Geoscience Frontiers 13 (2022) 101322

journal homepage: www.elsevier.com/locate/gsf

Contents lists available at ScienceDirect

GEOSCIENCE
FRONTIERS

Geoscience Frontiers )
T

Research Paper

Evolution of nC;gH34-water-mineral systems in thermal capsules and R

Check for

geological implications for deeply-buried hydrocarbon reservoirs

Guang-Hui Yuan *>*, Zi-Hao Jin?, Ying-Chang Cao*®, Ke-Yu Liu?, Jon Gluyas¢, Yan-Zhong Wang?,

Ke-Lai Xi?

2 Key Laboratory of Deep 0Oil and Gas, School of Geosciences, China University of Petroleum, Qingdao 266580, China
b Laboratory for Marine Mineral Resources, Qingdao National Laboratory for Marine Science and Technology, No. 62, Fuzhou South Road, Qingdao 266071, China
¢ Department of Earth Sciences, Durham University, Durham DH1 3LE, UK

ARTICLE INFO

Article history:

Received 4 May 2021

Revised 30 September 2021
Accepted 23 October 2021
Available online 27 October 2021
Handling Editor: V.0. Samuel

Keywords:
nCygH34-water-mineral systems
Organic-inorganic interactions
Hydrocarbon degradation
Mineral alteration

Deeply buried hot reservoirs

ABSTRACT

Organic-inorganic interactions between hydrocarbons and most minerals in deeply buried reservoirs
remain unclear. In this study, gold capsules and fused silica capillary capsules (FSCCs) with different com-
binations of nC;gHs4, water (distilled water, CaCl, water) and minerals (quartz, feldspar, calcite, kaolinite,
smectite, and illite) were heated at 340 °C for 3-10 d, to investigate the evolution and reaction pathways
of the organic-inorganic interactions in different hot systems.

After heating, minerals exhibited little alteration in the anhydrous systems. Mineral alterations, how-
ever, occurred obviously in the hydrous systems. Different inorganic components affected nCysHs4 degra-
dation differently. Overall, water promoted the free-radical thermal-cracking reaction and step oxidation
reaction but suppressed the free-radical cross-linking reaction. The impact of CaCl, water on the nC;gHs4
degradation was weaker than the distilled water as high Ca* concentration suppressed the formation of
free radicals. The presence of different waters also affects the impact of different minerals on nCigHs4
degradation, via its impact on mineral alterations. In the anhydrous nC;gHs4-mineral systems, calcite
and clays catalyzed generation of low-molecular-weight (LMW) alkanes, particularly the clays. Quartz,
feldspar, and calcite catalyzed generation of high-molecular-weight (HMW) alkanes and PAHs, whereas
clays catalyzed the generation of LMW alkanes and mono-bicyclic aromatic hydrocarbons (M-BAHs). In
the hydrous nCygHs,4-distilled water-mineral systems, all minerals but quartz promoted nC;gHs4 degra-
dation to generate more LMW alkanes, less HMW alkanes and PAHs. In the nC;gH34-CaCl, water-mineral
systems, the promotion impact of minerals was weaker than that in the systems with distilled water.

This study demonstrated the generation of different hydrocarbons with different fluorescence colors in
the different nC,gHs4-water-mineral systems after heating for the same time, implying that fluorescence
colors need to be interpreted carefully in investigation of hydrocarbon charging histories and oil origins
in deeply buried reservoirs. Besides, the organic-inorganic interactions in different nC;gHz4-water—
mineral systems proceeded in different pathways at different rates, which likely led to preservation of
liquid hydrocarbons at different depth (temperature). Thus, quantitative investigations of the reaction
kinetics in different hydrocarbon-water-rock systems are required to improve the prediction of hydrocar-
bon evolution in deeply buried hydrocarbon reservoirs.

© 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by

Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

formation temperature and pressure increase following deep burial
processes after oil charging, organic-inorganic interactions among

After hydrocarbon charging, water is still ubiquitous in most hydrocarbons, water and minerals are ubiquitous, and play an
deeply-buried reservoirs with various mineral compositions important role in oil stability (Surdam and Crossey, 1987;
(Siskin and Katritzky, 1991; Helgeson et al., 1993; Girard et al., Helgeson et al., 1993; Price, 1993; Worden et al., 1998, 2017;
2002; Zou et al., 2013; Zhao et al., 2018; Yuan et al., 2019a). Since Seewald, 2001, 2003; Molenaar et al., 2008; Zhang et al., 2008a,
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b; van Berk et al., 2013; Liu et al., 2019; Yuan et al., 2019b; Pang
etal., 2020; Xu et al, 2021) and quality evolution of both the hydro-
carbons and the reservoirs (Worden et al., 1998, 2017; Higgs et al.,
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2007; van Berk et al., 2013; Lai et al., 2017; Yuan et al., 2018; Yuan
et al., 2019b). Over the past half century, significant advances have
been achieved on our understanding of the respective reaction
pathways of oil generation and degradation, and rock diagenesis
in petroliferous basins (Surdam and Crossey, 1987; Lewan, 1997;
Seewald, 2003; Tian et al., 2006; Pan et al., 2010; Molenaar et al.,
2015; Yuan et al., 2019a,b). The impact of some inorganic compo-
sitions (eg. water, minerals, rare elements) on degradation of kero-
gen, oil, and organic acids have also been investigated extensively
(Hoering, 1984; Eglinton et al., 1986; Siskin and Katritzky, 1991;
Lewan, 1997; Pan et al., 2009, 2010; Wei et al., 2019; Xu et al.,
2020; Wan et al., 2021). The coupling evolution processes and cou-
pling mechanisms of the relevant organic and inorganic reactions
in deeply buried hot systems with complex geofluids and mineral
compositions, however, still need further investigation (Yuan et al.,
2019b; Wan et al., 2021).

In subsurface reservoirs, rocks generally contain different min-
erals including feldspar, quartz, calcite, kaolinite, illite and some-
times smectite and chlorite (Glasmann, 1992; Higgs et al., 2007,
2013; Bjerlykke, 2014; Macquaker et al., 2014; Yuan et al., 2015;
Mu et al., 2016). The experiment results of previous study on ther-
mal oil-water-feldspar systems showed that feldspar minerals and
crude oil have significant mutual influence on each other’s evolu-
tion in the presence of water at elevated temperatures (Yuan
et al., 2019b). To date, however, the details of the mutual interac-
tions between hydrocarbons and other different minerals but the
feldspar, and the genesis of the interactions in deeply buried hot
hydrocarbon reservoirs are still unclear. Some thermal experi-
ments analyzed the impact of water or minerals (rocks) on degra-
dation of organic matters including alkanes, crude oil and organic
acids (Seewald, 2001, 2003; Zhao et al.,, 2007; Pan et al., 2009,
2010; Bu et al.,, 2017; Wei et al., 2019). For example, Seewald
(2001, 2003) analyzed the impact of iron mineral on decomposi-
tion of low-molecular-weight (LMW) hydrocarbons in hot
hydrocarbon-water-iron mineral systems with a high water/hy-
drocarbon ratio and proposed the stepwise oxidation mechanism.
Zhao et al (2007) analyzed the effect of rocks of sandstone, mud-
stone and carbonate on gas formation during oil degradation using
thermal experiments in gold capsules. Other studies analyzed the
impact of individual minerals, such as calcite and smectite (Pan
et al.,, 2010), as well as illite, smectite, quartz, and calcite (Xiao
et al., 2010), on oil degradation using thermal experiments in gold
capsules. These studies, however, focused mainly on the gas gener-
ation yields but did not investigate the detailed evolution of liquid
hydrocarbons, water and minerals, making it impossible to deci-
pher the coupled organic and inorganic interactions (Yuan et al.,
2019b). Hence, studies based on the coupled evolution of various
minerals and hydrocarbons in different thermal hydrocarbon-
water-mineral systems are warranted.

Thermal simulation in high-temperature and high-pressure
(HTHP) reactors is an important method to investigate the detailed
evolution processes of organic-inorganic interactions between
geofluids and rocks in subsurface reservoirs (Lewan, 1997;
Waples, 2000; Seewald, 2001; Zhang et al., 2008b; Fu et al.,
2009; Tian et al., 2010; Bu et al., 2017). HTHP Hastelloy reactors
and gold capsule reactors have been widely used to conduct ther-
mal experiments including pyrolysis experiments (Lewan, 1997;
Waples, 2000; Seewald, 2001; Hill et al., 2003; Tian et al., 2006;
Zhao et al., 2007; Zhang et al., 2008a, b; Yuan et al., 2019b) and
water-rock experiments (Fu et al, 2009; Zhu and Lu, 2009;
Tutolo et al., 2015; Li et al., 2017, 2018) to reproduce various
organic-inorganic interactions. The products and remnants in
these reactors, however, can be analyzed only after opening of
the reactors, and direct observation of the complex interactions
occurring in the HTHP systems cannot be performed. Because of
the advantage of HTHP resistance, fused silica capillary capsules
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(FSCCs) have been used to conduct various thermal simulation
experiments (Chou et al.,, 2008; Shang et al., 2009; Ong et al.,
2013; Wang et al.,, 2016; Xu and Chou, 2017). Different from
Hastelloy reactors or gold capsules, direct analysis (e.g. laser
Raman spectroscopy and fluorescence color and spectrum analysis)
can be easily conducted on the newly generated and remnant
materials in the transparent FSCCs without breaking the capsules
(Bourdet et al., 2014; Caumon et al.,, 2014; Chou and Wang,
2017; Xu and Chou, 2017; Wang et al., 2018). This allows for the
direct and continuous observation of the evolution of the solid, liq-
uid, and gaseous masses in the FSCCs. Some studies have
attempted to analyze alkane degradation using FSCCs by conduct-
ing an analysis of the gases and water solutions using laser Raman
spectroscopy (Chou et al., 2008; Xu and Chou, 2017; Wang et al.,
2018). Liquid hydrocarbons, however, were not analyzed due to
the influence of the fluorescence on the Raman signals.

In this study, both gold capsules and FSCCs were used to con-
duct thermal experiments to investigate the evolution and deci-
pher the genesis of the organic-inorganic interactions in hot
nCygHsz4-water-mineral systems. Three series of thermal experi-
ments were conducted at 340 °C with various combinations of
reactants including nC;gHs4, water (distilled (D) water, CaCl,
water), and minerals (feldspar, quartz, calcite, kaolinite, smectite,
and illite) (Supplementary data, Tables S1, S2). The first anhydrous
series of experiments were conducted without water, the second
hydrous series with D water, and the third hydrous series with
CaCl, water. The experiments in the gold capsules were conducted
for 10 d to obtain quantitative data, and the experiments in the
FSCCs were conducted for three different periods of 3, 6 and 10
d, respectively, to observe detailed evolution of the interactions.
The kinetics of oil degradation (Waples, 2000) and mineral alter-
ation (Palandri and Kharaka, 2004) suggest that heating experi-
ments at 340 °C for 3, 6, and 10 d may produce results similar to
subsurface hydrocarbon reservoirs heated at 160 °C for approxi-
mately 2000, 4000 and 7000 yr, respectively. In addition, a temper-
ature of 340 °C is lower than the critical temperature of water
(374 °C for deionized water and higher for saline water) (Haas,
1976; Lewan, 1997), and supercritical water is avoided in the pre-
sent experiments. For the first time, the continuous evolution of
gases, liquid hydrocarbons, and other organics dissolved in water
in different nC;gHs4-water-mineral systems was investigated
using laser Raman spectroscopy, fluorescence color and fluores-
cence spectrum analysis, and gas chromatography (GC). In addi-
tion, the textural and mineral evolution of the minerals was
identified using scanning electron microscopy (SEM) with an
energy dispersive spectrometer (EDS) after opening the FSCCs.
The objectives of this study are to (i) describe the evolution of
alkanes and minerals in different nC;gHs4-water-mineral systems;
(ii) investigate the impact of water and minerals on alkane degra-
dation; (iii) investigate the possible pathways of organic-inorganic
interactions in different geochemical systems; (iv) propose
geological implications for organic-inorganic interactions in
deeply buried hydrocarbon reservoirs.

