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The primary importance of the preservation of cores collected during drilling is to
maintain the core and its fluids as close as possible to in-situ conditions. Fluid loss
resulting from poor preservation (evaporation and expulsion) is a major problem in
sampling source and reservoir rocks for laboratory analysis. Free hydrocarbons in the
rock sample are greatly affected by the sample preservation conditions. Pyrolysis
parameters are affected by the preservation process and its duration due to the mass loss
of hydrocarbons over long storage times and poor preservation. This research project
aims to determine the impact of extensive sample storage time and delayed sample
processing and analysis on the results obtained from geochemical analyses. A specific
experimental design and sample selection strategy has been followed to achieve optimal
results towards an enhanced uncertainty estimate when dealing with geochemical data
from samples that have been exposed to variable storage times. Well-preserved core
samples were used to conduct this study. Each preserved core was run individually for
pyrolysis through consistent time cycles. Results from each run were plotted to
determine the effects of sample storage time and analytical delays after sample
extraction from the well. Furthermore, existing pyrolysis measurements from the non-

preserved core from the same wells were compared with the results obtained from the
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preserved samples. Overall, results from preserved samples show no significant
changes in pyrolysis parameters. However, comparisons between pyrolysis results from
preserved and un-preserved core samples from the same interval show significant drops
in free hydrocarbon (S1), potential hydrocarbon (S2) and total organic content (TOC)
measurements for un-preserved samples. Those changes are interpreted as results of
hydrocarbon losses due to poor sample preservation prior to lab analysis. In conclusion,
relying on unrepresentative pyrolysis measurements from poorly preserved samples can
critically impact results used for many geochemical applications and source rock

assessment.
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Chapter 1

Introduction

1.1 Background

Geoscientists utilize numerous technologies and approaches to predict oil and natural
gas occurrences in the subsurface. Subsurface rock samples offer valuable geological
information as they provide material that can be studied for many physical and chemical
properties and used as calibration parameters for geological models. Thus, the

implications of the accuracy and reliability of these data can be significant.

Through rock geochemistry, exploration efficiency can be enhanced by accounting for
many of the variables that control the volumes of crude oil and natural gas, including
source-rock distribution, organic richness, and thermal maturity (Al Eid et al. 2020;
Abu-Mahfouz et al. 2019, 2022, 2023; Peters, 2022; Karg et al. 2022; Grohmann et al.
2023). However, serious issues during core transport, preservation and storage can cast
uncertainty on the results of such studies. Thus, ensuring good quality of cores is
critical. Core handling on surface, transport, and storage times need to be minimized to
ensure accurate reconstruction of original reservoir conditions. This challenge was
tackled by multiple studies to find out the possible reasons for the loss of light
hydrocarbon (e.g., Bajsarowicz; 1992, Auman et al. 1989; Torsaeter et al. 1985;
Suliman et al. 2008; Collee et al. 1994; Skopec et al. 1995; Michael et al. 2013; Jiang
et al. 2015; Zeng et al. 2021; Noble et al. 1997; Michael et al. 2014; and Bhosle et al.

2015).
1



Extensive holding of rock samples, preservation, and storage times have considerable
effects on lab analysis results (Bhosle et al. 2015). Evaporation and migration of fluids
(fluid loss) resulting from poor preservation are thought to be two key problems in
sampling source and reservoir rocks for laboratory analysis (Ubani, 2013).
Hydrocarbon evaporation and loss caused by inappropriate sample preservation are
challenging, particularly for the estimation of oil and gas in-place volumes (Li et al.
2022). Therefore, several essential steps need to be taken to uphold an excellent

preservation environment over an extended period.

There are many important steps to be considered to maintain an optimal preservation
environment over a long storage period prior to lab analysis. Several core preservation
techniques have been used in the oil and gas industry including quick freezing,
wrapping cores with plastic wrap and aluminum foil followed by wax coating, placing
the core in plastic sacks that can be sealed, and sealing the core samples in plastic or
metal tubes (Basan et al. 1988; Hunt & Cobb, 1988; Basu et al. 2020; Li et al. 2022).
Current industry technics use more efficient preservation methods to prevent breakage
during handling & storage and most importantly preserve core fluids to ensure precise

analyses.

Identifying the impact of long-term rock sample storage and preservation on source
rock geochemical results can help to constrain a data correction model, reduce
uncertainty, and suggest an ideal workflow for better future coring and preservation
plans. Considering all these challenges and to end up with more representative results,
there is an industry-wide need to revise sample storage, processing, and analysis time

to avoid these issues and control light hydrocarbon losses.
2



1.2 Statement of the Problem and Research Objectives

Reservoir rock undergoes changes during the coring process, retrieval and on-site
preparation before arriving at the laboratory. Sample preparation time and preservation
methods during conventional coring activities impact geochemistry analysis results) Al
Eid et al. 2020). The accuracy of the rock properties measured from subsurface samples
can be affected by several factors such as sample contamination, fluid contamination,
sample handling and preparation, sample evaporation, and sample storage conditions.
Core alteration, losses of water content or light hydrocarbons can be mitigated by
understanding the processes that affect the sample preservation (Bajsarowicz, 1992).
Representative rock materials are to be obtained with the least physical alteration of the

rock during drilling, handling and storage.

Data accuracy has significant implications, especially in equity determinations.
Laboratory tests demonstrate that exposure of core to atmospheric conditions once
extracted from the subsurface for even a short period of 30 min can result in up to 25%

loss in water (American Petroleum Institute, 1960).

Losses of light hydrocarbons are a well-known problem in geochemical data analysis.
Reported changes in the amount of free hydrocarbons over time have consequences in
many aspects such as determining the sweet spots by identifying the oil-saturated

intervals and calculating oil-in-place volumes.

This research project aims to determine the potential impact of extensive sample storage
time and delayed sample processing and analysis on the results obtained from

geochemical analyses. More specifically, the study attempts to determine any
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significant differences in the results that can be obtained from basic source-rock
geochemical screening analyses after different storage times, highlighting the main
factors that control the analytical results. The study also aims to examine how good and

poor preservation affects these results.

The main research questions that are addressed by this study are listed as follows:

e What is the impact of long-term core preservation on source rock geochemical
results (S1, S2, TOC, and Tmax)?

e Are there any significant differences in the results that can be obtained from
basic source-rock geochemical screening analyses after different storage times
and preservation conditions (good or bad)?

e What are the main factors that enhance the preservation of source rocks and
mitigate sample deterioration?

e What are the implications and recommendations for future source rock data

assessment from core material?



Chapter 2

Literature Review

2.1 Methods of Core Preservation

The methods of preservation and packing of the core vary depending on the type of core
and the core analysis measurement required. In the past, common industry practice has
involved the placement of gypsum between the rock formation core material and the
coring tool inner barrel in protecting and avoiding core damage during transport and
handling. This method was not sufficient to achieve full preservation, particularly of
the core’s fluids from atmospheric pressure and chemical changes. Therefore,
additional steps were implemented during the last decades to keep the samples
preserved and in the most representative conditions to the subsurface (Basu et al. 2020;
Li et al. 2022).

One of the challenges for handling and preserving source rocks for characterization is
the selection of non-reactive sealing preservation material that prevents fluid loss or the

adsorption of contaminants.

Two methods are commonly used for core preservation; either dry or wet. Preventing
fluids evaporation can be considered a dry method, while wet methods of preservation
involve submerging the core in brine or other fluid that preserves core wettability
(Basan et al., 1988). For example, one of the dry core preservation methods is sealing
in metal cans which acts as a vapor barrier. However, these metal cans react with the

core and fluids causing changes in the core origin (Bajsarowicz, 1992).



Other methods are rubber, plastic, aluminum sleeves, fiberglass liners, and pressure
steel core barrels to cover the core. This preservation technique is not suitable for

keeping the evaporites for a long time (Bajsarowicz, 1992).

Wrapping the core in heat-sealed plastic bags was also used as a protection technique.
Plastic shows some limitations as it is not an absolute oxygen vapor barrier due to its
porous nature. It is sufficient only to minimize the rate of evaporation. Cores in this
type of preservation lost up to 6% of their water content in only 10 days (Auman, 1989).
During his study, Auman (1989) showed the time core samples need to lose their water
content (i.e. water evaporation). One core plug was wrapped in plastic only and three
others were sealed in heat-sealed plastic bags. Of these three, one was cut with scissors,
one was punctured, and one was left intact. The results were plotted between the water
retention qualities of various materials as water loss (grams) and time (in days) and
demonstrated that the sample preserved only using plastic wrap lost 30% of its water
content in 3 days. The preserved samples showed progressively less water loss with

smaller hole sizes in the plastic wrap.

To minimize the loss of the volatile hydrocarbons in unconsolidated cores, freezing
cores in dry ice is one of the most common techniques (Torsaeter, 1985). This freezing
technique, however, has two challenges: (1) the light hydrocarbon fraction is not
maintained at dry ice temperatures and (2) a variety of studies examining the
implications of freezing on porosity and permeability showed inconsistent results (e.g.,

Torsaeter, 1985). The freezing process may affect the rock structure due to ice



formation (expansion) and the wettability due to the precipitation of hydrocarbons onto
pore surfaces.

To test the efficiency of the nitrogen freezing technique and to improve its sealing
quality, a study by Suliman (2008) was done to prove the superiority of using
polyurethane foam injection over the nitrogen freezing technique. Results showed that
core samples preserved with polyurethane foam injection revealed higher core stability
over a longer period of time than did the ones preserved with the nitrogen freezing
technique.

Recently, a high-viscosity gel is considered a new technology that was also used for
downhole preservation purposes as an alternative to wellsite core preservation (Collee
et al., 1994). For this method, a high molecular weight polypropylene glycol, non-
soluble in water and environmentally friendly, is used. Laboratory tests indicate no
spurt loss and zero water loss at 200F and 250 psig on water-saturated gel-coated rocks
with permeabilities as high as 10 Darcy. Adding to this, this preservation gel is
compatible with most water- and oil-based drilling fluids. It comes in direct contact
with the core during and immediately after it is cut with minimized exposure to drilling
fluid. This technique was used in obtaining in-situ measurements of remaining oil
saturation (So) in two sandstone formations in the North Sea (Skopec, 1995). The core
was cut with oil-based mud. Results showed that gel can provide an added measure of
protection against core damage in highly permeable rocks. The relative permeability

and reservoir modeling can benefit from gel-core residual oil measurements.

Among the different preservation techniques, coating cores with hot high-quality wax

specifically designed for core sample preservation is an extensively used preservation
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technique in many oil and gas operations. This method includes wrapping the core in
plastic wrap and aluminum foil and then dipping the core in paraffin or a plastic sealant.
This type of wax is very high impermeability with a flash-point exceeding 285°C
(550°F) while recommended application temperature is between 160°C and 165°C
(320°F and 330°F) (Bajsarowicz, 1992).

During this method, cores are enfolded in multiple layers of plastic wrap or film to
prevent fluids in the core from contacting the outer wrapping of aluminum foil. To
evaluate the efficiency of different wrapping materials, Hunt and Cobb (1988)
compared two popular food wraps (Barex® and the food Saran® wrap) for different
hydrocarbon fluids through their weight loss after 30 days of exposure at 100F. Results
showed that Barex® has achieved better results with less weight loss at the same
condition than the Saran wrap. They found that Saran Wrap® is the least reactive with
formation fluids. However, the wrap has been found to degrade with some hydrocarbon
compositions, and does not serve as a barrier to oxygen or water vapor. On the other
hand, Barex® film is inert against organic solvents and corrosive fluids. However, it is

inflexible and difficult to wrap around the core.



2.2 Wellsite Core Handling & Preservation

At the well site, specific pull-out and lay-down core procedures are performed to
prevent bending and fracturing. A hydraulic shear clamp is usually used to prevent core
damage while breaking connections. It cuts the tube and insulates the core from the
relative rotation of the two inner tubes, and keeps the core in the tube during lay-down.
This is followed by a slow and careful laying down process against bending and impact
damage. In some conditions, well-site core preservation involves the placement of
gypsum between the core material and the coring tool inner barrel to stabilize and
protect the core and to prevent core damage during transport, handling, slabbing and
plugging.

Moreover, to preserve the core sample with its evaporation and fluids, wax dipping is
usually suggested. This extra process is known as one of the most effective methods to
prevent physical alteration of core samples throughout time as well as to maintain
original core fluids and their distribution inside the core as they were when cut in
formation. Wax preservation requires melting wax at medium temperatures using a
range of melting tanks that has been designed for heating materials such as oil, water,
vinyl compounds and waxes. Wax melters are used in a wide variety of industries and
are suitable for the melting of the wax. Normally, wax melters have capacities from 0.7
kg to 1000 kg or greater and they can be built to the customer’s specific requirements
with a temperature range of up to 300°C. At the drilling sites, wax is usually prepared
30 mins before dip coating samples. After the core is cut into core samples (usually 1-
foot lengths) and properly labeled with a marker, samples get out from the tube to be

enfolded in plastic wrap (2-3 layers) to ensure that the core is isolated from any wax
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contact. This wrapping is followed by enfolding the sample in aluminum foil with two
layers. After that, a handle is made from soft wire by using universal pliers and cutter

pliers such as identification marks facing upwards.

After that, samples are submerged into the melted wax to be coated, a process
performed for a couple of seconds. Samples then are hung above the wax rack and wait
for the filaments to cool down and the first coat of wax can harden. A second dip is
usually performed to create a thick protected layer. After labeling the samples, a third
layer of wax coating is generated to seal the label. Finally, the wires are removed before
the sample is cooled down. A fourth and final coating is applied to the sample to cover

the wire track for a perfect seal.

2.3 Storage & Processing Delay

A study done by Jiang (2015) argued that conducting laboratory analyses immediately
after conventional coring can detect light oil components in shale cores. Furthermore,
results from Thermal-Desorber Gas Chromatograph Mass Spectrometer Flame
lonization Detectors (TD-GC-MS/FID) showed that light hydrocarbons, including
propane and butane, can exist in shale cores even after 6 months of storage at ambient
conditions (Michael et al., 2013; Jiang, 2015). Through this study, the consequence of
evaporative loss on the light hydrocarbons was proved by a comparison between a
freshly prepared sample and the same powdered shale sample after being either stored

in a sealed container or exposed to air without preservation. The freshly ground shale
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sample was enriched in Cs to Cs-hydrocarbons. However, the Csz to C7 hydrocarbons

were absent from the same sample just after a week of storage in a capped sealed vial.

A recent study by Zeng (2021) has demonstrated the hydrocarbon losses by comparing
light hydrocarbon losses of crude oils and pyrolysis yields under ambient conditions.
Zeng worked to find out the possible controlling factors of light hydrocarbon loss. In
his study, five shale cores with a total organic content of up to 3.5 wt% from different
maturity levels (different vitrine reflectance Ro) were stored using liquid nitrogen
freezing at -196°C. In addition, five crude oil samples of different API gravity (33-51°)
were produced from the same formation for a fair comparison. Core samples were
analyzed immediately after bringing them to the surface and others were exposed to
ambient conditions for different time periods. Results showed a clear relationship
between the total weight losses and thermal maturity/oil API gravity of samples. The
total weight losses have increased with the increase of shale maturity level and oil API
gravity. Compared with crude oils, 70% of weight losses in the rock were recorded
within S1, whereas the crude oils were overall less in weight by 30%. Unlike crude oil,

more light hydrocarbons are contained and kept within the rock.

