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ARTICLE INFO ABSTRACT

The Permian Fengcheng Formation in the Mahu Sag in the Junggar Basin represents deposition in a rare alkaline
saline lake, with hydrologically closed conditions, alkaline saline brines, and intense volcanic activity. The
Fengcheng Formation contains large volumes of high-quality source rocks, which form not only in the depo-
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Algae center but also in the wide, shallow lake margins. The source rocks analyzed in this study are different from
Stylolite . . . . ) . .

. L those in most other ancient lakes in the following aspects: genesis and occurrence of organic matter, kerogen
Hydrocarbon expulsion and migration A N .. ) . .
Mahu sag type, lithological composition, and hydrocarbon migration pathway. This study showed that the Fengcheng

Formation has high hydrocarbon generation potential and that combinations of multiple paths enhanced the
hydrocarbon expulsion and migration. Benthic microbial mats and algae that bloomed in the alkaline saline lake
represent the dominant types of organic matter. Due to their specific composition, the evaporites may have
catalyzed hydrocarbon generation via organic-inorganic interactions, while intergranular seams in bedded/la-
minated evaporites provided paths for hydrocarbon migration. Stylolites, with high contents of brittle minerals
and low clay content, also allowed favorable paths for hydrocarbon expulsion and migration. Combining hy-
drocarbon expulsion fractures in the organic-rich laminae, fractures and microfractures caused by compressive
tectonic stress, pathway networks formed that enhanced the efficiencies of both hydrocarbon expulsion and

migration.

1. Introduction

High-quality organic-rich deposits form and are preserved under
different conditions in lakes; anoxic conditions are especially the best
environments (Tanavsuu-Milkeviciene and Sarg, 2012). Alkaline saline
lakes are one type of environment for organic-rich deposit preservation
(Talbot, 1988), such as the organic-rich oil shales in the Green River
Formation (Mercier, 2012; Johnson et al., 2014, 2015; Birdwell et al.,
2017), the Qianjiang Formation in the Jianghan Basin (Yang et al.,
1983; Fang, 2002; Chen et al., 2002), the sodium carbonates-bearing oil
shales in the Hetaoyuan Formation in the Biyang Depression of the
Nanxiang Basin (Wang et al., 1983; Tuo et al., 1997; Ma et al., 2013),
and the Wulidui Formation in the Tongbai Basin (Zhou et al., 2006).
These evaporite-bearing successions are all rich in organic matter and
generated large amounts of hydrocarbons.

The Early Permian Fengcheng Formation is the most important
source rock stratum in the Mahu Sag portion of the Junggar Basin in
northwestern China and is rich in tight oil resources (Hu et al., 2016,
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2017). This formation contains the oldest, highest-quality, alkaline
saline lacustrine source rock in the world, and the hydrocarbon po-
tential may be even better than the organic geochemical indices reflect
(Cao et al., 2015; Ren et al., 2017). Additionally, recent research has
demonstrated that the organic-rich Fengcheng Formation covered a
larger area than the Mahu Sag, as it extended to the northwestern
Halalate Mountains region; therefore, the hydrocarbon generation po-
tential is much larger than previously recognized (Wang et al., 2014).

The correlations between oils in the overlying reservoirs and the
extractable organic matters in the source rocks of the Fengcheng
Formation show that most of the oils came from the Fengcheng
Formation (Cao et al., 2006; Wang et al., 2014; Huang et al., 2016).
Previous research on the Fengcheng Formation has concentrated on the
origin of dolomites (Feng et al., 2011; Lu et al., 2012; Zhang et al.,
2012; Zhu et al., 2013), the alteration of volcanic sediments (Zhu et al.,
2012a,b; Zhu et al., 2016), the volcanic reservoir (Zhu et al., 2012a,b),
the tight reservoir (Kuang et al., 2012; Tao et al., 2016), and the eva-
porites (Jiang et al., 2012; Yu et al., 2016a,b; Wang, 2017). Previous
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researchers have long recognized that the source rocks in the Early
Permian Fengcheng Formation have high hydrocarbon potential. These
hydrocarbon source rocks have the following characteristics that make
them different from most lacustrine source rocks. ® Fine-grained or-
ganic-rich source rock lithofacies alternate with evaporite layers, and
various evaporite minerals occur within the source rocks. It is proposed
that these evaporite minerals may provide important influences on the
evolution of organic matter, hydrocarbon generation, migration and
accumulation. ® The Fengcheng Formation was deposited in a hydro-
logically closed lake, with the organic material mainly produced within
the lake, as opposed to extrabasinal material transported into the basin
by runoff. ® The specific composition of the source rocks may be ben-
eficial to hydrocarbon expulsion. ® The multiple types of micropath-
ways, e.g., intergranular seams in evaporites, stylolites, microfractures,
and hydrocarbon expulsion fractures, may combine and elevate the
hydrocarbon expulsion efficiency of the source rocks.

