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ABSTRACT: In comparison to the continuous breakthrough in shale gas of marine basins, the pace of study of lacustrine basins is
relatively slow. The latest studies have shown the saline lacustrine rifting basins (SLRBs) are one of the favorable exploration areas
from the view of shale pore, mineral composition, and organic matter accumulation. However, the study on the gas generation
potential and characteristics is still lacking because the traditional view is that lacustrine source rocks are oil-prone. Therefore, to
identify gas generation potential and characteristics of oil-prone shale in SLRBs, the samples from the saline area (SA) and non-
saline area (NA) of the Dongpu Depression are selected for the organic geochemical experiments and closed gold cube thermal
simulation experiments. Geochemical results show that the SA samples are definitely oil-prone source rocks with high quality, and
their main type is II kerogen. However, the results from thermal simulation experiments indicate that the gas generation potential of
oil-prone shale in SLRBs is enough for the accumulation of shale gas with the peak gas yield of 469.11 mg/g of TOC at the heating
rate of 20 °C/h TOC and 466.75 mg/g of TOC at the heating rate of 2 °C/h and TOC. Moreover, according to the dynamic
hydrocarbon yields and carbon isotope (ln C2/C3, ln C1/C2, and δ

13C1−δ13C2) during the increasing temperature, the gas generation
process for SA and NA samples can be divided into three stages: kerogen cracking, oil cracking, and wet gas cracking. In comparison
to other types of source rocks (marine shale, coal, and coal mudstone), the SA oil-prone shale can experience longer intervals in
kerogen cracking and oil cracking, which may be the main stage of gas generation. The model based on kinetic parameters shows
that the main gas generation period for SA and NA samples is the late Es1 (the first member of Shahejie Formation) to Ed (the
Dongying Formation) of the Early Cenozoic, which can be consist of the depression stage with the deepest depth and the largest
subsidence amplitude in the Dongpu Depression. Such information can be a reference for other SLRBs.

1. INTRODUCTION

Oil and gas are the daily necessities of people and important
strategic resources in modern society.1 The concept of
“continuous-type petroleum accumulation” proposed by
Schmoker,2 which has become a cutting-edge topic of
unconventional petroleum geology, is a significant milestone
in petroleum geology. More than 20 years after that, shale
resources, tight gas, coalbed gas, tar sands, etc. have gradually
become the focus of petroleum geology.3−8 In addition, in
comparison to other types of unconventional energy, shale gas
has two advantages: (1) low carbon dioxide emission9 and (2)
zero sulfur dioxide content.10 Therefore, traditional fossil fuels,
which are not environmentally friendly, may still dominate in
the energy structure in the near future but will account for a
smaller and smaller share, and gas will account for a larger
share.11−14

In comparison to the constant breakthroughs of shale gas in
the marine basins globally, including Northern American
Haynesville shale,15,16 Canadian Montney shale,17 and South-
eastern China Ordovician−Silurian shale,18 the pace of
exploration in lacustrine basins is relatively slow. Oil-prone
source rocks are the main source rocks in lacustrine basins,
which leads to the relatively lack of studies on lacustrine shale

gas. However, according to the hydrocarbon generation model
of source rocks in the classical petroleum geology theory, the
oil generation is always accompanied by gas.19 Furthermore,
the recent discovery of the Bozhong 19-6 gas field (situated in
Bozhong Depression, Bohai Bay Basin) also proves that there
is great potential for natural gas exploration.20

According to Mello and Karner,21 33% of the 334 large oil
and gas fields in the world have developed salt rocks and
gypsum rocks. In some counties, such as China and Brazil, the
total petroleum and natural gas resources are dominated by
those from lacustrine basins. Furthermore, source rocks with
high organic matter (OM), which are the base of shale oil and
gas resources, are always associated with salt rocks and
gypsum−salt rocks.22 Therefore, the saline lacustrine rifting
basins (SLRBs) are receiving more and more attention among

Received: November 24, 2020
Revised: January 3, 2021
Published: January 15, 2021

Articlepubs.acs.org/EF

© 2021 American Chemical Society
2192

https://dx.doi.org/10.1021/acs.energyfuels.0c03965
Energy Fuels 2021, 35, 2192−2208

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
L

IF
O

R
N

IA
 S

A
N

T
A

 B
A

R
B

A
R

A
 o

n 
M

ay
 1

5,
 2

02
1 

at
 1

6:
56

:1
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengyuan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fujie+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenxi+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Renda+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianwu+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wendu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hang+Xiong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hang+Xiong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.energyfuels.0c03965&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?goto=recommendations&?ref=pdf
https://pubs.acs.org/toc/enfuem/35/3?ref=pdf
https://pubs.acs.org/toc/enfuem/35/3?ref=pdf
https://pubs.acs.org/toc/enfuem/35/3?ref=pdf
https://pubs.acs.org/toc/enfuem/35/3?ref=pdf
pubs.acs.org/EF?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c03965?ref=pdf
https://pubs.acs.org/EF?ref=pdf
https://pubs.acs.org/EF?ref=pdf


various lacustrine basins as a result of the excellent potential of
hydrocarbon resources. Recently, massive studies on the shale
resources in SLRBs continue to be published, mainly focusing
on shale geological and geochemical characteristics,23−25 shale
pore structure,25,26 OM enrichment in shale,27 shale storage
capacity,28 and strong heterogeneity,27 which further exhibit
the great potential of source rocks in SLRBs. However, the
studies on the quantification of gas generation potential and
the gas generation process for those oil-prone source rocks in
SLRBs, which are the supporting foundation of shale gas
reservoir potential, are still lacking.
According to that above, the gas generation capacity of the

oil-prone shale in SLRBs needs to be deeply studied. A short-
time and high-temperature thermal simulation experiment can
effectively simulate the evolution process and capacity of
source rocks in the scale of geologic historical periods. Thermal
simulation of kerogen can also detect the gas product yield and
stable carbon isotope composition.29−32 The anhydrous open
system, hydrous closed system, and anhydrous closed system
are three main types of thermal simulation experiments.33,34 As
a result of the poor hydrocarbon expulsion effect caused by the
densification of the shale, the closed thermal simulation system
is adopted in this research. Additionally, because of the high
melting point of gold, gold cubes can be used as containers to
simulate the effect of a high temperature on the thermal
evolution of OM.35 Finally, the anhydrous closed gold tube
thermal simulation experiments are carried out in this study.
Bohai Bay Basin (BBB) is an important petroliferous

lacustrine basin in eastern China,36 and this basin can be
divided into 50 depressions37 (Figure 1). The Dongpu
Depression is a typical SLRB in China, with three dominant
kinds of depositional environments on the plane (saline,
brackish, and non-saline) in the Paleogene27 (Figure 1).
Previous studies on the Dongpu Depression have shown that
the source rocks in saline and brackish environments are the

main hydrocarbons generation rocks, and the paleo-salinity is
one of the controlling factors for the enrichment of OM.27,38

Hence, the shale in saline environments is a suitable candidate
sample for closed gold cube thermal simulation experiments in
this study. To highlight the gas hydrocarbon generation
characteristics of the shale in the saline area (SA), a mudstone
sample in the non-saline area (NA) was selected as the control
sample.
Therefore, through geochemical experiments and closed

gold tube thermal simulation experiments, the purpose of this
study is to (1) evaluate the gas generation potential of SA shale
in SLRBs in contrast to that of NA mudstone, (2) explore the
gas generation characteristics (process) of SA shale in SLRBs,
and (3) simulate the total hydrocarbon gas generation history
of the SA shale and NA mudstone based on kinetic parameters
derived from the confined pyrolysis experiments. Such
information can not only provide a theoretical basis for gas
exploration in the Dongpu Depression but also be a reference
for other SLRBs.

