsmic faults and channels is the main problem to be
addressed in this study.

Most of thetimeCOand pressure plume dondt not grow r e
injection zonementioned beforeUnderstanding the geological uncertainties and possible
deviations of r aaoutsidelleasih@araiue to heteeogegausofeatures such

as subseismic faults and channels is the main concern in this research.

Homogeneous Environment (not realistic for Onshore Texas) Heterogeneous Environment (Onshore Texas Area)

e Injection well D Leasing Area
- Channels
L

® |Legacy wells Faults

CO2 plume mm Subseismic Faults
O co2plume Subseismic Channels

Figurel. CO pl ume shape due ti€cOHebDeatcgeredth®e ¢émwaiSi Ogman ik

This study aims to investigate the CO pl ume
channelized reservoirs and strgarallel faults in the Lower Miocene formation onshore of
Texasat a depth of around 5,000 Tthis research includes analytical and numerical modeling
to investigate the fluid flow behavior of the

to generate a range of geologic models that include varying degrees of anisotropy.

16



1.30BJECTIVES

For this study, | aim to investigate the impact of features such as reservoir heterogeneities
(channels)andsubei smi ¢ faults in the CO pl ume beha

located onshore GOM where channelized reservoir and faults are found.

Understanding plume migration through complex environments, as the one described above is

crucial because it will help operators to comprehend:

1 Risk of lateral migration o€ O beyond lease boundaries that would put the operator
out of compliance and at risk of fine or lawsuit.
T Ri sk of CO contacting el emefHisunintethded mi g h-
migration could imply additional costs for remediation operations required to contain
t he CO mi grati on i n oaghadeakywed)le of a | eakage
1 Risk of loss of injectivity in the injection wellbores due to pressure buildup, which could
cause reduction of CO store capacity and
1 Risk of lost revenue due to underutilizing the reservoir if injection has to be shut down
to keep plume growth inside the lease lines.
1 Risk of unanticipated pressure propagation that causes area of review tGAbR
different to what was predicted or could cause prasgup of neighboring fields. This

could require an extensive integrity review or remediation of many old wells.

1.4RELEVANCE

Operators are currently facing different c ha
commercially viable; with reduction of cost of capture and storage as one of the main concerns.

To reduce the cost of CCS, operators are proposing injection closset®e mai n CO sou
which implies injecting in very complex geological environments along the on&hdfef

Mexico basin. There are currently many commercial projects in development on the Gulf Coast

area as illustrated in Figure 2. Those projectsbaieg developed in heterogeneous geology

and with oddlyshaped leases. Understanding the risks and consequences edsetiat
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unintended lateral migration outside the leasing ardbhese heterogeneous environments are

of main importance for operators.

- » 5 . ,, -
‘ e ¥ 3 y
Q__ wEN _\

\\. Project area outline
[0 CQstorage lease

CQ Sources (Mtpa) —
+ 0-0.100

@ CQinjection well * 0.101-0.500
- - @ 0.501-1.00
Existing Ci |
xisting Copipeline ® 1.01-200
Planned C@pipeline @ 201-400 |
: O CQcapture facility .4.01 _17.10
@ Existing COEOR project
Figure 2. Gulf of Mexicai C O sources, pipelines, co injection projects e

GCCC, 2023)
Operators require clear and trustworthy insights to the main concerns related to the unintended
CO mi gration in the projects that are devel

advance with commercial deployment of the CCS in this region.

Results obtained from this study will help the operators to identify what parameters are relevant
for their projects and what information should be acquired before injection starts, to have a
better characterization of the area of interest and reduceasskgiated with thenintended

CO mi grati on o ut lgantdyeng dadee whére unimitendegl migratienaar
unintended pressure build up are most likely and determining the associated risks and mitigation
strategies to avoid those behaviorsofsmain importance for the technical and economic

viability of any CCS project.
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1.5CHAPTER ORGANIZATION

The Chapters below are organized as follows: Chapter Il will give a backgobymevious
studies related to heterogeneous reservoirs and faults characterization in other Gulf of Mexico
sitesthat will help to characterize the area of interest for this st@tgpter 111 will present the
methodology used in this research to solve the proposed problem. Chapter IV will present the
main analysis and results of the study. Chapter V is dedicated to the discussion of the main
insights found with this research and Chapter VI will enumerate the main conclusions obtained

during this work.

2. CHAPTER Il

2.1 RESEARCH BACKGROUND

This chaptemill provide a context to understand the work that will be presented during this
study. Itincludes an overview othe reservoir characterization in the GOM ana@vious

studies on reservoir characterization for carbon capture and storage projects, not only in the
onshore Gulf of Mexico but also in other basamgl will also include some key concepts that

will be used during this researcfihe objective of this review is to identify previous
investigations that could help to characterize the main features that will be included in this
research. Identifying methods to characterize channelized reservoirs, faults, s®issub

faults and bannels thatwillhelpuso bui Il d a more realistic CO

this review.

2.1.1 Reservoir characterizationof the Gulf of Mexico area in theUSA

The Gulf of Mexico is situated along a passive margin on the southern U.S.Icbast.a
geologic history rooted in the breakup of Pangea around 200 million years ago during the Late

Triassic to Early Jurassic periods. As tectonic rifting opened the Gulf, extensive evaporite
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deposits, including the Louann Salt Formation, accumulated within the rift basin. These Jurassic
salt |l ayers now underlie the Gulfds sedi ment
structure, with salt movement creating ideal conditions for hydoocatraps(Salvador, A.,

1991) By the mid-Jurassic period, active extension gave way to oceanic spreading
transforming the Gulf into a passive margin characterized by carbonate platform development,
including the Smackover Formation, which features extensive limestone and dolomite deposits
(Galloway et al., 2000)n the Cenozoic era, large rivers, especi&bd River, Rio Grande,

and Mississippi River fluvial axjsdelivered substantial sediment loads, forming thick
sedimentary layers and deltas. These complex interactions of tectonics, sedimentation, and salt
dynamics have crafted a stratigraphy that remains one of the most complex aysten@ulf

of Mexico aregGalloway et al., 2000)

The geological formatiaof interest for this studyare injection zonesof Miocene and
Oligoceneage Theyoriginated by a massive sediment influx primarily dominated by the paleo
Red River fluvial axisn the onshore of Texd§&alloway et al., 2000)Those fluvial deposits

tend to have a flow direction perpendicular to the coastline, generating an anisotropic and

heterogeneous property distribution along the reservoir (channels).

Coastparallel regional faults create a different anisotropy at 90° degrees to th@liese

normal faults in the \AE direction parallel to the coastline are easily identified in 2D and 3D
seismic. They are the result of the gravitational collapse/spreading of the passive margin or
accommodating differential subsidence around salt diapifsigure3, general representation

of thedepositional systems in tl&OM Lower Miocene Paleogeography deposits is presented,
with a representation of the main flovmannels direction and faults presence. The area of
interest for this study is highlighted in the purple biéigure 4 presesta cross section of the

lower Miocene formation onshore and offshore of Texas areere théneterogeneous deposits

of the lower Miocene formatioare identified.
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Depositional Systems

[ Fiuvial undiferentiated

[ | Suspended-load dominated fluvial
[ Fiuvial-dominated delta
~4 || Wave-dominated delta

7 i
s | Shore zone

Depth (km)

SUPERCRITICAL

Upper
~ Miocene

Middle
Miocene

Lower
Miocene

OVERPRESSUR

- Oligocene

Figure 4. Well correlation in Miocene formatioihheterogeneous geology in the Gulf of Mexico (Provided by Dr. Alex

Bump, GCCC, 2023)

The accumulation of these sediments, along with salt tectonics, generated key geologic features

like growth faults and salt domethat generated goodeservoirs and seals ftwdrocarbon

reservoirs During the last century, severail, gasand water disposal wellsave been drilled

to producedhe resources trapped in the subface of the GOM area (Figure Hhe aggressive

drilling of thesekind of wellsleavedittle space folC O injectionin the surface and subsurface
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Operators want to be away from the legacy wells to reducassiciated t€ O leakage and
trying to find those areashere a low number of legacy wells are preserd constraintto

identifying possibleCCS project locatiaos

Figure5. Legacy wells in blackoil, gas and disposal well$)Gulf of Mexicoarea(Provided by Dr. Alex Bump, GCCC,
2023)

With the aim to identify areas suitable for CCS, somsvipus studies have demonstrated the
good potenti al for CO storage of the Miocen
GOM (Bump., 2023; Zulgarnain., 202Byuno., 2014 Trevifio and Meckel., 20}70Operators

have usedhat informatiorto identifyand propos¢he best areas for CCS projects.

Currently therearemany commercial projects in development on the Gulf Coast as illustrated
in Figure2. Those projects are being developed in heterogeneous geology and with oddly
shaped lease€Qperators are locating the projects close to the i@ahsources and existing
pipeline infrastructureUnderstanding the risks and consequences assbeidteunintended
lateral migration outside the leasing areathese heterogeneous environments are of main

importance for operators.
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2.1.2 Reservoirmodeling

Static and dynamic reservoir modeling of CCS projects is of main importance for Class VI
injection permits.Modeling reservoirs for CCS is not the same as modeling reservoirs for
conventional oil and gas projedt#inderstanding the best approaclkisedfor modeling this

kind of reservoirs was achieved through literature review and analysis of previous studies.

