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Ultra-deep stratum

Organosulphur compounds (OSCs) play important roles in the formation, preservation, and thermal degradation
of sedimentary organic matter associated with petroleum generation. However, with the ongoing develop of
hydrocarbon prospecting in ultra-deep reservoirs, the thermal maturation and geochemical behaviours of OSCs
in deep sedimentary basins during the metagenesis stage of thermal maturation has not been well understood. In
this study, we modelled the thermal maturation of OSCs by a combination of gold-tube hydrous pyrolysis studies
and quantum mechanics calculations based on density functional theory (DFT) to investigate the reaction
pathways and kinetic properties. Dibenzothiophene (DBT) was selected as an over-mature model molecule due to
its high degree of aromaticity and lack of side chains. The energy barrier of aryl-aryl bonding is estimated to be
approximately 60 kcal/mol. Dehydrogenation of OSCs through aryl-aryl bonding mainly occurs in the Easy%R,
range of 2.3%-3.8%. We modeled the contribution of OSCs to organic-derived HyS at advanced maturity based
on numerical simulations in MATLAB. The contribution of OSCs to H,S can be quantitatively predicted based on
specific thermal histories and the kinetics of H release from biaryl formation. Taking the Sinian reservoirs in the
central uplift of the Sichuan Basin as an example, the yield of organic-derived HsS contributed from S-rich solid
bitumen (S/C atomic ratio ~0.06) was estimated to be approximately 1.58 mg/g. These results suggested that
OSCs participated as carriers of organic S from the surface to deep strata. Desulphurisation of OSCs together with
thermochemical sulphate reduction, could contribute to the subsurface accumulation of HjS, to the detriment of.
the quality of hydrocarbon reservoirs and the durability of the drill.

1. Introduction

Organosulphur compounds (OSCs) are formed by the incorporation
of reduced inorganic sulphur species into functionalised lipids through
microbial sulphate reduction (MSR), thermochemical sulphate reduc-
tion (TSR), or geochemical transformations of polysulphide anions
(Amrani, 2014; Amrani and Aizenshtat, 2004; Ellis et al., 2017; Machel,
2006; Werne et al., 2003). OSCs play important roles in the formation,
preservation, and thermal degradation of sedimentary organic matter
associated with petroleum generation (Amrani, 2014; Ho et al., 1974;
Lewan et al., 2006). Furthermore, OSCs have been increasingly used as
geochemical tracers for studying source rock-oil or oil-oil correlation
(Cai et al., 2009; Li et al., 2013), indicating depositional environments

(Hughes et al., 1995; Radke et al., 2000), the maturity of organic matter
(Chakhmakhchev et al., 1997; Ho et al., 1974; Radke, 1988; Santa-
maria-Orozco et al., 1998), oil charging pathways in reservoirs (Fang
et al., 2016; Li et al., 2014), as well as TSR (Amrani et al., 2012; Ellis
et al., 2017). The thermal maturation of OSCs generally results in a net
loss of S (Amrani et al., 2005; P Koopmans et al., 1998), induced by
temperature elevation during the progressive burial of organic matter in
sedimentary basins (Amrani, 2014). For example, the release of H,S has
been observed during the thermal treatment of both synthetic poly-
sulphide cross-linked macromolecules and S-rich kerogens (Birdwell
et al., 2018; Krein and Aizenshtat, 1995; Orr, 1986). S-bearing radicals
can destabilise hydrocarbons and promote kerogen degradation during
the diagenesis stage (Lewan, 1997). However, Kelemen et al. (2010)
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reported that the S/C ratio remains relatively constant in high-maturity
pyrobitumens, which they attributed to the gradual conversion of
aliphatic sulphides to aryl sulphides such as thiophene and derivatives.

Ultra-deep reservoirs (>6500 m) have attracted considerable atten-
tion in recent years due to the rapid advances in prospecting, drilling,
and extraction techniques (Guan et al., 2019; Zhu et al., 2012). Signif-
icant accumulation of hydrocarbons has been observed in Precambrian
strata (Ara carbonate stringer play in South Oman Salt Basin and car-
bonate sediments of Dengying Formation in Sichuan Basin; Grosjean
etal., 2009; Liu et al., 2018), accompanied by solid bitumen precipitates
(Lietal., 2020; Schoenherr et al., 2007; Yang et al., 2018). Additionally,
abundant H,S and S-rich solid bitumens have been discovered in various
ancient and ultra-deep strata (Song et al., 2017; Wacey et al., 2015;
Zhang et al., 2019; Zhu et al., 2019a). The prevailing hypothesis has
attributed this accumulation of HsS to the TSR of petroleum in the
presence of inorganic sulphate minerals such as gypsum. However, the
presence of natural gas reserves enriched in H,S and OSCs, but without
gypsum-bearing strata, has also been reported (Zhu et al., 2018). Lab-
oratory studies conducted at higher temperature and pressure are
required to understand the contribution of OSCs to organic-derived HyS
at much greater depths.

Here we conducted gold-tube hydrous pyrolysis experiments to
investigate the kinetic characteristics of OSCs at advanced maturity.
Dibenzothiophene (DBT) was selected as a model organosulphur com-
pound because it is relatively stable (Dartiguelongue et al., 2006), highly
aromatised, widely distributed in crude oils and solid bitumens (Asif
et al., 2009; Greenwood et al., 2018; McCollom et al., 2015), and similar
in S/C atomic ratio (0.08) to S-rich solid bitumens (0.06; Zhang et al.,
2019). Furthermore, we probed the mechanistic pathways for biaryl
formation from DBT using the quantum mechanics density functional
theory (DFT), and estimated the contribution of OSCs to H,S production
during the metagenesis stage of thermal maturation through MATLAB
simulations.

2. Methods
2.1. Samples

Dibenzothiophene was purchased from Alfa Aesar and its purity was
assessed by gas chromatography-mass spectrometry. Main impurities
included biphenyl (<0.3 wt%), dibenzofuran (<0.1 wt%), and fluorene
(<0.1 wt%). Deionised water was treated in a Direct-Pure UP Ultrapure
& RO Lab Water System and Tank Sanitisation Module purchased from
Rephile Bioscience. The biphenyl standard was purchased from Acros
Organics. The benzothiophene standard was purchased from Adamas-
beta. Methyl-dibenzothiophene, phenyl-dibenzothiophene, dibenzo-
furan, and fluorene standards were purchased from Alfa Aesar. The
dimethyl-dibenzothiophene standard was purchased from Tokyo
Chemical Industry CO.