Noble et al. (1997) conducted a series of evaporation experiments on crude oil samples
of different API gravity. Noble et al. (1997) concluded that the determined weight loss
increases with increasing API gravity. A relationship between the light aromatic
fraction (Cis-) of lost hydrocarbons and oil API gravity was established and used to
estimate shale oil volumes by Michael et al. (2014). Michael et al. (2014) attempted to

correct the mass of light oil lost due to evaporation during core recovery. The findings
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stated that the oil lost during core recovery is mostly low-boiling-point hydrocarbons,

i.e. less than Cis, in the diesel and gasoline-range compounds.

Bhosle (2015) aimed to determine the potential effects of processing delay. Fifteen
samples were analyzed within 1-3 days and the results show significant S1 and S2
values. The same samples were analyzed after four weeks and subsequently after three
months. Results show declining trends in S1 and S2 values with time. The experimental
results indicate that sample holding time also demonstrates considerable effects on the
final results when the S1 and S2 values are high. Furthermore, results also reflected the
feasibility of using the archived samples as proxies for fresh samples for determining
the rock properties. The samples that were processed and analyzed within one to three
days show significant S1 and S2 values. In contrast, the same samples analyzed after

four weeks and subsequently after three months show declining trends.
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Chapter 3

Research Methodology

3.1 Methodology

Core samples are selected from two vertical wells H and Q. The geographical distance
between the two wells is approximately 150 km. Three feet of conventional core were
used in this study. Two feet of core (Core 1 and Core 2) were from one well H, and the
third foot (Core 3) is from well Q. The cores are sealed and preserved with three main
layers, i.e., plastic wrap (three layers, 46 cm wide, approx. 1meter per 1 foot of core),
aluminum foil (two layers, 1 meter per sample), and then covered by CoreSeal® wax
(1 kg per 1 ft.) (Figure 1) The preservation process performed in those three feet of the

core material is considered a common practice for core preservation in the E & P

industry.

Figure 1: Example of 1 foot of conventional core used during this study. A & B: the core conditions when it was
opened. Core was completely covered by wax layers. C: after removing the wax. The core is wrapped completely
with aluminum foil that is followed by plastic wrap.
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Wells H and Q were drilled in the same year (i.e. Jan 2020) (Table 1). They were pulled
out from the subsurface, cut into 1-foot core samples, properly labeled, and immediately
handled and preserved. The cores were completely enfolded, covered with plastic and
aluminum then three times dipped into the melted wax. The cores were then placed in

transport boxes and shipped to be stored at normal conditions in a shaded core store.

Table 1: Drilling and coring dates and storage duration.

Storage Duration after

Well ID Core # Drilling Date Drilling (Preserved)
Well H 1 Jan 2020 619 days
Well H 2 Jan 2020 634 days
Well Q 3 Jan 2020 661 days

During the selection process, pre-determined organic matter richness data and thermal
maturity variations were considered. The core intervals from the same vertical well
were selected to be in different organic richness levels based on the acquired wireline
logs for the same depth interval. Gamma-ray and density with the help of sonic curves
allowed the identification of organic-rich intervals (Well H, Core 1) and relatively
leaner organic intervals (Well H, Core 2). Moreover, a slight difference between the
two wells was encountered from a basin model exercise supported by ground truth
subsurface samples from offset wells. Well H is slightly higher in thermal maturity
(465-470 Tmax -wet gas window) than well Q (455-460 Twmax- volatile oil window).

(Table 2)
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Table 2: Organic richness and thermal maturity details of preserved cores. Thermal maturity and TOC ranges
were obtained from previous pyrolysis measurements from un-preserved core samples.

Well ID Core ID Organic Richness (TOC%)  Thermal Maturity (Twmax)

Well H 1 4.0-10.0 465-470
Well H 2 20-4.0 465-470
Well Q 3 3.0-6.0 455-460

Consistent laboratory conditions, including sample selection and preparation,
instrument selection and calibration were considered in reducing measurement
uncertainty and for standardization purposes. Time is critical during this procedure to
avoid overexposure and losing the light components. Therefore, the instrument was
calibrated with the standard before each run, a clean area was set for sampling, a timer

was set, tools were prepared, and the date and room temperature were reported.

239 samples were acquired from three different cores during this study. From each core,
75-85 samples were tested for pyrolysis, including the outer core surface samples. From
each core, the samples were taken from locations identified prior test to ensure a
consistent sampling protocol. Sample preparation included: manually drilling four
samples using a metal file, labeling the sample, cleaning the tools after each run, storing
the powdered sample in glass vials, and running samples into the RE7 instrument. The
time at the beginning and completion of the sample was reported across all time-cycle
runs during this study.

The core after samples were left opened, uncovered, and carried out to an indoor core
store to avoid lab contamination. Other factors that could influence evaporation and
losing light hydrocarbon are humidity, pressure, and temperature. Temperature is

closely related to the energy content of fluid molecules, and increases in temperature
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increase the ability for vaporization into the air. Warmer ambient air temperature has a
greater capacity to hold vapor. Therefore, the lab and sample store temperatures
forecast were also reported on a daily base and highlighted mainly for each run to

support any further analysis or interpretation needs.

3.2 Lab Instrument

The pyrolysis technique is a commonly used industry practice to measure maturity.
Pyrolysis instruments subject a crushed source rock sample to a programmed ramped
temperature heating cycle that ramps progressively to measure the hydrocarbons and
carbon dioxide released or generated by the sample during the run. Through the
pyrolysis run, during the first isotherm phase (300°C), the resulting pyrograms show
the free hydrocarbons (S1-peak; thermally vaporized or combusted) which are the
hydrocarbons that have already been generated in situ, prior to pyrolysis, and are held
within the source rock. The hydrocarbons associated with this phase are designated as
S1 and are reported as milligrams of hydrocarbons per gram of rock (mgHC/g Rock).
Theoretically, if a source rock sample is thermally immature, no thermally derived
hydrocarbons will be measured during this step. This is because that source rock has
not exceeded the energy threshold to initiate the maturation process of breaking
hydrocarbon chains. The second temperature ramp phase is between 300 to 600°C.
This is where the thermal cracking of kerogen and large molecular weight hydrocarbons
within the source rock occurs. The rapid temperature increase induces the source rock
to instantaneous thermally mature during the pyrolysis procedure. The measured

hydrocarbons that are generated during this phase are called S2 and are also reported as
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mg HC/g Rock. Furthermore, Tmax IS the term used for the temperature at which the
maximum rate of hydrocarbon generation occurs in a kerogen sample during pyrolysis
analysis (at the S2 peak). This Twmax is widely used as a thermal maturity parameter for
source rock. Furthermore, during the thermal decomposition of the kerogen, the process
of induced instantaneous thermal maturity generates CO during the ramped phase. This
COz: is held in a trap until the third phase which is the cooling phase, where it is once
more released and measured. This is called S3 and is reported as mg CO2 / g Rock
(Peters et al., 2005a; Peters et al., 2005b). Finally, S4 represents the amount of residual
carbon, measured through the yield of carbon dioxide and carbon monoxide that is
produced by oxidation after the completion of pyrolysis. It is measured in mg CO2/g

rock and mg CO/g rock.

There are several commercial brands and different pyrolysis instruments commercially
available, including Rock Eval-I1, Rock Eval-VI, Rock-Eval VIl Source Rock Analyzer
(SRA), and HAWK. Since the commercialization of rock eval apparatus in 1996, the
Rock-Eval technology has become a standard reference to screen the petroleum
potential in many research studies and daily operations for multiple advantages
(Espitalié et al. 1977). A comparison has been done between TOC measured by the
Rock-Eval instrument and by the Leco apparatus. The results display a good correlation
when comparing elemental analyses and Rock-Eval for source rocks and kerogens.
However, a comparison of Rock-Eval 6 with Leco data leads to larger deviations while
correlation factors are still good. Several interlaboratory comparison studies (Dembicki,
1984; Magoon and Claypool, 1985; Rullkdtter et al., 2001; Isaacs, 2001) have shown

high variability in source rock geochemical results between different laboratories using
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different instruments. Reported standard deviations in these studies have often been
over 50%, even for basic source rock parameters like TOC, S1, and S2. In contrast, data
from individual laboratories show relatively narrow ranges of standard error in source

rock parameters (Birdwell, 2019).

A recent new technological invention has made it possible to characterize sulfur in
tandem with hydrocarbons, CO2, and CO. This is a new version of Rock-Eval (Rock-
Eval 7S) that was developed to be run based on an open system to oxidize the rock after
pyrolysis, unlike the earlier technological versions that were an open system with an
online flame ionization detector. Rock-Eval 7 allows the characterization of total sulfur

content in tandem with hydrocarbons, CO2, and CO (Lamoureux-Var, 2019).

Rock-Eval 7S comprises two main furnaces, one for pyrolysis and the other for
oxidation. During pyrolysis, part of the effluents passes through a combustion oven
connected to the pyrolysis furnace, where the sulfur compounds are converted to SO..
Through UV spectrometer, SO> can be detected, while the hydrocarbons and CO/CO-
are detected respectively by the FID and IR spectrometer. After pyrolysis, the residue
of pyrolysis is oxidized in the oxidation furnace. The released SOz, CO, and CO; are
detected respectively by the UV and IR spectrometers. The twin furnace design
(pyrolysis and oxidation) is necessary to allow the formation of a permanent
carbonaceous coating at the inner pyrolysis furnace surface. This coating, which is
oxidized in single furnace machines, prevents further adsorption and subsequent loss of
hydrocarbons interfering with hydrocarbon values (S1 and S2 peaks of the FID). This
design also prevents unwanted oxidation of hydrocarbons condensed on the splitter

outlet directed towards the CO/CO: line. The comparison of carbon and sulfur contents
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measured by Rock-Eval 7S and by elemental analysis showed an excellent correlation.
In addition, the calibration of the device, separately in pyrolysis and oxidation, makes
it possible to quantify the sulfur content released during pyrolysis (the ‘pyrolysis sulfur
content’) and the residual sulfur content. The ‘pyrolysis sulfur’ in rocks, bitumen and
sulfur-rich oils is interesting information as it is likely the source of organo-sulfur
compounds and H>S that are yielded upon geological or anthropic thermal processes. It
is also possible to quantify the organic sulfur associated with the S1 and S2 peaks of
the FID. The data processing software makes it possible to simulate, in addition to the
cracking Kinetics of the organic matter, the cracking kinetics of its organo-sulfur
functions. This can help decipher the thermal cracking of sulfur-rich kerogens and
source rocks. The superposition of the SO. and hydrocarbon signals helps discriminate
the organic sulfur, which is associated with the S1 and S2 peaks of the FID, and the
pyritic sulfur. However, the presence of clays and/or carbonates in rocks induces
chemical reactions with sulfur compounds during the analysis, which can be
decremental to the interpretation of the signals. In this case, an estimation of pyritic
sulfur and organic sulfur contents can be obtained via a mathematical model based on

parameters derived from the Rock-Eval 7S analysis (Aboussou, 2018).

3.3 Experimental Design

Cores were preserved, sealed, covered and stored at room temperature before
transferring to the core laboratory. A time schedule is set for each core to meet the
planned time cycles, and to ensure instrument availability in a reasonable timeline and

suitable time frame for the technician. Each core was run individually. During the
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experiment, the core was unwrapped quickly and carefully to avoid any contamination
during sample preparation. After removing the wax layers, both the aluminum and
plastic covers were taken out quickly and carefully to avoid any contamination during
sample preparation (Figure 1). Sandpaper was used to clean the surface of the sample
to remove remnants of drilling mud. The powder that is obtained from the sandpaper
treatment was collected in a glass-sealed vial and immediately ran in the Rock-Eval 7S
Equipment for pyrolysis. The remaining sample is kept in the same glass vial for further
analysis. After that, the one-foot core is labeled in four locations to ensure consistent
sampling locations (10 cm apart from each sample). 40-50 grams were drilled and
powdered from each sample location by a metal file (2 cm deep into the core). The
metal file was used slowly to avoid any heat generation and cleaned with chemo papers
after each sampling procedure to avoid contamination and mixing between samples.
Samples were collected as a powder in sealed glass vials and immediately run by Rock-
Eval for pyrolysis. Those samples are reported as fresh samples with 0 hour of residence

time prior to analysis (Table 3).

Table 3: Time cycles for Core 1. Those time cycles include fresh samples; samples after 1 hour, 2 hours, 3 hours, 24
hours, 48 hours, 72 hours, 1 week, 2 weeks. Similar time-line was applied for Core 2 and Core 3.

Year Day Date Core ID Run ID Sample Preparation Time Sample Running Time
Sunday 11-Sep Cl Core Open 11:00:00 AM
Sunday 11-Sep Cl Surface 11:00:00 AM 11:03:00 AM
Sunday 11-Sep Cl Oh 11:05:00 AM 11:15:00 AM
Sunday 11-Sep Cl 1h 12:15:00 PM 12:18:00 PM
Sunday 11-Sep Cl1 2h 1:18:00 PM 1:22:00 PM
2022 Sunday 11-Sep Cl 3h 2:22:00 PM 2:27:00 PM
Monday 12-Sep Cl 24h 11:15:00 AM 11:24:00 AM
Tuesday 13-Sep Cl1 48h 11:24:00 AM 11:30:00 AM
Wedensday 14-Sep Cl 72h 11:30:00 AM 11:35:00 AM
Sunday 18-Sep C1 1w 11:35:00 AM 11:38:00 AM
Sunday 25-Sep C1 2W 11:38:00 AM 11:45:00 AM
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The remaining powdered samples are kept as backup samples and stored in the same
labeled glass vials for any future investigations. The times when the measurement
started and when the sample was inserted into the instrument were reported for each
run. After that, the core was stored again unsealed at room temperature. After passing
one hour, four more samples were collected from the same sampling locations and
immediately run for pyrolysis. The same procedure is repeated after two hours and three
hours for the same core. By finishing the three hours runs, the sample was completely
uncovered and stored in the core store at room temperature pending for the next day for
the 24-hour run. The protocols were repeated for the planned time cycles and for the

other stored cores.

Those time cycles include fresh samples (0h); samples after 1 hour (1h), 2 hours (2h),
3 hours (3h), 24 hours (24h), 48 hours (48h), 72 hours (72h), 1 week (1W), 2 weeks
(2W), 3 weeks (3W), 1 month (IMN), 2 months (2MN), 3 months (3MN), 4 months
(4MN) and 5 months (5MN) (Table 3). Results from each run were plotted to determine
the effects of sample storage time and analytical delays after sample extraction from
the well. Furthermore, existing pyrolysis measurements from unpreserved core samples
from the same cored wells were compared with those obtained from the preserved cores.

