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Abstract: The alkaline lake source rocks of the Fengcheng Formation are developed in the Mahu Sag
of the Junggar Basin. Different from traditional continental fresh water and saltwater lake source
rocks, alkaline lake source rocks lack targeted evaluation criteria, and it is unknown whether their
hydrocarbon generation models are consistent with traditional models. Therefore, in the present
study, evaluation standards and hydrocarbon generation models of alkaline lake source rocks are
discussed based on geological and organic geochemical data and a systematic summary of the
geochemical characteristics of the Fengcheng Formation source rocks. The Fengcheng Formation
source rocks are mainly diamictite with mixed argillaceous rock and dolomite; most total organic
carbon (TOC) values range from 0.2-1.4%; and the kerogen is primarily oil-prone type II, reaching low-
to high-maturity stages. Based on the types of organic matter in source rocks and the relationships
between organic matter abundance parameters, the evaluation standard of alkaline lake source rocks
is proposed. The Fengcheng Formation is mainly composed of good to excellent source rocks (55.5%)
with high hydrocarbon generation potential. The single-peak hydrocarbon generation model of
the Fengcheng Formation is similar to that of traditional freshwater or saltwater lakes, with a high
hydrocarbon generation rate, two to five times that of the traditional model; its main particularity is in
the formation of naphthenic crude oil from the kerogen of bacteria and algae. A new understanding
of the hydrocarbon generation potential and model of alkaline lake source rocks in the Fengcheng
Formation can provide support for tight oil and shale oil exploration in the Mahu Sag.

Keywords: hydrocarbon generation model; source rock evaluation; organic geochemistry; alkaline
lake; Fengcheng Formation; Mahu Sag; Junggar Basin

1. Introduction

An alkaline lake is a special type of high-salinity saline lake that contains hydro-
chemical lake-water carbonate. Compared with traditional freshwater lake environments,
alkaline lake environments have fewer biological species, but alkaline lake basins have
high initial productivity [1-3]. For example, Melack et al. [1] statistically analysed the
biological yield of multiple alkaline lakes near the Rift Valley in Africa and found that the
biological yield of alkaline lakes was 2.0-12.6 times that of rivers and freshwater lakes.
Qinghai Lake in China is also an alkaline lake with a pH value of 9.1-9.4 and a high organic
matter yield [3]. The main reason for the high organic matter yield in Qinghai Lake is that
water with a high pH value can take in more atmospheric CO;, can store more inorganic
carbon, and can dissolve more phosphorus and other nutrients, thus promoting the mass
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reproduction of plankton [4,5]. In addition, salinity stratification of lake water is beneficial
for the preservation of organic matter; this stratification promotes the decomposition and
enrichment of organic matter by anaerobic bacteria and creates favourable conditions for
the development of high-quality source rocks [5,6]. In the alkaline lake source rocks of the
Green River Formation in the Ewing Basin, USA, the organic carbon distribution ranges
from 0.2% to 29.6% and the common values range from 3% to 5% [2]. The hydrocarbon
source rocks of alkaline lake formations in the Paleogene Hetaoyuan Formation in the
Biyang Depression, Nanxiang Basin, China, are characterized by 1.6-2.2% organic carbon,
with an average of 0.19%; chloroform bitumen “A” averages 0.39%, and the total hydrocar-
bon (HC) value reaches 2273.38 ug/g. High-quality source rocks are also developed in the
Hetaoyuan Formation [7-9].

The Permian Fengcheng Formation in the Mahu Sag, Junggar Basin, was deposited in
an alkaline lake environment [10-12]. The main oil sources found in and around the Mahu
Sag are from the source rocks of the Fengcheng Formation [13]. Previous studies have
shown that the source rocks of the Fengcheng Formation are the best source rocks in the
Mahu area, with averages of 1.13% total organic carbon (TOC), 0.26% chloroform bitumen
“A” and 2567.06 pg/g total HCs [13]. The source rocks of the Fengcheng Formation are
the main oil sources in the Kelamayi-Wuerhe large oil province and the Mahu Sag new oil
province [14-17]. There are six major hydrocarbon-generating depressions in the Junggar
Basin. The reason the Mahu Sag has the large amount oil is mainly related to the special
parent material of hydrocarbon-generating bacteria, dinoflagellates, and green algae, which
develop in the high-quality hydrocarbon source rocks of alkaline lakes of the Fengcheng
Formation [12,18]. The transformation of algae into amorphous bodies by bacteria provides
the material basis for the large-scale generation of scarce cycloalkyl crude oil [18].

Further study shows that the source rocks of the Fengcheng Formation are complex
in lithology and are neither pure argillaceous rocks nor pure carbonate rocks. Instead,
they are a mix of primarily argillaceous rocks and dolomites in different proportions, with
smaller proportions of tuffs [13,18,19]. Existing geochemical methods for evaluating source
rocks of terrestrial shale [7,20] and carbonate source rock evaluation standards [21] may
not be sufficient to analyse the hydrocarbon generation potential of the source rocks of the
Fengcheng Formation; thus, it is necessary to establish a set of special evaluation standards
applicable to alkaline lake source rocks. To this end, the geochemical characteristics of the
source rocks of different lithologies in the Fengcheng Formation are first determined by
organic geochemistry methods. Then, according to the characteristics of the source rocks of
the Fengcheng Formation, evaluation standards of alkaline lake source rocks are proposed,
and the hydrocarbon generation potential of the source rocks of the Fengcheng Formation
is re-evaluated. Finally, the model of hydrocarbon generation in the source rocks of the
Fengcheng Formation is discussed by combining thermal simulation experiments with
natural profiles.

