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ARTICLE INFO ABSTRACT

Keywords: Gas generation from shale source rocks typically occurs via cracking of both kerogen and retained oils, such that
Shale it is difficult to predict and compare gas generation potentials of different shales because they are related not
Kerogen only to the kerogen type but also to the oil expulsion efficiency. In this study, five different shale kerogen
Pyrolysis experiment samples were pyrolyzed in sealed gold tubes to investigate how kerogen type and oil expulsion efficiency affect
Extractable organic mfitter their gas generation after oil-window maturity. The results illustrate that the maximum extractable organic
Gas generation potential . . . . . .

Shale gas matter (EOM) and gas generation potentials of different original shale kerogens (O-kerogen) in a closed system
vary widely in the range of 229-790 mg/g TOCox and 308-594 mL/g TOCoy, respectively. However, the gas
yields of different residual shale kerogens (R-kerogen) with a starting equivalent vitrinite reflectance (EqQVRo)
value of approximately 1.22% are quite similar and vary between 131 and 145 mL/g TOCgx. Pyrolysis experi-
ments also reveal that the late gas generation potential (EQVRo > 1.22%) of shale is mainly controlled by the
amount of retained EOMs rather than kerogen type. When the shale source rocks containing types I and II
kerogens have the same amount of retained EOMs, their gas generation potentials are quite similar. Under most
geological conditions, the late gas generation potentials of shale source rocks, normalized to the TOC of matured
shale at 1.22% EqVRo (TOCgpale), Vary approximately in the range of 180-300 mL/g TOCgpaie. TO reach a gas
content of 3 m?>/ton shale for the present-day overmature shale gas exploration in the Lower Palaeozoic shales of
South China, a conservative present-day TOC (TOC,q4) value of 2.0% is proposed as a screening parameter that

can eliminate the risk of insufficient gas generation potential as much as possible.

1. Introduction

Gas exploration practice has shown that sufficient gas generation
potential is one of the prerequisites for the formation of both conven-
tional and unconventional gas pools (Galimov, 1988; Dai et al., 1997;
Jarvie et al., 2007; Jarvie, 2012a). It has been recognized that, in ad-
dition to gas-prone source rocks containing type III kerogen or coals,
organic-rich shale source rocks containing type I and II kerogens also
have the ability to generate sufficient gas to form conventional gas
reservoir and/or shale gas reservoir through cracking of retained oils in
them (Curtis, 2002; Zhao et al., 2005; Hill et al., 2007; Jarvie et al.,
2007; Jarvie, 2012a; Ma et al., 2007, 2008; Hao et al., 2008; Dai et al.,
2014; Zou et al.,, 2014). Shale gas exploration activities in North
America illustrate that the gas contents are largely positively related to
the total organic carbon (TOC) content of shales (Curtis, 2002; Jarvie,
2012a), and the TOC content is usually used to screen the prospect area
in the early stage of shale gas exploration because it is not only a
measure of gas generation potential but also acts as a key control of

porosity of shales (Jarvie et al., 2007; Jarvie, 2012a; Curtis et al., 2012;
Modica and Lapierre, 2012; Tian et al., 2013, 2015). At present, the
cutoff value of TOC such as 1.0 or 2.0% is mainly estimated based on
local exploration results (Curtis, 2002; Hill et al., 2007; Jarvie et al.,
2007; Jarvie, 2012a). Therefore, a variable cutoff value of TOC would
be expected when different shales and geological conditions are con-
sidered.

The term “late gas”, sometimes also called “mature gas”, usually
refers to the hydrocarbon gas generated after the main stage of oil
generation (Tissot and Welte, 1984; Lorant and Behar, 2002). Many
factors may affect the late gas potential of shales, including kerogen
type, oil expulsion efficiency, and thermal maturity levels (Behar et al.,
1995, 1997; Pepper and Corvi, 1995; Erdmann and Horsfield, 2006; Jia
et al.,, 2014; Gai et al., 2015). While the kerogen type and thermal
maturity are relatively easy to determine, the oil expulsion efficiency of
a shale bed is quite difficult to quantitatively evaluate because it may be
affected by many geological factors, including the amount and physical
property of oils generated, the migration pathway, the temperature and
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pressure conditions of geological system, and so on (Leythaeuser et al.,
1988; Sandvik et al., 1992; Lafargue et al., 1994; Pepper and Corvi,
1995; Ritter, 2003; Eseme et al., 2007; Uguna et al., 2012; Ziegs et al.,
2017). In fact, oil expulsion efficiency measures only the proportion of
oil that was expelled out of the source rocks (Cooles et al., 1986; Pepper
and Corvi, 1995; Eseme et al., 2012); the amount of retained oils, which
is jointly controlled by both oil generation potential and expulsion ef-
ficiency, directly determines the contribution of oil cracking gas to the
late gas generation potential of shales (Jarvie et al., 2007; Jia et al.,
2014; Gai et al., 2015). In addition, some retained EOM can be re-
incorporated back into the residual kerogen and the neo-formation of
more thermally stable organic matter may account for the late gas
potential of overmature source rocks (Dieckmann et al., 2006; Erdmann
and Horsfield, 2006; Mahlstedt et al., 2008; Mahlstedt and Horsfield,
2012). Mahlstedt and Horsfield (2012) conducted a systematic in-
vestigation on this topic and found that heterogeneous Type III or
mixed II/III kerogens have a greater late gas potential than homo-
geneous Type I kerogen, indicating that aromatic and/or phenolic sig-
natures are indicative of the possible presence of elevated late gas po-
tential at high maturities.

Gas generation potentials of kerogens and crude oils are usually
studied through laboratory pyrolysis experiments (Braun and Burnham,
1990; Behar et al., 1995, 1997; Pepper and Corvi, 1995; Berner and
Faber, 1996; Dieckmann et al., 1998; Lorant and Behar, 2002; Erdmann
and Horsfield, 2006; Hill et al., 2003, 2007; Jia et al., 2014; Xie et al.,
2015). It has been recognized that oil cracking can produce a large
amount of hydrocarbon gases during maturation process (Ungerer,
1988; Ungerer, 2003; Dieckmann et al., 1998; Hill et al., 2003; Tian
et al., 2006, 2009, 2012) and the amount of retained oil is the main
factor affecting the potential and evolution process of gas generation for
shales, in particular for shales containing oil-prone kerogens (Hill et al.,
2007; Jarvie et al., 2007; Jia et al., 2014; Gai et al., 2015). Previous
studies either focused on a single type of shale source rock/kerogen
(Gai et al., 2015; Xiong et al., 2016) or assumed specific oil expulsion
conditions (Jia et al., 2014; Xie et al., 2015) to investigate the gas
potential of shales, but the understanding and comparison of gas gen-
eration potential of different types of shale source rocks after oil ex-
pulsion still requires further investigation. In this study, five low-ma-
turity shale samples were used to isolate original kerogen and prepare
artificially matured kerogen samples, and the solvent-extractable or-
ganic matter (EOM) and gas generation potentials of the two series of
kerogen samples were then investigated and compared via pyrolysis
experiments, which may help evaluate the late gas generation potential
of overmature shale source rocks required in shale gas exploration.

2. Samples and experiments
2.1. Geological background

Five shale core samples used in the present study were collected
from two petroliferous basins: the Songliao Basin and the Bohai Bay
Basin, in China (Table 1; Fig. 1a).

The Songliao Basin, which is one of the largest Meso-Cenozoic
continental petroliferous basins in the world, is superposed onto a
Palaeozoic basement in northeastern China and consists of six first-
order tectonic units (Fig. 1b), including the Southwestern Uplift,
Southeastern Uplift, Northeastern Uplift, Northern Plunge, Western
Slope, and the Central Depression (Feng et al., 2010). As illustrated in
Fig. 1c, the Upper Cretaceous sedimentary sequence comprises the
Qinshankou (K,qn), Yaojia (Koy), Nenjiang (Kon), Sifangtai (Kos), and
Mingshui (Kom) formations, and the first members of Kyn and Kaqn
formations (i.e., Kon' and Kpqn') are the main source rocks in the
Songliao Basin and were formed under the depositional environments
of mediate-deep lakes (Jia et al., 2013; Cao et al., 2017).