(Figure 2)
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Figure 2 A: Sketch showing the conditions of the preserved cores and the location of the four samples collected. I:
Cores are completely preserved. During the experiment, the core was unwrapped quickly, and I1: sandpaper is
used to manually remove the surface’s outer layers. II1: after that, the one-foot core is labeled with four spots (10
cm apart from each sample. The time cycles include fresh samples; samples after 1 hour, 2 hours, 3 hours, 24
hours, 48 hours, 72 hours, 1 week, 2 weeks, 3 weeks, 1 month, 2 months, 3 months, 4 months, and 5 months. B:
Sketch shows the location of the samples measured from the un-preserved core intervals. Those sample
measurements were obtained as the data set from the unpreserved core intervals.
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3.4 Standards and Instrument Calibration

Instrument calibration is an essential stage in measurement procedures to ensure data
reliability and repeatability. It is comprised of a set of operations that establish the
relationship between the output of the measurement system and the accepted values of
the calibration standards. This typically involves the preparation of a set of standards
containing a known amount of the analyte of interest, measuring the instrument
response for each standard and establishing the relationship between the instrument
response and analyte concentration.

In order to improve the reliability and accuracy of the analysis equipment, a reference
sample has been used at regular intervals. The standard samples used in this study were
sourced from Vinci Technologies (IFP 160000 Standard), covering broad ranges of
sulfur and carbon contents. The reference samples are certified by IFPEN (Institute
Francais du Petrole Energies Nouvelles).

The IFP 160000 sample is taken from a homogeneous immature rock (Albian/Aptian
marl), 180-120 um. The S1 and S2 peaks are recorded at a standardized value of 0.14
mgHC/g TOC with 0.07 uncertainty and 12.43 mgHC/g TOC with 0.50 uncertainty.
Twmax is 416°C with £2°C uncertainty, and TOC is 3.28% with a 0.14% uncertainty. The
uncertainty is taken at the 99.7% confidence interval of the mean in the certified value.
In order to ensure consistency in measuring results, the IFP 160000 standard samples

have been analyzed during this study before each run (average 5 samples per run).
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Measurement devices typically have specifications for their measurement ranges,
accuracies and uncertainties. Overall, RockEval pyrolysis results (S1, S2, Tmax, TOC)
show very consistent results when comparing results from the same rock and the same
instrument. Standard results from this study showed negligible differences across the
pyrolysis parameters. S1 values from the standard are very similar with £ 0.07 mgHC/g.
Also, S2 from the same IFP 160000 standard shows + 0.01 mgHC/g difference, which
is in the range of the accepted variance. Furthermore, Tmax was 416°C across the
different standard runs as expected. Additionally, TOC measurements are also
comparable with a low variance of £0.32% (Table 4).

As part of the best practices, testing the instrument (Rock-Eval) for consistency was
accomplished by running duplicate samples randomly during the runs. Blind duplicate
samples were run to evaluate sampling procedures and analytical equipment precision
and accuracy. Core 1 results from samples No. 2 and No. 5 (Sample 2 and Sample 5)
are identical with very consistent results. S1 and S2 values show deviations of +0.30
mgHC/g and £1.10 mgHC/g, respectively during this study. Measured TOC results look
similar, with a variance of +0.3%. Tmax Vvalues of both samples vary by +1.0°C.
Similarly, Core 2 results show +0.18 mgHC/g for the S1 peak and £0.60 mgHC/qg for
the S2 peak. TOC measurements are £0.13%, while Tmax is around £3.0°C. Also, Core
3 results show close values for S1 and S2 peaks with £0.28 mgHC/g and + 0.72 mgHC/g
respectively. TOC measurements are +1.0% and Tmax shows a very minor difference

<5°C (Table 5).
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Table 4: IFP 160000 standard results. The standard materials used in this study were sourced from Vinci

Technologies.

Analysis Method Cycle Quantity (mg) Kfid S1(mg/g) S2 (mg/g) S3 (mg/g) S4C02 (mg/g) S5 (mg/g) Tmax (°C) TpkS2 (°C) PC(%) RC(%) TOC (%) Total § (%)
STD BULK ROCK BASIC 53.70 2658.00 0.07 1243 0.66 5842 102.02 416.00 455.00 1.08 203 an 0.34
STD BULK ROCK BASIC 55.00 2617.00 007 1243 0.67 5810 101.56 416.00 456.00 1.08 202 ER 1] 0.34
STD BULK ROCK BASIC 52,90 2615.00 0.06 1243 0.67 57.10 101.16 416.00 456.00 108 198 3.06 034
SID BULK ROCK BASIC 51.30 2530.00 0.06 1243 0.64 58.25 10288 416.00 455.00 Los 202 310 0.34
STD BULK ROCK BASIC 51.20 2593.00 0.06 1243 0.84 5749 102.40 416.00 454.00 1.08 199 3.07 0.3s
STD BULK ROCK BASIC 55.70 2578.00 0.07 1243 .73 3813 101.08 416.00 455.00 1.08 202 3.09 0.33
STD BULK ROCK BASIC 52.50 2611.00 0.06 1243 0.72 5790 10213 416.00 456.00 1.08 201 3.09 034
STD BULK ROCK BASIC 56.00 2495.00 046 1243 0.85 56.35 100.76 416.00 450.00 L2 196 308 0.3s
STD BULK ROCK BASIC 54.60 2575.00 0.06 1243 0.64 56.80 100.87 416.00 454.00 Lo8 197 3.04 033
STD BULK ROCK BASIC 3340 2622.00 0.06 1243 0.71 57.16 100.88 416.00 455.00 1.08 1.98 3.06 0.35
STD BULK ROCK BASIC 56.70 2688.00 0.06 1243 071 57.50 101.78 416.00 455.00 1.08 199 307 0.34
STD BULK ROCK BASIC 54.40 2670.00 0.06 1243 0.71 56.39 99.86 416.00 453.00 L08 196 304 033
STD BULK ROCK BASIC 54.60 2596.00 0.06 1243 0.71 57.16 100.50 416.00 456.00 108 1.98 3.06 032
STD BULK ROCK BASIC 5350 2609.00 007 1243 0.67 56.71 100.77 416.00 454.00 1.08 197 3.05 0.33
STD BULK ROCK BASIC 50.70 2624.00 0.06 1243 416.00 455.00 108 258 365 042
STD BULK ROCK BASIC 54.90 2565.00 007 1243 416.00 455.00 108 246 354 039
STD BULK ROCK BASIC 55.00 2569.00 0.08 1243 416.00 458.00 108 229 337 035
STD BULK ROCK BASIC 51.00 2634.00 0.08 1243 416.00 455.00 1.08 2351 3.60 0.38
STD BULK ROCK BASIC 5220 4737.00 0.10 1243 416.00 451.00 121 250 370 0.28
STD BULK ROCK BASIC 5310 2584.00 0.09 1243 416.00 456.00 1.08 257 3.66 031
SID BULK ROCK. BASIC 51.60 2603.00 0.06 1243 0.78 57.53 100.99 416.00 454.00 Lo08 201 .09 035
STD BULK ROCK BASIC 56.1 2569 0.07 1243 0.83 59.99 101.94 416 454 1.08 2.09 318 0.35
STD BULK ROCK BASIC 523 2610 007 1243 0.73 59.49 10198 416 453 1.08 208 316 0.36
81D BULK ROCK BASIC 524 2580 006 1243 071 5861 101.06 416 453 108 208 313 03s
STD BULK ROCK BASIC 523 2610 0.07 1243 0.73 59.49 101.95 416 453 1.08 2.08 3.16 0.36

Table 5: Quality check tests - Sample 2 and Sample 5 results from the three cores.
e wwmen | ween | wemn wesn | wmens | wwrn e m m w vemen e wemiees | ween e
e e e - u W oe meam s "
oo sues . e e we o me e
oo e v e e me S v e
CLIMN-0S SAMPLE * 5200 ol Lt 047 e 26020 467.00 033 8600 100 Lig 043 095 018 4
C1-3MN-03 SAMPLE § 5340 a8l k) 030 29138 e 469,00 033 6500 100 21 nst LT 023 138
CL-AMN-03 SAMPLE § 3640 E3i3 TA9 031 prap 6149 47000 030 0 300 24 o33 L 019 176
SAMPLE 2 1] 103 042 7083 T4 406 043 100 " L7 L 007 021 031
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e v we e we e -
SAMPLE 2 nr L7 an 0o 7302 0 468.00 039 2100 1300 120 300 0.03 020 029
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Chapter 4

Results

4.1 Sample Description and Mineralogy

Samples used in this study consist predominantly of marine carbonates and are
primarily composed of laminated organic-rich mudstone. Samples are generally of
calcareous nature with fine to medium grain size. They are rich in organic matter with
observable bioturbation for the most part. Furthermore, sedimentary structures include
gently undulating parallel lamination or sinuous lamination; cross lamination; ripple
lamination, and micro-topographic infill lamination were observed in the study
samples. Some samples were observed to have faintly-lamination, with minor anhydrite
nodules and horizontal micro-burrows. The measured TOC shows an average of 5 wt%
in the study samples. Additionally, some parts of the core’s samples are light in color,
have high illite concentration, highly cemented concretion with calcite, and show low

organic contents (Figure 3).
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Figure 3: A: Rock sample from Core 1 composed of laminated organic-rich mudstone a laminated, light in color,
high muscovite concentration, concretion, highly calcite cemented and low organic section. B: X-Ray Diffraction
(XRD) results from Core 1 show that calcite forms the highest fraction (70%), indicating a relatively
compositionally homogenous sample. C: X-Ray Diffraction (XRD) results from Core 2 show that Calcite forms 95
% in Core 1 in the samples, indicating a compositionally homogenous sample.

X-Ray Diffraction Analysis (XRD) and X-Ray Fluorescence (XRF) results from Core
1 and Core 2 show that calcite is the dominant component in the samples. The calcite
distribution ranges from 70% to 96% by volume. The Pyrite distribution shows lower
values with an average of 4%. Dolomite occurs in low amounts and with 2%. The quartz
content is relatively low, ranging from 2% to 10% (Figure 3). In addition, X-Ray
Fluorescence results (XRF) show high concentration of Calcium (Ca) with an average

of 51% in Core 1 and relatively higher in Core 2 with an average of 90% (Table 6).
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Table 6: X-Ray Fluorescence (XRF) from both Core 1 and Core 2.

Al Si S K Ca Ti Fe Ni Zn Sr
C1- Sample 1.70 6.45 23.01 0.14 43.59 0.23 24.60 0.01 0.19 0.09
C1- Sample 2.67 5.61 11.47 0.24 5831 2.12 18.54 0.02 0.96 0.04
C1- Sample 1.45 3.15 20.12 0.04 52.15 0.53 21.56 0.01 0.87 0.12
C2- Sample 2.82 4.79 1.61 0.59 88.48 0.35 1.26 0.01 0.03 0.05
C2- Sample 2.79 4.75 1.55 0.60 88.45 0.29 143 0.01 0.01 0.11
C2- Sample 221 375 1.32 0.47 91.11 0.20 0.75 0.01 0.01 0.16

4.2 Pyrolysis Results from Preserved Cores

4.2.1 Pyrolysis Results from Core 1

Each preserved core is run individually for pyrolysis through consistent time cycles
(Table 3). Results from each run is shown and plotted in this chapter to determine the
effects of sample storage time and analytical delays after sample extraction from the
well. The first core section from well 1 was opened on September, 11", 2022 for the
first lab run. 17 samples in total were taken from this core on the first day for the
assigned lab runs (Figure 2). Those samples include the sample taken from the outer
surface sample and the following time-cycles runs: Oh, 1h, 2h, and 3h (Table 3). Those
runs are followed by the next tests in the following days as planned. In total, 64 samples
are acquired from Corel (1-foot length) (Table 7). Core 1 was tested for up to 5 months-
time cycles following the planned time-cycles runs and is exposed (unpreserved) for
155 days since it was opened. The core is stored in a period with gradually decreasing
weather temperature that is ranged from 45°C to 14°C (outside weather temperature)

with an average of 30°C (Figure 4).
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Figure 4: Core 1 storing temperature forecast. Average outside temperature is 30°C.
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Table 7: Core 1 pyrolysis results.

Anabysis Sample Method  Quinthy(mg)  k6d  Siimg/s) S:img/l  S3imafg)  S4COIme/z)  SSime/e)  TmaxPC) P i o Estimated o PC(¥)  AC(N]  TOCIN)  ResiduslS(%)  RewinedS(¥)  Subaes(¥)  Touls(%)
CLBISURE  CODISURE  AUIKROCK 550 wen a4 na 23 o 1357 W0 07 W0 00 W oam an LEY 00 000 047
CL0HD SAMPITY AUIKROCK 3 wmn am Tae 0sa 15 swes a0 o3 wapo 7m0 13 1w e 1 nea a7 am 110
CLMM SAMPIIY AUIKROGK w2 mmn 4w e o 036 s aeeoa ax w0 w0 (e} 1w eas ras nse om aos 1o
C12601 SAMPLE]  BULKROCK s08 no60 A1z 736 010 086 28141 6500 036 9100 500 116 0% 63 783 0ss 0 000 0ss
1AM SAMPIFT AUIKROCK 522 meen a1 sa7 077 082 27650 akem 0 s sm 1 072 ass s ne7 om o 0
C1AME SAMPITT AUIKROCK s18 wmn s 797 038 100 w21 4o 0w a0 smo 127 o ess Tes nse on oom ase
C148HO1  SAMPLEL  BULKROCK 512 %700 a0 708 017 o9 28005 6800 039 9500 600 110 0m  Gas 74 051 027 Q00 )
CLTMO SAMPIFT AUIKROGK w12 oERD 480 iz st 08 %72 a7mon 03 s 7w 12 s ess e ns? an ooz ase
CLAWOL  SAMPLED  BULKROCK 520 B 482 721 0s8 091 0540 ass00 030 9600 8OO 116 m ess 1w 0ss 0xs 00z 103
CL2WOI  SAMPLED  BULKROCK 520 nISE 482 727 0sa om 20540 6600 039 9600 8OO 116 1 e 7S ass 0 ao3 103
CIZWOT  SAMPIET  BUIKROCK A osn am o 051 [ a4 o w00 rmo 128 0s e s 50 02 am as
CLAWOL  SAMPLED  BULKRDCK 537 B0 A% 735 048 108 20352 6500 037 9700 600 115 090 657 155 062 031 003 110
CHIMMOL  SAMPLE]  BULKROCK 533 w0 sas 882 o m 2335 w00 037 200 110 18 239 85 2 026 006 Lot
CIZMNOT SAMPIFT  AUIKROCK 52 L] 717 sz 115 st a7 o 70 &m0 122 [ e 0as om 115
CLIMNOL  SAMPLED  BULKROCK. 528 neo 408 708 0 120 3165 47L00 037 7600 500 120 0ma sz anm om0 04 am L
CLAMNOL  SAMPLE]  BULKROCK. s10 %40 368 697 040 083 28850 #6000 035 0300 500 m 090 6 183 062 031 oo 113
CISMNOI  SAMPIF1  AUIKROCK w12 sean en 711 0 1 Jemis e 035 s sm 127 ] nsa 0an a0e 113
C10MO2  SAMPLEZ  BULKROCK. 527 %000 465 890 0s3 0ss 230 A oM 08 6 120 w6 sm aw 056 o Qg0 116
CLU02  SAMPIF?  BUIKROCK san wEn 402 a0 038 01 250 40 0x w00 AW 125 105w an ass 0m oo 121
C1IH02 SAMPED  BULKROCK 549 nees  aM 800 0 071 26197 46700 031 B0 400 118 100 818 410 [ 02 a0 118
€13H02  SAMPLEZ  BULKROCK 534 B6e 390 798 016 on Mait ags00 033 9700 400 140 10 s 9w 086 022 001 127
NG SAMPIE  AUIKROCK sam wron 4 1221 o 052 25 amoon  ogw 1ame0 1000 1or IR T an o om 109
C1A8HO  SAMPLED  BULKROCK 510 00 436 817 oL [ 8227 A0 oM QM 4 16 w0 s an 081 o a0t 125
CITMO) SMPED  BULKROCK 516 BEEO A6 828 07 088 2021 46000 035 800 400 108 81 a7 a2 o 000 119
CLAWO?  SAMPIF?  BUIKROCK s0a A0 47 am 049 a7s 228 amE 035 9200 5W 17 19 REE A LE on a0 127
CLIW-OI  SAMPLED  BULKROCK s0a nrse o7 208 0 018 20428 6600 035 0200 500 7 110 ses o 080 0 as0 17
CLIWOI  SAMPLEZ  BULKROCK 554 FET ] 821 08 o w35 A oM M 4w s we  sxm ax 052 on a0 113
CLWOT SAMPIED  BUIKROCK 552 »wp 3¢ 785 03 0ss Jmar amoe 033 S0 20 117 w0 wxw e ase on a00 121
CHIMMOI  SAMPLED  BULKROCK 524 w0 2R 730 06 051 6185 A6E00 031 8000 400 110 05 82 el 100 (3 om 146
CIZMNDI  SAMPIF?  RUIKROCK a2 e ] 755 0a 075 w1 amso 0w 6200 am 10 0% 1 was s an om 17
CLAMMDI  SAMPIED  RUIKROCK 521 ean wer 758 0s1 0n A a0 03 a0 20 122 0ss a0 s 101 o oo 147
CLAMMOL  SAMPLED  BULKROCK. s05 w40 3m2 a80 113 020 25145 6200 030 9100 1200 10 10 ses a6 51 oo ao1 an
CLSMMO?  SAMPIF?  BUIKROCK 504 690 348 75 041 055 55 a7 om0 am 128 0w B2 A nse 01 om 152