2. Geological Setting

The Junggar Basin is a large petroliferous basin in the northern part of the Xinjiang
Uygur Autonomous Region, western China [14]. The plane shape of the basin is triangular-
wide in the south and narrow in the north-and the area is approximately 13.6 x 10* km?
(Figure 1a). The southeastern part of the Mahu Sag is located in the northwestern margin
fault zone of the Junggar Basin, and the Mahu Sag, with an area of 5000 km?, is the
northernmost secondary tectonic unit of the central depression area (Figure 1b,c). Third-
grade petroleum reserves of 12.4 x 108 t were found in the Mahu Sag, among which the
proven reserves are 5.2 X 108 t[17], making it another billion tons-level conglomerate oil
province along the northwestern margin fault zone.
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Figure 1. (a) Map of the Junggar Basin in China.

(b) The division of tectonic units in the Junggar Basin and the location

of the Mahu scheme. (c) The division of sub-tectonic units and thickness contour of Fengcheng Formation in Mahu Sag.
(d) Lithology and sedimentary facies profile of the Fengcheng Formation in the Mahu Sag, modified after [22].

The Mahu Sag is one of the six major hydrocarbon-generating sags in the Junggar Basin
and is also the most organic-rich hydrocarbon-generating sag in the basin [13,16]. There are
four sets of source rocks (Carboniferous rocks, the Jiamuhe Formation, the Fengcheng
Formation, and the Permian lower Wuerhe Formation), among which the Fengcheng
Formation is the main source rock, with a thickness of 50—-400 m and a distribution area
of approximately 3800 km? [13,18,23]. The Fengcheng Formation is subdivided from
bottom to top into the Feng 1 member (F;), Feng 2 member (F;), and Feng 3 member
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(F3). The salinities of the sedimentary waters and the types of sedimentary rocks are
different in different members (Figure 1d). The lithology of F; is mainly tuff and tuffaceous
dolomite; F, is mainly argillaceous dolomite and mixed rocks; and F; is mainly tuff,
argillaceous dolomite and mudstone [19]. The development and evolution of alkaline lakes
in the Fengcheng Formation underwent five stages, namely, alkaline preparation, primary
alkaline formation, strong alkaline formation, weak alkaline formation and termination of
evolution [12,24,25], and reached the strong alkaline-forming stage in F,.

3. Samples and Methods

A total of 194 drilling core samples from 8 wells in the northwestern Mahu Sag were
collected in this study, and the well location distribution is shown in Figure 1c. The test
items included TOC, pyrolysis, vitrinite reflectance (Ro), biomarkers, carbon isotope ratios,
chloroform bitumen “A”, and elemental analysis. All tests in this paper were completed by
the Experimental and Testing Research Institute of Xinjiang Oilfield Company, China, which
is a laboratory that meets the qualifications of Chinese industry certification standards.

For the analysis of TOC, the core samples were crushed until the particle size was less
than 0.2 mm, hydrochloric acid solution was added to the container with the samples, and
the temperature was controlled at 60-80 °C on an electric heating plate. After the dissolved
samples were cleared of inorganic carbon for 2 h, the samples were washed with distilled
water to neutral and dried in an oven at 60-80 °C. The Chinese national standard (GB/T
19145-2003) was implemented using a CS844 carbon sulfur analyser.

For the Rock-Eval pyrolysis analysis, the core was crushed to a particle size of 0.1 mm.
Then, 100 mg samples were weighed, placed into Rock-Eval 6 equipment, heated to 300 °C
and kept at a constant temperature for 3 min to measure the Sy peak, heated from 300 °C to
600 °C and kept at a constant temperature for 1 min to measure the S, peak and Tmax value.

For Ro analysis, core samples were sliced and sintered with water and then polished
and placed in a drying vessel for 12 h for reflectivity measurement. The average vitrinite
reflectance under oil immersion was measured using a Leica MSP200 microphotometer
under green light with magnification ranging from 32 to 125 times. At a wavelength of
546 nm, Ro was obtained according to the percentage of the reflected light intensity of
the vitrinite polishing surface to the vertical incident light intensity. A standard sample
whose reflectivity was close to that of the sample to be tested was selected to calibrate the
instrument, and then the reflection coefficient was calibrated. The number of measured
points was not less than 20, and the absolute deviation was less than 0.1.

For the extraction of chloroform bitumen and the determination of biomarker com-
pounds, the samples were dried and crushed to 0.18 mm, and purified chloroform was
added. The heating temperature was less than 85 °C, and when the extraction solution
showed no fluorescence, the extraction was completed and volatilized to dry at 40 °C, and
chloroform bitumen was obtained by weighing. According to the industry standard [20],
0.1 mL chloroform was added to 20 mg chloroform bitumen and completely dissolved
until the chloroform volatilized; then, 30 mL n-hexane was added under constant shaking,
and the solution was left to rest for 12 h to precipitate asphaltenes. When the filtrate was
distilled at 80 °C and concentrated to 3 mL, it was placed into a chromatography column,
and 5 mL n-hexane was eluted a total of 6 times to obtain saturated hydrocarbons. Satu-
rated hydrocarbon components were measured on an Agilent 6890 N gas chromatograph
with helium as the carrier gas, polymethylsiloxane footchain quartz capillary column with
a length of 35 m and inner diameter of 0.22 mm heating from 100 °C up to 350 °C, and an
electron bombardment energy of 70 ev. Ion detection was used to obtain the total ion flow
chart and quality chromatograms and mass spectra compared with the standard spectra
compound, peak height, and peak area.