Potential CO i njection f or mat ideammatedidapositshe GON
that created heterogeneous and anisotropic environments with significant changes in reservoir
properties, such as porosity and permeabilithin the Miocene and Oligocene aquifer
formations Sever al studies have investigated the
plume growth. In thosstudiesthe importance of a good geologic characterization of the facies

is always mentioned due to the considerableizapbns of heterogeneities in flow behavior.

According to(Hosseini et al., 2013)nodeling heterogeneous facies to build a fairly real static
model is valuableand how you model it would have a big impaetthe storage capacity of
theinjection zone andhe size of theC O plume in the area of interegh his studies, this is
achieved by using an object modeling approasing seismic interpretation, well log data, core
data and any other information available to defiepositionafaciesandassgn properties to

eachone of them andenerate the most realistic madel

Modeling subseismic features such channels is also required ferstady. Some of these
features can be mappable with well data or co
identified but could play a big role in the CCS projetcording toKrishnamurthy et al.,

(2022)study, sukseismic heterogeneities can change the volume of the reservoir contacted by

CO and the trapping of t Somesgntl mrsktudiasiavet he c o
demonstrated how small geometry changes and ¢
plume growth As an examplgNi et al., 2023study showedhat almost 80% of the trapped

C O could becaused by subeismic heterogeneitigbat are not easily identifiedathering

data related to theepositional setting and depositional facies in the area of interest is relevant

and will give a better understanding of the flow behavior.
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Some studie§Gillespie et al., 2018; Maerten et al., 2006; Olson et al., 2009; Yaghoubi, 2019)
have investigated different methods to modebseismic faults,such as geomechanical
models, finite discrete elements models, heuristic mechanical models, discrete fracture network
models, among others. Due to the complexity and unpredictable locationsdisabc faults

in a reservoir, a stochastic approach can be implemented ustrgtelifracture network
modeling, where the stdeismic faults would be placed independently according to the
stochastic method. This method has been used constantly before due to flexibility and
computational advantages, for that reason will be investigatdetail and its applicability for

this project will be evaluated.

Faults are common in the GOM area and mahyhem are known to seal hydrocarbon
accumulations Fault modeling has been studied for decadas to its sealing capacity,
meanwhile, their effect o@ O migration is not well knownSeveral authors have investigated
different methods to model faultnd faults sealing capacignd properly include them in
geologic static models. Majority of fault sealing analysis are focused in fault zone architecture
and seal analysi@ei et al., 2015)Methods such as shale gauge ratio, clay smear potential,
shale smear potential and scaled share gauge ratio have been used in different studies, being the
shale gauge ratio the most ug@larke et al., 2005; Miocic et al., 2019; Nicol et al., 2017;
Snippe et al., n.d.JUsing the fault information available for this specific site project, the best
method to model faults were evaluated and the best approach to represent these faults in the

dynamic fluid flow model were determined.

After a representative static model construci®abtained, dynamic fluid flow simulation of

t he CO f Istoowid biperforened iusinginy commercial simulators such as Petrel or
CMG. (Alfi & Hosseini, 2016; Delshad et al., 2013; Hosseini et al., 20&8e used programs

like the ones mentioned before to perform the fluid flow evaluation. Several aspects have to be
considered during this stage and will be analyzed during the study. Evaluation of the software
was performed in order to identify the optina@e to use in this project. The expertise of the
BEG and UT researchers was very useful in performing the dynamic fluid flow approach to this

problem.
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2.1.3 Saturation functions

One of the most important parameters during dynamic modeling O storage in saline
aquifers are relative permeability (kr) and capillary pressure (Pc) curves. Adequate curves are
critical for fluid flow behaviorand storage capacity ofjection zone These curves are water
saturatiordependent and their values could be obtained either by core lab tests, analog data, or

known correlations.

Most of the time, core and core plugs are not available for CCS projects due to the lack of
stratigraphic wells in the area of interest, or economic limitations that does not allow core
programs in new stratigraphic wells. Frequertgacy wells close to the area of interest were
drilled decades ago and were abandoned after running basic well logs and lack of oil or gas
accumulations were interpreted. If no cores were obtained during the drilling phase, no lab tests

to obtain relatie permeability and cdfary pressure curves are possible to obtain.

2.1.4 Composite confinement system definition

In most of the areas proposed for CCS projects, there is a lack of a regional seals, so operators
are looking for new storage concepts for their projects. One of these is the composite
confinement system concept proposed (Bymp, 2023) whi ch states that
confinement system of individually i mperfect

As a referencdrigure 6presents this concept:
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This novel concept could increase the storage capacity in zones where no regional seal is

observed and in injection zones not considered before as a reservoir for storage that will

usow

Overburden

(geclogy
unspecified)

Seal
Injection
Zone

A. Conventional Seal B. Composite Confining System

CO, Injector CO, Injector
ﬁ usbw
Overburden
(geology
unspecified)
===l Confining
Zone
: 5 _: Injection
~ Zone
- Fresh Water - Mudstone - Siltstone D Sandstone |:| Co,
Seal characteristics: Composite Confining Zone characteristics:
* Discrete geologic unit = Composite zone of varying geologic units
* Hom Dgeneou_s * Heterogeneous
* Laterally continuous = Individual units may be laterally discontinuous
* High capillary entry pressure * No a priori capillary entry pressure requirement
* No a priori thickness requirement * Aggregate thickness of 100s of meters
* No invasion of CO, expected = Some invasion of CO, is expected

Figure 6. Composite confinement system agpt(Bump, 2023)

constraint h e tddhl@ injection zoneT he effectiveness of the composite confinement system

concept will be evaluated during this study in a-fidld model.

2.1.5. Area of review definition

Operators want to be away from the legacy wells and possible leakage paths, for that reason,

the AoR concept should be introduc&thin results in this study will be presented in terms of

coO

saturation, pr essur e ). Befovenpresentiagntite reduttse a

obtained in the static and dynamic simulation models, it is important to undetstaoohcept.

U.S. Environmental Protection Agency (EPA) requires operators to protect the underground

source of drinking water (USDWSs) from tk2O migration. Operators have to guarantee that

COinjected for CCS projects wonot reach

producing/legacy wells, faults, fractures, cap rock breaks or jqamatlor dip layers, among

others.
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In order to protect the USDWs, EPA defines the edge of the computed AoR as the region at
which the pressure buHdp at any time is able to lift the formation water of the injection zone

to the base of the USDW through open conduits. This means, that it is important to define the
edge of the AoR and this edge will be determined by the minimum pressure required by the
water present in the injection zone to reach the USDW which are located at shallower
formations. Some methods have been developed by resear@Neot et al., 2009)and
operators in order to define the AoR adequatelservoir dynamic modeling can be used to
define the AoR for the Class VI permits and will be used for this study.

3. CHAPTER Il

This chapter includes the methodology used to conduct this study. Initially, characterization of
heterogeneity features such as-seismic and channels in the area of interest are presented.
Then, a first approach of modeling t6€0 plume and pressure for simple but realistic models
using the information previously extracted is performed. Fintdyjnsights were applied into

a full field development projectUncertainties related to the sabismic faults and channels
characteristics and the implicatiof those features on tlk2O plume shape and area of review

(AoR) are presented.

3.1. DATA AND METHODOLOGY

The methodology used for this study is composed of four main sections, that will allow to
understand and evaluate the effectofsubi s mi ¢ reservoir heterogene
behavior. The first section is related to characterization of hpaeity features such as sub

seismic faults and channels which are critical for this study. Second section involves building

a simple model to understand the i mpact of re
Third section will consist in buding realistic but flexible models in the area of interest to
experiment with. Fourth section will compile all the insights obtained in previous sections and

consist in building a full field static and dynamic model using the available data from the
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unnamed project and determine main uncertainties related to reservoir heterogeneities and the

effect of them in the CO pl ume and pressure

3.1.1. Reservoir Characterization

Large faults and channels, as wellthgirreservoir characteristics have been well identified in
earlier studies throughD and 3D lineseismic interpretation, geologic characterization, and
historical oil and gas drillingeports but smaller heterogeneities such as faults and channels
(subseismic size) are not easily identifigde to theesolution limitations of the tools currently

used in seismic acquisitions and interpretation.
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Figure 7. Gulf of Mexica Schematic of information used for reservoir characterization (Provided by Dr. Alex Bump,
GCCC, 2023)

For this study, more than 2,000 km of 28)ssnic, 15 published field maps and two 3D seismic
surveys were used to characterize seismic fabltgife 7). This information combined with

more than 150 well logs with SP and Gr measurements and one new stratigraphic well with
core and complete welbg data in the area of intereatepart of thedatabase used during this

research.
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Additional research was conducted to obtain reatmmed information such as porosity
permeability relationshipand channels characteristicsfairly represent the geology of this

site.

3111Channel 6s characterizati on

Information on channel geometries come mainly from two soulgeat seismic amplitudes

extractionsand literature.

Facies (Channels) characterization including width, thickness, trends, and frequency is
required. In some studi¢drmstrong et al., 2014; Gibling, 2006; John S. Bridge2 And Robert

S. Tye3, 2000; M. I. Olariu et al., 2019pformation regarding these parameters for the
Miocene formation in analog areas close tcattea of interestrerefound. Further investigation

was done to include the best parameters for channel characterization in our model and be able

to build a representative static model.

Channel geometries (width, thickness, wavelength and amplitude) were taken from local
seismic aplitude extractionprovided by the BEG departmedjetg.,Figure8), local published

literature and global analogs.