2. GEOLOGICAL BACKGROUND

The Dongpu Depression is located in the southern part of
BBB, and the east and west sides are held by the Luxi uplift and
Neihuang uplift, with a shape of “long in the north−south and
narrow in the east−west”39 (Figure 1). This depression is a
Cenozoic rifting sag developed in the North China Plate and
can be divided into five main parts: Lanliao fault zone, eastern
depression zone, central uplift zone, western depression zone,
and western slope zone.40 The Dongpu Depression experi-
enced the faulting stage in the Paleogene and the depression
stage in the Neogene−Quaternary in geological history, and it
is generally characterized by the construction of “rifting in the
east and overlapping in the west; sloping to the east”41 (Figure
1). Previous studies show that the Dongpu Depression belongs
to the Linqing Sub-basin. However, recent studies illustrate

Figure 1. Geological setting of the Dongpu Depression, Bohai Bay Basin: (a) location map of the Bohai Bay Basin, (b) location map of the Dongpu
Depression, (c) regional geologic maps of the Dongpu Depression showing the distribution of the proven hydrocarbon reserves, main faults, and
tectonic zones, and (e) photo of NA mudstone. SA and NA represent the saline area and non-saline area of the Dongpu Depression.
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that the geological structure, sedimentation, and tectonic
evolution of the Dongpu Depression are quite different from
other depressions in the Linqing Sub-basin, which indicates
that the Dongpu Depression should be an independent
tectonic unit in BBB.42

In the early Cenozoic Himalayan movement, under the
double influence of Pacific plate subduction and Indian Ocean
plate compression, the Dongpu Depression entered the stage
of faulting, and the fourth member of Shahejie Formation
(Es4) and the third member of Shahejie Formation (Es3)
deposited and then entered the stage of transformation from
fault depression to depression, and the second member of
Shahejie Formation (Es2) and the first member of Shahejie
Formation (Es1) deposited.

43,44 Since the Neogene, the Pacific
plate receded to the Eurasian subduction zone, the Dongpu
Depression entered the stage of depression, and Guantao

Formation (Ng), Minghuazhen Formation (Nm), and
Pingyuan Formation (Qp) deposited.41 Es4 can be subdivided
into Es4

L (lower sub-formation) and Es4
U (upper sub-

formation); Es3 can be subdivided into Es3
L (lower sub-

formation), Es3
M (lower middle-formation), and Es3

U (upper
sub-formation); Es2 can be subdivided into Es2

L (lower sub-
formation) and Es2

U (upper sub-formation); and Es1 can be
subdivided into Es1

L (lower sub-formation) and Es1
U (upper

sub-formation)45 (Figure 2). The lithology varies from bottom
to top: the lithology of the lower part of Es4

U is dominated by
magenta and gray mudstone interbedded with light brown
sandstone, while that of the upper part is mainly the
interbedded interval, which contains dark gray mud-shale
and thin sandstone; the lithology of Es3

L is the combination of
dark gray mudstone, shale, gray silty sandstone, gray silty
mudstone, and gray argillaceous silty sandstone; that of Es3

M is

Figure 2. Stratigraphic column of the Palaeogene in the Dongpu Depression.
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Table 1. Geochemical Data and Lithologies of the Samples from SA and NA in the Dongpu Depressiona

number well
depth
(m) location formation lithology

TOC
(%)

Tmax (°
C)

S1
(mg/g)

S2
(mg/g)

S1 + S2
(mg/g)

HI
(mg/g of TOC)

Ro
(%)