The Bohai Bay Basin is a Cenozoic rift basin located in the eastern
coast of China (Ye et al., 1985; Hsiao et al., 2004) and consists of seven
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Table 1
Geochemical information of the shale samples obtained in this study.

Sample Basin Formation Well Depth (m) TOC (%) Ro (%)

A Central Cretaceous H151 1807.4 2.82 0.71
Depression Nenjiang Fm
Songliao Basin

B Jiyang Eocene X47 2622.6 7.92 0.58
Subbasin Shahejie Fm
Bohai Bay
Basin

C Jiyang Eocene L10 3288.0 2.51 0.64
Subbasin Shahejie Fm
Bohai Bay
Basin

D Jiyang Eocene S743  3328.6 1.75 0.69
Subbasin Shahejie Fm
Bohai Bay
Basin

E Jiyang Eocene S743  3398.1 1.39 0.74
Subbasin Shahejie Fm
Bohai Bay
Basin

sub-basins, including the Linqing, Jizhong, Jiyang, Huanghua, Boz-
hong, Liaodong Bay, and Liaohe subbasins (Fig. 1d; Allen et al., 1997;
Feng et al.,, 2016). Within the basin, the Paleogene sedimentary se-
quence comprises the Kongdian (E,), Shahejie (Es), and Dongying (E3)
formations that were deposited primarily in lacustrine environments
(Fig. le; Hu et al., 2001; Hao et al., 2011; Ma et al., 2017). The Shahejie
Formation, which is the most important oil generating strata and re-
servoirs in the Bohai Bay Basin, is divided into four members and
numbered as Es', Es?, Es®, and Es* from top to bottom (Fig. le; Guo
et al., 2012; Ma et al., 2017).

2.2. Sample information

2.2.1. Shale core samples

One shale core sample was collected in the first member of the
Nenjiang Formation (K;n') with a present burial depth of 1807.4 m
from well H151 in the Central Depression, the Songliao Basin (Fig. 1b),
and was named ‘Sample A’. This shale sample has a total organic carbon
(TOC) content of 2.82% with a vitrinite reflectance (Ro) of 0.71%
(Table 1).

Four other shale core samples were collected from the Shahejie
Formation in the Jiyang Subbasin, the Bohai Bay Basin, and were
named ‘Sample B, C, D, and E’, respectively. The Sample B is from the
upper Es* Member of well X47 with a current burial depth of 2622.6 m,
the Sample C is from the lower Es®> Member of well L10 with a present
burial depth of 3288.0 m, and the other two samples D and E are both
from the upper Es®> Member of well S743 and their respective burial
depths are 3328.6 m and 3398.1 m (Table 1; Fig. 1d, e). As shown in
Table 1, these four shale samples have respective TOC values of 7.92%,
2.51%, 1.75%, and 1.39%. The respective Ro values for Samples B, C,
D, and E are 0.58%, 0.64%, 0.69%, and 0.74%. All the samples are in
low maturity stage with respect to gas generation.

2.2.2. Sample preparation

The five shale samples were first crushed into powders (100 mesh)
and then treated with hydrochloric and hydrofluoric acids (HCI and HF)
to obtain original kerogen (O-kerogen) samples. Then these five O-
kerogen samples were pyrolyzed in sealed quartz tubes at 380 °C for
24h (Ro = 1.22%, measured from Sample E) and extracted with a
methanol: acetone: benzene mixture (M: A: B = 2:5:5) for 72h to re-
cover the generated extractable organic matters (EOMs). The organic
matter left in the pyrolyzed O-kerogen is termed residual kerogen (R-
kerogen).

The organic geochemical characteristics of the five O-kerogen
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Fig. 1. Schematic maps showing the sampling locations. (a) Geographical location of the Bohai Bay Basin and the Songliao Basin. (b) First-order structural units of
the Songliao Basin. (c) Stratigraphic columns of Upper Cretaceous sequence in the Songliao Basin. (d) Sub-basins of the Bohai Bay Basin. (e) Generalized Cenozoic
stratigraphy of the Bohai Bay Basin. (b) and (c) are modified from Cao et al. (2017), and (d) and (e) are modified from Ma et al. (2017).

samples are listed in Table 2. Briefly, the Rock-Eval hydrogen index
(HI) values for the five O-kerogen samples are in the range of
279-838 mg HC/g TOCpk. The TOCok here is used to indicate the TOC
of O-kerogen samples. The original kerogen samples were plotted in the
HI versus Tmax diagram adapted from Mukhopadhyay et al. (1995),
illustrating that the organic matter in Sample A is typical of type I
kerogen, Sample E contains type IIB kerogen which likely correspond to
a mixture of terrestrial and aquatic organic matter, and the other three
samples (B, C, and D) contain mainly type IIA kerogen (Fig. 2). Com-
pared with the classification scheme of Peters and Cassa (1994), the
Type IIA and Type IIB in this study are somehow equivalent to Type II
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and Type II/III. After the O-kerogen samples were artificially matured
to Ro = 1.22%, the HI values for the residual kerogen (R-kerogen)
samples are in the range of 17-39 mg HC/g TOCgx (Table 2), indicating
that their EOM potential is minor at further elevated thermal matura-
tion. The TOCg here is used to indicate the TOC of R-kerogen samples.

2.3. Pyrolysis experiment
Anhydrous pyrolysis experiments on the five O-kerogen samples and

the five R-kerogen samples were performed using sealed gold tubes.
Experimental details of this procedure have been described in literature
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Table 2

Geochemical characteristics of the kerogen samples used in the pyrolysis experiments.
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Sample TOCox (%) S; (mg/g) S, (mg/g) Tmax (°C) HI (mg/g TOCox) Kerogen type
O-kerogen A 62.5 29.5 523.3 441 838 I
O-kerogen B 57.9 12.1 358.5 427 619 IIA
O-kerogen C 50.6 13.4 307.1 438 607 IIA
O-kerogen D 47.8 12,6 188.3 439 394 1A
O-kerogen E 52.4 22.6 145.9 437 279 1B
Sample TOCgxk (%) S, (mg/g) S, (mg/g) Tmax (°C) HI (mg/g TOCrk)
R-kerogen A 40.2 0.61 14.67 474 36
R-kerogen B 46.7 0.84 18.29 463 39
R-kerogen C 40.5 0.68 9.61 470 24
R-kerogen D 43.3 0.37 7.23 472 17
R-kerogen E 50.6 0.39 9.73 468 19
1000 the gold tube was immerged and opened in an 8-mlL vial filled with
RN = Sample A MARB solvent as used for EOM extraction in Section 2.2. After two 30-
Typel = RSN A Sample B min periods of ultrasonication, the vials with gold tubes were settled for
S 800 | Nie o Sample C 12 h. The solution in the vials was then filtered using a pre-extracted
UO \\ + Sample D organic filter membrane (0.8 um pore size). The organic solvent was
) TTe~~ - \ # Sample E allowed to evaporate at room temperature and atmospheric pressure
= 600 LN “ until the weights of the filtrates were constant. Note that this procedure
~ . . - .
%‘J TypeIIA N \ will lose the weight of volatile components such as gases and some light
T A9 “ hydrocarbons, and such an underestimated yields of EOMs would lead
gp 400 - - * v to an overestimation of the gas potential of EOM-cracking gas. Never-
é L TypeIIB -l: - \\ “ theless, these volatile components only account for a small part (ap-
E RN & \\\ proximately 3-7%) of the generated EOMs at the maturity of maximum
200 F - —m~o - N \\‘ cumulative EOM yield for Type I and II kerogens (Behar et al., 1997). As
S< ~ . . . .
Type III s S Vs the present study is mainly focused on gas generation and the maximum
R ~ ~ ~ . . . . .
ik EOM yield is only used to estimate the secondary cracking gas potential
0410 " 4;0 — 4;0 — 4;0 R 190 of retained EOMs, we did not perform a rigorous mass balance for all
o pyrolysates as required by compositional kinetic studies (Behar et al.,
Tmax (°C) 1997, 2006; Mahlstedt et al., 2008).