Studies carried by authors such(as D. Reynolds, 1999; Armstrong et al., 2014; Gibling,
2006; John S. Bridge2 And Robert S. Tye3, 2000; Larue et al., 2023; Lowry & Jacobsen, 1993;
C. Olariu & Bhattacharya, 2006; Reynolds, 204@)ealsoused tdor channel characterization
andhelp todetermine empirical correlations between the width and thickness of several channel

environments.
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Figure 8. Amplitude extractiosof the offshore GOM area (Provided by GCCC)

Correlationssuch as the one presentedrigure9 wasused to determine average thickness of
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Figure 9. A log vs. log plot ofvidth vs. thickness for different sand body types. Sand bodystypesclear clustering and
only limited overlap of dimensions. Two lines recording thickiesgdth ratios of 1:100 and 1:1,000 are also preser(id
D. Reynolds, 1999)

Two different families of channels were identified seismic amplitude extractions.

Combination of these sets were takera asference in this study twild the initial models

The main parameters are presente@ahle
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Width (ft) Wave Length (ft) Amplitude (ft)
Low Base High Low Base High Low Base High
SetNo.1| 1,500 | 2,500 | 4,000 | 12,500 | 15,000 | 17,000 | 10,000 | 12,500 | 15,000
SetNo.2| 350 500 600 2,000 2,500 3,000 680 900 1,200

Tablel.Channel 6 s geometusadmnéirst expenimental maodels. i st i ¢ s

Petrophysical properties including porosity and permeabilithe GOM areavere obtained

from literature(Fisher et al., 2018; Herve Jourde,1 Eric A. Floditi, 2002; Taylor & Pollard,

2000) and information provided by the operator. Studies performe@hyiérrez Paredes et

al., 2018; Lowry & Jacobsen, 199B) Miocene reservoirs in the southern Gulf of Mexico
(Mexico) and in the Ferron Sandstone in ezettral Utah respectively, weedsoused as a
reference for petrophysical properties. Furthermore, more than 150 wetfltggacy wells

were obtained in the area of interest and were used to detepetirphysicalfacies and
calibrate the porosity and permeability values used in the models. Porosity and permeability
values for each facies were populated in the probabilistic geological models basethen all

previous information acquired.

3.1.1.2 Sub-seismic fault characterization

Subseismic faults direction is assumed to be-galallel to the regional coagarallel regional
faultsbut most of their characteristics are unkno2D/3D seismic lines and seismically visible
faults obtained from literature were used to create distribution function and predict the sub
seismic faultharacteristicsPredicted information was included in the models to evaluate the
effect of those suleismic faults in the migration & O within the area of interest. Some of

the main characteristics are:

Fault frequency and throw:

Fault throw and location data on more than 2,000 km of 2D seismic leres@mpiled in this
study. A methodology presented in previogtudies(Pickering et al., 1996)0 determine
frequency of srall faults using the observed data of frequency and throw of bigger faults that

are observed in the 2D/3D seismic livess used in this researdore than +200 data points

related to faultsé frequency and throw were

31



onshore and offshore. Figur® firesents the cumulative rank of frequency per km vs. throw

relationship.

Combined: Normalized Cumulative Rank vs Throw

0.1 .

0.01

Frequency (/km)
4

0.001 L g
1 10 100 1000

Throw (m)

Figure 10. Normalized cumulative frequency vs. throw data points

Figure D shows that for throws below 30 meters fault frequamzyonger follows a straight

line in loglog spacewhich means that small faults are being urstenpled due to average 2D
seismic vertical resolutiomdditionally, from this figure, extrapolation can be done using the
most likely linear tendency in the graph to determine the frequency of unseenswisuic

faults. As a result of this tendency, small throw faults (less than 30 meters throw) are not very
frequent.According to this correlation, fregncy of faults with 10 meters of throw is close to

0.1 faults per km, in other words, it could be around 1 fault per every 10 km.

Faults length and throw:

Data from published field maps a@®/3D seismic lines from the onshore and offshore Gulf
of Mexico in the Texas and Louisiana areas were analyaethis study, reports related to
structural maps of oil and géislds where faults length and throw can be identified were used
(Figure11).
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Figure 11. Example of a structural map from offshore LouisigSmith, 1988)

Faul t sdo t hr ows.ength dfithe fallte weeemletained for several oil and gas
fields. The collected data is presented in Figure 12, and from the data it can be inferred that
most of the points are located between the lines of 1:10 and 1:100 relationship. In addition,
faultswith a throw lower than £ 30 meters (100 ft) 6dire identified due to the average vertical
resolution of the 2D/3D seismic (these are theseibmic faults) but it can be assumed that the
relationship for those faults will follow the same trend and @mint will be located between

the twobluedotted lines.

Fault Displacementvs Length
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Figure 12. Fault displacement vs. LengtRrovided by Dr. Alex Bump, GCCC, 20P3

Authors such aélrevifio et al., 2017presented a similar correlation that confirmed the results
obtained for the displacement vs. length relationships done during this Atedyding to the

previous figure, suiseismic faults that have less than 30 meters of throw can have lengths that

33



vary in the range of 1:10 and 1:100. As an example, assigmic fault of30 metersof throw

could have a lengthp t03,000 ft.

Fault seal capacity

Fault seal capacity was addressed using the SGR concept in our area of interest. The area of
interest is located in the onshore GOM at a depth of around 5,000 ft (Miocene formation) and
to predict sealing capacity of faults with throws lower than 100 Gt r(ters) which are

assumed to be the sgbismic faults, the following workflow was performed:

1. Stratigraphic well log datia the area of interest (classified well name for confidentiality
policies) was used to calculate tishale(Vsh) parameter.

2. Vsh coming from the stratigraphic well log dafar the injection zone were used to
calculate SGR for different fault throws.

3. A triangle diagranwas generated in the proposed injection zone of the project. Figure
13 presents the created map.

4. Considering the sand thickness in the injection zone, and fault throws less than 100 ft (30
meters), SGR values between 2 and 45 were obtained for the injection sands. Is
important to mention that SGR values above&3Gre considered likely seals, sohist

casesubseismic faults woulahot to have @omplete fault seal
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Figure 13. Shale Gauge Ratigs. deptiplot fora well in the area of interest
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Shale gauge ratio is a good indicator of fault seal capacity in the injection zone but in order to
include simulation faults in the dynamic model, properties such as fault permeability or
transmissibility need to be calculated. Various studies have beeadcaut during the last
decades to estimate permeability and/or transmissibility multipliers of faults using clay smear
indices such as SGRA methods developed byManzocchi et al., 1999jo estimate
transmissibility multipliers for flow simulation models using the SGR as an imasitused in

this study The following equations were used to calculate average transmissibility multipliers

for the analyzed well within the area of interest:

"y P b J J

Where:

“¥ Transmissibility multiplier

"Q =Matrix permeability

L=Grid cell size

0 =Faultthicknessand is equivalent to6  ‘Of¢p ¢where D is the displacement or throw of the fault.

"Q=Fault Permeabilitand is calculated using the following equation:

Log’l ™M@ 1 YOY-aé¢® p YOY

In the injection zonén the Miocene formatigrntransmissibility multipliers between 0.15 and
0.7 were calculated for faults with a throw less than 100 ft (30 meters), wathesage value
of 0.2.

3.1.1.3Sub-seismicFault characterization results

It is important to summarize the maesults of sukseismic faults characteristics obtained from

the methods applied in previous sectighst were included in dynamic simulation models.
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1 Maximum fault throws of 30 meters should be considered for theaismic faults.
Throws | ower 30 meters canodot be identifiec

1 Average fault length was determined using throw vs. length correlations. As a result,
lengths are estimated to be in the orders of 1:10 to 1:100, meaning thsejsulc
faults with a throw of 30 meters, could have a length that ranges betwe&0800
meters.

1 Subseismic fault frequency is very low. According to the correlations, frequency of
this kind of faults could be 1 fault per every 10 km.

1 Shale gauge ratio (SGR) values betweelb 2vere obtained for fault throws less than
30 meters for the injection zone. SGR values abov2S2ére considered good seals,
so in this case for sands with low throw it would be possible not to have compléte faul
seal.

1 Using calculated SGR values, transmissibility values between 0.15 and 0.7 were
calculated for sands with low throw, with an average transmissibility value of 0.2 were

obtainedfor these kinds of faults.

Previous estimated parameters for-seismic faults were included in the geological models
buttheseparameters were no always limited to these values. Fault dimension were pushed

above the high ranges with the purpose of driving the models to failure.

3.1.1.4Saturation functions

Whenno real data is available through lab tests, neither analog data is obtainekd)omedl
correlations can be used to obtsaturatiorcurves for each of the interpreted facies of the static
model. Several authoBrooks & Corey, n.d.; El Sharawy & Gaafar, 2019; Ghomian et al.,
2008; Holtz, n.d.; Kozak et al., 2005; Van Genuchten, 1880¢ developed correlations based

on experimental data to obtain kr and Pc curves using petrophysical calculated values such as
porosity, permeability, grain size distribution, among others. After an extensive literature
review, several correlations thatrcbe used in CCS projects were obtaiaed applied in this

study.
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Using all the information obtained from literature, the following workflow was developed to
generate kr and Pc curves for dynamic simulation purposes when no real data or analog data is

available.