1 W146 2838.00 SA Es4
U dark gray shale 3.34 432.0 0.85 22.16 23.01 663.08

2b W146 2838.90 SA Es4
U dark gray

mudstone
3.29 431.6 0.67 20.62 21.29 625.97 0.55

3 W146 2840.85 SA Es4
U dark gray shale 1.98 440.0 0.49 11.24 11.73 568.54

4 W146 2842.55 SA Es4
U gray shale 0.76 437.0 0.10 0.89 0.99 117.88

5 W146 2846.65 SA Es4
U dark gray shale 1.19 440.0 0.41 5.91 6.32 497.47 0.56

6 W146 2852.56 SA Es4
U dark gray shale 1.52 436.0 0.57 6.41 6.98 421.16

7 W146 2855.20 SA Es4
U dark gray shale 1.20 437.0 0.36 4.93 5.29 410.15

8 W146 2873.55 SA Es4
U dark gray shale 1.22 439.0 0.56 4.82 5.38 394.11

9 W146 2880.48 SA Es4U dark gray shale 1.09 428.0 0.90 2.49 3.39 228.02
10 W20 2640.50 SA Es3

M brown oil shale 6.51 436.0 1.23 39.78 41.01 629.57
11 W20 2647.50 SA Es3

M dark gray
mudstone

0.82 434.0 0.54 2.04 2.58 315.79

12 W20 2652.30 SA Es3
M gray mudstone 3.49 435.0 1.16 19.70 20.86 597.71

13 W20 2657.10 SA Es3
M gray mudstone 2.17 432.0 0.57 7.60 8.17 377.02

14 W20 2693.30 SA Es3
L dark gray

mudstone
2.24 417.0 0.79 5.55 6.34 282.91

15 W20 2708.40 SA Es3
L dark gray shale 0.51 430.0 0.06 0.66 0.72 140.35

16 W305 2773.00 SA Es3
L dark gray shale 0.67 426.0 0.02 2.07 2.09 311.94 0.60

17 W324 2729.35 SA Es3
L dark gray shale 1.27 436.0 0.42 5.39 5.81 457.48

18 W324 2730.34 SA Es3
L dark gray shale 2.56 440.0 0.44 17.17 17.61 687.89

19 W324 2732.08 SA Es3
L dark gray shale 1.29 436.0 0.14 5.32 5.46 424.24

20 W324 2832.50 SA Es3
L dark gray shale 0.94 444.0 0.01 3.85 3.86 410.64

21 W325 3067.50 SA Es3
M dark gray shale 1.84 434.0 0.12 7.08 7.20 391.30 0.69

22 W388 2930.00 SA Es3
M dark gray shale 0.76 433.0 0.10 1.81 1.91 252.31

23 W388 2996.00 SA Es3
L gray mudstone 0.82 437.0 0.07 1.63 1.70 207.32 0.66

24 W388 3058.00 SA Es3
L dark gray shale 0.71 435.0 0.08 1.85 1.93 273.37

25 W388 3224.00 SA Es3
L oil shale 0.90 440.0 0.14 2.69 2.83 315.50

26 W42 3276.78 SA Es3
M dark gray

mudstone
0.59 435.0 0.10 0.49 0.59 100.00

27 W42 3455.77 SA Es3
M dark gray

mudstone
0.41 443.0 0.04 0.32 0.36 87.17

28 W79 3103.78 SA Es3
M dark gray

mudstone
0.38 428.0 0.09 0.16 0.25 65.82 0.70

29 W79 3106.53 SA Es3
M dark gray

mudstone
0.41 429.0 0.04 0.15 0.19 46.76

30 W79 3186.48 SA Es3
M dark gray

mudstone
0.50 438.0 0.03 0.10 0.13 26.02 0.73

31 W79 3191.98 SA Es3
M dark gray

mudstone
0.52 435.0 0.08 0.24 0.32 61.16

32 X6 3395.80 NA Es3
M dark gray

mudstone
0.17 432.0 0.01 0.13 0.14 84.36 0.98

33 X6 3397.50 NA Es3
M mulberry

mudstone
0.25 446.5 0.01 0.13 0.14 57.34

34 X7 4393.56 NA Es3
L gray mudstone 0.44 477.0 0.01 0.07 0.08 18.54 1.60

35 X7 4394.31 NA Es3
L dark gray

mudstone
0.21 448.0 0.01 0.01 0.02 7.53

36 X7 4397.88 NA Es3
L gray mudstone 0.29 460.0 0.03 0.27 0.30 104.93

37 X7 4398.85 NA Es3
L dark gray

mudstone
0.20 450.0 0.01 0.00 0.01 7.04

38 X8 3155.16 NA Es3
M dark gray

mudstone
0.17 445.3 0.00 0.00 0.01 3.49

39b X8 3156.80 NA Es3
M dark gray

mudstone
0.39 439.0 0.00 0.24 0.24 61.04 0.88

40 X8 3208.35 NA Es3
M dark gray

mudstone
0.32 447.7 0.00 0.04 0.04 13.47

41 X8 3856.76 NA Es3
L gray mudstone 0.52 455.1 0.02 0.15 0.17 32.12

42 X12 4664.87 NA Es3
L dark gray

mudstone
0.41 452.0 0.01 0.23 0.24 58.68 1.82

43 X14 4234.90 NA Es3
L gray mudstone 0.24 458.6 0.02 0.12 0.14 58.30

44 X14 4235.95 NA Es3
L gray mudstone 0.42 440.3 0.09 0.32 0.41 95.99

45 X14 4236.50 NA Es3
L gray mudstone 0.74 439.2 0.49 0.91 1.40 189.04

46 X14 4237.70 NA Es3
L dark gray

mudstone
0.75 443.3 0.31 0.81 1.12 149.40
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composed of dark gray mudstone and salt rocks; the lithology
of Es3

L is mainly gray mudstone and light gray siltstone; and
that of Es2 is mainly purple mudstone that mixed with siltstone
or sandy mudstone. The lithology of Es1 is dominated by gray
mudstone and light gray siltstone (the lithological description
is from the Zhongyuan Oilfield, SINOPEC) (Figure 2).
The effective hydrocarbon source rocks and thick saline

rocks are widely distributed in the Es3 and Es4. In these two
formations, in comparison to the OM in the NA of the
southern area, that in the SA of the northern area has a higher
abundance and a better type. In addition, the results of actual
explorations also show that the oil and gas in the Dongpu
Depression are mainly distributed in the SA.46,47

It is of great significance to accurately recover the thermal
evolution history of a basin for evaluating the hydrocarbon
generation potential of the source rocks, and the reliable
thermal history is a key factor in the application of
hydrocarbon generation kinetics to practical geological
conditions.48,49 In comparison to the use of Ro and paleo-
geothermics, the geothermal gradient of the Paleogene in the
Dongpu Depression calculated by the apatite fission track is
moderate, at about 3.6 °C/100 m.48 The Dongying Movement
at the end of the Paleogene caused the overall uplift of Dongpu
Depression to suffer denudation, and the thickness of this
denudation in the Ed is about 800−1200 m.50 The geothermal
gradient was 3.6−3.8 °C/100 m in the end of Ed and then
reduced to 3.4−3.5 °C/100 m as a result of the denudation
period. In the early Neogene, because the strata gradually
covered the denudation surface in the whole area, the
geothermal gradient increased, reaching 3.6−3.7 °C/100 m
at the end of Ng, and then the geothermal gradient gradually
decreased because the depression was in the depression stage.
Now, the geothermal gradient has decreased to 3.1−3.3 °C/
100 m.51

3. SAMPLES AND EXPERIMENTS
3.1. Samples. A total of 53 samples (31 and 22 are distributed in

SA and NA, respectively), including shale and mudstone, were
selected from some typical wells (Figure 1). Then, Rock-Eval
pyrolysis and total organic carbon (TOC) experiments are performed
on these 53 samples, and vitreous component (Ro) analysis is
performed on 12 samples. Finally, a shale sample in SA and a
mudstone sample in NA were chosen for the gold tube thermal
simulation experiments.

3.2. Experiments. 3.2.1. Pyrolysis, Ro, and TOC. The Rock-Eval
IV instrument is used for pyrolysis experiments. The samples are
heated to 600 °C in the helium environment to generate S1 and S2
and obtain the parameter Tmax. S1 represents free hydrocarbon
released at 300 °C; S2 represents pyrolytic hydrocarbon released at
300−600 °C; and Tmax represents the temperature at which S2 reaches
the maximum value. LECO CS230 is used for the analysis of the
TOC, and CRAIC is used for the acquirement of Ro.

3.2.2. Extraction of Kerogen. First, the samples are ground into
powder (100 mesh) and then treated with HCl and HF to remove
carbohydrates and silicates to obtain concentrated kerogen.
Subsequently, the precipitated silica gel generated from the process
of treatment by HF is removed by hot hydrochloric acid. Next, the
organic residue is washed with distilled water to a neutral pH and
separated by heavy liquid flotation to obtain kerogen. Finally, kerogen
is heated at 100 °C for 24 h.52

3.2.3. Thermal Simulation Experiments. According to the
criterion (SY/T7035-2016), there are several requirements for gold
tubes: the purity of gold is equal to or greater than 99%; the inner
diameter is 4 mm; the length is 60 mm; the wall thickness is 0.25 mm;
and there is no sand hole or crack.

