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ABSTRACT

Full Name : [Rajai A. Al-Hubail]

Thesis Title : [CO2-Carbonate Mudrock Interactions: Investigating the Influence of
Organic Richness and Maturity Variations Through Stable Isotopic,
Geochemical and Petrophysical Analysis]

Major Field  : [Geology]

Date of Degree : [January 2025]

This thesis aims to investigate the effects of CO2 treatment on carbonate mudrock source rock
samples. The main objectives of the study are (a) to investigate the influence of organic richness
and maturity variations on the stable isotopic responses, and (b) to investigate geochemical,
geomechanical, and petrophysical properties of carbonate mudrock after treatment with CO2. The
carbonate mudrock samples used in this study are geographically different; one was collected from
the Upper Cretaceous carbonate mudrock strata in Jordan, and the other one is from the Eagle Ford
Formation, US. The Jordanian sample is richer in organic matter but less mature compared to the
Eagle Ford sample. Compositionally, the Eagle Ford sample has more calcite than the Jordanian
shale sample. The effect of CO2 treatment was examined through sequential sets of petrophysical
experiments, and geochemical analysis complemented with SEM (Scanning Electron Microscope)
imaging and computed tomography (CT) scan. The analysis has been conducted at different stages
on powdered and core samples, sequentially. For core analyses, the workflow started with a dry
initial stage followed by a brine-saturated stage and ended with a CO2-treated stage. For powdered
samples, they were divided into two types: dry and wet/ immersed in 3% potassium chloride (KCl)
liquid brine. The petrophysical analyses included the compressional and shear velocities, electrical
analysis as in permittivity and conductivity, and Nuclear Magnetic Resonance (NMR). These
analyses have concluded that there has been enhancement of the pore system and its connectivity
in the samples, through either dissolution or fracturing. Moreover, JS and EF isotope results reveal
that different isotopes shifted differently with the CO2 dry and liquid brine treatment. Those isotope
shifts are interpreted to be due to different organic matter richness, thermal maturity, and
diageneses processes that the source rock has undergone. Finally, mineral dissolution and mineral
reprecipitation are interpreted by inorganic geochemical analysis, which agrees with SEM as it was

represented by pore size enhancement with an indication of mineral reprecipitation.
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CHAPTER 1

INTRODUCTION

1.1 Background

The increasing urgency of addressing climate change has propelled carbon dioxide (CO»)
sequestration to the forefront of scientific and political discussions over the past three decades.
The interest has drastically increased with the agreement to achieve net zero CO; emissions by
2050 in Paris, 2015, at the UN Climate Change Conference (COP21). Since then, sustainability
technologies, including carbon capture, utilization, and storage (CCUS), have become a major
mutual research interest for both academia and industry, where they are tackled from scientific
and engineering perspectives. In response to the challenge of fulfilling the agreement and the
rising concentration of CO; in the atmosphere, which is mainly driven by industrial activities

and fossil fuel consumption, CO, sequestration is becoming a promising avenue.

Currently, a variety of CO, sequestration methodologies are under investigation, focusing on
the effective capture and secure storage of this greenhouse gas. Key approaches include
geological and biological methods, such as injecting CO» into soil, and geological methods,
such as injecting CO; into geological formations and open deep saline aquifers (Kalam et al.,
2021; Izadpanahi et al., 2024). In some cases, the stored CO; undergoes mineralization and
chemical reactions within these formations, ending up with permanent storage. Another
method is the technological method which involves injecting CO; into oil and gas reservoirs

for enhanced oil recovery (EOR).



Among the various geological formations suited for CO» storage, unconventional hydrocarbon
formations are becoming a promising option. Their widespread availability and substantial
potential storage capacity make them an attractive target for CO, geological sequestration
(Kalam et al., 2021). However, sequestering CO; within these rocks introduces a complex,
multi-scale phenomenon that encompasses spatial dynamics ranging from the nanoscale to the

kilometer scale (Wang et al., 2023).

This complexity necessitates an in-depth understanding of the geochemical and petrophysical

interactions that govern the behavior of CO» in these formations.

This thesis study will focus on the geochemistry and petrophysics of geological CO»
sequestration, as these disciplines are integral to multiple stages of geological CO»
sequestration. Geochemical and physical processes such as absorption and adsorption of CO»,
dissolution, and precipitation of minerals within the targeted reservoirs are explored.
Importantly, the thesis examines how alterations in the properties of minerals may influence
fluid dynamics and capillary trapping mechanisms. Importantly, the thesis will investigate how
high-rate CO; injection can potentially open existing fractures or generate new ones, further
complicating the sequestration landscape. By advancing our understanding of these
interactions, this work seeks to contribute valuable insights into optimizing CO, sequestration

efforts and addressing the pressing challenges of climate change.



1.2 Problem Statement

Understanding the characteristics of supercritical carbon dioxide (CO,) is widely regarded as
a crucial element in predicting its behavior within subsurface environments, as well as in
effectively monitoring carbon sequestration systems and sites (Rosso, 2013; Kalam et al.,
2021). Despite this acknowledgment, there remains significant potential for enhancement in
the monitoring processes associated with the behavior of sequestered CO,. The literature
reviewed on this topic reveals that discussions are primarily divided into two main sections.
The first part focuses on the implications of CO> sequestration in shale formations, addressing
aspects from geochemical, geomechanical, and petrophysical perspectives (e.g., Kalam et al.,
2021; Sun et al., 2023). This thorough examination helps in understanding how these factors

interact with CO; storage and the overall integrity of the geological formations involved.

The second part of the literature delves into the isotopic shifts of carbon and oxygen within
deep saline aquifers, as well as investigations conducted in laboratory settings involving brine.
It explores current monitoring techniques employed in CO; sequestration, emphasizing the
interactions occurring between CO», water, and rock (e.g., Humez et al., 2014). However, a
notable gap in the existing literature is the lack of discussion surrounding the application of
isotopic responses specifically in sequestered shale formations. This oversight presents an

opportunity for further research in a critical area of carbon capture and storage.

A review of isotope geochemistry literature indicates that the degree of fractionation between
two isotopes of the same element is significantly influenced by their respective masses and the
temperature of their surrounding environment. Variations in the isotopic composition of
elements can provide valuable insights into the physical, geochemical, and biogeological
processes that have shaped the characteristics of the rock material involved (Faure & Mensing,

2005).



Therefore, there is an urgent need to explore the utilization of isotopic responses in sequestered
shale formations to advance our understanding and monitoring of CO> sequestration. By
bridging this gap, we can enhance the accuracy of forecasts regarding CO> behavior in
subsurface systems and improve the efficacy of monitoring techniques, ultimately contributing

to more effective and sustainable carbon management strategies.

1.3 Objectives and Research Questions

The main aim of this thesis study is to investigate the effect of CO; treatment on carbonate
mudrock source rocks and to answer whether isotopic signatures can be used as indicators of
CO> sequestration in carbonate mudrock formations. The objectives of the study are (a) to
investigate the influence of organic richness and maturity variations on the stable isotopic
responses, and (b) to investigate geochemical, geomechanical, and petrophysical properties of

carbonate mudrock after treatment with COa.
This study mainly aims to address the following research questions:

1- What is the influence of source rock organic richness and maturity variations on the
stable isotopic responses before and after CO, treatment?
2- What are the possible geochemical, geomechanical, and petrophysical property changes

of carbonate mudrock after CO, treatment?



CHAPTER 2 |

LITERATURE REVIEW

2.1 Carbonate Mudrock Source Rock

Carbonate mudrocks are well known for their inorganic and organic geochemical
heterogeneities, as well as their varying maturity levels. They span from calcium-rich to silica-
rich, organic-rich to organic-lean and immature to mature. Such heterogeneities make the
interest in understanding each type of carbonate mudrocks and their significance in terms of
their chemical and physical behavior when treated with CO,. Figure 1 shows the inorganic

compositional heterogenies across major mudrocks worldwide.

In this thesis study, two compositionally distinct carbonate mudrock samples were chosen to
conduct the experiment; one from the Upper Cretaceous (Maastrichtian) Jordanian carbonate
mudrocks, also known as the Jordan Oil Shale (JS), and the other from the Eagle Ford (EF)

carbonate mudrock.