Capillary curves calculation:

To calculate the capillary curvdésr each facies Br o o k 6 s(Breoksd1965)r Vany
GenuchtenVan Genuchten, 1980jnodels can be used. For this stuByr ook 6 s and Co
modelwas usedor Pccalculation Thecapillary pressures given by the following equation:

o 0 "y |
Where:

0 Yo og ald Qi i
.

01 MR 01 UMRHAWH &

Calculation of the threshold pressure, irreducible water saturatiory and pore size

distribution index are required to calculate the capillary pressure curve.

Value of threshold pressure can be calculated using the Berg eqiBsign 1975)modified
for theC O-H20 system:

) P—
®

Where the IFT is the interfacial tension in N/Actcording to(Meckel, T.A., 2010)this value
for aC O-H20 system can be assumed as 30 mMi/nmmis the grain diameter given in mm,
values for grain diameter for different facies can be obtained Figowe 14 elaborated by
(Meckel, 2015) The figure presents values of medgain diameter for different sands of 54

geologic sandstones facies used in flow simulation.
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Figure 14. Grain diameter for 54 geologgamples(Meckel, 2015)

For this study values for medium sand, fine sand and silt were used to calculate the threshold

pressure of the facies used in the dynamic model.

To calculate'Y, the irreducible water saturation needs to be obtained. Several authors have
developed correlations to calculate tH¥ using porosity and permeability valuesing
experimental data from around the world. Is important to mention that most of these studies
were developed using sandstone samples and the correlations work fine in those facies,
meanwhil e, some of t h e.orthiastudylimir,d968)oreckdhtion n s h al
was usedlue to the applicability in sandstones and shale fabesirreducible watesaturation

“Y for each faciess calculated using the following equation:

Y o =

oo P

Average values of porosity and permeability for each fatiesldbe provided during the static

modeling stageFor this study, three (3) faces were assuteethclude in the static model

Table 2 contains thealues used in they calculations:
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Facies Porasity (Fraction) | Permeability (mD)
Medium Sand 0.30 3,152.5
Fine Sand 0.14 24.0
Shale 0.07 0.3

Table2. Porosity and Permeability values for each facies in the simulation model

The last parameter that needs to be addressed befarectleulation can be donis the pore
size distribution indeX aThis is a value that can be experimentally obtained if real data is
available, meanwhile, if no data is offered, accordin@tker, 2015and(Kozak et al., 2005)
valuesbetween 0.1 an@.5 can be used fatifferent facies, values close to 0.5 foedium

sandstones and values close to 0.1 for shale facies.

Using all the previous informatiom, curve for each facies can be calculated. For this study,

three (3) different capillary pressure curves wgrerateénd are presented Figure 15
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Figure 15. Capillary Pressure curvefor each faciesised in the simulation models

Relative Permeability curves calculation:

For this study, t he f ol lapusadio getelthne they rélative mo d e |

permeability curves



Where:

Q ; : Gas relative permeability during drainage process

¢

Q  : Water relative permeability during drainage process
Q  : Maximum gas relative permeability @

Q i Maximum water relative permeability &

“Y : Connate gas saturation

“Y :lrreducible water saturation

¢ andt : Coreyb6s exponents

There are different methods to determine the main parameters required for relative permeability
curveso calculations. Mo st of those methods
experimentsFor this studyTable 3,taken from literaturéHosseini et al., 2024yasused as

a gui da n-briae rélabivie pe@r@ability calculations.

Nw 3.5¢7
Ng 1.5¢3
Drainage Krg,max@ Sir 0.8¢1
kwmax@S = 1 1
S <0.05
Krw Follow DRN, no hysteresis
Imbibition Ng 15¢3
Land C fofy 1.1¢3.3
Reference Kref kv@S =1
permeability
Table3.Cor eyds parameters f or r(dobsaitietal.e202)er meabi | ity cal c
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For this study, th&y for each faciesvas calculated using ti{&imur, 1968)method that was

also implemented fab calculations. The rest of parameters were obtained from the previous

table Using all the information available and
were generated for each of the facies used in the mislal referencerigure 16present®one

of theset of relative permeability used in this study.
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Figure 16. Example oRelative Permeability curves used in the simulation models

3.1.1.5Critical pressure calculation

To define pressure front, critical pressure (or threshold pressure according to EPA guidelines)
has to be calculated. According hicot et al. (2009) critical pressure is defined as the

minimum value of pressure increase sufficient to lift denser brine up an open wellbore to the
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base of th&JSDW aquifer. The following equation will allow to calculate the critical pressure

in a reservoir:
Y - o @
C
Where:

Y0 = Critical pressure
"G gravity

-= density gradient, a linear coefficient depending on the salinity increase with depth, and also geothermal
gradient.

" = Fluid density at USDW
" = Fluid density at the injection zone
& = Depth of the top of the injection formation

&= Depth of the base of the USDWs.

With this equation, a critical pressure of 150 psi was calculated. This value will delimitate the
pressure front that will be presented in these results. If the pressure is emulaigieer than

150 psi compared to the original reservoir pressure, watdd flow from the injection zone

to the USDWs.

Additionally, EPA guidelines define AoRy the union of the pressure front (defined by the
critical pressure as previously mentioned) a
two areas will give the total AoR to be presenti@bugh this studyFigure 17presents an
example of CO pl ume, pressure front and tot e
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CO2 plume / CO2 Saturation Pressure Front (Critical P=150 psi) AOR = Pressure Front &wcoz':‘rj;me

=== Pressure Front
memm CO2 Plume
mm Final AOR

Figure 17. Area of Review (AoR) definition

3.1.2. Box modeldefinition

For a firstpass exploration of parameters and sensitivities, a simple box model with one channel

and one fault was bui{Figure 18)

Permeability | (md) 2025-01-01

OVERBANK

FAULT-

CHANNEL

Figure 18. Box Modeli Permeability map

Structural maps obtained froaproject were taken to build the model, andmall portion of
the area of interest was modeled. This is a 10x10 km model with 100 grid cells in the x and y
direction (100 ft for DX and DY), 120 ft thick with four layers in thdirection (30 ft for DZ).
A permeability value of 1,000 mD was assigned to the channel (in red in the previous figure),
this value is coherent with typical permeability valwdgained in previous sections ftire

GOM area. Length of the fault is 3@@neters and 30 meters thick (penetrates the entire grid);
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these values were selected considering the length vs. throw correlation previously presented in

Figure 2 for the subseismic faults.

Different sensitivities were performed to understand the impact of reservoir heterogeneities in

CO fluid fl ow behavi or Sensitvity gases tweresrunsvaryimg | e c o
fault transmissibility values using the following values (0.001, 0.01,dhd 1). Overbank
permeability(in blue in the previous figureyas alsovariedin orders of magnitude from 0.1 to

100 mD.

Two facies were used in this modalediumsand (for the channel) and for the overbank facies,
depending on the permeability assumed for those fadifsrent relative permeability and
capillary curves were used. For overbank permeabilities of 0.1 and 1 mD, a shale facies was
assumed; for permeability of 10 mD, a fine sand facies was used. For overbank permeability of

100 mD amediumsand facies were assumed.

3.1.3. Realistic single flowunit model definition

To experiment with more realistic geology without incurring the computational expense of a
full-scale 3D modea new generation afingle flowrunit models were built by Dr. David
Hoffman, an experienced geomodeler working at the Bureau of Economics Geology (BEG) and
actively involved in this project. Real data related to structural maps, wellbore data, core data,
and regional information from the uamed project (unnamed due to confidentiality), as well,

as the information obtained in previous sections wesed to generate these models. The

section below describes how Dr. Hoffman built the model.

Generated models should be able to identify
flow unit in the presence of a channelized reservoir angsigmic faults networks at different
length directions. A stochastic approach was used to generatel spa@ogical models to

include uncertainties related to channel size and connectivity
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To build the models, informatiomd. 53 wells vasincluded.Petrophysical data in the form of
curves designated as the final and most reliable petrophysical interpretations for a given well
were used. Curves of effective porosity, total porosity, permealaiity/shalewere available

for this study.

Lithofacies data from well logs were not available at the time of construction of these models,
S0 a synthetic facies property log was built from the sand volume. \WWeas@dbtained from
Vshale by inverting the $hcurve (considering carbonate to be negligible due tgeloéogical

environment in the aseof interest).

Realistic single flowunit model - Structural Framework and Grid model

Original structural framework for the project was provided by the operator. This framework
included seismic faults as well as various horizons and wells within the area of interest. The
original grid dimension was 143 x 189 x 231 celg243237 cells in total) with a cell

dimension of 500 ft in the andy direction and 19 ft in the-direction

To build a realistic but flexible model, one single flow unit of the structural framework was
considered. This flow unit has a 200 ft thickness and 10 layers. This unit has been considered
by the operator as one of the injection zones during the CCS project idsipetrophysical
characteristics. The used models have 143 x 189 x 10 cells (2702|8510 total).

To create a simple model to mimic the possible rangehafinel beltsavailable published

information was used to develop four emémber cases for simulation purposes.

Each of these cases utilizes data ranges for channel geometry obtained from amplitude
extractions coming from 3D seismic and literature, as it was explained in previous sections.

This information was used to incorporate hypothetical meandering fluvidktierthe models.

