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a b s t r a c t

The Mesozoic and Cenozoic strata in the Junggar basin developed two sets of shallow to semi-deep
lacustrine shale, namely, the Cretaceous Qingshuihe Formation (K1q) and the Paleogene Anjihaihe For-
mation (E2-3a). Through organic petrology and scanning electron microscope (SEM) observation, it is
found that the primary hydrocarbon-generating organic matter (OM) in the two sets of strata is different.
The biological precursor of the E2-3a OM is mainly green algae (Pediastrum), while the precursor of K1q

kerogen is mainly cyanobacteria (Oscillatoria). Then, the E2-3a green algae-rich shale and K1q

cyanobacteria-rich shale were subjected to hydrous pyrolysis and kinetic analysis, respectively. The re-
sults show that the evolution modes of hydrocarbon generation of the typical shales are very different.
Green algae have the characteristics of a low oil generation threshold, heavy oil quality, and no prom-
inent oil peak, while cyanobacteria have the characteristics of late oil generation, concentrated hydro-
carbon generation, and relatively light oil quality. The characteristics of oil generation can also be well
reflected in the composition evolution of the crude oil components. The carbon isotope of gas, kerogen,
and extracts of the E2-3a green algae-rich shale are significantly heavier than the K1q cyanobacteria-rich
shale, which may be related to the living habits of their biological precursors, carbon source usage,
photosynthesis efficiency, and carbon fixation efficiency.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

As a critical hydrocarbon-generating organic matter (OM) in
source rocks, algae have made significant contributions to the for-
mation of oil and gas (Robinson, 1969; Hutton et al., 1980; Collister
et al., 2004). Lamalginite is generally considered to be produced by
the residue of algae or cyanobacteria, which can be used as a sign of
closed environments such as lakes (Collister et al., 2004). Lamal-
ginite in lacustrine sediments mainly comes from cyanobacteria
and green algae (Cook and Sherwood, 1991). For example, the
ina University of Petroleum,
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kerogen precursors of Alberta shale in Canada (Smith et al., 1991),
Upper Paleozoic source rocks in the Timan Pechora Basin in Russia
(Collister et al., 2004), Kukersite oil shale in the Baltic Basin in
Estonia (Foster et al., 1990), and the Ordovician Marine carbonate
source rocks in the Tarim Basin (Pu et al., 1998) are mainly cyano-
bacteria. The biological precursors of the Rundle type shale in
Australia are mainly Pediastrum of the green algae family (Hutton
et al., 1980; Saxby, 1980; Hutton, 1987), while Green River shale
kerogen in the United States is composed of both cyanobacteria and
green algae (Robinson, 1969).

Two sets of lacustrine shale are developed in the Mesozoic and
Cenozoic in the Junggar basin, including the Cretaceous Qingshuihe
Formation (K1q) and the Paleogene Anjihaihe Formation (E2-3a) (Du
et al., 2019). Both sets of strata developed Type I-Type II1 kerogen,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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with a high abundance of OM (Wang et al., 2011; Chen et al., 2017).
The drilled and outcrop samples are mainly in the immature to low
mature stage, while both sets of shales in the depression may have
reached the mature stage (Wang et al., 2021). In many regions of
the world, well-developed source rocks were found during the
Paleogene and Cretaceous sedimentary periods (Klemme and
Ulmishek, 1991). With the development of exploration, an
increasing number of crude oils related to the E2-3a and the K1q
shales have been found (Chen et al., 2017; Tian et al., 2022; Yu et al.,
2022). However, the research on Paleogene and Cretaceous source
rocks in the Junggar Basin is still relatively weak, which greatly
restricts the related oil and gas exploration work. The purpose of
this study is to investigate the main hydrocarbon-generating OM of
the E2-3a and the K1q shales, and then compare their hydrocarbon-
generating characteristics. The results of this study are not only of
great significance for oil and gas exploration in the Junggar Basin,
but also supplement the research on hydrocarbon generation of OM
in saline lacustrine source rocks.
2. Regional geology

Junggar Basin, located in northwest Xinjiang Province, China
(Fig. 1a), is one of the large superimposed petrol-bearing basins in
western China (Chen et al., 2015). The basin is composed of six first-
order tectonic units, namely, the western uplift, the eastern uplift,
the Luliang uplift, the North Tianshan piedmont thrust belt, the
central depression, and the Wulungu Depression (Yang et al., 2004)
(Fig. 1b), with multiple sets of strata from the late Paleozoic to the
Cenozoic (Wang et al., 2021) (Fig. 1c).

The Ziniquanzi Formation (E1-2z) and the Anjihaihe Formation
(E2-3a) developed from the bottom up in the Paleogene in the
Junggar Basin, among which, E1-2z is dominated by oxidized
Fig. 1. Regional geological characteristics of the study area. Location of Junggar Basin, NW
Stratigraphic column of the piedmont thrust belt in the southern margin of the Junggar Ba
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mudstone and siltstone, with no source rock developed. The E2-3a
developed a set of greenish-gray and gray-black mudstone from a
semi-shallow lake to a deep lake (Shang et al., 2011; Wang et al.,
2011), is the main source rock of the Paleogene (Fig. 1c). Its sedi-
mentary center is generally located in the North Tianshan piedmont
thrust belt at the southern margin of the basin (Fig. 1b), and the
thickness of the shale is generally about 50e200 m (Chen and
Wang, 2004). The Cretaceous system consists of the Lower Creta-
ceous Qingshuihe Formation (K1q), Hutubihe Formation (K1h),
Shengjinkou Formation (K1s), Lianmuqin Formation (K1l), and the
Upper Cretaceous Donggou Formation (K2d). The Lower Cretaceous
K1q developed a set of lacustrine deposition, is the main source rock
of the Cretaceous (Wang et al., 2021) (Fig. 1c), and its sedimentary
center is generally located in the piedmont thrust belt at the central
and southern margin of the basin (Fig. 1b), with a maximum
deposition thickness of approximately 250 m (Chen et al., 2015).
3. Samples and methods

3.1. Samples

In this study, 9 of the E2-3a samples were collected from the
Anjihaihe outcrop (E85�610, N44�620) and DS Wells in the Junggar
Basin, and 4 of the K1q samples were collected from Sc and PcWells
in the Junggar Basin, all experiments were carried out on the fresh
surface of the sample to avoid the influence weathering and surface
contamination. Petrological thin sections were prepared for all
samples, and organic carbon (TOC), Rock pyrolysis (Rock-Eval),
scanning electron microscopy (SEM), carbon isotope of kerogen
(d13Ckerogen), carbon isotope of a chloroform extract (d13Cextract) and
vitrinite reflectance (Ro) were measured. Furthermore, hydrous
pyrolysis experiments were carried out for 4 typical samples,
China (a); Location of the study area and tectonic structures of Junggar Basin (b);
sin (c).
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kinetic analysis was carried out for the 2 samples, and gas and
liquid products were measured. The composition and carbon
isotope of the gas products were also analyzed.

