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Confined pyrolysis experiments (gold capsules) were performed to determine the yields and kinetic fea-
tures for petroleum formation for seven coal samples with hydrogen index (HI) ranging from 57 to
278 mg HC/g TOC and maturities of 0.58–0.74 %Ro from coal pits within Triassic–Jurassic strata in the
Kuqa Depression, China. Gases and liquid yields were measured at regular intervals as the sealed tubes
were heated at 2 and 20 �C/h and total thermal stress calculated as a vitrinte reflectance equivalent (%
Re) using Easy%Ro. The total confined pyrolysate yields of oil and gaseous hydrocarbons at 1.19–1.50 %
Re only account for a portion (38–53%) of the releasable moieties in measured by Rock-Eval (open) pyrol-
ysis, suggesting that a substantial portion of (47–62%) of these moieties was rearranged and incorporated
into polyaromatic residual solids. At maturities >1.87 %Re, the solid residues of the seven coals have very
similar gas generative potentials (RC1–5), which are substantially higher than their quality index
(QI = (S1 + S2)/TOC) with differences ranging from 20 to 40 mg/g TOC. This result can be mainly ascribed
to the differences both in methane formation mechanisms and final thermal stress levels between open
(2.25 %Re) and confined pyrolysis (4.44 %Re). Only a minor portion of gaseous hydrocarbons (�32% and
44% for the Jurassic and Triassic coals, respectively) was generated up to 2.19 %Re while the major portion
was generated at higher maturities. Under a heating rate of 5 �C/My, the Jurassic and Triassic coals are
modeled to become effective gas source rocks with gas yield (RC1–5) > 20 mg/g TOC at maturities of
>1.76 %Re and 1.59 %Re, respectively. The abundant gaseous hydrocarbons found in the Kuqa
Depression can be mainly ascribed to the high maturities of coal source rocks (>2.0 %Ro), in combination
with excellent seal of thick salt and gypsum for the gas reservoirs.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The Kuqa Depression in the northern Tarim Basin is a major gas-
producing province of China. A number of large (giant) and med-
ium gas fields have been found in this depression with total in-
place gas reserves over 1 � 1012 m3 (Wang, 2014). Gaseous hydro-
carbons in these reservoirs are mainly derived from coaly source
rocks within the Triassic–Jurassic strata (e.g., Liang et al., 2003;
Zhao et al., 2005). These source rocks are currently at high maturi-
ties, mainly with maturities >1.5 %Ro but up to 2.50 %Ro or even
higher (Liang et al., 2003; Zhao et al., 2005).
How to properly evaluate the petroleum generation potentials
for coaly source rocks remains unresolved. Van Krevelen (1961)
presented a plot of H/C vs O/C atomic ratios and demonstrated
the different trends of these two ratios between natural matura-
tion that eliminates oxygen primarily as water and CO2, and
laboratory experiments that generate more aromatic and
oxygen-containing tars and incorporate additional oxygen by
cross-linking reactions in the char. Peters (1986) suggested that
the generative potential of liquid hydrocarbons from coals is com-
monly overestimated by Rock-Eval pyrolysis and is best deter-
mined by elemental analysis and organic petrography. Hunt
(1991) suggested the coals that have H/C atomic ratio >0.9,
Rock-Eval hydrogen indices (HI) >200 mg HC/g TOC and liptinite
contents >15% are capable of generating oil.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.orggeochem.2019.04.007&domain=pdf
https://doi.org/10.1016/j.orggeochem.2019.04.007
mailto:cpan@gig.ac.cn
https://doi.org/10.1016/j.orggeochem.2019.04.007
http://www.sciencedirect.com/science/journal/01466380
http://www.elsevier.com/locate/orggeochem
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A series of studies demonstrated that the concentration of C8+

aliphatic groups determined by pyrolysis gas chromatography
(py-GC) is a useful indicator of oil generative potential for coals
and terrigenous organic matter (e.g., Larter et al., 1977; Smith
et al., 1987; Horsfield, 1989; Curry et al., 1994, 1995; Curry,
1995; Isaksen et al., 1998). Isaksen et al. (1998) demonstrated that
a typical coal from the Middle Jurassic Sleipner Formation in the
North Sea with higher HI (415 mg HC/g TOC) and similar liptinite
content (10%) has a substantially lower concentration of C15+ ali-
phatic groups compared with a coal from the Eocene of the Tara-
naki Basin, New Zealand having lower HI (362 mg HC/g TOC) and
similar liptinite content (10%). The New Zealand coal is capable
of generating non-volatile oil expelled as an oil phase while the
North Sea coal is capable of generating only gas and volatile oil
expelled as a gas phase (Isaksen et al., 1998).

Therefore, some previous studies have suggested that bulk
parameters, such as H/C atomic ratio, HI value and maceral compo-
sition within a certain range are frequently not effective indicators
of the oil generative potential of coals and terrigenous organic mat-
ter (Powell and Boreham, 1991; Curry et al., 1994; Isaksen et al.,
1998; Killops et al., 1998). This phenomenon can be mainly
ascribed to the observation that the components generated from
humic coals are dominated by aromatic and phenolic hydrocarbons
in open pyrolysis experiments, such as py-GC and Rock-Eval anal-
ysis, but they are mainly alkanes in closed pyrolysis experiments or
in natural systems (e.g., Van Krevelen, 1961; Monthioux et al.,
1985, 1986; Peters, 1986; Katz et al., 1991; Isaksen et al., 1998;
Li et al., 2013; Xu et al., 2017).

The oil and gas generation process and mechanism appear to be
much more complicated in gas-prone kerogen compared to
oil-prone kerogen. Boreham et al. (1999) suggested that the gener-
ation of volatile hydrocarbons appears to be accompanied by a par-
tial re-incorporation of the free hydrocarbons and bitumen into
kerogen during natural maturation of coal. Dieckmann et al.
(2006) and Erdmann and Horsfield (2006) documented that the
recombination reactions of liquid products released from Type III
kerogen at low levels of maturation result in the formation of a
thermally stable bitumen, which is the major source of methane
at very high maturity, and emphasized that these recombination
reactions can be only simulated in closed system pyrolysis. Li
et al. (2016) demonstrated that kerogen and oil do not crack sepa-
rately in the experiments of coal plus oil and suggested that the
interaction between kerogen and oil components leads to the gen-
eration of hydrocarbon gases.

The precise amounts of oil and hydrocarbon gases generated
from a source rock cannot be obtained from observations on natu-
ral samples (e.g., Price and Wenger, 1992). Such data can only be
determined from pyrolysis experiments under conditions compa-
rable to the natural environment. Some studies have demonstrated
that the reaction medium plays an important role in source rock
pyrolysis (Mansuy and Landais, 1995; Mansuy et al., 1995;
Michels et al., 1995). Monthioux et al. (1985, 1986) first reported
pyrolysis experiments on coals under confined system using gold
capsules and demonstrated that the pyrolysates are very similar
to oils in reservoirs and bitumen extracted from the coal source
rocks. In a natural system, the retained oil is mainly absorbed by
the kerogen in source rocks (Pepper, 1992; Sandvik et al., 1992).
In confined pyrolysis experiments, the released components
(hydrocarbons, polar components, and water) and kerogen in the
compressed gold capsules are in close contact with each other
and so the reaction medium is more comparable to a source rock
in a natural system where oil expulsion leads to a lower gas yield
for a source rock compared to a closed system. Xiang et al. (2016)
presented an approach to predict the amount of expelled oil and
the accumulative yield of gaseous hydrocarbons after oil expulsion.
Oil and gas formation from coaly source rocks is generally
described using first-order parallel kinetics with a distribution of
activation energies and a single frequency factor although the reac-
tion mechanism for oil and gas formation from this type of source
rocks is very complicated (e.g., Tang et al., 1996; Behar et al., 1997;
Boreham et al., 1999; Dieckmann et al., 2006; Erdmann and
Horsfield, 2006). Ungerer and Pelet (1987) showed that the kinetic
parameters of oil and gas formation determined from laboratory
pyrolysis of an immature kerogen sample apply to the conditions
of sedimentary basins, although the time and temperature scale
are completely different. Behar et al. (1997) demonstrated that
for types I, II and II-S kerogens the kinetic parameters derived from
experiments in an open system with a single frequency factor and
a discrete series of activation energies are valid, while for Type III
kerogen the unique frequency factor found by optimization of
the Rock-Eval S2 peak may be an average between a very low value
around 1011–1012 s�1 for the early generation of paraffinic oil and a
very high value around 1014–1015 s�1 for the late generation of gas.
Burnham and Braun (1999) suggested that the discrete activation-
energy distribution derived by assuming a linear relationship
between the logarithm of the frequency factor and the activation
energy is better fitted to the result of coal pyrolysis experiments.
Dieckmann (2005) determined the kinetic parameters consisting
of a distribution of activation energies and a distribution of fre-
quency factors for source rocks with different kerogen types and
suggested that the prediction for the onset of petroleum formation
from source rocks with Type III kerogen could be more accurate
using this modified model than the conventional model with a sin-
gle frequency factor.