Another crucial heterogeneity that is mentioned in literature is the geomechanical
heterogeneity of carbonate mudrocks due to their different mineralogical compositions. Some
tend to be more fissile and easily develop internal fractures when treated with CO; while others
reveal more intact internal with less effect after the treatment. Yang et al. (2019) discussed this
heterogeneity and linked it with the complexities of the pore-grain and pore network of the
carbonate mudrocks, varying from nano-size to multi-scale pore throats, as well as their
capability of adsorption and absorption depending on their organic matter richness. Thus, when

total organic carbon (TOC) is low, the effect will be mainly controlled by the geochemical



composition of the inorganic pores. Moreover, the fluid flow in carbonate mudrock is
controlled by the spatial distribution and spatial relationship between organic and inorganic
matter within the rock. Which is suggested to be divided into three types: dense continuous
distribution, sparse continuous distribution, and discontinuous distribution. Adding to this the

dynamic effects in the subsurface which are temperature and pressure.
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Figure 1. Worldwide mineralogical comparison of Carbonate Mudrocks along with JS and EF
of this study Modified after (Usman et al., 2024).

2.2 Source Rock Organic Richness and Maturity

As organic matter sinks in aquatic basins, it accumulates within the sediments and gets buried
over time. Within time, and because of the burial effect and geothermal gradient increase,
organic-rich sediments experience a series of alterations divided into three phases: diageneses,

catagenesis and metagenes (Selley & Sonnenberg, 2014).



Initially, diagenesis takes place in shallow subsurface under regular temperature and pressure.
Throughout this stage, organic matter releases methane (CHas), carbon dioxide (CO3), and water
(H20), leaving behind a complex hydrocarbon termed kerogen, which releases petroleum when
heated. Mainly kerogen types represent the deposition environment as kerogen type I
represents mainly lacustrine deposition environment, whereas kerogen type II is mainly
deposited in marine environments and type III is terrestrial. Finally, kerogen type IV suggests

reworked sediments from older sedimentary formations.

As the burial depth increases, diagenesis evolves into catagenesis by an increase in
temperature. Catagenesis is the primary phase in the early maturation of petroleum formation
as oil onset is at 120°C. Different kerogen types mature differently with the heat increment.
Further burial and temperature increase lead to metagenesis at around 200°C. In this final stage,
the residual kerogen slowly decomposes, resulting in the breakup of the lighter hydrocarbon

molecules to pure carbon.



2.2.1 Organic Matter Primary Productivity and Preservation

In marine sediments, the most popular organic matter (OM) is phytoplankton which consists
of Proteins, carbohydrates, and lipids. Nevertheless, terrigenous OM can be found in marine
sediments which could be drifted away by rivers or wind and could be dissolved or not
(ABOUSSOU, 2016). Usually, bacteria and animals degrade the OM, and nutrients exist in the
water column at the time of precipitation, hence the interest in understanding the relationship
between organic carbon burial and environmental factors that govern the deposition. For
instance, oxic, sub-oxic, and anoxic water will have their bacteria that degrade oxygen,
manganese, iron, and sulfur depending on their existence. The deeper the organic matter sinks
in the sediments water interface (SWI), the more of a shifting reaction will be from aerobic to
anaerobic bacteria where they will need less oxygen, and several redox occurs such as sulfate
reduction below the ferruginous zone (stratified layers of different metabolic niches)
(Konhauser, 2007). However, different environments will change the redox condition, for
instance, restricted basins will have different conditions than in open marine basins in terms of
the chemocline (Oxic to Anoxic level). Organic matter fluxes, rain, sea-level fluctuation, and
sedimentation rate are common factors in primary OM productivity and preservation. In
restricted basins yet with sea level fluctuation, oxygenated water (fresh fluxes) will mix with
the bottom non-oxygenated water, and the bottom nutrient will climb up in the water column

and might end up with mixed chemicals within the water.



2.3 Petrophysical and Mechanical Properties

2.3.1 Pore Geometry and Distribution

The importance of understanding pore structures and their evolution in shale formations has
grown significantly with the increasing focus on carbon dioxide (CO;) sequestration in shale
reservoirs. Their low permeability and high organic content, present both opportunities and
challenges for CO» sequestration. Precise characterization of shale's pore structure is essential

to optimize CO, storage and ensure long-term containment.

Dielectric permittivity is a key parameter that can provide insights into pore size and
distribution within shale rocks. This property measures a material's ability to store electrical
energy in an electric field, as it is influenced by the type and distribution of fluids within the
pore spaces. Dielectric permittivity is a measure of how a material responds to an electric field
and how it affects the electric field within the material. It quantifies the material's ability to
polarize in response to the field. Permittivity is a fundamental property that describes how
much electric field (or flux) can be "permitted" to pass through a material. Different materials
have different permittivity, reflecting their molecular structure and the ability of their
molecules to polarize. Alongside dielectric permittivity, Nuclear Magnetic Resonance (NMR)
can offer detailed information about the distribution and mobility of fluids, enhancing the
understanding of fluid-rock interactions. Finally, Electrical conductivity in rocks is an
important parameter that provides insight into the composition, fluid content, and connectivity

of pore spaces within the rock matrix (Hassan et al., 2024).
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Figure 2. Alignment of Atomic Elements Under Electrical Current Induction (Dielectric
Permittivity — GPG 0.0.1 Documentation)

2.3.2 Acoustic Methods for Elastic Property Characterization

The compressional wave velocity (Vp) and shear wave velocity (Vs) are sensitive indicators of
changes in pore structures and their fluid fills. Vp and Vs measurements provide critical
information on the elastic properties of rocks, which are influenced by the type and distribution
of fluids within the pore spaces. Variations in these velocities can reveal changes in porosity,
pore connectivity, and fluid content, making them valuable for evaluating the effects of CO,
injection. The compressional wave velocity (Vp) and shear wave velocity (Vs) in a rock are
determined by its elastic properties and density. The fundamental equations for Vp and Vs are

given by:

K
Vp = 4;3u and Vs=\/% (1)
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Where Vp represents compressional wave velocity, Vs is shear wave velocity, K is the bulk
modulus of the rock (a measure of the rock's resistance to uniform compression), u is the shear
modulus of the rock (a measure of the rock's resistance to shear deformation), and finally p
represents the density of the rock. Based on the Equation given, any reduction in the stiffness
or hardness of the rock, such as that caused by dissolution processes, will result in a lower
compressional velocity. Conversely, precipitation processes that enhance the hardness and
stiffness of the rock will lead to an increase in compressional velocity. These changes are
crucial for understanding the effects of CO> injection on the mechanical properties of shale

formations.

In this thesis study, by integrating dielectric permittivity, NMR, Vp, and Vs techniques, we
investigate the impact of CO» treatment on shale samples through a systematic approach
involving three stages which will be discussed in the methodology section. This methodology
aims to reveal how CO; injection affects the pore structure and fluid distribution in shale,

providing insights for effective CO» sequestration strategies.

2.4 CO; Sequestration in Unconventional Hydrocarbon Reservoirs

Shale formations are becoming a promising site for CO, geological sequestration due to their
widespread occurrence and relatively large storage capacity potential. CO; sequestration within
shale presents a rather complex, multi-scale process, encompassing spatial dimensions ranging
from the nano to the kilometer scale (Wang et al., 2023). In organic-rich mature shale, the
sequestered CO, will face a “competitive adsorption” with CHjs residing in the shale. It is
believed that a high injection rate will induce fractures, which can host the injected CO; along
with the pre-existing fractures in the shale matrix. Absorption and desorption within the organic

matter are formation pressure dependent (Wang et al., 2024; Lu et al., 2022).
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Goodman et al. (2014) and Murugesu et al. (2023) indicated that there is a positive relationship
between CO, adsorption capacity and TOC within shale formations, and the CO; to methane
adsorption ratio is around 5:1 on kerogens. CO, adsorption capacity increases with shale
thermal maturity as well. Their studies consider the storage of CO» both as a free phase within
fractures and matrix pores and as a phase adsorbed into kerogen and clays. Moreover, the high
adsorption capacity of the clay-rich shale is the reason why shale is considered a suitable host

for COs.