2. Samples and analytical methods
2.1. Sample preparation

Crude oils generally contain a large number of alkanes, aromat-
ics, reins, asphaltenes and even organic acids. At elevated tempera-
ture, any individual alkane generates a large number of various
light and heavy products (Kissin, 1996), thus heating of a crude
oil would produce extremely complex pyrolysis products that
may originating from different components of the crude oil, which
may shadow elucidation of hydrocarbon degradation mechanisms.
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In order to make the experimental results to reflect the evolution
processes directly, pure nCygHsq4 (>99.5%), an important
composition in mature crude oil was employed in this study. With
a melting point of 18.2 °C, the liquid state of the nC;gH3z4 at room
temperature promise easy loading of the sample in the FSCCs. A
CaCl, solution with a concentration of 25 g/L was prepared with
99.99% CaCl, and distilled water (D water) (>18.21 MQ-cm @ 25 °C).

Six types of minerals (quartz, K-feldspar, calcite, smectite,
kaolinite, and illite) that serve as main compositions in subsurface
rocks were used in this study. K-feldspar but albite was used
because dissolution of K-feldspar is commonly ubiquitous in the
deeply buried reservoirs; albite, however, generally exist in the
form of grains or albite cements. Chlorite was not used in the pre-
sent study because it generally experienced little chemical alter-
ation during the deep burial processes. Quartz, feldspar and
calcite were ground and sieved to retain a size fraction between
200 mesh (75 pm) and 240 mesh (60 pm). The minerals were
ultrasonically cleaned three times with dichloromethane and D
water to remove the attached impurities and organic matter. The
minerals were then dried at 60 °C and analyzed with an X-ray
diffractometer (Supplementary Table S3). No organic materials
were detected in the mineral samples. The quartz, feldspar (K-
feldspar), calcite, and illite used in this study were of high purity
(>99%), and the purity of the smectite and kaolinite was higher
than 90%; some minor quartz grains that could not be separated
were dominant in the 10% impurity.

2.2. Thermal simulation experiments

2.2.1. Gold capsule preparation and heating

Gold capsules (each 6 cm long) were prepared using pure gold
with an OD of 6 mm and wall thickness of 0.25 mm. The gold cap-
sules were welded at one end before loading samples. Then, three
series of samples of nC;gHs4 plus minerals, nC;gHs4-D water plus
minerals, and nC,gH34-CaCl, water plus minerals were loaded into
the gold capsules. nCygHs4 was loaded firstly, followed by water
and lastly minerals, which avoiding possible sealing of air in the
mixtures. The amounts of nC;gHz4, water, and minerals were
approximately 50, 100, and 100 mg, respectively (Supplementary
data, Table S1). After loading, the welded end of the gold capsules
was submerged in cold water and the open end of each capsule
was purged with argon to remove air in the gold capsules, then
the open end was welded in the presence of argon.

The experimental heating system has room for seven pressure
vessels in one furnace. A fan installed at the bottom of the furnace
ensures the same time for all vessels inside the furnace. Three gold
capsules containing nC;gHs4, nC;6H34-D water plus minerals, and
nCygH34-CaCl, water plus minerals, respectively, were placed into
one of the seven single vessels. The vessels were connected with
pipelines, and the internal pressure was maintained at 50 + 0.1 M
Pa by pumping water into or out of the vessels, which prevent leak-
age of the gold capsules due to an increase om the internal pres-
sure during the heating process. The vessels were heated in the
oven at 340 £ 1 °C, identical to the FSCC experiments. The vessels
with gold capsules were removed from the oven after heating for
10 d, and were quenched to room temperature in cold water
within 10 min. After dying, the gold capsules were weighted to
check weight difference before and after heating to make sure no
leakage of the capsules during the experiments.

2.2.2. FSCC preparation and heating
The FSCCs (each 8 cm long) were prepared using silica capillary
tubes produced by Polymicro Technologies, with an outer diameter
(OD) of 794 + 12 um and an inner diameter (ID) of 400 + 3 pm.
The FSCCs were firstly burned in a hydrogen flame to remove
the polyimide coating layer, and then were washed with dichloro-
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methane and D water to remove the burnt residue. After cleaning
and drying, the liquid samples (nC;gHs4, water) were suctioned
into one end of the FSCCs by capillary force; then, the other end
of the tubes were sealed using the hydrogen flame. The FSCCs were
then centrifuged at 3000 rpm to move the liquid samples to the
sealed ends. Subsequently, the grains of different minerals were
loaded into the FSCCs through the open end by airflow using a pip-
ette; the mineral weights in the FSCCs were then obtained by
determining the weight difference before and after loading the
minerals using an AS 60/220. R2 Analytical Balance (error + 0.06
mg). Overall, approximately 4 + 0.5 mm of the nC;sHs4 and water
and 3 £ 0.5 mg of minerals were filled in the FSCCs (Supplementary
data, Table S2). After filling of samples, the sealed end of the FSCCs
were quickly merged into ice-water. The open end of the tubes was
then connected to a vacuum pumping & N, filling system (Supple-
mentary data, Fig. S1), the air was removed and N, was filled in the
FSCCs. Lastly, the open end of the tubes was sealed rapidly under
the protection of nitrogen to avoid entering of air in the FSCCs.

For safety reasons, the FSCCs were placed in one-end sealed
copper tubes of about 4 mm in diameter. The copper tubes with
the FSCCs were loaded in a muffle furnace that contained a single
thermocouple to record the temperature. The FSCCs were heated
in the oven at 340 * 2 °C for 3 d for the first period, 6 d for the sec-
ond period, and 10 d for the third period. At the end of each heating
period, the FSCCs were removed from the oven to cool to room
temperature in the air. Lastly, the FSCCs were removed from the
copper tubes for a detailed analysis of the generated and remnant
gases, liquids, and solids.

2.3. Analysis of gases, liquids, and minerals

2.3.1. Analytical methods for the gases and liquids in gold capsules

After heating, the gaseous components in the gold capsules
were collected in a special device connected to an Agilent 6890 N
GC modified by Wasson ECE Instrumentation. After the capsule
was placed into the device, the whole device was evacuated to
<1 x 1072 Pa. The gold capsule was then pierced in the vacuum
device with a needle, allowing the gases to escape into the device.
The valve connecting the device and the modified gas chro-
matograph remained open for a short period to allow the gas fully
escape into the GC. In this manner, the GC analyses of the organic
and inorganic gas components were performed using an automat-
ically controlled procedure. The oven temperature for the gaseous
hydrocarbons analysis was initially held at 70 °C for 6 min, ramped
from 70 °C to 130 °C at 15 °C/min, from 130 °C to 180 °C at 25 °C/
min, and was then held at 180 °C for 4 min. For the inorganic gas
analysis, the temperature was held at 90 °C.

After the GC analysis of the gas components, the light hydrocar-
bons in each gold capsule were first collected in a vial with 3 mL
pentane by liquid nitrogen freezing; the gold capsule was then
placed into the vial quickly to collect the liquid hydrocarbon com-
ponents left inside of the capsule. With liquid nitrogen freezing, an
internal deuterated nC,,4 standard of 3.40 mg was added to each
vial, and the vials were sealed as soon as possible. Following ultra-
sonic treatments of 5 min, the vials were allowed to settle for 72 h
until the pentane solutions became clear. The pentane solutions
(total pentane extracts) in all the vials were directly injected into
the HP6890 gas chromatograph fitted with a 30 mm x 0.32 mm
i.d. column coated with a 0.25-mm film of HP-5, employing nitro-
gen as a carrier gas. The oven temperature was programmed as fol-
lows: 50 °C for 5 min, raised from 50 °C to 150 °C at 2 °C/min, and
from 150 °C to 290 °C at 4 °C/min, and then held at 290 °C for
15 min.
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2.3.2. Analytical methods for the gases, liquids, and minerals in the
FSCCs

Following heating, the FSCCs were loaded into a centrifuge
(at 4000 rpm) protected by degreased cotton to separate the
coexisting phases and concentrate the gases, water, and the liquid
hydrocarbons. After centrifugation, gas, water and liquid hydrocar-
bons were distinguished with using an Axioskop 40 microscope
(Carl Zeiss) with a UV light. The gases and waters in the FSCCs were
analyzed using a Renishaw inVia Raman microscope with match-
ing UV light to obtain the Raman spectra of the different phases.
The Renishaw inVia Raman microscope was used to acquire the
spectra using 514 nm laser excitation, a 20 x Olympus objective
with 0.25 numerical aperture, and a 600-groove/mm grating with
a spectral resolution of about 2 cm™!; a ~18 mW laser light was
focused on the sample during the measurement. The accumulation
time was 30 s for each step, and 3 accumulations were conducted
for every spectrum. The Raman signals from 100 cm™' to
4400 cm~! were collected to determine the spectral features of
each phase and identify its composition. With the same initial N,
pressure of 1 bar in the sealed FSCCs, the absolute concentration
of N, in each FSCC before and after heating should be identical.
Thus, comparison of the Raman signal intensity between the gen-
erated gases (gaseous hydrocarbons, CO,) and the N, can be used
to assess the relative yields of the gases in the FSCCs (Chou and
Wang, 2017). To do this, the fluorescence background was sub-
tracted and the Raman spectra was multiplied by a constant to
obtain the same peak height of N,.

Fluorescence refers to the emission of photons from specific
bonds in molecules during the excitation by UV light. When
applied to hydrocarbons, the molecules are aromatics, resins, and
asphaltenes, while saturates do not fluoresce (Bourdet et al.,
2012, 2014). The signatures of the fluorescence spectra of the liq-
uid hydrocarbons, however, can still be correlated with the n-
alkane profiles of the hydrocarbons, and a shift of spectra Amax
(wavelength of the maximum intensity) to longer wavelength gen-
erally indicates larger n-alkane numbers (Liu et al., 2014). Due to
the strong influence of fluorescence (Wang et al., 2018), satisfac-
tory Raman spectra of the liquid hydrocarbons in the FSCCs were
not obtained in this study, even laser excitations from 256 nm to
1064 nm was tried. In order to obtain detailed chemical informa-
tion and overcome human bias in color perception, fluorescence
spectrometry was also performed on the liquid hydrocarbons after
identification of the fluorescence color. The liquid hydrocarbons in
the FSCCs were detected using a Leica SP5 laser scanning confocal
microscope with a 405 nm laser and a detection range of 400-
800 nm with a step size of 10 nm. After collection of the normal-
ized fluorescence spectra, the values of Ay.x (wavelength of the
maximum intensity), parameters including Qgso/s00 (ratio of the
intensity at 650 nm to the intensity at 500 nm) and QFs3s (ratio
of the 535-750 nm flux to the 430-535 nm flux) that can be used
to indicate blue/red shift of the spectra were calculated (Stasiuk
and Snowdon, 1997; Bourdet et al., 2012, 2014; Liu et al., 2014;
Cheng et al., 2019; Ping et al., 2019). In conjunction with the fluo-
rescence color, these data provide information on the evolution of
the liquid hydrocarbons.