The yields of oil and gaseous hydrocarbons and the kinetic fea-
tures for oil and gas generation from the Triassic–Jurassic coals in
the Kuqa Depression are not well documented in previous studies
(e.g., Liang et al., 2003; Zhao et al., 2005; Jia and Li, 2008; Zhang
et al., 2011; Guo et al., 2016). The purposes of this paper are to:
(1) document the differences between the yields of oil and gaseous
hydrocarbons in confined pyrolysis experiments (closed system)
and generative potentials in Rock-Eval analysis (open system) from
these coals, and (2) determine the kinetic parameters for oil and
gas generations based on yield data from confined pyrolysis for
modeling oil and gas generation from coal source rocks in this
depression.

2. Geological setting

The Kuqa Depression is located in the northern part of the Tarim
Basin, south of the Tianshan Mountains, NW China (Fig. 1). It can
be further divided into four structural belts (slope) and three sags:
the Northern monoclinal belt, the Kelasu-Yiqikelike structural belt,
the Qiulitage structural belt and the Southern gentle slope from
north to south, and the Wushi, Baicheng and Yangxia sags from
west to east (Fig. 1; Lei et al., 2007; Jia and Li, 2008; Guo et al.,
2016). This depression has experienced three tectonic stages: (1)
a foreland basin from the Late Permian to the Middle Triassic, (2)
an extensional rift basin from the Late Triassic to the Middle Juras-
sic, and (3) a rejuvenated foreland basin from the Cretaceous to
Quaternary (Graham et al., 1993; Jia et al., 2000, 2002; Liang
et al., 2003; Zhao et al., 2005; Zhang et al., 2011; Guo et al., 2016).

At the extensional rift stage from the Late Triassic to Middle
Jurassic, lacustrine and marginal lacustrine–swamp transitional
sediments were deposited in the Kuqa Depression with a total
thickness of over 1000 m in relatively warm and humid climates
(Fig. 2; Jia et al., 1995; Jia and Li, 2008). During the Early Creta-
ceous, the Kuqa foreland basin evolved into a shallow lake with a
relatively arid climate (Yang et al., 2005). Coarse clastic rocks of
alluvial fan, fan delta and braided river facies sediments formed



Fig. 1. Location map of the Kuqa Depression and sample locations (modified from Jia and Li, 2008).
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in the mountain front in the north. The lake was wide but shallow,
with gentle slopes. The river mouths were frequently blocked with
sediments so that rivers changed their channels repeatedly. As a
result, deltas were often connected laterally, shaping a delta apron
in the mountain front (Jia and Li, 2008). During the Late Cretaceous,
regional uplift began in the Kuqa region. The Yiqikelike and Tuger-
ming anticlines started to form under horizontal compressions. At
the end of Paleogene, the northern Tarim Basin was uplifted to
form the Tianshan Mountain belts. The rapid rise of the Tianshan
Mountains led to the accumulation of thick reddish continental
sediments in the Kuqa Depression. From the Miocene onwards
strong compression and thrusting led to the formation of a series
of thrust belts from north to south and various fault-related folds.
Clastic sediments derived from the north were deposited in the
rejuvenated foreland basin. The bottom slippage uplifted from
north to south, leading to a series of typical north-south oriented
thrust structures (Fig. 1; Zhao et al., 2005; Jia and Li, 2008;
Zhang et al., 2011).

Six source rocks have been identified within the Middle Triassic
to Middle Jurassic strata in the Kuqa Depression: the Middle–
Upper Triassic Kelamayi Formation (T2–3k), the Upper Triassic
Huangshanjie (T3h) and Taliqike formations (T3t), the Lower Juras-
sic Yangxia Formation (J1y), and the Middle Jurassic Kezilenuer
(J2k) and Qiakemake formations (J2q; Liang et al., 2003; Zhao
et al., 2005). The Kelamayi (T2–3k3) and Huangshanjie formations
(T3h) contain lacustrine mudstone source rocks with mainly Type
III kerogen. The Qiakemake Formation (J2q) contains lacustrine
mudstone source rocks but with mainly Type II kerogen. The Tali-
qike (T3t), Yangxia (J1y) and Kezilenuer (J2k) formations all contain
coaly source rocks (Liang et al., 2003; Zhao et al., 2005). Potential
reservoir rocks include: the sandstone units in the Triassic Ehuob-
ulake (T1oh), Kelamayi (T2–3k3), Jurassic Ahe (J1a), Yangxia (J1y),
Kezilenuer (J2k), Cretaceous Baxigai (K1b), Bashijiqike (K1bs), Pale-
ogene Kumugeliemu (E1–2km), Neogene Jidike (N1j), and Kangcun
(N1k) formations. The salt and gypsum unit within the Kumuge-
liemu Formation (E1–2km) forms an excellent regional seal for
the preservation of the hydrocarbons in the Cretaceous and Paleo-
gene reservoirs (Fig. 2).

In the Kuqa Depression, the total thickness of coal beds aver-
ages about 12 m within the Kezilenuer Formation (J2k) and
24 m within the Taliqike Formation (T3t; Cui 2011; Yu et al.,
2013; An et al., 2016). Coal beds within the Yangxia Formation
(J1y) have roughly the same total thickness as those within the
Kezilenuer Formation (J2k) and the total thickness of coal beds
within these two formations averages 20–30 m (Jia and Li,
2008). Therefore, coal beds potentially provided the major gas
components for gas fields in the Kuqa depression (Liang et al.,
2003; Jia and Li, 2008).



Fig. 2. Mesozoic–Cenozoic Stratigraphy of the Kuqa Depression (modified from Guo et al., 2016).

W. Huang et al. / Organic Geochemistry 133 (2019) 32–52 35



36 W. Huang et al. / Organic Geochemistry 133 (2019) 32–52
3. Experimental

3.1. Samples

Previous studies have demonstrated that, for the Triassic–Juras-
sic terrigenous source rocks in the Kuqa depression, the outcrop
samples are heavily weathered with substantially lower hydrogen
index (HI < 100 mg HC/g TOC) while core samples from boreholes
have high maturities (>0.90 %Ro; Liang et al., 2003; Zhao et al.,
2005). In the present study, coals from coal pits were used for
pyrolysis experiments to determine the yields and kinetic param-
eters for oil and gas generations from samples that are less weath-
ered and of lower maturity.

Twenty-three coal samples were collected from coal pits,
including four coals from coal beds within the Middle Jurassic
Kezilenuer Formation (J2k) and 19 coals within the Upper Triassic
Taliqike Formation (T3t, Fig. 1). All coals were first cleaned using
distilled or de-ionized water and then ground into powder (about
200 mesh). A small aliquot of powder was taken from each sample
for measurement of total organic carbon content (TOC) using a
Leco-230C/S analyzer. Another small aliquot of powder was taken
for Rock-Eval analysis using an IFP Rock-Eval 6. For the measure-
ment of vitrinite reflectance (%Ro), polished sections for all coals
were prepared on coal lumps. Definitions for the measured and cal-
culated parameters for coals and products of pyrolysis experiments
are listed in the Appendix A. The analytic results for the 23 coals
are shown in Table 1 and Fig. 3.

Four coals from JKC1 to JKC4 within the Kezilenuer Formation
(J2k) have TOC, HI, Tmax and %Ro values in the range 66.3–74.4%,
57–183 mg HC/g TOC, 424–437 �C and 0.58–0.66, respectively.
The nineteen coals from TTC1 to TTC19 within the Taliqike
Formation (T3t), have TOC, HI, Tmax and %Ro values in the range
55.3–82.9%, 58–302 mg HC/g TOC, 433–496 �C and 0.58–0.96,
respectively (Table 1, Fig. 3). Twelve of the nineteen coals with rel-
atively lower maturities (Tmax 433–458 �C, 0.58–0.84 %Ro) have
HI values >200 mg HC/g TOC while the other seven with relatively
higher maturities (Tmax 436–496 �C, 0.64–0.96 %Ro) have HI
values ranging from 58 to 170 mg HC/g TOC. It appears that the
Taliqike Formation (T3t) coals have relatively higher HI values than
those within the Kezilenuer Formation (J2k, Fig. 3). Seven coals, i.e.
Table 1
Total organic carbon content (TOC) and Rock-Eval parameters of pit coals.