C10H03  SAMPLE3  BULKROCK. s1a %000 250 288 0s? 06 35498 45000 048 9000 1900 100 046 253 2 017 aso 087
CL1H03 SAMPIEZ  AUIKROCK s01 woon 23w am 061 o8 3420 a0 o4 2100 109 0 253 00 2 017 om 0se
C17H03 SAMPIF  AUIKROCK 520 men 201 182 053 098 w000 o 052 7200 2100 093 03 a7 2% LEY 016 om0 ase
C13H03  SAMPLE3  BULKROCK 523 no6n 202 207 052 110 /145 45200 040 7700 2000 1m 03 2 28 037 018 ooz 082
€120007  SAMPIEZ  RUIKROCK w00 194 196 .60 10 a0y asson 050 LD 2500 099 035 2 242 LES 016 000 06
C1E8H03 SAMPIEZ  AUIKROCK 527 w08 180 195 o 102 308 aseo0 049 A0 1500 100 03 23 2m [y 019 om 072
1703 SAMPLE3  BULKROCK s15 mesn 2w 220 051 105 35093 4500 049 8200 1900 096 040 240 2m 06 o1 000 070
CLAW03 SAMPIF3  BUIKROCK 555 B0 386 an 117 050 4000 047 w900 2900 089 o3 am e 017 om o1
CL2WO3  SAMPIE3 UK ROCK 555 a7se ase an 117 050 936 45000 047 1800 2900 o am 4w 017 om 041
CL2WO3  SAMPLED  BULKRDCK s24 usy 403 a2 113 081 31879 45500 048 10400 2800 o9 07a 338 4n 0 016 ao1 053
CI3W03  SAMPIE3  BUIKROCK 522 »m0 3 a7 10 07 A om0 046 2700 0% 08 am  an a3 o8 005 058
CLIMNOI  SAMPIF3  AUIKROCK 516 170 336 a0 s 102 4 amon 043 9700 000 108 088 am  4sa ase om om0 ase
CIZMNOI  SAMPLEZ  BULKROCK 529 nee 30 a2 0ss 120 49105 46000 047 6900 1700 a0 0571 am am 52 027 Qo1 0ss
CLIMMOI  SAMPLEZ  BULKROCK 510 sean 289 a6 087 036 4mss 4000 046 700 1800 100 0s6 a7 4n aso 022 om 078
CLAMNO  SAMPLEZ  BULKROCK s wop 1 270 0rs 06 3003 45600 Qa1 8300 2300 00 045 am A 0s3 o1 000 o
CISMNOI  SAMPLEZ  BULKROCK 514 BEO8 275 a1 086 086 2177 46000 045 8600 2200 107 [ T 0e2 02 om 072
C1OHO4  SAMPLEA  BULKROCK 518 %000 160 113 142 a1 26187 16200 060 6000 7600 020 156 18 201 0w Q00 231
CLIM0L SAMPLED  BULKROCK 563 ®os 130 ass 20 oo Wi w00 30 11800 025 182 16 36 0o am

C12H04  SAMPIEA  BUIKROCK 527 #%0 065 azs 10 o1 2086 1800 072 200 8900 012 1w 1w aa om om 480
€301 SAMPLEA  BULKROCK 514 560 145 ass 124 016 28085 15600 063 5400 00 0z 1m as 210 o0 000 253
CLAMOL SAMPLEL  BULKROCK 518 %700 150 i 16 as 10875 300 050 G400 10700 028 136 16 1z 004 oo am
CLABHO4 SAMPLES  BULKROCK sa0 w08 118 068 150 004 20798 1000 063 4200 9300 021 14 1@ a4 005 003

CL7MOT SAWPLEL  BULKROCK 532 BEO 104 108 188 [ a0 R0 040 800 00 00 1% 230 205 003 001 23
CLAWOL  SAMPLEA  BULKROCK 530 BB 1 056 111 02 2068 amoe 061 00 MK 057 018 1m 18 291 007 0o 264
CLIWOS  SAMPIEA  BUIKROCK 530 B 1 as6 111 012 2968 amon 087 700 M0 057 018 13 1m 291 a7 om 264
CLIWO!  SAMPLES  BULKRDCK saa uusy 11 oss 12 oo [ 42700 056 41000 56100 02 o on 000 000 aoo a8z
CLAWOL  SAMPLED UK ROCK 3 #0010 aso 10 011 6752 3000 053 5500 8600 o e 282 002 000 a1
CLIMMDY  SAMPIEA  BUIKROCK s2a w170 080 a7s 07 051 600 amon 031 w400 5700 017 1s am 25 040 am @
CIIMNOI  SAMPLEY  BULKROCK 569 neen 002 oo om oot 0 o900 oM 2600 28400 153 om o om [ 000 000 oot
CLIMNOY  SAMPLEA  BULKROCK s0n mean 09 ase 101 038 25388 43000 083 3200 5700 ose R T ) ass o aos a8
CLAMMDY  SAMPLES  BULKROCK B woan a5t 030 1 012 25230 aMo0 066 3500 9300 012 17 11 as? 019 001 438
CISMHOI  SAMPLED  BULKROCK B meon s 037 0rr 029 29243 amon 080 2800 5800 087 013 119 1m 320 o 000 an
CLIW.0S  SAMPLES  BULKROCK sa2 »w00 3:1 a01 034 07 27510 ass00 033 8600 400 119 1m s am a8 o 000 Ld0
CLIMNOS  SAMPLES  BULKROCK 520 PR T RTE) a1z 0ar 0se 26920 200 033 8600 SO 118 103 4 aas [ry 018 00 Lag
C13MNOS  SAMPIES  BULKROCK s34 Bean s 777 050 087 3840 aEv00 033 6500 4m0 121 099 1083 1187 LES) on o0 138
CLAMMOS  SAMPIES  BULKROCK 564 wap  am 749 LE 057 /189 470 00 900 3w 120 L n a1 om 176
CLSMMOS  SAMPLES  BULKROCK sas mean 33 685 032 08 25835 4000 033 00 amo w2 0ss  Bw am 118 016 om 186
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Through the different time-cycle runs up to 5 months, Core 1 results show no significant
change in S1 values over time. S1 from the outer core surface that is sampled
immediately after unwrapping the core shows 4.21 mgHC/g. This value comes close
enough to S1 values for both Sample 1 and Sample 2 after cleaning the core with 4.36
mgHC/g and 4.18 mgHC/g, respectively. Unlikely, Sample 3 and Sample 4 show

relatively lower S1 values with 2.8 mgHC/g and 1.0 mgHC/g, respectively. (Table 8).

Table 8: S1 data (mgHC/g) comparison between the outer core surface and the four core samples at Oh (fresh
samples) from Core 1.

TIME Surface SAMPLE 1 SAMPLE 2 SAMPLE3 SAMPLE4
Oh 4.21 4.36 4.18 2.76 0.98

Generally, a minor change in S1 values for the four samples was observed over time.
The difference between the average S1 during the first three runs and the last two runs
is 0.59 mgHC/g in Sample 1. While Sample 2 and Sample 4 exhibit a difference
between the runs of 0.53 mgHC/g, and 0.44 mgHC/g receptively. On the other hand,
Sample 3 shows the least difference between runs in S1 with 0.19 mgHC/g (Table 9 &
Figure 5).

Table 9: S1 data (mgHC/g) difference in Core 1 between the first three runs: fresh samples, after 1 hour, and after
2 hours (Oh, 1h and 2h) and the last two runs: after 4 months, and after 5 months (4MN and 5MN) for the four
samples.

SAMPLE ID Avg (Oh,lhand 2H)  Avg (4MNand SMN) A S1 (mg/g) A%
SAMPLE 1 438 3.79 0.59 13.5
SAMPLE 2 4.13 3.60 0.53 12.8
SAMPLE 3 2.29 2.49 -0.19 -8.4
SAMPLE 4 1.13 0.70 0.44 387
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CORE 1 - 51 (MG/G)
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Figure 5: S1 (mgHC/g) change over time for the four samples from Corel. This core is tested for up to 5 months-
time cycles.

In order to ensure data quality, duplicate samples were tested from Sample 2. Those
samples are labeled as Sample 5 during three weeks run (3W), after the first month
(IMN), after three months (3MN), after 4 months (4MN), and after 5 months run
(5MN). Results show very minor differences in the S1 values for both samples (Sample

2 and Sample 5) (Table 10).

Table 10: S1 data (mgHC/g) quality check test (QC). Sample 2 and Sample 5 results from Core 1.

QC TEST S1 (mg/g)

SAMPLE ID 3W 1MN 3MN 4MN SMN
SAMPLE 2 3.91 3.79 3.57 3.72 3.48
SAMPLE 5 3.91 4.01 3.81 3.23 334
A S1 (mg/g) 0.00 -0.22 -0.24 0.49 0.14

A% 100.0 105.8 106.7 86.8 96.0

For S2 values; Core 1 results show also no significant change within S2 values over the
different time cycles. S2 from the outer core surface that is sampled immediately after
unwrapping the core shows 11.44 mgHC/g. This value is incomparable with the other
four samples. S2 values for both Sample 1 and Sample 2 after cleaning the core are 7.23

mgHC/g & 8.52 mgHC/g respectively. Unlikely, Sample 3 and Sample 4 show
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relatively lower S2 values with 3.11 mgHC/g and 0.72 mgHC/g respectively (Table
11).

Table 11: S2 data (mgHC/g) comparison between the outer core surface and the four core samples at Oh (fresh
samples) from Core 1.

TIME Surface SAMPLE1 SAMPLE2 SAMPLE3 SAMPLE4

Oh 11.44 7.23 8.52 3.11 0.72

Furthermore, a minor change in S2 values is observed over time. This S2 behavior is
almost identical in the four samples from the same core. Average change in S2 values
between the first three runs and the last two runs in the four samples show a minor
decrease that is ranged from 0.21-0.48 mgHC/g except for Sample 3, which shows a
slight increase with an average difference of 0.59 mgHC/g. Overall, S2 peaks exhibit

no significant change over time in the four samples. (Table 12 and Figure 6).

Table 12: S2 data (mgHC/g) difference in Core 1 between the first three runs: fresh samples, after 1 hour, and after
2 hours (0h, 1h and 2h) and the last two runs: after 4 months, and after 5 months (4 MN and 5 MN) for the four
samples.

SAMPLE ID Avg (Oh,1h and 2h) Avg (4MN and SMN) A S2 (mg/g) A%
SAMPLE 1 7.53 7.05 0.48 6.4
SAMPLE 2 8.44 8.17 027 3.2
SAMPLE 3 2.51 3.10 -0.59 237
SAMPLE 4 0.64 0.43 021 33.2
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Figure 6: S2 (mgHC/g) changes over time for the four samples from Core 1. This core is tested up to 5 months-time
cycles.

Similarly, duplicated samples were tested from Sample 2. The S2 values for both

samples (Sample 2 and Sample 5) are within the accepted range (Table 13).

Table 13: S2 data (mgHC/g) quality check test (QC). Sample 2 and Sample 5 results from Core 1

QC TEST - S2 (mg/g)

SAMPLEID 3W 1MN 3MN 4MN SMN
SAMPLE 2 7.86 7.34 7.54 8.89 745
SAMPLE 5 8.01 8.14 7.77 7.49 6.65
A $2 (mg/g) -0.15 -0.80 0.23 1.40 0.80

A% 101.9 110.9 103.1 843 89.3

Adding to this, Tmax from Core 1 shows almost no changes over time. Tmax from the
outer core surface is 389°C. This value is not comparable with the other four samples.
Tmax values for Sample 1, Sample 2 and Sample 3 after cleaning the core are 468°C,
468°C, and 456°C, respectively. On the other hand, Sample 4 results show lower Tmax

values at 342°C, which is relatively close to the outer surface result (Table 14).

Table 14: Tmax data (°C) comparison between outer core surface and the four core samples from Core 1 at Oh (fresh
samples).

TIME Surface SAMPLE 1 SAMPLE2 SAMPLE3 SAMPLE 4

Oh 389 468 468 456 342
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Twmax behavior is almost identical for Samples 1, 2 and 3. Average Twmax change for
the first three runs and the last two runs is £4.0°C for Sample 1, Sample 2, and Sample
3 respectively (Table 15). While Sample 4 exhibits outliers with Tmax values over the
different time runs. Average Tmax value is 240°C for samples measured for up to 48
hours run, after that the values start to increase with an average of 430°C. The anomaly
in Tmax reading most likely is affected by the low TOC content in Sample 4. Sample 4
was taken from a laminated, light color, high illite concentration, highly cemented
concretion with calcite and low organic section from Core 1. This sample shows lean

to non-source rock facies that is fairly unrepresentative of Core 1 (Figure 7).

Table 15 Twax data (°C) difference in Core 1 between the first three runs fresh samples, after 1 hour, and after 2
hours (Oh, 1h and 2h) and the last two runs: after 4 months, and after 5 months (4MN and 5MN) for the four samples.

SAMPLE ID Avg (Oh,1h and 2h) Avg (4MN and 5SMN) A Tmax (°C) A%
SAMPLE 1 468 471 3 -1
SAMPLE 2 470 467 4 1
SAMPLE 3 458 458 0 0
SAMPLE 4 204 404 -200 -08

35



CORE 1 - TMAX (°C)
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Figure 7: Tmax (°C) change with time for the four samples from Core 1. This core is tested up to 5 months-time
cycles. The anomaly in Tmax reading most likely is affected by the low TOC content in Sample 4. Sample 4 was taken
from a laminated, light in color, high illite concentration, highly cemented concretion with calcite and low organic
section from Core 1. This sample shows lean to non-source rock facies that is fairly unrepresentative of Core 1.