Under the protection of argon (volume fraction is equal to or
greater than 99%), about 10 g of kerogen sample is put into each gold
tube and the wall of the tube should not be stained with the sample.
After the remaining air is replaced with argon for 15 min, the tube is
welded with an argon arc welding gun. Next, the gold tube is placed in
the high-pressure kettle and filled with water by the high-pressure
pump. The high-pressure water causes the flexible deformation of the
gold tube to exert pressure on the sample. The pressure is set at 50
MPa (error is less than 0.5 MPa). Subsequently, the sample is heated
from room temperature to 200 °C for 10 h and then heated to the
desired simulation temperature (300−600 °C) at the heating rates of
2 and 20 °C/h, respectively, and at the final constant temperature
(300−600 °C) for some time. Each heating curve has 12 temperature
points (number of tubes is 12) with an interval of heating at 24 °C
(error is less than 1 °C).

3.3.4. Gas Chromatography (GC) Analysis. After taking out the
samples, the gases (C1−5, CO2, etc.) are released in the vacuum
system of gold tubes, which is connected with GC7890 gas
chromatography online, to complete the analysis of all gases.53 The
light hydrocarbons (C6−14) are frozen with liquid nitrogen and then
collected. After 5 min, 2 mL of dichloromethane solvent is quickly
added and the gold tubes are cut open. The gold tubes and the
samples are sealed and refrigerated for use. Next, the light
hydrocarbon collection bottles containing the gold tube and samples
are oscillated and ultrasonically extracted for 2 min, and the
deuterium internal standard solution (50 μL) is added to the bottle.
Those mixtures are shaken evenly and settled to subside, before

Table 1. continued

number well
depth
(m) location formation lithology

TOC
(%)

Tmax (°
C)

S1
(mg/g)

S2
(mg/g)

S1 + S2
(mg/g)

HI
(mg/g of TOC)

Ro
(%)

47 X14 4238.75 NA Es3
L dark gray

mudstone
0.85 439.5 0.39 0.86 1.26 147.41

48 X14 4239.80 NA Es3
L dark gray

mudstone
0.51 445.0 0.16 0.41 0.57 112.58

49 X14 4241.00 NA Es3
L dark gray

mudstone
0.46 448.5 0.09 0.35 0.44 95.31

50 X14 4241.60 NA Es3
L dark gray

mudstone
0.83 449.0 0.23 0.60 0.84 101.02

51 X14 4330.45 NA Es3
L dark gray

mudstone
0.36 462.5 0.02 0.19 0.21 58.32

52 X14 4332.05 NA Es3
L dark gray

mudstone
0.55 435.0 0.19 0.89 1.08 196.19

53 X14 4408.90 NA Es3
L dark gray

mudstone
0.29 445.5 0.02 0.19 0.21 72.45 1.61

aSA and NA represent the saline area and non-saline area in the Dongpu Depression, respectively. HI represents the hydrogen index, which is the
ratio of 100S2/TOC.

bSamples used for closed gold cube thermal simulation experiments.

Energy & Fuels pubs.acs.org/EF Article

https://dx.doi.org/10.1021/acs.energyfuels.0c03965
Energy Fuels 2021, 35, 2192−2208

2196

pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c03965?ref=pdf


transferring 1 mL of the clarified solution to a 2 mL chromatographic
bottle.
The specification of a HP5 chromatographic column is 50 m × 0.32

mm × 0.25 μm, and the flow rate of the column is 1.5 mL/min. The
heating procedure of the column box is that the temperature is
maintained at 40 °C for 5 min and then increases to 290 °C, at a
heating rate of 4 °C/min, which is maintained for 15 min. The inlet
temperature is 290 °C, and the detector temperature is 300 °C. The
injection volume is 1 μL. The injection mode is automatic injection
without a shunt.
After gas chromatographic analysis of light hydrocarbon (C6−14) in

accordance with the above conditions, the remaining solution in the
chromatographic bottle is poured back into the original light
hydrocarbon collection bottle. The dichloromethane solution in the
light hydrocarbon collection bottle, together with the gold tube and
samples, is shaken by an ultrasonic wave for 2 min to be extracted, and
then this mixture is filtrated by the organic filtration membrane with a
diameter of 0.45 μm. The previous step is repeated until the filtrate is
below the 3rd fluorescence level. Finally, the filtrate was volatilized to
dry at 40 °C and weighed to a constant weight (at an interval of 30
min, the difference in weigh is less than 0.1 mg) with a balance to
obtain C14+.
3.3.5. Gas Chromatography−Isotope Ratio Mass Spectrometry

(GC−IRMS) Analysis. A thermal simulation gas carbon isotope is
analyzed in a GC−IRMS isotope mass spectrometer of Isochrom II
type [analysis error of ±0.3‰ Pee Dee Belemnite (PDB)], and the
chromatographic column of Poraplot Q type (30 m × 0.32 mm ×
0.25 mm) is used with helium as the carrier gas. Then, the heating
program is set up: the initial temperature is 50 °C, and this
temperature is constant for 3 min. Then, the temperature increases to
150 °C at a rate of 4 °C/min, and this temperature is constant for 8
min.

4. RESULTS

4.1. OM Abundance, Type, and Maturity. The TOC
values of 31 SA samples are 0.38−6.51% (mean of 1.48%), and
those of 22 NA samples are 0.17−0.85% (mean of 0.43%).
More than 75% of the SA samples have a TOC value greater
than 0.6%, and more than 50% of the SA samples have a TOC
value greater than 1%. About 80% of the NA samples have a
TOC value less than 0.6% (Table 1 and Figure 3a). The S1 +
S2 values of 31 SA samples are 0.13−41.01 mg/g (mean of 6.98
mg/g), and those of 22 NA samples are 0.01−1.40 mg/g
(mean of 0.41 mg/g). About 65% of the SA samples have a S1
+ S2 value greater than 2 mg/g, and all NA samples have a S1 +
S2 value less than 0.6% (Table 1 and Figure 3b). The hydrogen
index (HI) values (100S2/TOC) of 31 SA samples are 26.02−
687.89 mg/g of TOC (mean of 335.12 mg/g of TOC), and
those of 22 NA samples are 3.49−196.19 mg/g of TOC (mean
of 378.39 mg/g of TOC) (Table 1). The Ro and Tmax values of
all samples are 0.55−1.82% (mean of 0.68%) and 417−477 °C,
respectively, which show that the source rock has entered the
mature stage and the samples for thermal simulation
experiments are relatively low-mature rocks (Table 1). The
difference of TOC, S1 + S2, and HI values between SA and NA
samples exhibits the difference of the hydrocarbon generation
potential, which can contribute to highlight the significance of
source rocks in SLRBs.