After analysis of the gases, waters, and liquid hydrocarbons,
the FSCCs were placed into liquid nitrogen to freeze the gener-
ated gases and decrease the internal pressure in the FSCCs; sub-
sequently, each FSCC was cut to open and the minerals in the
tubes were removed with a dropper. After removing the alkane
adhering to the mineral surfaces using dichloromethane and D
water, the minerals were dried and fixed on aluminum stubs
with conducting tape and were coated with gold. The texture
and secondary mineralization after reaction were examined
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using a Coxem-30plus SEM. An EDS system (XFlasher Detector
430-M), which allows for the analysis at a spot of about 1 pm
in diameter, was used to test the elemental composition of the
minerals, with an error of 0.1%.

3. Results
3.1. Gaseous components

3.1.1. Yield of gases in the gold capsules

The yields of the gases produced in the gold capsules after 10-d
heating are presented in Fig. 1 and Supplementary data, Table S4.
Overall, the hydrous systems with D water had the highest gas
yields, followed by the hydrous systems with CaCl, water, and
lastly the anhydrous systems without water (Fig. 1). C;-nC4 alkanes
dominated the gaseous hydrocarbons in all the experiments. Iso-
butene (iC4), isopentane (iCs), ethene and propene were generated,
but with much lower yields (Supplementary data, Table S4). Hy
was detected in all the gold capsules, but CO, was detected only
in the hydrous systems (Supplementary data, Table S4).

In the anhydrous systems without minerals (I-a), ethane
(0.25 mL/g) and propane (0.24 mL/g) dominated the gases, followed
by methane (0.13 mL/g), butane (0.13 mL/g), hydrogen gas (0.08 mL/
g) and pentane (0.02 mL/g) (Fig. 1a; Supplementary data, Table S4).
With the addition of quartz (I'-a) and feldspar (I'-b), the yields of the
gases show little difference with the I'-a system, particularly the
quartz. In contrast, the addition of kaolinite (I'-e), smectite (I'-f)
and illite (I'-g) in the gold capsules resulted in much more genera-
tion of C;-nC4 gases (0.25-0.64 mL/g) and H, (0.31-0.49 mL/g).
The presence of calcite (I'-d) also led to generation of more C;-nC4
gases (0.17-0.35 mL/g) and H, (0.27 mL/g), but less than the clay
minerals. Different from the systems with quartz, feldspar, and cal-
cite, the ratios of iC4/nC,4 increased significantly with the presence of
clays (particularly smectite) (Supplementary data, Table S4). Over-
all, the yield of methane was lower than that of ethane and propane
in most anhydrous systems (Fig. 1a; Supplementary data, Table S4).

In the hydrous systems with D water (II’-a), much more C;-C,4
gases (0.38-0.59 mlL/g), H, (1.21 mlL/g) and CO, (0.31 ml/g)
(Fig. 1b; Supplementary data, Table S4) were generated than in
the I'-a anhydrous system. The presence of quartz in the II'-b sys-
tem resulted in lower yields of C;-C5 gases (0.21-0.44 mL/g), H,
(093 mL/g), and CO, (0.09 mL/g), although more butane
(1.00 mL/g) was generated. With the addition of feldspar, calcite,
and clay minerals, significant increases in the yields of C;-Cs gases
and CO, were recorded, but the yield of H, decreased significantly
(Fig. 1b). The systems with clays had the highest yields of C;-C3
gases, followed by calcite and feldspar. The yield of n-butane in
the nC;gHs4-D water systems with feldspar (II'-b), calcite (II'-c),
and kaolinite (II'-d) were lower than that of the nC;gHs4-D water
system without minerals, while the yields of n-butane were higher
in the experiments with smectite (II'-f) and illite (II'-g). All miner-
als had little impact on the iC4/nC,4 ratio, but the clays increased the
iCs/nCs ratios (Supplementary data, Table S4). Different from the
anhydrous system, the methane yield was higher than that of
ethane and propane in the hydrous systems with D water
(Fig. 1a,b; Supplementary data, Table S4).

Comparison of the gas yields in the IllI’-a, I'-a and II'-a systems
demonstrate that the nC;gHs4-CaCl, water system generated less
gaseous hydrocarbons, CO,, and H, than the nC;gHs4-D water sys-
tem, but the yields were higher than those in the anhydrous sys-
tem (Fig. 1a-c; Supplementary data, Table S4). Quartz decreased
the gas yields in the III'-b system, and feldspar had little impact
on the gas yields. In contrast, the addition of calcite and clays led
to the generation of more C;-nC4 gases and CO,, particularly in
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Fig. 1. Yields of the main gases (C;-nCs alkanes, H,, and CO,) in different gold capsules after 10-d heating. (a) Anhydrous systems; (b) hydrous system with D-water; (c)

hydrous system with CaCl, water.

the presence of clays (Fig. 1c; Supplementary data, Table S4). The
presence of clays slightly increased the iC4/nC4 and iCs/nCs ratios
(Supplementary data, Table S4). Similar to the systems with D
water, the yield of methane was higher than ethane and propane
in the hydrous systems with CaCl, water.

3.1.2. Raman spectra of gaseous hydrocarbons in the FSCCs

In the FSCCs prior to heating, only nitrogen was detected by the
Raman spectra (the N=N bending band at 2332 cm™'). After heat-
ing, Raman signals of different gaseous hydrocarbons with differ-
ent intensities were detected in all the FSCCs (Fig. 2;
Supplementary data, Fig. S2), and the signals became stronger as
the experiments lasted from 3 d to 10 d.

In the anhydrous I-a FSCC with only nC;gHzy4, the laser Raman
responses of the gaseous hydrocarbons were very weak after 3-6
d heating (Fig. 2al, a2). Consistent with the gold capsules, the
Raman signals of methane (2920 cm™'), ethane (2902 cm™! and

2958 cm~!) (Chou et al., 2008; Chou and Wang, 2017; Xu and
Chou, 2017) were clearly visible in the 10-d experiment
(Fig. 2a2). Propane (2887 cm!, 2932 cm!, 2975 cm™!) and
n-butane (2889 cm~!, 2948 cm™') cannot be separated totally
using the very close Raman peak of 2887-2889 cm™!, however,
they can be distinguished by the 2932 cm™' peak and the
2948 cm~! peak. Besides the n-alkanes, i-butane (Chou et al.,
2008) was identified at the 2878 cm™! peak, but the signal was
much weaker than that of C;-nCy4. In addition to the alkane gases,
a weak Raman signal of ethene (3025 cm™!) (Wang et al.,, 2013;
Magnotti et al., 2015), was also identified after 6-10 d heating in
this study. The ethane, however, was not detected in the FSCCs
of previous studies (Chou et al., 2008; Xu and Chou, 2017; Wang
et al,, 2018). In the nCycH34-mineral systems with feldspar (I-c),
calcite (I-d), kaolinite (I-e), smectite (I-f), and illite (I-g), the Raman
peaks of C;-C3 alkanes and ethene were evident after 6-d heating
(Fig. 2c-g). Higher concentrations of the C;-C3 gases were gener-

(A) PnEsRESas A :160-_dd (B) IIJ2 i'(]\ff.,(.?.n.C,(.jZ g'\ll,
S
co, i c-C, : — 34 .
A L | - i
gl . W I I-g—nC, H,,*illite g2 WM’\%____
: o, I L ~WMWWWM
m - : o sk -~ SRS R A
i et 7 " T
f1 | ‘_MMM | 1-f—nC, H, +smectite] 2 WJM
— e I ] T N
= | . L 3 BES: e o0y O PR
:E mww 'leI-67,mmmnCMH“ijjol,‘imnit.e :(:I\ N WWWMW
2 . i 2 y Ll
g ! T g i
é d1 [ M 11-d—nC,H,+calcite é a2 LW/M”\WM
. ! PO O ST
2 ) p— “ : i
R ; untunmgtbidhd v 4
cl ! Mo, | I-c—nC, H,,+feldspar| c2 m
Ir'*'” L J o e bt
[ o et | ey : - | i st eae i o s A ]
bl | ks | 1-b—nC,H, +quartz At
% 1 A L.
I i, ) ey
! [
al | A I-a—nC,H,,
l A, !
. Sha f
1000 1400 1800 2200 2600 3000 3400 3800 2200 2400 2600 2800 3000 3200

Raman shift (cm™)

Raman shift (cm™)

Fig. 2. (A) Laser Raman spectra of the vapor phases in the anhydrous experiments after 3-d, 6-d and 10-d heating. (B) Enlargement of the Raman signals of the gaseous
hydrocarbons. The presence of CH, is indicated by the signal of the v1 symmetric C-H stretching vibration at around 2920 cm™!; the C,Hg is indicated by the v1 symmetric
CHj3 stretching vibration at around 2958 cm~! and a complex Fermi resonance in the C-H stretching at 2902 cm™!; the CsHg is indicated by the peak at 2888 cm~!,2932 cm™!
and 2975 cm™'; the nC4H; indicated by the peak at 2889 cm~" and 2948 cm ™', the iC4H; is indicated by the ~CH3 torsional vibration at 2878 cm™'; the C,H, is indicated by
the signal of C-H and C-C symmetric stretching vibration at 3025 cm~'. The Raman signals of CO, at the lower band of 1284 cm™" and the upper band of 1387 cm™" were not

obtained in any of the anhydrous FSCCs.
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ated after 10-d heating, particularly in the systems with clay min-
erals (Fig. 2e-f), and the relative intensity of the Raman signals
suggests a relatively higher ratio of C;/C; and C;/Csz.4. In the
nCyeH34-quartz experiments (I-b), similar to the I-a system without
minerals, clear signals of C;-nC,4 alkanes and ethene were detected
only after 10-d heating (Fig. 2b).

In the nC;gHs4-D water systems, various hydrocarbon gases
were generated and Raman signals of the C;-nC4 alkanes in the
II-a FSCC (Supplementary data, Fig. S2a1) were much stronger than
in the I-a FCSS (Fig. 2a2) after 6-10 d heating, consistent with the
yields’ relation in the gold capsules (Fig. 1a, b). The presence of
quartz in the FSCC (II-b) resulted in slightly weaker Raman signals
of the gaseous alkanes (Supplementary data, Fig. S2a2) than in the
[I-a FSCC without minerals, particularly the signals of methane and
ethane. In contrast, the presence of other minerals (II-c/d/e/f/g),
particularly the calcite and clay minerals in the FSCCs resulted in
stronger Raman signals of the gaseous alkanes, which could be
detected clearly after only 3-d heating (Supplementary data,
Fig. S2a3-a7). The signals became more stronger in the 6-10 d
heating experiments. Consistent with the gold capsules, compar-
isons of the intensity of Raman peaks between the hydrous sys-
tems with D water (Supplementary data, Fig. S2al-a7) and the
anhydrous systems (Fig. 2a2-g2) also suggest higher ratios of C;/
C, and C¢/Cs in the hydrous system.

Consistent with the gold capsules, comparison of the intensive
of Raman signals in the Ill-a, I-a and II-a FSCCs suggest that the
nC;6H34-CaCl, water system (IlI-a) generate lower amounts of gas-
eous hydrocarbons (Supplementary Fig. S2b1) than the II-a FSCC
with D-water (Supplementary data, Fig. S2a1), but the Raman sig-
nals of the gaseous alkanes were stronger than in the [-a anhydrous
FSCC after 10-d heating (Fig. 2a2). Similar to the system with D
water, the presence of quartz in the FSCC (IlI-b) resulted in weaker
Raman signals of the gaseous alkanes (Supplementary data,
Fig. S2b2) than in the Ill-a FSCC without minerals (Supplementary
data, Fig. S2b1). The presence of calcite (IlI-d) and clay minerals
(Ill-e/f/g) resulted in stronger Raman signals of the gaseous alkanes
(Supplementary data, Fig. S2b4-b7) that could be detected clearly
after 6-d heating, but still much weaker than that in the systems
with D water (Supplementary data, Fig. S2a4-a7). Similar to the
gold capsule, the presence of feldspar in the hydrous FSCC with
CaCl, water also had little impact on gas generation (Supplemen-
tary data, Fig. S2b3). Similar to the hydrous system with D water,
higher ratios of C;/C, and C;/C3 existed in the hydrous systems
with CaCl, water (Supplementary data, Fig. S2b1-b7) than the
anhydrous systems (Fig. 2a2-g2), as suggested by the intensity of
the Raman signals.