The duplicated samples (Sample 2 and Sample 5) are within the accepted range of Tmax

change with Al°cover 4 tests except 4-month run that shows A9°C (Table 16).

Table 16: Tuax data (°C) quality check test (QC). Sample 2 and Sample 5 results from Core 1.

QC Test - Tmax (°C)

SAMPLE ID 3w 1MN 3MN 4MN SMN
SAMPLE 2 467 468 470 462 471
SAMPLE 5 468 467 469 471 470

A Tmax (°C) -1 1 1 9 1

A% 100 100 100 102 100

TOC measurements from the outer core surface show 6.11% TOC. This value is close

to Sample 1 and Sample 2 which are 7.74% & 9.67% TOC, respectively. Sample 3 and
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Sample 4 show relatively lower TOC values with 3.50% and 1.35% TOC respectively.
(Table 17).

Table 17: TOC data (%) comparison between the outer core surface and the four core samples at Oh (fresh samples)
from Core 1.

TIME Surface SAMPLE1 SAMPLE2 SAMPLE3 SAMPLE 4

Oh 6.11 7.74 9.67 3.50 1.35

Overall, TOC measurements show minor changes. Average change for the four samples
during the first three runs and the last two runs ranged from 0.1-0.84% TOC (Table 18),
despite the TOC variation in the four samples. The TOC behavior through the different

time cycles up to 5 months is almost identical in the four samples (Figure 8).

Table 18: TOC data (%) difference in Core 1 between the first three runs fresh samples, after 1 hour, and after 2
hours (Oh, 1h and 2h) and the last two runs: after 4 months, and after 5 months (4MN and 5MN) for the four samples.

SAMPLE ID Avg (Oh,1h and 2h) Avg (4MN and SMN) ATOC (%) A%
SAMPLE 1 7.61 761 0.00 0.0
SAMPLE 2 9.19 9.49 -0.30 3.2
SAMPLE 3 2.84 3.68 -0.84 -29.7
SAMPLE 4 1.59 148 0.11 7.1

CORE 1 - TOC (%)

=—g=SAMPLE 1 == SAMPLE2 ~—a&— SAMPLE 3 SAMPLE 4

TOC (%)

Figure 8: TOC (%) change with time for the four samples from Core 1. This core is tested for up to 5 months-time
cycles.
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And similarly, for the duplicated samples (Sample 2 and Sample 5). Results show minor
differences with a maximum difference of A 0.3% TOC during the five-time cycle tests

(Table 19).

Table 19: TOC data (%) quality check test (QC). Sample 2 and Sample 5 results from Core 1

QC Test - TOC (%)

SAMPLEID 3w 1MN 3MN 4MN SMN
SAMPLE 2 9.19 9.21 11.65 9.76 9.22
SAMPLE 5 9.31 9.45 11.87 9.53 8.92
ATOC (%) -0.12 -0.24 -0.22 0.23 0.30

A% 101.3 102.6 101.9 97.6 96.7

4.2.2 Pyrolysis Results from Core 2

Core 2 was opened on September, 26" (2022) for the first lab run. A total of 19 samples
were acquired from this core on the first day for the assigned lab runs including the
outer surface samples (Figure 2). Overall, 55 samples in total are collected from Core
2 (Table 20). Unlike Core 1, this core was tested over a 4 months-time timeframe and
was exposed (unpreserved) for 121 days from opening. The core was stored in a
gradually decreasing ambient temperature ranging from 43°C to 14°C (outside

temperature) with an average of 29.5°C (Figure 9).
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Figure9: Core 2 storing temperature. The average outside temperature is 29.5°C and the average store temperature
is 22°C.
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Table 19: Core 2 pyrolysis results.
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S1 from the outer core surface that is sampled immediately after unwrapping the core
shows 2.25 mgHC/g. This value is close enough to S1 values from the four samples

that ranged from 2.09-2.29 mgHC/g (Table 21).

Table 21: S1 data (mgHC/g) comparison between outer core surface and the four core samples at Oh (fresh samples)
from Core 2.

Time Outer Surface Sample 1 Sample 2 Sample 3  Sample 4

Oh 2.25 2.09 2.25 2.29 2.31

In Core 2, S1 results show minor changes over time. The four samples show identical

trends in the four samples (Table 22 & Figure 10).

Table 22: S1 data (mgHC/g) difference in Core 2 between the first three runs fresh samples, after 1 hour, and after
2 hours (Oh, 1h and 2h) and the last two runs: after 3 months, and after 4 months (3MN and 4MN) for the four
samples.

Sample ID Avg (0h,1h and 2h) Avg (3MN and 4MN) A S1 (mg/g) A%
Sample 1 23 2.0 0.3 14.6
Sample 2 22 26 -0.4 -17.7
Sample 3 25 29 -0.3 -18.1
Sample 4 23 2.7 -0.3 -14.8
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CORE 2 - S1 (MG/G)
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Figure 10: S1 (mgHC/g) change with time for the four samples from Core 2. This core is tested for up to 4 month-
time cycles. The increase in S1 (light hydrocarbons) reflected by the high peaks of the different samples in the 3
months run (3MN) indicate the impact of the change of the sampling position, which also reflects the lateral
heterogeneity in the laminae at the micro-scale.

To ensure data quality, similar to Corel. Duplicated samples are tested from Sample
2,—those samples labeled as Sample 5. The S1 values for both samples (Sample 2 and

Sample 5) show a maximum difference of 0.18 mgHC/g. (Table 23).

Table 23: S1 data (mgHC/g) quality check test (QC). Sample 2 and Sample 5 results from Core 2.

QC Test - S1 (mg/g)

Sample ID Oh 3h 3W 4MN
Sample 2 2.19 231 1.96 1.73
Sample 5 234 2.13 1.90 1.71

A S1 (mg/g) -0.15 0.18 0.06 0.02

A % 106.8 922 96.9 98.8

For S2 values, S2 from the outer core surface that is sampled immediately after
unwrapping the core shows 9.10 mgHC/g. This value is way off compared with the
other four samples from the same core. S2 values for the other four samples range

between 2.39-3.32 mgHC/g (Table 24)
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Table 24: S2 data (mgHC/g) comparison between outer core surface and the four core samples at Oh (fresh samples)
from Core 2.

Time Outer Surface Sample 1 Sample 2 Sample 3 Sample 4

0h 9.10 2.39 332 3.10 324

The S2 behavior is almost identical through the four samples in Core 2. S2 starts to
decrease slightly after 1 hour (Table 25). Overall, no significant changes were exhibited

in S2 values over time in Core 2 (Figure 11).

Table 25: S2 data (mgHC/qg) difference in Core 2 between the first three runs of fresh samples, after 1 hour, and
after 2 hours (Oh, 1h and 2h) and the last two runs: after 3 months, and after 4 months (3MN and 4MN) for the four
samples.

Sample ID Avg (0h,1h and 2h) Avg (3MN and 4MN) A 82 (mg/g) A%
Sample 1 3.23 235 0.88 27.2
Sample 2 3.73 3.97 -0.24 -6.3
Sample 3 3.52 4.02 -0.50 -14.2
Sample 4 3.66 3.62 0.04 1.1

CORE 2 - S2 (MG/G)

=4=—=SAMPLE1 === SAMPLE2 =i~ SAMPLE 3 SAMPLE 4

10.

$2(MG/G)

Figure 11: S2 (mgHC/g) changes over time for the four samples from Core 2. This core is tested up to 4 months-
time cycles. The increase in S2 value reflected by the high peaks of the different samples in the 3 months run (3MN)
indicate the impact of the change of the sampling position, which also reflects the lateral heterogeneity in the laminae
at the micro-scale.
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Similar to core 1, duplicate samples are tested. The S2 values for both samples (Sample
2 and Sample 5) show an accepted difference that is ranged from 0.05-2.16 mgHC/g.

(Table 26)

Table 26: S2 data (mgHC/g) quality check test (QC). Sample 2 and Sample5 results from Core 2

QC Test - S2 (mg/g)

Sample ID 0h 3h 3W 4MN
Sample 2 5.00 3.03 2.85 272
Sample 5 2.93 2.92 272 2.67

A S2 (mg/g) 2.16 0.11 0.13 0.05

A% 57.6 96.4 95.4 98.2

The Tmax from Core 2 shows more pronounced fluctuation with time. Tmax from the
outer core surface shows 380°C. This value is a way off compared with the other four
samples. Tmax values for Sample 1 is 413°C. However, the other three samples are

relatively higher and range from 459.5-462.0°C (Table 27).

Table 27: Tuwax data (°C) comparison between outer core surface and the four core samples at Oh (fresh samples) in
Core 2

Time Outer Surface Sample 1 Sample 2 Sample 3 Sample 4

Oh 380 413 462 462 459

Overall, the Tmax trend shows no significant changes over storage time. An increase
after the first run (Oh) followed by almost negligible changes except for Sample 1.
Sample 1 shows relatively lower Tmax values across time until 3 weeks run (3W).
Results from a 3-week test show comparable values from Sample 1 to the other three

samples (Table 28 and Figure 12).
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Table 28: Tmax data (°C) difference in Core 2 between the first three runs fresh samples, after 1 hour, and after 2
hours (0Oh, 1h and 2h) and the last two runs: after 3 months, and after 4 months (3MN and 4MN) for the four samples.

Sample ID Avg (0h,1h and 2h) Avg (3MN and 4MN) A Tmax (°C) A%
Sample 1 384 464 -80 -20.7
Sample 2 442 471 -29 -6.4
Sample 3 441 466 -25 -5.6
Sample 4 437 472 -34 -7.8

CORE 2 - TMAX (°C)

==#==SAMPLE1 == SAMPLE 2 =d&— SAMPLE 3 SAMPLE 4
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Figure 12: Tmax (°C) change with time for the four samples from Core 2. This core is tested for up to 4 months-time
cycles. Samplelvalues has demonstrated that organic additives to drilling mud can be detected on pyrolysis
measurements through Tuax. With increased time, the sample that was taken from deeper intervals during the four-
month run (4MN) proved that sample was mitigated and avoided any contaminants from drilling and the outer
surface with comparable value compare with the other three samples.

Similar to the other tests, the duplicated samples (Sample 2 and Sample 5) are
comparable with a difference in Tmwax range from A1-3°C for three tests (3h, 3W & 4
MN). While the first test during the Oh run was an outlier with a difference of A78°C

(Table 29).
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Table 29 Tmax data (°C) quality check test (QC). Sample 2 and Sample 5 results from Core 2.

QC Test -Tmax (°C)

Sample ID 0Oh 3h 3w 4MN
Sample 2 388 166 469 468
Sample 5 466 467 472 467

A Tmax (°C) -78 -1 3 1
A% 120 100 101 100

Finally, TOC measurements from Core 2 show no significant change with time. TOC
from the outer core surface shows 3.17% TOC. This value is close to the other four

samples from the same core that ranged from 2.75-3.19% TOC (Table 30).

Table 30: TOC data (%) comparison between outer core surface and the four core samples at Oh (fresh samples) in
Core 2

Time Outer Surface Sample1 Sample2 Sample3d Sample 4

Oh 3.17 275 3.19 3.16 2.86

Overall, TOC measurements from the four samples are within a narrow range. The TOC
behavior through the different time cycles up to 4 months is almost identical in the four

samples. (Table 31 & Figure 13).

Table 31: TOC data (%) difference in Core 2 between the first three runs fresh samples, after 1 hour, and after 2
hours (Oh, 1h and 2h) and the last two runs: after 3 months, and after 4 months (3MN and 4MN) for the four samples.

Sample ID Avg (Oh,1h and 2h) Avg(3MN and 4MN) A TOC (%) A%
Sample 1 2.80 276 0.05 1.7
Sample 2 3.03 335 0.32 -10.6
Sample 3 3.14 3.48 -0.34 -10.9
Sample 4 272 3.05 0.32 118
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Figure 13: TOC (%) change with time for the four samples from Core 2. This core is tested up to 4 months-time
cycles. The increase in TOC values reflected by the high peaks of the different samples in the 1 month, 2 months and
3 months runs (LMN, 2MN &3MN) indicate the impact of the change of the sampling position, which also reflects
the lateral heterogeneity in the laminae at the micro-scale.

For the duplicate samples (Sample 2 and Sample 5). Results also show minor
differences in three test runs. The values are within the TOC normal fluctuation (Table

32).

Table 32: TOC data (%) quality check test (QC). Sample 2 and Sample 5 results from Core 2.

QC Test -TOC %

Sample ID Oh 3h IW
Sample 2 3.07 3.03 2.96
Sample 5 294 3.00 2.96

ATOC (%) 0.13 0.03 0.00

A% 05.8 99.0 100.0
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4.2.3 Pyrolysis Results from Core 3

On October, 23™ (2022), Core 3 was opened for the first lab run. 21 samples were
collected from this core on the first day for the assigned lab runs (Figure 2). Overall, 62
samples in total are used from Core 3 (Table 33). This core was tested over 4 months
and was exposed (unpreserved) for 121 days under normal conditions. The core is kept
in a closed store with gradually decreasing weather temperatures that are ranged from
37°C to 12°C (outside temperature) and with an average store temperature of 19°C
(Figure 14).

Figure 14: Core 3 storing temperature forecast. The average store temperature is 19°C and the outside temperature
is 25°C
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Table 33: Core 3 pyrolysis results.
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Core 3 results show no significant change in S1 values over 2 months. Unlike the other
two cores, five samples in total from the outer surface are taken from the exact four
sample locations in addition to the representative sample that represents the entire core
surface. S1 from the outer core surface that is sampled immediately after unwrapping
the core (5 samples in total) shows close S1 values. Those values range from 1.58-3.40
mgHC/g. Furthermore, those surface samples are also within the range of the S1 values
from the sample that is taken from fresh deep interior samples from the same core (Oh).

the reported difference is ranged from 0.1-0.5 mgHC/g (Table 34).

Table 34: S1 data (mgHC/g) comparison between outer core surface samples and deep/interior samples from Core
3 at Oh (fresh samples).

Time Entire Core Sample 1 Sample 2 Sample 3 Sample 4
Surface 197 1.58 3.40 2.58 2.08
Interior 1.72 3.46 291 2.55

A Sl (mg/g) 0.14 0.06 0.33 0.47

Generally, a minor change in S1 values is observed over time from this core. The four
samples follow similar change trends over time. However, during the two-month run, a
slight increase is reported in the S1 values from the four samples (Table 35 and Figure
15).

Table 35: S1 data (mgHC/g) difference in Core 3 between the first three runs fresh samples, after 1 hour, and after
2 hours (0h, 1h and 2h) and the last two runs: after 3 months, and after 4 months (3MN and 4MN) for the four
samples.