2.2. Experiments

2.2.1. Gold-tube pyrolysis

All pyrolysis experiments were conducted using a gold tube thermal
simulation instrument (ST-120-II) at the Thermal Simulating Lab for
Generation and Expulsion of Petroleum, affiliated to the State Key
Laboratory of Petroleum Resources and Prospecting. Briefly, each gold
tube (30 mm in length, 5 mm o.d., and 0.25 mm thick) was sealed on one
end by welding, and flushed with argon using a LAMPERT PUK U4
(Gesswein CO) argon arc welder coupled to a USM welding microscope.
After the sample was loaded, the open end of the tube was flattened to
reduce the volume of empty space inside the tube, and then welded in an
argon atmosphere. The structural integrity of the capsule was examined
by verifying whether there was any weight loss after autoclaving. In
each experiment, the temperature of the cell was programmatically
increased to the target temperature within 1 h and the pressure was
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maintained at 50 MPa. Time recording was initiated as soon as the
temperature inside the cell reached the preset target. Once the experi-
ment ended, the capsule was slowly cooled to <100 °C over a period of
approximately 4 h. The duration of the reaction, temperature, and
amount of water loaded into the gold cell in each experiment are sum-
marised in Table 1.

2.2.2. Determination of the chemical composition of gas products

The pyrolysis experiments conducted at 500 °C for 360 h produced
sufficient gaseous products, which allowed the chemical composition of
the gas mixture to be determined. A volume-calibrated auxiliary cylin-
der was used to release the gas mixture from the gold tube after the end
of each experiment. Briefly, after the gold tube was placed in the
auxiliary instrument, the latter was vacuumed until the pressure was
reduced to less than 100 Pa. The gold tube was then pierced and the
resultant increase in the internal pressure of the cylinder was recorded
(Zhang et al., 2013). This pressure increase was then used to calculate
the total amount of gas products trapped inside the gold tube based on
the assumption of ideal gas behaviour (PV = nRT; Zhang et al., 2007).

Each gas compound was identified and quantified on a two-channel
7890 Series Gas Chromatograph (GC; Agilent, USA) integrated with an
auxiliary oven, which was custom-configured by Wasson-ECE instru-
mentation (Fort Collins, CO). The instrument was equipped with two
capillary and six-packed analytical columns, a flame ionisation detector
(FID), and two thermal conductivity detectors (TCD). The carrier gases
for FID and TCD were high-purity N2 and He, respectively. The tem-
perature of the GC oven was programmed as follows: 68 °C for 7 min,
from 68 °C to 90 °C at a linear rate of 10 °C/min, 90 °C for 1.5 min, from
90 °C to 175 °C at a linear rate of 15 °C/min, and finally 175 °C for 5
min. The calibration of the chromatograph response was performed with
external gas standards, each of which was prepared at a precision of less
than +1 mol% (He et al., 2018).

2.2.3. Analysis of liquid and solid products

Following the completion of each experiment, the gold tube was
flash-frozen in liquid nitrogen for 30 s, transferred to a clean vial filled
with dichloromethane (DCM), and then swiftly sliced into several pieces.
The vial was capped and sonicated three times, each for 5 min. After the
resultant mixture was filtered to recycle the gold residuals and DCM-
insoluble OSCs, the flow-through was collected, diluted in DCM, and
then injected into an HP-5MS fused silica capillary column (i.d. 60 mm
x 0.25 mm, with a 0.25 pm coating; Agilent, USA) on an Agilent 6890
Gas Chromatography coupled to an Agilent 5975i Mass Spectrometer.
Helium was used as the carrier gas. The temperature of the GC oven was
initially set to 80 °C, then increased linearly to 310 °C at a rate of 3 °C/
min, and finally maintained at 310 °C for 45 min. The injection tem-
perature was set to 300 °C. The mass spectrometer was operated in full-
scan and SIM mode. Electron impact ionisation was employed with the
ionisation voltage set to 70 eV (Li et al., 2012; Shi et al., 2014).

A series of standard solutions, each containing a mixture of DBT,
biphenyl (BP), 4-methyl-dibenzothiophene (4-MDBT), 4,6-dimenthyl-
dibenzothiophene (4,6-DMDBT), 4-phenyl-dibenzothiophene (4-Ph-
DBT), dibenzofuran (DBF), fluorene (FL), and benzothiophene (BT) in a
specific concentration ratio, were prepared for the identification and
quantification of pyrolysis products that were detected by GC-MS. The

Table 1
Experimental conditions for the pyrolysis of dibenzothiophene at 50 MPa.

Temperature (°C) Time (h) m(DBT):m(H,0) (wt %)
400 168, 408 3:10

420 96, 168, 408 3:10

450 96, 168, 408 3:10, anhydrous, 1:10
480 72, 168, 408 3:10

490 72, 168, 336, 408 3:10

500 72, 168, 360 3:10




X. Jin et al.

chemical identity of each volatile OSC was determined by comparing its
relative retention time to that of a known standard and searching for its
MS spectral patterns in the NIST mass spectral Library. After the GC-MS
analysis, the DCM-soluble OSCs were air-dried and weighed.
Dichloromethane-insoluble OSCs are often produced at high P-T.
After filtering, these insoluble OSCs were also recovered, air-dried, and
weighed. The S/C weighed ratios of both DCM-soluble and DCM-
insoluble OSCs were measured on a LECO CS-230 analyser (USA).

2.3. Kinetic modelling of the hydrous pyrolysis of DBT

The kinetic of DBT polymerisation was modelled. Based on the
studies of Dartiguelongue et al. (2006), DBT pyrolysis in confined
anhydrous systems follows first-order kinetics defined by eq. (1) below:

kr =In[l /(1 —=XT)]/t (@]

where kr and t denote the rate constant and the duration of the exper-
iment, respectively. X represents the fraction of the reaction completed
at the end of the experiment at a given temperature (T), and can be
obtained from the equation X7 (%) = 100 x (1- residual DBT/initial
DBT). The natural log of kr was subsequently plotted against the
reciprocal of T (in degrees Kelvin). The activation energy (E,) and fre-
quency factor (A) of the reaction were derived from the slope and
intercept of the linear plot, respectively:

Ink =InA — E,/RT (2)

where R is the ideal gas constant.