Besides the differences between the different systems, the
Raman spectra patterns and relative intensity of different Raman
peaks of the same system also varied gradually as the heating time
lasted from 3 d to 10 d. And comparisons suggest that the Raman
peak intensity of C; and C; increased faster than that of C3 and C4 in
the present experiments (Fig. 2; Supplementary data, Fig. S2).

3.1.3. Raman spectra of CO, and H, in the FSCCs

For non-hydrocarbon gases, CO, was not detected in any of the
anhydrous FSCCs (Fig. 2al1-g1), consistent with the gold capsules
(Fig. 1a; Supplementary data, Table S4). In contrast to the anhy-
drous systems, the laser Raman peaks of CO, were identified by
the Fermi diad at 1284 cm~' and 1387 cm™' (Chou et al., 2008)
in most hydrous FSCC systems in the present study and two hot
band signals appeared in some Raman spectra (Supplementary
Fig. S3). In the nC;gHs4-D water system (II-a) and the nC;gHs4-
CaCl, water system (III-a), the CO, did not increase noticeably as
the heating lasted from 3 d to 10 d, but a small bulge was identified
near 1387 cm™' (Supplementary Fig. S3a1, b1). With the addition
of feldspar (II-c), calcite (II-d), and clays (II-e-g), the concentration

Geoscience Frontiers 13 (2022) 101322

of CO, increased noticeably in the FSCCs from 3 d to 10 d, and two
peaks at 1284 cm~! and 1387 cm~! were identified clearly after
heating of 6-10 d (Supplementary data, Fig. S3a3-a7). In contrast,
the Raman signal of CO, was not detected obviously in the systems
with quartz (II-b, IlI-b), even after 10-d heating (Supplementary
data, Fig. S3a2, b2). A comparison of the results showed that the
FSCCs with calcite had the strongest CO, signal, followed by the
FSCCs with clays, and the FSCC with feldspar. Different from the
results in gold capsules, the Raman signal of H, was not identified
in any of the present FSCC experiments, which was probably due to
the highly permeable of the silica tube to H, (Chou et al., 2008;
Shang et al., 2009).

3.2. Liquid hydrocarbons and pyrobitumen

3.2.1. Gas chromatograms of liquid hydrocarbons in the gold capsules

After the 10-d heating, the GC analysis of the liquid hydrocar-
bons in the different gold capsules showed that the pure nCygHs4
evolved to form both LMW organics (nCg-nC;5 and mono-bicyclic
aromatic hydrocarbons (M-BAHs)) and high-molecular-weight
(HMW) organics (nC;7-nCszq and polycyclic aromatic hydrocarbons
(PAHs) (>3 rings)), and the products varied significantly in differ-
ent systems (Fig. 3).

In the I'-a anhydrous system, newly generated liquid hydrocar-
bons included primarily nCg-nCys, nCy7-nCs, and some HMW PAHs
(Fig. 3al). Comparisons showed that the addition of quartz, feld-
spar, and calcite into the anhydrous system led to generation of
more HMW organics (Fig. 3a2-a4) than in the system without min-
erals (Fig. 3al), and the quartz, feldspar and calcite had slight
impact on the generation of nCs-nC;s. In contrast, the anhydrous
systems with addition of clay minerals (particularly kaolinite and
smectite) generated much less HMW organics but much more
nCg-nCy5 and M-BAHs than the anhydrous system without mineral
(Fig. 3a5-a7).

Comparison of the gas chromatograms show that much less
HMW organics were produced in the hydrous systems with D-
water (II'-a) (Fig. 3b1) than in the anhydrous system (Fig. 3al).
What's more, the presence of quartz, feldspar, calcite, kaolinite,
and smectite in the FSCCs generated more nCg-nCys and less
HMW organics (Fig. 3b2-b6) than in the nC;gHs4-D water system
(Fig. 3b1). In the nC;gHs4-D water-illite system, slightly more
C19-Cy6 organics (Fig. 3b7) were generated than in the nCygHs4-D
water system (Fig. 3b1), but the amount was still much less than
in the I'-g anhydrous system without water (Fig. 3a7).

Similar to the hydrous systems with D water, less HMW organ-
ics were produced in the nC;gHs4-CaCl, water system (Fig. 3c1)
than in the anhydrous system (Fig. 3a1). The presence of minerals
including feldspar, calcite and clays also resulted in much more
generation of LMW alkanes (nCg-nCy3) (Fig. 3c3-c7) than the sys-
tem without minerals (III'-a) (Fig. 3c1). Regarding HMW organics,
however, the presence of minerals tended to generate more
HMW organics (Fig. 3c3-c7) than the system without mineral,
but the ratios of HMW organics/LMW organics were still lower
than the system without minerals (Fig. 3c1).

3.2.2. Fluorescence colors and spectra of liquid hydrocarbons in the
FSCCs

The pure colorless nC;gHs4 and the transparent FSCCs prior to
the experiments showed no fluorescence color under UV light.
After 3-10 d heating, however, different fluorescence colors were
identified in the different systems and in the same system at differ-
ent times (Figs. 4-5; Supplementary Figs. S4-S5) due to differences
of the liquid hydrocarbon compositions (Fig. 3) (Bourdet et al.,
2012, 2014; Liu et al., 2014; Cheng et al., 2019).

In the anhydrous I-a nC;¢H34 system without minerals, the flu-
orescence colors of liquid hydrocarbons in the 3-d, 6-d, and 10-d
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Fig. 3. Gas chromatograms of the liquid hydrocarbons in the anhydrous nC;¢Hs4 systems (a1-a7), hydrous systems with D water (b1-b7) and hydrous systems with CaCl,
water (c1-c7) after 10-d heating. The red, green and orange dashed curves represent the patterns of the main compositions of the liquid hydrocarbons in the I'-a, II'-a and III'-a
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in the gas chromatograms.

FSCCs became stronger gradually, and the colors changed from
weak dark blue to blue and strong yellow-white (Fig. 4a1-a3).
The Amax (520.38 - 515.53 — 518.67), Qss0/500 (0.31 — 0.19 — 0.
20) and QFs35(0.96 — 0.72 — 0.83) values of the fluorescence spec-
tra decreased from 3-d to 6-d and then increased in the 10-d FSCC
(Fig. 5a1-a3; Supplementary data, Table S5). The peak near 433 nm
in the 10-d experiment was much lower than that in the 3-d and 6-

d experiments (Fig. 5a1-a3), indicating the generation of more
HMW organics (Fig. 3a1). In the FSCCs with the presence of quartz
(I-b), feldspar (I-c), and calcite (I-d), the fluorescence colors chan-
ged from 3-d blue to 6-d white-blue and yellow, and 10-d strong
white-yellow to yellow-brown (Fig. 4b1-d3). Particularly, the lig-
uid hydrocarbons in the 10-d FSCCS exhibited yellow to brown col-
ors under transmitted light. The values of Amax, Qssojs00 and QFss3s
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f1-f3, I-7: g1-g3). Photomicrographs (al-g1) from the 3-d experiments, (a2-g2) from the 6-d experiments, and (a3-g3) from the 10-d experiments.

of the fluorescence spectra in the I-b/c/d systems increased as the
experiments continued, particularly for the 10-d experiments
(Supplementary Table S5). The continuous red-shift of the fluores-
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cence spectra (Fig. 5a1-a3) indicated an increase in concentrations
of HMW organics, consistent with the gas chromatograms
(Fig. 3a2-a4) (Bourdet et al., 2012, 2014; Liu et al., 2014; Cheng
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et al,, 2019). In contrast, the presence of clays resulted in the for-
mation of blue, blue-white, and white blue fluorescence colors of
the liquid hydrocarbons, and the fluorescence colors became stron-
ger as the experiments continued (Fig. 4e3-g3). The values of Ay,
Qss0/500, and QFs3s of the fluorescence spectra remained almost
stable as the experiments continued from 3 d to 10 d, and these
values were much lower than the I-a system (Supplementary data,
Table S5), suggesting strong blue-shift of the fluorescence spectra
compared to the I-a system, particularly in the system with smec-
tite. In addition, the peak near 433 nm was higher than the peak
near 520 nm in the FSCCs with smectite and kaolinite (Fig. 5a1-
a3). The blue-shift of the fluorescence spectra indicated an increase
in concentrations of LMW organics, consistent with the gas chro-
matograms (Fig. 3a5-a7) (Bourdet et al., 2012, 2014; Liu et al,,
2014; Cheng et al., 2019).

In the hydrous systems with D water (Series-II) and CaCl, water
(Series-III), the fluorescence colors of the generated liquid hydro-
carbons differ significantly from that of the anhydrous Series-I sys-
tems (Fig. 4), and no yellow-white, yellow and yellow-brown
fluorescence colors were identified in relevant FSCCs (Supplemen-
tary data, Figs. S4 andS5). In the nCygHs4-D water systems (II-a),
the fluorescence colors changed from an extremely weak fluores-
cence color in the 3-d experiment to weak-blue and blue in the
6-d and 10-d experiments (Supplementary data, Fig. S4al-a3).
The fluorescence spectra of the liquid hydrocarbons exhibited sim-
ilar Amax values (511-513 nm) and the Qgso/s00 and QFsss values
decreased gradually as the heating lasted from 3 d to 10 d
(Fig. 5b1-b3; Supplementary data, Table S5). These values were
lower than that in the anhydrous system (I-a), and no sharp inten-
sity decrease was identified around the 433 nm peak (Fig. 5b3)
after 10-d heating, suggesting blue-shift of the fluorescence spectra
when compared to that in the anhydrous systems (Fig. 5a3, b3).
With the addition of different minerals, the fluorescence colors
became stronger than in the hydrous system without minerals
after heating for the same time, and the colors were blue and
white-blue after 6-10 d heating (Supplementary data, Fig. S4b1-
g3). With the addition of different minerals to the series-II systems,
the intensity of the peak at 433 nm increased significantly, and the
values of Amax Qss0/500, and QFs3s declined a lot compared to the
systems without minerals (Fig. 5b1-b3; Supplementary data,
Table S5). The fluorescence spectra of the liquid hydrocarbons in
the FSCCs with minerals (II-b/c/d/e/f/g) demonstrated a strong
blue-shift when compared to the Il-a system without minerals
(Fig. 5b1-b3; Supplementary Table S5); the blue shift became
stronger as the experiments continued (Supplementary data,
Table S5), indicating generation of more LMW organics (Fig. 3b2-
b7) (Bourdet et al.,, 2012, 2014; Liu et al., 2014; Cheng et al,,
2019). In addition, comparisons among the systems with different
minerals after heating for the same time showed that the most
extensive blue-shift of the fluorescence spectra occurred in the
presence of smectite and kaolinite, followed by illite, feldspar,
and calcite (Fig. 5b1-Bb3; Supplementary data, Table S5). The
weakest blue-shift occurred in the system with quartz.