Hazarika et al. (2023) stated that mineralogical composition, pore structure, and rock
geomechanics are the main controls of the adsorption capacity. The ability of gas adsorption
depends on swelling and retention capacity as well as the exchange of cations. One of
(Goodman et al., 2014) proposed shale formations for CO> storage is the Eagle Ford shale
formation, which will be utilized during this study. Finally, understanding the CO»-fluid-rock
interaction is critical to have a better evaluation of the seal integrity to avoid CO; leakage if it
was injected in a saline aquifer with a nonpermeable shale seal above the targeted aquifer

(Cheng et al. 2024).
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Figure 3. A competitive adsorption of CO,-CH4 and CH4 desorption in shale (Wang et al., 2024
and Lu et al., 2022).
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2.5 Isotope Geochemistry

2.5.1 Carbon, Oxygen and Sulfur

Carbon (6 Protons) exists naturally in three isotopes. '>C and '3C are stable isotopes with
abundances of 98.90% and 1.10% respectively, and '*C is the third radioactive isotope with a
half-life of ~5,730 years (Faure & Mensing, 2005). Carbon stable isotopes are fractionated by
chemical and biological processes in nature and can be found in the atmosphere, biogenic

carbonates, and organic compounds.

As well as Carbon, Oxygen (8 protons) exists in nature in three stable isotopes. '°O, '’O and
0 isotopes with abundances of 99.762%, 0.038% and 0.200% respectively (Faure &

Mensing, 2005).

Finally, Sulfur (16 protons) exists naturally in four stable isotopes, 32S, 33S, 34S and 3¢S. The

ratio of their abundances is from *S to 3¢S 95%, 0.75%, 4.19% and 0.014% (Sharp, 2007).

The stable isotopes of elements fractionate when they transition between physical states or
during chemical reactions within compounds. The degree of fractionation between two isotopes
of the same element is mainly influenced by their differing masses and the temperature of the
surroundings. The isotopic composition variations of these elements provide valuable insights

into physical, geochemical, and geobiological processes that have affected the elements.
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2.5.2 Stable Isotope Analysis

Rosso, (2013) discussed the importance of understanding the characteristics of supercritical
COa, as it is essential for forecasting its subsurface behavior and monitoring sequestration
systems and sites. The discussion extended to embracing the possibility of utilizing brine
migration as a tracer for CO, migration from sequestered formations; injected CO; in brine will
affect the isotope kinetics, hence the fractionation of carbon and oxygen might occur due to

dissolution.

The isotopic composition variations of these elements provide valuable insights into the
physical, geochemical, and geobiological processes that have affected the rock (Faure &
Mensing, 2005). Several publications discussed CO>—water—rock interactions (Myrttinen et al.,
2010, 2012; Humez et al., 2014; Serno et al., 2017), and concluded that dissolved inorganic
carbon (8'*Cpic) values can be considered as a reliable trace to monitor the injected CO2 in
aquifers. As well as that, multi-isotopic approaches to geochemical processes are applicable
for monitoring and alarming CO> leakage. Myrttinen et al. (2010) discussed the first study of
on-shore CO:> injection in Europe, at the Ketzin site which started in June 2008. The concept
discussed in the paper was about CO> geochemical trapping through solubility and ionic
trapping within the fluids in the subsurface. Geochemical trapping is affected by several
factors, such as salinity, PH, pressure, temperature, and finally microbial activities. The
013Cco2 of the injected CO> is mainly originated from Cs plant material with values ranging
from -23 to -33 %o, and the §'*C of dissolved inorganic carbon (pic) in the aquifer is around -
10 %o. The results of 613Cpic values after injection reported a negative shift for all three wells.
On the other hand, 6180m20 didn’t record a significant change and remained at around -5.5%o.
The 9-month monitoring study concluded that 613Cpic values can be considered as a reliable

trace to monitor the injected CO; in aquifers.
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A follow-up laboratory study by Myrttinen et al. (2012) further examined water—-rock—CO»
dynamics. As in a previous publication by the same author, geochemical trapping in the
experiment is limited to DIC solubility and ionic trapping, mineral trapping is exempt from the
experiment. Three experiments were performed on quarzitic limestone from the Aquitaine
basin that consists of 70% calcite, 27% quartz, and 3% clay minerals and goethite. The results
were delivered in three phases: baseline, pre-CO» breakthrough, and finally post-CO-
breakthrough. The recorded difference value was around 18.4%o, which coincides with the

values reported from the Ketzin site.

The conclusion of the study again embraces that 313Cpic is a reliable tracer of the injected CO»
with different behaviors during each phase. Humez et al. (2014), shared another interesting
result of the 2011 shallow subsurface CO> injection trial, which took place at the CO,FieldLab
close to Svelvik, Norway. Water samples of varying depths (5 to 15m) were collected at
different phases of the CO; injection, starting from the initial baseline conditions to post-
injection. The analyses include measurements of groundwater PH, temperature, and electrical
conductivity, as well as isotope analysis. The main discussion in the paper was about
differentiating between reactive mechanisms, non-reactive processes (such as mixing), and
COx—water-rock interactions linked to CO; leaks, which are promising for investigating CO»
leakage on a larger scale. The variation in §'*Cpic differed at each depth, displaying the
complex behavior of CO; mixing due to its different sources (including atmospheric, biogenic,
and injected). Nevertheless, due to the limited presence of carbonates in the aquifer and the
diversity of carbon sources, 8'3C alone was not effective in this water-rock interaction tracking
experiment. Different isotope systems such as [§?H-8'80]n20 and [8°S-8'80]s04 clarified some
mixing processes and CO> movement, as well as strontium, boron, and lithium isotopes
analyses. This study concludes that multi-isotopic approaches to geochemical processes are

applicable for monitoring and alarming CO, leakage, yet their implementation could be costly.

16



Serno et al. (2017) reviewed field and laboratory experiments measuring oxygen isotopes in
both the injected CO> and produced water to estimate the residual and structural trapping
mechanisms of the stored CO». Prior to the injection of CO», the oxygen isotope of water and
the injected CO; can reach equilibrium in a matter of days. Another oxygen value shift is
expected due to the mineral alteration process in the reservoir water, which releases oxygen
previously incorporated into mineral structures, particularly carbonate. However, the impact of
this mechanism on alterations in the 6180 values of reservoir water is typically minor

compared with the response to the injected CO,.
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CHAPTER 3

GEOLOGICAL SETTINGS |

Two different carbonate mudrocks (shales) will be examined in this study. The first one is from
the Upper Cretaceous Muwaqqgar Chalk Marl Formation (MCM) in Jordan, which was
deposited under anoxic marine conditions with high TOC and sulfur content. These rocks are
of kerogen-type IIS with mainly alginate and amorphous organic matter and planktonic
foraminifera assemblages (Abu-Mahfouz et al. 2019; Hakimi et al., 2016). The second one is
from the Upper ate Cretaceous Eagle Ford formation from the USA, which was mainly
deposited in a flooded marine continental shelf environment and contains type II and III
kerogens with around 3.2 wt% TOC (Hou et al., 2021). Both the southern parts of the USA and
Jordan were situated at a latitude of approximately 20 to 30 degrees north of the equator during
the Cretaceous period. This positioning placed them in a tropical to subtropical climate, much
warmer and more humid than their current climate. Overall, The Cretaceous period marks a
relatively warm period in the Earth's history with higher sea levels. Nevertheless, it is noticed
that paleowater conditions had different sedimentation control on the shales, which could be
because of the tectonism that created graben basins (Hakimi et al., 2018). Graben basin
inversion in the Syrian arc and extensional tectonism in northern Jordan took place during the
Late Cretaceous through the Paleogene, causing the formation of the Azrag-Sirhan Rift Graben

(Liining & Kuss, 2014).
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CHAPTER 4

METHODOLOGY

4.1 Sample Selection and Preparation

The two shale samples were divided into two main types: core and powdered samples. The
core samples were taken for petrophysical analysis, with precise dimensions of approximately
53 mm in length and 37.26 mm in diameter, these samples were analyzed after each treatment
stage starting from initial dry analysis, brine-saturated, and CO,-treated. For the powdered
samples for geochemical and isotopic analyses, the treatment stages were dry, dry CO»-treated,
and liquid brine CO»-treated. Since the Shale samples in the study are immature, further
artificial maturation on the samples was performed at 250 °C for two days with an aim to have
them around the late oil to condensate stage to investigate the effect of maturity on the CO»
treatment. The same treatment stages of the immature samples were conducted on the matured

samples (dry CO»-treated, and liquid brine CO»-treated).