4.2. Hydrocarbon Yields. 4.2.1. Oil Yields. As shown in
panels a and b of Figure 4 and Table 2, the oil (C6+) yield of
the SA sample peaks at about 38020 °C/h °C (1155.9420 °C/h

Figure 3. (a) Plot of ratios of several intervals of TOC values to the total number of samples in SA and NA, separately, and (b) plot of ratios of
several intervals of S1 + S2 values to the total number of samples in SA and NA, separately. SA and NA represent the saline area and non-saline area
of the Dongpu Depression.

Figure 4. (a) Oil yields (C6+, C6−14, and C14+) of the SA sample with an increasing temperature at heating rates of 2 and 20 °C/h in the closed gold
tube thermal simulation experiments and (b) oil yields (C6+, C6−14, and C14+) of the NA sample with an increasing temperature at heating rates of 2
and 20 °C/h in the closed gold tube thermal simulation experiments. SA and NA represent the saline area and non-saline area of the Dongpu
Depression.
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mg/g of TOC) and peaks at about 340 °C (1034.572 °C/h mg/g
of TOC) and that of the NA sample peaks at about 38020 °C/h
°C (263.5620 °C/h mg/g of TOC) and peaks at about 3402 °C/h
°C (276.642 °C/h mg/g of TOC) (the lower right corner
“20°C/h” and “2°C/h” represent “at the heating rate of 20 °C/h”
and “at the heating rate of 2 °C/h”, respectively). However, the
oil yields in both marine and lacustrine oil-prone source rocks
are generally 300−600 mg/g of TOC.54 It can be known that
the SA sample has a higher oil yield and the NA sample has a
lower oil yield, which is in line with the proven reserves in the
Dongpu Depression. In addition, the two critical points
(38020 °C/h and 3402 °C/h °C) represent the balance between
kerogen cracking into oil and oil secondary cracking.
The heavy oil (C14+) yield of the SA sample peaks at about

38020 °C/h °C (1097.3820 °C/h mg/g of TOC) and at about
3402 °C/h °C (986.352 °C/h mg/g of TOC), and that of the NA
sample peaks at about 38020 °C/h °C (248.9620 °C/h mg/g of
TOC) and at about 3402 °C/h °C (263.842 °C/h mg/g of TOC).
Furthermore, the value of C14+ is slighter less than that of C6+,
which can testify that the components of oil cracking from
kerogen are mainly heavy oil (C14+).
The light oil (C6−14) yield gradually increases until 45220 °C/h

and 4032 °C/h °C for the SA sample and 42820 °C/h and
379.502 °C/h °C for the NA sample, respectively, and then starts
to decrease. Before this critical point (45220 °C/h and 4032 °C/h
°C for SA and 42820 °C/h and 379.52 °C/h °C for NA), the heavy
oil (C14+) yield has already begun to decrease substantially at
38020 °C/h and 3402 °C/h °C (panels a and b of Figure 4), which
shows that the reaction of kerogen cracking into C14+ is very
slight and C14+ cracking into C6−14 is intense. Moreover,
although heavy oil (C14+) continues to decrease, the gas from
oil cracking can be ignored as long as light oil (C6−14) does not
reach its maximum value; that is, there is almost no gas
generated from the oil secondary cracking during the intervals
from 38020 °C/h to 45220 °C/h °C and from 3402 °C/h to 4032 °C/h
°C for the SA sample and that from 38020 °C/h to 42820 °C/h °C
and from 3402 °C/h to 379.52 °C/h °C for the NA sample. After
this critical point (45220 °C/h and 4032 °C/h °C for SA and
42820 °C/h and 379.52 °C/h °C for NA), the decrease of the C6−14
yield can be attributed to the intense process of oil secondary
cracking. In the closed system, when the amount of oil
generated from kerogen cracking is less than that of oil
secondary cracking, the C6+ yield increases, which shows the
stage of mass gas generation.

4.2.2. Gas Yields. As shown in panels a and c of Figure 5
and Table 3, at two heating rates, the curve of the C1−5 yield
increases significantly first and then tends to be relatively
steady. More specifically, the C1−5 yield peaks at 548.420 °C/h
°C (469.1120 °C/h mg/g of TOC) and 5242 °C/h °C
(466.752 °C/h mg/g of TOC) for the SA sample and at
524.920 °C/h °C (60.4620 °C/h mg/g of TOC) and 5002 °C/h °C
(82.612 °C/h mg/g of TOC) for the NA sample. In contrast, the
C2−5 yield gradually increases until it reaches the maximum at
about 50020 °C/h °C (280.7320 °C/h mg/g of TOC) and at
477.52 °C/h °C (258.142 °C/h mg/g of TOC) for the SA sample
and at about 47620 °C/h °C (14.6420 °C/h mg/g of TOC) and at
427.92 °C/h °C (16.052 °C/h mg/g of TOC) for the NA sample.
After the peak temperature, C2−5 starts to crack substantially to
cause the decline of its yield. Meanwhile, the C6+ (C6−14 and
C14+) yields still decrease, which illustrates that the action of oil
cracking is still going on (panels a and b of Figure 4).
Additionally, taking an example of the results of the SA sample
at the heating rate of 20 °C/h, the five curves show that the C5,T
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C4, C3, and C2 yields peak in turn at about 475, 495, 505, and
545 °C, respectively. It can be concluded that the trend of the
C2−5 yield can be attributed to the joint effort of oil secondary
cracking into C2−5 and C2−5 cracking into lighter gases,
including CH4, C2, C3, and C4, after the critical temperature
(50020 °C/h or 477.52 °C/h °C) (panels b and d of Figure 5).

The CH4 yield increases noticeably with the increasing
temperature, and the final yield is slightly less than the C1−5
yield at about 416.1620 °C/h mg/g of TOC and 462.8420 °C/h
mg/g for the SA sample and 39.0220 °C/h mg/g of TOC and
76.272 °C/h mg/g for the NA sample, which indicates that if the
Ro or temperature is high enough, C2−5 can almost completely
crack into CH4 and the main component of gases is CH4. If the
C2−5 cracking is the only source of CH4, the C1−5 yield must
decrease because the C2−5 cracking can form not only lighter
gases (CH4, C2, C3, and C4) but also pyrobitumen. However,
the experimental results show that there is no notable decrease
in the curve of the C1−5 yield, which shows the existence of
kerogen primary cracking.