Each of the models was constructed using a spherical variogram with hypotheticainmajor
axis parameters that were based on the published data. AEYeégional depositional axis

was considered, so a variogram azimuth of 315 was implemented in all8as®us polylines
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were digitized through the area using the general amplitude and wavelength parameters
obtained. These polylines were then used to create a probability map that could be used to
condition property distribution as is shownFigure 19.
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Figure 19. Workflow of including channelénds in the geological models used in this study

As shown in the 2D view of sand percentage (far right map), the revised property distribution

using the channel probability to fAsteero wel
realistic

The following four geological cases were genergkagure 20)

CN-21 Continuous, narrow channel systems
CW-217 Continuous, wide channel systems
DN-271 Discontinuous, narrow channel systems

DW-21 Discontinuous, wide channel systems

CASE CN-1 CASE CW-1 CASE DN-1 CASE DW-1
CONTINUOUS-NARROW GEOMETRY CONTINUOUS-WIDE GEOMETRY DISCONTINUOUS-NARROW GEOMETRY DISCONTINUOUS-WIDE GEC&EI’RY
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Figure 20. Sand volume of the four geological models constructed for this study

Realistic single flowunit model - Property Modeling

Basic geometric properties (Layers, Zones, and Regions) were created without adjustment to

the vertical layering provided by the operat@ontinuous petrophysical properties from the
operatoryprovidedcur ve | ogs were upscaled int-point he 500C
pick methodology.As previously discussed, a sand volume log was not available for a
statistically significant number of wells, so a derived sand percentage log was created from the
Vshlog since the data indicates that carbonate components are an extremely minor fraction of

the total lithology in most wells.

For the sand percentage propertgcduse the property distributions and synthetic facies
distributions use the sand volume property to condition the 3D property, it needed to be done
first. The \Gandproperty was created by upscaling treidfrom Vshale log into the 3D grid

in the injection zone and then distributed using a sequential Gaussian simulation (SGS)
algorithm. The input data distribution wdsstributedin the data analysis module using the
input welklog data as the basis for the distribution. In the petrophysics property module, the
input variograms derived for each case were used with the data distribution from data analysis,
and the property was collocated-kiged with the horizontgbrobability trend derived from

sand volume.

Lithofacies logs were not available at the times#modek werecreated, but to provide the
flexibility to test the effects of rockype specific properties, a pseudfdwies property was
created. Assuming that the Vsand log derived from Vshale could be used as a proxy for rock

type, the Vsand distribution was usecdtteate four rock types based on Vsand range:

A Shalei 0.0 < Vsand < 0.35

A Silty Sandi 0.35 <= Vsand < 0.50
A Fine Sand 0.50 <= Vsand < 0.57
A Coarse Sanid Vsand => 0.57
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These Vsand percentage ranges were derived empirically from the distribution histogram (see
Figure2l).

% | 2 4 & 8 10 12 W B W 20 2 2% 2 B N

SYNTHETIC FACIES WERE DETERMINED FROM
SAND VOLUME DISTRIBUTIONS
| SILT-SHALE Groupings of pseudo facies or general rock types

were created in the 3D model using ranges of
sand volume. The sand volume ranges are logical

SHALE

but arbitrary, and a Petrel workflow was created
to allow for modification and testing of different
ranges of values.

5
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m _: CONTINUOUS-WIDE GEOMETRY
COARSE SAND

Figure 21. Lithofacies modeling Continuous Wide geometry model

For the porosity modelingflhe PORE (effective porosity) curve available was upscaled into
the 3D grid in the injection zone and then distributed using a sequential Gaussian simulation
(SGS) algorithm. The data distribution was done in the data analysis module using the input
well-log data as the basis for the distribution. In the petropalysiodeling process of Petrel
Software the input variograms derived for each case were used directly, the distribution from
data analysis, and the property used thvezbotal probability trend derived from sand volume

as a secondary variable. Collocateekdging used the net sand map from the VSAND property

as a surface coefficient. There did not appear to be significant differences between the PORE
(effective porodiy) and PORT (total porosity), so the total porosity property was not modeled

in this case.

For the permeability modeling, The K cureailablewas upscaled into the 3D grid in thew
unit zone and then distributed using a sequential Gaussian simulation (SGS) algorithm. The
data distribution was done in the data analysis moofuRetrel,using the input wellog data
as the basis for the distribution. In the petroprgisinodeling process of Petréhe input
variograms derived for each case were used directly, the distribution from data analysis, and
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the property used thes@ndproperty volume as a secondary variable. Collocatekriging

used the net sand map from theavidproperty as a surface coefficient

Resulting models with lithofacies, porosignd permeability maps were used as miaput
parameters for each of the fauodels Four geological models were generated in this stage to
include geology uncertainty in the study and try to determine the possible outcome<dQring

injection projects.

Additionall vy, Amode.]l faultso were generated
models. Four sets of experimental faults were generated based on the fault characterization
work. To investigate the erdember of maximum impact, fault dimensionsnf@th, throw,

etc) were pushetb the upperealistic limits of subseismic faults. These faults were generated

with the aim toevaluatethe worstcase scenario$aults with 0, 45, 90, and 135° directions

were constructed. This helped to include-seismic uncertainties in the generated models
(Figure 22)
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Figure 22. Subseismic Fault networks used for each of the geological models

Lastly, transmissibility values from zero (0) to 1 were assigned to thossegrbic faults to
investigate the full range of possible impacts (not all of which are realistic fesessiic
faults). With these parameters, a total of 64 models were geddmt dynamic simulation
purposes. Four geological models with four-seismic fault distribution/direction and four

different transmissibility values were assumed for those ¢agpse 23)
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Uncertainty in Geology
8 Fluvial Systems
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3.1.4 Full-field model definition
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Finally, we used a fulscale 3D reservoir model to test our preliminary conclusibms.model

was builtincludingall the flow units of the Miocene injection zones, as well as the sealing unit

on the top of the Miocene formatioReal data related to structural maps, wellbore data, core

datg regional informationanalysis, amplitude extractions, lithofacies analyampng other
information was included in the model generation.

To build the model, informationndl 53 wells vasalsoincluded. Petrophysical data in the form

of log curves designated as the final and most reliable petrophysical interpretations for a given

well were used. Curves of effective porosity, total porosity, permealalig Vshalewere

available for this study.

Lithofacies data was derived from SP curves. This work was done by Dr. Davidr@aDr.

Carlos UrozaexperiencedBEG researcherworking on this projectFacies definitions were

adjusted usingeal core data for calibration. In addition to the core calibration, refinement of

the fades categories was performed to include the followingblaged lithotypesdked Shale,

Mudstone, Siltsone, Sandstola@d Limestone.
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Data generated includes discrete lithology logs based on the SP and GR curves.deny &R
lithofacies were useith the 3D grid due to the reliability of the GR data.

Full -field model - Structural Framework and Static Grid model

Original structural frameworkor the unnamed projectvas provided by the operator. This
frameworkis the same used for the previous modelsianllides seismic faults, as well as,
various horizongnd wells within the area of intere3the original grid dimension &s286 x
318x200cells( 1 8 61 8 9. 6 0 Owitlcasc¢ll dimension a250& in thdx andy direction

and 4 ft in the zdirection Injection zones were refined in the z direction to have better detail

during the dynamic simulation stage.

During thefirst approaches to create a static model, some pyopeoimalies were discovered
when the static model was exported from Petrel and then imported into the CMG Software.
These anomalies were related to the faults in the structural frameWworkliminate the
gridding and property distribution artifacts in the vicinity of framework faults, a static model

without the framework faults was created from the original grid.

In order to include the faults, simulation faults were used. These faults closely approximated
the original framework faults while not creating the 3D grid distortion observed before. To
generate the simulation faults, the original framework faults wengected to surfaces and

then intersected with one of the injection horizons, thus creating a polyline at the intersection.
Once the fault polylines were generated, a set of simulation faults was created

Full-field model - Property Modeling

Continuous petrophysical properties from petrophysical log data providée bperatowere
upscaled into the 25@etgrid cell using a midpoint pick methodology. Discrete property data

(e, it hof acies) were upscaled into the model

All continuous petrophysical properties were evaluated using Petrel Data Analysis tools. A
vertical proportion curve and probability curvengcreated for facies by zone. For continuous

properties, data transform distributions were created by facies in each zone. Detailed
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variograms were not constructed, but a gener8l Wariogram with a 2:1 majdo-minor axis
ratio was used as a preliminary estimate, and then refined with the depositional trend lines

obtained from amplitude extractians

Upscaled lithofacies logs provided were distributed into the 3D grid using a Sequential
Indicator Simulation (SIS) algorithm, with the distribution conditioned with a probability trend
map generated from depositional trend lines interprieyeBr. Carlos UrozaThe trend line
polygons and derived probability maps used as horizontal trend surfaces were generated for

each zone in the Lower Miocene section as geometric disterodgect properties

The facies distributions derived using this methodology were then used to condition and
distribute the petrophysical propertigsthofacies were distributed in the geomodsing a

basic workflow thatincorporates a combination of interpreted environments of deposition from
well log crosssections, amplitude extractions from 3D seismic, and interpretations of sand
distribution and geometriggovided The general workflow usetliring the model generation

is described ifrigure24:
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Figure 24. Workflow for Static Modeling Full-field model(Provided by DrDavid Hoffman BEG, 2024)

Continuous petrophysical properties in the
lithofacies property distributions to condition property distributidmtal and effective
porosities (PORE and PORT) were upscaled and distributed using Sequential Gaussian
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Simulation (SGS) algorithm, with the property conditioned by lithofacies. Permeability was
generated following the same procedure used fopahesity with the property also conditions

by lithofacies and collocated 4oiging to PORE as a secondary variable.