It should be emphasised that the experimental system in the current
study represents a greatly simplified model for the thermal maturation
of OSCs in natural petroleum reservoirs. The formation of BP and BT was
kinetically characterised by plotting the yields of both compounds, from
which the maximum yield was derived by extrapolating the linear fit
curve to the hypothetical point that corresponded to 100% decomposi-
tion of DBT. The generated fractions (X7) of BP and BT in each hydrous
pyrolysis experiment were calculated. As shown by eq. (1) and eq. (2), In
(1-X7) correlates linearly with time at all temperatures, from which the
kinetic parameters (E, and A) for the formation of BP and BT were then
determined.

2.4. Computational model of aryl-aryl bonding

The formation of aryl-aryl bonds is a prevalent phenomenon in
organic matter undergoing thermal maturation. Biaryls have been
vigorously investigated in crude oils and coals of varying degrees of
maturity (Rospondek et al., 2008; Walters et al., 2015; Zhu et al.,
2019b). Under high P-T conditions, DBT can be converted to biaryls via
the following two possible pathways:

2DBT — DBT-dimers + H; (primary)
DBT + Benzene — Ph-DBT + H, (secondary)

The energy barriers of both reactions were calculated by the
Gaussian 09 software. The molecular geometry of the reactants (R),
products (P), and transition states (TS) were fully optimised using the
MO06-2X flavour of the density functional theory (Zhao and Truhlar,
2008). The total electron energy (E;) was determined with the
def2-TZVPP basis set, whereas the zero-point energy (ZPE) and Gibbs’
free energy at T (8G) were calculated via 6-311++G**. All stationary
points were positively identified for local minima (zero imaginary fre-
quencies) and for the transition state (only one imaginary frequency).
Vibrational frequencies were also calculated at all stationary points to
obtain zero-point energies (ZPE) and the associated thermodynamic
parameters. Solvation effects were included using the solvation model
based on solute electron density (SMD; Marenich et al., 2009).

The change in the total Gibbs’ free energy /A\G(T) at temperature T
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was calculated from the equation below:

AG(T)=Ey+ ZPE 4+ 6G + E,,

where Ej is the total electronic energy (the total internal energy at T =0
K), ZPE represents the term for zero-point energy correction, 8G repre-
sents the change of Gibbs’ free energy from 0 K to T, and E, is the
solvation energy. The transition barrier E, is defined as:

E,=AG(TS) — AG(R)

where AG(R) and AG(TS) are the Gibbs’ free energies of the reactant
and transition state, respectively. The temperature and pressure were set
to 25 °C and 1 atm, respectively.

3. Results
3.1. General pyrolysis products

The gas products released from the hydrous pyrolysis of DBT
comprised CHy4, CyHg, C3Hg, CO5, HsS, and Hj, but not butane or
pentane (Table 2). The residuals were extracted with DCM, and the
soluble fraction was analysed by GC-MS. The chemical composition of
the DCM extracts was shown to be highly similar to that reported in a
previous study by Dartiguelongue et al. (2006), with BP as the most
abundant product (Table 3 & Fig. 1). The yield of BP at 490 °C increased
linearly with time until reaching a peak value of 14.84 mg/g DBT at 336
h, followed by a steady decline to 11.81 mg/g DBT at 408 h (Table 4 &
Fig. 2). Evidently, BP was generated from the fragmentation and the
resultant desulphurisation of DBT. Moreover, BT was another molecular
fragment of DBT that we detected, which was likely derived from the
hydrocracking of one of the two benzene rings in DBT (Dartiguelongue
et al., 2006). This was supported by the identification of 4H-DBT, a key
intermediate of DBT hydrogenation (Fig. 1). The DCM-soluble fraction
also contained compounds that apparently resulted from DBT poly-
merisation, such as Ph-DBTs and DBT-dimers (DIs). The maximum yield
of DIs at 490 °C reached 50.58 mg/g DBT at 336 h, corresponding to a
DBT conversion rate of 36.23% (Table 4). In addition, there were a
number of alkyl-substituted DBTs, including methyl-dibenzothiophene
(MDBT), dimenthyl-dibenzothiophene (DMDBT), and various
benzo-bis-benzothiophene isomers (BBBTS).

Interestingly, the GC-MS analysis also detected trace amounts of
dibenzofuran (DBF) and fluorene (FL) at 490 °C, which were not
observed in the anhydrous pyrolysis experiments. Unfortunately, these
compounds were difficult to accurately characterise due to their low
abundances (Table 4). To address this problem, we conducted additional
pyrolysis experiments at 450 °C for 96 h in both anhydrous and hydrous
systems. Thermal decomposition of DBT in the presence of excessive
water exhibited a significantly higher level of DBF than under anhydrous
conditions (Table A). Conversely, we did not observe any statistically
significant difference in the concentration of FL between the two sets of
experiments, suggesting that it was likely an impurity.

Next, we determined the S/C mass ratios of all DCM-soluble fractions
and DCM-insoluble residues in two experiments: one at 490 °C for 408 h
and another at 500 °C for 360 h (Table 4 & Fig. 3). The equivalent level
of thermal maturity achieved in each experiment was estimated by
calculating Easy%R,, from the reaction temperature and time (Sweeney
and Burnham, 1990). The inverse correlation between the S/C ratio and
thermal maturity suggested a gradual loss of S, likely in the form of HS,
from the thermally decomposing DBT. Desulphurisation of DBT

Table 2
Yields of gaseous products (mg/g) in pyrolysis experiments that lasted for 360 h
at 500 °C. m(H;0):m(DBT) = 100:30.

CH4 CoHg CsHg CO, HaS Hy

6.21 6.55 0.52 14.18 7.41 111
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Table 3
Abbreviations and chemical structures of the main products detected by GC-MS.

Compounds Abbreviations Chemical structures
Biphenyl BP
Benzothiophene BT @_)
)
s
Tetrahydro-dibenzothiophene 4H-DBT
S
Methyl-dibenzothiophene MDBT
S
Dimethyl-dibenzothiophene DMDBT
Ethyldibenzothiophene Cy-DBT
Phenyl-dibenzothiophene Ph-DBT @
Q;,
Benzo-bis-benzothiophene BBBT S
O-0"0
Diphenyl-dibenzothiophene Ph,-DBT
Biphenyl-dibenzothiophene Biph-DBT ©© @ ©© @
O O™
Dimers-dibenzothiophene DI @ @
S
o0
Dibenzofuran DBF
0

occurred when Easy%R, reached 3.0%, whereas DCM-insoluble OSCs
were observed at Easy%R, above 3.8%. The DCM-insoluble OSCs con-
tained lower levels of S compared with their DCM-soluble counterparts.