3.2. Methods

3.2.1. TOC analysis
Firstly, the sample was crushed to a particle size < 0.2 mm, and

then about 100 mg of the sample was weighed into the crucible,
and the inorganic carbon compounds were completely removed
with 5% dilute hydrochloric acid. After that, the remaining sample
was rinsed with distilled water for two days, at least 30 times, to
ensure the removal of Cl ions and other impurities and prevent
contamination of the instrument. After rinsing, the samples were
put into the oven together with the crucible, and the samples were
removed at a constant temperature of 60 �C for 12 h. The TOC
content of the samples was determined by the LECO CS-230 carbon
and sulfur analyzer under standard temperature and humidity. The
main principle of determination is that OM is burned into carbon
dioxide at a high temperature (> 800 �C), and then the amount of
carbon dioxide is detected by an infrared detector and converted
into a carbon element, and the content of organic carbon is
calculated.

3.2.2. Rock-Eval pyrolysis analysis
Firstly, the samples were crushed to a particle size < 0.2 mm,

and the pyrolysis parameters of the samples were determined us-
ing an OGE-II workstation at standard temperature and humidity.
The initial temperature was 300 �C, and under anaerobic condi-
tions, the sample was heated to 600 �C with nitrogen as carrier gas
at a heating rate of 25 �C/min. The adsorbed hydrocarbon content
(S1), pyrolytic hydrocarbon content (S2), and maximum pyrolysis
temperature (Tmax) of the samples were measured, and the
hydrogen index (HI) and other parameters were calculated.

3.2.3. Organic petrographic
In this study, fluorescent thin sections of rocks were prepared

for all samples to observe the morphology and type of OM in
different samples. The thickness of the thin section was 0.05 mm,
and there was no cover glass. It was particularly noted that the
samples of the E2-3a of the Paleogene Systemwere made of organic
solvent as the medium because of their high clay content and
strong water sensitivity, and the samples of the Cretaceous System
were made of water medium. Leica DM4500P/DFC450C high-
precision optical microscope was used as the observation instru-
ment, and the maximummagnification of the objective lens was 50
times.

3.2.4. SEM analysis
The SEM can be used to observe the mineral composition and

OM morphology of the sample. The observation sample is a minor
core fracture, the surface is polished with argon ion, and the Au
element is coated to improve the conductivity, thereby improving
the observation clarity. Quanta 200F field emission scanning elec-
tron microscope was used for this observation, with a minimum
resolution of 1.2 nm and magnification of 25000-200000.

3.2.5. Vitrinite reflectance (Ro) measurements
Organic petrological light slices were prepared for the original

samples and hydrocarbon generation simulation residues for Ro
determination. The instrument used is the MSP400 micro fluores-
cence spectrometer. Under the oil immersion objective lens, the
intensity of the reflected light of the incident light within the
limited area of the vitrinite profile with a photoelectric converter,
and with the reflected light intensity of the reference material with
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known reflectivity under the same conditions. The specific opera-
tion process is carried out according to ASTM standard D7708-14
(2014). All tests were carried out under standard temperature
and humidity.

3.2.6. Hydrous pyrolysis
The sample was crushed into a block with a size of about

2 � 2 � 2 cm3. In each experiment, 40 g of shales were loaded into
the reactor. The reactor was closed and evacuated for several mi-
nutes before 10 mL of distilled water was injected into the reactor.
GPM-3 hydrocarbon generation simulator was used to heat the
sample to the set temperature at 2 �C/h, and the constant tem-
perature is performed for 24 h. The rock samples were placed in
reactors and analyzed according to the hydrocarbon generation
characteristics of different samples. Aj1 and Aj2 samples were
heated at 280 �C, 300 �C, 330 �C, 340 �C, 350 �C, 370 �C, 400 �C, 450
�Cand 500 �C, respectively. Sc samples were heated at 310 �C,
315 �C, 330 �C, 340 �C, 360 �C, 370 �C, 400 �C, 450 �C, and 500 �C,
respectively. Pc1 samples were heated at 300 �C, 320 �C, 330 �C,
340 �C, 350 �C, 370 �C, 400 �C, 450 �C, and 500 �C. All experiments
are conducted at standard temperature and humidity. The liquid
hydrocarbon collected on the surface of the sample, the wall of the
kettle, and the pipeline are regarded as the expelled oil, and the
sample obtained by crushing and extracting is the residual oil. The
collected gaseous hydrocarbon is analyzed by gas chromatography,
the gas production is calculated according to the true gas state
equation (Lewan et al., 2008), and the total hydrocarbon generation
of the sample (liquid hydrocarbons þ gaseous hydrocarbons) is
finally obtained.

3.2.7. Kinetic analysis
Three parallel samples of 100 mg were prepared from each

sample, and the analytical cycle of the Rock-Eval instrument was
set for performing activation energy analysis. Specifically, the
sample was set to be heated at a constant temperature of 200 �C for
5 min to remove adsorbed hydrocarbons and was then heated from
200 �C to 600 �C at a constant rate in different stages. Real-time
records of the product quantity and hydrocarbon-generation con-
version ratewere collected under different conditions. According to
the data recorded, the temperature versus hydrocarbon rate curve
was mapped to calibrate the kinetic parameters during hydrocar-
bon generation, and the heating rate scheme of 15 �C/min, 25 �C/
min, and 40 �C/min was adopted.

3.2.8. Expelled and residual oil
After the reaction, the expelled oil and residual oil, two organic

phase products, can be collected in the reactor. The expelled oil
mainly exists in the reactor in liquid form (Lewan, 1983), which can
be directly washed out with CH2Cl2, then the rock cuttings are
taken out, and the surface oil slick is soaked with CH2Cl2. After that,
the reaction residue is crushed to 100meshes and then extracted by
the Soxhlet extractor method for 72 h until the residual oil in the
reaction residue is completely extracted.