As a result of ths workflow, a static model with effective porosity, total porosity, permeability

in the x directionand facies propertiesasgeneratedFigure 25)

Figure 25. Static Modeling Full-field model(Provided by DrDavid Hoffman BEG, 2024)

Full -field model - Model calibration with well test data

As a part of the static model calibration, step rate test (SRT) data obtained from the aperator
one of their stratigraphic well&igure26) was used to calibrate the reservoir permeability of

the model.

Bottom hole pressure, as well as, injection rétas the SRT testvere included in the model.
History match of that data was performed modifyithgpermeability values of the original

model.

As a result of this procedure, a permeability multiplier was applied to the entire model in order
to calibratetheobserved bottom hole pressueethe one obtained in the dynamic mo(ted

dotted lines inFigure 26). At the same time, permeability values calculated during pressure
build-up interpretation were compared with the ones obtained after the model calibration to

make sure similar values were being used.
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After this final calibration was performed, the static model was exported to CMG Software to

proceed with the dynamic simulation.

Well Bottom-hole Pressure - (13) -

4200 -

8

Well Bottom-hole Pressure (psi)

BEEREE

Figure 26. Step Rate Te$tHistory Match, Static Modé€Real data in black dots, simulated data in blue and red lines)

Dynamic Simulation M odel Setup

The static modelas exported as a rescue file from Petrel and then imported into the Computer

Modeling Group (CMG) Software for dynamic simulation.

In order to set up the simulation model, the'selimensions were kept with the same dimension
as the static model. Three facies with their corresponding relative permeability curves and

capillary pressures were generated.

The operator of the project provided a set of relative permeability curves for one of the facies,
so the correlations generated using the workflow mentionedation 5.1.1.3 werealibrated

with this data. Values ahe constants used (fiimur, 1968)for irreducible water saturation
were slightly modified to obtain a value similar to the one provided by the opératoe of

the k exponent changed from 0.35 to 0.Z%)ditionally, values of Nw and Ng recommended

by (Hosseini et al., 2024)sed for relative permeability curves calculations in Corey’s equation
were also calibrated with the real détw=3.3 and Ng=2.5 usedlt is important to mention

that relative permeabilityvalues obtained before the calibration were similar to the ones
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obtained in the lab, so if no information is available, the workflow provided in section 5.1.1.3

can be used for relative permeability and capillary pressurees generatiofFigure 27)

Facies One(Rel Perm Calibration Data)

Sg

Krg-Lab Krw-Lab Krw-BEG Krg-BEG

Figure 27. Relative Permeability Curnvie Facies One

For the simulation modeklosed boundary conditionsere used, where boundaries were
extended out using volume modifiersolMme and transmissibility modifiers were applied in
the outermost cells in the grid following the recommendations providdgidsseini et al.,
2024) The code used to includbe extended closed boundary conditiamghe model is

described in the Appendix II.

For the fultfield model, three (3) injection wells were created. Injection rates varied for each
well and a period of 15 years of injection was simulated, as well as, 50 yearsj@usin

period was included.

C Oinjection was achieved through the perforation of different intervals within the Miocene
injection formation, limiting the injection by the maximum allowable pressure (90% of the

fracture pressure of the injection formation).

Finally, subseismic faults with @ero-degree angle were included in the {fidld model to
evaluate the impact of these faults in the AGRD plume and pressure front. Sensitivity in the

fault transmissibility vasincluded for these models.
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4. CHAPTER IV

In this chapter, results obtained in the dynamic simulations will be presented and analyzed and
consequences of unintend€dO migration due to subseismic faultswill be quantified.
Avoiding unintended migration in complex environments will require additional investment
strategies. Operators are concerned about the additional cost assatihtexv injection
capacity, high injection pressure, migration out of the current,laaseadditional monitoring

costs. These results will give some insights relabethe main parameters that could caarse
unintended lateral migratiod O during CCS projects and will help operators minimize those

risks through a better reservoir characterizasivatey.

4.1. RESULTS AND ANALYSIS

4.1.1. Box Model - Results

Results of the sensitivity analysis are shomwthe map viewn Figure28, with increasing fault
transmissibility from left to right and increasing overbank permeability from top to bottom.
Channel is located in the norslouth direction in the middle of the model and fault is presented
as a dotted red line in the wasdst directionVariations of sukseismicfault transmissibility

and overbank permeability are the main variables. Figures of Amigyn of C O saturation
plume and pressure frgrare the outputs presenttnt each case Figure?28:
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Figure 28. AoRi Box model (C O Saturation in greefi Pressure front in red Green rectanglshowsrealistic values of
overbank permeability & Fault transmissibiljty
As shown inFigure 28, AoR is most sensitive to variations in overbank permeability. The
higher the overbank permeability, the smaller the AoR due to pressure dissipation in the
overbank formation. Meanwhile, pressure is dissipated in the overbank formation even when
the overbank @rmeability is very low. The size of the AoR is impacted mostly by the pressure
front when low values of overbank permeability are used, on the other hand, AoR is impacted

mostly byC O plume when overbank permeability is high.

Fault transmissibility play a role i@ O migration keeping most of th@ O in the south part of

the model. No big effect on the AoR is observed when values of transmissibility higher than
0.1 are usedBox model results show that fault transmissibility only plays a role when very low
values of transmissibility are used (0.00Rigure 28 also shows thdtult is more important
when high values of overbank permeabiéitg usedTheC O saturation shape (in green in the
previous f i gur ehannel beecasse éatit redclek thizmulit starts €0 migrate

to the overbank formation. If the overbamérmeabilityis small, theC O stays in the channel

and whenever finds the fault, pressurizesntil can pass through the fault due to capillary
pressurehreshold
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The green rectangle observed kigure 28 represents the realistic values of overbank
permeability and fault transmissibility, and shows that no big effect on AoR is observed when

realistic values are used. Only big changes are observed for extreme case scenarios.

4.1.2. Realisticsingle flowrunit model - Results

In the realistic single flowunit models, realistic values of channel geometries and petrophysical
properties were used to build these models, on the other hand, hypothetical values of fault
transmissibility, fault frequency and orientation were used pé¢he experimental models. A

total of sixty-four (64) models were generated in order to evaluate uncertainty in the geology,
subseismic faultfrequency andrientation, andault transmissibility. For each of the four
geological model (four in tolg different sets of subeismic fault orientations were used, as

well, as different transmissibility values for the ssédsmic faults.

Results are also presented in matrix format, and the effect of these features (fault orientation
and transmissibility) in the AoR is highlighted for easy identification purposes. In the AoR
maps, the green plume is t8eO Saturatiorpropertywith values higher than 1%nd the red

plume is the Pressure front (pressure change above 150 peesp#tt to the original pressure).

After analyzingFigure 28, some common observations were identified:

In all case<C O flow in the channel direction (SHEW). For all the geological models, when
transmissibility values of 0.1 or higher are used for thessigmic faults, nbig effect on the
AoR is observed. In those cases, the AoR is mainly driven b heaturation and pressure

does not play a big role due to the pressure dissipation suteeboundaries of the model.

Once the fault transmissibility decreases at least two orders of magnitude or mo@ {0101
values), the AoR looks different. Changes in@h® saturation plume shape and pressure front

are observed. Faults start to play a bigger

Pressure seems to have the biggest effect on the AoR shape and size due to the restriction of
pressure dissipation once the pressure front

foll ows the channel trend, b pressuck drgnewilidbe ng o n
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di fferently shaped fTadbiggest AaRg aref oatairled vehéneverrthe e nt a |
cero and fortyfive (0-45) degree faults are present, this is when the faults are more
perpendicular to the flow direction. In none of the models, AoR reached the boundaries of the
model (22 by 22 km), whichimgis t hat despite the AOR shape ¢

dondt present an extreme behavior that <coul d

Realistic values of subeismic fault transmissibility and orientation are highlighted in the green
rectangle. In all these cases no big effect on the AoR is observed when changingstismnsid

fault characteristics within the realistic values.

For the continuous narrow geometry geological mo&ejure 29 illustrates theresults

obtained:
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Figure 29. AoRi Realistic but flexible modé&lContinuous Narrovgeometry geological mode(C O Saturation in greefi

Pressure front in red green rectangle shows realistic values of Fault transmissibility and orienfation

For the discontinuous narrow geometry geological moéigiure 3 illustrates theresults

obtained:
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T Pressure front in red green rectangle shows realistic values of Fault transmissibility and orienjation

For the continuous wide geometry geological moBiglure 3 illustrates theesults obtained:
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For the discontinuous wide geometry geological modEigure 2 illustrates theresults
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Figure 32. AoRi1 Realistic but flexible mod&lDiscontinuous wide geometry geological mod@ Os Saturation in green
Pressure front in red green rectangle shows realistic values of Fault transmissibility and orien}ation
For reference, additional matrix figures@fO saturation and pressure front for each model are

included in Appendix |.

4.1.3. Full-field model - Results

Full-field model was built to evaluate the effect of the-salsmic faults in fluid flow an@€ O
plume and pressure front in a more realistic scenario, using the static model built for this case
with all the information available. Stdeismic faults effect in horizontal and verticalO

migration was evaluated.