For kerogen carbon isotope ratios, kerogen was decomposed, burned, and oxidized in
a FLASH 2000 organic element analyser, converted to CO, and collected in a sample tube.
Carbon isotopic analysis was performed on a Delta V isotope ratio mass spectrometer.
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For the analysis of kerogen elements, kerogen samples were burned in a high-temperature
combustion tube with oxygen; the carbon and hydrogen were oxidized to CO; and H,O,
respectively; and the contents of carbon and hydrogen were calculated. The oxygen in the
sample was cracked into CO at high temperature, and the oxygen content was calculated.
The analysis was performed using a Vario Micro Cube elemental analyser.

4. Results
4.1. Abundance of Organic Matter

The abundance of organic matter is an important aspect to evaluate the quality of
source rock. The common indicators include TOC, hydrocarbon potential generation
(PG =51 + Sp), chloroform bitumen “A”, and total hydrocarbon (HC = saturated hydrocar-
bon plus aromatic hydrocarbon) [26-28]. Due to the significant difference in the organic
matter abundance of source rocks of different lithologies, the higher the organic matter
abundance is, the greater the potential for hydrocarbon generation is, which is an important
factor affecting the quality of source rocks. Considering that the basic rock types of the
source rocks of the Fengcheng Formation are argillaceous rock, dolomite, and tuff [19], the
geochemical characteristics of these three types of source rocks can be clarified to make
objectively evaluate the source rocks of the Fengcheng Formation.

The average values of TOC and PG of the argillaceous rocks and dolomites in the
Fengcheng Formation of the Mahu Sag are similar (the dolomites have higher TOC and
PG than the argillaceous rocks on the whole), while the average values of TOC and PG
of tuff are significantly higher than those of the former two rock types. The content of
chloroform bitumen “A” is the highest in argillaceous rocks (up to 0.465%), while it is
significantly lower in tuff and dolomite than in argillaceous rocks (0.268% and 0.224%,
respectively) (Table 1). From the distribution of the organic matter abundance index
(Figure 2), the TOC values of argillaceous rocks were mainly distributed in the range of
0.2-1.2%, and the maximum was 2.60%. The TOC of dolomite was mostly in the range of
0.1-1.4%, and the maximum value was 2.89%. The PGs of shale and dolomite are mainly
less than 4 mg/g, but the maximum value can reach over 20 mg/g. Part of the reasons
for the difference in the distribution of organic matter in different lithofacies is related to
the sedimentary environment. In the late period of Fj, the climate was humid, and the
organic-rich mudstone lithofacies was widely distributed, while in the early period of F,,
the climate was dry and hot, the salinity of the lake increased, and dolomite and dolomitic
rocks developed [11]. The distribution ranges and maximum values of chloroform bitumen
“A” of argillaceous rock and dolomite are basically the same, but the argillaceous rocks have
multipeak distribution characteristics, while the distribution of chloroform bitumen “A” in
dolomite is relatively narrow, mainly less than 0.2%. Due to the small number of samples,
the distribution of tuff is not representative, and its distribution range is basically consistent
with those of argillaceous rocks and dolomites, but the TOC and PG are higher in tuff than
in argillaceous rock or dolomite. The comparison of the organic matter abundance index
of different lithologies shows that tuff is of better quality, and the content of chloroform
bitumen “A” in argillaceous rock is twice as high as that in dolomite, with little difference
in other parameters.

Table 1. Geochemical characteristics of different types of source rocks in the Fengcheng Formation of the Mahu Sag.

Types of Source Rock TOC (%) PG (mg/g) 2211;1’11;)1{?’1.1]&“” Is?):;';(en:)f Ro Tmax (°C) Czo Sterane C2 Sterane
{J 0, max
s Kerogen (%) (%) 20S/(20S +20R) B B/BP + oxx)
areillaceous rock 0.12-2.60 0.09-22.26 0.006-1.893 399-488 0.41-0.49 0.48-0.62
& 0.82 (105) 3.59 (105) 0.465 (74) —27.95-—-24.94  0.56-1.14 438 (67) 0.47 (17) 0.57 (17)
dolomite 0.07-2.89 0.02-21.97 0.001-1.934 —26.35 (29) 0.89 (5) 418-453 0.34-0.49 0.27-0.60
0.86 (78) 4.08 (78) 0.224 (83) 441 (72) 0.44 (51) 0.43 (51)
tuff 0.25-3.58 0.01-24.05 0.006-0.608 428-446 0.33-0.48 0.21-0.49
u 1.19 (11) 6.32 (11) 0.244 (11) 436 (11) 041 (7) 0.34 (7)

Minimum-maximum; average (number of samples).
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Figure 2. Distribution histograms of organic matter abundance in the Fengcheng Formation in the Mahu Sag. (a) Histogram
of TOC distribution. (b) Histogram of PG distribution. (c) Histogram of chloroform bitumen “A” distribution.