4.2 CO; Treatment Workflows

4.2.1 Powdered Sample CO; Treatment Workflow

The powdered samples were divided into two types: dry and wet/ immersed in 3% KCI liquid
brine. Both types of samples were treated with CO, for one week individually. Throughout the
entire experiment period, the samples were maintained under a confined pressure of 1,300 psi
and at a temperature of approximately 45 degrees Celsius. CO; was injected and lifted along

with all samples to simulate CO; sequestration conditions.
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4.2.2 Core Sample CO: Treatment Workflow

The core plug samples were saturated in liquid brine for two days to ensure that the samples
were brine-saturated prior to treatment with CO». The saturated samples were then treated with
CO:2 for 30 days. Throughout the entire experiment period, the samples were maintained under
a confined pressure of 1,300 psi and at a temperature of approximately 45 degrees Celsius.
Keeping the samples under such conditions was proposed to simulate the dynamic process of
subsurface CO; sequestration. This approach aimed to capture variations in the petrophysical
and geo-mechanical characteristics of the tested shale samples. After completing the treatment,
workflow, and all analyses, the samples were washed for two days to clean them from salts
produced by the CO» treatment and then they were saturated again in liquid brine for two days

as preparation for a computerized tomography (CT) scan and NMR analysis.
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4.3 Analytical Techniques

4.3.1 Geochemical Analysis

Samples are powdered and then split into several portions as they were carried out for different
labs for different analyses. The first analysis done was in the inorganic lab, which is X-ray
diffraction analysis (XRD) and X-ray fluorescence analysis (XRF) to characterize the
mineralogical and elemental composition of the samples before and after CO, treatment. XRD
and XRF analyses help in understanding the abundance of minerals within the samples which
eventually indicates the rock type, depositional environment as well as chemical reactions
within the sample due to the CO; treatment. Around 50mg of each powdered sample was used
for pyrolysis analysis on Rock-Eval (7S) to acquire S1, S2 (and Tmax), S3, TOC (%), and
Total S content (%). Pyrolysis analysis in this study helped in quantifying the organic content
in the samples as well as understanding the thermal maturity and quality of the kerogen within
the rock samples. The results of this analysis are reported in wt.% for TOC and TS, mg/g rock

for S1 and S2, and finally, °C for Tmax calculated on the S2 peak.

The last portion of the powdered sample was taken to conduct Carbon, Oxygen, and Sulfur
isotopic analyses by gas chromatography isotope ratio mass spectrometry instrument (GC-
IRMS). Multiple calibration standards and sample duplicates were run before and after
samples. Samples’ results of isotope values are reported as per mil difference from their
standards: Vienna PeeDee Belemnite (VPDB) for carbon and oxygen, and finally Vienna

Canyon Diablo Troilite (VCDT) for sulfur.
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4.3.2 Petrophysical Analysis

The analyses on the core samples were conducted in three stages to evaluate the impact of CO»
treatment on the pore structure and fluid distribution within the shale samples. The dry
samples’ initial analysis established a detailed baseline for pore structure, dielectric properties,
and elastic properties VP/VS. This was followed by brine saturation to observe the effects of
brine saturation on the same parameters. The brine saturation of the dry samples was conducted
by submerging the samples in pressurized brine water for 48 hours to ensure full saturation.
Finally, for the CO»-treated samples, the analyses helped in assessing the impact of CO»
treatment on the pore structure, fluid distribution, and dielectric properties of the two different
shale core samples. The analyses conducted on the samples are dielectric permittivity,
conductivity, NMR, Vp, and Vs measurements. The permittivity and conductivity values were
recorded and analyzed to determine changes in pore structure and fluid distribution, while in
NMR, the relaxation times were interpreted to determine the pore size distribution and the
mobility of fluids within the pores. Measurements of Vp and Vs were conducted on the samples
at each stage to evaluate the effects of fluid saturation and CO, treatment on the rock's
mechanical properties. Changes in these velocities were analyzed to interpret alterations in
porosity, pore connectivity, and fluid content. CT scan analysis was conducted on non-treated
sister samples and on the cleaned and saturated core samples to see the internal structure effect

induced by the treatment.
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4.3.3 Microscopic Imaging

Throughout all stages of the CO, treatment including the maturation stages, shale chip samples
were assured to be collected and kept for Scanning Electron Microscopy (SEM) analysis. The
microscopic analysis is meant to be a complementing analysis demonstrating the CO; effect in
the shale rocks in terms of porosity, microstructures, mineral composition, and distribution, as

the samples were for all stages of the CO; treatment.
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Figure 9. The workflow followed for the analysis of the powdered samples
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Figure 10. The workflow followed for the analysis of the core plugs
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Figure 11. CO; Treatment Conditions for both the powdered and core sample
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CHAPTER 5

RESULTS

The results will be reported in three main sections: geochemical analysis results for the
powdered samples, petrophysical analysis results for the core samples, and SEM images of the

surface morphology of the sample chips.

Isotopic geochemical analysis results are reported here following the same CO; treatment
phases; results from initial analysis, results from liquid brine CO; treated samples, and results
from dry CO» treated samples. In addition, results obtained from the artificially matured stage
of the carbonate mudrocks are also reported. The petrophysical results are also reported for the
three phases: dry sample results (the values of the sample without brine saturation or CO»
treatment), followed by results from brine-saturated samples, and finally from CO;_treated

samples.
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5.1 Geochemical analysis

5.1.1 Mineralogical Composition

XRD results of the samples pre-CO; treatment showed that the most dominant mineral in both
samples is calcite with 53% in Jordanian Shale (JS) and 84% in Eagle Ford (EF), followed by
only quartz in EF with 16%. In contrast, the JS sample contained 29% of kaolinite, followed
by 12% quartz and around 6% of pyrite and gypsum. Moreover, Post-CO; Treatment XRD
results showed that calcite is still the most dominant in all samples yet with variation of liquid
brine samples (-LB) and dry samples (-dry). JS-dry had around 52% calcite were JS-LB
showed a calcite reduction to 23% of the sample weight. EF-dry and EF-LB calcite readings
were 84% and 73%, respectively. Kaolinite presence in JS-dry and JS-LB ranged between 34
to 41%. Quartz readings were 11%, 18%, 12%, and 19% for JS-dry, JS-LB, EF-dry, and EF-
LB respectively. Liquid brine samples of JS and EF contained sylvite with 14% for JS-LB and

4% for EF-LB.

Table 1. Mineralogical data for pre- and post-CO; treatment Powdered Samples

Gypsum Sylvite

Sample ID Calcite Quartz Kaolinite

53.2 11.7 29.2 3.2 2.7 0
51.5 11.3 33.8 34 0 0
22.5 18 40.8 4.4 0 14.3
83.8 16.2 0 0 0 0
83.6 12.1 3.8 0.5 0 0
72.7 18.6 4.4 0.5 0 3.7
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Figure 13. Mineralogical Composition plot for pre- and post-CO; treatment powdered Samples.

5.1.2 Elemental Composition

Pre-CO; treatment XRF results revealed that 65% of the JS sample is dominated by calcium
and silicon elements, with the presence of aluminum, sulfur, and iron at around 30% of its
weight. Elements potassium, phosphate, magnesium, and strontium form around 5% of the JS
sample. Moving on to the EF sample, calcium and silicon are the most abundant elements with
about 95% of the sample. Around 4% of the sample contained aluminum, sulfur, and iron, with
only 1% of the sample weight for several elements which are potassium, magnesium, and
strontium. Moving on to the post-CO; treatment XRD results, the data revealed that JS-dry still
contains almost 65% of its weight calcium and silicon elements, with the presence of
aluminum, sulfur, and iron with around 30% of its weight. However, the JS-LB sample contains
only 39% of calcium and silicon. Moreover, around 59% of the sample was split between

aluminum, sulfur, potassium, chlorine, and iron.
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For EF samples, EF-dry contained roughly the same as EF-Pretreatment concentration
percentages (calcium and silicon elements with cumulative concentration of 93%, and 4% of
aluminum, sulfur and iron). EF-LB sample’s calcium and silicon elements percentage reduced
slightly to 83% (10% reduction), with around 14% of the sample were split between aluminum,

sulfur, potassium, chlorine, and iron.