4.2.3. Stable Carbon Isotope of Gas Components. The
stable carbon isotope data of the NA sample have not been
detected with enough valid data, and the δ13C curves are
similar at two heating rates (20 and 2 °C/h); therefore, the 20
°C/h data of the SA sample is henceforth used in describing
the stable carbon isotopic fractionations evident with pyrolysis
in this part. The initial value of δ13C3 at 300 °C is −26.07‰,
which is similar to the average value of δ13C (−26.02‰).55

The δ13C3 and δ13C2 values are greater than the average value
(−26.02‰) when the temperature is above 452 °C. The δ13C1
value is almost less than the average value (−26.02‰) and

Figure 5. Gas yield of SA and NA samples with an increasing pyrolysis temperature at heating rates of 2 and 20 °C/h: (a) total gases (C1−5), wet
gases (C2−5), and CH4 yield of the SA sample at two heating rates, (b) C1, C2, C3, C4, and C5 yields of the SA sample at the heating rates of 20 °C/
h, (c) C1, C2, C3, C4, and C5 yields of the SA sample at the heating rates of 2 °C/h, (d) total gases (C1−5), wet gases (C2−5), and CH4 yield of the
NA sample at two heating rates, (e) C1, C2, C3, C4, and C5 yields of the NA sample at the heating rates of 20 °C/h, and (f) C1, C2, C3, C4, and C5
yields of the NA sample at the heating rates of 2 °C/h. SA and NA represent the saline area and non-saline area of the Dongpu Depression,
respectively.

Table 3. Ranges of Ro Values of Four Gas Evolution
(Source) Stages in Different Source Socks

gas evolution process (gas source) based on easy Ro (%)

sample
kerogen cracking

(C1 < C2)
kerogen cracking

(C1 > C2)
oil

cracking
wet gas
cracking

SA 0.6−1.0 1.0−2.2 2.2−3.8 3.8−4.5
C 0.7−1.1 1.1−1.4 1.4−3.0 3.0−4.5
CM 0.7−0.9 0.9−1.1 1.1−2.5 2.5−4.5
MS 0.7−0.9 0.9−1.7 1.7−3.9 3.9−4.4

aSA and NA represent the saline area and non-saline area in the
Dongpu Depression, respectively. MS is short for marine shale (data
from Wang et al.65); CM is short for coal measure mudstone (data
from Zhao et al.45); C is short for coal (data from Zhao et al.45); and
SA is short for saline lacustrine shale (this study). Those samples are
used for the similar closed gold tube thermal simulation experiments.
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gradually tends to be −26.02‰ with the increasing temper-
ature (panels a and b of Figure 6).
The trend of δ13C1 gradually increases with the increasing

temperature, which illustrates that the initial precursors of CH4
are isotopically more depleted than the more thermally stable
aromatic structures of kerogen.56,57 The δ13C3 and δ

13C2 values
remain relatively constant below 450 °C, but both start to
increase above 450 °C. Moreover, propane (C3) showed a
more rapid 13C enrichment than ethane (C2) with the
increasing temperature. This phenomenon illustrates prefer-
ential cracking of 12C−12C bonds, such that the non-cracked
residue of C2 and C3 is isotopically heavy. The heavier δ13C3
and δ13C2 values can be attributed to the gases cracking at high
temperatures.56,57

As shown in Figure 6, at two heating rates, the distribution
patterns of the δ13C values for C1, C2, and C3 are similar.
Across the whole temperature range, there is a normal carbon
isotope order, that is, δ13C3 > δ13C2 > δ13C1. After
summarization of previous relevant studies, Peng et al.58

conclude that there is no obvious isotope inversion
phenomenon in the confined system. However, the results of
the same experiments on solid bitumen59 and crude oil60 show
the phenomenon of gas isotope inversion (δ13C2 > δ13C3 >
δ13C1). This is an interesting phenomenon and needs to be
further studied specifically.
4.3. Kinetic Parameters. To obtain the activation energy

and frequency factor (A), the gas yield (Ct) in different

temperatures and the maximum gas yield (Cmax) need to be
used to obtain the gas transformation ratio (C) according to
the formula (C = Ct/Cmax).

53 In this research, the yields of
methane and total hydrocarbon gas at two heating rates are
eventually steady, and we can assume that the samples have
almost ceased to generate gases. Therefore, the experimental
results can be used to calculate relevant parameters. An
assumptive Cmax can be input into the KINETICS, and then
the software can calculate the error of the two curves at two
heating rates of 2 and 20 °C/h. The Cmax value is assumed
repeatedly, and when the error is the smallest, this assumed
value is considered to be correct. In this study, the value is 340
mL/g of sample for the SA sample and 13 mL/g of sample for
the NA sample. The calculated results of the C value are shown
in panels a and b of Figure 7.
The first-order kinetic models are widely applied in

hydrocarbon generation with a single frequency factor and a
distribution of activation energies.30,61−64 The results show
that the gas yields calculated by kinetic parameters are in good
agreement with the experimentally measured data (panels a
and b of Figure 8). The activation energy values range from 49
to 74 kcal/mol for the SA sample and from 30 to 53 kcal/mol
for the NA sample. The frequency factor value (A) of the SA
sample is 1.93 × 1014 s−1, and that of the NA sample is 2.41 ×
109 s1−1. Moreover, the shapes of the activation energy curve
for SA and NA samples are both relatively smooth, which

Figure 6. (a) Stable carbon isotope values of C1, C2, and C3 with an increasing temperature at the heating rates of 20 and 20 °C/h for the SA shale
sample and (b) stable carbon isotope values of C1, C2, and C3 with an increasing temperature at the heating rates of 20 and 20 °C/h for the NA
mudstone sample. SA and NA represent the saline area and non-saline area of the Dongpu Depression, respectively.

Figure 7. (a) Transition ratio of the total gases (C1−5) with an increasing temperature at the heating rates of 20 and 20 °C/h for the SA shale
sample and (b) transition ratio of the total gases (C1−5) with an increasing temperature at the heating rates of 20 and 20 °C/h for the NA
mudstone. SA and NA represent the saline area and non-saline area of the Dongpu Depression, respectively.

Energy & Fuels pubs.acs.org/EF Article

https://dx.doi.org/10.1021/acs.energyfuels.0c03965
Energy Fuels 2021, 35, 2192−2208

2201

https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.0c03965?fig=fig7&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c03965?ref=pdf


shows that gas generation is a gradual process (panels c and d
of Figure 8).

5. DISCUSSION
5.1. Oil-Prone Source Rocks in SLRBs. According to the

evaluation criterion of lacustrine source rocks,65 the plot of
TOC versus HI was drawn, indicating that most SA samples
are good source rocks and only a small part of NA source rocks
are good source rocks (Figure 9a). In addition, the Paleogene

source rocks in the Dongying Depression66 and Qianjiang
Depression,67 which are also typical SLRBs, are mainly good−
extremely good (Figure 9a). Additionally, from the plot of Tmax
versus HI,50 it can be concluded that the OM type of SA
samples is dominated by II kerogen (II1 and II2), followed by I
kerogen, and that of NA samples is mainly II2 and III kerogen
(Figure 9b). The OM type of source rocks in western Qaidam
Basin,68 which is also typical SLRBs, and that in the Dongying
Depression66 are dominated by II1 and II2 kerogen (Figure

Figure 8. (a) Measured and calculated total gas (C1−5) yield of the SA shale showing better curve fittings, (b) kinetic parameter sets for the
generation of the total gases (C1−5) of the SA shale, (c) measured and calculated total gas (C1−5) yield of NA mudstone showing relatively poor
curve fittings, and (d) kinetic parameter sets for the generation of the total gases (C1−5) of NA mudstone. A represents the frequency factor value.
SA and NA represent the saline area and non-saline area of the Dongpu Depression, respectively.