Sample ID Avg (0h, 1h and 2h) Avg (3MN and 4MN) A S1(mg/g) A%
Sample 1 1.61 1.33 0.29 17.9
Sample 2 3.52 2.30 1.23 348
Sample 3 3.05 2.14 0.91 299
Sample 4 2.39 2.13 0.27 11.2

50



51{MG/G)

CORE 3 - S1 (MG/G)

=—t=—=SAMPLE1 ~—fl— SAMPLE2 =—d— SAMPLE 3

SAMPLE 4

IMN

Figure 15: S1 (mgHC/g) change over time for the four samples from Core 3. This core is tested for up to 4 months-
time cycles. The increase in S1 (light hydrocarbons) reflected by the high peaks of the different samples in the 2
months run (2MN) indicates the impact of the change of the sampling positions (from surface to center of core) on
the pyrolysis results), which also reflects the lateral heterogeneity in the laminae at the micro-scale.

Like the other cores, to ensure data quality, duplicated samples are tested from Sample

2 again. Those samples are tested during 24h run (24h), a 1-week run (1W), a 2-week

run (2W), 2 months run (2MN), and after 4 months (4MN). The S1 values for both

samples (Sample 2 and Sample 5) are within the accepted range of S1 fluctuation (Table

36).

Table 36: S1 data (mgHC/g) quality check test (QC). Sample 2 and Sample 5 results from Core 3.

Sample ID
Sample 2
Sample 5

A S1 (mg/g)
A%

QC Test - S1 (mg/g)

24h
3.36
3.36
0.00
100.0

1w
3.25
3.18
0.07
07.8

2W
3.23
3.10
0.13
96.0

2MN
5.51
5.23
0.28
04.9

4MN
1.73
1.71
0.02
08.8

51



For S2 values; S2 from the outer core surface that was sampled immediately after
unwrapping the core shows 7.57 mgHC/g. This value is comparable with the other four
surface samples. The S2 values for the four samples range from 7.31-10.64 mgHC/g.
On the other hand, the interior/deep samples are way off compared with the outer
surface samples from the same core. The differences between the two sources (outer

and interior) from the four samples range from 1.86-5.02 mgHC/g. (Table 37).

Table 37: S2 data (mgHC/g) comparison between outer core surface and the four core samples at Oh (fresh samples)
in Core 3.

Time Entire Core Sample 1 Sample 2 Sample 3 Sample 4
Surface 757 8.06 10.64 7.35 7.31
Interior 3.04 6.35 5.49 4.98

A 82 (mg/g) -5.02 -4.29 -1.806 -2.34

S2 behavior is almost identical in the four samples. The four samples show minor
changes over time. The average difference between the first three runs and the last two

runs ranged from 0.65-1.98 mgHC/g (Table 38 and Figure 16).

Table 38: S2 data (mgHC/qg) difference in Core 3 between the first three runs fresh samples, after 1 hour, and after
2 hours (0h, 1h and 2h) and the last two runs: after 3 months, and after 4 months (3MN and 4MN) for the four
samples.

Sample ID Avg (0h, 1h and 2h) Avg BMN & 4MN) A S2 (mg/g) A%
Sample 1 276 2.11 0.65 235
Sample 2 6.25 4.40 1.85 29.6
Sample 3 5.60 3.62 1.98 354
Sample 4 4.59 3.71 0.88 19.2
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Figure 16: S2 (mgHC/g) changes over time for the four samples from Core 3. The core is tested for up to 4 months-
time cycles. The increase in S2 value reflected by the high peaks of the different samples in the 2 months run (2MN)
indicate the impact of the change of the sampling position, which also reflects the lateral heterogeneity in the laminae
at the micro-scale.

Duplicated samples are tested from Sample 2. Those samples are labeled as Sample 5.
The S2 values for both samples (Sample 2 and Sample 5) are within the accepted range

of S2 fluctuation (Table 39)

Table 39: S2 data (mgHC/g) quality check test (QC). Sample 2 and Sample 5 results from Core 3

QC Test - S2 (mg/g)

Sample ID 24h 1w 2w IMN  4MIN
Sample 2 6.00 6.18 5.61 10.56 272
Sample 5 6.00 5.66 489 10.52 5 67

A S2 (mg/g) 0.00 0.52 0.72 0.04 0.05

A% 100.0 91.6 87.2 99.6 98.2

For the Tmax parameter; Tmax from the outer core surface shows a value of 400°C.
This value is close to the results from the outer surfaces of Sample 1, Sample 3 and
Sample 4. However, Sample 2 is slightly higher with a value of 443°C. However, results
from the deep interior samples are higher than the surface results. Adding to this, the

average difference between outer samples and interior fresh samples is 52 °C for
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Sample 1, Sample 3, and Sample 4, while the difference in Sample 2 is 16.5 °C (Table
40).

Table 40: Tuax data (°C) comparison between the outer core surface and the four core samples at Oh (fresh samples
collected at different times and sampling positions) from Core 3.

Time Entire Core Sample 1 Sample 2 Sample 3 Sample 4
Surface 400 404 443 408 402
Interior 454 460 460 457

A Tmax (°C) 50 17 52 55

Tmax behavior was almost identical in the four samples. Results after one hour, and
after two hours report a slight increase followed by a consistent fluctuation over time

until another slight increase after two months (Table 41 and Figure 17).

Table 41: Tuax data (0C) difference in Core between the first three runs of fresh samples, after 1 hour, and after 2
hours (Oh, 1h and 2h) and the last two runs: after 3 months, and after 4 months (3MN and 4MN) for the four
samples.

Sample ID Avg (Oh, 1h and 2h) Avg (3MN and 4MN) A Tax (°C) A%
Sample 1 450 463 -13 -3
Sample 2 457 466 -9 -2
Sample 3 457 463 -6 -1
Sample 4 454 466 -11 -2
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Figure 17: Tmax (°C) changes over time for the four samples from Core 3. The core is tested for up to 4 months-time
cycles.

The duplicated samples are performed during 24h (24h), 1 week (1W), 2 weeks (2W),
2 months (2MN), and after 4 months (4MN). Sample 2 and Sample 5 show comparable

results within an accepted range of Tmax change (A0-4°C) (Table 42).

Table 42: Tuax data (°C) QC test. Sample 2 and Sample 5 results from Core 3.

QC Test - Tyux (°C)

Sample ID 24h 1w 2W 2MN  4MN
Sample 2 460 455 458 465 468
Sample 5 464 457 458 468 167

A Tmax (°C) 4 2 0 3 1
A% 101 100 100 101 100

Finally, TOC measurements from the outer core surface show 3.45% TOC. This value
comes close to Sample 1, Sample 3, and Sample 4. While Sample 2 is relatively high

with 6.90%.
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Furthermore, fresh interior results were also tested from the same four locations.

Results show comparable results that range from 2.75-5.04% TOC (Table 43).

Table 43: TOC data (%) comparison between the outer core surface and the four core samples at Oh (fresh samples)
in Core 3.

Time Entire Core Sample 1 Sample 2 Sample 3 Sample 4
Surface 345 3.20 6.90 422 4.23
Interior 275 5.04 4.76 437

ATOC (%) -0.45 -1.860 0.54 0.14

Overall, TOC measurements show minor changes for the four samples from Core 3.
The TOC behavior over the different time cycles of up to 5 months is almost identical
in the four samples. The four samples show a very minor increase in the TOC values.
The difference between the average of the first three runs and the last two runs ranged

from 0.13-0.94% TOC. (Table 44 and Figure 18).
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Table 44: TOC data (%) difference in Core 3 between the first three runs fresh samples, after 1 hour, and after 2
hours (Oh, 1h and 2h) and the last two runs: after 3 months, and after 4 months (3MN and 4MN) for the four samples.

Sample ID Avg (0Oh, 1h and 2h) Avg (3MN and 4MN) ATOC (%)

Sample 1 253 2.40 0.13
Sample 2 4.65 3.85 0.80
Sample 3 4.58 3.64 0.94
Sample 4 3.89 3.43 0.46

A%

5.3
17.3
20.5
11.9

CORE 3 - TOC (%)
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Figure 18: Figure 18: TOC (%) changes over time for the four samples from Core 3. Note the slight fluctuations in
the TOC values for each sample with time, indicating the lateral changes in a single bed/lamina and/or change in
sampling location (when samples are drilled deeper in the core the TOC value slightly changes). The core is tested

for up to 4 month-time cycles.

For the quality control test, Sample 2 and Sample 5 are duplicated. Results show no

significant differences between the two samples with a TOC difference that doesn’t

exceed 1.0% TOC during the different time cycle tests. (Table 45).

Table 45: TOC data (%) QC test results for Sample 2 and 5 from Core 3.

QC Test - TOC (%)

Sample ID 24h 1W 2w 2MN
Sample 2 4.55 6.25 4.85 5.63
Sample 5 4.49 527 4.74 558

ATOC (%) 0.06 0.98 0.11 0.05

A% 98.7 84.3 97.7 99.1

4MN
3.00
3.06

-0.06
102.0
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Chapter 5

Interpretations and Discussion

5.1 Data Quality

Results for standards and results from quality control tests from the three studied cores
support the reliability of pyrolysis measurements using the Rock Eval7S machine
(Table 4 and Table 5). The results are within the accepted change range with no
significant variance beyond. Results showed negligible differences across the pyrolysis
parameters. S1 values from the standards are very similar with £ 0.07 mgHC/g. On the
other hand, S2 from the same IFP 160000 standard shows + 0.01 mgHC/g difference,
which is in the range of the accepted fluctuation. Furthermore, Tmax values report
416°C across the different standard runs as expected. Additionally, TOC measurements
are also in the accepted range with a very minor difference of £0.3°% (Table 4). In
addition, pyrolysis results from the duplicated samples (Sample 2 and Sample 5)
showed consistent results over the three cores with very minor differences (Tables 5,

10, 13, 16, 19, 23, 26, 29, 32, 36, 39, 42, and 45).

Despite these consistent results, there are several samples that were excluded from this
interpretation as results show outliers due to different technical reasons including
contaminants from drilling fluid, and the very low organic content in the sample.
Sample 4 from Core 1 shows outliers in Tmax values through the different time runs
(Figure 7). Tmax values received demonstrate a wide scatter (152-599°C) and are

relatively low as an average compared with the other three samples from the same core
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(average Twmax is 465°C). The anomaly in Tmax is affected by the low TOC content
(>2.0% TOC) in Sample 4. It is worth mentioning that Sample 4 was taken from a
laminated, light color, high illite concentration, highly cemented concretion with calcite
and low organic section from Core 1 (Figure 19). This sample shows lean to non-source
rock facies and is not representative of Core 1. Samples with low organic content
normally require less time during pyrolysis combustion and the rapid sample
consumption produces a small S2 peak making the interpretation of Tmax difficult and
un-precise. Low TOC and S2 peak determination issues were reviewed by Yang et al.
(2020) as the uncertainty of Twmax in revealing the thermal maturity of organic rock.
Yang highlighted several experimental issues related to the model of the Rock-Eval
instrument That can define the quality and reliability of Tmax data such as sample

loading and the form of the pyrolysate (S2) peak(s).
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High organic
concentration

Figure 19: Sample 4 was taken from a laminated, light in color, high muscovite concentration, concretion, highly
calcite cemented and low organic section from Corel.

Core 2 also shows similar outliers within Tmax values in Sample 1 over the different
time runs (Figure 12). Those anomalies are associated with low S2 values from the
same sample. Tmax values are relatively low compared with the other three samples
from the same core. Average Tmax values from Sample 2, Sample 3, and Sample 4 are
467°C, while results from Sample 1 show average Tmax values of 385°C (Figure 12).
The values from Sample 1 were changing in a very narrow range until the three weeks-
cycles run (3W). After that, values start to increase toward the other samples value
(Figure 12). Results at Oh run (fresh sample) from the four samples show also outliers
with low Tmax values similar to Sample 1 case (Table 27). The values jump and then
change in a narrow range immediately after one hour. This increase was in a plateau

trend up to 4 months test (Figure 12). Those observations highlight the valid effect of
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the outer surface in the four collected samples and can be illustrated through the
comparison with the outer surface samples results that were taken from the same core

(Table 27).

The three cores were drilled using water-based mud with organic chemical additives.
Core 2 is could be demonstrated that organic additives to drilling mud can be detected
on pyrolysis measurements including Tmax and S2 values which override the rock
values (Figure 12). With increased time, samples that were taken from deeper intervals
during the onward time tests such as after 1 hour (1h), 2 hours (2h) and so on, have
proved that the obtained samples have avoided any contaminants from drilling and the
outer surface (Figure 20). This situation has clearly occurred after three weeks as
samples were taken from deeper intervals from the Samplel location (Figure 12). To
support this more, the four samples at Oh time show similar Tmax values (388°C) values
to the sample 1 case. The four samples were most likely affected by the outer layer as
samples were taken from areas close to the outer surface. Three other samples
demonstrated different results, (Sample 2, Sample 3, and Sample 4) during the next
runs (Figure 12). Results after one hour (1h) had back with comparable Tmax readings
unlike Sample 1. This challenge was highlighted along with water-based drilling impact
on geochemical evaluation by Wenger et. al 2004. Wenger observed that water-based
drilling fluids that are used for deep-water operations contain organic based additives
that may impact fluid and rock geochemistry. The additives are often a significant
component of water-based muds, they may affect or be measured in the geochemical

signature of fluids and rocks.
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Results from Core 3 show more comparable results in S1, S2, Tmax and TOC values
(Figure 15, Figure 16, Figure 17 and Figure 18). From the lesson learned from previous
samples, the core was cleaned well by taking out a good portion from the outer surface
using sand papers prior to sampling, and was collected from deeper locations to avoid
any contaminates. Results show no outliers from the four samples across the different

time runs.

Roc is primarily composed of

Oh 1h 2h 3h 24h laminated organic rich mudstone with

l lateral heterogeneity

Outer Surface is affected by drilling mud.

Figure 20: Schematic drawing showing the different locations of the samples taken from the preserved cores and
their effect on the results over time. The anomalies detected in pyrolysis results could highlight the valid effect of the
outer surface and drilling mud in the collected samples. In addition, the fluctuations in pyrolysis parameters are
most likely due to lateral changes in microfacies and the distribution of organic matter across the core interval.

5.2 Long-term Preservation Impact

Overall, results from the three preserved cores (C1, C2 and C3) for up to 4-5 months-
time cycles (4-5 months of storing time) show very minor changes over time. S1(Figure
5, Figure 10, and Figure 15), S2 (Figure 6, Figure 11, and Figure 16), TOC (Figure 8,
Figure 13 and Figure 18) and Twmax values (Figure 7, Figure 12 and Figure 17) show
accepted fluctuation ranges which they could indicate the impact of the sampling
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position, which also reflects the lateral heterogeneity in the laminae at the micro-scale
for the three cores. Furthermore, those minor changes in the pyrolysis parameters with
time could also be attributed to the storage condition due to different storing conditions

(store temperature) for the three cores (Figure 4, Figure 9 and Figure 14).

5.2.1 Un-Preserved Samples Comparison

The three cores (C1, C2 & C3) were drilled or extracted in a relatively similar time in
2022 (Table 1). A portion from each of these cores (1-foot length) was selected and
waxed immediately after cores have reached the surface. The remaining portions of the
cores were kept unpreserved (unwaxed and uncovered) and exposed to normal surface

conditions before storage (Table 46).

Table 46: Cores information: drilling and testing dates.