In the nC;gH34-CaCl, water system (IlI-a), the fluorescence col-
ors changed from weak blue fluorescence to blue in the 6-10 d
experiments (Supplementary data, Fig. S5a1-a3). The fluorescence
spectra of the liquid hydrocarbons were different from those of the
anhydrous I-a system and the hydrous Il-a system with D water
(Fig. 5; Supplementary data, Table S5). Two peaks near 420 nm
and 507 nm were present in the spectra (Fig. 5c1-c3). The Ampax,
Qss0/500, and QFs35 values were lower than in the I-a systems,
and the fluorescence spectra exhibited a blue-shift when compared
to the I-a systems (Fig. 5; Supplementary data, Table S5), indicating
the generation of more LMW liquid hydrocarbons in the presence
of CaCl, water than in the anhydrous systems.
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With the addition of quartz (IlI-b), feldspar (Ill-c), and calcite
(IlI-d), the Amax remained high after heating for 10 d, and the
Q650500 and QFs3s5 values were higher than in the Ill-a system (Sup-
plementary data, Table S5), the fluorescence spectra of the liquid
hydrocarbons exhibited slightly red-shift (Fig. 5c1-c3) when com-
pared to the Ill-a system, indicating the generation of more HMW
liquid organics (Fig. 3c2-c4). In contrast, in the experiment with
kaolinite (Ill-e), smectite (III-f), and illite (Ill-g), the fluorescence
spectra of the liquid hydrocarbons exhibited a strong blue-shift
compared to the Ill-a system (Fig. 5c1-c3), and the values of Ayax,
Qss0/500 and QFs35 were lower than in the I1I-a system (Supplemen-
tary data, Table S5).

3.2.3. Heavy oil and pyrobitumen produced in the FSCCs

The presence of heavy oil and pyrobitumen on the surfaces of
different minerals and the FSCCs was identified using a microscope
with UV light (Fig. 6). The photomicrographs show that heavy oil
was attached to the tube wall in the anhydrous nC;gHs4 experi-
ment (Fig. 6al-a2), and pyrobitumen was identified on some sur-
faces of the smectite (Supplementary data, Fig. S5b1-b2), illite
(Fig. 6¢1-c2), kaolinite (Fig. 6d1-d2) and feldspar (Fig. 6e1-e2) in
the anhydrous alkane-mineral systems after 10-d heating; this
was particularly noticeable in the anhydrous I-f system with smec-
tite and the anhydrous I-g system with illite (Fig. 6b1-c2). Different
from the anhydrous systems, in the hydrous systems with D water
or CaCl, water, heavy oil or pyrobitumen were rarely observed on
the mineral surfaces or the tube wall, even in the FSCCs after 10-d
heating (Supplementary data, Fig. S4-S5).

3.3. Organics detected in the water in the FSCCs

The Raman spectra of the water solutions in the two series of
hydrous systems with D water (series-II) and CaCl, water (series-
III) after 3-10 d heating are presented in Fig. 7. Comparisons of
the Raman spectra of the water solutions after heating (Fig. 7al-
a7, b1-b7) to those of the initial D water (Fig. 7a0) and CaCl, water
(Fig. 7b0) show that oxygen-containing organics (2800-
3000 cm~!) were present in the water solutions after heating for
6-10 d. Methanol (2885 cm™! and 2956 cm™!), ethanol
(2936 cm~! and 2847 cm™!) (Chou et al., 2008; Xu abd Chou,
2017; Wang et al., 2018), and acetic acid (2944 cm™!) (Zou et al.,
2007; Chou et al., 2008) were identified, particularly the ethanol
and acetic acid (Fig. 7). The intensity of the Raman signal peaks
became stronger as the heating lasted from 3 d to 10 d, indicating
more generation of the oxygen-containing organics in the FSCCs.

In the presence of feldspar (Fig. 7a3, b3), calcite (Fig. 7a4, b4),
kaolinite (Fig. 7a5, b5), and illite (Fig. 7a7, b7), the intensity of
the Raman signals of the oxygen-containing organics in the water
solutions in the series-II and series-III systems showed slightly dif-
ference with those of the systems without minerals (Fig. 7a1, b1).
When quartz (Fig. 7a1, b1) and smectite (Fig. 7a6, b6) were added
to the hydrous systems with D-water and CaCl, water, however,
the intensity of the Raman signals of the oxygen-containing organ-
ics became slightly weaker.

3.4. Mineral alteration in various systems

After experiments, various mineral alterations were identified
in the different anhydrous and hydrous systems with different
minerals, and the different mineral textures were presented in
Fig. 8 and Supplementary data, Fig. S6-S7.

3.4.1. In anhydrous systems

The SEM images show that for the quartz (Supplementary data,
Fig. S6a, a1), feldspar (Supplementary data, Fig. S6b, b1) and calcite
(Supplementary data, Fig. S6¢, ¢1) minerals without structure or
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Fig. 6. Photomicrographs of pyrobitumen and heavy oil in different FSCCs. (a1, a2) Heavy oil attached to the tube wall after 10-d heating in the anhydrous alkane systems (I-
a). (b1, b2) Pyrobitumen attached to the smectite surface in the I-f system after 10-d heating. (c1, c2) Pyrobitumen attached to the illite surface in the I-g system after 10-d
heating. (d1, d2) Heavy oil and pyrobitumen attached to the kaolinite surface in the I-e system after 10-d heating. (e1, e2) Pyrobitumen attached to the feldspar surface in the
I-c system after 10-d heating. (f1, f2) No pyrobitumen was identified on the silica surface after 10-d heating. Ho: heavy oil; Py: pyrobitumen. (a1-f1) Acquired under

transmitted light, (a2-f2) acquired under UV light.

interlayer waters (Supplementarydata, Fig. S8a-c), the mineral
morphology showed no difference before and after the heating
experiments in the anhydrous systems. The grain surfaces of these
three minerals prior to and after the experiments were relatively
flat, and no leaching pits or pores were identified in these minerals
in the 3-10 d experiments; no secondary minerals were generated
(Supplementary data, Fig. S6a-c). Similarly, the kaolinite (Supple-
mentary data, Fig. S6d, d1) and illite (Supplementary data,
Fig. S6f, f1) with structured water (Supplementary data, Fig. S8d,
f) also exhibited no apparent alteration after the heating, and no
secondary minerals were identified, even after the 6-10 d heating.
Unlike the other minerals, the smectite with interlayer water (Sup-
plementary data, Fig. S8e) exhibited apparent differences after the
reactions (Supplementary data, Fig. S6e, e1); more pits were iden-
tified in the smectite after the reactions although typical euhedral
secondary minerals were not identified after heating.

3.4.2. In hydrous systems

In contrast to the anhydrous system, the SEM images showed
various mineral alterations after heating for 3-10 days in the
hydrous systems (Fig. 8; Supplementary data, Fig. S7). Overall,
the calcite and feldspar experienced the most extensive alterations,
followed by smectite, kaolinite, quartz, and illite.

In the hydrous systems with quartz, a large number of small
leaching pits were identified on the quartz surfaces in both the sys-
tems with D water and CaCl, water (Fig. 8a, b). In addition, some
anhedral calcite grains (Fig. 8c) were precipitated in the systems
with CaCl, water after heating for 6-10 d. In both the hydrous sys-
tems with D water and CaCl, water, extensive mineral alteration of
feldspar was identified. In the first three days, feldspar dissolution
(Fig. 8d, g) was the most important reaction; after heating for 6-10
d, secondary illite (Fig. 8e, f, h) was identified in both systems, with
additional development of anorthite (Fig. 8i) in the systems with
CaCl, water. Calcite was dissolved extensively in the hydrous sys-
tems after three days (Fig. 8j). In the 3-d experiments, reprecipita-
tion of calcite was weak in the system with D water (Fig. 8j), but
extensive in the system with CaCl, water (Fig. 8k); in the 6-10 d
experiments, calcite dissolution and reprecipitation were extensive
in both the systems with D water and CaCl, water (Fig. 8l).
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In the kaolinite, leaching pits and gulfs were identified on the
mineral surfaces in the hydrous systems (Supplementary data,
Fig. S7a, b), particularly in the system with CaCl, water (Supple-
mentary data, Fig. S7c). No typical secondary minerals were iden-
tified in the D water system, even after 6-10 d heating; however,
scaly secondary minerals without euhedral crystals were formed
in the systems with CaCl, water (Supplementary data, Fig. S7c).
In the smectite, leaching pits were identified in the hydrous sys-
tems with both D water and CaCl, water (Supplementary data,
Fig. S7d, g). After reacting for 6-10 d, illitization of smectite was
clearly identified, and fibrous illite adhered to the remnant smec-
tite (Supplementary data, Fig. S7e, f, h). In addition, some anhedral
calcite was identified after 6-10 d reaction in the systems with
CaCl, water (Supplementary Fig. S7i). Although some pits were
identified on the surfaces of the illite mineral, no typical secondary
minerals were identified, even after 6-10 d heating (Supplemen-
tary data, Fig. S7j-1). Recrystallization may have occurred; how-
ever, it was difficult to determine this alteration in the SEM images.

4. Discussion

Results of the present experiments indicate that various
organic-inorganic interactions occurred in the different hot sys-
tems with different nC;gHs4-water-mineral assemblages. On the
whole, the reaction pathways relevant to organics include free-
radical thermal-cracking and free-radical cross-linking in all the
systems, step oxidation of hydrocarbons and decarboxylation of
organic acids in the hydrous systems (Lewan, 1997; Seewald,
2001, 2003; Wang et al., 2016; Yuan et al., 2019b), and an obvious
carbonium-ion pathway in the systems with the presence of clays.
Inorganic reactions include mainly the dissolution and precipita-
tion of different minerals in the different hydrous systems (van
Berk et al., 2015; Yuan et al., 2019b). The presence of different
water and minerals affect the nCgH34 degradation processes,
which in turn affect the mineral alteration reactions. Besides, the
water type also affected the impact of the different minerals on
nCygHsz4 degradation, via its impact on mineral alteration pro-
cesses. Coupled together, different organic-inorganic reactions
evolved following different reaction pathways and resulted in gen-
eration of the different products (Figs. 9, 10).
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Fig. 8. Microphotos of leached minerals and authigenic minerals in the hydrous FSCCs with quartz, feldspar and calcite. (a, b) Leaching pits on the quartz surfaces; (c)
anhedral calcite precipitated on the quartz surfaces; (d) leached feldspar grain; (e, f) leached feldspar grain and fibrous illite precipitated on the feldspar surfaces; (g) leached
feldspar grain; (h) leached feldspar and fibrous illite precipitated on the feldspar surface; (i) anorthite formed by replacement of K-feldspar; (j) extensively leached calcite; (k,

1) leached calcite and reprecipitated calcite on the calcite grain surfaces.