In the base cassubseismic faults wer@ot included. Several simulation cases were tan
perform sensitivitiesModifications of injection rates per well, injection zones, injection times

per zone, and additional perforations were considered during these simulation runs.
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Figure 3 presents map viewand 3Dview of the AoR obtained fahebase casd-or this base
case, the AoR was defined the combination o€ O saturations greater than 1% and pressure

front with a critical pressure greater than 150 psi.
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Figure 33. AoRaerial view (top) and 3D view (bottorh)Full-field modeli C O Sauration (in green) and pressure front (in

red) No subseismic faults included

In Figure 33, the AoR is mainly determined by ti@ O saturation plumeC O migrates
following the dip direction of the structure (NEBV). The pressure front seems to be inside the
C Oplume and a rapid pressure dissipatgoobservedn the base cas€. O saturation for each
injection zone seems to bwainly confined to thecorrespondingnjection zoneand no
migration to the upper or lower formationgswobservedC O vertical migration seems to be

minimal, despite the lack of regional seal between the injection zones
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The size of the AoR would fit within many of gaps between oil and gas fields on the onshore
Gulf Coast aredD p e r aeffootsare focused tacquirealeasing areghat contains the AoR
characterize possible leakage paths such as legacy aredlsiefine a monitoring plan inside
that area, for that reason, the smallest AoR is always desired for any CCS project.

Boundary conditiongrea big aspect when dynamic simulation is perforraed will play a

big role in the AoR sizeThis is why is so important for operators to identify the best boundary
conditions outside the area of interest or outside the static model Rseffer boundary
conditions definition (translated in volume modifiers in the dynamic simulatiaih)help
pressure dissipation which in fact will modify AoR size and shape. For this modgbendix

Il, boundary conditions included in the CMG &wdre are presented. Recommended
approacks of how to handle open boundaries were taken f(bimsseini et al., 2024and

included in this appendix, which could help for future studies.

After the base case was calibrated to okbdasmallAoR, sensitivity analysis was performed to
i nclude hor i zontzartbdegieenoemtation, 3500 niewers longgryindnthe

faultdéds transmissibility from 1 down to 0.001
The objective of including these features 1is
faultso that were not dnitially characteri zec

Figure 34. Static Modeling Full-field model with sutseismic cero degrees Faults and Structural framework faults

In Figure 3, AoR for three different cases are presented.
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Fault Transmisibility

0.01 01 1

Figure 35. AoRi Full-field modeli sensitivity analysis to fault’s transmissibilityCO2 Sat(in green) and pressure front (in
red)

Figure 35 shows that values of stgeismic transmissibility equal two higher than 0.1 do not

alter considerably the shape of theR. There is a small pressure front difference, but changes

in the AoR are negligible with fault transmissibility changes from 0.1 to 1. For reference, our
characterization work suggested that realistic-seibmic faults in this area would have a
transmssibility highertharD . 1. Consi derabl e variations of
transmissibility values close to 0.01 are used. To understand in more detail the main differences

in this caseC O saturation and pressure front areas were also etdciskeparately

In Figure36, C O saturation for the three cases is presented for analysis. It can be observed that
the C O saturation plumeéhas a minimal chang&hen faults with low transmissibility are
included. There are some differences in the

orientation of the faults, meanwhile, the shape and size remain similar in all the cases.
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Figure 36. C O Saturationi Full-field modeli sensitivity analysis to fault’s transmissibility

A crosssection in one of the injection wells (W) for the three cases is also presernted
Figure37. The objective of this crossection is to determine if there are relevant vertc&
migration differences when the ssbismic faults are present. As a result, ® plume
remains similar even in the 0.01 transmissibility value. No additional migration in the vertical
axes was observed when ss#gismic faults with very low transmissibility were used.

Fault Transmisibility
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500

— : : : : I |

Figure 37. C O Saturation cross section of welli Full-field modeli sensitivity analysis to fault’s transmissibility
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Fault Transmisibility

0.01 01 1

Figure 38. C O Saturation 3D vievin the NWSe directiorincluding the three (3) injection welisFull-field modeli

sensitivity analysis to fault’s transmissibility

Figure38 also showsthat Od o e s n 6t mi ginteavalt® anbtheng evenahowgh, the
layersbetween thénjection zonesire notrealsealsNo need of regional sealing formations are

required to avoid vertical migration of tkaeO.

In Figures39-41, pressure front for the three cases@generated. ie main change is observed

in pressure fronftor the model withvalues in the order of 0.01 for fault transmissibilBymilar
pressurdronts were obtained for the cases with faults with 0.1 transmissibility and the model
with no faults.The main difference in the AoRs is relatedthiepressure front. When faults
with very low transmissibility (in the order of 0.01) are included, the pressure buildup is higher

and pressure front travels further inte tmodel.
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Figure 39. Pressure front Full-field modeli sensitivity analysis to fault’s transmissibility

As it can be observedn the pressure front cross section, pressure dissipation for the 0.01
transmissibility case is not as fast as it is in the rest of the models. A-pigissure buildup is

observed throughout the model in all the injection zones, which it turns irgger inal AoR.
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Figure 40.1 Pressure frontCross section at welA1 Full-field modeli sensitivity analysis to fauli'transmissibility

In Figures 40 and 4, pressure front shape and AoR for the Jdilt transmissibility case are
presented, as well as, the permeability assocwitdcthat pressure front and AoR.

Pressure front seems to be the main faaff@cting AoRshape and size. It is interestingste

that pressure buildup @bservedot only in thehigh permeabilityinjection zones but also in

the zones considered as fieiffer zone®. These low permeability zones can be considered as
pressure dissipation zones even if they have very low permeability vidlegsure propagation

is observed in layemsith low permeabilityabove and below the injection zor{bkie colors in
theright of Figure42) but noC O saturation is observed on thdagers Gas migration is only
confined to the higher permeability zones and the low permeability zones act as a barrier to the

gas flow in the vertical directiooy having higher capillary entry pressure
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Figure 41 Pressureronti Full-field modeli Case with 0.01 fault’s transmissibilityPressure front (left) pressure front
plume with permeability values (right)
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Figure42. AoRi Full-field modeli Case with 0.01 fault’s transmissibilityAoR with pressure front in red ai@iO plume
in green (left) &AoR with permeability values (right)

According toFigures43and 4, havingas y st em wi t h t hi c Bebedficaf f er
for pressure dissipation in the injection formation, and could help to reduce the AoR in projects

where the garea is relatively small.
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For the sake of more fully investigating the potential effect of faults on AoR, we ran a final set
of models experimenting with fault lengths and transmissibility well beyond the range of
realistic subseismic faultsThis additionakensitivity was related to determine what would be

the effect of longeno realisticfaults (base case usedb8m faults vs. 7km faults length in the
sensitivity case) in the AoR. Considering the correlations mentioned in previous sections, faults
as long as 7 km could havetlarow of 70 m and should be observed in seismic lines
interpretation, meanwhile, if for a moment we assume that those faults were not identified in

the initial reservoir characterization, the AoR shape and size wouwlfldue interest.

As a result of this sensitivity, the AoOR does not change a lot cothpittethe 3kmlong faults.
The shape of the AoR is different but in general tethese is naconsiderablehange in bt

areas.

Fault’s len
3KM gth 7KM

Figure 43. AoRi Full-field modeli sensitivity analysis to fault’s lengthCO2 Sat(in green) and pressure front (in red)

C Ossaturatiorplumeat the end of the simulatiagme for both cases is presentedrigure44.
Some differencem C O saturationare observedC O saturatiomagainst the faults different
but the shape of the plume does not changevahen the length of the faults is increased from

3.5t0 7 km.
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Faults’ |
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Figure 44. C O Saturationi Full-field modeli sensitivity analysis to fault’s length

As a result of this sensitivity, minimal change is observed when the faults” length is increased
from 3.5 km to 7 km. The pressure migrates through the faults and low permeabh#isydace

a minimum pressure is reached and for that reason the final shape of the AoR is similar.

5. CHAPTER V

5.1DISCUSSION AND IMPLICATIONS FOR CCS

Reservoir characterization is relevanaimy CCS projectin this study the effect of sedeismic
faults in the C O migration was evaluatedn different scenariaos Subseismic fault
characterization was predictading available information on seismic resolution featurbs

approach can be used in future studies if this information is required.

After including sub seismic faulend overbank permeability variatiomsthe initial models,
overbank permeability seems to play a big role in the A0k size of the AoR varies with

overbank permeabilities, obtaining the largest AOR when overbank permeability is low due to
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the lowpressure dissipation within the reservoir. It was also noticed that pressure dissipates in

the reservoir even when very low values of overbank permeability are used. On the other hand,

CcO saturation 1s mainly | idmoeseadtbyali ¢gly e mqg
low permeability overbank zondso big effect on AoR size was observed when realistic values

of overbank permeability and fault transmissibility were used. For these initial experiments the
overbank permeability seems to ypla more important role than fault transmissibility in the

AOR size.

The results obtained in the first set of experiments were also corroborated in the one single
fluid-unit modelsFor all thegeologicalmodelsused in this stagevhen transmissibility values

of 0.1 or higher are used (Typical values for-seismic faults), no effect on the AoR was

observed. Considerably changes in AoR were only observed when fault transmissibility was
decreased bat least two orders of magniti¢hot realistic in this scenarioln those models,

CcO saturation f ol | owspresdsure froatfobowstre fFaultglirectionr e ct i o
and bigger AoRs were obtained when faults with teronetydegreeslirection(perpendicular

or obliqueto the channel direction) were usdthis shows the importance of a good reservoir
characterization trying to identify the main possible flow direction ofXli@and also identify

the main faults direction, that will impact the overall AoR size and shape.