Core ID Drilled Date Test Date for Test Date for Preservgtlon
Un-preserved Preserved Duration
Cl Jan, 2020 March, 2020 Sept, 2022 619 Days
C2 Jan, 2020 March, 2020 Sept, 2022 634 Days
C3 Jan, 2020 Nov, 2020 Oct, 2022 661 Days

The pyrolysis results from non-preserved cores are utilized following a similar
sampling protocol for a reasonable comparison with results from the preserved sections.
The un-preserved samples were taken from a one-foot homogenous interval above and
another one-foot below the preserved sections used in this study (Figure 2). The two
feet from each core represent the non-preserved section of the core. The un-preserved
samples were tested for pyrolysis using a source rock analyzer instrument (SRA) and

LECO for TOC measurements (Table 47).
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Table 47: Pyrolysis results from the un-preserved samples.

TOC S1 S2 S3 TMAX

Core ID % me/g me/g me/g oC HI (0)1 PI
C1-UPO1 4.00 1.72 3.28 0.22 476.06 82.05 5.50 0.34
Cl-UP02 1.30 0.36 0.39 0.22 450.00 30.00 16.92 0.48
C2-UPO1 2.07 1.10 1.32 0.34 475.44 63.83 16.44 0.45
C2-UP02 1.63 0.90 1.07 0.17 474.58 65.77 10.45 0.46
C3 - UPO1 3.43 2.95 3.72 0.21 470.50 108.31 6.11 0.44
C3 - UP02 4.53 2.38 4.01 0.25 467.70 88.59 5.52 0.37

The preserved samples were tested using Rock-Eval 7, while the un-preserved samples
were tested in different laboratories with different instruments (SRA for pyrolysis and
LECO for TOC). Using different lab instruments in the two data set was considered
during the data comparison. Data sets from the two labs were comparable and within
the expected range in terms of thermal maturity and organic richness. Previous studies
showed narrower, and smaller values for standard deviation between different organic
geochemical laboratories and methods. (Birdwell et al., 2019). The study by Behar et
al. 2015 showed a comparison with TOC determined by the Leco instrument and Rock-
Eval 6 with a very good correlation for more than 89 samples with a correlation
coefficient of 0.998. Although the two methods, LECO TOC and Rock-Eval TOC differ
substantially in sample preparation and measurement itself, they are expected to

provide comparable results to each other (Behar et al. 2001).

A comparison between results from preserved and unpreserved samples was completed
to evaluate the preservation quality and to determine any significant changes with time.
Results from unpreserved samples from Core 1 show significant changes compared
with the average preserved samples from the same core (Figure 21). The quantity of

organic content that are represented by TOC, S1 and S2 are slightly varied between the
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un-preserved two feet in Corel (C1-UP01 & C1-UP02). UP01 sample is relatively
higher in TOC with 4%, while UP02 is 1.30% (Table 47). Furthermore, S1 and S2 are
1.72 mgHC/g and 3.28 mgHC/g respectively in UP01, while UP02 shows S1 and S2
values of 0.3 mgHC/g and 0.39 mgHC/g respectively (Table 47). This TOC variation
gives similar wide distribution to the TOC range as of the four preserved samples that
were tested from Core 1 (1.5-12.0% TOC) (Table 7). Sample 1 and Sample 2 are
slightly higher in organic content compared to Sample 3. Therefore, for Core 1 and to
achieve a more realistic comparison. UPO1 (un-preserved sample) is more comparable
to both Sample 1 and Sample 2 (preserved samples), while UPO2 (un-preserved sample)

is more toward Sample 3 (preserved sample).

Overall, Core 1 shows a drop in S1 values comparing preserved and non-preserved
samples. Resulted values from high organic samples drop from 4.2 mgHC/g which is
the average S1 for Sample 1 and Sample 2 (Table 7) to 1.72 mgHC/g which is the S1
value from sample UP0O1 (Table 47). Results from the low organic sample drop from
2.8 mgHC/g which is the average S1 for sample 3 (Table 7) to 0.36 mgHC/g which is
the S1 value from sample UP02 (Table 47). The reported drop in S1 values is relatively
lower in high organic samples (Sample 1 and Sample 2) compared with the low organic
sample (Sample 3). S1 decreased by almost 59% in high TOC samples and by 87% in

low TOC samples (Figure 21).

Corel also shows an associated drop in S2 values between preserved and non-preserved
samples. Values from high organic samples drop from 7.9 mgHC/g which is the average
S2 for Samplel and Sample 2 (Table 7) to 3.28 mgHC/g which is the S2 value from

sample UPQ1(Table 47). The values from the low organic sample drop from 3.1
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mgHC/g which is the average S2 for Sample 3 (Table 7) to 0.39 mgHC/g which is the
S2 value from sample UPO2 (Table 47). This drop follows a similar trend compared
with the S1 drop from the same core. And similarly, the changes of S2 values in high
organic samples was relatively lower (A58%) compared with the drop in low organic

sample (A87%) (Figure 21).

The Twmax was also affected by preservation due to changes in S1 and S2 values.
Average value from high organic samples is 468°C, which is the average Tmax for
Samplel and Sample 2 (Table 7), while the value from sample UPO1 is 476°C (Table
47). in the other hand, values from low organic sample shows 456°C, which is the

average Tmax for Sample 3(Table 7), and value from sample UP02 is 450°C (Table 47).

TOC values show changes between preserved and non-preserved samples. Values from
high organic samples drop from 8.7% which is the average TOC for Samplel and
Sample 2 (Table 7) to 4.0 %, which is the TOC value from sample UP01 (Table 47).
Values sample with low organic content drops from 3.5% which is the average TOC
for Sample 3 (Table 7) to 1.3%, which is the TOC value from sample UP02(Table 47).
similarly, the changes in high organic sample was relatively lower (54%) compared

with the drop in low organic sample (62%) (Figure 21).
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Figure 21: Comparisons between results obtained from preserved and un-preserved for Core 1. Results from
unpreserved samples from Core 1 show significant changes in S1, S2 and TOC values compared with the average
preserved samples from the same core. In addition, Twax values were also affected by preservation due to changes
in S1 and S2 values. C1-UP01 & C1-UPO02 are two unpreserved samples from Core 1, while Sample 1, Sample 2

and Sample 3 are preserved sample from Core 1.
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Core 2 results show also similar significant changes compared with the preserved
samples from the same core (Figure 22). Unlike Core 1, this core shows a narrower
range of organic content values (min TOC is 2.7%, max TOC is 3.8%) (Table 20); and
similarly, un-preserved samples show also a narrower range in terms of organic content
that are represented by TOC, S1 and S2 peaks (Table 47). UP0O1 shows 2.07% TOC and
UP02 is 1.63%. Furthermore, S1 and S2 are 1.10 mgHC/g and 1.32 mgHC/g
respectively in UPO1, while UP02 shows S1 and S2 values of 0.90 mgHC/g and 1.07
mgHC/qg respectively. This narrow range shows a similar distribution range to the four
preserved samples that were tested from Core 2. Average TOC in the four preserved
samples is 3%. S1 & S2 are 2.3 mgHC/g and 3.1 mgHC/g respectively; and the Tmax

average is 467°C (Table 20).

Overall, Core 2 shows a similar drop in S1 values between preserved and non-preserved
samples as observed in Figure 20. Values from preserved samples drop from 2.3
mgHC/g, which is the average S1 for Samplel, Sample2 and Sample3 (Table 20) to 1.0
mgHC/g, which is the average S1 value from samples UP01 & UPO2 (Table 47). The
results also show a drop in S2 values between preserved and non-preserved samples.
Values from the preserved core drop from 3.1 mgHC/g, which is the average S2 for
Sample 1, Sample 2 and Sample 3 (Table 20) to 1.2 mgHC/g, which is the average S2
value from samples UP01 & UP02 (Table 47). The changes between preserved and
unpreserved samples in S1 and S2 values are around 56% and 32%, respectively (Figure
22). Results in thermal maturity value show slight changes in Tmax values between the
preserved and non-preserved samples. Average Tmax for Sample 1, Sample 2 and

Sample 3 is 467°C (Table 20), while the average value from samples UP01 and UP02
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is 475°C (Table 47). Core 2 results show also a slight drop in TOC values between
preserved and non-preserved samples. Average TOC for Sample 1, Sample 2 and
Sample 3 is 3.0% (Table 20). This value drops to 1.85% (average value from UPO1 &
UPO02) in the unpreserved sample (Table 47). The change in TOC between preserved

and unpreserved samples is around 38% (Figure 22).
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Figure 22: Comparisons between results obtained from preserved and un-preserved for Core 2. Overall, Core 2
shows a drop in S1, S2 and TOC values between preserved and non-preserved samples. In addition, Twax values
were also affected by preservation due to changes in S1 and S2 values. C1-UP01 & C1-UP02 are two unpreserved
samples from Core 2, while Sample 2, Sample 3 and Sample 4 are preserved sample from Core 2.
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Core 3 results show minor changes with negligible differences between preserved and
un-preserved results with no major change in S1 values (Figure 23). Values from
preserved samples is 2.7 mgHC/g, which is the average S1 for the four preserved
samples (Table 33). While UPO1 and UP02 show a value of 2.95 mgHC/g and 2.38
mgHC/g (Table 47). Results show also a similar trend with S2 values between
preserved and non-preserved samples. Values from preserved samples show no major
change in S2 values. Average S2 value from the preserved samples is 5.0 mgHC/g
(average S2 for the four preserved samples) (Table 20). While UP01 and UP02 show
average values of 3.72 mgHC/g and 4.01 mgHC/g (Table 47). In addition, results from
preserved samples show a Tmax average value of 457°C (average Tmax for the four
preserved samples) (Table 20). While UP01 and UP02 show average values of 470.5°C
and 467.7°C (Table 47). Finally, Core 3 shows also a negligible change in TOC values
between preserved and non-preserved samples. The average TOC for Samplel, Sample
2, Sample 3 and Sample 4 (preserved samples) is 4.3% (Table 20), whereas TOC

average values from UP01 and UP02 are 3.43% and 4.53%, respectively (Table 47).
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Figure 23: Comparisons between results obtained from preserved and un-preserved for core3. Core 3 results show
minor changes with negligible differences between preserved and un-preserved results with no major change in S1,
S2, Twax and TOC values. C1-UP01 & C1-UPO02 are two unpreserved samples from Core 3, while Sample 1, Sample
2, Sample 3 and Sample 4 are preserved samples from Core 3.
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These observations from the comparison results between preserved and un-preserved
samples can be summarized and correlated with the thermal maturity and organic

content variations (Table 48).

Overall, S1 values from the three cores (C1, C2 and C3) show significant changes in
the unpreserved samples illustrated by the comparisons between preserved and non-
preserved samples (Figure 21, Figure 22, and Figure 23). Through the three cores, S1
values decline with a gradual dropping trend which is ranged from 23-87% out of the
total S1 reported from preserved samples (Figure 21, Figure 22, and Figure 23). This
variation in S1 losses can be correlated with thermal maturity variation (Table 2). High
thermal maturity cores (Core 1 and Core 2) report higher S1 drops (56%-87%) (Figure
21, and Figure 22). On the other hand, Core 3 with a relatively less thermal maturity
level shows few S1 losses with only 23% out of the total reported S1 (Figure 23).
Furthermore, TOC variation seems to have no clear control over the S1 losses through
the three cores (Table 2). The correlation between S1 losses and TOC was not proved

during this comparison (Table 48).

S2 values demonstrated a dropping trend similar to S1 with time. Through the three
cores (C1, C2 and C3), S2 values report a decline illustrated by the comparisons
between preserved and non-preserved samples (Figure 21, Figure 22, and Figure 23).
This drop is close enough to the S1 drop with a comparable amount of losses. Greater
losses in mass are reported in high thermal mature cores (C1 and C2) with 32-87% out
of the total S2 values (Figure 21, and Figure 22). While the relatively low thermal

maturity core (C3) reports a lower S2 drop with 23% out of the total S2 values (Figure

73



23). And similar to S1, this comparison couldn’t prove the correlation between the S2

losses and organic richness (TOC) (Table 48).

Tmax values show an increasing trend with time through the three cores (Figure 21,
Figure 22, and Figure 23). This change is reported in a very narrow range between 6-
8°C degrees over 2 years with no sample preservation protocols. With this narrow
change, a comparison is not adequate to prove any correlation with either thermal
maturity or organic richness (TOC) (Table 48). Twmax is affected by the change in S1
and S2 mass, as smaller quantities require less time to pyrolyze during the continuous
temperature ramp. Thus, the Tmax peak will inaccurately be picked through the lab
instrument as the S2 peak is relatively lower in values with wider and broad shapes (due

to time dependency and p temperature ramp cycle).

TOC values show a significant change with time. This is illustrated by the comparisons
between preserved and non-preserved samples (Figure 21, Figure 22, and Figure 23).
In high thermal maturity cores (C1 and C2) TOC results report a decline with a 38-62%
drop out of the total TOC reported in preserved samples (Figure 21, and Figure 22).
While the low-maturity cores report only 7% losses out of the total TOC (Figure 23).
Moreover, similar to other pyrolysis parameters, TOC has no clear control over the
reported losses as there is no correlation with TOC variations. This TOC drop is
reasonable due to the losses in S1 and S2 values that heavily contribute to the total

organic content (Table 48).
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Table 48: Summary of pyrolysis changes related to the variations in thermal maturity and organic richness in the
three study cores.

CoreID Relative OrganicRichness  Relative Thermal Maturity AS1% AS2% ATy °C ATOC%

High (8.0% TOC) High (465-470°C) 59 58 8 54
c1

Med (3.5% TOC) High (465-470°C) 87 87 6 62
c2 Med (3.0% TOC) High (465-470°C) 56 32 8 38
3 Med (4.5% TOC) Low (455-450°C) 23 23 8 7

Similarly, these observations were noticed and reported by Zeng (2021). By using 5
fresh shale cores with five crude oil from the same well. Zeng stated that the total weight
losses increase with the increase in shale maturity and oil API gravity. The total weight
losses of S1 were reported up to 70%. Additionally, Noble et al. (1997) and Micheal
(2014) reported that Hydrocarbon weight loss is a function of the oil API gravity. The
lighter the oil in the rock, the greater the component of C15 minus the fraction that is
lost. The correlation with density (API gravity) is only approximate as density is

controlled at the molecular level (Michael, 2014).

A similar study was performed by Bhosle (2015) to determine the effect on sample
holding time although, the condition of those samples was not stated or defined. Bhosle
noted that samples were processed at three days, four weeks and after 12 weeks. Among
the 15 samples, only two samples can be taken as solid with more reliable
measurements due to the low organic content measured from these samples. Low
organic measurements can negatively affect the other pyrolysis measurements. Results

show that there is a very slight to negligible change in S1 and S2 values with less than
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1.0 mgHC/g after 12 weeks. In addition, a negligible with a slight jump in Tmax was

reported with 2°C after 12 weeks.

Jiang (2015) observed a significant evaporative loss during core handling and storage
as well as sample preparation before analysis. The study stated that there is a significant
evaporative loss of light hydrocarbons which can take place within hours or during
crushing samples. Results show that samples after 21 hours and after one week of
handling exhibit a very slight change. A slight drop in S1 value after 21 hours and after
one week ranged from 0.17-0.10 mgHC/g, and similarly the drop in S2 values ranged
from 0.04-0.09 mgHC/g. Additionally, Tmax increased with 0-2°C with negligible

fluctuation in TOC with a difference ranging from 0.03-0.16%.