Table 2. Elemental data for pre- and post-CO; treatment Powdered Samples

Sample JS-Pre JS-Dry JS-LB EF-Pre EF-Dry EF-LB

Ca 39.59 41.59 16.51 82.02 80.93 63.22
Si 24.49 23.41 22.37 13.14 12.78 20.64
Al 10.40 9.94 9.48 1255 1.49 237
S 10.82 10.08 12.00 1.15 1.16 1.62
Fe 9.90 10.20 11.65 0.94 1.85 5.08
K 2.14 213 15.18 0.28 0.28 3.45
Cl 0.00 0.00 10.33 0.00 0.01 233
P 1.16 0.95 1.09 0.00 0.02 0.00
Mg 0.61 0.58 0.34 0.28 0.52 0.53
A\ 0.19 0.19 0.19 0.07 0.08 0.08
Cr 0.16 0.18 0.29 0.00 0.21 0.14
Mn 0.01 0.02 0.02 0.07 0.08 0.08
Ni 0.03 0.08 0.17 0.00 0.10 0.09
Zn 0.09 0.12 0.17 0.02 0.02 0.02
Sr 0.40 0.50 0.20 0.46 0.47 0.35
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Figure 14. Elemental Composition plot for pre- and post-CO; treatment powdered samples

5.1.3 Pyrolysis Analysis

JS Immature sample from the bulk rock method showed a relatively low value of S1 (the
amount of free HC) as it was around 4.4 mg/g of rock. However, the S2 (HC generated through
thermal cracking of non-volatile organic matter) value was substantially high; 98.8 mg/g of
rock. Tmax calculated on top of the S2 peak (the temperature at which release of HC from
cracking of kerogen) was 416 °C with total organic carbon (TOC) of 12.22 wt. %, and around
3% of total sulfur. Hydrogen and oxygen index readings were 808 and 7, respectively. In
comparison, the EF Immature sample showed low values of both S1 and S2; around 2 and 17

mg/g of rock respectively. As well as that, TOC was around 1.9 wt. % and TS was 0.5 wt. %.
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Table 3. Pyrolysis Data for Immature and Mature Samples

Sample S1(mg/g) S2(mg/g) Tmax(°C)
JS_Immature

HI TOC (%) TotalS (%)

EF_Immature

1000
T 1
I 1
Immature ' 0il condensate | Dry Gas Js—”;"‘"
° = EF_Mature
800 JS_lmmature.

g

Type 11

EF_Immature
i @

Type II-111

&
S

g

Hydrogen Index (HI,mgHC/gTOC)
g 8

Type 111

200
100
Type IV
0 1 1
400 410 420 430 440 450 460 470 480 490 500
Tmax (C)

Figure 15. Pyrolysis plot for Imnmature and Mature samples, Mature Samples exceed the plot
limits
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5.1.4 Isotope Analysis

Starting with the immature Pre-CO: Treatment analysis, the JS sample showed a §**S value of
-5.67 (%o VCDT), which is heavier than the EF sample & 3*S value of -18.53%o. EF sulfur
Isotope analysis barely produced a peak at all, thus more sample weight had to be added to
produce a reading of 5**S. §"*C (%oVPDB) and 3'30 (%0VPDB) values of JS are -1.59 %o and

-2.26 %o respectively. EF Isotope readings were -0.78 %o for & 1*C and -6.99 %o for & '30.

After CO, Treatment of the immature samples, JS samples showed 6**S values of -7.54%o for
JS-dry and -9.15%o for JS-LB. 8'3C values of JS are -1.63 %o and -4.00 %o for JS-dry and JS-
LB respectively. Finally, for the JS sample, the value of §!%0 for JS-dry was -1.73%o, and for
JS-LB the value was -2.92%o. EF-Dry Isotopes readings were as follows: -16.87 %o for 84S,
and -1.33 %o & *C and -7.36 %o for & '*0. Finally, EF-LB isotopes were -12.06 %o for 5°**S, and

-2.25 %0 & 13C and -6.99 %o for & '30.

Isotopic analyses were conducted on the same stages for the artificially matured samples, and
the results of the mature Pre-CO, Treatment samples showed that §'3C (%0 VPDB) and §'0

(%o VPDB) for JS are -1.36 %o and -1.93 %o and for EF are -0.76 %o and -7.01 %o respectively.

When those samples were treated with CO>, JS sample §'°C values were -1.60 %o and -1.53 %o
for JS-dry and JS-LB, and & '80 values were -1.69 %o for JS-dry and -1.77 %o for JS-wet. §'°C
and 6'%0 values of EF-Dry sample are -0.85 %o and -6.96 %o, and finally EF-LB values are -

0.87 %o for 6!'3C and -7.17 %o for 5'20.

33



Table 4. §"*C, "0 and &S isotope data for all stages of the immature and mature samples

Sample ID 8"°C (%VPDB)  8'°0 (%VPDB)  &*S (%0 VCDT)
Immature_JS-Pre -1.59 -2.26 -5.67
Immature_JS-dry -1.63 -1.73 -7.54
Immature_JS-LB -4.00 -2.92 -9.15

Mature_JS-Pre -1.36 -1.93 NA
Mature_JS-dry -1.60 -1.69 6.95
Mature_JS-LB -1.53 -1.77 4.61
Immature EF-Pre -0.78 -6.99 -18.53
Immature EF-dry -1.33 -7.36 -16.87
Immature EF-LB -2.25 -6.99 -12.06
Mature_ EF-Pre -0.76 -7.01 -13.60
Mature_ EF-dry -0.85 -6.96 8.57
Mature EF-LB -0.87 -7.17 2.46
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5.2 Petrophysical Analysis

5.2.1 VP/VS Results

Starting with the JS sample, JS dry VP and VS values were 2231 M/S and 1360 M/S,
respectively. JS brine saturated values were 2543 M/S for VP and 2329 for VS, while
JS CO;_Treated VP value was 1420 M/S with no VS value as it was analyzed by the ProCeq
instrument. VP/VS analysis was repeated after cleaning the CO»-treated samples from salts and
saturating them with brine for two days. The JS post cleaning VP value was 2643 M/S and
with no VS value as there were no wave to pick. The Vp/Vs ratio of the JS pre-treated sample
is 1.64.

For EF sample, the VP values were 5445 M/S Dry, 5533 M/S Brine Saturated, 5230 M/S
CO»_Treated, and finally, 5459 M/S for the post_cleaning sample. EF VS values are 2932 M/S
Dry, 2570 M/S Brine Saturated, 2100 M/S CO,_Treated, and 3138 M/S for Post Cleaning. The
Vp/Vs ratios of the EF sample are 1.86 for the pre-treated sample and 1.74 for the post-cleaning

sample.

Table 5. Vp/Vs Values of JS and EF samples for all stages

Sample Vp (M/S) Vsl (M/S) Vs2 (M/S) Vp/Vs Ration
JS-Dry (PRE) 2231 1360 1361 1.64
JS-Bine_Saturated 2543 2345 2329 1.09
JS-CO2_Treated 1420
JS-Post_Cleaning 2643
EF-Dry (PRE) 5445 2909 2932 1.86
EF-Bine_Saturated 5533 2721 2570 2.15
EF-CO2_Treated 5230 2103 2100 2.49
EF-Post=CIeaning 5459 3138 3146 1.74
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5.2.2 NMR Results

Initially, JS and EF samples were examined by NMR after brine saturation and CO» treatment.
For JS Brine Saturated the dominant T2 peak was observed at 2.818 with 1.966 T2 log mean.
After CO; treatment, JS CO,_Treated sample dominant T2 peak was observed at 3.162 with
2.292 T2 log mean. Total porosities for JS were 16.3 p.u for the brine saturated, and 17.3 p.u
for CO,_Treated. For the EF sample, dominant T2 peaks were observed at 0.316 with 0.504
T2 log mean for Brine Saturated and 0.398 with 1.024 T2 log mean for CO,_Treated. The total
porosities for EF were 0.55 p.u for the brine saturated sample and 0.776 p.u for CO,_Treated.
Further stages were done after the CO» treatment of the samples, which was cleaning both cores
from salts and then brine saturating them to investigate the porosity reading of the EF sample
specifically. After Cleaning the samples, the JS sample dominant T2 peak was observed at
3.162 with 2.756 T2 log mean, and the second peak was at 0.125 p.u. EF sample dominant T2
peaks were observed at 0.282 with a 2.361 T2 log mean. The total porosities for the samples
were 21.0 p.u for the JS sample, and 0.913 p.u for the EF sample.