3.2. Kinetic parameters for the hydrous pyrolysis of DBT

We plotted the fraction reacted (X7) in each hydrous pyrolysis
experiment, of which the m(H20):m(DBT) was 100:30, against time. As
expected, In(1-X7) correlated linearly with time at all temperatures
(Fig. 4a). The mathematical relationship between the apparent rate
constant and temperature can be described by eq. (1). As shown in
Fig. 4b, our results demonstrated that the hydrous pyrolysis of DBT
followed first-order kinetics. Based on these data, the apparent activa-
tion energy (E,) and frequency factor (A) for the thermal decomposition
of DBT in hydrous systems were calculated to be 60.68 + 4.76 kcal/mol
and 1.94 x 10! 571, respectively.

Furthermore, we investigated the kinetics of BP and BT formation. As
elucidated earlier, the yield of BP peaked during the late stage of DBT
pyrolysis and then declined sharply (Fig. 2). We extrapolated the linear
plot to the hypothetical data point that corresponded to the complete
conversion of DBT (Fig. 5a). The result suggested that the maximum
hypothetical yield of BP would be 32.67 mg/g DBT. The rate constants
(k7) at different temperatures are shown in Fig. 5b. Following the same
method described above, the apparent activation energy and frequency
factor for BP formation were calculated to be 53.79 kcal/mol and 1.66 x
10%s7, respectively (Fig. 5¢). On the other hand, the activation energy
and frequency factor for BT formation were calculated to be 58.55 kcal/
mol and 4.12 x 10'% 571, respectively (Fig. 6). Importantly, these kinetic
parameters can only represent the generation of BP and BT in a closed
system without any external H sources.

To further validate our experimental data, we calculated the acti-
vation energy for the conversion of DBT to DI and Ph-DBT by quantum
mechanical calculations based on the equations below (Table 5, Fig. 7
and Fig. 8):

2DBT —2DBT- + 2H- —»DI + H, E, = 121.51 kcal/mol
Benzene + DBT—Benzene- + DBT- +2H- — Ph— DBT + H, E,
= 117.54 kcal /mol

The above results were then normalised to 1 mol of DBT (note that
the stoichiometric ratio of benzene to DBT is 1:1). Therefore, our
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theoretic calculations indicated that 1 mol of DBT needs to overcome an
energy barrier of 60.76 kcal to form 0.5 mol of DI, whereas the activa-
tion energy for the coupling of 0.5 mol of benzene and 0.5 mol of DBT (1
mol of reactant molecule) to generate 0.5 mol of Ph-DBT is 58.77 kcal.
These data were in excellent agreement with the experimentally ob-
tained values.

4. Discussions
4.1. Interactions of OSCs in DBT closed system

The detection of trace amounts of 4H-DBT and DBF in the products of
DBT pyrolysis provided important mechanistic insights. We speculated
that 4H-DBT likely resulted from DBT hydrocracking or hydrogenation
(Klimova et al., 2013; Lee and Ng, 2006). The thermal cleavage of C-C
bonds in 4H-DBT could lead to the formation of benzothiophene and
gaseous hydrocarbons. Conversely, the yield of DBF was found to in-
crease with the proportion of water in the experiment system, suggesting
that the S in DBT might have been gradually replaced by the O from HyO
(Table A).

Based on these considerations, we hypothesized that the hydrous
pyrolysis of DBT begins with its dimerisation and the concomitant
generation of Hy, which then reacts with one of the phenyl rings in
another DBT molecule to afford 4H-DBT (Fig. 9). The thermal decom-
position of 4H-DBT gives rise to BT and various hydrocarbon radicals,
the latter of which then adds to DBTs to form alkyl-substituted DBTs
such as MDBT or DMDBT. Alternatively, the labile C-S bonds in DBT
undergo homolytic cleavage under high P-T conditions and react with
H; to furnish biphenylthiol, which is unstable and immediately frag-
ments into a phenyl radical and a thiol radical. The biphenyl radical
subsequently converts to BP by either recombining with a hydrogen
radical or reacting with a hydrogen molecule. Meanwhile, BP itself is
also prone to homolytic cleavage, which results in the generation of two
phenyl radicals. Both BP and phenyl radicals can react with DBT through
aromatic addition to generate a wide array of differently substituted
phenyl- or biphenyl-DBTs (Ph- or Biph-DBT). In particular, the aromatic
addition of a thiol radical to Ph-DBT, followed by S-H bond cleavage and
a second aromatic addition reaction, can lead to the formation of benzo-
bis-benzothiophene (BBBT; Reckendorf, 2000). It should be emphasised
that Ph-DBT, DI, and BBBT have all been detected in oils, coals, and
TSR-altered bitumens (Rospondek et al., 2008; Walters et al., 2015).
Taken together, these results support to the occurrence of aryl-aryl
coupling in subsurface petroleum reservoirs.

In addition, compared to the anhydrous pyrolysis experiments re-
ported by Dartiguelongue et al. (2006), our study showed a similar
product profile but a decrease in the conversion rate of DBT. This sug-
gests that water did not alter the main mechanistic pathways of DBT
pyrolysis, but rather served as a kinetic inhibitor, likely by shielding DBT
molecules from mutual collision. As corroborating evidence, our kinetic
investigations indicated that the hydrous pyrolysis of DBT exhibited
higher activation energy and lower frequency factor than the same re-
action conducted in a water-free system.

4.2. Characterisation of the thermal maturation of high-maturity OSCs

In the current study, the apparent activation energy for the hydrous
pyrolysis of DBT was determined to be 60.68 kcal/mol, which is
consistent with a previously reported value of 59.00 kcal/mol (Darti-
guelongue et al., 2006). The agreement provides evidence that DBT
pyrolysis in hydrous and anhydrous geological environments likely
shares similar reaction mechanisms. Although it is impractical to
experimentally determine the kinetic parameters of each individual
coupling or fragmentation reaction, quantum chemistry-based compu-
tational methods can provide a close estimate. Theoretical calculations
indicated that the activation energies for the conversion of DBT to
DBT-dimers (DI) and phenyl-DBT (Ph-DBT) are 60.76 kcal/mol and
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58.77 kcal/mol, respectively, which are in close agreement with the
experimentally determined values. Furthermore, the formation of BP
and BT required activation energies of 53.79 kcal/mol and 58.55
kecal/mol, respectively. Evidently, the energy barrier for the coupling of
DBT to form DI (60.76 kcal/mol) is the highest of the four reactions, and
closest to the apparent activation energy of DBT pyrolysis (60.68
kcal/mol). Taken together, the activation energy for the formation of DI
can be considered to represent that of DBT pyrolysis, and even those of
other similar aryl-aryl bonding reactions.