4.2. Type of Organic Matter

Various methods can be used to identify the types of organic matter in terrestrial
hydrocarbon source rocks [20]. In terms of the macerals of the parent material of hydrocar-
bon generation, the source rocks of the Fengcheng Formation are dominated by bacteria
and algae. The bacteria are mainly cyanobacteria, and the species of algae may include
dinoflagellates and amorphous matrix (Figure 3). The above characteristics indicate that
the Fengcheng Formation was deposited in a saltwater lacustrine sedimentary environ-
ment. The hydrogen index (HI) and the highest pyrolysis peak temperature (Tmax) diagram
(Figure 4a) show that for argillaceous rock, dolomite and tuff, most of the data points are
near the type II kerogen region, with more oil-prone type II; kerogen, and type I and III
kerogen are also present. From the composition of kerogen elements in Figure 4b, dolomite
mainly follows the type Il kerogen evolution track, and tuff mostly approximates the type I
kerogen evolution track. Lower aquatic organisms, bacteria and algae, are rich in hydrogen
elements but poor in oxygen elements. Therefore, the original biological composition
characteristics of hydrocarbon generating parent material reflect that the source rocks of
the Fengcheng Formation are mainly sapropelic type, which is consistent with the I-1I type
explained by the van Krevelen diagram.

amorphous matrix

Dinoflagellates

Figure 3. Hydrocarbon-generating parent material composition of source rocks of the Fengcheng Formation in Mahu Sag.
(a) Well Fn 8, 3596 m P1f, Algae laminae under UV fluorescence. (b) Well Fc 011, 3163 m P f, Dinoflagellates and amorphous
matrix under plane-polarized light.
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Figure 4. Discrimination diagrams of organic matter types of source rocks in the Fengcheng Formation of the Mahu Sag.
(a) Plot of Tmax versus HI. (b) Plot of H/C versus O/C atomic ratio. (c) Plot of TOC versus S, /Ss.

From the relationship between the organic matter type index (S;/S3) and TOC
(Figure 4c), the organic matter type improves with increasing TOC. Argillaceous rocks
are mainly distributed in the type IIl region, but when the TOC value is greater than 1%,
organic matter is mainly type II; dolomite is mainly type Il and type I, and when the TOC
value is greater than 1%, dolomite is mainly type I. The low values of S, /S; observed here
for the argillaceous rocks are an artefact of the matrix effect [26]. The three methods used
to determine the organic matter type of the Fengcheng Formation in the Mahu Sag indicate
that the organic matter was mainly oil-prone type 1, followed by types I and III, indicating
the diversity of organic matter sources.

4.3. Thermal Maturity of Organic Matter

Vitrinite reflectance (Ro) is the most widely used optical parameter in the determi-
nation of the rank of coals and the maturation levels of other lithologies in sedimentary
basins [29-31]. The measured Ro in the source rocks of the Fengcheng Formation is dis-
tributed between 0.56% and 1.14%, with an average of 0.80% (Table 1), reaching the stage of
mature evolution. The maturity reflected by the Tmax of argillaceous rocks, dolomites, and
tuffs is basically the same, and the average value is above 435 °C, also reaching the stage of
mature evolution. The maturity reflected by Ro and Tmax is consistent with that reflected
by biomarker parameters Cy9 sterane 20S/(20S + 20R) and Cyg sterane B3/(Bp + o)
(Figure 5). The measured data show that the source rocks of the Fengcheng Formation have
reached the stage of mature evolution on the whole, but a few samples are still in the stage
of low maturity, and their burial depth is less than 3500 m (Figure 5).

Because the Ro test samples were mainly taken from the Wu-Xia fault zone and the
Zhongguai Uplift adjacent to the Mahu Sag, the thickness of the Fengcheng Formation
is approximately only 400 m, while the thickness of the Fengcheng Formation in the
sedimentary centre of the Mahu Sag can reach 800-1800 m [10]. Therefore, the measured
Ro in the Fengcheng Formation cannot reflect the overall thermal evolution degree of the
Mahu Sag. For that reason, we collected the measured Ro data of Jurassic rocks, Triassic
rocks, and the Permian Wuerhe Formation (P,w) from the Mahu Sag and its surrounding
structural belt, and plotted their changes with depth (Figure 6). With increasing burial
depth, Ro increases, and burial depth and Ro have a good correlation, indicating that the
changes in Ro are mainly controlled by the normal geothermal evolution history. Thus, the
Ro trend line with burial depth can be used to predict the thermal evolution history of the
source rocks of the Fengcheng Formation in the Mahu Sag.
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The average Ro of the 5 samples in the Fengcheng Formation is 0.89% (Table 1), and
the corresponding average burial depth is 4200 m; the maximum value of Ro is 1.14%,
and the corresponding burial depth is 4600 m. The burial depth of the source rocks of the
Fengcheng Formation in the central area of the Mahu Sag is over 5000 m. According to the
Ro evolution trend, the source rocks of the Fengcheng Formation reached the stage of high
maturity (Ro > 1.3%) (Figure 6). Therefore, the thermal evolution of the hydrocarbon source
rocks in the Fengcheng Formation ranges from low maturity to high maturity stage in the
study area. The main pools of the Triassic Baikouquan Formation, with the Fengcheng
Formation as the main source rock, are mainly composed of light to medium oil, and
the density of crude oil decreases towards the centre of the Mahu Sag [13]. This result is
consistent with the thermal evolution stage of source rocks of the Fengcheng Formation
and provides evidence in support of the identified thermal evolution.
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5. Discussion
5.1. Source Rock Evaluation Standard in Alkaline Lakes