4.1. Reaction pathways of organic—inorganic interactions in anhydrous
systems

4.1.1. Anhydrous nC;gHs,4 system without minerals

Many studies have verified that hydrocarbon degradation in
anhydrous systems proceeds through the free radical mechanism
(Lewan, 1997; Hill et al., 2003; Tian et al., 2006; Yuan et al.,

2019b). In this study, the extremely low amounts of iC4 and iCs
(Supplementary data, Table S4; Fig. 1a), the wide distribution of
the LMW n-alkanes (C;-C;s5) (Fig. 3al), and the enrichment of
lower-molecular-weight alkane gases in the anhydrous system
(Fig. 2a2) with on-going heating support extensive occurrence of
the free-radical thermal-cracking reaction (Fig. 9a). The presence
of the HMW alkanes (Cy7-C30), PAHs, and H; in the I'-a gold capsule

<

Fig. 7. Raman spectra of the aqueous phases of the hydrous systems with D-water (A) and CaCl, water (B) after 3-d. 6-d and 10-d heating. The Raman peaks of methanol are
near 2847 cm~! and 2956 cm™!, the Raman peaks of ethanol are near 2885 cm~! and 2936 cm™!, and the Raman peak of acetic acid is near 2944 cm™! (after Zou et al., 2007;
Chou et al., 2008; Wang et al., 2016; Xu and Chou, 2017). For comparison, the Raman spectra of the initial D water and CaCl, water are presented.
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(Fig. 1a and 3a1), and M-BAHs with weak blue fluorescence colors
and PAHs with yellow-white fluorescence colors in the I-a FSCCs
from 3 to 10 d heating (Fig. 3al; Fig. 4al1-a3) demonstrated the
occurrence of free-radical cross-linking reaction during the
nCyeH34 degradation processes (Lewan, 1997; Yuan et al., 2019b).
Step oxidation and decarboxylation reactions (Seewald, 2003)
was ruled out by the absence of CO, in the generated gases
(Fig. 1a and 2a1). Thus, the free-radical thermal-cracking reaction
and free-radical cross-linking reaction dominate the present anhy-
drous nCygHs4 degradation. As evidenced by the gradual enrich-
ment of LMW gases and HMW PAHs in the FSCCs from 3-d to
10-d (Fig. 2al1-a2, 4al-a3), the degradation of nC;gHs,4 following
the free radical mechanism would result in generation of gases,
PAHs and pyrobitumen along long-term deep burial (Tian et al.,
2006).

4.1.2. Anhydrous nC;gHz4-minera systems

In the anhydrous nCgH34-mineral system, the unchanged sur-
faces of the quartz, feldspar and calcite grains suggest that the
minerals without internal water (Supplementary data, Fig. S8a-c)
experienced no alteration in the presence of hydrocarbons at
340 °C (Supplementary data, Fig. S6al-c1), in consistent with the
phenomena in previous study (Yuan et al.,, 2019b). The kaolinite
and illite minerals that contained only structured water of hydro-
xyl (-OH) (Supplementary data, Fig. S8d, f) also did not experience
obvious chemical alterations at 340 °C (Supplementary data,
Fig. S6d1, f1), in consistent with the results of the series of heating
experiments for investigating the phase transition of kaolinite and
illite from low to high temperatures (100-1000 °C) (Yao and Gao,
2007; Wu et al,, 2011). In contrast, the smectite with interlayer
water (Supplementary Fig. S8e) experienced dehydration and illiti-
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zation reactions during the heating processes, as evidenced by the
texture changes (Supplementary Fig. S6e1), which is consistent
with the results of some previous thermal experiments (Pan
et al., 2010; Du et al,, 2021a,b).

Free-radical thermal-cracking and cross-linking reactions
occurred in all the anhydrous nC;gHs4-mineral systems, as
indicated by the widely generation of nC;-C;5 alkanes, C;7-C3q alka-
nes, PAHs, pyrobitumen and H, (Fig. 1a, 2a2-g2, 3a2-a7) (Lewan,
1997; Yuan et al., 2019b). In addition to the free radical mecha-
nism, the higher iC4/nC,4 ratios (Supplementary data, Table S4) sug-
gest an important role of the carbonium-ion mechanism in nCygHs4
degradation in the anhydrous systems with clays. Similar to the
anhydrous nC;gHs4 system, the absence of CO, (Fig. 1a) suggested
no step oxidation nor decarboxylation reactions in the anhydrous
systems with minerals, indicating that the oxygen in the different
minerals (even the oxygen in water-containing clays) (Supplemen-
tary data, Fig. S8e) cannot oxidize the hydrocarbons at 340 °C in
the present study, although smectite has been identified to oxidize
some crude oil components at temperatures higher than 400 °C in
previous studies (Pan et al., 2010). Involved as indirect reactants,
the impact of minerals on the nC;¢H34 degradation in the anhy-
drous nC;gHs4-mineral systems should be attributed to the cat-
alytic effect of chemical bonds in the different minerals
(Supplementary data, Fig. S8) (Seewald, 2003).

In the nCygH34-quartz system, the generation of similar amount
of C;-Cs gases (Fig. 1a; Fig. 2a2,-b2) and liquid C¢-Cy4 alkanes, but
more HMW alkanes and PAHs with yellow to brown-yellow fluo-
rescence colors (Fig. 3a1-a2; Fig. 4b1-b3), and the red-shift of the
fluorescence spectra (Fig. 5al-a3; Supplementary Table S5)
(Bourdet et al., 2012; Bourdet et al., 2014) demonstrate that quartz
promoted the free-radical cross-linking reaction significantly when
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compared to the I-a system without mineral, which was probably
attribute to catalysis of the only Si-O bonds (Lewis acid sites) (Sun
and Silverman, 1945) at the external surfaces of the quart grains
experience no mineral alteration (Xu et al., 2011) (Supplementary
data, Fig. S8a). Along long-term deep burial, the organic-inorganic
interactions following such reaction pathways would result in gen-
eration of less LMW hydrocarbons, more HMW PAHs and pyrobitu-
men in the nCygHs4-quartz system than in the anhydrous nC;gHs4
system (Fig. 9b).

In the anhydrous nC;gHs,s-feldspar system, the generation of
similar or slightly higher amount C;-Cs gases and liquid Cg-Ci4
alkanes (Fig. 1a, 2c2) but more HMW alkanes and PAHs with yel-
low to brown-yellow fluorescence color (Fig. 3a3, 4c1-c2), and
the red-shift of the fluorescence spectra (Fig. 5a1-a3; Supplemen-
tary data, Table S5) (Bourdet et al., 2012, 2014; Liu et al., 2014)
demonstrate that feldspar promoted the free-radical cross-linking
reaction significantly when compared to the nC;gHs4 system with-
out mineral. Similar to the quartz, the Si-O bonds at the external
surfaces of the feldspar grains (Supplementary data, Fig. S8b) likely
catalyzed the cross-linking reaction. The not less yields of gaseous
hydrocarbons (Fig. 1a; Supplementary data, Table S4) and liquid
Cs—Cq4 alkanes (Fig. 3a3) may be attributed to the Al-O bonds
(Lewis acid sites) at the external surfaces of the feldspar grains
(Supplementary Fig. S8b), which catalyzed the thermal-cracking
to some extent (Corma et al., 1985; Kissin, 1996; Corma and
Orchillés, 2000). Along long-term deep burial, the reaction path-
ways in the nCgHs4-feldspar system would result in generation
of less LMW hydrocarbons, more HMW PAHs and pyrobitumen
than in the anhydrous nC;gHs4 system (Fig. 9c).

In the anhydrous nC;gHs4-calcite system, the generation of
more gases (Fig. 1a, 2b4; Supplementary data, Table S4) and more
HMW alkanes and PAHs with yellow fluorescence color (Fig. 3a4,
4d1-d4), and the red shift of the fluorescence spectra (Fig. 5a1-
a3) demonstrate that calcite probably catalyzed both the free rad-
ical thermal-cracking and cross-linking reactions when compared
to the nC;gHs4 system without mineral, consistent with the results
of some previous studies (Eglinton et al., 1986; Xiao et al., 2010),
though some studies suggest little or even inhibition impact of cal-
cite on oil degradation (Pan et al., 2010; Hu et al., 2014). The catal-
ysis was likely attributed to the presence of C-O bonds and Ca?* at
the external surfaces of the calcite grains (Supplementary data,
Fig. S8¢) (Ellig et al., 1985). Along long-term deep burial, the reac-
tion pathways would result in generation of similar amounts of
LMW hydrocarbons, HMW PAHs and pyrobitumen in the
nCygH34-calcite system, but at a faster rate when compared to
the anhydrous nCygHs4 system (Fig. 9d).

In the anhydrous nC;gHs4-clay systems, the generation of more
hydrocarbon gases and LMW alkanes (Fig. 1a; Supplementary data,
Table S4), less PAHs but more M-BAHs with blue fluorescence color
(Fig. 3a5-a7, 4e1-g3), the presence of pyrobitumen (Fig. 6b1-d2),
and the blue shift of the fluorescence spectra of the liquid hydro-
carbons (Fig. 5al-a3) demonstrate that the clays (particularly
smectite and kaolinite) promoted the thermal-cracking reaction
significantly, and cross-linking reactions was altered to form more
M-BAHs and pyrobitumen but much less PAHs. As proposed by
previous studies (Corma et al., 1985; Corma and Orchillés, 2000;
Bu et al., 2017), various B acid sites in the clay minerals (Supple-
mentary data, Fig. S8d-f) probably catalyzed the nC;gHs4 cracking
to form more LMW hydrocarbons and hydrogens (Fig. 1a; Supple-
mentary data, Table S4) via the carbocation mechanism that ini-
tialed by catalytic attack of B acid sites on protons of C-C and C-
H bonds. Smectite, which has large amount of B acid sites on both
the external surfaces and in the interlayers (Supplementary data,
Fig. S8e), exhibits the strongest promotion, followed by kaolinite
with tetraherad-octahedral layer structure and with B acid sites
relevant to exposed octahedral layer (Supplementary data,
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Fig. S8d), and illite with tetraherad-octahedral-tetraherad layer
structure (Supplementary data, Fig. S8f). The L acid sites may also
have some promotion impact on the thermal cracking, but much
weaker compared to the B acid site (Corma et al., 1985; Kissin,
1996; Corma and Orchillés, 2000). Along long-term deep burial,
these pathways in the nC;gH34-clay systems would result in gener-
ation of more LMW hydrocarbons, less PAHs, and some pyrobitu-
men, and at a much faster rate when compared to the anhydrous
nCygHs4 system (Fig. 9e).

Overall, with organic-inorganic interactions following different
pathways in the anhydrous systems with nC;gHs4 and different
minerals in this study, smectite has the strongest promotion on
generation of gaseous hydrocarbons, followed by kaolinite, illite,
calcite, and feldspar, while quartz suppress the gaseous hydrocar-
bon generation in the anhydrous systems. Quartz, however, has the
strongest promotion on generation of PAHs, followed by calcite
and feldspar, and clay minerals likely suppressed the generation
of PAHs.

4.2. Reaction pathways of organic-inorganic interactions in hydrous
systems

4.2.1. Hydrous nC;gH34-water system

High pressure has been verified to suppress oil cracking (Hill
et al,, 1996; Chen et al., 2014; Uguna et al., 2016). In the present
study, the ambient pressure of the gold capsules was the same.
Pressure in the hydrous FSCCs, though not monitored, should be
higher than the anhydrous systems after generation of more gases.
Thus, the higher yields of hydrocarbon gases and Hj, the higher C,/
C, and C;/C3 ratios in the hydrous gold capsules (Fig. 1; Supple-
mentary data, Table S4), and the strong Raman signals of the gases
in the hydrous FSCCs (Supplementary data, Fig. S2) suggest that
both the D water and CaCl, water promoted the C;gHs4 degrada-
tion to generate more C;-C4 gaseous hydrocarbons (particular
more methane) after heating for the same time. At the same time,
both the D water and CaCl, water suppressed the generation of
HMW alkanes and PAHs with yellow and brown fluorescence col-
ors and also the generation of pyrobitumen, as evidenced by the
blue and white-blue fluorescence colors (Supplementary data,
Fig. S4-S5) and the blue-shift of the fluorescence spectra of the lig-
uid hydrocarbons (Fig. 5), and the GC chromatograms of the liquid
hydrocarbons (Fig. 3). These impacts were consistent with the
results of thermal experiments conducted in Hastelloy reactors in
our previous study (Yuan et al.,, 2019b), although some previous
studies claimed that water suppresses (Price, 1993; Lewan, 1997;
Uguna et al., 2016) or has little impact (Xie et al., 2016) on oil
degradation processes. The promotion effect of water on genera-
tion of more LMW hydrocarbons (Fig. 1; Supplementary data,
Table S4) and the inhibition effect on generation of HMW alkanes
and PAHs (Figs. 3-6; Supplementary data, Figs. S4-S5) were prob-
ably the result of the additional hydrogen supply from the water
(Lewan, 1997; Seewald, 2001, 2003; Yuan et al., 2019b), which
accelerated the free-radical thermal-cracking reaction and sup-
pressed the free-radical cross-linking reaction (Fig. 10a). Since
the promotion and suppression effects of water on nC;gHz4 degra-
dation were similar in both the gold capsules and the FSCCs, the
absence of H; in the hydrous FSCCs (due to fast escape from the sil-
ica tube (Chou et al., 2008; Shang et al., 2009) indicated that the
extra supply of hydrogen from water to the newly formed alkanes
likely originated directly from hydrogen free radicals (Fig. 10a)
(Lewan, 1997), but not the intermediate product of hydrogen gas
(Seewald, 2001, 2003). In contrast to the anhydrous system, the
presence of alcohols, organic acids (Fig. 7) and CO, (Fig. 1; Supple-
mentary data, Fig. S3) in the hydrous systems suggest that the
presence of water initiated the occurrence of step oxidation reac-
tions of alkanes to form O-containing groups and the decarboxyla-
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Fig. 10. Possible reaction pathways of organic-inorganic interactions and products in different nC;¢Hs4-D water-mineral systems.

tion reaction of organic acids to form CO, during the hydrocarbon
degradation (Fig. 10a), as suggested by Seewald (2003) and Yuan
et al. (2019b).