3.2.9. Carbon isotope analysis
All the powder samples (< 0.2 mm) were extracted by the

Soxhlet extraction method, and the d13Cextract was determined.
Kerogen was prepared from all samples and d13Ckerogen was deter-
mined. The gas products generated at each simulated temperature
are collected by the drainage gas gathering method, and the carbon
isotope of the gases is measured separately. The test instrument is
Trace GC-ISO LINK-MAT 253 IRMS mass spectrometry linked gas
chromatograph, and the specific operation was carried out ac-
cording to SY/T 5238e2019.
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3.2.10. Chemical composition analysis of gases
The chemical composition of the gas generated at each simu-

lated temperature was determined. Agilent 6890 four-valve, five-
column multidimensional gas chromatograph was used as the test
instrument. The temperature of TCD and FID detectors was 250 �C,
the initial column temperature was 50 �C, and the temperature was
kept for 3 min. The temperature was raised to 100 �C at 5 �C/min
and then to 180 �C at 10 �C/min, and the temperature was main-
tained for 3 min. Specific operations were carried out according to
GB/T 13610e2014.
4. Results and discussion

4.1. Organic petrology and SEM

Through organic petrology and SEM, Pediastrum (Fig. 2a) was
identified in the E2-3a shale samples of Junggar Basin for the first
time; it is widely distributed, complete in shape, and generally star-
shaped, with narrow and long cells, clear structure, large perfora-
tion, yellow-green orange fluorescence, and a diameter of
30 mme50 mm (Fig. 2b). Pediastrum belongs to Chlorophyta,
Hydroreticulae (Kom�arek and Jankovsk�a, 2001; Geel, 2001;
Zamaloa and Tell, 2005; Weckstr€om et al., 2010). The outer layer of
its cell wall is composed of sporopollenin and silicon oxide, which
has strong corrosion resistance, so its fossils can be well preserved
in sediments (Jankovsk and Kom�arek, 2000; Kom�arek and
Jankovsk�a, 2001; Weckstr€om et al., 2010), and it is widely distrib-
uted throughout the world. Pediastrum is a good hydrocarbon-
generating OM, equivalent to type I kerogen, and one of the orig-
inal materials providing effective oil generation in the geological
age (Hutton, 1987; Wang et al., 1994). In this study, Oscillatoria
(cyanobacteria) was firstly identified in the K1q shale of Junggar
Basin (Fig. 2), which is also widely distributed, but its diameter is
small, mainly distributed in 5 mm (Fig. 2c); it is mainly characterized
Fig. 2. Organic petrology and SEM images of the samples. Image of parallel bedding directio
SEM image of sample rich in Oscillatoria (c); Image of vertical bedding section of sample rich
f)
Abbreviations: Pedia, Pediastrum; Oscicill, Oscillatoria.
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by densely stacked layers, almost no recognizable structure, high
translucency, indistinguishable from the mineral matrix under
normal reflected light, and easy to identify under intense fluores-
cence irradiation (Stach et al., 1982; Taylor et al., 1998). Cyanobac-
teria is the only prokaryote that conducts photosynthesis among
much lower aquatic plankton. Oscillatoria belongs to Oscillator-
iaceae, Cyanophyt; it is the first organism that generates oxygen
through photosynthesis. It is one of the oldest plant groups on the
earth and plays a vital role in the process of biological evolution.
Because they are rich in protein and lipid, they are considered po-
tential precursors of OM in hydrocarbon source rocks (Douglas
et al., 1991; Schidlowski et al., 1992).

Both green algae and cyanobacteria are layered in the vertical
bedding direction, and the bedding development is obvious
(Fig. 2d-f). The difference is that the individual green algae are
relatively independent, while the individual cyanobacteria are
closely interbeddedwith themineral matrix. This discovery implies
that although the E2-3a shale and the K1q shale in the Junggar basin
are lacustrine sediments, they have entirely different hydrocarbon-
generating OM. The algal precursor of the E2-3a shale is Pediastrum
of Chlorophyceae, which is more consistent with the Rundle type
shale (Hutton,1987), while the kerogen precursor of the K1q shale is
mainly cyanobacteria, which is more consistent with the Alberta
shale in Canada (Smith et al., 1991) and the Upper Paleozoic hy-
drocarbon source rock of the Timan Pechora basin in Russia
(Collister et al., 2004). Because the evolutionmechanism of kerogen
controls the generation process of hydrocarbons (Loucks et al.,
2009), the hydrocarbon generation characteristics of the two sets
of lacustrine shale may also be different.
4.2. Organic geochemical characteristics of unheated samples

The TOC of E2-3a shale rich in green algae ranged from 0.57% to
2.70% (avg. 1.38%) (Table 1), S1 þ S2 ranged from 0.65 mg/g to
n section of sample rich in Pediastrum (a); SEM image of sample rich in Pediastrum (b);
in Pediastrum (d); Image of vertical bedding section of sample rich in Oscillatoria (e and



Table 1
Organic geochemical characteristics of unheated samples parameters.

Group Samples TOC, % S1, mg HC/gRock S2, mg HC/gRock Tmax, �C PG, mg HC/gRock HI, mg HC/gTOC Ro, % Algae

E2-3a AJ1 2.70 0.24 16.98 439 17.22 628 0.65 Green algae
E2-3a AJ2 1.34 0.24 10.19 436 10.43 763 0.66 Green algae
E2-3a AJ3 1.19 0.17 5.82 436 5.99 490 0.69 Green algae
E2-3a AJ4 2.26 0.21 12.37 439 12.58 548 0.66 Green algae
E2-3a AJ5 1.90 0.36 10.64 434 11 561 0.7 Green algae
E2-3a AJ6 1.94 0.25 10.75 436 11 554 0.71 Green algae
E2-3a AJ7 0.77 0.14 2.78 433 2.92 361 0.73 Green algae
E2-3a AJ8 1.29 0.48 6.10 433 6.58 473 0.67 Green algae
E2-3a DS 0.57 0.48 1.97 432 2.45 349 0.61 Green algae
K1q SC 2.23 0.52 14.05 435 14.57 630 0.52 Cyanobacteria
K1q PC1 1.17 0.41 6.88 435 7.29 587 0.61 Cyanobacteria
K1q PC2 0.96 0.13 4.78 443 4.91 499 0.63 Cyanobacteria
K1q PC3 1.04 0.22 4.07 444 4.29 392 0.57 Cyanobacteria

Note:TOC: total organic carbon, w.t.%; S1: residual hydrocarbon, mg HC/g rock; S2: pyrolysis hydrocarbon, mg HC/g rock; PG¼S1þ S2: hydrocarbon potential, mg HC/g rock; HI:
hydrogen index ¼ 100 � S2/TOC, mg HC/g TOC; Tmax: peak temperature of pyrolysis, �C; Ro: vitrinite reflectance, %Ro.
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17.22 mg/g (avg. 7.00 mg/g), TOC of cyanobacteria-rich samples
ranged from 0.96% to 2.23% (avg. 1.35%) (Table 1). S1 þ S2 ranged
from 4.29 mg/g to 14.57 mg/g (avg. 7.77 mg/g), indicating strong
heterogeneity. Both green algae-rich and cyanobacteria-rich sam-
ples showed good hydrocarbon generation potential (Fig. 3a and b)
(Peters, 1986).