Fig. 2. Plot of the Rock-Eval Hydrogen Index (HI) versus Tmax for the five O-
kerogen samples. Classification of kerogen types adapted from Mukhopadhyay
et al. (1995). The TOCp is used to indicate the TOC of O-kerogen samples.

(e.g., Xiao et al., 2005; Tian et al., 2012; Gai et al., 2015) and may be
summarized as follows. Kerogen samples (50-200 mg) were filled into
gold tubes that were pre-welded at one end (60 mm in length, 4 mm in
inner diameter and 0.2 mm in wall thickness); each tube was flooded
for 25 min with high purity argon to displace the residual air in the
tube, then welded under the protection of argon gas and loaded into a
stainless steel vessel.

Two types of pyrolysis experiments were performed in this study.
The first one is mainly to investigate the oil (represented by EOM)
generation potentials of the five O-kerogen samples, and the second is
focused on the difference in gas generation between the O-kerogens and
R-kerogens. Both types of pyrolysis experiments were conducted at a
confining pressure of 50 MPa. The experimental temperature for the oil
generation was first programmed from room temperature to 240 °C in
10h, and then to 440°C at a heating rates of 20°C /h; for the gas
generation experiment, the pyrolysis temperature was increased from
room temperature to 240 °C in 10h and subsequently to 600 °C at a
heating rate of 2 °C/h. During experiments, the accuracy of temperature
measurements was better than = 0.5°C and the accuracy of pressure
measurements was + 1 MPa. Once the target temperature was ap-
proached, the individual stainless vessel was withdrawn from the oven
and rapidly cooled by quenching it in water.

2.4. Products analysis

For quantitative analysis of the EOM generated from O-kerogens,
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Carbon content of the EOM recovered at its peak yield was analyzed
using a Vario EL III instrument (Elementar Analysensysteme GmbH).
The experimental temperatures of the oxidation oven and reduction
furnace were 1150 °C and 850 °C, respectively. Acetanilide (carbon
element content of 71.09%) was used as a standard sample for cali-
bration. The error ranges are less than + 0.2%.

Gas composition of pyrolytic gases was analyzed using an Agilent
7890A gas chromatograph (GC) modified by Wasson ECE
Instrumentation. The GC employed a Poraplot Q capillary column
(30m X 0.25mm X 0.25 pm) with helium as carrier gas. The gas was
injected into GC oven at a column temperature of 70 °C (held for 6 min),
then the temperature was programmed at a rate of 15 °C/min to 180 °C
and held for 4 min. The amounts of gaseous hydrocarbons (C;—Cs) were
quantified using an external standard method with a relative error <
0.5% (Pan et al., 2012). The gas volumes measured and reported in the
present study are at SATP conditions (Standard Ambient Temperature
and Pressure) with temperature of 25 °C and pressure of 101.325 kPa.
At these conditions, one mole of an individual gas has a volume of
approximately 24.5L, and thus the gas yield measured in weight could
be easily obtained with knowing the molecular weight of a specific gas.

2.5. Maturity calculation

In this study, the temperatures of the pyrolysis experiments were
transformed into equivalent vitrinite reflectance (EqVRo) values for
geological extrapolation. The experimental temperatures were first
transformed into Easy%Ro values with the Easy%Ro model of Sweeney
and Burnham (1990). The Easy%Ro model uses a chemical kinetic
scheme to estimate a parameter known as the vitrinite conversion index
(VCD), and the Easy%Ro value is then calculated from VCI using an
empirical equation. However, Tang et al. (1996) found that the
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Table 3
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Yields of extractable organic matter (EOM) of the five O-kerogen samples at different pyrolysis temperatures.

Temperature EqVRo EOM yield (mg/g TOCok)
(°C, 20°C/h) (%)

O-kerogen A O-kerogen B O-kerogen C O-kerogen D O-kerogen E
320 0.62 44.3 58.6 54.1
330 0.66 95.9 79.5 75.7 65.3
350 0.74 188.5 149.6 156.8 117.1 97.2
370 0.81 441.7 338.0 324.2 263.8 157.3
390 0.90 790.1 561.7 538.7 382.6 229.4
410 1.02 789.3 532.1 575.3 352.6 217.7
440 1.26 653.9 474.2 496.3 277.5 184.2
Mo" (mg/g TOCok) 790.1 561.7 575.3 382.6 229.4
Cob (%) 86.35 82.12 71.74 68.31 69.46

2 Mo: the maximum yield of EOM that incudes already-generated hydrocarbons as measured by S; peak of Rock-Eval analysis.

> Co: percentage of element carbon of generated EOM at its peak yield.

empirical relationship between VCI and Ro as used in the Easy%Ro
model overestimates the vitrinite reflectance at higher maturity levels
but underestimates the vitrinite reflectance at lower maturity levels.
Therefore, they fitted a new regression equation between the VCI values
calculated by the kinetic parameters as used in Easy%Ro model and the
measured Ro values of coal samples. Using this newly fitted equation of
Tang et al. (1996), the Easy%Ro values were further converted into
equivalent vitrinite reflectance (EqQVRo) values. The EqVRo values for
our pyrolysis temperatures are in the range of 1.25-3.58%, covering the
main thermal maturity range of gas generation under geological con-
ditions.

3. Results and discussion
3.1. Extractable organic matter yields from O-kerogens

The yields of extractable organic matter (EOM) generated from the
five O-kerogen samples are listed in Table 3. Briefly, the EOM yields
increase steadily until their maxima are approached at 0.9-1.02%
EqVRo, and then they begin to decrease rapidly due to secondary
cracking. As shown in Table 3, the maximum yields of EOM generated
from the five original kerogens vary significantly, ranging from the
highest value of 790.1 mg/g TOCox for the type I O-kerogen (Sample
A), through 382.6-575.3 mg/g TOCq for the three type IIA O-kerogens
(Samples B, C, and D), to the smallest value of 229.4 mg/g TOCox for
the type IIB O-kerogen (Sample E). Note that the maximum yields of
EOMs for our samples are all close to their HI values. One reason for this
phenomenon is that the EOMs in our study include both S; and S, peaks
whereas HI values are obtained only from S, peaks (Lafargue et al.,
2006). Furthermore, a variation in elemental carbon content is also
observed among the EOMs recovered from different types of kerogens
at their peak yields (Table 3). Generally, the carbon contents of the
EOM from type I and IIA O-kerogens are higher than those of the type
IIB O-kerogen. This variation reflects the distinct elemental composi-
tion of O-kerogens and further indicates that type IIB kerogen typically
has higher contents of N, S, and O than type I and IIA kerogens (Tissot
and Welte, 1984), leading to more non-hydrocarbon compounds in the
pyrolysis products.