Previous insights obtained in the first stages, wees in the fulfield models.As a result of

these fulifield model dynamic simulationsagain realistic values of sufseismic
transmissibility(equal toor higher than 0)Jldo not alter considerably the shape of the AoR,

whi ch means that these kinds of faults donot
in these scenarios. The area of review shape would only change when transmissibility values
are reduced in two oeds of magnitude which is neéry common in possible stdeismic faults

in this area and geological environmeftconsiderable reductioim transmissibility(values

lower than 0.1)s not common in subeismic faults and only might occur if the bed thickness

is smaller than the faultdés throw, which mea
metersinthe subs e i s mi ¢ f Rguredb)sldtheavalls ieckided ithis researchmost

of the injection zones were thicker than 30m and for that reason, Hseisatic transnsisibility

values were around GQ.2.
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Sub-Seismic Fault’ throw
30m

T~

Figured5. Schematic of |l ow faultsd transmissibility valu

Is also important to mention that® of the limitations of the approach used in this study is
that only one value of transmissibility was used for the entire modes$,fadiich in most of

the cases is not realistic. Model faults were modeled as a single barrier between two grid blocks,
but these faults could be included as grid blocks in the model and a different value of
transmissibility could be applied to each of thogeds depending on the SGR and

transmissibility calculations.

In the case where very low fault transmissibility values were used (0.01), the AoR was
considerably bigger and shape was mainly affectatdygressure front; higipressure buildup

was observed not only in the injection zones but also in the above and beneath formations where
permeability values were very low. Pressure dissipation was observed throughout the model,
converting the low permeability zonesomibuf f er so6 f or pressure dis
hand,C O migration was limiteenly to the injection zones with high permeability valuBsis

is a first approach proving that the concept of composite confinement systems proposed by
(Bump, 2023y s an effective way to store big quanti

impermeable layers are present.

According to these results, the main takeayfor the project developers and operators of this

project isthat theyshould not be worried about ssbismic features when developing their

projects. They also should know thadt ow per meabi |l ity zones can ¢
mi gration keeping the CO p | woweermeakility zonest he hii
can act as pressure dissipation formations reducing the size of thevAR could have a big

impact on the economic viability of the projecéducing the proximity to legacy wells and
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monitoring strategies cost s, keeping the CO
fields, reducing cost due to | easing areas ac¢
that were not considered suitable for this kind of projects beloedaalthe lack of a regional

impermeable seal.

The operator should not worry about sséismic features causing unintended lateral migration

and they should focus efforts on seistatale features characterizatiand low permeability

zones characterizationAt the same time, operator should consider that areas with
heterogeneous geology with several injection zones without a regional seal can also be used for

CcO injection purposes and coul d bsmukstioomr e big
is mainly driven bya properb o u n d definigiain,ghe further the limits of the boundary, the

smallest the pressure front and AoR would be, so a proper boundary definition is crucial when

evaluating a project.

6. CHAPTER VI

6.1. CONCLUSIONS AND FUTURE WORK

Everymonth several commercial CCS projects are being announced and developed on the Gulf
Coast of the USA. Most of these projects will be developed in heterogeneous geology
formations as the Miocene formation that was evaluated in this study. Projects are @so bein
placed withinoddys haped | eases and keeping CO within
During this study, the role that could play ssgaismic faults and channels that are not easily
identified through convent i onhelleasingedared avdss i n
evaluated.

Miocene formation in onshore Texas areaharacterized for being heterogeneous reservoirs
of unconsolidated flua-deltaic depositional systems with the presence of fagéeerally
perpendiculato thedirectionof the channel flonecomplexesBig faults and flow channels are
well identified through seismic lines interpretatiomell logs, coresetc, meanwhile, sub

seismic faults and channels are not easily identified through conventional methods. The effect
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ofthesesuls ei smi ¢ features in the fluid flow beha\
projects was analyzed in this research. Possi
the leasing area or unintended hjglessure fronts due to thosebseismic features was the

main problem to be addressed in this study

The first step to address this problem was to characterize the faults, channels and rock properties
of the injection zones in the area of interéstmethodology to predict sufeismic faults and
channel characteristics using available information on seismic resolution features was
developed. For channebnd fault characterization, seismic amplitudesxtractions
interpretation 2D-3D seismic lines, field reportas well as, #terature review of previous
correlations obtained by different authors were used to deteamanacteristicthat were used

to build the first static models.

Another importantsuls ei smi ¢ faultd characteristic addre
seal capacity. Several authors have worked on this subject before and an extensive literature
review was performed to determine the best approach to determiseaheapacity of sub

seismic faults. A methodology applied to a real well log data of a well located in the area of
interest was implemented. This methodology combines SGR develop&l Myelding, B.

Freeman, And D. T., 1997Nith the transmissibility multiplier approach developed by
(Manzocchi et al., 1999p predict transmissibility valueé\s aresult,transmissibility values

that range between 0QL2 for the sukseismic faults with a throw lower than 30 meteesre

obtained

Saturation functions in CO i njection format.
capacity and fluid flow behavior during site characterization projects, meanwhile, this
information is usually not available due to the lack of experimentalestuiliareas away from

what historically has been the interest for c
injection projects are being located away from oil and gas fields, legacy wells, and any potential
leakage path. For that reason, capjllpressure and relative permeability curves are not
commonly available. In this research, a methodology to obtain capillary pressure and relative
permeability curves was developed. Results obtained with this methodology were compared

with real core dataral good results were achieved. If no information on these curves is available
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in the area of interest, this methodology can be used to generatéRibgenvoir engineers can
use the proposed workflow to obtain a first set of relative permeability curves and capillary

pressure for the dynamic modeling if no other information is available.

After including channels subseismic faultsand petrophysical properties the static and
dynamicmodels,several sensitivity cases were run to evaluate the effect of them in the AoR
size. As resultno consideralaleffect was observed i@ O lateral migratioror AoR shape and

size of the modelsrthen subseismic faultswvith realistic characteristicaere included AoR
remainedconstant imarea aftethese suiseismic features were includegen when the faults

characteristics used were modifiedthe upper limit¢o try to make the model fail

Several sensitivities were evaluated to determine if unintended lateral migration could be a
problem in this kind of scenario. As a result of these sensitivities, it was observed that the sub
seismic fault®nly would play a big role if their transmissibility is in the order of 0.01 or lower
(not typical values for subeismic faults in the area of interest). In those cases, the size and
shape of the AoR will be much bigger than the model without faults. AoR &glumes will

also be affected by the direction of the faulgh respect to the flow channels. Faults
perpendiculaor obliqueto the flow channels will play a big role in the lateral migration of the

C O and pressure dissipation. In contrast, faults parallsemiparallel to the flow channels

wonoét pl ag Omigrgtiom ol e i n

In any dynamic modelease and project boundariase of main importance. How big your
boundaries are beyond the leasing area and how those limits are defined by the operator would

make a big difference in the final AoR size and shape.

In full-field models C O injection was performed in different intervals within Miocene
formation. As a resulC O migration was limited to the zones with high permeability and there
was no migration between injection zomesensub-seismic faultsvith typical characteristics

were includedFaults played a role in AoR size only when very low transmissibility values
were usedEven though low permeability zones above and beneath the injection zones are not
considered to be regional seals or impermeable gboms, they acted as a barrterC O
migration This isademonstration thahe composite confinement system concept could safely

retain big quantities a€ O within the injection zones. Additionally, is alsmportantto point
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out that tlose low permeability zones acted@essure sinkPressuréncreasevasobserved
throughout the model and having additional zones between the injection zones helped pressure

to be dissipated on those zones and AmRe smaller than expected.

Uncertainty isalwaysa fact, and in any reservoir characterization and dynamic simulation, is a
constantAny good research generates as many questions as it answers and this has generated
several Future workcouldbe focused on getting a better reservoir and fluid characterization as
well as performing additional sensitivity analysihoosing additional parameters that were
used in the simulation model to perform the sensitivity analysis in thdiléal model.
Properties such as compressibility, ky/kiloundaries extension, residual gas saturation, and
permeability multiplier can be used as sensitivity parameBraluating unintended O
migration using these additional sensitivitiesuld lead to evaluatextra costs caused by
additional leasing area, increase in monitoring plans,legaty well remediation, among
others Evaluation of different strategies such as drilling pressure relief wells, perforation of
additional intervals, and acquiring more leasing a@ald also be considered to reduce the
AOR in case théeasing area is smaller than expected AoR.

As a general conclusion, th&udy showed thatrpdicting C O plume migration is both
important and fraught witbonsiderablysubsurface uncertainty, but sabismic faultsl o e s n 0 t

seem to besomethimg to worry aboutat least not in this setting
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7. APPENDIX

7.1.APPENDIX |

Matrix results for the realistic but flexible models f0rO saturation and pressure front are
presented irFigures 4 through 3. For the continuous narrow geometry geological model,

Figures 46 and47 illustrate theresults obtained:
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For the discontinuous narrow geometry geological moigiure 48 illustrates theresults

obtained:
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Figure 49. Realistic but flexible mod&Discontinuous narrow geometry geological madé@ressure front map
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For the continuous wide geometry geological moBaures ® and 3 illustrate theresults

obtained:
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Figure 50. Realistic but flexible modé&IContinuous wide geometry geological moid€l O Saturation map
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Figure51. AoRi Realistic but flexible modélContinuous wide geometry geological madé&lressure front map

81



For the discontinuous wide geometry geological mdéiglires 2 and 3 illustrate theresults

obtained:
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Figure 52. Realistic but flexible modé&Discontinuous wide geometry geological mdd€l O Saturation map

Figure 53. Realistic but flexible modé&lDiscontinuous wide geometry geological mddelressure front map
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