Comparisons show that the CaCl, water’s promotion on the
free-radical thermal-cracking reaction (Fig. 1c; Supplementary
data, Fig. S2) and step-oxidation reactions (Fig. 7) and its suppres-
sion on free-radical cross-linking reaction (Figs. 3-5; Supplemen-
tary data, Figs. S4-S5) were weaker than that of the D water. The
likely reason was that high Ca?* concentration suppressed the for-
mation of free radicals in water (Kuizenga et al., 1987). The less
generation of H, in the CygHs4-CaCl, water system than in the
CqeH34-distilled water system (Fig. 1b, c¢; Supplementary data,
Table S4) also verified the less generation of hydrogen radical with
the presence of high Ca?* concentration. Noteworthy, the promo-
tion or inhibition effects of the water on the hydrocarbon degrada-
tion always occurred, regardless of the presence or absence of
minerals (Figs. 1-7; Supplementary data, Figs. S2-S5).

4.2.2. Hydrous nC;gH34-water-mineral systems

In the presence of water (D water, CaCl, water), the SEM images
and EDS analysis demonstrated various mineral alterations in the
different nC;gH34-water-mineral systems after heating for 3-10 d
(Fig. 8; Supplementary data, Fig. S7). Similar to the hydrous sys-
tems without minerals, the water in the hydrous systems with
minerals also promoted the free-radical thermal-cracking and step
oxidation reactions and suppressed the cross-linking reaction, as
evidenced by the higher yields of hydrocarbon gases (Fig. 1b, c;
Supplementary data, Fig. S2), lower generation of PAHs (Fig. 3b2-
b7, c2-c7), blue shift of the fluorescence spectra of the liquid
hydrocarbons (Fig. 4; Supplementary data, Fig. S4), and the pres-
ence of O-containing species (Supplementary data, Fig. S3;
Fig. 7). In addition, the generation of CO, and organic acids
(Fig. 7) accompanying hydrocarbon degradation probably pro-
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moted the mineral alterations (Fig. 8; Supplementary data,
Fig. S7) by providing more H" in the water solutions (Seewald,
2003; van Berk et al., 2013; Yuan et al., 2019b).

In the hydrous nC;gHz4-water-quartz systems, quartz dissolu-
tion was evident in both the systems with D water and CaCl, water
(Fig. 8a,b), and additional calcite precipitation (Fig. 8c) occurred in
the system with CaCl, water. The quartz dissolution occurred in
acidic solutions (Crundwell, 2014), with the presence of organic
acids and CO, generated following the step oxidation of nCygHs4
(Figs. 1, 7). The secondary calcite in the system with CaCl, water
was probably precipitated with combination of high concentration
of Ca®*, the consumption of H* and generation of HCO3 by quartz
dissolution (Fig. 8c). In the C;6H34-D water-quartz system, the gen-
eration of less C;-C3 gases (Fig. 1b), more C;-C3 (Fig. 3b2), extre-
mely less PAHs and blue shift of fluorescence spectra of the
liquid hydrocarbons (Fig. 3b2 and 5b3), less CO, (Fig. 1b; Supple-
mentary data, Table S4) and weaker Raman signal of oxygen-
containing organics (Fig. 7a2) demonstrate that the presence of
quartz suppressed both the free radical thermal-cracking
(Fig. 1d2) and cross-linking reactions, and the step oxidation and
decarboxylation reactions when compared to the hydrous system
without mineral. The inhibition impact was likely attributed to
the formation of Si-OH bonds (Brensted (B) acid) on the quartz sur-
faces and the aqueous H,4SiO4 released in water during the quartz
dissolution processes (Fig. 10b) (Du and de Leeuw, 2006;
Crundwell, 2014). These reaction pathways in the nCygHs4-
water—quartz system result in generation of more LMW hydrocar-
bons and less PAHs and pyrobitumen in the long-term (Fig. 10b),
but at a slower rate compared to the hydrous system without min-
eral. In the nC;gH34-CaCl, water—quartz system, the inorganic min-
eral alteration reactions likely suppressed the free radical thermal-
cracking reaction and the decarboxylation reaction, as supported
by the relatively low yields of hydrocarbon gases and CO,
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(Fig. 1c; Supplementary data, Table S4, Fig. S2b1, b2), and the
weaker Raman signal of oxygen-containing organics (Fig. 7b2).
The slightly red-shift of the fluorescence spectra of the liquid
hydrocarbons (Fig. 5c¢3) and gas chromatograms of the liquid
hydrocarbons (Fig. 3c2) suggest weak promotion of the free radical
cross-linking reaction. These reaction pathways would lead to gen-
eration of more HMW PAHSs than in the IlI-a, II-a, and II-b systems;
the generation of PAHs, however, should still be much lower than
in the anhydrous systems.

In the nC;gHs4-D water-feldspar systems, the textures and com-
positions of the minerals identified (Fig. 8e,f) suggested that the
mineral alteration reaction pathway in the presence of the gener-
ated organic acids and CO, (Fig. 1b, 7a3) was likely: feldspar
dissolution — illite formation. This result is consistent with the
pathways proposed in a previous study (Fu et al., 2009; Yuan
et al., 2019b; Zhu and Lu, 2009). In the nC;gHs4-D water-feldspar
system, the presence of feldspar promoted the free-radical
thermal-cracking reaction, step oxidation reaction and decarboxy-
lation reaction, and suppressed the cross-linking reactions, as evi-
denced by the generation of more hydrocarbon gases and CO,
(Fig. 1b; Supplementary data, Fig. S2a3), more LMW hydrocarbons
and less HMW alkanes and PAHs (Fig. 3b3) and blue shift of fluo-
rescence spectra of the liquid hydrocarbons (Fig. 5b3) when com-
pared to the hydrous system without mineral. As proposed by
previous study (Yuan et al., 2019b), the mutual exchange of hydro-
gen and hydroxyl ions via the medium of water among minerals,
water, and hydrocarbons probably promoted the free-radical
thermal-cracking reaction (Fig. 2a4; Supplementary data,
Fig. S3b, Table S4) and suppressed the cross-linking reactions (Sup-
plementary data, Fig. S4b1-B3, 6b3). The promotion effect of min-
eral alteration on hydrocarbon degradation in the system with
feldspar (II-a) evolved to be stronger in the 10-d experiment (Sup-
plementary data, Fig. S2a3), which was likely due to the generation
of clays in the system after 6-d heating (Fig. 8e, f). The Lewis acid
sites in the feldspar and secondary illite (Supplementary data,
Fig. S8b, f) promoted the decarboxylation reaction to form more
CO, (Supplementary data, Table S4) (Bu et al., 2017; Yuan et al.,
2019b). In the nC;gHs4-CaCl, water-feldspar systems, the mineral
alteration pathway was likely: feldspar dissolution — illite
formation — anorthite formation (Fig. 8g-i). Anorthite formation
dominated after 6-d heating, in such a case, the direct replacement
of K-feldspar by anorthite (Fig. 8i) led to weaker exchange of H*
and OH™ between the minerals and hydrocarbons, which likely
resulted in the weaker promotion on free-radical thermal-
cracking reaction in the CaCl, water system than in the D water
system. Overall, the reaction pathways in the hydrous system with
feldspar likely led to generation of more LMW hydrocarbons and
less PAHs over long-term geological time (Fig. 10c). In addition,
secondary pores in feldspar grains would be produced.

In the hydrous nC;gHss-water-calcite systems, the mineral
alterations were very extensive in both the hydrous systems with
D water and CaCl, water in the presence of generated organic acids
and CO, (Fig. 1b,c, 7a4, b4). The mineral reaction pathway was
likely: calcite dissolution — re-precipitation of euhedral calcite,
and the calcite re-precipitation was more extensive in the system
with CaCl, water than with D water (Fig. 8j-k). In the D water sys-
tem with calcite, the presence of C-O and C-OH bonds formed dur-
ing calcite dissolution (Pokrovsky et al., 2009; Xu et al., 2012) and
adsorption of organics to the calcite surface with formation of
polar compounds (Al-Busaidi et al., 2019; Marcano et al., 2019)
probably led to further promotion of the free-radical thermal-
cracking reaction and suppression of the cross-linking reaction,
as evidenced by generation of more hydrocarbon gases (Fig. 1b,
Supplementary data, Fig. S2a4), more LMW liquid hydrocarbons
and less HMW alkanes and PAHs (Fig. 3b4) and blue shift of fluo-
rescence spectra of the liquid hydrocarbons (Fig. 5b3) when com-
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pared to the hydrous system without mineral. The likely reason
for the generation of more CO, (Fig. 1b; Supplementary data,
Fig. S3a4) was that some calcite was dissolved by the organic acids
formed during hydrocarbon degradation to release some CO, gas,
as evidenced by the extensive leaching of calcite in the hydrous
systems (Fig. 8]). Step oxidation and decarboxylation reactions also
contributed some CO, (Seewald, 2003), as evidenced by the pres-
ence of the intermediate products including alcohols and organic
acids (Fig. 7a4). In the nC;gHs4-CaCl, water-calcite system, the
presence of calcite promoted the free-radical thermal-cracking
reaction slightly to form more hydrocarbon gases (Fig. 1c) and
LMW liquid hydrocarbons (Fig. 3c4), and promoted the free-
radical cross-linking reaction extensively to form more HMW alka-
nes and PAHs (Fig. 3c4) when compared to the hydrous system
without mineral. The precipitation of more secondary calcite
(Fig. 8k) may result in the promotion of the free-radical cross-
linking reaction, but the generation of HMW alkanes and PAHs is
still smaller than in the anhydrous systems. (Fig. 3a4, c4 and
4d1-d3; Supplementary data, Fig. S5d1-d3). These reaction path-
ways likely result in the generation of more LMW hydrocarbons
over long-term geological time (Fig. 10d). In addition, some sec-
ondary pores due to calcite dissolution are expected.