Strata TOC % S1 S2

JKC1 J2k 71.9 2.9 101.1
JKC2 J2k 74.4 4.5 136.2
JKC3 J2k 72.8 0.3 41.6
JKC4 J2k 66.3 0.5 66.6
TTC1 T3t 75.3 4.2 208.1
TTC2 T3t 75.9 7.3 190.1
TTC3 T3t 77.0 5.7 155.9
TTC4 T3t 77.3 4.8 172.0
TTC5 T3t 76.2 11.7 230.4
TTC6 T3t 79.7 0.5 103.5
TTC7 T3t 81.6 0.6 47.3
TTC8 T3t 62.6 2.8 105.3
TTC9 T3t 71.2 1.1 70.5
TTC10 T3t 77.8 8.5 180.8
TTC11 T3t 70.5 4.2 196.4
TTC12 T3t 75.0 5.9 218.7
TTC13 T3t 65.3 2.4 69.6
TTC14 T3t 55.3 2.1 93.8
TTC15 T3t 57.5 4.9 115.9
TTC16 T3t 80. 7 7.0 167.5
TTC17 T3t 82.9 8.7 138.6
TTC18 T3t 79.3 9.6 200.4
TTC19 T3t 82.1 6.2 172.2

S1 and S2: in ‘‘mg HC/g rock”; S3: in ‘‘mg CO2/g rock”; HI: in ‘‘mg HC/g TOC”; OI: in ‘‘m
JKC1, JKC2, JKC3, TTC1, TTC4, TTC11 and TTC18, were selected for
pyrolysis experiments to determine the yields and kinetic param-
eters for oil and gas generation.

3.2. Confined pyrolysis experiments

The approach for confined pyrolysis experiments on the seven
coals is similar to that described in our previous studies (Pan
et al., 2008, 2010, 2012; Li et al., 2013; Xiang et al., 2016). Briefly,
gold capsules containing a weighed amount of coal powder with-
out extraction (20–90 mg) were placed in steel pressure vessels.
The internal pressure of the vessels, connected to each other with
tubing, was maintained at 50 MPa by pumping water into or out of
the vessels during the experiments. The error of the pressure is
<±0.1 MPa. The vessels were heated in an oven from room temper-
ature to 250 �C over 10 h, and then from 250 �C to 600 �C at a rate
of 2 �C/h or 20 �C/h. Two thermocouples were used to measure the
temperature of the pyrolysis experiments and to check each other.
The error of the recorded temperatures is <±1 �C. Vessels contain-
ing gold capsules were removed from the oven at temperature
intervals of 12 �C or 24 �C from 333.1 �C to 598.9 �C at 20 �C/h
and from 322.4 to 599.7 �C at 2 �C/h.

3.3. Analysis of gas components

After pyrolysis, the volatile components in the capsules were
collected in a special sampling device connected to an Agilent
6890 N GC modified by Wasson ECE Instrumentation, as described
previously (Pan et al., 2006, 2008; Li et al., 2013; Xiang et al., 2016).
Briefly, the device was first evacuated to <1 � 10�2 Pa at room tem-
perature (25 �C). The gold capsule was then pierced with a needle
under vacuum, allowing the gases to escape into the device. The
valve connecting the device and the modified GC was open to allow
the gas to enter the GC, through which the GC analyses of both the
organic and inorganic gas components were performed in an auto-
matically controlled procedure. The oven temperature for the
hydrocarbon gas analysis was initially held at 70 �C for 6 min,
ramped from 70 to 130 �C at 15 �C/min, from 130 to 180 �C at
25 �C/min, and then held at 180 �C for 4 min, whereas it was held
at 90 �C for the inorganic gas analysis. The analysis of all gases
S3 HI OI Tmax %Ro

11.4 141 16 424 0.58
3.3 183 4 437 0.66
5.5 57 8 433 0.62
5.8 101 9 426 0.61
4.1 276 5 433 0.73
2.2 250 3 439 0.74
2.5 203 3 436 0.72
1.8 223 2 447 0.74
4.8 302 6 439 0.71
1.1 130 1 485 0.96
3.2 58 4 496 0.82
1.4 168 2 472 0.84
0.9 99 1 495 0.88
1.8 233 2 444 0.69
3.4 278 5 437 0.58
2.8 292 4 438 0.64
2.3 107 3 447 0.74
9.2 170 17 436 0.64
3.5 202 6 458 0.73
1.2 208 2 457 0.84
1.2 167 1 468 0.85
6.5 253 8 458 0.74
3.7 210 4 458 0.71

g CO2/g TOC”; Tmax is in ‘‘�C”.



Fig. 3. Crossplots of HI vs Tmax (a) and HI vs OI (b) from Rock–Eval analyses of pit coals within the Middle Jurassic Kezilenuer Formation (J2k, JKC) and Upper Triassic Taliqike
Formation (T3t, TTC).
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was carried out by one single injection. A test with external stan-
dard gases indicated that the amounts of gas products measured
using this device had better than 0.5% relative error.

3.4. Analyses for bitumen and liquid components (RC8+)

The method for the analysis of liquid components (RC8+) is sim-
ilar to that described in previous studies (Pan et al., 2009; Li et al.,
2013; Xiang et al., 2016). After analysis for gas components, the
capsules that were heated at lower temperatures (322–490 �C)
were cut swiftly into several pieces in a vial, which contained
about 3 ml pentane. Two internal standards of deuterated n-C22

and n-C24 n-alkanes were then added to each vial with amounts
ranging from 0.010 to 0.015 mg. Following five ultrasonic treat-
ments of 5 min per treatment, these vials were allowed to settle
for 72 h until the pentane solutions became clear. The pentane
solutions in all vials were directly injected into a HP6890 GC fitted
with a 30 m � 0.32 mm i.d. column coated with a 0.25 lm film of
HP-5, employing nitrogen as carrier gas. The oven temperature
was programmed as follows: 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.

Eighteen non-biodegraded light oils from boreholes in the
northwestern and central areas of the Junggar Basin were analyzed
using the same method. The amounts of total liquid components
(RC8+) in the 18 oil samples were in the range 425–715 mg/g oil
with an average of 563 mg/g. The amount of total liquid compo-
nents (RC8+) for each capsule of the seven coals was divided by
0.563, the averaged value for the eighteen oils (563 mg/g oil),
yielding the amount of oil (SO) produced during pyrolysis for each
capsule. The oil yield that is converted from the yield of total liquid
components (RC8+) can be considered the yield of a normalized oil,
which is comparable to oils in reservoirs, containing 56.3% detect-
able components by GC-FID, the remaining 43.7% represented non-
volatile polar components (asphaltene and resin) and unresolved
complex mixtures (UCM) in chromatograms.

After GC analyses, the samples in these vials were filtered to
separate the pentane solution and the residual solid. The residual
solids were Soxhlet extracted with dichloromethane:methanol
(93:7, v/v) for 72 h. The extracts were combined with the initial
pentane soluble fraction to obtain the heavy pyrolysates (bitumen)
and quantified by gravimetric method.

After Soxhlet extraction for bitumen, the residual solids were
recovered from the capsules heated from 322 to 479 �C at 2 �C/h
and TOC and Rock-Eval analyses were performed as described
earlier.
4. Results and discussion

4.1. Mass balance

For the six coals JKC1, JKC2, TTC1, TTC4, TTC11 and TTC18, the
liquid components generated in confined pyrolysis experiments
at temperatures of 322–419 �C contain mainly n-alkanes, compara-
ble to the non-biodegraded natural oils (Figs. 4 and 5). At this tem-
perature range, the heated coals reached thermal stress levels in
the range 0.66–1.50 %Re (vitrinite reflectance equivalent from
Easy%Ro; Sweeney and Burnham, 1990) spanning the oil genera-
tive window. Therefore, oil yields (SO) obtained under these con-
fined pyrolysis condition can be considered to be similar to those
in the natural system. However, coal JKC3 generates mainly aro-
matic components under confined pyrolysis within the oil genera-
tive window, strikingly different from the other six coals (Fig. 5c).
As a result, the measured yields of liquid components (RC8+)
within the oil window for coal JKC3, are substantially higher
(4.6–42.2 mg/g TOC) than those for coals JKC1 and JKC2 (6.9–19.9
and 3.3–22.4 mg/g TOC, respectively, although coal JKC3 has lower
initial QI (quality index = (S1 + S2)/TOC) of 57.5 mg HC/TOC than
coals JKC1 (144.6 mg HC/g TOC) and JKC2 (189.0 mg HC/g TOC).
Isaksen et al. (1998) suggested that the main control on the oil
potential of humic coals is the concentration of long-chain alipha-
tic hydrocarbons in the coal matrix. Here, we present an alternative
approach for coal JKC3 to estimate oil yields (SO) based on the yield
of total n-alkanes (Rn-C8+) from the confined experiments, which
could be comparable to those in natural system. The averaged
ratios of the yield of total n-alkanes to oil yield (Rn-C8+/SO) for
the other six coals are in the range 0.118–0.150 (and hence within
the oil generative window) at temperatures of 322–419 �C. Oil
yields (SO) for coal JKC3 were obtained using the yields of total
n-alkanes from this coal and the averaged Rn-C8+/SO ratios of the
other six coals at similar temperatures. The amounts of oil (SO)
and gaseous hydrocarbons (RC1–5) for the seven coals heated from
322 to 479 �C at 2 �C/h are shown in Fig. 6. The yields of gaseous
hydrocarbons (RC1–5) increase consistently while the oil yields
(SO) first increase with temperature to maximum values at about
394 �C with 1.19 %Re, and then decrease for all seven coals (Fig. 6).