Figure 9. (a) TOC versus S1 + S2 plot showing that the quality of samples (the evaluation criterion is from Liu et al.50), (b) HI versus Tmax plot
showing the kerogen types of samples (the evaluation criterion is from Liu et al.50), and (c) HI versus TOC plot showing that samples are oil-
prone. N1 and N2 represent the number of SA and NA samples, respectively. SA and NA represent the saline area and non-saline area of the
Dongpu Depression, respectively.
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9b). Those prove that source rocks in SLRBs are high-quality
and tend to generate oil. Furthermore, the location of sample
points from the Dongpu Depression (this study), Dongying
Depression,66 Qianjiang Depression,67 and Qaidam Basin68 in
the plot of TOC versus HI also verify the oil-prone property of
source rocks in SLRBs (Figure 9c). However, the values of
C1−5 (gases) yields (peak values of 469.1120 °C/h mg/g of TOC
and 466.752 °C/h mg/g of TOC) (Figure 5 and Table 2)
indicate that the source rocks in SLRBs have great potential of
gas generation.
5.2. Gas Evolution during Experimental Pyrolysis.

According to the variation of hydrocarbon yields at different
temperatures (easy Ro), the process of gas evolution can be
preliminarily understood. Moreover, CH4 is the main
component of the total gas (Figure 5), and the gas stable
carbon isotope compositions and yields of C1 C2 and C3 are
widely used to distinguish whether CH4 is directly sourced
from kerogen or alternatively is a secondary product of oil
cracking.56,69−72

5.2.1. ln C2/C3 and ln C1/C2. The plot of ln(C1/C2) versus
ln(C2/C3) based on yields of C1, C2, and C3 is suitable for
describing the dynamic process of the gas source: primary
cracking of kerogen or secondary cracking of oil.70 Generally,
in the process of kerogen primary cracking, the value of C1/C2
increases progressively and the value of C2/C3 is constant
(sometimes may slightly decrease or increase). In contrast, in
the process of oil secondary cracking, the C1/C2 ratio is always
constant and the value of C2/C3 increases noticeably with
maturity (temperature or easy Ro).

49,59,73

As shown in Figure 10, because of the similar trend of the
two heating curves, the results at the heating rate of 2 °C/h are
used as examples to analyze. The gas generation process can be
divided into four stages broadly.

5.2.1.1. SA Sample. Stage 1: when the temperature is
between 300 and 379.5 °C (easy Ro = 0.6−1.0%), ln C1/C2
decreases significantly and ln C2/C3 is constant at 0.5, which
can be attributed to the occurrence of kerogen primary
cracking. From this, it can be concluded that the order of
preferential generation is C3 > C2 > C1 with the consideration
of C1−3 yields and the initial temperature of the reaction. Stage
2: at 379.5−452.10 °C (easy Ro = 1.0−2.2%), the value of ln
C1/C2 increases and the value of ln C2/C3 decreases slightly.
This indicates that the typical cracking of kerogen generates
more C1 than C2, which can be attributed to the primary
cracking of kerogen arylmethyl and terminal methyl.49,74 Stage
3: at the third stage (452.10−548 °C or easy Ro = 2.2−3.8%),
the two parameters increase dramatically; that is, the increasing
production of C1 and C2, which is a typical oil secondary
cracking though the contribution of kerogen primary cracking,
cannot be excluded.70 The critical temperatures of C5, C4, C3,
and C2 occur in this stage (Figure 5), suggesting that
decomposition rates exceed generation rates for C5, C4, C3,
and C2, in turn, which is another evidence for oil secondary
cracking. Stage 4: finally (easy Ro = 3.8−4.5%), ln C1/C2
continues to increase, and ln C2/C3 is almost stable when the
temperature is above 548 °C, which can be attributed to the
gas cracking at high pyrolysis temperatures, especially C2−3
into C2−1.

Figure 10. (a and b) Plot of ln C2/C3 versus ln C1/C2 for gases generated from the SA shale at the heating rates of 20 and 20 °C/h showing the
process of gas evolution and (c and d) plot of ln C2/C3 versus ln C1/C2 for gases generated from NA mudstone at the heating rates of 20 and 20
°C/h showing the process of gas evolution. SA and NA represent the saline area and non-saline area of the Dongpu Depression, respectively.
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5.2.1.2. NA Sample. Stage 1: when the temperature is
between 299.3 and 319.4 °C (easy Ro = 0.56−0.65%), the
trend is similar to stage 1 of the SA sample. Stage 2: at 319.4−
379.5 °C (easy Ro = 0.65−1.04%), this interval is significantly
different from stage 2 of the SA sample. The value of ln C1/C2
decreases from 1.21 to 0.69, and the value of ln C2/C3
increases from 0.15 to 0.87, which indicates that the trend of
gas generation in this interval is prone to generate C2, followed
by C1 and then C3. Stages 3 and 4: when the temperature is
between 379.5 and 524.2 °C (easy Ro = 1.04−3.38%) and
between 524.2 and 599.7 °C (easy Ro = 3.38−4.45%), the two
stages are both similar to stages 3 and 4 of the SA sample;
therefore, they are not demonstrated again.
Actually, many researchers have conducted the confined

gold cube thermal simulation experiments on different types of
samples, including the coal (C), coal measure mudstone
(CM),49 and marine shale (MS).73 Almost all scholars divide
the process of gas evolution into four stages using the plot of
ln(C1/C2) versus ln(C2/C3). However, there is a significant
difference in the easy Ro (temperature) range of each stage in
several studies, although the specific reactions are similar,
including this experiment on saline rifting lacustrine shale
(SA). As shown in Figure 11 and Table 3, the gas evolution
process of SA is similar to MS and differs from that of C and
CM. It can be concluded that the origins of hydrocarbon gases
in shale (I or II kerogen) and coal (III kerogen) are different in
different maturity stages. More specifically, in the mature stage,
the origins of gases in different samples are similar and mainly

kerogen cracking. In the high-mature stage, the gas generated
from the shale (SA and MS) comes from kerogen cracking,
followed by oil cracking, and that from the coal (C and CM)
mainly comes from oil cracking. In the overmature stage, the
process of oil cracking into gas lasts to a longer easy Ro in shale
than that in coal and wet gas cracking is a main way for all
samples to generate slighter gases.