There is no special standard for the evaluation of source rocks in alkaline lakes.
The existing evaluation standard for terrestrial hydrocarbon source rocks [7,20] mainly
focuses on freshwater to brackish lacustrine argillite source rocks. The source rocks of
the Fengcheng Formation in the Mahu Sag are complex in lithology, so it is necessary to
establish an evaluation standard suitable for alkaline lake source rocks to evaluate the
hydrocarbon generation potential of the source rocks of the Fengcheng Formation in the
Mahu Sag more objectively.

It is traditionally believed that although the value of TOC in source rocks of saltwater
lake basins is low, its oil conversion rate is high, and the lower TOC also has a higher
content of soluble organic matter, which is an important characteristic of source rocks in
saltwater lake basins [7]. The source rocks of alkaline lakes in the Permian Fengcheng
Formation in the Mahu Sag also have these characteristics. Although the TOC value is not
high (average approximately 1.0%) in the Fengcheng Formation source rocks, the yield
index S1/(5;1 + Sp) averages 25.9% and can reach up to 78.4% (Figure 7a). According to
this study, the content of chloroform bitumen “A” increases first and then decreases with
increasing TOC. When the TOC value is approximately 1.4%, the content of soluble organic
matter reaches its maximum. Then, the content of soluble organic matter starts to decrease
rapidly with increasing TOC, and when the TOC value is less than 0.5%, the average
content of soluble organic matter is only 0.05% (Figure 7b).

1.6

(b) P

L AN B R TR R N S R PR BN O R D M A ra )

Chloroform bitumen A” (%)

TOC (%) TOC (%)

Figure 7. (a) Relationship between TOC and productivity index S; /(S; + Sy) of source rocks in the Fengcheng Formation.
(b) Relationship between TOC and chloroform bitumen “A” of source rocks in the Fengcheng Formation.

It should be pointed out that a set of effective source rocks can not only generate
hydrocarbons but also discharge oil and gas. It is not an effective source rock if it can
only produce hydrocarbons and cannot expel oil and gas. Theoretically, the oil and gas
generated from the source rock must first meet their own adsorption and pore filling
requirements, and then the excess oil and gas can be discharged in large quantities. For a
source rock with a relatively homogeneous parent material type and thermal evolution
degree, the higher the total organic matter content in the source rock before hydrocarbon
expulsion, the more oil and gas will be generated. When the organic matter content reaches
a certain critical value, oil and gas are discharged from a large number of source rocks; at
this time, with the increase in the TOC of source rocks, their residual hydrocarbon content
will deviate from the normal trend and decrease. The critical value is the limit value for a
large quantity of hydrocarbon to be expelled from source rock and can be used as the lower
limit value of excellent source rock. Chloroform bitumen “A” is usually used to represent
the mass fraction of soluble organic matter in rocks, and the TOC content represents the
mass fraction of organic matter in rocks. According to the relationship between the two,
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the lower limit of TOC in excellent source rocks of the Fengcheng Formation in the Mahu
Sag can be determined to be 1.4% (Figure 7b).

The hydrocarbon generation potential of source rocks, from the perspective of organic
geochemistry, mainly depends on the abundance, type, and maturity of organic matter,
and the three are complementary. It is well known that source rocks with a high abundance
of organic matter, type I or II; organic matter and moderate maturity have great petroleum
generation potential. The abundance and types of organic matter are closely related to
the sedimentary environment. For example, the semi-deep to deep lake facies belt in
the continental basin is dominated by organic matter-rich sapropel, while the shallow
lake-shore facies belt and fluvial facies are dominated by organic matter-poor humus [7].
Therefore, the establishment of an evaluation standard for hydrocarbon source rocks in
alkaline lakes of the Fengcheng Formation in the Mahu Sag is based on the classification of
the types of organic matter types in hydrocarbon source rocks. The hydrocarbon source
rocks in the Fengcheng Formation are mostly type II, with some type I and type III. As
shown in Figure 3a, which shows the relationship between Tmax and HI, the main peak
of Tmax is 440 °C. The corresponding relationship between different types of organic
matter and hydrogen index values is as follows: type I organic matter with HI greater
than 400 mg/g, type II; organic matter with HI of 200400 mg/g, type II, with HI of
100-200 mg/g, and type III with HI less than 100 mg/g.