The two stages of plots shown in Figures 16 and 17 represent 1) the brine-saturated stage (blue)

and 2) the final stage after CO, treatment, cleaning from salts and brine saturation (red).
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Figure 16. NMR results for all stages of the JS sample
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Figure 17. NMR results for all stages of EF sample
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a) JS Gravitational Porosity Calculation

Volume of the Core Plug Calculation:

The formula for the volume ¥ of a cylinder is:

V=m?h ()
where:

e 7 is the radius of the cylinder,
e /1 is the height (or length) of the cylinder.
Given:

e Diameter d = 37.26 mm, so the radius » = d/2 = 37.26/2 = 18.63 mm.
e Length 2 =52 mm.

Volume Calculation:
_ 2
V' =mn(18.63)7(52)
V'=~3.14159 x 347.0769 x 52

V'=3.14159 x 18048.00

V~56715.17 mm>

Cubic millimeters to cubic centimeters (1 cm?® = 1000 mm?):

V =56715.17 mm?> x 1cm3/1000 mm?> = 56.72 cm?

Volume of the Pore Space Calculation:

The volume of the pore space is calculated from the difference in the wet and dry weights of
the core plug, assuming the density of the brine.
Given:

e Dry weight Wg7=103 g,
o Wet weight Wy, =111.27 g,
e Density of brine pprine = 1.01 g/cm3.

The weight of the brine in the pore space is:
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Whrine =Wy —Wq=111.27g-103g=8.27¢

The volume of the pore space Vpores can be calculated using the density of the brine:

3
Vpores = Whbrine/ pbrine =8.27 g/ 1.01 g/cm = 8.19 cm3

Porosity Calculation:
Porosity ¢ is defined as the ratio of the volume of the pore space to the total volume:

¢ = Vpores/ Vpores = 8.19 cm?/56.72 cm? = 0.1444

Percentage Conversion:

¢ =0.1444 x 100% = 14.44%
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b) EF Gravitational Porosity Calculation
Volume of the Core Plug Calculation:

The formula for the volume ¥ of a cylinder is:

V=m?h ()
where:

e 7 is the radius of the cylinder,
e /1 is the height (or length) of the cylinder.
Given:

e Diameter d = 37.26 mm, so the radius » = d/2 = 37.26/2 = 18.63 mm.
e Length 2 =53 mm.

Volume Calculation:

v =1(18.63)2(53)
V=~3.14159 x 347.0769 x 53

V'=3.14159 x 18395.0767

V= 57782.96 mm>
Cubic millimeters to cubic centimeters (1 cm?® = 1000 mm?):

V = 57782.96 mm?> x 1cm?/1000 mm3 = 57.78 cm?

Volume of the Pore Space Calculation:

The volume of the pore space is calculated from the difference in the wet and dry weights of
the core plug, assuming the density of the brine.

Given:

e Dry weight Wg=153.24 g,

o Wet weight Wy, = 153.56 g,

e Density of brine pprine = 1.01 g/cm3.
The weight of the brine in the pore space is:

Whrine =Ww —Wd =153.56 g-153.24g =0.32¢g
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The volume of the pore space Vpores can be calculated using the density of the brine:

3
Vpores = Whbrine/ pbrine =0.32 g/ 1.01 g/cm = 0.3178 cm3

Porosity Calculation:
Porosity ¢ is defined as the ratio of the volume of the pore space to the total volume:

¢ = Vpores/ Vpores = 0.3178 ¢cm?/57.78 cm3 = 0.0055

Percentage Conversion:

» = 0.0055 x 100% = 0.55 %
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5.2.3 Dielectric Results

Starting with the JS sample, a noticeable increase in permittivity at the low frequency
(representing big pores) and permittivity dispersion was observed as the sample shifted phases
from dry to brine-saturated to CO,-treated. The higher frequencies in permittivity show the
microstructures that the influx and displacement of electrical charge are very minimal to move
in, meaning smaller pore sizes. The curvature within the permittivity dispersion curves also
increased across these stages. Additionally, the separation between the inlet and outlet
permittivity values widened. Electrical conductivity measurements followed a similar trend,
showing a significant increase from dry to brine-saturated to CO»-treated. Conductivity started
to increase in the brine-saturated state and the separation between inlet and outlet conductivity
values continued.

In the EF shale samples, a progressive increase in permittivity at the low frequency and
permittivity dispersion was also observed during each stage. As well as that, the curvature
within the permittivity dispersion curves also increased. Additionally, the separation between
the inlet and outlet permittivity values widened. However, after CO> treatment, this separation
was significantly reduced. Conductivity measurements followed a similar trend as the
Jordanian sample, and it was further enhanced in the CO,-treated stage. Although the
separation between inlet and outlet conductivity values persisted, it was reduced in the CO»-

treated sample.
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Figure 19. Dielectric Conductivity Data for JS sample
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Figure 20. Dielectric Permittivity Data for EF sample
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5.3 SEM Images

SEM imaging revealed insights into the microstructures, pore structure and geometry for the
samples at their initial none-treated stage, followed by CO,-treated stage. The samples scale
ranges from 100 to 1 micrometer (um). The SEM images of the none-treated samples
demonstrated the initial morphology, microstructure and the pore spaces. Moreover, Initial
samples indicated the presence of well-preserved foraminifera. Overall, SEM images for post
COa»-treated chips highlighted sort of “disturbance” of the sample microstructure with some
evidence of diagenetic overprinting such as reprecipitation. As well as this, the post CO»-
treated samples revealed a possible enhancement of microfractures, and pores counts. SEM

images were analyzed form CO»-treated core samples sides and center.

5.3.1 JS Samples

Figure 22. SEM Images for the initial pre-treated stage of JS
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Figure 23. SEM Images for the post CO;-treated stage of JS core side showing possible
microstructure and pore enhancement

Figure 24. SEM Images for post CO,-treated stage of JS core center showing diagenetic
overprinting
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5.3.2 EF samples

Figure 26. SEM Images for initial pre-treated stage of EF showing microstructures and pores
distribution
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Figure 27. SEM for post CO2-treated stage of EF core side showing diagenetic overprinting
such as reprecipitation

Microstructure
Enhancement

Figure 28. SEM for post CO2-treated stage of EF core center showing possible microstructure
and pores enhancement
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5.4 CT Scan

The CT scan analysis provided useful insight in terms of internal structure and density
variations within the samples. CT scan results include total of four core samples across the

stages examined, which are pre-treatment and post-treatment.

Starting with the pre-treatment JS and EF samples, both samples exhibited relatively uniform
density distributions with CT distribution ranging from 1300 to 1500 in JS sample, and from
2200 to 2800 in EF. Initial average densities for JS and EF samples are 2.199 g/cc and 2.293
g/cc respectively. Initial pre-treated samples revealed a clear distinction in terms of density and

internal structure.

Post CO»-treatment sample illustrated density variation across the sample moving from the top
to the bottom with wider CT distribution ranging from 1300 to 1600 in JS sample and from
2000 to 2800 in EF. JS sample average densities were reduced to 2.044 g/cc, as well as EF
sample with an average of 2.293 g/cc. Finally, the JS sample exhibited a more localized

increment of density.

49



LREO00

RV

g’

g T

@@@W
OOOOOOOR |

CT Distribution

1100 1200 1300 1400 1500

Approx. Density gec

RajailFs

Figure 29. CT scan images of untreated JS sister sample

IERRNNNNNENNNENN

y .