The rock pyrolytic hydrogen index (HI]S2 � 100/TOC) is often
used to evaluate the type of OM in source rocks (Espitalie et al.,
1985). The HI values of E2-3a shale samples rich in green algae
ranged from 349 to 763 (mg HC/g TOC) (avg. 525mgHC/g TOC). The
Fig. 3. Plot of Generative Potential (S1 þ S2) vs. Total Organic Carbon content (TOC) (a) (accor
Peters, 1986); HI vs. Tmax (c) (according to Mukhopadhyay et al., 1995).
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HI of K1q shale samples rich in cyanobacterial ranged from 392 (mg
HC/g TOC) to 630 (mg HC/g TOC) (avg. 527 mg HC/g TOC), and the
OM types were mainly typed I and typed II (Fig. 3c)
(Mukhopadhyay et al., 1995). Rock pyrolysis and vitrinite reflec-
tance methods are commonly used to evaluate OM maturity
(Lafargue et al., 1998; Hakimi and Hasiah, 2013), Tmax of the two
types of samples is distributed at about 435 �C, the Ro is between
0.52% and 0.73% (avg. 0.65%), and OM is in the low
maturityemature stage.
ding to Peters, 1986); Plot of S2 vs. Total Organic Carbon content (TOC) (b) (according to
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4.3. Hydrous pyrolysis and kinetic analysis

Based on the results of organic geochemical analysis and organic
petrology analysis, Aj1 and Aj2 of the E2-3a, two typical samples rich
in green algae, and Sc and Pc1 of the K1q, two samples rich in
cyanobacteria, were selected for the hydrous pyrolysis, and the
yields of liquid and gaseous hydrocarbons were obtained in
(Table 2). The results show that the hydrocarbon generation char-
acteristics of Aj1 and Aj2 are relatively consistent (Fig. 4a and b).
Both of them reach the oil generation peak at the simulated tem-
perature of 350 �C, and the maximum oil generation is 401 mg/g
[TOC] and 320 mg/g[TOC], respectively. The total liquid hydrocar-
bon production rate is consistent with the expelled oil production
peak. Aj1 and Aj2 have high residual hydrocarbon production rates.
With increasing simulated temperature, Aj1 and Aj2 residual hy-
drocarbon production rates slowly decrease, and the residual hy-
drocarbon production rates only decrease significantly at 400 �C,
which may be related to the mineral composition. The high content
of clay minerals has a strong adsorption effect on the retained hy-
drocarbons (Klewiah et al., 2019), Aj1 and Aj2 contain a large
number of clayminerals, and the content of clay minerals can reach
about 60%, which may be one of the reasons for limiting the
discharge of crude oil. In addition, it may be related to the OM
composition. Wang et al. (1994) conducted pyrolysis experimental
research on Pediastrum and found that the liquid hydrocarbon
generated from it is rich in heavy components such as resins and
asphaltene (Wang et al., 1994), and the content of
Table 2
Hydrocarbon pyrolysis yields at different temperatures.

Formation Samples Temperature,
�C

Ro,
%

Sample
weight, g

Expelled oil, mg/
g$TOC

Residual oil
g$TOC

E2-3a Aj1 280 0.68 40 44.87 134.44
300 0.69 40 82.54 140.64
330 0.75 40 164.13 142.21
340 0.76 40 214.24 151.13
350 0.84 40 257.86 143.76
370 0.96 40 205.73 138.65
400 1.11 40 97.51 84.57
450 1.27 40 23.71 70.60
500 1.49 40 13.70 34.82

Aj2 280 0.69 40 51.65 137.90
300 0.72 40 70.55 136.49
330 0.75 40 130.07 128.76
340 0.78 40 170.04 126.70
350 0.84 40 208.91 111.11
370 0.93 40 184.73 95.49
400 0.99 40 89.26 61.79
450 1.21 40 67.74 52.33
500 1.55 40 25.64 14.07

K1tg Sc 310 0.60 40 26.23 16.08
315 0.67 40 69.17 34.91
330 0.73 40 369.39 95.74
340 0.80 40 660.58 104.73
360 0.94 40 597.80 79.88
370 1.12 40 336.51 73.62
400 1.23 40 207.89 20.54
450 1.34 40 39.69 26.68
500 1.41 40 34.42 22.64

Pc 300 0.67 50 73.55 17.30
320 0.71 50 232.94 32.41
330 0.74 50 267.24 35.15
340 0.80 50 284.13 44.35
350 0.94 50 225.94 54.39
370 1.10 50 151.45 38.33

400 1.20 50 46.42 33.61
450 1.29 50 22.87 21.36
500 1.43 50 5.29 21.27
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resins þ asphaltene can reach 90%, while the asphaltene has a
significant polarity and is easily adsorbed by kerogen into retained
oil (Lewan et al., 1979; Sandvik et al., 1992; Ritter, 2003). It is worth
noting that Aj1 and Aj2 begin to generate hydrocarbons at relatively
low temperatures, with large amounts of liquid hydrocarbons being
generated at 280 �C (179.3 mg/g[TOC] and 189.55 mg/g[TOC],
respectively), suggesting that Aj1 and Aj2 can even generate liquid
hydrocarbons at earlier stages. Therefore, Aj1 and Aj2, represented
by green algae, may have awide oil generationwindow, which may
be a typical feature of Aj1 and Aj2. However, the residual oil is the
primary hydrocarbon generated at low temperatures, and then the
liquid hydrocarbon production rate increases slowly.