In the TOC and HI diagram (Figure 8a), the limits of HI can be divided into five
sections depending on the type of organic matter. When the TOC content is less than
1%, TOC and HI have a positive relationship. The mean value of the corresponding TOC
content in each HI interval is taken as the TOC limit of different grades; accordingly, the
TOC limit value of non-source rocks was determined to be 0.3%, that of poor source rocks
to be 0.3-0.5%, and that of fair source rocks to be 0.5-0.7%. When the TOC content is greater
than 1.4%, the organic matter is type I, and the rocks are composed of excellent hydrocarbon
source rocks; the range of 0.7-1.4% is representative of good source rocks. Subsequently,
the source rock evaluation standards (Table 2) were established according to the series
of relationship diagrams of TOC and PG (Figure 8b), TOC and chloroform bitumen “A”
(Figure 7b), TOC and chloroform bitumen “A”/TOC (Figure 8c), and chloroform bitumen
“A” and HC (Figure 8d).
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Figure 8. Limit chart of source rock evaluation indexes of the Fengcheng Formation in the Mahu Sag. (a) Plot of TOC
versus HI. (b) Plot of TOC versus PG. (c¢) Plot of TOC versus chloroform bitumen “A”. (d) Plot of chloroform bitumen “A”

versus HC.
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Table 2. Evaluation standard of continental alkaline lake source rock.
Evaluation Indicator Non-source Rock Poor Fair Good Excellent

TOC (%) <0.3 0.3-0.5 0.5-0.7 0.7-1.4 >1.4

PG (mg HC/g TOC) <0.5 0.5-1.5 1.5-3.0 3.0-7.0 >7.0
Chloroform bitumen “A” (%) <0.015 0.015-0.1 0.1-0.2 0.2-0.4 /

HC (ug/g) <150 150-700 700-1400 1400-2700

Organic matter conversion rate <8 8-20 20-30 30-35 /

(Chloroform bitumen “A” /TOC) (%)

Compared with the traditional TOC evaluation indicator of terrestrial freshwater-
brackish water source rocks (Table 3), the TOC thresholds of different grades in alkaline
lake source rocks were significantly lower than those in the freshwater-brackish water
standard, and the higher the grade was, the greater the gap between the two. Compared
with the TOC of the source rocks of brackish water and ultrabrackish water [20], the
standard of the source rocks of alkaline lakes is slightly higher than the TOC of brackish
water and ultrabrackish water at all levels, except for the medium level. At the level of
good to very good (high-quality) source rock, the standard alkaline lake source rock has
approximately twice the TOC of saltwater to super saltwater. These results also reflect
that the organic matter abundance of alkaline lake source rocks is higher than that of
non-alkaline lake source rocks in continental saline lake basins. In addition to the TOC,
compared with other hydrocarbon source rock organic matter abundance indicators, such
as chloroform bitumen “A”, HC and PG, in a set of standards used for the geochemical
evaluation of continental hydrocarbon source rock [20] developed by the Communist Party
of China, the chloroform bitumen “A” and HC values of alkaline lakes are approximately
double those of non-alkaline lakes, and the PG of alkaline lakes is approximately half
that of non-alkaline lakes. Due to the high organic matter conversion rate of hydrocarbon
source rocks in alkaline lakes, the new standard also takes the organic matter conversion
rate as an auxiliary index in the evaluation of source rocks.

Table 3. Evaluation index of organic matter abundance of terrestrial source rocks [20].
E.val.uatlon Lake Salinity Non-Source Poor Fair Good Excellent
indicator Rock
TOC (%) Fresh-brackish water <0.4 0.4-0.6 0.6-1.0 1.0-2.0 >2.0
? Salt water <0.2 0.2-0.4 0.4-0.6 0.6-0.8 >0.8
_Chloroform Fresh-brackish water <0.015 0.015-0.05 0.05-0.1 0.1-0.2 >0.2
bitumen “A” (%)
HC (ug/g) Fresh-brackish water <100 100-200 200-500 500-1000 >1000
PG (mg/g) Fresh-brackish water — <2 2-6 6-20 >20
“—" Undefined.

5.2. Evaluation of Hydrocarbon Source Rocks in Alkaline Lakes

According to the newly established hydrocarbon source rock evaluation standard of
alkaline lakes, the source rocks of the Fengcheng Formation in the Mahu Sag are mainly
good to excellent source rocks, accounting for 55.5% of the total samples, among which the
excellent source rocks account for 16.1%. Fair source rocks accounted for 20.6% of the total
samples. The rest were poor and non-source rocks (23.9%). According to the traditional
evaluation standard of saltwater lacustrine source rocks, the percentage of source rocks
in the Fengcheng Formation is 64.7%, and the percentage of excellent source rocks is
48.6%. Compared with the traditional evaluation standard for lacustrine source rocks, the
new standard for evaluating hydrocarbon source rocks of alkaline lakes focuses more on
the characteristics of hydrocarbon expulsion of excellent-level source rocks, in which the
organic carbon content is greater than 1.4% and the content of chloroform bitumen “A”
is sharply reduced, indicating rapid and large-scale hydrocarbon expulsion. Therefore,
in the hydrocarbon source rock evaluation, this part of the source rock is relatively small,
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but these excellent-level, high-quality hydrocarbon source rocks should be considered. In
addition, in recent years, source rocks with high organic matter abundance have often been
found in the centre of non-alkaline saltwater lake basins during oil and gas exploration [6,9],
confirming that the organic matter abundance of source rocks in these saltwater lake basins
is not as low as previously thought [32,33]. Therefore, this standard is not only applicable
to the classification and evaluation of terrestrial alkaline lake source rocks but also has
important reference value for the evaluation of nonalkaline lake and saltwater basin source
rocks. Notably, no hydrocarbon source rock samples have been obtained in the sedimentary
centre of the Mahu Sag, and most of the existing samples are from relatively high structural
positions around the edge of the sag, so the characteristics of the source rock in the sag
centre are not clear. It is speculated that the organic matter in the depression centre has
higher abundance, better types, and higher evolutionary maturity [34].