Based on our results and previously published data, we simulated the
pyrolysis of DBT and several types of kerogens in a hypothetical 100 Ma

source rock that deposits from a surface of 15 °C at a rate of 100 m/Ma
along a vertical thermal gradient of 30 °C/km (Fig. 10a, Lewan et al.,
2006; Lewan and Ruble, 2002; Vandenbroucke et al., 1999). The cor-
relation between the age of the source rock and temperature can be
calculated as T(°C) = 15+3t(Ma) and is considered integrable. The
accumulative conversion rate of each organic compound was calculated
by reorganizing eq. (1) and eq. (2) to produce eq. (3) below (Lewan and
Ruble, 2002):

FXp) =In—— — / Ae B oadr 3)

1 —-Xr
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Table 4
Yields of extracted products from hydrous pyrolysis (m(H,0):m(DBT) = 100:30) in the temperature range of 400 °C and 500 °C.
Temperature Time DBT BP DI Ph- BBBT MDBT DMDBT BT DBF FL Insoluble Sorg/Corg %
0) (h) Conv. (mg/  (mg/  DBT (mg/g)  (mg/g)  (mg/g) (mg/  (mg/  (mg/  (mg/g) Soluble  Insoluble
(%) g) 2 (mg/g) 2 2 g)

400 168 0.85 1.17 0.43 0.08 u.d. Tr Tr Tr Tr Tr u.d. 22.0 n.d.
400 408 1.06 1.32 0.19 0.03 ud. Tr Tr Tr Tr Tr u.d. 221 n.d.
420 168 0.99 0.34 0.21 0.04 ud. Tr Tr Tr Tr Tr ud. 22.3 n.d.
420 408 12.2 9.61 2.33 0.83 0.06 0.06 0.03 0.22 0.09 0.03 u.d. 22.2 n.d.
450 168 6.20 2.57 0.54 Tr Tr Tr Tr Tr Tr Tr u.d. n.d. n.d.
450 408 23.7 13.2 4.45 3.17 0.38 0.13 0.06 0.43 0.13 0.03 u.d. 21.8 n.d.
480 72 10.8 0.33 6.35 0.52 0.16 0.13 0.02 0.17 0.09 0.03 ud. 21.0 n.d.
480 168 27.4 11.4 39.3 4.66 1.31 0.22 0.05 0.39 0.10 0.03 u.d. 21.6 n.d.
480 408 45.7 13.5 43.2 8.22 3.28 0.08 0.10 0.54 0.05 0.03 Tr 21.1 n.d.
490 72 1.01 0.75 1.91 0.13 0.01 0.10 0.02 0.03 0.01 0.04 ud. 21.2 n.d.
490 168 24.1 6.99 22.6 1.84 0.35 0.16 0.03 0.23 0.06 0.03 u.d. 21.7 n.d.
490 336 36.2 14.8 50.6 12.1 6.53 0.43 0.15 0.79 0.06 0.05 u.d. 20.2 n.d.
490 408 60.5 11.8 141 19.9 6.00 0.97 0.18 0.81 0.09 0.08 29.9 21.0 19.3
500 72 8.66 2.97 16.1 0.83 0.22 0.11 0.02 0.10 0.05 0.04 6.64 21.0 n.d.
500 168 42.1 11.6 51.6 5.66 2.83 0.23 0.07 0.46 0.07 0.03 u.d. 21.1 n.d.
500 360 74.5 12.7 1.10 15.1 1.50 0.93 0.15 0.82 0.06 0.08 31.3 20.6 18.8

Tr: trace, cannot be quantified; u.d.: under detection limit; n.d: not determined. Soluble represent the organic matters are soluble in DCM. Insoluble represent the

organic matters are insoluble in DCM.
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Fig. 2. Yields of representative hydrous-pyrolysis products and the conversion
rate of DBT versus time (72-408 h) at 490 °C. The primary Y axis represents the
yields of BP, DI, Ph-DBT, and BBBT. The secondary Y axis denotes the percent of
the residual weight of DBT. Error bars are next to the symbols.
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Based on our results, the thermal decomposition of kerogens is
estimated to occur in a depth range of 1-6 km (Fig. 10b). In comparison,
the biaryls are formed in the subsurface region between 6.0 and 8.7 km
(195 °C < T < 276 °C), where the corresponding maturity (Easy%R,)
ranges from 2.3% to 3.8%. These data provided kinetic evidence for
aryl-aryl coupling in high-maturity organic sediments.

It has been theorised that the thermal maturation of organic com-
pounds in sediments consists essentially of disproportionation reactions
in nature (Helgeson et al., 2009). This is consistent with the results of
our study indicating that the pyrolysis of DBT consists of its dehydro-
genative coupling, which releases hydrogen, and the subsequent hy-
drocracking of aromatic and heteroaromatic rings. Importantly, our
kinetic results demonstrated that aryl-aryl coupling is the rate-limiting
step, suggesting that the availability of hydrogen in DBT and other
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Fig. 5. Kinetic parameters for the generation of BP in this study. a) Yield of BP
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OSCs is a crucial factor in driving their thermal maturation. Indeed,
previous thermal simulation studies have shown an inverse correlation
between the conversion rate of kerogen and its H/C ratio (Table 6).
Taken together, we argue that the pyrolysis of DBT serves as a useful
kinetic model for investigating the geochemical behaviour of OSCs in
high-maturity sedimentary organic matter, as both share similar H/C
ratios.
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4.3. Fate of OSCs during thermal maturation

4.3.1. Geochemical behaviour of OSCs during thermal maturation

The fate of OSCs across different vertical strata in the aforemen-
tioned hypothetical sedimentary basin is shown in Fig. 11. At the surface
level, the sulphurisation of organic compounds is driven mainly by
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Table 5
Calculated energy parameters for the coupling of DBT and DBT to form DI, and
the coupling of Benzene and DBT to form Ph-DBT.