The Rock-Eval parameter S1 + S2 is defined as the generative
potential for 1 g of a source rock (mg HC/g Rock; Espitalié et al.,
1977). Pepper and Corvi (1995a) defined a quality index
(QI = (S1 + S2)/TOC) as the generative potential for 1 g of total
organic carbon (mg HC/g TOC) in the source rock. In the present
pyrolysis experiments, we used the powder of the initial coals
without extraction because bitumen is an important precursor



Fig. 4. Selected gas chromatograms of liquid hydrocarbons at 334.1, 370.2, 393.8, 406.0, 419.0 and 443.2 �C for coal TTC11 at a heating rate of 2 �C/h.
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for oil and gas generation from the initial coal. For capsules heated
from 322 to 480 �C at a heating rate of 2 �C/h, the residual solid was
recovered and analyzed for TOC by Leco-230C/S and Rock-Eval
(Fig. 6). After heating, organic carbon in the initial coal is dis-
tributed as oil, gaseous hydrocarbons, CO2 and residual solid.
Defining the yields of CO2 and total oil and gaseous hydrocarbons
as SCO2 and SOG, respectively and assuming that the carbon content
in the total oil and gaseous hydrocarbon is 80%, for the initial coal
with 1 g of total organic carbon, the amounts of organic carbon in
the forms of CO2, total oil and gaseous hydrocarbons and residual
solid would be SCO2 � 12/44, 0.8 � SOG, and 1000 – 0.8 � SOG –
SCO2 � 12/44 mg, respectively. We define QIR as the difference of
the generative potential between the initial coal with 1 g of organic
carbon and the corresponding residual solid after heating. QIR can
be calculated by formula (1):

QIR ¼ QIi� 1000� 0:8 � SOG � SCO2 � 12=44ð Þ � QIh=1000 ð1Þ
Here, QIi and QIh are the QI values for the initial coal prior to

heating and residual solid after heating, respectively.
In principle, QIR would be equal to SOG, the total yield of oil plus

gaseous hydrocarbons (RC1–5) after heating. However, SOG is sub-
stantially lower than the QIR values for all seven coals (Fig. 6).
For these samples, SOG in confined pyrolysis experiments is consid-
ered to be similar to those in the natural system. In contrast, oil
generative potentials for humic coals are commonly overestimated
by Rock-Eval parameter QI or HI because the released components
during Rock-Eval pyrolysis contain high proportion of aromatic
hydrocarbons and phenols (e.g., Peters, 1986; Katz, et al., 1991;
Isaksen et al., 1998). For example, the compositions of pyrolysates
as characterized by open system pyrolysis-GC from humic coals
with HI around 200 mg HC/g TOC in an open system (Rock-Eval
type), are dominantly by aromatic components and polars, espe-
cially phenols (Katz et al., 1991). Isaksen et al. (1998) reported sim-
ilar results for pyrolysis-GC chromatograms of humic coals from
the Sleipner Formation with HI ranging from 220 to 415 mg/g
TOC. In the present study, the difference between parameters QIR
and the measured SOG can be mainly ascribed to the compositional
difference of pyrolysates between confined pyrolysis and Rock-
Eval pyrolysis. This difference can be interpreted as follows:

(1) Previous studies have documented that the released liquid
components can be incorporated into solid kerogen in closed
pyrolysis and natural systems (McNeil and BeMent, 1996;
Boreham et al., 1999; Dieckmann et al., 2006; Erdmann
and Horsfield, 2006; Pan et al., 2012; Li et al., 2013, 2016;
Burnham and Braun, 2017). Aromatic components and phe-
nols are likely preferentially incorporated in the residual
solid (Burnham and Braun, 2017). In contrast, pyrolysates



Fig. 5. Selected gas chromatograms of liquid hydrocarbons at about 394 �C for coals JKC1, JKC2, JKC3, TTC1, TTC4 and TTC18 at a heating rate of 2 �C/h.
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are removed quickly from the reaction system once they are
released in an open system. As a result, pyrolysates from
humic coals contain much higher amounts of aromatic com-
ponents and phenols in an open system than in a closed
system.

(2) Open pyrolysis (Rock-Eval type) is routinely performed at a
heating rate of 25 �C/min, substantially higher than in the
confined system in the present study, i.e., 2 �C/h and
20 �C/h. Therefore, pyrolysis temperatures are higher in an
open system than in a confined system at an equivalent
maturity level. Humic coals possibly release higher amounts
of aromatic components and phenols at higher temperatures
than at lower temperatures (Zieger et al., 2018).

(3) In a closed system, chemical interactions among released
components and between the released components and
residual solid are very complex, including net hydrogen dis-
proportionation reactions that result in the formation of
hydrogen-rich oil and gas components and insoluble,
hydrogen-poor solid residue. Oxygen disproportionation
reactions promote the formation of CO2, retard the forma-
tion of phenols and decrease the O/C ratio in residual solid.
The overall result is that components generated from humic
coals are more chemically stable and less reactive in a closed
system than in an open system (Smith et al., 1989; Boudou
et al., 1994; Burnham et al., 1995; Mansuy et al., 1995;
Mansuy and Landais, 1995; Leif and Simoneit, 2000;
Michels et al., 2000; Alexander et al., 2009, 2011).

We used the ratio QOGR (QIR/SOG) to document the relation-
ship between QI (QIh) of the residual solid after heating and
SOG during confined pyrolysis. Coals JKC1, JKC2, TTC1, TTC11
and TTC18 have a similar trend in QOGR variations with temper-
ature (Figs. 6 and 7). However, for all seven coal samples, at 394–
419 �C or 1.19–1.50 %Re with maximum oil yields, QOGR ranges
from 1.9 to 2.6, demonstrating that a portion of the 38–53% of
releasable moieties in Rock-Eval pyrolysis (QIi), mainly aliphatic
compounds present in the coals prior to heating, contribute to
the formation of oil and gaseous hydrocarbons (SOG) while the
other portion of 47–62% of these moieties (QIi), mainly aromatics
and phenols, are rearranged and incorporated into polyaromatic
solids.

Coal TTC4 shows different variation trends for S2, HI and QOGR
compared to the other coal samples (Figs. 6e and 7). At 322.5 and
334.1 �C, parameter S2 values are even higher for the residual solid
than for the initial coal prior to heating. A similar result was also
reported by Burnham et al. (1995). Previous studies have reported
that HI for coals increases significantly from the immature stage to
the onset of oil generation (Boudou et al., 1994; Killops et al., 1998,



Fig. 6. QI, QIR, gas yield, oil yield and the total yield of oil plus gas for the seven coals within 322.4–478.4 �C at a heating rate of 2 �C/h. QI (quality index) = (S1 + S2)/TOC; QIR:
quality index reduction value, calculated from formula (1); RC1–5: gas yields; SO: oil yield; SOG: total yield of oil plus gas.
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Fig. 7. QOGR values for the seven coals within 322.4–378.4 �C at a heating rate of
2 �C/h. QOGR = QIR/SOG, QIR and SOG, see the caption for Fig. 6.
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2002; Boreham et al., 1999; Sykes and Snowdon, 2002). Boudou
et al. (1994) ascribed the lower HI for coal at immature stages to
oxygen-group suppression of the FID during Rock-Eval pyrolysis.
Boreham et al. (1999) suggested that the incorporation of volatile
components (mostly polar) into kerogen leads to an HI increase
in immature stages of coal. Sykes and Snowdon (2002) suggested
that the HI increase for New Zealand Late Cretaceous–Cenozoic
humic coals is unlikely caused by decarboxylation leading to
hydrogen concentration or by oxygen-group suppression of the
FID, but can be mainly ascribed to structural rearrangement of
the coal macromolecular matrix during diagenesis and catagenesis.
Killops et al. (2002) also suggested that structure rearrangements
may exert the primary influence on the HI increase of New Zealand
coals.