The typical characteristics of Sc and Pc1, which are rich in cya-
nobacteria, began to generate oil after the simulated temperature of
300 �C and reached the oil peak at about 340 �C. The maximum oil
generation at the oil peak was 677 mg/g[TOC] and 328 mg/g[TOC],
respectively. This may be related to the difference in enrichment
and preservation of cyanobacteria caused by changes in the sedi-
mentary environment, which can also be reflected in their
respective OM abundance (Fig. 3a; Table 1), but their overall evo-
lution trend is similar. Pc1 and Sc have very different hydrocarbon
generation characteristics from Aj1 and Aj2. Pc1 and SC started oil
generation later but reached the oil generation peak earlier, which
is manifested as a narrow oil generation window and relatively
concentrated hydrocarbon generation. Jin (2000) conducted a
comparative experiment on the hydrous pyrolysis of pollen and
algae, and the experimental data are shown in Table 3. Due to the
, mg/ Hydrocarbon gas, mg/
g$TOC

Liquid hydrocarbon, mg/
g$TOC

Total hydrocarbon, mg/
g$TOC

9.15 179.30 188.45
3.17 223.17 226.34
11.08 306.34 317.42
20.42 365.38 385.79
36.27 401.62 437.90
139.22 344.39 483.61
378.78 182.08 560.86
507.71 94.31 602.02
660.66 48.51 709.17

9.26 189.55 198.81
19.46 207.03 226.49
45.76 258.83 304.59
70.13 296.75 366.87
95.64 320.02 415.66
161.28 280.22 441.50
325.96 151.05 477.01
434.56 120.07 554.63
598.71 39.70 638.41

1.91 42.31 44.22
5.72 104.08 109.80
10.64 465.14 475.77
17.37 765.31 782.68
100.37 677.68 778.05
355.22 410.13 765.35
548.64 228.43 777.07
745.68 66.36 812.04
817.14 57.05 874.19

4.11 90.85 94.96
6.07 265.35 271.42
6.70 302.39 309.09
11.19 328.48 339.67
80.19 280.33 360.52
265.74 189.78 455.52

433.97 80.03 514.00
529.45 44.22 573.67
630.51 26.56 657.07



Fig. 4. Hydrous pyrolysis yields for the green algae-rich samples of the E2-3a and the cyanobacteria-rich samples of the K1q. Hydrocarbon generation evolution of sample Aj1 rich in
green algae from the E2-3a (a); Hydrocarbon generation evolution of sample Aj2 rich in green algae from the E2-3a (b); Hydrocarbon generation evolution of sample Sc rich in
Cyanobacteria from the K1q (c); Hydrocarbon generation evolution of sample Pc1 rich in Cyanobacteria from the K1q (d).

Table 3
Hydrocarbon pyrolysis yields at different temperatures (Data is from Jin, 2000).

Samples Temperature, �C Hydrocarbon gas, mg/g$TOC Liquid hydrocarbon, mg/g$TOC pH of water

a 190 72.45 15.06 7.5e8
230 116.6 18.81 7.5e8
280 124 53.66 8.5
300 155.57 60.53 8.5e9
320 206 48.36 8.5e9
360 373.11 17.05 8.5e9

b 140 27.59 6.87 7
180 88 19.77 8e8.5
230 121.76 23.84 8.5
280 139.76 40.5 8.5e9
300 142.8 89.69 8.5e9
320 160.5 52.56 8.4e9
350 202.8 47.64 8.5e9
365 237.8 46.44 8.4e9
395 348 34.08 8.5e9
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differences in experimental conditions and instruments, the peak
temperature of oil generation and the maximum amount of hy-
drocarbon generation are different to some extent. However, the
experiment also showed that the sample rich in green algae had a
wide oil generation window, and the oil generation peak was not
obvious (Fig. 5a). However, the samples rich in cyanobacteria
showed an obvious oil generation peak (Fig. 5b), which was
consistent with the results of this comparative experiment.
Fig. 5. Hydrous pyrolysis simulation experiment results from Jin (2000). Hydrocarbon gener
samples rich in cyanobacteria (b).
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In this study, the vitrinite reflectance Ro of four typical samples
at different simulated temperature points was measured, and the
hydrocarbon yield models of cyanobacteria-rich shale and green
algae-rich shalewere established, respectively (Fig. 6). The initial Ro
of all samples is between 0.5% and 0.7%, and all samples are low
maturity, so they can reflect a relatively complete hydrocarbon
generation evolution process. When Ro is about 0.68%, the total
hydrocarbon yield of Aj1 and Aj2 was 188.45 mg/g[TOC] and
ation evolution of samples rich in green algae (a); Hydrocarbon generation evolution of



Fig. 6. Patterns of yield for green algae-rich and cyanobacteria-rich samples. Plot of hydrocarbon generation yield of a green algae-rich sample (a); Plot of hydrocarbon generation
yield of a cyanobacteria-rich sample (b).
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198.81mg/g[TOC], respectively, and then reached the peak of liquid
hydrocarbon yield at about 0.84% Ro. However, the total hydrocar-
bon yields of Sc and Pc1 were 109.8 mg/g[TOC] and 94.96 mg/g
[TOC], respectively, and reached the peak of liquid hydrocarbon
yield at Ro of 0.80% (Fig. 6), which was consistent with the product
evolution trend corresponding to the simulated temperature.

The difference in hydrocarbon generation mechanism between
green algae and cyanobacteria may be related to the activation
energy of the kerogen reaction. The essence of kerogen cleavage
and hydrocarbon generation is a series of chemical bond-breaking
processes, and the evolution mechanism of kerogen controls the
hydrocarbon generation process and hydrocarbon generationmode
(Loucks et al., 2009). As for the dynamic mechanism of different
types of kerogens that evolve for the generation of hydrocarbons,
the opinions vary among scholars (Tissot, 1978; Quigley and
Mackenzie, 1988). Some scholars believed that the time sequence
for hydrocarbon generation by kerogen is as follows: Type I
kerogen > Type II kerogen > Type III kerogen (Schenk et al., 1997).
However, some researchers believe that the activation energy of
different types of kerogens required for the generation of hydro-
carbons has a sequence of EII < EI < EIII (EI: activation energy of
Type I kerogen) (Tissot et al., 1987). Even for the same type of
kerogen, the activation energy characteristics will be significantly
different (Peters et al., 2006). At this time, the hydrocarbon gen-
eration of OM depends on its chemical structure and material
composition (Rullkotter et al., 1987; Schenk et al., 1997; Primio
et al., 2000). The fluorescence of cyanobacteria represents homo-
geneity whereas that observed in the middle of green algae and
around it exhibits evident differences (Fig. 2). This also reflects that
the chemical composition of cyanobacteria is simple, whereas a
significant chemical heterogeneity is observed in the case of green
algae. Therefore, the activation energy of green algae during
degradation and hydrocarbon generation is wide and that of cya-
nobacteria is narrow.
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The activation energy distribution of green algae was relatively
wide, within the range of 230e385 kJ/mol, with an average acti-
vation energy of 323 kJ/mol (Fig. 7a) (Table 4). Conversely, the
activation energy distribution of cyanobacteria is relatively
concentrated, within the range of 246e380 kJ/mol, with an average
activation energy of 295 kJ/mol (Fig. 7b) (Table 4). This indicates
that the hydrocarbon generation of green algae is characterized by
lower initial hydrocarbon-generation activation energy and wide
activation energy distribution, whereas that of cyanobacteria is
characterized by a higher initial hydrocarbon-generation activation
energy and a narrow activation energy distribution. The central
frequency of activation energy varies significantly among different
types of kerogens (Picard, 1985; Primio et al., 2000), and the dif-
ferential evolution of kerogen is related to the kerogen precursor
(Smith et al., 1991; Dieckmann et al., 2006). Pediastrum and Oscil-
latoria have completely different precursors, which is the funda-
mental reason for the difference in hydrocarbon generation
characteristics between the E2-3a Pediastrum-rich and the K1q
Oscillastoria-rich shales.