Configuration Eo ZPE 3G (T = Esor NG
(Hartree) (kcal/ 25°QC) (kcal/ (Hartree)
mol) (kcal/mol) mol)

Benzene (R) —232.23 62.92 —15.73 -1.18 —232.15

DBT (R) —860.29 101.44 —21.43 -3.14 —860.16

2DBT- + 2H- —1720.39 199.51 —31.43 —21.11 —1720.12
(TS)

DBT- + Ph- + —1092.34 161.55 —26.96 -17.15 —1092.12
2H-(TS)

DI + H, (P) —1720.56 199.35 —31.69 -5.29 —1720.29

Ph-DBT + H, —1092.50 161.17 —27.92 —-2.26 —1092.28
®)

Ej, total electron energy; ZPE, zero-point energy; 5G, Gibbs’ energy at T; Eso,
solvation energy, /\G, Gibbs’ energy difference; 1 Hartree = 627.5094 kcal/
mol.
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biotic mechanisms, such as the assimilatory incorporation of S into cell
(Kaplan and Rittenberg, 1964). This is supported by the discovery of
sulphate-methane transition (SMT) zones (Borowski et al., 2013;
Komada et al., 2016), highly similar trends of sulphur isotope compo-
sition between organic matter and inorganic sulphur in the Cariaco
Basin of Venezuela (Werne et al., 2003) and cryptic sulphur cycling in
oxygen-free waters off the coast of northern Chile (Canfield et al., 2010).
Polysulfide cross-linked macromolecules are the main sulphurisation
products at this stage, which have been shown to form at temperatures
as low as 50 °C in laboratory settings (Amrani et al., 2006). As sedi-
mentation progresses, the increase in pressure and temperature causes
chemically labile S-S bonds in OSCs to undergo homolytic cleavage,
followed by the formation of C-SH and C-S-C (Fedoseev, 1991). Sub-
sequent cyclisation and structural reorganisation lead to the formation
of labile OSCs such as thiolanes and thianes (Damsté et al., 1989; Krein
and Aizenshtat, 1995). Microbial sulphate reduction provides the main
driving force for the generation of OSCs below 100 °C in marine sedi-
ments and crude oils, temperatures that correspond to the region from
the surface to ~1000 m subsurface (Anderson and Pratt, 1995; Rueter
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Configuration
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Configuration

2DBT — 2DBT- +2H- - DI+H, AH=+5.66kcal/mol

Reaction pathway

Fig. 7. Geometry and energies of the reactant (R), transition state (TS) and product (P) in the dimerization of DBT. Selected chemical bond lengths (in unit of i\) are

also included.
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Table 6

Kinetic parameters for the pyrolysis of various kerogens.
Starting materials E, (kcal/mol) Ao (sH) H/C Atomic Ratio
Menilite shale-IIg 42.78 6.71E4+09 1.43
Menilite shale I 53.95 5.04E+13 1.29
Monterey Formation 34.32 2.11E+07 1.25
Phosphoria Retort shale 42.71 1.37E+10 1.20
Alum shale 48.10 4.92E+11 1.11
Woodford Shale 52.16 1.81E+13 1.17
New Albany Shale 59.63 3.79E+15 1.11
Green River Shale 66.63 8.89E+17 1.51
DBT hydrous 60.68 1.94E+11 0.67

Kinetic parameters are based on the results of Lewan et al. (2006), Lewan and
Ruble (2002), and this study.

et al., 1994).

At above 100 °C (~3000 m), microbial sulphate reduction gradually
subsides and is replaced by TSR. The OSCs are gradually aromatised to
form thiophene rings, accompanied by the release of HyS (Amrani et al.,
2005; Orr, 1986; P Koopmans et al., 1998). Simulation experiments have
indicated that alkyl thiophenes can form at temperatures as low as
160 °C (Krein and Aizenshtat, 1995). Additionally, H,S has also been
reported to react with alkanes to furnish thiols, thiophenes, and BT
(Nguyen et al., 2013). The aromatisation of thiophenes and BT continues
with further maturation, leading to structurally more complex OSCs
such as DBT.

As the maturity level continues to increase (>6000 m), aryl-aryl
coupling becomes more and more prevalent, which is consistent with
the detection of biaryl compounds, such as Ph-DBTs, in deep petroleum
reservoirs (Li et al., 2012). The released hydrogen subsequently attacks
C-S bonds in OSCs and causes the loss of S in the form of HyS. The
organic-derived HyS can also react with the surrounding minerals to
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form inorganic sulphides (Cai et al., 2001). These chemical reactions
may lead to a steady decline in the S/C ratio (Fig. 3). In our current
study, the DCM-soluble and DCM-insoluble OSCs extracted from the
pyrolysis products of DBT can be considered to represent crude oils and
solid bitumens in hydrocarbon reservoirs, respectively. We found that
both types of OSCs were highly desulphurised at the end of their thermal
maturation, with the DCM-insoluble OSCs being more desulphurised
than their DCM-soluble counterparts (Fig. 3). Because almost all sedi-
mentary organic matter would be converted to solid bitumens at the end
of its thermal maturation, OSCs would be buried but could still undergo
further disproportionation reactions when temperature and pressure
continue to increase.

4.3.2. Modeling the formation of H,S from the hydrogenative pyrolysis of
OSCs

It is generally accepted that the S radical-induced thermal decom-
position of kerogen plays a key role in petroleum generation (Lewan
et al., 2006). During the early phase of pyrolysis, the S/C ratio of the
resultant product mixture gradually decreases due to the expulsion of S
as HyS. As kerogen continues to undergo thermal maturation, its S/C
ratio would eventually stabilise as the production of HjS subsides, and
the aliphatic sulphuric molecules start to convert to thiophene and other
heteroaromatic units. However, the fate of the organic sulphur content
during the late-stage of the thermal maturation of kerogen has remained
poorly understood. In this regard, our study provides clear evidence that
the thermal decomposition of high-maturity kerogen is characterised by
further elimination of S as HyS from its aromatic units, leading to a
renewed decline in S/C. These findings suggested that the HjS in natural
gas reservoirs is derived not only from inorganic S compounds via TSR
(Lietal., 2012; Zhang et al., 2019), but also from the desulphurisation of
organosulphur species such as S-rich kerogen due to their inherent
tendency toward dehydrogenation.
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Fig. 11. Fate of organosulphur compounds during the thermal maturation across different vertical strata at a hypothetical heating rate of 3 °C/my. The profile of §°*S
exchange between pyrite sulphur and kerogen sulphur is based on the results of Werne et al. (2003).
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In order to further analyse the contribution of OSCs to the generation
of H,S during the thermal maturation of organic matters under high P-T
conditions, we built a simplified model for the hydrogenative pyrolysis
of a generic organosulphur compound with the chemical formula of
CxHyS,. Early in the metagenesis stage, the organosulphur compound
consists exclusively of fused benzene and thiophene rings, with only
three types of covalent linkages, C-H, C-C, and C-S. Here, both C-S and
C-C bonds are amenable to hydrogenative cleavage, but only the former
leads to the formation of HyS. We further assumed that 1) chemical
bonds of the same type (i.e., C-S or C-C) are cleaved at the same
probability, with no regioselectivity; 2) hydrogenation shows inherent
chemoselectivity between C-S and C-C bonds; and 3) hydrogenation of
C-S and C-C bonds is driven by the Hy endogenously produced from the
dehydrogenative condensation of CyHyS,.