3.2. Gaseous hydrocarbon yields of O-kerogens

The amounts of gaseous hydrocarbons generated from the five O-
kerogen samples are listed in Table 4 and plotted in Fig. 3. The methane
yields (C;) are quite similar for all samples at the early pyrolysis stage
(EqVRo < 1.93%), but become distinct when EqVRo values are greater
than 1.93% (Fig. 3a). For example, the respective methane yields at
EqVRo = 1.93% for the type I O-kerogen (Sample A), type IIA O-
kerogen (Sample D), and type IIB O-kerogen (Sample E) are 145.2,
148.1, and 131.3mL/g TOCok, with a variation of only 16.8 mL/g
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TOCok- At EQVRo = 3.58%, their respective methane yields are 584.3,
388.0, and 306.9 mL/g TOCog, with a variation of up to 277.4 mL/g
TOCok (Table 4). By contrast, the yields of C, through Cs hydrocarbons
(C,_s) for various types of O-kerogens track differently throughout the
entire pyrolysis process (Fig. 3b). The maximum difference occurs at
EqVRo = 1.93%, and corresponds to the C,_s peak yields. For the type I
O-kerogen (Sample A), the C, 5 peak yield is as high as 180.8 mL/g
TOCok, whereas it is only 87.4 mL/g TOCok for the type IIA O-kerogen
(Sample D), and even as low as 51.0 mL/g TOCo for the type IIB O-
kerogen (Sample E) (Table 4; Fig. 3b). Beyond 1.93% EqVRo, the C,_5
hydrocarbon yields begin to decrease, which is attributed to their
cracking to methane and pyrobitumen (Hill et al., 2003). Nevertheless,
differences in C,_s yields among the three types of O-kerogens are still
evident. For example, the yield of C,_5 gases from the type IIB O-
kerogen sample becomes negligible (< 1 mL/g TOCox) at 3.0% EqVRo,
whereas the type I O-kerogen still produces a small amount of ethane
(approximately 5.8 mL/g TOCox) at 3.58% EqVRo (Fig. 3b).

As illustrated in Fig. 3c, the yields of total hydrocarbon gases (C;_s)
for O-kerogens constantly increase with increasing maturity and show
the order of type I > type IIA > type IIB. Like the gas yields, the
dryness index values (volume ratio of C;/Cy_s, %) for the generated
hydrocarbon gases also show significant variations among the different
O-kerogens types (Fig. 3d). In general, the dryness indices for oil-prone
kerogens are lower than those for gas-prone kerogens at similar thermal
maturity (i.e., type I < type IIA < type IIB) because type I O-kerogen
can generate more wet gases (Co_s) than type IIA and IIB O-kerogens
(Fig. 3b). During the early pyrolysis stage (EQVRo < 1.93%), the dry-
ness indices for samples A, B, and C with a higher oil (EOM in this
study) potential decrease gradually, whereas they display a monotonic
increase for samples D and E, which have a lower EOM potential. Once
the thermal maturity is greater than 1.93% EqVRo, the wet gases begin
to crack into methane and pyrobitumen (Fig. 3b) and the dryness in-
dices for all samples increase rapidly in a similar way (Fig. 3d).

3.3. Gaseous hydrocarbon yields of R-kerogens

The yields and chemical compositions of hydrocarbon gases gener-
ated from the five R-kerogen samples are listed in Table 5 and com-
pared in Fig. 4. It is evident that the methane yields for different R-
kerogen samples are quite similar throughout the pyrolysis stage. With
increasing maturity levels, the methane yields increase steadily up to
3.02% EqVRo and then level out (Fig. 4a). When the thermal maturity
evolves to 3.58% EqVRo, the maximum methane yields for the five R-
kerogen samples are in the ranges of 130.2-144.5mL/g TOCgrk
(Table 5), approximately reduced by 55-75% compared to those of the
O-kerogens (Table 4). Furthermore, the difference in methane yields for
the five R-kerogens at 3.58% EqVRo is only 14.3 mL/g TOCgk, which is
considerably lower than that for the five O-kerogens (i.e., 277.4 mL/g
TOCok) (Table 4). The C,_5 gases generated from the R-kerogens are
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Gaseous hydrocarbon yields for the five O-kerogen samples at different pyrolysis temperatures.

Sample Temperature EqVRo (%) Gas yield" (mL/g TOCok)
(°C, 2°C/h)
Cy Cy Cs Cq4 Cs Cos Cis C1/Cy15 (%)
A 400 1.25 34.18 14.23 9.96 5.53 1.46 31.17 65.35 52.30
420 1.44 55.01 22.79 17.91 9.93 2.72 53.35 108.36 50.77
440 1.68 100.21 50.12 44.81 24.78 6.01 125.73 225.94 44.35
460 1.93 145.17 75.10 62.97 33.12 9.60 180.79 325.96 44.54
480 2.20 233.55 101.82 62.93 15.15 0.77 180.67 414.23 56.38
500 2.48 315.93 108.99 39.42 5.02 0.27 153.70 469.63 67.27
520 2.72 397.07 107.71 18.99 1.51 0.12 128.32 525.39 75.58
540 3.02 478.16 82.57 2.03 0.19 84.80 562.95 84.94
560 3.24 533.52 50.41 0.74 0.11 51.27 584.79 91.23
580 3.43 573.34 19.84 0.31 0.06 20.22 593.57 96.59
600 3.58 584.26 5.76 0.13 5.89 590.15 99.00
B 400 1.25 42.53 20.07 10.50 3.87 0.96 35.40 77.93 54.57
420 1.44 61.48 28.32 17.44 8.63 2.87 57.26 118.74 51.78
440 1.68 103.63 48.38 32.89 17.19 5.66 104.13 207.76 49.88
460 1.93 154.41 62.51 39.97 17.08 3.32 122.87 277.29 55.69
480 2.20 228.16 72.63 34.71 7.28 0.26 114.89 343.04 66.51
500 2.48 295.77 73.19 20.08 1.94 0.06 95.27 391.04 75.64
520 2.72 362.54 61.08 6.61 0.34 68.03 430.57 84.20
540 3.02 435.71 29.00 0.47 0.05 29.52 465.23 93.65
560 3.24 474.77 8.09 0.13 8.22 482.99 98.30
580 3.43 479.81 1.86 0.06 1.92 481.74 99.60
600 3.58 480.47 1.45 0.08 1.53 482.00 99.68
C 400 1.25 35.58 18.31 10.06 4.48 1.31 34.15 69.73 51.03
420 1.44 52.27 24.26 14.05 6.75 2.23 47.29 99.56 52.50
440 1.68 97.11 42.76 28.94 15.22 5.14 92.07 189.18 51.33
460 1.93 146.98 61.75 41.41 18.57 4.27 126.01 272.99 53.84
480 2.20 217.61 73.03 39.01 10.96 0.75 123.75 341.36 63.75
500 2.48 304.14 65.18 18.68 2.00 0.09 85.96 390.10 77.96
520 2.72 387.54 41.89 4.63 0.29 46.80 434.34 89.23
540 3.02 455.97 10.61 0.33 0.06 11.00 466.97 97.64
560 3.24 495.96 2.09 0.12 0.05 2.26 498.22 99.55
580 3.43 505.29 1.50 0.06 1.56 506.85 99.69
600 3.58 505.63 1.42 1.42 507.05 99.72
D 400 1.25 37.21 16.08 7.94 3.34 1.02 28.38 65.60 56.72
420 1.44 55.51 21.79 11.25 5.04 1.68 39.75 95.25 58.28
440 1.68 100.61 35.56 19.95 8.43 2.09 66.02 166.63 60.38
460 1.93 148.14 51.05 25.01 9.55 1.81 87.42 235.56 62.89
480 2.20 215.72 52.88 18.32 4.01 0.20 75.41 291.13 74.10
500 2.48 280.07 25.63 8.19 1.58 0.05 35.45 315.52 88.76
520 2.72 341.00 6.89 0.45 0.15 7.49 348.49 97.85
540 3.02 370.53 1.08 0.11 0.06 1.25 371.78 99.66
560 3.24 388.00 0.97 0.07 0.05 1.10 389.10 99.72
580 3.43 389.00 0.88 0.88 389.88 99.77
600 3.58 388.00 0.79 0.79 388.79 99.80
E 400 1.25 28.09 12.36 5.32 1.97 0.54 20.19 48.27 58.19
420 1.44 44.31 16.71 7.44 2.86 0.82 27.83 72.14 61.42
440 1.68 88.37 28.02 13.39 5.36 1.50 48.28 136.65 64.67
460 1.93 131.33 33.30 13.06 4.07 0.60 51.03 182.37 72.01
480 2.20 196.90 28.80 5.48 0.90 35.19 232.09 84.84
500 2.48 250.34 8.87 0.40 0.06 9.34 259.68 96.40
520 2.72 285.92 1.33 0.06 1.39 287.31 99.52
540 3.02 298.66 0.83 0.83 299.49 99.72
560 3.24 304.05 0.72 0.72 304.77 99.76
580 3.43 306.00 0.70 0.70 306.70 99.77
600 3.58 306.92 0.66 0.66 307.58 99.79