In the hydrous nC;gH34-water-clay systems with kaolinite and
smectite, dissolution and illitization of these clays were likely the
most important mineral alteration reactions, particularly in the
systems with CaCl, water, as indicated by the newly formed
fibrous illite (Supplementary data, Fig. S7a-i). K* needed for illitiza-
tion was likely originated from the impurity with potassium in the
initial reactants (Supplementary data, Table S3). Without the for-
mation of new minerals, recrystallization was likely the most
important alteration reaction in the hydrous system with illite
(Supplementary data, Fig. S7k-1). The nCygHs4 degradation via
carbonium-ion mechanism initiated by the B acid sites in the clays
(Supplementary data, Fig. S8d-f) also occurred in the hydrous sys-
tems, but relative weaker considering the not big difference of the
iC4/nC4 and iCs/nCs ratios (Supplementary data, Table S4) in the
system with and without clays, which is consistent with previous
proposal that water suppresses catalytic effect of B acid sites on
hydrocarbon cracking (Goldstein, 1983; Tannenbaum and Kaplan,
1985; Seewald, 2003). Similar to the nC;gHs4-D water-feldspar sys-
tem, the mutual exchange of hydrogen and hydroxyl ions among
the minerals, water, and hydrocarbons in the nC;gHs4-D water-
clay systems probably led to further promotion of the free-
radical thermal-cracking reaction to generate more hydrocarbon
gases (Fig. 1b) and LMW liquid hydrocarbons (Fig. 3b5-b7), and
suppression of the cross-linking reactions to generate less HMW
alkanes, PAHs, and H, (Fig. 3b5-b7; Supplementary data,
Table S4). The Lewis acid sites in the clays promoted the decar-
boxylation reaction to form more CO, (Supplementary data,
Table S4, Fig. S3a5-a7) (Bu et al., 2017; Yuan et al., 2019b). In
the nC;gHs4-CaCl, water-clay systems, the presence of clays pro-
moted the free-radical thermal-cracking and cross-linking reac-
tions and decarboxylation reaction to form more hydrocarbon
gases, LMW liquid alkanes, CO, and HMW hydrocarbons, and less
H, (Fig. 1c; Supplementary data, Figs. S3b5-b7 and 3c5-c7,
Table S4). The blue shift of the fluorescence spectra of the liquid
hydrocarbons (Fig. 5¢c1-c3; Supplementary data, Table S5) suggest
that the promotion on thermal-cracking is stronger than on cross-
linking. Hydrocarbon degradation via carbonium-ion mechanism
also occurred weakly, as verified by the slightly higher iC4/nCy
and iCs/nCs ratios (Supplementary data, Table S4). Overall, the
reaction pathways in the hydrous systems with clay minerals led
to generation of more LMW hydrocarbons at a much faster rate
(Fig. 10e-g).

Overall, with different organic-inorganic interactions in the
hydrous systems, the clay minerals have the strongest promotion
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on generation of LMW hydrocarbons, followed by calcite and feld-
spar, and the quartz slows down the generation of gaseous hydro-
carbons. In the hydrous system with D water, the six types of
minerals all suppressed the cross-linking reactions to form less
HMW PAHs. In the hydrous system with CaCl, water, the clay min-
erals likely suppressed the cross-linking reactions to form less
HMW PAHs, while quartz, calcite, and feldspar likely promoted
the cross-linking reactions to form more HMW PAHs. Different
minerals in deeply buried reservoirs can affect the alteration of
each other (e.g., feldspar dissolution promotes illitization of smec-
tite or kaolinite via releasing K* to the pore water, which in turn
promotes more feldspar dissolution) (Glasmann, 1992; Yuan
et al., 2019a), which probably will affect the evolution of hydrocar-
bons. From the results of this study, we can infer that combination
of feldspar and semectite (kaolinite) probably lead to faster hydro-
carbon degradation and generation of more LMW hydrocarbons;
while combination of quartz and calcite may lead to generation
of less HMW PAHs in the presence of water without high Ca?* con-
centration. The impact of other complex mineral assemblages on
hydrocarbon degradation, however, stills need further detailed
studies.

4.3. Geological implications for deeply-buried hydrocarbon reservoirs

The different reaction pathways and products in the different
nC;cH34-water-mineral geochemical systems identified in the pre-
sent study suggest that various organic-inorganic interactions that
affected significantly by rock (mineral) types, oil/water saturations
and water types (Zhao et al.,, 2007; Pan et al., 2010; Xiao et al.,
2010; Yuan et al., 2019b) can occur extensively in deeply buried
hydrocarbon reservoirs. Regardless of the rock types and mineral
compositions, oil degradation in oil zone of reservoirs with little
water is likely to generate more HMW PAHs and pyrobitumen,
whereas oil degradation in oil-water transitional zone with a large
amount of water is likely to generate more LMW gases and liquid
hydrocarbons (Figs. 1-6; Supplementary data, Figs. S2-S5,
Table S4) (Yuan et al., 2019b). At the same time, chemical diagen-
esis that controls reservoir quality evolution does not cease in the
oil-water transitional zone at elevated temperatures (Fig. 8; Sup-
plementary data, Fig. S7), as long as water is present (Molenaar
et al., 2008; Yuan et al., 2018, 2019a,b). Continuous generation of
secondary pores are expected in the oil-water transitional zone
during deep burial processes, with leaching reactions induced by
CO, and organic acids formed by stepwise oxidation of hydrocar-
bons (Seewald, 2003; van Berk et al., 2013; Yuan et al., 2019b).
In addition, the extra supply of hydrogen from water to hydrocar-
bons and the simultaneous consumption of water during oil degra-
dation at elevated temperatures (Seewald, 2003; Reeves et al.,
2012; Yuan et al., 2019b) indicate that hydrocarbon reservoirs with
low oil saturation after initial oil-charging may evolve to have
higher hydrocarbon saturation when buried at deeper depth with
higher temperatures.

Since water and minerals have considerably different impacts
on oil degradation, hydrocarbon reservoirs that have the same
hydrocarbon source but consist of different rocks (sandstones,
mudstones, carbonate rocks) may have different hydrocarbon com-
positions after experiencing extensive organic-inorganic interac-
tions during deep burial (Barker and Takach, 1992; Xu and Chou,
2017; Wang et al., 2018). This can result in complexity and diffi-
culty in determining hydrocarbon-charge histories and
hydrocarbon-source rock correlations of the deeply buried reser-
voirs. Fluorescence colors of hydrocarbons in pores and fluid inclu-
sions of subsurface hydrocarbon reservoirs have been widely used
to investigate hydrocarbon-charge periods (Bourdet et al., 2012,
2014; Liu et al., 2014; Cheng et al., 2019). The results in the present
study, however, indicate that the same initial oil may evolve to dif-
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ferent hydrocarbons with different fluorescence colors (Figs. 4 and
5; Supplementary data, Figs. S4, S5), even after experiencing the
same burial-thermal history. As a result, in different zones (oil
zone, oil-water transitional zone, water zone) of a hydrocarbon
reservoir, except for the possibility of multi-charging of different
hydrocarbons (Bourdet et al., 2012, 2014), hydrocarbons with dif-
ferent fluorescence colors may be formed via experiencing differ-
ent organic-inorganic interactions due to the impact of different
water saturation. Even in the same zone with similar oil/water sat-
uration, hydrocarbons with different fluorescence colors may be
present in pores and in fluid inclusions on small scales due to
the impact of different minerals in the heterogeneous rocks.
What’s more, with the continuous occurrence of organic-inorganic
interactions, changes in the chemical compositions of oil fluid
inclusions and aqueous fluid inclusion with organics (e.g., acetic
acid, wet gases) are very likely to occur during deep burial pro-
cesses (Okubo, 2005; Ong et al., 2013; Ping et al., 2019), which will
result in the adjustment of the homogenization temperature of the
fluid inclusions. Thus, careful consideration is required when fluo-
rescence colors and homogenization temperatures are employed to
investigate the hydrocarbon-charge histories and hydrocarbon-
source rock correlations of deeply buried hot hydrocarbon reser-
voirs (Okubo, 2005; Ong et al., 2013).

In addition, the inorganic parameters including rock types,
water saturations and water types, also directly affect the kinetics
of the organic-inorganic interactions in deeply buried reservoirs.
The results of the present and previous experiments (Yuan et al.,
2019b) suggested that NaCl water has the strongest promotion
effect on hydrocarbon degradation, followed by distilled water
and lastly CaCl, water, thus, oil reservoirs with high concentrations
of Ca%* in the formation water may preserve liquid hydrocarbons at
deeper burial depths. When considering rock compositions, oil
reservoirs with a high content of quartz may preserve liquid hydro-
carbons to deeper depths than carbonate reservoirs or clastic reser-
voirs with large amount of aluminosilicate minerals (Zhao et al.,
2007; George et al., 2008; Xu and Chou, 2017; Wang et al,,
2018). Besides, liquid oils in reservoirs with low clay content
may be preserved to a deeper depth than the same remnant liquid
hydrocarbons in source rocks with high clay content. Thus, detailed
quantitative investigations of the reaction kinetics in different
hydrocarbon-water-rock (minerals) systems are warranted, which
can improve the prediction of the quality evolution of charged
hydrocarbons, porosity and secondary minerals in deeply buried
reservoirs.

5. Conclusions

(i) Various organic-inorganic interactions following different
reaction pathways occurred in the different hot nC;gHs4-
(water)-(mineral) systems in the present study. Degradation
of nCygHz4 in anhydrous nC;gHs4 systems proceeds mainly
through free radical mechanism, and the presence of D
water and CaCl, water in hydrous nC;gHs4-water systems
promoted the free-radical thermal-cracking reaction to gen-
erate more LMW liquid and gaseous hydrocarbons and sup-
press the free-radical cross-linking reaction to generate less
HMW PAHs and pyrobitumen. In addition, water initiate the
step oxidation and decarboxylation reactions to generation
O-containing organics and CO,, which may promote mineral
alteration reactions. With introduction of hydrogen from
water to hydrocarbons and formation of secondary pores
by organic-inorganic interactions, reservoirs with low-
medium hydrocarbon saturation after initial oil charging
may have higher hydrocarbon saturation when buried at
deep/ultra-deep depths.
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(ii) Different minerals with different chemical bonds result in
different influences on C;gH34 degradation. In the anhydrous
systems, smectite and kaolinite had the strongest promotion
effect and generated the most gaseous hydrocarbons, fol-
lowed by illite, calcite, and feldspar. Quartz suppressed the
generation of gaseous hydrocarbons. Quartz, feldspar, and
calcite promoted cross-linking reactions to generate more
HMW PAHs and pyrobitumen. In contract, clays likely to
generate more LMW PAHs and alkanes, as well as some
pyrobitumen (particularly smectite). In the hydrous systems
with D water, the quartz mineral likely retarded the genera-
tion of gaseous hydrocarbons, but feldspar, calcite, and clays
probably promoted gas generation; all minerals suppressed
the generation of HMW PAHSs. In the hydrous systems with
CaCl, water, the clays promoted the gas generation and
retarded the generation of HMW PAHs. Feldspar and calcite
promoted the generation of gases and HMW PAHs, whereas
quartz suppressed the generation of gaseous hydrocarbons
but promoted the generation of HMW PAHs.

(iii) Due to the different impact of waters and minerals on hydro-
carbon degradation, reservoirs with little pore water (or
with high Ca®* concentration pore water) and reservoirs
with high content of quartz are likely to preserve liquid
hydrocarbons to deeper depths. Deeply buried reservoirs
with similar burial-thermal history but high content of alu-
minosilicate minerals (particularly clays) and carbonate
minerals are likely to develop nature gas reservoirs.

(iv) Different organic-inorganic reactions may result in consid-
erable complexity of hydrocarbons in deeply buried hot
reservoirs, which should be considered when fluorescence
colors are employed to investigate hydrocarbon charge his-
tories and hydrocarbon-source rock correlations in deeply
buried layers.
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