In the present study, the possibility that the extra volatile com-
ponents are incorporated into kerogen can be ruled out because no
oil or bitumen was added to the coal samples prior to pyrolysis.
After pyrolysis, the generated oil was separated from the residual
solid. At 322.5 �C, the CO2 yield (SCO2) of coal TTC4 is only
0.9 mg/g TOC, lower than those of the other six coal samples, par-
ticularly the four coals JKC1, JKC2, JKC3 and TTC1. Therefore, the
higher QIh value for the residual solid at 322.5 �C in comparison
with the QIi value of the initial coal for coal TTC4 is unlikely caused
by decarboxylation but most likely related to structure rearrange-
ment of kerogen as suggested by Killops et al. (2002) and Sykes and
Snowdon (2002). This type of structural rearrangement leads to
more aromatic and phenolic moieties, as well as alkanes, releasable
in Rock-Eval pyrolysis from the residual solid compared to the ini-
tial coal prior to heating for coal TTC4. For coal TTC4, we used the
QIh value at 322.5 �C (233.3 mg/g TOC) as QIi for the initial coal
prior to heating to calculate QIR by formula (1).

Previous studies have demonstrated that the amounts of oil
generated from Type I kerogens in confined pyrolysis are similar
to HI values (Xiang et al., 2016), and therefore, QOGR values are
around 1.0 for these kerogens. For oil-prone kerogens, components
released from open system pyrolysis are dominated by
alkane-alkene pairs, similar in carbon number distribution to nor-
mal oils (e.g., Katz et al., 1991; Tegelaar and Noble, 1994).

The three Jurassic coals JKC1, JKC2 and JKC3 have initial HI val-
ues of 141, 183 and 57 mg HC/g TOC and maximum SO values of
34.8, 39.8 and 14.3 mg/g TOC while the four Triassic coals TTC1,
TTC4, TTC11 and TTC18 have initial HI in the range 223–278 mg
HC/g TOC and maximum SO in the range 44.1–83.2 mg/g TOC
(Table 1). The maximum SO values are clearly positively related
to the initial HI values of the seven coals prior to heating. These
seven coals have maturities of 0.58–0.74 %Ro, in the range for
the maximum HI for coal samples suggested by Sykes and
Snowdon (2002). Killops et al. (1998) suggested a threshold oil
amount of 40 mg/g TOC is needed for oil expulsion from coal. Based
on this threshold value, all three Jurassic coals are ineffective oil
source rocks while all the four Triassic coals are effective oil source
rocks.

4.2. Gas generation at the highly post-mature stage

At 443.2 �C at 2 �C/h (1.87 %Re) or 488.9 �C at 20 �C/h (1.95 %Re),
liquid components are dominated by toluene, xylenes, naph-
thalene, methylnaphthalenes, phenanthrene, and methylphenan-
threnes with very low amount of short chain n-alkanes (Fig. 4f).
These components can be treated as a part of the residual solid
because they generate very little gaseous hydrocarbons during
cracking. At this maturity level, oil-cracking to gas has effectively
been completed. Products for pyrolysis experiments at this and
higher maturities consist only of gases and residual solid.

At the highly post-mature stage (>1.87 %Re), the yields of the
total gaseous hydrocarbons (RC1–5) increase at similar rates with
increasing %Re for the seven coals (Fig. 8a and c) indicating that
the residual solid for the seven coals have similar generative
potentials for gaseous hydrocarbons (GGP) at >1.87 %Re even
though these coals have substantially different initial HI values
ranging from 57 to 278 mg/g TOC prior to heating. GGP values
for residual solid at >1.87 %Re at 443.2 �C at 2 �C/h and >1.95 %Re
at 488.9 �C at 20 �C/h can be calculated using the following formula
(2):

GGP ¼ RC1�5max� RC1�5ð Þ
� 1000= 1000� 0:8� RC1�5 � SCO2 � 12=44ð Þ ð2Þ

Here, RC1–5max is the maximum yield of total gaseous hydro-
carbons (RC1–5). We assume that RC1–5 at the maximum tempera-
ture at 2 �C/h with �4.44 %Re is the RC1–5max. For each g of
organic carbon of the initial coal, the amount of organic carbon
in the generated gaseous hydrocarbons is 0.8 � RC1–5 assuming
that the averaged carbon content in these gas components is
80%. The amount of organic carbon in generated CO2 is
‘‘SCO2 � 12/44” in mg TOC/g TOC (formula 1).

GGP values for the residual solid of the seven coals at 1.87–4.44
%Re at 2 �C/h and 1.95–3.84 %Re at 20 �C/h are shown in Fig. 8b and
d, respectively. GGP values vary within a narrow range for the
seven coals at the same maturities. This result demonstrates that,
at the highly post-mature stage with >1.87 %Re, coals with similar
maturities have similar gas generation potentials even though
these coals have very different initial HI values at immature or
marginally mature stages. David Curry (2019, personal communi-
cation) suggested that there are significant changes in the compo-
sition, structure, and reaction mechanisms in coals and kerogens as
maturation progresses, and as the organic matter evolves from
main-stage thermal cleavage reactions of the primary organic mat-
ter and gradually becomes more condensed and dominated by
reactions of the secondary, neo-formed refractory organic matter
from condensation reactions involving both the kerogen matrix
and the non-expelled organic matter. This result shows that at high



Fig. 8. Gas yields (RC1–5) of the seven coals and gas generative potentials (GGP) for the residual solid of the seven coals at maturities of 1.87–4.44 %Re at a heating rate of 2 �C/
h (a and b) and for 1.95–3.84 %Re at a heating rate of 20 �C/h (c and d).
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levels of maturity (�2 %Re), organic matter acquires an increas-
ingly uniform composition regardless of source.

GGP values are substantially higher than QIh or HIh for the
residual solid of the seven coals recovered from confined pyrolysis
experiments at 443–479 �C at 2 �C/h (1.87–2.51 %Re). Furthermore,
it is noteworthy that products released from residual solids at a
highly post-mature stage in Rock-Eval pyrolysis are overwhelm-
ingly aromatic components, as demonstrated by pyrolysis-gas
chromatograms of post-mature coals (e.g., Boreham et al., 1999)
and residual solids of coals in confined pyrolysis experiments
(e.g., Mansuy et al., 1995; Mansuy and Landais, 1995). The differ-
ences between GGP and QIh values for the residual solids of the
seven coals are shown in Table 2. For residual solids at 443, 467
and 479 �C at 2 �C/h, the differences are 28.0, 21.1 and 20.5 mg/g
TOC respectively for coal TTC18, while they are within the range
33.7–42.8, 32.6–39.3 and 31.3–36.3 mg/g TOC respectively for
the other six coals. This discrepancy between GGP and QIh may
Table 2
Differences between GGP and QIh for residual solids heated at 443–479 �C at 2 �C/h
with %Re values of 1.87–2.51.

443 �C 467 �C 479 �C

JKC1 40.5 37.8 34.4
JKC2 36.2 35.2 33.6
JKC3 33.7 32.6 32.0
TTC1 42.8 38.7 36.2
TTC4 39.3 39.3 31.3
TTC11 39.8 37.2 36.3
TTC18 27.9 21.0 20.5

All data in ‘‘mg HC/g TOC”.
be partly ascribed to the difference in thermal stress level between
Rock-Eval pyrolysis and confined pyrolysis. The %Re value for Rock-
Eval pyrolysis at 600 �C at 25 �C/min is 2.25 while it is 4.44 for the
same temperature in the confined pyrolysis heated at 2 �C/h. As
documented in previous studies (e.g., McNeil and BeMent, 1996;
Erdmann and Horsfield, 2006; Alexander et al., 2011; Pan et al.,
2012; Li et al., 2013, 2016), methane formation in the confined
pyrolysis of coals results from the interaction between kerogen
and free oil components, rather than from the independent crack-
ing of kerogen and free oil. The difference between GGP and QIh
values may also be partly ascribed to the different formation mech-
anisms of methane between confined and open pyrolysis. This
result indicates that at a highly post-mature stage, coals still have
the capability to generate a significant amount of methane with
maturity further increasing even if they have very low S1 + S2 val-
ues (QI < 15 mg HC/g TOC).