=S

e,

Rajai MSedorbaaTagleTord

Figure 30. CT scan images of CO2-treated JS sample

50






?

jM\i

- "\

¥ ]

e i e e
_—

00 02 04 06 08 LO
Increasing Frequency ==»>

( (&~ It‘” \
& AE I
9
EIEE:
PAS :

F¥ S 3
52

o a8
’WQ p—

cT
1800 2000 2200 2400 2600 2300

|
24 26 28 30 32 34

Approx. Density giee

Figure 32. CT scan images of untreated EF sister sample

52

Full Range
Calibrate Legend

Help

Quant: |2.540

Data :[1822



1000 [ [ TTTT

T

| 3 5P IS0 Y S IR

1001

L L

P

L

1002

Ll

| DA R Y D

1003

LLLLLLLLLLL

e

il

1004 | 1 | LU
1500

Rajai MScJordanEagleFord

0.0 02 04 06 08 L0
Incoaasing Froquancy soip

YY)
G
Yy
S S Y |
Vv Y Y
Y | |
VWY

)

b b b
o - ) )
Y
o, - -y -
e

T, - ) -
@ A\

o )
r Y_‘r w Y

-

| -

Y e =

o | |

ip-ll
cr

3000

ElEE

iy v
30

2500

3000 |

Max: ]3123

{Min: [1400 Apply I Defaults

Figure 33. CT scan images of CO:-treated EF sample

53

[ ez P O05[10_

Full Range
Calibrate Legend

Help

Quant: { 2293
Data : {1506




Figure 34. CT scan images of EF samples; non-treated sister sample (Top) and CO;-treated
sample (Bottom)
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CHAPTER 6

DISCUSSION |

Different types of the same set of samples and different CO, treatment conditions and artificial
maturation were deployed to establish initial base line results on the well characterized

Jordanian MCM and Eagle Ford carbonate mudrock formations.

For the powdered samples, conducting CO> treatment on -dry and -liquid brine wet samples
were to examine the fluid-rock-CO> reactions (in liquid brine sample) versus the CO»-rock
reactions (in dry samples). Although, this is considered to be a first to second order chemical
reaction, this approach succeeded in capturing variations in the geochemical characteristics
under different conditions. Keeping the samples during the CO» treatment under a confined
pressure of 1300 psi and a controlled temperature of 45 degrees Celsius, was proposed to
simulate the dynamic process of subsurface CO, sequestration. The workflow unlocked a
detailed comparison between the two different conditions in terms of isotopes responses as

well as mineralogical and elemental readings, which will be discussed in detail in this chapter.

Petrophysical, SEM and CT scan analysis on core samples demonstrated an overall valuable
answer to one of the thesis research questions of investigating the implication of petrophysical
analysis on CO; treatment in carbonate mudrock samples. Complementing SEM and CT scan
on this study was crucial to emphasize the effect of CO» treatment on those cores. Both analyses
helped on illustrating potential effects in term of the internal structure, microstructure, pore

space distribution and geometry, and finally mineral reprecipitation shown in Figures 22-30.
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6.1 Pre CO2-Treatment Sample Characterization

Inorganic geochemical “Mineralogical and Elemental” analysis in Tables 1 and 2 suggest that
calcite and Quartz coexisting with moderate to high percentages in both JS and EF samples
coincide with the nature of their deposition environment which is shallow-deep marine setting.
Quartz could be a product of biomineralization from some types of plankton or diatoms.
Moreover, kaolinite presence in the JS sample suggests that kaolinite might originated from
the chemical weathering of feldspar-rich rocks, representing early diagenesis and shallow depth
of the formation. More confidence of the XRD data was built from the XRF data with fair
percentages of aluminum and silicon in the JS sample. XRF data of EF sample showed that

calcium was dominant in the sample reflecting the high calcite percentage from XRD.

For source rock characterization from organic geochemical pyrolysis analysis, the analysis can
be spilt into three major parts: source rock richness, quality and thermal maturity. JS sample
showed high total organic carbon (TOC) of 12.22 TOC%, with quality of type IIS indicated
from hydrogen and oxygen indices and sulfur presence (3.25 total sulfur %) (Table 3). This
indicates that the sample is deposited in restricted marine settings with influxes of iron as pyrite
exists within the sample composition (3% from XRD in Table 1). Furthermore, EF sample has
relatively low organic content interpreted by the 3 TOC% with type II kerogen quality. As
Figure 15 illustrated, both samples are immature as the Tmax for both samples are below
kerogen type II source rocks common oil window of 435°C. These results contributed
significantly to answering whether the samples are the perfect choice for the experiment or not.
The results indicated that JS is the organic rich sample, EF is the organic lean sample with 84%
calcite (Figure 13), and both of them are immature, hence the artificial maturation for both

samples successfully sufficed the comparison needed in this thesis study.
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The isotope compositions of 3'*C, '*0, 6**S in JS and EF pre-treatment samples are examined
to understand their initial environmental and diagenetic histories. The 6'*C values provide
insights into the sources and processes of carbon (-5 to +2 %o values are representative for
sedimentary carbon). Furthermore, Oxygen isotopes (8'®0) serve as an indication for
paleotemperatures and water sources of the samples and finally sulfur isotopes (6**S) are used
to indicate sulfur origins and microbial activity. JS and EF samples have values of 6'*C of -
1.59 %0 and -0.78%o indicating sedimentary carbon. The $'*0O varied from -2.26%o in JS to -
7.01%0 in EF, suggesting that JS had undergone in less extensive diageneses and burial in
comparison to the EF. EF might have formed at relatively higher temperature or undergone
through post alteration due to water mixing after precipitation. The variations of 6*S values of
-5%0 in JS and -18%0 in EF can be interpreted by different sulfur sources and diagenetic
conditions experienced on the samples. JS sample indicating a possible marine in origin sulfur
reading while the lighter value of &*S in EF could indicate non-marine sulfur sources or
reducing environment activity. Moving forward in this chapter, the discussion will be

developed to investigate further on isotope responses to CO; treatment on the samples.
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6.2 Post CO>-Treatment Characterization

6.2.1 Petrophysical Analysis

a) VP/VS

As indicated by the results, there was an increase in compressional wave after the sample was
saturated with brine which is expected because there is an increase in bulk modulus due to the
introduction of brine fluid within the sample, which is incompressible compared to air. This
was applicable for both, the Jordanian shale and the Eagle Ford samples. Moving forward, the
Vp values dropped once the samples were treated with CO,, with the Jordan shale showing a
significant drop which could be due to either bulk modulus gas effect (decreasing bulk
modules) or newly formed fractures. Another factor that can be considered is either the
dissolution of calcite was so high (from geochemical analysis study of the same samples), or
the layers of the newly formed Kaolinite, which might have created or enhanced the pores

causing the drop in compressional velocity.
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b) NMR

the results of the NMR after CO; treatment indicated a shift in the first major peaks of T2
relaxation time (longer T2 relaxation time) suggesting an enhancement within the pore system
and its connectivity which coincides with SEM and CT Scan analysis. The first peak could be
related to the matrix pores as low relaxation time originally could indicate smaller pores.
Shifting this peak to the left could be an indication of dissolution. The second peak, which
could be related to longer pores (fractures or layering of clays), hence more relaxation time
will increase the shift, Figure 28 shows microstructure enhancement. However, the increase in
the relaxation time is not that pronounced, indicating a smaller enhancement for the layering
of clays and fractures. VP/VS and NMR data for both samples suggest that there are no
pronounced changes in the samples after CO; treatment, indicating no major concern about

rock integrity when treated with CO,.
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¢) Dielectric

Starting with the Jordanian shale sample, the increase of permittivity when shifting from dry
to brine-saturated to CO»-treated indicates that the introduction of fluids (whether brine or CO»)
accelerated the movement and displacement of charges within the sample. However, the
minimum displacement of higher frequencies in permittivity suggests lower fluid content
accessibility. Additionally, the curvature dispersion increase indicates pore system complexity
which coincides with the CT scan in Figure 30. Possible heterogeneity in the sample was
interpreted by the separation of inlet and outlet. Electrical conductivity increments as moving
toward the brine-saturated stage is mainly due to the presence of brine-free ions, which
facilitated charge movement, and it was even higher in the CO»-treated stage. This elevated
conductivity with CO» treatment highlights the enhancement of fluid-rock interactions and pore
connectivity. As well as permittivity, the separation between inlet and outlet conductivity

values continued, which agrees with the interpreted heterogeneity along the sides of the core.

In the Eagle Ford shale samples, a progressive increase in permittivity at the low frequency
demonstrates the same effect that occurred in the Jordanian sample with greater complexity
within the pore system interpreted by the permittivity dispersion curvature increase. The
heterogeneity in the sample along opposing directions was also interpreted. However, the
separation between inlet and outlet conductivity values was reduced in the CO»-treated sample,
indicating a decrease in heterogeneity on the sides of the Eagle Ford shale core sample. CT
scan result in Figure 33 shows an overall homogeneous density across the whole Eagle Ford
sample. Overall, when comparing the two types of shale, the Jordanian shale exhibited a more
pronounced increase in both permittivity and conductivity than the Eagle Ford shale.
highlighting a greater sensitivity to fluid saturation and CO, treatment. The observations

successfully highlighted the impact of fluid saturation and CO> treatment on the electrical
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properties and pore structure of both samples, with the Jordanian shale sample showing a more

pronounced response.