4.4. Characteristics of crude oil components evolution

The hydrocarbon generation characteristics of the E2-3a green
algal-rich shale and the K1q cyanobacteria-rich shale are pretty
different, and their initial oil generation time, oil generation peak,
and maximum oil generation are significantly different, which are
not only apparent in the yield diagram (Fig. 4), but also well re-
flected in the liquid hydrocarbon group components at different
pyrolysis temperatures. Ruble et al. (2003) found that the content of
heavy components (resins þ asphaltene) in crude oil was the
highest at and near the peak of oil generation in the hydrous py-
rolysis experiment of Green River shale. This means that group
component separationwill also occur in the process of hydrocarbon
generation (Han et al., 2015). Lin et al. (2022) also obtained the



Fig. 7. Activation energy distribution and frequency factors of green algae and cyanobacteria. Activation energy distribution and frequency factor of green algae (Pediastrum) (a);
Activation energy distribution and frequency factor of cyanobacteria (Oscillatoria) (b).

Table 4
Hydrocarbon generation rate and activation energy data distribution data.

Activation energies, kJ/mol Hydrocarbon generation rate, %-Sc Hydrocarbon generation rate, %-Aj1

230e240 0 1.24
240e250 0.12 1.72
250e260 1.24 3.30
260e270 1.48 3.24

270e280 4.57 8.32
280e290 17.36 0.54
290e300 50.4 1.19
300e310 20.73 4.94
310e320 1.73 6.13
320e330 0 3.92
330e340 1.06 30.3
340e350 0 23.2
350e360 0 11.02
360e370 0 0
370e380 0 0
380e390 1.31 0.94
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same conclusion when studying the organic-rich oil shale of the
Lower Permian in Tasmania, Australia. That is, with the increase of
thermal simulation temperature, the relative content of saturated
hydrocarbons and aromatic hydrocarbons in expelled oil and re-
sidual oil decreased first and then increased, while the content of
resins and asphaltene increased first and then decreased (Fig. 8)
(Table 5) (Lin et al., 2022; Gao et al., 2023). This trendmay be due to
the formation of large molecular hydrocarbons such as resins and
asphaltene in the early stage of thermal evolution, and in the
Fig. 8. Relationship between liquid product group component content and thermal
evolution degree of the Lower Permian organic-rich oil shale in Tasmania, Australia
(Data is from Lin et al., 2022).
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middle and late stages of thermal evolution, they gradually split
into saturated hydrocarbons and aromatic hydrocarbons.

In this study, similar phenomena also occurred in the hydrous
pyrolysis of the E2-3a shale rich in green algae and the K1q shale rich
in cyanobacteria. The components were separated from the resid-
ual oil of Sc and Aj1 at different pyrolysis temperatures, and the
results are shown in Table 6, which are consistent with the research
conclusions of Ruble et al. (2003). At low simulated temperatures,
green algae can already generate heavy crude oil (high content of
resins þ asphaltene). After that, the relative content of heavy
components does not change significantly. At about 340e350 �C,
the ratio of (resins þ asphaltene)/(saturated þ aromatic) reaches
the highest value, about 2.27e2.30 (Fig. 9a). However, the oil gen-
eration peak of cyanobacteria was more prominent, and the time of
a large amount of oil generation was relatively late, reaching the
peak value of about 1.37 at 340 �C (Fig. 9b). It can be seen from this
that the E2-3a green algae rich shale have a low threshold and heavy
oil quality, which is more consistent with the research conclusion of
Wang et al. (1994). However, inWang et al. (1994)'s experiment, the
content of heavy components of oil generated by Pediastrum (green
algae) is higher, while the K1q cyanobacteria-rich shale has a late oil
generation time, relatively concentrated hydrocarbon generation
and relatively light oil quality.

The answer can also be obtained intuitively from the images of
residual oil corresponding to different pyrolysis temperatures
(Fig. 9c). From left to right, the images of residual oil of green algae
at 300 �C, 330 �C, 340 �C, 350 �C, 370 �C, 400 �C, 450 �C and 500 �C
are shown in sequence (Fig. 9d). From left to right, the residual oil
images of cyanobacteria at 310 �C, 315 �C, 330 �C, 340 �C, 360 �C,
370 �C, 400 �C, 450 �C, and 500 �C are shown. It is generally



Table 5
Composition of residual oil compounds produced during hydrous pyrolysis experiments (Data is from Lin et al., 2022).

Samples Temperature, �C Saturated hydrocarbon, % Aromatic hydrocarbon, % Resins, % Asphaltene, % (Resins þ asphaltene)/(Saturated þ aromatic)

Expelled oil 300 31.6 32.5 24.3 11.6 0.56
320 25.9 36.4 22.5 15.2 0.61
340 18.4 25.7 21.1 34.8 1.27
350 23.1 30.2 24.9 21.8 0.88
375 38.9 36.4 14.9 9.8 0.33
400 8.4 64.4 16.8 10.4 0.37

Residual oil 300 14.6 57.8 19.5 8.1 0.38
320 9.6 50.6 23.5 16.3 0.66
340 6.1 35.5 30.0 28.4 1.40
350 7.9 37.2 30.4 24.5 1.22
375 12.0 54.4 16.0 17.6 0.51
400 14.7 57.7 19.5 8.1 0.38

Table 6
Composition of residual oil compounds produced during hydrous pyrolysis experiments.