* The weight yield (mg/g TOCok) can be obtained by dividing the volume yield (mL/g TOCox) by 24.5 and then being multiplied by the mole mass of individual

gas.

dominated by ethane (Table 5) and their maximum yields are as low as
1.5-7.8 mL/g TOCgk (Fig. 4b), so the amounts of total gaseous hydro-
carbons are quite similar to those of methane (Table 5).

Although some variations in the dryness indices of the hydrocarbon
gases for the five R-kerogens are observed during the early pyrolysis
stage (EqQVRo < 1.93%), they are largely similar at higher thermal
maturity levels (Fig. 4c). Compared to the results of O-kerogens
(Fig. 3d), gases from R-kerogens are much drier. For example, the va-
lues of dryness index for the five R-kerogens are greater than 95% at
1.93% EqVRo and even greater than 99% at EqVRo > 2.5% (Fig. 4c).
These results illustrate that whatever the kerogen type is, the gases
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derived from kerogen itself from end of oil window (1.22% EqVRo) and
throughout the gas window maturity are always dominated by me-
thane, and the high abundance of C, 5 wet gases observed for O-kero-
gens is mainly related to the cracking of oils (or EOMs) retained in
them.

3.4. Influence of retained EOM on gas generation potential

As mentioned above, hydrocarbon gases generated from O-kerogens
include both kerogen- and EOM-cracking gases, whereas for R-kero-
gens, they are dominated by kerogen-cracking gases starting from an
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Fig. 3. Yields of C; through Cs hydrocarbons and dryness indices (volume ratio of C,/C;_s, %) for the five O-kerogens samples during thermal evolution. The gas
yields are normalized to the total organic carbon contents of O-kerogens (TOCoy). Significant differences in yields and chemical compositions of pyrolytic gases after

pyrolysis up to different maturity levels exist among different samples.

EqVRo value of approximately 1.22%. Therefore, the plots of gas yields
versus EOM generation potentials for O-kerogens can be used to in-
vestigate the contribution of cracking of EOM in a closed system to the
total gas yield. As shown in Fig. 5a, the C;_s gas yields are evidently
controlled by both the EOM generation potential (i.e., kerogen type)
and the thermal maturity. At the early stage of gas generation
(EqVRo = 1.44%), there is only a weak correlation between C;_s gas
yield and EOM generation potential because conversion of EOM to gas
has not extensively occurred. With increasing thermal maturity, more
and more EOM-cracking gases are generated, which are manifested by
the increase in the slopes of the linear regression for the C;_s yield and
EOM generation potential. In fact, the linear relationship in Fig. 5a
reveals that the yields of gas derived from the cracking of per unit mass
EOM (mg) retained in the five O-kerogen samples are quite similar and
the slope values represent the yields of EOM-cracking gas at given
thermal maturity level (e.g. 0.128 mL/mg EOM, i.e. 128 mL/g EOM at
EqVRo = 1.68%). At Ro = 3.58%, the cumulative yield of gases from
the cracking of EOM is approximately 481 mL/g EOM (0.481 mL/mg
EOM in Fig. 5a). This value is lower than the gas generation potentials
of crude oils that are reported to be in the range of 550-600 mL/g oil at
the same thermal maturity level (Tian et al., 2006, 2009, 2012; Guo
et al.,, 2009; Pan et al., 2010) but is largely consistent with the gas
generation potential of artificially generated and extracted EOMs (Gai
et al., 2015; Fig. 5b). The lower gas yield for artificially generated oils
or EOMs may be attributed to their less enrichment in hydrogen-rich
fractions such as saturates (Behar et al., 1997) that have a much higher
gas potential than other fractions such as aromatics, resins and as-
phaltenes (Tian et al., 2012) and pyrobitumen formation (Hill et al.,
2003). Note that the retained oils in shale source rocks may be more
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similar to the artificially generated and extracted oils (EOMs) than the
reservoired crude oils with respect to their relative components of sa-
turates, aromatics, resins and asphaltenes (SARA) when migration
fractionation in geological conditions is taken into account
(Leythaeuser et al., 1984, 1988; Stainforth and Reinders, 1990; Sandvik
et al., 1992; Eseme et al., 2007).

Similar to the yields of total gaseous hydrocarbons, the yield of
individual gaseous component is also controlled by the amount of EOM.
Fig. 6a shows a linearly positive correlation between the maximum
yield of individual gas component and the amount of EOM for the O-
kerogens. The slopes of linearly regressed lines gradually increase with
decreasing molecular weight of hydrocarbon gas, ranging from 14.9 for
Cs to 503.4 for methane. This trend indicates that the EOM have a more
pronounced influence on gases of lower molecular weights, which can
be explained by the cracking of gases of higher molecular weight to
methane and other gases of lower molecular weights (Hill et al., 2003).
Therefore, the amounts of EOM retained in O-kerogens will sig-
nificantly change both the yields and chemical compositions of hy-
drocarbon gases generated in a closed system. For the R-kerogen sam-
ples, their maximum methane yields are, however, not associated with
their original EOM potentials (Fig. 6b), indicating that the gas potential
of different types of mature kerogen tends to be similar after 1.22%
EqVRo. Although the ethane generated from R-kerogens are extremely
limited, its yield is still positively related to the original EOM potentials
of R-kerogens (Fig. 6b). This suggests that the original characteristics of
R-kerogens can still be revealed by valuable information such as ethane
yield or gas dryness, though they evolve to be similar with respect to
gas generation at overmature stages (i.e., EQVRo > 2.0%) when their
generated EOM are completely expelled and/or thermally decomposed.
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Gaseous hydrocarbon yields for the five R-kerogen samples at different pyrolysis temperatures.