Behar et al. (1997) also observed a systematic underestimation
of the late production of methane in Rock-Eval pyrolysis in com-
parison to that obtained in a closed system and suggested that this
underestimation is partly due to a too low final temperature and to
competitive formation of methane and molecular hydrogen in
Rock-Eval pyrolysis. The results of the present study are consistent
with the conclusions made by Behar et al. (1997).
4.3. Kinetic modelling for petroleum generation

4.3.1. Kinetic parameters for oil generation (SO)
Petroleum generation from kerogen is generally described using

a set of parallel first-order reactions with a single frequency factor
and a distribution of activation energies (e.g., Ungerer and Pelet,



Fig. 9. Activation energy distributions and frequency factors for oil generation (left), and the fits of calculated cumulative amounts of oil with measured results (right) for the
four Triassic coals TTC1, TTC4, TTC11 and TTC18.
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1987; Espitalié et al., 1988; Schenk and Horsfield, 1993; Tang et al.,
1996; Behar et al., 1997; Peters et al., 2006, 2015). In the present
study, kinetic parameters were determined for the generation of
oil and hydrocarbon gases using Kinetics 2000 software (Version
1.11), developed by Burnham and Braun (1999). Among the seven
coal samples, coals JKC1, JKC2 and JKC3 are ineffective oil source
rocks, and therefore we only determined the kinetic parameters
for oil generation from remaining four coals.

For coals TTC1, TTC4, TTC11 and TTC18, the measured maxi-
mum SO values are 83.2, 44.1, 67.8 and 62.5 mg/g at 2 �C/h and
83.0, 41.6, 66.6 and 59.7 mg/g TOC at 20 �C/h, respectively. The
maximum SO values for modelling oil generation from these four
coals are 87.5 (83.2/0.95), 46.4 (44.1/0.95), 71.3 (67.8/0.95) and
65.8 (62.5/0.95) mg/g TOC respectively, assuming that the mea-
sured maximum SO values represents 95% of the transformation
ratio considering the overlap between oil generation and cracking
(e.g., Dieckmann et al., 2000; Erdmann and Horsfield, 2006).
Kinetic parameters for oil generation from these four coals were
optimized using the Kinetics 2000 software and are shown in
Fig. 9a–d. The fits of the cumulative oil yields calculated from the
kinetic parameters and measured from confined pyrolysis experi-
ments are shown in Fig. 9e–h. The weighted averaged activation
energies are 52.04, 52.89, 51.64 and 52.96 kcal/mol with the fre-
quency factors 1.26 � 1013 s�1, 1.32 � 1013 s�1, 9.61 � 1012 s�1

and 1.69 � 1013 s�1 respectively for coals TTC1, TTC4, TTC11 and
TTC18 (Table 3). The differences in kinetic parameters for oil gen-
eration among the four coals are minor and well within the analyt-
ical uncertainty. We determined a generalized kinetic model for oil
Table 3
Kinetic parameters for oil and gas formations from Triassic-Jurassic coals.

Ea Fraction (%) Ea Fraction (%) Ea Fr

TTC1 TTC4 TTC11

Oil generation

A = 1.26 � 1013 s�1 A = 1.32 � 1013 s�1 A = 9.61 � 1012

47 5.83 47 5.17 47 9.
50 12.9 48 1.03 51 4.
52 21.9 53 68.6 52 70
53 59.4 54 25.2 53 16

Gas generation (RC1–5)

A = 8.22 � 1013 s�1 A = 1.66 � 1014 s�1 A = 1.67 � 1014

51 0.22 56 3.69 55 5.
55 8.69 58 11.0 58 15
56 2.33 59 7.17 60 6.
59 26.0 61 15.5 61 16
61 9.40 62 2.22 64 13
62 8.35 64 7.83 67 14
65 17.6 65 16.0 72 6.
71 27.4 67 5.19 73 21

72 30.1
73 1.34

JKC1 JKC2 JKC3

Gas generation (RC1–5)

A = 1.17 � 1014 s�1 A = 1.22 � 1014 s�1 A = 8.25 � 1013

51 0.48 51 0.03 51 0.
53 2.13 54 4.75 54 2.
55 3.9 55 1.85 55 4.
57 0.71 58 15.8 58 12
58 12.2 60 9.98 59 3.
59 8.12 61 4.52 61 3.
62 7.99 64 17.2 62 5.
64 9.90 65 6.14 64 17
65 10.4 71 39.8 69 27
71 44.3 72 22

Ea: activation energies in kcal/mol; A: frequency factor.
generation for the Upper Triassic Taliqike Formation coals (TTC)
using the averaged oil yields of these four samples (Fig. 10). The
maximum oil yield for the generalized model is 67.8 mg/g TOC
the activation energy is 52.4 kcal/mol with the frequency factor
1.26 � 1013 s�1 TC (Table 3).

Narrow distributions of activation energy for oil generation
were modeled for the individual coals TTC1, TTC4, TTC11 and
TTC18 and their average (TTC), indicating that the precursors for
oil generation have similar chemical bonds. Killops et al. (1998)
suggested that oil from coals are characteristically paraffinic and
can be considered to derive from a polymethylene component. In
addition to the precursors, this distribution pattern can be also
ascribed to the following two causes:

(1) Previous studies have suggested or demonstrated that kero-
gen or pyrobitumen catalyzes the cracking of oil and wet
gases (Greensfelder et al., 1949; Smith et al., 1989; Pepper
and Dodd, 1995; Schenk et al., 1997; Dieckmann et al.,
1998; Hill et al., 2007; Alexander et al., 2009, 2011; Pan
et al., 2012; Jin et al., 2013; Li et al., 2013, 2016).

(2) In kerogen pyrolysis experiments and natural systems, oil
components are both released from kerogen and incorpo-
rated into kerogen (e.g., McNeil and BeMent, 1996;
Boreham et al., 1999; Dieckmann et al., 2006; Erdmann
and Horsfield, 2006; Pan et al., 2012; Li et al., 2013, 2016).

Given the influence of the solid organic matrix on oil cracking
and the fact that coals generally have a lower ratio of oil/solid kero-
action (%) Ea Fraction (%) Ea Fraction (%)

TTC18 TTC

s�1 A = 1.69 � 1013 s�1 A = 1.26 � 1013 s�1

63 47 7.07 47 5.27
12 48 1.64 48 3.02
.1 53 44.7 49 3.74
.1 54 46.6 53 88.0

s�1 A = 9.16 � 1013 s�1 A = 9.97 � 1013 s�1

06 57 11.4 55 3.82
.8 58 7.88 57 10.4
20 59 19.0 59 19.6
.9 61 10.9 61 9.41
.7 62 6.31 62 7.93
.8 63 10.2 63 1.41
50 64 5.66 64 9.89
.0 67 9.70 66 11.1

68 2.06 71 18.4
71 16.7 72 8.18
72 0.22

JKC

s�1 A = 1.20 � 1014 s�1

8 51 0.55
17 54 1.83
56 55 5.13
.2 58 6.00
83 59 14.8
11 62 7.75
48 64 7.68
.5 65 13.5
.9 71 42.8
.5



Fig. 10. Oil yields and the averaged values of the four Triassic coals at 20 �C/h (a) and 2 �C/h (b); activation energy distribution and frequency factor for oil generation for the
generalized coal TTC (c), determined using the averaged oil yields of the four Triassic coals (d).
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gen than oil-prone source rocks, the maturities and temperatures
for the maximum accumulative oil yields (SO) will be lower com-
pared to oil-prone source rocks. Erdmann and Horsfield (2006)
demonstrated that the temperatures for the maximum oil yield
(RC6+) is significantly lower for gas-prone kerogen Heather (HI
146 mg HC/g TOC) than oil-prone kerogen Draupne (HI of 555 mg
HC/g TOC). In the present experiments, %Re values for the maxi-
mum accumulative oil yields (SO) mainly range from 1.17 to 1.30,
consistent with the pyrolysis experiments on coals conducted by
Li et al. (2013), which are lower than pyrolysis experiments on
oil-prone kerogens conducted by Xiang et al. (2016). At tempera-
tures and maturities higher than those for the maximum accumu-
lative oil yields (SO), oil generation rate is lower than the rate of oil-
cracking and incorporation to kerogen. In this case, oil generation
is actually invalid because the amount of the generated oil is
unable to be determined and incorporated into the modeling of
kinetic parameters for oil generation. It can be expected that in
natural systems oil generation and expulsion is actually completed
when the oil generation rate is lower than the rate of oil cracking
and incorporation into kerogen. As a result, the distributions of
activation energies for oil generation from coals generally do not
include an Ea distribution with higher values.