5.3. Hydrocarbon Generation Model in Alkaline Lake Source Rocks
5.3.1. Source Rock Thermal Simulation Method

The process of depositing organic matter underground to generate oil and gas is
long and complex and is accompanied by a series of physicochemical and biochemical
processes [35,36]. Since Tissot et al. [36] confirmed the dominant roles of temperature and
time in the hydrocarbon generation process of organic matter and the complementary
relationship between them, a variety of experimental methods have emerged to simulate
the hydrocarbon generation process of organic matter by means of rapid heating. The
principle is to compensate for the effect of time on organic hydrocarbon generation by
rapidly increasing the experimental temperature to approach the effect of actual geologi-
cal conditions.

Ma et al. [37] established a hydrocarbon generation model of the source rock of the
Permian Fengcheng Formation in the Junggar Basin (Figure 9) by using the experimental
method of high-pressure kettle water addition simulation. It was proposed that Ro was
0.7-1.5% at the main oil generation stage; when Ro of 1.0% was the peak, the maximum
oil generation was 220 mg/g TOC. When Ro reaches approximately 2.5%, the peak of
gas production is reached, which is mainly crude pyrolysis gas. Pan et al. [38] studied
samples from the FN 1 well in the Fengcheng Formation (the burial depth is 4096.44 m,
TOC is 1.82%, hydrocarbon yield is 506 mg/g TOC, Tmax is 440 °C) as an example, and
their simulation showed that when Ro was 1.0% at the peak oil source, the maximum oil
generation was 300 mg/g TOC, Ro was still in a large oil generation stage when it was
1.5%, and Ro corresponding to the gas peak was 2.3%. The thermal simulation results show
that the source rocks of the Fengcheng Formation have the characteristics of continuous oil
generation, and a one-stage oil peak and large hydrocarbon generation occur.
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Figure 9. Comparison of hydrocarbon generation models of source rocks in the Permian Fengcheng
Formation [37,38].

5.3.2. Measured Profile Method

The geochemical indexes to measure the degree of conversion of insoluble organic mat-
ter kerogen to soluble organic matter (hydrocarbons) mainly include S; /TOC, 51/(S1 + S2),
chloroform bitumen “A”/TOC, and HC/TOC. According to the measured data of hydro-
carbon source rocks in the Fengcheng Formation, Mahu Sag, in this study, the oil generation
threshold and the hydrocarbon generation peak are determined mainly based on changes
in the 51 /TOC and chloroform bitumen “A”/TOC relationship with burial depth, and then
the oil generation threshold and the Ro value corresponding to the peak are determined
through the relationship between Ro and burial depth.

According to the analysis of S; /TOC and chloroform bitumen “A”/TOC with burial
depth, the natural profile of the hydrocarbon generation rate of source rocks was estab-
lished, which provided the basis for analysing the hydrocarbon generation capacity and
model of the source rocks of the Fengcheng Formation (Figure 10). The results show
that there is a main peak of hydrocarbon generation in the source rock of the Fengcheng
Formation, and the burial depth corresponding to the main peak is approximately 4600 m,
which is in good agreement with the thermal simulation of the hydrocarbon generation
curve of the source rock (Figure 10a,b). When the burial depth of the source rock reaches
3500 m, it enters the threshold of oil generation; the burial depth of 5200 m is the bottom
depth of liquid hydrocarbons. According to the relationship between Ro and burial depth
(Figure 6), Ro is 0.7%, 1.1% and 1.5% for burial depths of 3500 m, 4600 m, and 5200 m in
the Fengcheng Formation, respectively (Figure 10b).
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Figure 10. Relationship between hydrocarbon generation conversion rate and burial depth of source rocks in the Fengcheng
Formation, Mahu Sag. (a) S;/TOC varies with depth and Ro to determine the main oil generation stage. (b) Chloroform
bitumen “A”/TOC varies with depth and Ro to determine the main oil generation stage.

The comparison of hydrocarbon generation patterns between the source rocks of the
Fengcheng Formation in the Mahu Sag and those in other sedimentary environments shows
that the single-peak hydrocarbon generation patterns are not only consistent with the tradi-
tional high-quality source rocks of lacustrine facies [7] but also similar to the single-peak oil
generation characteristics of other source rocks of saltwater basins in China [32,39-41].

5.3.3. Comprehensive Model of Hydrocarbon Generation

Based on the thermal simulation experiment of hydrocarbon generation in source
rocks and the comprehensive analysis of natural profiles, the relationships between the
hydrocarbon generation conversion rate and burial depth of source rocks with various
salinities and ages in different basins and lake basins in China were compared [7,42-44] to
reconsider the hydrocarbon generation process of the hydrocarbon source rock of alkaline
lakes in the Permian Fengcheng Formation, Mahu Sag. According to the mechanism of
hydrocarbon generation, the characteristics of the main hydrocarbon generation products
and the diagenetic stage, the hydrocarbon generation process can be divided into four
stages (Figure 11).
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Figure 11. Comparison of hydrocarbon generation models between source rocks and alkaline lake source rocks in continental

freshwater lake basins [36,42].