Sample Temperature EqVRo Gas yield" (mL/g TOCgrx)
(°C, 2°C/h) (%)
Cy Cy Cs Cq4 Cas Cis C1/Cy15 (%)
A 400 1.25 17.40 5.14 0.69 0.04 5.87 23.27 74.77
420 1.44 31.95 6.97 0.80 0.04 7.82 39.77 80.34
440 1.68 57.27 5.55 0.19 5.74 63.01 90.89
460 1.93 80.47 3.44 3.44 83.91 95.90
480 2.20 100.23 1.34 1.34 101.57 98.68
500 2.48 115.53 0.69 0.69 116.22 99.41
520 2.72 128.15 0.41 0.41 128.56 99.68
540 3.02 133.77 0.34 0.34 134.11 99.75
560 3.24 137.41 0.26 0.26 137.67 99.81
580 3.43 138.01 0.22 0.22 138.23 99.84
600 3.58 138.97 0.19 0.19 139.16 99.86
B 400 1.25 14.36 2.46 0.16 2.63 16.98 84.57
420 1.44 28.87 3.56 0.17 3.72 32.59 88.59
440 1.68 53.89 2.99 0.07 3.06 56.95 94.63
460 1.93 75.93 2.25 0.02 2.27 78.20 97.10
480 2.20 95.92 1.19 0.04 1.23 97.15 98.73
500 2.48 110.06 0.41 0.41 110.47 99.63
520 2.72 118.76 0.45 0.45 119.21 99.62
540 3.02 125.06 0.26 0.26 125.32 99.79
560 3.24 128.23 0.24 0.24 128.47 99.81
580 3.43 130.02 0.20 0.20 130.22 99.85
600 3.58 130.16 0.18 0.18 130.34 99.86
C 400 1.25 6.39 0.98 0.98 7.37 86.70
420 1.44 15.78 2.11 2.11 17.89 88.21
440 1.68 41.04 2.71 2.71 43.75 93.81
460 1.93 63.89 1.71 1.71 65.60 97.39
480 2.20 86.20 1.07 1.07 87.28 98.76
500 2.48 106.34 0.60 0.60 106.94 99.44
520 2.72 122.38 0.44 0.44 122.82 99.64
540 3.02 132.47 0.32 0.32 132.79 99.76
560 3.24 136.46 0.26 0.26 136.72 99.81
580 3.43 138.48 0.23 0.23 138.71 99.83
600 3.58 138.87 0.18 0.18 139.05 99.87
D 400 1.25 6.21 0.90 0.90 7.11 87.34
420 1.44 16.26 2.04 2.04 18.30 88.85
440 1.68 48.00 3.19 3.19 51.19 93.77
460 1.93 72.98 2.18 2.18 75.15 97.11
480 2.20 94.24 1.10 1.10 95.34 98.85
500 2.48 110.42 0.46 0.46 110.88 99.59
520 2.72 120.48 0.28 0.28 120.76 99.77
540 3.02 128.36 0.20 0.20 128.56 99.84
560 3.24 132.60 0.20 0.20 132.80 99.85
580 3.43 133.94 0.20 0.20 134.14 99.85
600 3.58 134.26 0.19 0.19 134.45 99.86
E 400 1.25 6.12 0.55 0.55 6.67 91.75
420 1.44 14.64 1.13 1.13 15.77 92.83
440 1.68 42.22 1.45 1.45 43.68 96.66
460 1.93 66.37 0.76 0.76 67.13 98.87
480 2.20 88.68 0.35 0.35 89.03 99.61
500 2.48 114.51 0.23 0.23 114.74 99.80
520 2.72 132.38 0.20 0.20 132.58 99.85
540 3.02 141.19 0.18 0.18 141.37 99.87
560 3.24 142.10 0.18 0.18 142.28 99.87
580 3.43 143.80 0.18 0.18 143.98 99.87
600 3.58 144.48 0.17 0.17 144.65 99.88

* The weight yield (mg/g TOCgrx) can be obtained by dividing the volume yield (mL/g TOCgx) by 24.5 and then being multiplied by the mole mass of individual

gas.
3.5. Late gas generation potential for shale source rock

3.5.1. Calculation methods of the late gas generation potential

The pyrolysis experiments in this study represent the gas generation
potentials in two extreme geological conditions where the generated
EOM are either completely retained or expelled from the shale source
rocks. However, only part of the generated EOMs would be retained in
the shales after oil expulsion under most geological conditions (Cooles
et al., 1986; Ozkaya and Akbar, 1991; Pepper and Corvi, 1995; Ritter,
2003; Eseme et al., 2007; Wei et al., 2012; Ziegs et al., 2017); therefore,
the gas generation potential of a shale actually falls between the gas
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yields of O-kerogen and R-kerogen investigated here and is directly
controlled by the amount of retained EOMs. Previous studies show that
some of the generated oils (EOMs in this study) would be adsorbed onto
kerogens and cannot be expelled out of the shale source rocks (Sandvik
et al., 1992; Ritter, 2003; Jarvie, 2012b). The amount of adsorbed oils
(or EOMs) for shales containing type I and type II kerogens are ap-
proximately 80 mg/g TOCgpq1e (Jarvie, 2012b; Li et al., 2016; Cao et al.,
2017) and the term TOCge refers to the total organic carbon of both
residual kerogen and retained EOMs in a matured shale that has been
depleted of oil generation potential. In other words, no liquid organic
matter would be further expelled out of the shale source rocks when the
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Fig. 4. Yields of C; through Cs hydrocarbons and dryness indices for the five R-kerogens samples after pyrolysis up to different maturity levels. The gas yields are
normalized to the total organic carbon contents of R-kerogens (TOCrk). The trends for gas yields and chemical compositions of different samples are quite similar.

amount of retained liquid organic matter (or oils) in the source rocks is
reduced to 80 mg/g TOCgpae during the process of oil expulsion. Ac-
cording to the EOM generation potential of different types of O-kero-
gens investigated in this study (Table 3), the amount of retained EOMs
in the shales can be calculated for different oil expulsion efficiencies
(Fig. 7a). When the amount of retained EOM in shales containing dif-
ferent types of kerogens decreases to 80 mg/g TOCgpqle, their oil ex-
pulsion efficiencies are approximately 70% (Sample E, type IIB
kerogen), 84% (Sample D, type IIA kerogen), and 95% (Sample A, type I
kerogen), respectively (Fig. 7a).

The gas generated from a shale source rock after oil expulsion can
be considered as the sum of the gas from the cracking of residual
kerogens and retained EOM. In present study, the gas yields of residual
kerogens are measured directly whereas those of retained EOM are
calculated by comparing the gas generation potential of O-kerogen and
R-kerogen samples (Fig. 5). Based on these results, the late gas gen-
eration potential of different types of source rocks can be further cal-
culated at any given thermal maturity. Taking the 3.5% EqVRo as an
example, the main procedures are illustrated as below.

(a) The gas yields of R-kerogens and retained EOM are denoted by Yx
(see details in Table 5) and Yo, respectively.

(b) The amounts of retained EOM (Mgo) that are normalized to the TOC
of O-kerogen (TOCpg) are calculated using Eq. (1):

M
MRo_io

= X (100% — EE%)
1000

(€)]
where My is the maximum yields (mg/g TOCox) of generated EOM (see
details in Table 3), EE% represents the oil (or EOM in this study) ex-
pulsion efficiency, and Mgg is in unit of g/g TOCok.
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(c) The TOC of R-kerogen (TOCgy) is related to the TOCok through Eq.
(2):

M
TOCgg = TOCog X (1 - =9 @
where Co is the percentage of element carbon of generated EOM (see
details in Table 3).

(d) The amounts of retained EOM (Mg) that are normalized to the

TOCgk are calculated by combining Egs. (1) and (2),

_ _ 1 « Mo
1 - Mo s co% 1000

1000

Mg

x (100% — EE%)
3

(e) The gas yield of retained EOM (at 3.5% EqVRo) can be calculated
according to Eq. (4):

Yo = 481 X Mg @

In Egs. (4), the values of 481 represent the EOM-cracking gas yield
at 3.5% EqVRo is 481 mL/g retained EOM (see details in Fig. 5 and
Section 3.4).