4.3.2. Kinetic parameters for generation of total gaseous hydrocarbons
(RC1–5)

Kinetic parameters for the generation of total gaseous hydrocar-
bons (RC1–5) for the seven coals were determined using Kinetics
2000 software (version 1.11; Burnham and Braun, 1999), based
on the measured yield data at the two heating rates of 20 �C and
2 �C/h in confined pyrolysis. The obtained kinetic parameters and
the fits of the cumulative yields of total gaseous hydrocarbons cal-
culated from the kinetic parameters and measured from confined
pyrolysis experiments are shown in Table 3 and Figs. 11 and 12.
The weighted averaged activation energies for gas generation are
64.7, 65.2 and 65.3 kcal/mol with frequency factors
1.17 � 1014 s�1, 1.22 � 1014 s�1 and 8.25 � 1013 s�1, respectively
for coals JKC1, JKC2 and JKC3 within the Middle Jurassic Kezilenuer
Formation (J2k), and 63.4, 65.0, 64.7 and 62.8 kcal/mol with fre-
quency factors 8.21 � 1013 s�1, 1.66 � 1014 s�1, 1.67 � 1014 s�1

and 9.16 � 1013 s�1, respectively for coals TTC1, TTC4, TTC11 and
TTC18 within the Upper Triassic Taliqike Formation (T3t). We fur-
ther determined the kinetic parameters for two generalized sam-
ples, JKC and TTC, using the averaged gas yields for the three
coals within the Middle Jurassic Kezilenuer Formation (J2k) and
four coals within the Upper Triassic Taliqike Formation (T3t), to
predict gas generation from coal beds within these two formations
(Figs. 13 and 14). Kinetic parameters for gas generation and the fits
of the cumulative yields of total gaseous hydrocarbons calculated
from the kinetic parameters and measured from confined pyrolysis
experiments for these two generalized coals JKC and TTC are
shown in Table 3 and Figs. 13 and 14.

4.3.3. Generation of gaseous hydrocarbons in a natural (semi-open)
system

For coal pyrolysis experiments in a confined (closed) system,
both kerogen and the generated oil components produce gaseous
hydrocarbons via complicated reaction pathways. In natural
(semi-open) systems, oil expulsion occurs from the coals when
the amount of the generated oil is higher than the threshold value
for oil expulsion, (e.g., 40 mg/g TOC; Killops et al., 1998). Oil expul-



Fig. 11. Activation energy distributions and frequency factors for gas generation (left), and the fits of calculated cumulative amounts of gases with measured results (right)
for the three Jurassic coals.
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sion leads to the reduction of the maximum accumulative yield of
gaseous hydrocarbons generated from the coal source rocks.

For coals JKC1, JKC2 and JKC3 within the middle Jurassic Kezile-
nuer Formation (J2k), the maximum accumulative oil yields are
lower than the threshold value for oil expulsion. Oil expulsion does
not occur in the natural system. The maximum accumulative gas
yields in the natural system are the same as in confined experi-
ments. In contrast, for coals TTC1, TTC4, TTC11 and TTC18 within
the Upper Triassic Taliqike Formation (T3t), the maximum accumu-
lative oil yields are higher than the threshold value for oil expul-
sion. Oil expulsion would occur in the natural system during the
oil generation stage. Xiang et al. (2016) presented an approach to
predict the amount of expelled oil and the accumulative yield of
gaseous hydrocarbons after oil expulsion. The maximum accumu-
lative gas yields in the natural system for the four Triassic coals can
be calculated using this method.
4.4. Hydrocarbon generation from Kuqa depression

Petroleum generation from coals within the Upper Triassic
Taliqike Formation (T3t) and the middle Jurassic Kezilenuer
Formation (J2k) was modelled using kinetic parameters of the gen-
eralized coals TTC and JKC (Table 3) under a geological condition of
5 �C/My (Table 4, Fig. 15). The amounts of oil and gaseous hydrocar-
bons are very low at %Re values of 0.65 and 1.00, the generalized
thresholds for onset and peak oil generative window for both coals.
Coal TTC has an oil yield >40 mg/g TOC at 1.08 %Re and 158.6 �C,
reaching the threshold for oil expulsion (Killops et al., 1998). In a
closed system without oil expulsion, coal TTC would have gas yield
higher than 20 mg/g TOC at 1.52 %Re and 183.8 �C, reaching the
threshold for gas expulsion (Pepper and Corvi, 1995b). However,
in a semi-open system with efficient oil expulsion, coal TTC would
reach the threshold for gas expulsion at 1.59 %Re and 186.6 �C. Coal



Fig. 12. Activation energy distributions and frequency factors for gas generation (left), and the fits of calculated cumulative amounts of gases with measured results (right)
for the four Triassic coals.
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JKC reaches the threshold for gas expulsion at 1.76 %Re and 193.6 �C
(Table 4, Fig. 15).

The burial and thermal histories for the Triassic–Jurassic strata
in the central area of the Kuqa Depression can be divided into two
stages: a slow burial from the sedimentation to Neogene (12 Ma)
and a rapid burial after about 12 Ma (Liang et al., 2003; Zhao
et al., 2005). During the first stage, these strata were buried over
6 km deep with temperature over 160 �C and up to 1.50 %Ro. At



Fig. 13. Gas yields and the averaged values of the three Jurassic coals at 20 �C/h (a) and 2 �C/h (b), activation energy distribution and frequency factor for gas generation for
the generalized coal JKC (c), determined using the averaged gas yields of the three Jurassic coals (d).
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the second stage, these strata were buried over 10 km deep with
temperature over 280 �C and over 2.50 %Ro (Liang et al., 2003;
Zhao et al., 2005). Furthermore, a rapid uplift and erosion likely
occurred in the whole Kuqa Depression during the Quaternary
based on tectonic and geographic settings (Fig. 1; Zhang et al.,
2011; Guo et al., 2016), so it is difficult to reconstruct the burial
histories and estimate the maturities for the Triassic–Jurassic coaly
source rocks, which are possibly even higher than those suggested
by Zhao et al. (2005).

The maturities of the Triassic–Jurassic source rocks can be also
inferred from the dryness ratios (C1/RC1–5) of gaseous hydrocar-
bons from gas reservoirs in the depression. This ratio ranges from
0.96 to 1.00 for major giant gas fields in the Kelasu Structural Belt
(KSB) in the central area of Kuqa depression (Zhao et al., 2005;
Zhang et al., 2011; Wang, 2014; Guo et al., 2016). In particular, this
ratio ranges from 0.996 to 1.000 for gas fields KL2 and KS2, the two
largest gas fields in this belt, as well as in the whole Tarim Basin
(Wang, 2014), suggesting that the source maturities are extremely
high. Within this belt, a number of giant gas fields have been found
with total in-place gas reserves over 1 � 1012 m3 (Wang et al.,
2013; Wang, 2014). Furthermore, it is expected that additional
gas reservoirs with total in-place gas reserves up to 1 � 1012 m3

could be discovered within this belt in the near future (Wang
et al., 2013; Wang, 2014). The elevated maturities (%Ro > 2.0) are
crucial for coaly source rocks to generate and expel sufficient gas-
eous hydrocarbons for the formation of giant gas fields in the Kuqa
depression (Table 4 and Fig. 15). Coal TTC within the Upper Triassic
Taliqike Formation (T3t) obviously generated a higher amount of
gaseous hydrocarbons than coal JKC within the Middle Jurassic
Kezilenuer Formation (J2k) due to higher gas generative potential
and maturity (Fig. 15).

Dieckmann et al. (2006) and Erdmann and Horsfield (2006) doc-
umented the enhanced late gas generation from the cracking of
highly stable substituents from the recombined bitumen in source
rocks with Type III kerogen, and suggested that this type of high
maturity methane can be found in the North Sea where source
rocks within the Heather Formation are deeply buried at tempera-
ture >200 �C and in the Mackenzie Delta where source rocks within
the Taglu Sequence or similar sequences have maturities >2.5 %Ro.
We conclude that the gas fields KL2 and KS2 in the Kuqa Depres-
sion (Fig. 1) are the type of reservoirs that accumulated high matu-
rity methane.

4.5. Mechanism for gas generation at a highly post-mature stage

At 2.19 %Re, gas yields (RC1–5) of the generalized coals JKC and
TTC models are about 27.5 and 50.5 mg/g TOC, contributing about
32% and 44% of the maximum gas yields of these two coals at 4.44
%Re, respectively (Table 4), consistent with previous studies on
coal pyrolysis (Li et al., 2013; Xu et al., 2017). Dieckmann et al.
(2006) and Erdmann and Horsfield (2006) suggested that the
recombination reactions of liquid products released from Type III
kerogen at low levels of maturation result in the formation of a
thermally stable bitumen, which is the major source of methane
at very high maturity. Li et al. (2013) suggested that in coal pyrol-
ysis experiments the major portion of methane shares a common
initial precursor with wet gases, i.e., free and bound liquid alkanes
because d13C values of the accumulated methane at the maximum



Fig. 14. Gas yields and the averaged values of the four Triassic coals at 20 �C/h (a) and 2 �C/h (b); activation energy distribution and frequency factor for gas generation for the
generalized coal TTC (c), determined using the averaged gas yields of the four Triassic coals (d).