5.2.2. δ13C1−δ13C2 versus ln C1/C2. The plot of δ
13C1−δ13C2

versus ln C1/C2 proposed by Prinzhofer and Huc70 has been
used in distinguishing gases from kerogen or oil cracking in
previous studies.49,56,59,71,73 Generally, with an increasing
temperature, the difference in the isotopic ratios decreases
toward zero but remains negative in a typical fractionation
associated with thermogenic gases.70 Because of the lack of
valid data, the analysis for the NA sample of δ13C1−δ13C2
versus ln C1/C2 is not conducted. As shown in Figure 12, the
curves at two heating rates can be divided into three similar
stages; therefore, the trend at the heating rate of 2 °C/h is used
as an example. (1) At the initial stage, with the increase of the
temperature, the value of ln C1/C2 decreases slightly and
δ13C1−δ13C2 increases substantially, which can be attributed to
the preferential generation of kerogen cracking into C2 over C1.
(2) At the second stage of the whole reaction, the two
parameters show a modest upward trend, which indicates that
C1 has the top prior to being generated in comparison to C2.
Moreover, the absolute value of δ13C1−δ13C2 increases to the
maximum, which suggests that the difference between δ13C1
and δ13C2 decreases to the minimum. (3) There is a rapid

Figure 11. Plot of the stages of gas evolution (source) in different maturity stages of source rocks of different lithologies. MS is short for marine
shale (data from Wang et al.65); CM is short for coal measure mudstone; C is short for coal (data from Zhao et al.45); SA is short for saline
lacustrine shale (this study). Those samples are used for the similar closed gold tube thermal simulation experiments.

Figure 12. Plot of δ13C1−δ13C2 versus ln C1/C2 for gases generated from the SA shale at the heating rates of 20 and 20 °C/h in the closed gold
tube thermal simulation experiments showing the process of gas evolution. SA represents the saline area of the Dongpu Depression.
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growth in ln C1/C2 and a significant decrease in δ13C1−δ13C2
at the final stage. As shown in section 4.2.2, the C1−5 yield
tends to be stable and the C2−5 yield decreases substantially in
this temperature range. In contrast, the CH4 yield continues to
increase. This indicates that the source of CH4 is mainly the
cracking of C2−5. Generally, the difference between δ13C1 and
δ13C2 enlarges in the process of wet gas (C2−5) cracking.
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5.3. Extrapolation to Geological Conditions. The
kinetic parameters (activation energy and frequency factor)
obtained from the closed gold tube thermal simulation
experiment can be used to reconstruct the history of
hydrocarbon generation in the geological period.30,53,61−64

The paleo-geothermal parameters and basic geological data of
SA and NA in the Dongpu Depression have been studied
deeply.48 The evolution of the geothermal gradient in different
sub-depressions of the Dongpu Depression is similar. When
the results of Liu and Ren are taken as an example, the
geothermal gradient evolution curve is bimodal and the two
peaks are distributed in the late stage of Es3 and the middle
and late stages of Ed.48 This geothermal trend is agreeable with
tectonic evolution. In the Paleogene, the Dongpu Depression
has experienced the initial faulting stage in Es4, the intense
faulting stage in Es3, and the depressed stage during the period
from Es2 to Ed.75 Therefore, in the period of Es3, mantle uplift
and crust thinning or splitting are caused by intense rifting and
then deep heat carriers (magma and hydrothermal fluid) flow
up to the shallow part of the crust or spill out to the surface
through the deep and large faults, resulting in a higher
geothermal background. The short-term tectonic uplift
resulted in the decrease of the geothermal gradient from the
late stage of Es3 to the early stage of Es2. Subsequently, the late
rifting increased the mantle heat flow, causing the geothermal
gradient to increase again.75

On the basis of the experimental geochemical data and
hydrocarbon generation kinetic data in this study, combined
with the thermal history data and geological and massive
geochemical data of SA and NA studied by previous
researchers, the gas generation history of SA and NA is
conducted.76 As shown in Figure 13a, the SA shale and NA
mudstone began to generate gases 40 Ma. This is consistent
with the fact that Es4 and Es3 source rocks have just entered
the mature stage (Ro > 0.5%) at this time when the Dongpu
Depression was experiencing the intense faulting stage. It can
be assumed that the conversion ratio range of 20−80% can
represent the main hydrocarbon generation stage, in which 20
and 80% are the lower and upper limits of this stage,
respectively.77 The main gas generation stage of SA and NA is
34−25 and 33−24 Ma, respectively, which is the late Es1 and
Ed periods in geologic history (Figure 13b). This main
hydrocarbon generation stage is in the depression stage of the
Dongpu Depression with the deepest depth and the largest
subsidence amplitude. After that, the Dongpu Depression rose
gradually, which results in the destination of gas generation.

6. CONCLUSION
(1) The results of geochemical data and oil yields from thermal
simulation experiments show that, in comparison to NA
samples, SA samples are fairly good oil-prone source rocks.
The integrated analysis of source rocks in some SLRBs
(Dongpu Depression, Dongying Depression, Qianjiang
Depression, and Qaidam Basin) further verify the oil-prone
property. However, the gas yields indicate that the shale in SA
has the potential of gas generation, which can provide a

hydrocarbon source for shale gas reservoirs. (2) According to
ln C2/C3, ln C1/C2, δ

13C1−δ13C2, and hydrocarbon yields, the
process of gas generation for SA and NA can be divided into
three stages: (1) kerogen cracking into gas (easy Ro = 0.6−
2.2%), (2) oil cracking into gas (easy Ro = 2.2−3.8%), and (3)
wet gas cracking into lighter gas (easy Ro = 3.8−4.5%).
Moreover, in comparison to other types of samples (marine
shale, coal, and coal mudstone), the SA sample can generate
gas mainly by kerogen cracking in the high-mature stage and
oil cracking in the overmature stage. (3) The kinetic
parameters of gas are applied in the practical geological
conditions, and the results show that the SA and NA samples
start to generate gas in 40 Ma, and the final gas yield for SA
and NA samples is 130 and 40 mg/g of TOC, respectively. The
main gas generation stage of SA and NA samples is in 34−25
and 33−24 Ma, respectively, which is in the depression stage of
the Dongpu Depression with the deepest depth and the largest
subsidence amplitude.
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■ NOMENCLATURE
SLRB = saline lacustrine rifting basin
BBB = Bohai Bay Basin
OM = organic matter
SA = saline area of the Dongpu Depression
NA = non-saline area of the Dongpu Depression
Es4 = fourth member of the Shahejie Formation
Es3 = third member of the Shahejie Formation
Es2 = second member of the Shahejie Formation
Es1 = first member of the Shahejie Formation
Ng = Guantao Formation
Nm = Minghuazhen Formation
Qp = Pingyuan Formation
TOC = total organic carbon
Tmax = peak temperature of pyrolysis
Ro = vitrinite reflectance
HI = hydrogen index
C = gas transformation ratio
A = frequency factor value
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