(f) The gas generation potential for the shale is calculated using Eq. (5)
and was normalized to mL/g TOCgpaie, and the TOCgpyje indicates
the total organic carbon content of the matured shale that contains
both residual kerogen and retained EOMs Eq. (6):

_ Yk + Yo
1+ Mg X Co% 5)
TOCgpae = TOCgrg X (1 + Mg X Co%) 6)



H. Gai et al.

00 ||OEdVRoL#% AEqVROLGS% ©EqVRo1S3% o EqVR02.20% -+ EqVRo2.48%
AEqVR02.72% 0 EqVR03.02% < EqVR03.24% 2 EqQVR03.43% O EqQVR03.58%
R 500 (@) R0 3.58%: u] ;i%’;f Eh R
3 =0.
o) y =0.481x+ 145.43
) R=0.99 ¥ =0.346x+ 123.95
= 400 R2=0.99
]
3 y =0.288x+ 113.00
R3=0.98
E 300
- y =0.219x+ 82.49
=) R?*=0.99
>~ 200
° y =0.128x+ 54.72
Q R2=0.96
100
y =0.033x+ 16.55
a8 g5
0 . . . . . . . L
100 300 500 700 900
EOM generation potential (mg/g TOC k)
600 (b)
~
Z 500 Crude oil, measured in
(@) Tian et al., 2009
=
e 400
=
—
£ Retained EOM
~ 300 } calculated in this study
=2
) .
= Retained EOM
w 200 f measured in Gai et al., 2015
-
O
< Crude oil, measured
100 0O Retained EOM, measured
O Retained EOM, calculated
0 - 1 1 1 1 1
1.0 1.5 2.0 25 3.0 35 4.0

EqVRo (%)

Fig. 5. (a) Relationship between the gas yields and EOM generation potentials
for O-kerogens in a closed system, and (b) a comparison of the gas yields of
retained EOM calculated from the slope values of the linear equations in (a)
with the measured gas yields of crude oil and retained EOM from Tian et al.
(2009) and Gai et al. (2015), respectively. Gas yields of O-kerogens are cor-
rected for the cumulative associated gas generated in the oil window (i.e., be-
fore 1.25% EqVRo).

(g) The contribution of the retained EOM to the late gas yields of shales
(f) can be calculated according to Eq. (7):

Yo

f= Yi + Yo

X 100%
@

According to the calculation method mentioned above, the gas
yields for all types of shales steadily decrease with increasing oil (EOM
in this study) expulsion efficiency (Fig. 7b). Furthermore, the higher the
EOM potential is, the more significant the oil expulsion efficiency effect
on late gas yield is. For example, when the oil expulsion efficiency in-
creases from 40 to 60%, the late gas yield of Sample A (type I kerogen,
high EOM generation potential) is reduced from 374 to 332mL /g
TOCghale, With a decrease of 42 mL/g TOCgpae; Whereas it is reduced
from 234 to 205 mL/g TOCgpare, @ decrease of only 29 mL/g TOCspaje for
Sample E (type IIB kerogen, low EOM generation potential). This in-
dicates that the gas generation potential for oil-prone shales is strongly
affected by oil expulsion efficiency. When the oil expulsion efficiencies
for different types of shales reach their upper limit values, their cu-
mulative gas yields at 3.5% EqVRo are quite similar and range between
160 and 175 mL/g TOCgpale (168 mL/g TOCgpa1e On average, Fig. 7b).

25

International Journal of Coal Geology 193 (2018) 16-29

150
6o | (@) O-kerogen Cpiy= 0.503 x +197.66
O A, Typel R2= 0.99
A B, TypeIIA 1 120
,% 500 O C, Type A ,%
OCay= 0.132x+1.42 @)
Q © D, Type 1A ‘
o) R*= 0.99 Q
+ E, Type IIB =
= 400 | 1o o0
) R
3 =)
E g
~ 300 r
- sty = 0.088x-8.12 =]
S ~7 R*= 0.99 19 2
= e
- 200 | O"‘
O S .
) 4y = 0.040x-813 '
- -7 R*=09 {30 ©
100 | e G e
+ e i Cs¥ = 0.0153-2.76
0 t-- T T R’=I0.95 "
100 300 500 700 900
EOM generation potential (mg/g TOC,x)
15
(b) R-kerogen
200
0O A, Typel A B, Type ITIA
O C, TypellA ¢ D, TypellA 1 12
E EsTeiin C;~137 mL/g TOCgg E
O 150 | 5 '\ 8
8 [~~~ T AO ““““ 8------ {9 =
o0 20
3 =)
£ 100 = E
=) 16 =
° 2
T =
g 5
O 50 13
0 \ . . A 0
100 300 500 700 900

EOM generation potential (mg/g TOC k)

Fig. 6. Relationship between the maximum yields of individual hydrocarbon
gas generated from the two series of kerogens and the EOM generation po-
tentials of original kerogens.

3.5.2. Model of gas generation

Many studies have shown that it is quite difficult to quantitatively
evaluate the oil expulsion efficiency of a shale source rock bed because
it may be affected by many geological factors (Leythaeuser et al., 1988;
Sandvik et al., 1992; Lafargue et al., 1994; Pepper and Corvi, 1995;
Ritter, 2003; Eseme et al., 2007; Uguna et al., 2012; Ziegs et al., 2017),
and this makes it difficult to assess and predict the gas amount using the
relationship between gas potential and oil expulsion efficiency. How-
ever, the amount of retained EOM and the total organic carbon (TOC)
content for shales are relatively easier to determine since more and
more data of retained oil content are being available due to the ex-
ploration of shale oils (Jarvie, 2012b; Han et al., 2015; Cao et al.,
2017). Therefore, establishing a relationship between gas yields and the
amount of retained EOM can be more effectively used to predict the gas
generated in geological conditions.

With the conversion of oil expulsion efficiency to the amount of
retained EOM that is measured in unit of mg/g TOCgpale, Fig. 7b can be
transformed to form a more concise model (Fig. 8a). There is a fairly
good linear and positive correlation between the gas yields and the
amount of retained EOM for various types of shales (Fig. 8a), and a
logarithmic relationship between the contribution ratio of EOM-
cracking gas and the retained EOM content (Fig. 8b). It is also evident
that the gas yields and the relative proportion of gases derived from the
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TOCshale (Jarvie, 2012b; Li et al., 2016; Cao et al., 2017) and the filled symbols
represents the upper limit of their oil expulsion efficiency.

retained EOM are quite similar for different types of shales when they
have the same content of retained EOM (Fig. 8). A further examination
of the linear equations in Fig. 8a reveals that the intercept represents
the value of gas yield for the R-kerogens, and the slope is related to the
gas yield of retained EOM. In addition, the contribution of EOM-
cracking gas to the total gas will exceed more than 50% when the
amount of retained EOM is greater than 220 mg/g TOCgpqie (Fig. 8b).
For the sample A (type I O-kerogen), the retained EOM content will be
more than 220 mg/g TOCspale as long as the oil expulsion efficiency is
less than 89% (Fig. 8a), whereas it needs lower than 50% for Sample D
(type ITIA O-kerogen), and even less than 5% for Sample E (type IIB O-
kerogen). Therefore, natural gas generated from oil-prone shale source
rocks may be dominated by EOM-cracking gas whereas that from type
IIB kerogen or gas-prone shales will be more kerogen-gas under general
geological conditions. In addition, the dominance of kerogen-gas for
type IIB kerogens may be further strengthened when the neo-formed
organic matter is taken into account that is derived from the interaction
between retained oils/EOMs and residual kerogen (Erdmann and
Horsfield, 2006; Mahlstedt and Horsfield, 2012). The present explora-
tion practice of shale oil shows that the amount of retained EOM in a
shale bed may vary in the range of 100-400 mg/g TOCghae (Jarvie,
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Fig. 8. A concise models illustrating the late gas generation potential of shales
(a) and the relative percentages of EOM-cracking gas (b) at 3.5% EqVRo. The
intercept of the regressed lines in (a) indicate the gas yield of R-kerogens is
141.12 mL/g TOCgpale, Whereas the slope is related to the gas yields of retained
EOM. For different types of shales, their gas generation potentials are similar
when they contain the same amount of retained EOMs. When the amount of
retained EOM is greater than 220 mg/g TOCspare, the EOM-cracking gas would
account for over 50% of the total gas generated from shales at 3.5% EqVRo.

2012b; Han et al., 2015; Cao et al., 2017), and therefore, the late gas
generation potential of shale source rock would approximately between
180 and 300 mL/g TOCgpale (Fig. 9) under general geologic conditions
when the shale oil plays are matured to 3.5% EqVRo and evolve to be
shale gas plays.