Table 4
Accumulative oil and gas yields from JKC and TTC coals at 5 �C/My.

%Re T (�C) JKC RC1–5-C TTC SO-G TTC SO-E TTC RC1–5-C TTC RC1–5-SO

0.65 116.6 0.23 4.48 0 0.003 0.002
1.00 154.4 3.01 28.7 0 1.55 1.38
1.08 158.6 4.28 40.7 0.76 2.70 2.41
1.21 167.0 6.73 63.6 24.4 6.48 5.78
1.37 175.0 8.74 67.7 28.7 12.1 10.8
1.52 183.8 13.0 67.8 28.7 20.6 18.4
1.59 186.6 15.1 67.8 28.7 23.7 21.1
1.76 193.6 20.9 67.8 28.7 32.4 28.9
1.99 203.4 25.5 67.8 28.7 44.0 39.2
2.19 210.4 27.5 67.8 28.7 50.3 44.9
2.49 221.6 33.0 67.8 28.7 60.8 54.2
3.00 238.4 44.3 67.8 28.7 73.5 65.6
3.50 255.2 49.8 67.8 28.7 83.6 74.6
4.01 276.2 59.7 67.8 28.7 90.4 80.6
4.44 300 85.3 67.8 28.7 112.9 100.7

RC1–5-C: gas yield (RC1–5) in closed system; RC1–5-SO: gas yield (RC1–5) in semi-open system; SO-G: the amount of generated oil; SO-E: the amount of expelled oil; All yield
data in mg/g TOC.
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4.44 %Re are close to those of the initial wet gases, especially pro-
pane). According to the reaction model of McNeil and BeMent
(1996), alkane moieties attached to aromatic rings in the solid
kerogen cleave preferentially under thermal stress at the position
between the first and second carbon atoms leading to a methyl
group attaching to the aromatic rings and formation of an alkyl
radical with one carbon shorter than the original alkyl group. Fur-
ther rupture of the methyl group from the aromatic rings leads to
the formation of methane. As a result, methane is the dominant
component in gaseous hydrocarbons generated from source rocks.
The maximum accumulative oil yields are substantially lower
than the maximum accumulative gas yields in the present study
(Table 4, Fig. 15), as well as in previous studies on coal pyrolysis
experiments (Li et al., 2013; Xu et al., 2017), suggesting that liquid
alkanes generated in the oil generative window only contribute a
minor portion of the bound alkyl groups in the initial coals. The
major portion of the initial bound alkyl moieties remains attaching
to aromatic rings in residual kerogen even at high maturity up to
2.20 %Re with further increases in the precursor for methane for-
mation as maturity increases. As a consequence, oil generation



Fig. 15. The predicted cumulative amounts of oil generated and expelled, and total gaseous hydrocarbons (RC1–5) generated in closed and semi open systems for both the
generalized coals JKC and TTC under geological conditions of 5 �C/my vs temperature (left) and %Re (right). SO-G: the cumulative amount of oil generated; SO-E: the
cumulative amount of oil expelled.
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and expulsion occurs within a narrow maturity range (Fig. 15), due
to the narrow distribution of activation energies for humic coals
(Fig. 9). It can be envisaged that within the early oil generative
window, the released alkyl radical can capture a hydrogen radical
and form an alkane. At high maturity within the gas generative
window, this released alkyl radical may immediately attach back
to aromatic rings of solid kerogen. In addition, the free alkanes
can attach back to solid kerogen (McNeil and BeMent, 1996;
Boreham et al., 1999; Erdmann and Horsfield, 2006; Li et al.,
2013, 2016).
5. Conclusions

In confined pyrolysis experiments, four coals (TTC1, TTC4,
TTC11 and TTC18) within the Triassic Taliqike Formation (T3t) with
HI ranging from 223 to 278 mg HC/g TOC have maximum oil yields
ranging from 46.4 to 87.5 mg/g TOC and maximum gas yields
(RC1–5) ranging from 107.2 to 120.9 mg/g TOC. Three coals (JKC1,
JKC2 and JKC3) within the Jurassic Kezilenuer Formation (J2k) with
HI ranging from 57 to 183 mg HC/g TOC have maximum oil yields
ranging from 14.3 to 39.8 mg/g TOC and the maximum gas yields
(RC1–5) ranging from 70.1 to 95.1 mg/g TOC.

Mass balance results from within the oil generative window
demonstrate that only a portion (38–53%) of the releasable moi-
eties measured by Rock-Eval pyrolysis contributed to the forma-
tion of oil and gaseous hydrocarbons, while the other portion
(47–62%) of these moieties was rearranged and incorporated into
polyaromatic residual solids.

At high maturities (%Re > 1.87), gas generative potentials
(RC1–5, GGP) for the residual solid are very similar among the seven
coals, and are substantially higher than theQI values ((S1 + S2)/TOC)
of the residual solidwith the differences ranging from 20 to 40 mg/g
TOC. This can be ascribed to the differences both in methane forma-
tionmechanisms and thermal stress level between Rock-Eval pyrol-
ysis (2.25 %Re) and confined pyrolysis (4.44 %Re).

For the four Triassic coals that are effective oil source rocks with
maximum oil yield >40 mg/g TOC, the weighted average activation
energies for oil generation range from 51.6 to 53.0 kcal/mol with
frequency factors ranging from 9.61 � 1012 s�1 to 1.69 � 1013 s�1.
The distributions of activation energies for oil generation from
these four coals are narrow, indicating that the precursors possess
similar chemical bonds that are cleaved for oil generation. This fea-
ture can be also partly ascribed to the concept that only a limited
portion of the bound alkanes in the initial coal can be released as
oil components.
The weighted average activation energies for gas generation
range from 64.7 to 65.3 kcal/mol with frequency factors ranging
from 8.25 � 1013 s�1 to 1.22 � 1014 s�1 for the three Jurassic coals
and range from 62.8 to 65.0 kcal/mol with frequency factors rang-
ing from 8.21 � 1013 s�1 to 1.67 � 1014 s�1 for four Triassic coals.
Only a minor portion of gaseous hydrocarbons, about 32% and
44%, respectively for the Jurassic coals and Tisassic coals is gener-
ated at up to 2.19 %Re while the major portion is generated at
higher maturities.

Kinetic parameters of the generalized coals JKC and TTC for oil
and gas generation were determined from the average yields of
the three Jurassic coals and four Triassic coals, respectively. Under
natural conditions with aheating rate of 5 �C/My, the generalized
Jurassic coal JKC and Triassic coal TTC can be effective gas source
rocks with gas yield >20 mg/g TOC at %Re >1.76 and 1.59, respec-
tively. The abundant gaseous hydrocarbons found in the Kuqa
Depression can be mainly ascribed to highmaturities of coal source
rocks (%Ro > 2.0), especially Triassic coal source rocks, in combina-
tion with excellent seal of thick salt and gypsum for the gas
reservoirs.
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Appendix A. Analyzed and calculated parameters
Description
Gross Parameters

TOC
 Total organic carbon content (%) analyzed by Leco-

230C/S

%Ro
 Vitrinite reflectance
Rock-Eval Pyrolysis using IFP Rock–Eval 6

S1
 Free or adsorbed hydrocarbons (mg HC/g Rock)

S2
 Hydrocarbons generated by pyrolytic degradation of

the kerogen (mg HC/g Rock)
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Appendix A (continued)
Description
S3
 CO2 generated by pyrolytic degradation of the kerogen
(mg CO2/g Rock)
Tmax
 Temperature corresponding to the maximum of
hydrocarbon generation (�C)
HI
 Hydrogen Index = S2/TOC (mg HC/g TOC)

QI
 Quality Index = (S1 + S2)/TOC (mg HC/g TOC)

OI
 Oxygen Index = S3/TOC (mg CO2/g TOC)
Confined Pyrolysis Yields (mg/g TOC)

RC1–5
 Yield of total hydrocarbon gases

RC8+
 Yield of liquid components measured from gas

chromatograms using internal standards

SO
 Oil yield calculated from RC8+ using a correction

factor 1.776 (1/0.563)

SOG
 Total yield of oil and hydrocarbon gases = RC1–5 + SO

SCO2
 Yield of CO2
Calculated Parameters

QIR
 Quality index reduction values calculated from

formula (1)

QOGR
 Ratio of QIR to SOG (QIR/SOG)

GGP
 Gas generative potential (mg/g TOC) calculated from

formula (2)
Appendix B. Supplementary materials

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.orggeochem.2019.04.007.
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