6.2.2 Geochemical Analysis

Mineralogical results illustrated a clear relationship between calcite and liquid brine CO»
treated samples, as JS showed around 30% drop of its calcite content and EF’s calcite dropped
by 11% of the total sample. Dry CO2-treated samples had almost the same calcite composition
percentages. This could be explained by the expected calcite dissolution process. Mineral
dissolution is interpreted as well from SEM as it was represented by pore size and
microstructure enhancement. Quartz on the other hand showed an average 5% increase in
mineralogical compositions of the liquid brine samples. Sylvite mineral (KCI) formed during
the chemical reactions of the liquid brine CO; and shale samples which coincides with the
elemental analysis as the increment is clear in potassium and chlorine. Mineral reprecipitation
was confirmed from SEM images in Figure 27. Same as calcite, calcium was the only element
that showed a clear compositional drop in liquid brine CO2-treated samples. Overall, post CO»-
treatement carbonate mudrock geochemical properties coincide with what was illustrated on
SEM images such as mineral dissolution represented by pore size enhancement, and

reprecipitation.

Precipitated
minerals

Figure 35. Dissolution and precipitation processes during CO; injection (Li et al. 2022), which
agrees with the thesis SEM results from Figures 24 and 27
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6.3 Influence of Organic Richness and Maturity Variations on Stable Isotope

Ratios for pre- and post-CO:z-Treated Samples

6.3.1 Sulfur Isotope Ratios

8**S values of the immature samples showed an interesting divergent trend. The 6**S of JS
exhibited lighter values in the dry and liquid brine samples (total of -4%o from JS-pre to JS-
LB), while EF showed heavier §**S readings with around 6%o from EF-pre to liquid brine CO,
saturated samples. What is worth noticing is that 5**S values responded even to the dry CO»-
treated samples, indicating that CO»-rock interaction affected the **S values even at low
concentrations of the sulfur element (sulfur is only 1.6 % in EF). A possible interpretation of
the divergent trend phenomena would be the fact that the origin of sulfur and diagenesis on
both samples are different, as well as their organic richness, initial maturity variation, and

distinct organic macerals residing in those kerogens.

6.3.2 Carbon Isotope Ratios

Starting with the Immature samples, 8'*C values illustrated '*C depletion with the values being
isotopically lighter by 2.4%o in JS and 1.4%o.. both samples suggest that the liquid brine CO»
treated samples have more effect on 8'3C values. The §'3C isotope shift in the immature JS dry
CO> treated sample is almost negligible with isotope values being isotopically lighter by
0.033%o. On the other hand, 3'3C isotope shift in the immature EF dry CO> treated sample is

relatively higher with isotope values being isotopically lighter by 0.55%o.

Interestingly, and in contradiction with what was noticed in the immature samples about '3C
depletion in the liquid brine CO> treated samples. Both mature JS and EF liquid brine CO»
treated samples showed minor depletion of §'°C with 0.174%o shift on the mature JS liquid

brine CO; treated sample and 0.11%o shift on the mature EF liquid brine CO; treated sample.
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Given the fact that the liquid brine used has the same chemical formula in both the immature

and mature samples, maturity variations could contribute significantly to 8'3C isotope readings.

The 3'3C isotope shift in the mature JS and EF dry CO, treated samples were 0.24%o for JS and

0.09%o for EF.

6.3.3 Oxygen Isotope Ratios

For the immature samples, 6'0 values depicted an interesting distinct pattern in terms of their
response to the dry CO; treatment. Dry CO> treated 3'0 values are heavier in JS by 0.54%o,
yet EF results show the opposite as EF-dry samples exhibit 0.37%o lighter 5'80. This could be
because of the different mineral compositions of the samples. Moreover, mature dry CO2-
treated samples showed the same pattern for JS with 0.24%o enrichment. Mature EF dry CO>

treated samples exhibit 0.05%o 5'%0 enrichment.

d3C (%0VPDB) vs. d'80 (%oVPDB)

Immature_EF-Pre“lvlature—ﬂ:"Pre

-1 Mature_EF-dry Mature_EF-LB

Mature_JS-Pre P

Mature_JS-LB ’

Immature_EF-dry
Mature_JS-dry L Immature_JS-Pre

Immature_JS-dry

Immature_EF-LB

d3C (%oVPDB)

-4 o

Immature_JS-LB

0 1 2 -3 -4 -5 -6 -7 -8
d!%0 (%.VPDB)

Figure 36. Plot for d13C (%0 VPDB) vs. d180 (%.VPDB) isotopes for all samples showing the
shift differences between both samples as well as their maturity stage. it is well noticed that
Immature JS-LB scores the biggest carbon isotope shift
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6.3.4 Stable Isotope Fractionation

As discussed in the literature, usually different physical and chemical behaviors of isotopes
will lead to isotopic fractionation effects hence this will give an isotopic shift in their values.
The interest in carbon and oxygen isotopic shifts in this study is because both coexist in both
reactants; CO; and in carbonate systems as the general calcium carbonate chemical formula is
CaCOs. Nevertheless, when introducing organic matter to the system, the molecular
complexity of the kerogen (Figure 37) will play a substantial role in the kinetic isotope effect

during the chemical reactions.

(2)

I-A

Figure 37. An illustration of variable chemical formula for each kerogen types (Sun et al., 2023).
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Isotope enrichment and depletion in this empirical thesis can be interpreted by the fact that
heavy isotopes tend to favor the stronger element chemical bounds (Bigeleisen,1965). In this
thesis study, the isotope results showed insightful interpretation that kerogen existence as well
as thermal maturity may result in different isotope ratios when carbonate mudrock is treated
with CO,. Further detailed organic geochemistry, such as fingerprinting and biomarker
analysis, is advised to be done to investigate the precise effect of kerogen types on isotope
shifts, which is beyond the scope of this thesis study. Nevertheless, the pronounced carbon
isotope shifts in both immature samples coincide with the fact of the availability of organic

matter in the samples.

In this laboratory experiment, CO> was introduced to the sample with confined pressure with
constant temperature and for a certain period. This makes the possibility of the isotope
portioning due to the equilibrium effect, i.e., first to second-order chemical reaction. Which
was interpreted by mineral dissolution and reprecipitation. Thereupon, CO, sequestration in
the subsurface with carbonate mudrock formations will theoretically result in isotope shifts

which could be recorded by reading isotopic values systematically.
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CHAPTER 7

CONCLUSION|

This thesis explored the implications of analyzing isotopic responses, alongside geochemical
and petrophysical analyses, concerning CO, treatment in carbonate mudrock samples.
Beginning with the geochemical analysis, the study interpreted mineral dissolution, which was
corroborated by scanning electron microscopy (SEM), demonstrating enhanced pore size.
Additionally, mineral reprecipitation was confirmed through inorganic geochemical analysis

and visual evidence from SEM images.

In the context of petrophysical analysis and computed tomography (CT) scanning, the results
indicated a drop in velocity (VP) after CO» treatment, with a more pronounced decrease
observed in the Jordanian shale sample. This reduction is attributed to several factors, including
the bulk modulus gas effect (which decreases bulk modulus), the formation of new fractures,
or the dissolution of calcite.Furthermore, there was an increase in T2 relaxation time,
permittivity, and electrical conductivity following CO- treatment. These changes suggest
enhanced dissolution, an improved pore system, increased connectivity, and the creation of
new fractures within the rock. Overall petrophysical data for both samples suggest that there
are no pronounced changes in the samples after CO; treatment, indicating no major concern

about rock integrity when treated with COa.

Lastly, the isotopic analysis revealed that different isotopes exhibited varying shifts in response
to CO; treatment with dry and liquid brine. These distinct responses are interpreted as being
influenced by variations in organic richness and thermal maturity, and the diagenetic processes
that the source rock has undergone. Finally, the pronounced carbon isotope shifts in both

immature samples coincide with the fact of the availability of organic matter in the samples.
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