3.5.3. Implications for the lower limit of gas generation potential of shales

The aforementioned results show that there are many factors af-
fecting the late gas generation potential of shales (Figs. 7-9). For a real
geological system, a large amount of gases would be generated from
mature kerogen and retained EOM in shale source rock over gas-
window maturity. When these hydrocarbon gases are expelled out of
the shales, they may form conventional gas reservoirs; otherwise they
may occur as shale gas. Although the precise reconstruction of oil ex-
pulsion process for presently overmature shale bed is difficult, it is
possible to estimate its minimal gas generation potential when the shale
has the minimum amount of retained EOM (i.e., 80 mg/g TOCspaze)-
According to the experimental results and the calculation methods in
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Section 3.5.1, the minimum gas yields are calculated for different
shales. Similar to the gas yields of R-kerogens, the minimum gas yields
for different types of shales are quite similar (Fig. 10a). For example,
the minimum gas yields for shales containing types I and II kerogens
vary from 132 to 139 mL/g TOCgpale at 2.5% EqVRo, and between 160
and 175 mL/g TOCspale at 3.5% EqVRo.

As illustrated in Fig. 10a, the average values of the minimal gas
yields which are calculated based on the minimum amount of retained
EOM (i.e., 80 mg/g TOCspale) for different types of shales are approxi-
mately 100, 135, 160, and 168 mL/g TOCgp1e at EQVRo = 2.0%, 2.5%,
3.0%, and 3.5%, respectively. The gas yields would be enhanced by an
increase in EOM retention (i.e., smaller oil expulsion efficiency). Based
on the above mentioned minimum gas yields, a conservative total or-
ganic carbon content can be calculated for a specific gas yield at given
thermal maturity levels. Note that the above-mentioned TOCg} is the
total organic carbon content of a shale sample that has been matured to
1.22% EqVRo and contains both residual kerogen and retained EOMs,
and the TOCgpg)e could be further decreased by approximately 0-10%
during the process of gas generation at maturity levels greater than
1.22% EqVRo (Jarvie et al., 2007; Vandenbroucke and Largeau, 2007).
Therefore, the conservative total organic carbon values of present-day
overmature shale bed (TOC,4) can be further calculated according to
the TOCgpa1e values (Fig. 10b). Under the least favorable gas generation
conditions (i.e., minimum retained EOM), for example, the TOCpq of the
shale source rock must be greater than 1.6% to have a gas yield of 3m>/
ton shale at 3.5% EqVRo, a minimum gas content for a commercial
shale gas play (Halliburton Company, see details in Zou et al., 2010). In
fact, the TOC,4 value can be further lowered if the amount of retained
EOMs is higher than 80 mg/g TOCgpa1e- Nevertheless, the gas generation
potential in any cases would be greater than 3 m®/ton shale at EQVRo
3.5%, as long as the TOC,q of the overmature shale is greater than
1.6%.

Although the preservation conditions are equally important for
shale gas reservoirs, sufficient gas generation potential is always a
prerequisite and material basis for gas accumulation. Therefore the
adoption of such a conservative TOCpq value as a screening parameter
can substantially reduce the risk of insufficient gas generation for less
explored shales in complex areas such as the Lower Palaeozoic shales in
South China (Zou et al., 2010, 2015; Xiao et al., 2013, 2015; Dai et al.,
2014; Tian et al., 2013, 2015). For example, the thermal maturity levels
of the Lower Palaeozoic shales are predominantly in the range of
2.5-3.5% EqVRo (Xiao et al., 2013), and the corresponding minimum
gas yields are between 135 and 168 mL/g TOCgpqe (Fig. 10a). To reach
a gas content of 3 m3/ton shale, the conservative TOCpq value of shales
has to be approximately 2.0% at 2.5% EqVRo and 1.6% at 3.5% EqVRo
(Fig. 10b). Therefore, a conservative TOC,q value of 2.0% can be pro-
posed as a screening parameter for the overmature shale gas explora-
tion in the Lower Palaeozoic shales of South China. This value is quite
consistent with the actual values of mostly shale gas producing areas
(Curtis, 2002; Hill et al., 2007; Jarvie et al., 2007; Jarvie, 2012a; Dai
et al., 2014). Therefore, the rationality of using shale TOC value for
evaluation shale gas potential is confirmed by the experimental result in
this study. Note that this cutoff value of TOCpq is only used to eliminate
the risk of insufficient gas generation for shale gas exploration. When
the loss of shale gas during tectonic uplift is taken into account, the
required TOC,q value should be somehow enhanced but needs to be
specifically assessed in terms of gas diffusion capacity that is closely
related to the permeability of shales and their tectonic settings.

4. Conclusions

Different types of shale kerogen samples were pyrolyzed in sealed
gold tubes under constant pressure and non-isothermal heating condi-
tions to investigate their gas yields when their generated extractable
organic matter are completely retained in or expelled out of the shales.
Based on the experimental results, an evaluation model for
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reconstructing the gas potential of overmature shale source rocks was
tentatively proposed. The main conclusions are summarized as below.

(1) The extractable organic matter and gas generation potential of
different types of original shale kerogens in a closed system vary
widely in the range of 229-790 mg/g TOCox and 308-594 mL/g
TOCok, respectively. The maximum gas yields of different types of
residual shale kerogens after EQVRo > 1.22% are quite similar and
vary between 131 and 145 mL/g TOCgk at 3.5% EqVRo. However,
their gas potential may be even larger in natural maturity sequences
and become more distinct when the neoformed organic matter is
taken into account (Mahlstedt and Horsfield, 2012).

The late gas generation potential (EqQVRo > 1.22%) of a shale is
mainly controlled by its oil expulsion efficiency (i.e., the amount of
retained EOM in this study). For different types of shales, the gas
generation potentials are similar when they contain the same
amount of retained EOM. Under most geologic conditions, the late
gas generation potentials of shale source rock vary approximately in
the range of 180-300 mL/g TOCspgje-

The minimum gas yields for shale source rocks containing types I-II
kerogens are found to be similar, approximately 135 mL/g TOCspale
at 2.5% EqVRo and 168 mL/g TOCgpale at 3.5% EqVRo. Based on a
gas content of 3m>/ton shale, a conservative present-day TOC
(TOCpq) of 2.0% was proposed as a screening parameter for over-
mature shale gas exploration in the Lower Palaeozoic shales of
South China.
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—

(3)

Acknowledgments

The authors are grateful to the financial support of CAS Strategic
Priority Program (Grant No. XDA14010104), National Science
Foundation of China (Grant No. 41522302, 41621062, and 41603049),
and China Postdoctoral Science Foundation (Grant No. 2016M590545).
Prof. Shifeng Dai and two anonymous reviewers are thanked for their
comments on the early version of this manuscript. This is contribution
No.IS-2528 from GIGCAS.

Nomenclature

EOM solvent extractable organic matter

Mo EOM generation potential of O-kerogen samples

Co percentage of element carbon of generated EOM

Ro measured vitrinite reflectance

EasyRo calculated vitrinite reflectance with the model of Sweeney
and Burnham (1990)

EqVRo  equivalent vitrinite reflectance calculated with the model of
Tang et al. (1996)

TOC total organic carbon content

TOCox  total organic carbon content of the original kerogen sample
used in this study that is capable of generating both oils or
EOMs and late gases

TOCgrx  total organic carbon content of the residual kerogen sample
used in this study that was matured to 1.22% EqVRo and is
only capable of generating late gases

TOCgpqe total organic carbon content of both residual kerogen and
retained oils or EOMs in the matured shale or kerogen sample
that has been depleted of oil or EOM generation potential
(e.g., EQVRo = 1.22% in this study)

TOCpq  total organic carbon content of a shale sample that contains
both residual kerogen and retained oils or EOMs and has
EqVRo greater than 1.22%
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