Based on these three assumptions, the dehydrogenative condensa-
tion of CyHyS, to produce Hj is represented by eq. (4) below:

2C:H,S. — CyHyy 5S>, + H, 4

The generated H; can then either attack C-C bonds, resulting in the
fragmentation of a benzene unit and the concomitant formation of
butane (eq. (5)), or hydrogenate C-S linkages, releasing S in the form of
H,S from a thiophene ring (eq. (6)).

C.H,S. +3H, 5 CiH, S, + CiHg ®)
CH,S. +2H,5CH, 58, + H,S ®)

where k; and kg are the apparent reaction rate constants for the frag-
mentation of one benzene and one thiophene unit, respectively. The
ratio of k; to ky thus represents the chemoselectivity of the hydroge-
nation reaction.

It can be inferred from the above reaction equations that the
maximum yield of HyS (mg/g), designated as Yi}5, can be achieved
when: 1) all CiHyS, molecules are converted and 2) all endogenously
generated Hy is consumed by hydrogenation with either benzene or
thiophene units. Obviously, Y5 is controlled by the molar ratio of eq.

(5) to eq. (6), denoted by M—;, which is dependent not only on the che-
moselectivity of the hydrogenation reaction (ki/ks), but also on the
stoichiometric ratio of C-C to C-S bonds (denoted by nj/ny).

Mk,
M, k&

n %)
na

For every M; moles of eq. (5), there would be My moles of eq. (6).
Combined, they will consume M;-+M> moles of CyHyS, and 3M1+2Ma>
moles of Hy, while generating M, moles of HyS. According to eq. (4),
6M;+4M> moles of CxHyS, are needed to undergo the dehydrogenative
coupling to supply the necessary amount of Hy. As a result, the total
quantity of CyHyS, that participates in coupling and hydrogenation re-
actions is calculated to be 7M;+5M; moles. Based on the above
deduction, we can combine eq. (4) with eq. (6) into eq. (8) below.

M, M, M,
7@4‘ 5 CXHVSZ =13 ﬁz + 2 szsz,z.S‘z; +ﬁ2C4H10 + CXHV+2S171

+ H,S
®

Eq. (8) thus represents the optimal scenario in which Y}’ can be
achieved. Based on eq. (8), Y% can be calculated as follows:

max 34

yrax —

Hs = % 1000%o
(7%—; + 5) x (12x + y + 322)

9

Evidently, solving Y}’ requires obtaining the value of ﬁ—;, which in

turn entails the calculation of k;/ks and n;/njy. Based on our assump-
tions described earlier, each S in CyHyS, must be connected to two C-S

11
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bonds. Therefore, the number of C-S bonds in CxHyS, is invariably ny =
2z. Similarly, the number of C-C bonds in CxHyS, is determined to be n;
= %02 Therefore, eq. (9) can be rewritten into eq. (10):

In the special case of DBT, eq. (10) can be converted to eq. (11) using
the chemical formula of the compound (C;2HgS):

19

M]_kl

Mok 2 an

As elucidated earlier, %—’2 represents the apparent kinetic ratio of eq.
(5) to eq. (6). Therefore, in the case of DBT, % can be calculated using
our experimentally obtained kinetic data as follows:

19

My pr) = Gl

A (12)

5379 7,
2B orrn ka2

where R and T denote the gas constant and the temperature in centi-
grade, respectively. Therefore, % can be calculated as:

58.55
kl 2 2444 pRT273.15)

19 X 13)

2123 AT
Combining eq. (10) with eq. (13), we can obtain the formula of % for

any generic CxHyS,:

M, 2 i (4 -i- 2§)

— X X

- 14
M, 19 2103 7755w 4 e

Therefore, Y775 can be calculated by combining eq. (9) and eq. (14).
It is evident that the maximum yield of H,S is governed by temperature
and the average atomic composition of the organosulphur species. To
facilitate the calculation of eq. (9), we set x to 35 according to previously
reported estimates on the average number of carbons in natural-
occurring organic compounds (Rathsack et al., 2014; Walters et al.,
2015). As a result, eq. (9) can be simplified as follows:

34
—

HyS —

4 Y _ gz

2 s | (420 + 352+ 1120:)

x

476
18.26 X eRT2B15) X

(15)

To illustrate this, we generated slices of a 4D map based on H/C (y/
x), S/C (z/x), and T (Fig. 12). This mathematical model can provide a
convenient tool to estimate the contribution of high-maturity OSCs to
HjS formation in sedimentary petroleum basins. Furthermore, the yield
of C4Hj¢ can be calculated following the same method:

—4.76 _¥_9z

15128 X eRT27313) x #
Ymux _ X
CyHyo —

1826 x e x A2 45 | (420 + 352 + 1120%)

(16)

4.3.3. Estimation of the level of organosulphur-derived H,S in the Sichuan
Basin

Previous geological prospections have led to the discovery of large
dolomitic natural gas in Sinian reservoirs with high levels of hydrogen
sulphide and S-rich asphaltenes in the Gaoshiti-Moxi region of Sichuan
Basin. These reservoirs had apparently undergone thermal maturation
under high P-T conditions (~3% Ry; Liu et al., 2018; Yang et al., 2018;
Zhang et al., 2019). We thus intended to use our model to estimate the
level of H,S released from the solid bitumens in the dolomite reservoirs
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in the Dengying Formation (sznz, 541-600 Ma) of the central Sichuan
uplift. As the thermal maturation of the S-rich solid bitumen and the
generation of HyS are both cumulative events, the total amount of HyS
can be calculated by finding the integral of fractional yields over the
period of heating time. In each time segment, we reasoned that the
corresponding maximum yield of HyS can be expressed as:

x Y5 (1)
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where X(t) and Y% (¢) are the conversion rate of dehydrogenation from
aryl-aryl coupling and the maximum yield of H,S at time t, respectively.