This work focuses on the Fengcheng Formation in the Mahu Sag,
which contains fine-grained organic-rich source rocks and includes the
major types of source rocks, to study the following: ® the occurrences of
organic matters, @ the hydrocarbon potential of source rocks, and ®@ the
factors that control elevated hydrocarbon expulsion efficiency.

2. Geological setting

The Junggar Basin is located in the northwestern Xinjiang Uygur
Autonomous Region, China, and covers an area of 1.3 X 10°km?. This
basin is a triangular basin that lies at the juncture of three tectonic
domains: the Kazakhstan, Siberia, and Tarim cratons (Cao et al., 2006;
Chen et al., 2016a,b). To the east are the Kelameili Mountains, to the
northwest are the Zaire Mountains and Halalate Mountains, to the north
are the Aletay Mountains, and to the south are the Boro Horo Moun-
tains and Bogda Mountains (Fig. 1A). This basin is a renowned super-
imposed basin characterized by source rocks that were deposited in
environments that changed from marine (Carboniferous) to lacustrine
(Permian) conditions (Hu et al., 2016, 2017). The studied Mahu Sag is
located in the northwestern part of the Junggar Basin and is one of the
most prolific oil- and gas-producing areas (Liu et al., 2016).

Most of the faults in the study area are thrust faults and are oriented
NE-SW because of multiple stages of compressional tectonic events;
these faults include the North Xiahong Fault, North Wulanlingge Fault,
South X-1 Fault, etc. (Fig. 1B). A northwestern nappe was formed
during the Late Carboniferous-Early Permian due to strong collisional
forces (Fig. 1C). Structural inversions uplifted part of the depocenter
(wells FN-7 and AK-1), which provides data for studying the evapo-
center of the Early Permian Fengcheng Formation (Fig. 1C).

The stratigraphic sequence consists of Carboniferous to recent se-
diments, and the depositional environment changed from marine
during the Carboniferous to non-marine during the Early Permian
(Fig. 2A) (Bian et al., 2010; Yu et al., 2016a,b). The lithology of the
Carboniferous is dominated by volcanic rocks, pyroclastic rocks, and
conglomerates. Gray-green conglomerates, volcanic tuff and pyr-
oclastics occur in the Jiamuhe Formation, and dark mudstone, con-
glomerates, sandstones, dolomitic tuff and evaporites occur in the
Lower Fengcheng Formation (Cao et al., 2006; Xiao et al., 2014; Liu
et al., 2016; Chen et al., 2016a,b). During the Early Permian, a marine
regression progressed from northwest to southeast, and the north-
western Junggar Basin changed to lake depositional environments that
were closed to marine influence (Fig. 2B) (Bian et al., 2010). Volcanic
eruptions were frequent, and tectonic activity was intensive, which
resulted in the widespread distribution of volcanic and pyroclastic rocks
(Zhu et al., 2012a,b; Zhu et al., 2016; Yu et al., 2016a,b). Additionally,
Mahu Lake is a typical alkaline saline lake in which evaporites form in
the hydrologically closed to semi-closed basinal area. Brines have the
highest salinity during Middle Fengcheng Formation deposition, and
then they freshen gradually during Upper Fengcheng Formation de-
position (Fig. 2A). The evaporites in the Fengcheng Formation are
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dominated by sodium carbonates, the composition of which is con-
trolled by the specific solutes in the brine when the Fengcheng For-
mation was deposited (Yu et al., 2016a,b). The alkaline saline en-
vironment formed high-quality organic-rich source rocks, which
generated abundant hydrocarbon resources for the overlying reservoir
(Cao et al., 2015; Hu et al., 2017; Ren et al., 2017).

3. Datasets and methodology

This study was based on data from core observations, microscopy
characterizations, and geochemical analyses provided by the Xinjiang
Oilfield Company, China National Petroleum Corporation (CNPC). Core
sections totaling 165 m and 626 thin sections from 27 wells were ob-
served. The core sections covered the typical lithology and lithofacies,
which can reflect the main depositional environments in the Early
Permian deposits of the Mahu Lake. Based on the core and thin section
observations, the extent of organic-rich source rocks was evaluated, and
the occurrences of organic matter in source rocks and of paths for hy-
drocarbon expulsion and migration were characterized in detail under
the microscope. Additionally, 46 sets of geochemical data were col-
lected from the source rocks, namely, 38 pyrolysis analyses, 38 total
organic carbon (TOC) measurements, and 17 sets of vitrinite reflectance
(VR) testing data (Table 1), and 14 X-Ray Diffraction (XRD) analyses
were carried out to characterize the rock compositions. Micro X-Ray
Fluorescence (micro-XRF) were used to characterize the elemental
composition of source rock lithofacies, which assisted in reflecting the
mineral composition and depositional environments.

The TOC content was determined using a LECO CS-400 analyzer,
and the Rock-Eval pyrolysis was performed using a Rock-Eval II in-
strument. The Ro was determined using an oil immersion lens and a
Leica MPV Compact II reflected light microscope fitted with a micro-
photometer. The reflectance for each sample was calculated by aver-
aging the histogram of reliable data. The bitumen content and gross
composition analysis were determined by conventional Soxhlet ex-
traction methods. The XRD analysis was carried out using powdered
bulk rock materials in a Dmax 12KW powder X-ray diffractometer,
using Fe-filtered Co Ka radiation.