Samples Temperature, �C Saturated hydrocarbon, % Aromatic hydrocarbon, % Resins, % Asphaltene, % (Resins þ asphaltene)
/(Saturated þ aromatic)

Sc 310 35.8 35.0 25.6 3.7 0.41
315 33.2 33.1 24.1 9.6 0.51
330 34.7 27.5 25.4 12.4 0.61
340 22.6 19.6 31.1 26.7 1.37
360 34.4 23.9 26.0 15.7 0.72
370 37.7 27.2 24.7 10.4 0.54
400 27.5 38.5 24.6 9.4 0.51
450 33.7 34.4 20.7 11.2 0.47
500 32.5 40.7 17.7 9.1 0.37

Aj1 280 20.5 16.7 34.6 28.2 1.69
300 18.4 17.4 35.2 29.0 1.79
330 19.5 15.4 32.4 32.7 1.87
340 19.6 10.7 29.3 40.4 2.30
350 13.2 17.4 24.6 44.8 2.27
370 19.9 15.7 26.1 38.3 1.81
400 25.6 25.5 27.7 21.1 0.96
450 39.8 28.2 21.5 10.5 0.47
500 43.7 25.5 17.9 12.9 0.45
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believed that the resins and asphaltene in crude oil components are
dark and brown-black, while the saturated hydrocarbon is color-
less, and the aromatic hydrocarbon is generally light yellow. The
results of this experiment have apparent regularity; at the peak of
oil generation, the residual oil of either cyanobacteria or green
algae has the deepest color (Fig. 9c and d). From the low-
temperature stage of pyrolysis to the peak of oil generation, the
color of green algae changes in sequence (Fig. 9c), which is also
evidence of its earlier oil generation and heavier oil quality. The
characteristics of the oil generation of cyanobacteria are most
evident in the images. The residual oil at the peak of oil generation
is almost black (Fig. 9d), which is another manifestation of its
narrow oil window and concentrated oil generation.

4.5. Characteristics of carbon isotopes

Fenton and Ritz (1989) study of carbon isotopes in modern
macroalgae found that the d13Ckerogen of benthic algae was gener-
ally less than �30‰, with an average of �33.5‰ (Fenton and Ritz,
1989). Brutemark et al. (2009) analyzed the d13Ckerogen of planktic
algae and showed that the d13Ckerogen of planktic algae was gener-
ally heavier than �30‰ (Brutemark et al., 2009), the faster the
growth rate of planktic algae, the less fractionates carbon isotopes,
and the heavier carbon isotopes (Laws et al., 1995). Carbon sources
in water mainly include atmospheric CO2, dissolved CO2 and HCO3

�

in water, and CO2 and HCO3
� released after plant corruption. Carbon
3357
isotopes of CO2 in the atmosphere and CO2 and HCO3
� formed from

its direct dissolution are relatively heavy, while carbon isotopes of
CO2 and HCO3

� released from plant decay after plant absorption and
fractionation are relatively light (Jones et al., 2010). Therefore, if the
fractionation intensity is consistent, the utilization ratio of the
carbon source may be different, which may be an essential reason
for the difference in the carbon isotope weight of algae. Maberly
et al. (1992) calculated that the carbon isotope of HCO3

� on the
surface of modern seawater is about 0, and believed that for algae
with only atmospheric CO2 and HCO3

� formed by its direct disso-
lution as the carbon source, its d13Ckerogen is generally higher
than �30‰. In addition, the carbon fixation process of photosyn-
thesis is also an important factor affecting the carbon isotope of
algae. The less carbon leakage in this process, the heavier the car-
bon isotope of algae (Sharkey and Berry, 1986). Natural gas gener-
ated by pyrolysis is generally divided into two sources, namely,
kerogen-cracked gas and crude oil-cracked gas, whose carbon
isotopes are relatively stable. However, in the pyrolysis process, due
to the constant changes in the properties of reactants and the types
of chemical bond breaks, the hydrocarbon generation process is
accompanied by isotope fractionation (Stahl, 1974; Ungger and
Pelet, 1987). The distribution of carbon isotopes of gases at
different temperatures during pyrolysis is shown in Table 7.
Generally speaking, during pyrolysis, carbon isotopes of gaseous
hydrocarbons first become heavier and then lighter as the simu-
lated temperature increases (Tang et al., 2000; Dieckmann et al.,



Fig. 9. Evolution characteristics of residual oil components in the E2-3a samples rich in green algae (a); Evolution characteristics of residual oil fractions in the K1q samples rich in
cyanobacteria (b); Color variation of residual oil in the E2-3a samples rich in green algae (c); Color variation of residual oil in the K1q cyanobacteria-rich samples (d).
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2006; Lewan and Roy, 2012), and the results of this study also
showed a similar trend.

The E2-3a Shale rich in green algae d13Ckerogen is
between �26.11‰ and �22.82‰ (avg. �24.29‰), d13Cextract is
between �28.39‰ ~ �25.09‰ (avg. �26.95‰), the K1q rich in
cyanobacteria shale d13Ckerogen is between �29.72‰ and �26.94‰
(avg. �28.60‰), d13Cextract is between �31.36‰ and �29.54‰
(avg. �30.18‰) (Fig. 10) (Table 8). Whether the E2-3a shale is rich in
green algae or the K1q shale is rich in cyanobacteria, d13Ckerogen is
generally more than �30‰, and both hydrocarbon-generating OM
are planktonic algae. It is generally believed that planktonic algae
have strong hydrocarbon generation capacity, while benthic algae
rooted in soft silt have poor hydrocarbon generation capacity
(Wang et al., 1994; Ye et al., 2012). However, the average d13Ckerogen
of the E2-3a green algae is about 4‰ higher than that of the K1q
cyanobacteria, which is related to their carbon source utilization
efficiency, photosynthetic intensity, and carbon sequestration
process. The d13C1, d13C2, and d13C3 of the two types of shales tended
to become heavier first and then lighter with increasing tempera-
ture (Fig. 11a, b, and c), which was mainly related to carbon isotope
fractionation. The bond energy of 12Ce12C is smaller than that of
13Ce13C. In the early stage of pyrolysis, hydrocarbon gases are
mainly enriched in 12C. When the lowest temperature of 13C bond
breaking is reached, 13C is gradually enriched in hydrocarbon gases
with increasing temperature (Fenton and Ritz, 1989), and kerogen
further condensates to form carbon-rich residual material and
eventually graphitization. This evolution of natural gas is controlled
by the stage of hydrocarbon generation and evolution, but the
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influencing factors of carbon isotopes of non-hydrocarbon gases are
complex, and the above trend is not obvious (Fig. 11d). This is
consistent with the findings of Tang et al. (2000), Dieckmann et al.
(2006), and Lewan and Roy (2012) et al.