Finally, the correlation between T and t can be obtained from the
thermal history of the Dengying Formation at Well MX9, which was
characterised and published in a previous study (see Fig. 13; Liu et al.,
2018). As elucidated in section 4.2, we considered the kinetic parame-
ters of aryl-aryl condensation to be largely unaffected by various aro-
matic organic compounds at high maturity. Therefore, we used the
activation energy (60.68 kcal/mol) and frequency factor (1.94 x 10%!
s =612 x 10** Mafl) of DBT dimerisation to represent those of
generic aryl-aryl coupling. Taken together, X(t) can be re-expressed as a
function of time as below:

1

(18)
exp(t x (6.12E +24) X exp (—%))

X(t)=1-

where t represents the heating time in Ma and T(t) is the temperature of
the Dengying Formation at time t.

Y5 can also be re-expressed as a function of time and the average
atomic composition of organosulphur species based on the published
thermal history and eq. (15). According to Zhang et al. (2019), the
current chemical formula of S-rich solid bitumen in the Sinian reservoirs
of the Gaoshiti-Moxi region roughly corresponded to CHg 5S0.06. How-
ever, the H/C and S/C atomic ratios represent the element composition
of the product, which has experienced thermochemical alternation. It is
necessary to reconstruct H/C and S/C atomic ratios with the constraint
of this model. In each time segment, the initial H/C and S/C can be
determined from the yields of HaS and C4Hj, as well as the H/C and S/C
of organic OSC products as follows:

(7%+5) x (352) = Yips x (7%%) x (4204358 +1120%) x 3

— Yeun, X (7%+5> x (420+35§+1120§) x 10
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Fig. 12. Maximum yield of organic-derived H,S constrained by S/C atomic
ratios (0.01-0.10), H/C atomic ratios (0.50-0.80), and temperature
(150-250 °C) in sedimentary organic systems. The contour surface indicates the
maximum yield of organic-derived H,S at 10 mg/g.

adopted a trial-and-error approach by experimenting with different
initial H/C and S/C at t = 150 Ma and then iteratively calculating the
yields of C4H;o and HjS in each period. This allowed us to obtain the
hypothetical final H/C and S/C of the solid bitumens at present (t = 0).
By matching the calculation with the experimentally determined H/C
and S/C values, we obtained the H/C, S/C, and Yy,s for each period.
Finally, Y}_g‘;l was calculated to be 1.58 mg/g by adding Yy,s in all time
periods together.

The results above strongly support an OSC contribution to the gen-
eration of abiotic HyS in ultra-deep petroleum reservoirs, particular
during the late stage of thermal maturation. However, the low yield of
organic-derived HjS can easily be scavenged by surrounding minerals to
form inorganic sulphides. The large scale accumulation of organic-
derived HoS must be triggered by external hydrogen sources, such as
hydrothermal fluids or water-rock reactions. Overall, we consider

H/C=

S/C—(

i 5) X 420 — Yoy, X (7%+5) (420+35 +1120 )

As we intended to focus on the metagenesis stage of the thermal
maturation of S-rich solid bitumens, the upper and lower bounds of the
integral were set to 0 and 150 (Ma), respectively.

150

[x-

0

Ymtal

S Y;In:;( )dt 2D

To calculate Y}3'¢, we divided the total time (i.e., 150 Ma) into 133
equal periods and assumed that i) temperature remained constant in
each periods and ii) the release of C4H;( and HsS led to slight but non-

negligible changes in H/C and S/C. Based on these considerations, we

12

X 12 19
(7;;—;+s) X 420 — Y, X (7%+5> x (420+35§+1120§) x 8
oy ) (11202) = Yo (7%—;+5) x (42043504 11208) x &
Xi (20)

organic matter in sedimentary petroleum basins to serve as a carrier that
transports inorganic sulphur from surface regions to deep strata which is
in good agreement with Ho et al. (1974).

5. Conclusion

The data that we obtained from the hydrous pyrolysis of DBT in gold-
tube simulation experiments under high P-T conditions provided valu-
able insights into the geochemical behaviour of OSCs during the
advanced stage of thermal maturation. We also determined the kinetic
parameters of DBT pyrolysis both experimentally and by theoretical
calculation via DFT. These results suggested that the thermal maturation
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of OSCs is an extremely complex process. Key reactions that drive OSC
pyrolysis include dehydronative aryl-aryl coupling, which is rate-
limiting, and hydrogenative cleavage of C-C, C-H, and C-S bonds,
leading to the fragmentation of aromatic and heterocyclic aromatic
compounds. Dehydrogenative aryl-aryl coupling mainly occurred in the
Easy%R, range of 2.3%-3.8% (190-270 °C) and showed an activation
energy of approximately 60 kcal/mol. The present study provided
convincing evidence that OSCs are key contributors to the accumulation
of sulphides in ultra-deep petroleum reservoirs, particularly when the
organic sediments are at the late stage of their thermal maturation (i.e.,
metagenesis). Near the surface, inorganic sulphur is incorporated into
various organic compounds via microbial sulphate reduction, and the
resultant OSCs are deposited to deeper strata through sedimentation,
where they are hydrocracked under high P-T conditions to release H,S.
The geochemical behaviour of OSCs predicted from our model not only
provided important insights into the HS generation potential of over-
mature sedimentary organic matter, but it could also serve as a useful
guide for estimating the level of external hydrogen that participate in
the thermal maturation of OSCs.
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Yields of selected products at 450 °C for 4 days in anhydrous and aquatic media.

mH>0: mDBT Anhydrous 10:1
BP (mg/g DBT) 3.10 6.00
BT (mg/g DBT) 0.11 0.13
DBF (mg/g DBT) 9.14x1073 6.31 x 1072
Ph-DBT (mg/g DBT) 0.32 0.06
FL (mg/g DBT) 0.06 0.05
MDBT (mg/g DBT) 0.39 0.11
DMDBT (mg/g DBT) 0.06 0.01
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