5.2.2 Storing Temperature Impact

In order to highlight the storing impact on core samples with time, the storing conditions

and the temperature for the three cores during this study were used.

The three cores were drilled in the same year (Jan, 2020) and kept preserved for between
619-661 days in a shaded core store (Table 1). After 2 years of cores preservation, the
three cores were opened with almost comparable weather temperatures. Core 1 and
Core 2 were opened in September 2022 with an outside weather temperature that is
ranged between 40-45°C (Figure 4 and Figure 9). The cores were left open (un-

preserved) for 182-183 days for time-cycles lab runs. Similarly, Core 3 was opened in
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a relatively lower outside weather temperature with an average of 37°C. This core is

kept open (un-preserved) for 151 days (Figure 14).

The ambient temperature between preservation time for the three cores was vary and
ranged between 37-45°C. The ambient temperature was recorded for the three cores
during this study in a daily base before sampling (Figure 4, Figure 9 and Figure 14).
This variation could explain the small but measurable variations reported in the results
from the three cores. Results from the three cores followed a similar fluctuation trend
with the time that was illustrated through the different pyrolysis parameters (S1, S2,
TOC and Twmax) (Figure 5, Figure 6, Figure 7, Figure 8, Figure 10, Figure 11, Figure
12, Figure 13, Figure 15, Figure 16, Figure 17, and Figure 18). Overall, the preserved
samples from the three cores haven’t displayed significant changes in pyrolysis
parameters with time. The cores after opening the wax seal were stored in a shaded core
store to protect the samples from air humidity, or any direct heat (sunlight). Corel was
exposed to weather temperature that averaged 23°C (store temperature) (Figure 4), Core
2 was exposed for a weather temperature that is averaged of 22°C (store temperature)
(Figure 9), while Core 3 was exposed to a weather temperature that is ranged from 37-
10°C with an average of 19°C (store temperature) (Figure 14). Overall, the three cores
were stored in normal to low temperature environments with no heat or humidity

exposures.
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5.2.3 Preservation Quality

The hydrocarbon loss has been reported not just from un-preserved cores, but also in
very minor amounts from the preserved cores. At well site, cores are layout for few
minutes before they are completely preserved with foil, plastic and wax layers. During
this time, changes are expected in cores and its fluids (Steiner, 2016). Generally, most
of the organic solvent evaporated from samples within first day with a negligible change
in weight thereafter (Gupta, 2017). Additionally, the fluid content from reservoir to
surface is subject to alteration that cannot be avoided with wax preservation method. In
case of water-based mud operation (which was used in the core collection used in this
study), the water saturation is expected to gradually being more pronounced after coring
operation as a result of flushing the core with drilling mud. The change in the water
saturation from water-based muds is estimated (Bajsarowicz, 1992) to be up to 40%.
Furthermore, this change is followed by another hydrocarbon fluids alteration that is
functioned by a shrinkage factor and a formation volume calculation during the trip to
surface. The hydrocarbon saturation drops from subsurface to surface condition is
estimated with 20-22% (Bajsarowicz, 1992).

Despite these uncontrolled factors, some researchers had also recommended other
preservation methodologies rather than the wax method to reduce the in-situ fluid
losses. For example, test results from the North Sea example by Skopec,1995 using a
downhole gel core preservation method showed no base oil invasion had occurred in
center plugs, even in sections with permeabilities > 1 Darcy. During this method, a high

molecular weight polypropylene glycol is used. Laboratory tests indicate no loss and
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zero water loss at 200F and 250 psig on water-saturated gel-coated rocks with

permeabilities as great as 10 Darcys (Skopec,1995).

5.3 Implications on Source Rock Assessment

Core samples are commonly used as the source of information for characterizing a
reservoir, basin modelling, and general geological studies. Serious issues during core
preservation and storage can cast uncertainty on the results of such studies. Source rock
evaluation and resource assessment through pyrolysis analysis is significantly affected
by the free hydrocarbon (S1) losses due to poor core preservation and release of gasses
at the surface. The hydrocarbon losses will result in less reliable measurements and
non-representative properties of the actual reservoir rocks, particularly acute in the S1

value.

The diagnostic parameter for moveable hydrocarbon content in shale oil is the oil
saturation index (OSI) that Jarvie (2012) has proposed. This approach is a function of
the free hydrocarbon in the rock that is presented by S1 through rock eval pyrolysis.
There is a large error between the measured S1 and the actual underground in-situ value,
which becomes more pronounced the higher the gas content increases (Xianzheng,
2021). The non-representative S1 values due to losses and inadequate preservation can
be misleading in dealing with such pyrolysis proxies to identify any subsurface

potential.

In unconventional rocks, the free hydrocarbon portion is used to determine the volume

of oil that is present. The S1 parameter, resulting from Rock-Eval pyrolysis
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measurement, reflects “free” hydrocarbons contained in a rock sample. The specifics
of shale formations saturated with liquid hydrocarbons make it possible to undertake
the task of oil-in-place assessment. This can be achieved by taking advantage of direct
geochemical measurements of hydrocarbons contained in rock samples collected from
liquid-rich shale intervals. However, the most important issue of each resource or
reserve assessment method is its credibility. The lightest compounds and light liquid
hydrocarbons evaporate completely or partially in surface conditions due to the core

sample handling procedure.

Adding to this, there is a significant issue in calculating the in-place resource as
traditional resource estimates may not consider a full correction for evaporative loss,
particularly for the gaseous oil lost during coring (Li et al. 2020). The estimation of oil-
in-place reserves considering evaporation loss can be expressed by the introduction of
the correction coefficient. Those oil-in-place estimations on the basis of S1 values
directly are facilitated by the introduction of appropriate correction coefficients for
hydrocarbon losses, which is dependent on oil API gravity and shale rock maturity
level. Sowizdzal (2020) showed that calculation equations for oil-in-place based on
rock eval pyrolysis must account for substantial underestimations, as the S1 parameter
reflects only a part of hydrocarbon compounds originally present in shale rock at
reservoir conditions. Thus, correction coefficients were determined with laboratory
analytical procedures, enabling adjustment. Furthermore, Abrams et al. (2017) added a
term (S1Loss) for the evaporative loss in the total oil yield equation to emphasize the
importance of correcting the loss in resource evaluation. The S1 loss can be estimated

by knowing the density of the hydrocarbon fluid in-place, which can be estimated from
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the whole oil extract gas chromatogram or estimated from relationships based on
biomarker compounds (Michael et al. 2013). Adding to this, a calculation method for
the evaporative hydrocarbon recovery coefficient based on the formation volume factor
has been proposed by Guo (2020). The original quantity of underground shale oil can
be calculated by knowing the viscosity of subsurface oil through the PVT sample and
the density of the subsurface oil. While the quantity of the surface shale oil can be
calculated by multiplying the surface oil density with the surface oil viscosity at 50C
the dimensionless evaporative hydrocarbon recovery coefficient can be estimated
(Equation 1). Where ksi1 is the dimensionless evaporative hydrocarbon recovery
coefficient, Qor is the original quantity of underground shale oil in tonnes, Qpq is the
quantity of surface shale oil in tonnes, Vsub is the volume of underground shale oil in a
cubic meter, Vpq is the volume of surface shale oil in a cubic meter, By is the
dimensionless crude oil volume factor, Psub is the density of formation oil in tonnes per

cubic meter, and Ppq is the density of surface oil in tonnes per cubic meter.

Qar — de _ Vsup > Psub — 1= B, x m —1 (1)

ks =
de Vpd P pd P nd

Re-calculating the in-place resources using the corrected S1 values from preserved
samples testes with S1 values that ranged from 2.3-4.3 mgHC/g show a significant
difference compared with the in-place resources calculated using S1 values from
unpreserved samples (average S1 is 1.8 mgHC/qg). (Figure 24). This test attempts to
emphasize the importance of using representative samples with the least uncertain

values to achieve reasonable and representative value.
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Using Downey’s 2011 equation in calculating oil in place (OIP) for tight reservoirs
using simple Rock-Eval S1 values. A comparison of in-situ hydrocarbon volumes from
preserved samples and non-preserved samples from corel show a difference of 80% in
resource density. The resource density drops as a result of losing S1 mass with time.
Furthermore, comparison results from core2 using the same equation calculated using
S1 from preserved samples and un-preserved samples show a similar trend with a
56.5% difference. Finally, results from Core 3, which had illustrated negligible changes
in S1 values between preserved and non-reserved results in this study show only a 2.3%
difference in the calculated resource density using the same equation. Those differences
came close enough to the same attempts that were done by Michael (2014) in
calculating the resource density using corrected and uncorrected S1 values. The
calculated resource density had shown a significant drop when using the uncorrected
S1. The difference had reached to 66% (200bbls/acft) between using corrected and un-
corrected S1 value. Furthermore, the study by Michael (2014) had touched the
sensitivity of S1 correction to API gravity. Results had also shown that the difference
in in-place resources in high mature fluids (40 API with 125bbls/acft) is higher by 15%

compared with relatively lower mature fluid (35API1 with 100 bbls/acft).
Figure 24: Re-calculating the in-place resources using the corrected S1 values from preserved sample tests.
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Chapter 6

Conclusion

6.1 Summary & Conclusion

Good preservation of cores plays a key role in protecting rock materials and their fluid
contents, minimizing any physical and chemical alterations of rock samples during long
storage periods. Results proved that pyrolysis parameters are affected by the
preservation process and its duration. Pyrolysis results from core samples that were
preserved over two years after drilling show insignificant changes over time up to 4-5
months with no preservation. S1, S2, TOC and Tmax show very minor changes that are
interpreted as a result of the lateral heterogeneity in the 1-foot core (Figure 5, Figure 6,
Figure 7, Figure 8, Figure 10, Figure 11, Figure 12, Figure 13, Figure 15, Figure 16,
Figure 17, and Figure 18). On the other hand, pyrolysis results from un-preserved
samples that were measured after 90 days for Core 1 and Core 2 and 300 days for Core
3 (Table 46) show a significant drop over time. Comparison between pyrolysis results
obtained from those un-preserved samples and the preserved samples show a decrease
in S1, S2 and TOC values over time for the un-preserved samples. In addition, Tmax
was also affected by the change in S1 and S2 values with a slight increase in Tmax
values (Figure 21, Figure 22, and Figure 23). The findings of this study can be

summarized as follows:
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Insignificant changes were observed in the pyrolysis results obtained from
preserved core samples. However, coating core samples with hot wax or
strippable plastic is better completed as soon as brought to the surface (after
coring), and changes in the core’s content are expected during those wellsite
processes. Therefore, performing an appropriate analysis immediately after
conventional coring can maintain the detection of light oil components
accurately in shale cores.

Pyrolysis results from the unpreserved samples that were left exposed to normal
conditions for 90-300 days after drilling showed significant changes in pyrolysis
compared to preserved samples from the same interval. Comparison results
show that S1 and S2 drops by up to 87% over the observation time interval,
while TOC measurements showed a drop that reached 62%.

The slight increase in Twmax Vvalues over time is possibly controlled by the
changes in S1 and S2 mass, as smaller quantities require less time to pyrolyze
during the continuous temperature ramp. Thus, the Tmax peak will inaccurately
be picked through the lab instrument as the S2 peak is relatively lower in values
with a wider and broad shape (due to time dependency and programed
temperature ramp cycle).

Hydrocarbon loss is a function of thermal maturity and the coring and
sampling procedure. The lighter the hydrocarbon in the rock the greater the
lost amount. This was illustrated by the amount of losses reported from Core 3

as most of the losses possibly occurred during core handling at the wellsite.



o The variation in an ambient temperature between preservation times can
explain the measurable variations reported in the results from the three cores.
Core 3, which was preserved at cooler ambient temperatures and exhibited less
S1 & S2 losses compared with the other two cores.

o Results from this study showed that the variations in hydrocarbon losses have
been reported not just from the un-preserved cores, but also from the preserved
cores. However, results from preserved samples show very minor differences
with negligible changes.

o The hydrocarbon losses will result in less reliable measurements and non-
representative properties of the actual reservoir rocks, particularly acute in the
S1 value. Sample preservation can initiate a massive challenge while estimating
oil and gas in-place volumes.

o ldentifying the impact of long-term rock sample storage and preservation on
source rock geochemical results can help to constrain a data correction model,
reduce uncertainty, and suggest an ideal workflow for better future coring and

preservation plans.

6.2 Future Studies

The evaporative hydrocarbon loss from cores even with proper core preservation
methods suggests further research should be undertaken to minimize their implications
on the wide geochemical applications. Determination of the exact quantity of substance

lost from rock samples at the surface is a critical issue for ensuring accurate in-situ
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conditions. Various efforts in the past have been devoted to addressing the problem of
so-called S1 “carry-over” due to either large molecular heavy oil and bitumen residue
or migrated oils in samples, causing S1 responses from pre-existing hydrocarbons
occurring in the default temperature range of the S2 curve (e.g., Jarvie, 2012; Sanei et
al., 2015; King, 2015; Li et al., 2018; Chen et al., 2018; Romero-Sarmiento et al., 2016,
2017; Romero-Sarmiento et al. 2016,2017; Li, et al. 2020). Identifying the original
hydrocarbon components in the rock sample that are representatives of S1 and S2 peaks

is critical to detect the lost components with time.

Jiang (2015) has illustrated the absence of <nCi2 hydrocarbon components from shale
samples due to the evaporative loss to its light-end hydrocarbons during core handling
and storage as well as sample preparation before analysis. Both the Rock-Eval S1 peak
values and molecular compositions were compared among a freshly prepared core
sample. The freshly ground shale sample contained abundant hydrocarbons as light as
Cs to C4. However, most of the C3-C7 hydrocarbons were absent just after a week of
storage in a capped vial. In addition, his (who?) study showed a partial loss of higher
molecular weight hydrocarbons such as C11+. Furthermore, Jiang et al. (2016a) showed
that the oils lost during sample preparation and storage are mostly low-boiling-point
hydrocarbons less than C12 in the diesel and gasoline-range compounds. Adding to this,
Michael (2014) stated that hydrocarbon loss was referred to as C1s minus fraction.

During pyrolysis, the thermal hydrocarbon evaporative can be detected by dividing the
FID pyrogram into different parts by customizing the temperature ramp. This method
can be used to identify the evaporative portion in rock samples. Li et al. (2018) divided

the raw FID pyrogram into three parts. S1a detected the thermal evaporative of volatile
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and black oil in a free state; S1b for the thermal evaporative with high molecular weight
such as heavy oil and bitumen in sorption; and S2 for the kerogen thermal
decomposition products. The light portion in addition to the sorbed portion of kerogen
in the rock sample can be addressed by running the rock samples in pyrolysis before
and after solvent extraction. Post-solvent extraction results demonstrated a significant
decrease in the S1 peak after extraction compared to un-extracted samples (Al Eid,
2020). These changes were all attributed to the removal of S1-free hydrocarbons from

the rock matrix.

Adding to this, S1 losses can be also estimated by comparing the oil masses in reservoir
and subsurface conditions. Chen et al. (2019b) proposed a novel method to estimate the
gas loss in S1 based on the phase behavior equation of the petroleum fluid. By
comparing the oil masses in reservoir and surface conditions, the difference represented

the quantity of gas missed in S1.
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