However, it is interesting that, with the increase of simulation
temperature, the carbon isotope of hydrocarbon gas in the shale
rich in cyanobacteria and the shale rich in green algae evolves ac-
cording to the above trend, and there seems to be a virtual line
between them (Fig. 11a, b, and c), that is, the carbon isotope of the
gas generated by green algae is always relatively heavy, while the
carbon isotope of the gas generated by blue algae is always rela-
tively light. This may be related to the obvious difference in
d13Ckerogen between cyanobacteria and green algae. However, the
fundamental reason is the difference in living habits between
cyanobacteria and green algae. It is speculated that green algae
mainly live in the surface and upper layers of water and their car-
bon source is mainly CO2 in the atmosphere and HCO3

� formed by
its dissolution balance. However, cyanobacteria may live in the
middle or even near the bottom of the water body, and their carbon
sources include not only water-soluble CO2 and HCO3

� but also CO2

and HCO3
�, released by some plants, which may be one of the

important reasons for the large difference in carbon isotopes of
kerogen. In addition, there are obvious differences in the use of
carbon sources, photosynthetic efficiency, and carbon sequestra-
tion efficiency between cyanobacteria and green algae, which
finally lead to the respective characteristics of d13Ckerogen, d13Cextract,
and the simulated evolution of d13C(HC gas) (Maberly et al., 1992).

With the deepening of the thermal evolution of source rocks,



Table 7
Carbon isotopic composition of gases produced in water pyrolysis experiments.

Samples Pyrolysis temperature Stable carbon isotopic compositions, ‰,
VPDB

C1 C2 C3 CO2

Aj1 280 �37.310 �27.208 �27.596 6.891
300 �37.050 �26.982 �28.933 7.239
330 �35.897 �26.584 �29.373 4.334
340 �35.738 �30.387 �30.387 �30.202
350 �36.688 �28.459 �32.076 2.831
370 �34.617 �29.575 �33.981 3.963
400 �39.603 �24.442 �34.093 1.886
450 �38.362 �21.741 �30.617 1.153
500 �39.368 �20.092 �30.694 1.461

Aj2 280 �36.302 �24.925 �27.193 0.526
300 �35.738 �30.387 �30.387 �30.202
330 �35.077 �25.083 �28.418 0.005
340 �34.696 �25.435 �28.558 �0.029
350 �36.485 �25.668 �29.144 0.039
370 �36.422 �26.113 �30.938 �2.154
400 �34.880 �24.014 �32.018 �3.258
450 �32.524 �29.472 �29.472 �1.303
500 �31.790 �23.411 �21.889 �3.456

Sc 315 �40.527 �33.782 �32.655 �3.977
330 �39.210 �32.780 �31.711 �3.932
340 �38.770 �32.670 �31.677 �3.085
360 �40.052 �33.354 �32.245 �4.595
370 �39.942 �33.727 �32.747 �3.851
400 �42.537 �36.555 �34.456 �4.007

450 �42.333 �35.033 �28.352 �5.473
500 �39.169 �25.999 16.678 �7.360

Pc1 300 �37.604 �34.882 �34.019 0.949
320 �41.921 �35.257 �35.704 0.569
330 �40.964 �36.928 �36.004 0.321
340 �42.622 �36.046 �36.061 2.073
350 �41.289 �36.194 �35.724 1.777
370 �42.626 �36.304 �36.600 1.818
400 �45.008 �38.594 �36.946 0.750
450 �44.164 �36.155 �32.653 �0.973
500 �37.631 �24.494 / 0.149

Note: “/”: not detected.

Fig. 10. Cross plots of carbon isotopes of kerogen and chloroform extracts from typical
samples of the E2-3a and the K1q.

Table 8
Carbon isotopic composition of typical samples of the E2-3a and the K1q.

Formation Samples d13Cextract, ‰ d13Ckerogen, ‰ Algae

E2-3a AJ1 �27.15 �25.66 Green algae
AJ2 �26.31 �23.15
AJ3 �26.22 �23.66
AJ4 �25.19 �23.01
AJ5 �26.44 �23.76
AJ6 �28.51 �24.27
AJ7 �27.56 �26.37
AJ8 �28.24 �24.97
DS1 �27.32 �25.21
DS2 �26.58 �25.78
DS3 �26.79 �25.88
DS4 �27.88 �23.89

K1q SC �29.54 �28.25 Cyanobacteria
PC1 �30.24 �26.94

PC2 �29.86 �29.08
PC3 �31.36 �29.72
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the carbon isotopic composition also has a specific fractionation
effect, but the d13C change of hydrocarbon OM in the same lifetime
does not exceed 2‰e3‰ during the whole evolution process
(Tissot, 1978), which was also verified in this study. The existing
studies believe that the crude oil generated from these two sets of
shale has no obvious difference in biomarkers and isoprenoid al-
kanes (Li et al., 2003), therefore, carbon isotope is one of the
important methods to solve the problem of a mixed source of hy-
drocarbons generated from the K1q and the E2-3a lacustrine shales
in the Junggar Basin.
5. Conclusion

(1) Both shales of the E2-3a and the K1q in the Junggar Basin have
good oil generation ability. The main hydrocarbon-
generating OM of the shales of the E2-3a is dominated by
green algae (Pediastrum), while the main hydrocarbon-
generating OM of the shales of the K1q is dominated by
cyanobacteria (Oscillatoria).

(2) Green algae and cyanobacteria have different hydrocarbon
generation modes. Green algae have a low oil generation
threshold, heavy oil quality, and no prominent oil peak, while
cyanobacteria have the characteristics of late oil generation,
concentrated hydrocarbon generation, and relatively light oil
quality. This can also be well reflected in the composition of
the crude oil group generated at different pyrolysis temper-
atures; that is, the closer the oil generation peak is, the
higher the content of heavy components (resins and
asphaltene), and the relative content of heavy components in
the oil generated by green algae is always higher than that
generated by cyanobacteria.

(3) Both green algae and cyanobacteria belong to planktic algae,
but the carbon isotopes of green algae kerogen, extract, and
pyrolysis hydrocarbon gas are significantly heavier than
those of cyanobacteria, which may have obvious differences
with their living habits, carbon source usage, photosynthetic
efficiency, and carbon sequestration efficiency. Carbon
isotope is one of the critical methods to solve the problem of
mixed sources of hydrocarbons generated from the Meso-
Cenozoic K1q and E2-3a lacustrine shales in the Junggar Basin.



Fig. 11. Carbon isotope evolution of pyrolysis gases from typical samples of the E2-3a and the K1q. Carbon isotope evolution diagram of methane from pyrolysis gas of the E2-3a
samples rich in green algae and the K1q samples rich in cyanobacteria (a); Carbon isotope evolution diagram of pyrolysis gas ethane for the E2-3a samples rich in green algae and the
K1q samples rich in cyanobacteria (b); Carbon isotope evolution diagram of pyrolytic gas propane in the E2-3a samples rich in green algae and the K1q samples rich in cyanobacteria
(c); Carbon isotope evolution diagram of pyrolytic gas CO2 for the E2-3a samples rich in green algae and the K1q samples rich in cyanobacteria (d).
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