The first stage occurred in the period of early diagenesis, with Ro less than 0.7% and
burial depth less than 3500 m, indicating an immature to low-maturity evolution stage.
The crude oil generated at this stage has a high density and high viscosity. Due to the
relatively small amount of crude oil produced, it has not yet met the requirements of
kerogen adsorption and pore filling, so it is mainly confined within the source rocks of the
Fengcheng Formation.

The second stage occurred in the early stage of catagenesis, with Ro of 0.7-1.3% and
burial depths of 3500-5000 m in the slope area, indicating a mature evolution stage. The
main peak Ro of crude oil is 0.85-1.3%, which is the main period of petroleum generation.
When Ro reaches approximately 1.1%, it reaches the peak of crude oil generation, and then
the amount of liquid hydrocarbon generation gradually decreases. In addition to the main
formation of mature crude oil, a small amount of thermogenic gas can be generated at this
stage, which exists underground and can dissolve in the crude oil, reducing the density
and viscosity of the crude oil and facilitating the migration of hydrocarbons.

The third stage occurred in the late stage of catagenesis. Ro was 1.3-2.0%, and
the burial depth was 5000-6000 m. This was a stage of high maturity evolution. The
hydrocarbon generation products at this stage are mainly light oil and wet gas, natural
gas is mainly caused by kerogen thermal degradation, and the second most abundant
hydrocarbon generation product is heavy hydrocarbon gas formed by crude oil cracking.

The fourth stage occurred in metagenesis, with Ro greater than 2.0% and burial depth
greater than 6000 m. This stage involved overmature evolution, and the bottom of the
source rock of the Fengcheng Formation did not reach this stage of evolution. The main
product of this stage, which is the main stage of natural gas formation, is the dry methane
formed by crude oil cracking.

The source rocks of the Permian Fengcheng Formation in the Mahu Sag show the
characteristics of continuous hydrocarbon generation and large hydrocarbon production.
The source rocks of the Permian Fengcheng Formation in the Mahu Sag have hydrocarbon
generation characteristics and models similar to those of the common freshwater and
saltwater lacustrine facies, but their hydrocarbon generation conversion is significantly
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higher than that of the latter, which is 2-5 times that of the traditional freshwater brackish
and saltwater lacustrine facies (Table 4).

Table 4. Organic matter transformation of source rocks in continental freshwater-brackish lake basins, China.

Petroleum Conversion Ratio (%)

Salinity of

Basin Sag/Depression Formation Ancient Lake Ro (%) Chloroform References
Basin Bitumen HC/TOC
“A”ITOC
Freshwater-
brackish 72 /
water
D - — 45
ongpu Sha 3 Brackish water 05-13 17.9 / (4]
Bohaiwan Saltwater 11.8 /
Dongying Sha 3 Brackish water 05-1.3 21.6 8.7
Sha 4 Saltwater 10.6 8.7
Subei / Fu 4 Brackish 0.5-1.0 139 45
water-saltwater
Freshwater-
3
Upper brackish 21 2.0 (3]
Hetaoyuan
water
Nanxian; Biyan, i 0.3-1.3
J yang Middle Brackish water 9.1 7.0
Hetaoyuan
Lower Brackish
Hetaoyuan water-saltwater 10.9-12.4 6285
Jianghan Qianjiang Qian 3 Saltwater 05-1.3 48.4 17.6 [40]
Qian 4 Saltwater 349 21.6
Chaidamu Mangya Lower Saltwater 0.7-1.2 12.9-215 5.3-8.9 [33,46]
Ganchaigou
. . Brackish
Uinta / Green River water-saltwater 0.5-1.1 20-30 / [3]
Ordos Yishan Slope Chang 7 Brackish 0.7-1.3 3.1-9.8 1.9-5.8 [47,48]
water-freshwater
. . Brackish )
Songliao Sanzhao Qing 1 water-freshwater 0.6-1.4 19.9 13.7 [49]
Saltwater .
Junggar Mahu Fengcheng (alkaline lake) 0.7-1.2 329 30.5 This work

6. Conclusions

The source rock of the Fengcheng Formation in the Mahu Sag, Junggar Basin, is
mainly argillaceous rock and dolomite with TOC contents of 0.82% and 0.86%, respectively.
The source rocks contain organic matter types I~IIl and are mainly oil-prone type II;. The
slope area is in the mature evolution stage, and the centre of the depression has reached
the high maturity evolution stage. Based on the classification of organic matter types, the
relationship between TOC and chloroform bitumen “A”, and the relationships between
major geochemical parameters, the evaluation standard for five parameters of alkaline
lake source rock was established. TOC > 0.7% indicates a good to excellent source rock,
and the Fengcheng Formation is dominated by high-quality source rock. Hydrocarbon
source rocks in the Fengcheng Formation have similar characteristics and patterns of
hydrocarbon generation to those in traditional freshwater and saltwater lake basins, with
slight lags in the source peak, Ro of 1.1%, a period of continuous hydrocarbon generation
and characteristics of the production of large quantities of hydrocarbons. The advantages
of the alkaline lake hydrocarbon generation model are that fungal algae are the main
hydrocarbon generation materials in naphthenic base crude oil, and the hydrocarbon
generation production rate in the new model is twice as high as that estimate using the
traditional model.
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