The Micro-XRF images were collected using a M4 TORNADO made
by BRUKER, a sophisticated piece of equipment that employs a useful
method for highly sensitive and a non-destructive elemental analysis of
diverse samples. Such diverse sample types include inhomogeneous and
irregularly shaped specimens in addition to thin sections without cover
slips. In this study, major elements of some uncovered thin sections
were detected, with the X-ray tube set at parameters of 20 mbar, 50 kv
and 600 pA. The sample databases were analyzed and depicted by M4
TORNADO software, and the content of major elements was revealed in
different colors in the panel, in which the relative abundances of rock-
forming elements can be easily observed.

4. Characteristics of organic-rich source rocks
4.1. An overview of the distribution of organic-rich source rocks

To detect the extent of organic-rich source rocks and to characterize
the source rocks in each depositional subenvironment, four typical
wells along a NE-SW line were selected and studied in detail (Fig. 3). A
wide low-gradient lake margin occurred to the northeast, and a depo-
center was located to the southwest. A slope (transitional zone) de-
veloped between the shallow lake margin and the depocenter. Ad-
ditionally, according to the current drilling data and the planar seismic
attributes in the study area, volcanic eruptions and magmatic activity
mainly occurred to the northeast (the area with well labels “X- ") (Zhu
et al., 2012a,b), with volcanic eruptions providing abundant ashes and
dusts. The content of volcanic sediments is very high in all the fine-
grained source rocks analyzed. The sediments within the selected wells
represent different depositional environments, and the source rocks in
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Fig. 1. Locality and generalized geologic map of the Mahu Sag, Junggar Basin in China. (A) Location of the Junggar Basin and the Mahu Sag. The Mahu Sag is located
at the northwestern Junggar Basin. (B) Sketch of the Mahu Sag and main drillings and faults. The Mahu Sag was a foreland basin controlled by NNE-SSW boundary

thrust faults. (C) NW-SE tectonic profile across the Mhuhu Sag.

these wells reveal variable characteristics.

Wells AK-1 and FN-7 are located near the depocenter of the Mahu
Sag, where thick, fine-grained organic-rich source rocks developed. The
source rocks in the middle part of the Fengcheng Formation in these
two wells are characterized by bedded, light-colored sodium carbo-
nates, which alternate with dark-colored, fine-grained tuff/tuffaceous,
organic-rich source rocks (Yu et al., 2016a,b). The abundance of sodium
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carbonates can be easily identified from well logs by the high resistiv-
ities on the resistivity curves (RT) (Fig. 3). The detailed characteristics
of layered organic-rich source rocks in AK-1 and FN-7 are presented in
Figs. 4 and 5.

Well FN-1 is located in the transitional zone between the depocenter
and the shallow lake margin. There are no bedded evaporites in the
Fengcheng Formation in well FN-1, although an abundance of
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Fig. 2. Stratigraphic column in the northwestern Junggar Basin and lithofacies paleogeography in the Permian Junggar Basin. (A) Generalized stratigraphic sequence
of the study area (modified after (Cao et al., 2005; Xiao et al., 2014; Shi et al., 2015; Ma et al., 2015). (B) Lithofacies paleogeography in the Permian Junggar Basin.
The Mahu Sag was a lake near the sea formed by the southeast sea regression (Bian et al., 2010).

diagenetic authigenic saline minerals are present. Tuffs and volcanic
rocks exist in this well, and magmatic-related hydrothermal activities,
such as hot springs, are suggested from the attributes of the core of FN-
1.

Well FN-4 is located in the northeastern part of the study area, a
region which represents a shallow lake margin depositional environ-
ment. The residual thickness of the Fengcheng Formation is approxi-
mately 500 m, and the lithology is dominated by volcanic rocks, pyr-
oclastic rocks, dolomitic tuffs, and tuffaceous rocks. The fine-grained
lithology, however, is dominated by tuffs and tuffaceous rocks, in which
most of the organic matter occurs. There are but few evaporite minerals
in this well.

Based on an integrated analysis of the lithofacies, sedimentary
thickness and resistivity well logs from four representative wells, the
distribution of source rocks can be summarized as follows: (1) The
depocenter is located in the southwestern part of the study area and
developed very thick and voluminous organic-rich source rocks. (2)
Fine-grained organic-rich source rocks occur associated with evaporites
or authigenic saline minerals.

4.2. Lithological characteristics of source rocks in the depocenter

Well AK-1 is located near the depocenter and contains very thick,
fine-grained organic-rich source rocks. Core scanning images of the
lower part of the Fengcheng Formation in well AK-1 are characterized
by repeated dark-colored organic-rich laminae and light-colored eva-
porite laminae couplets (Fig. 4). Although the laminae are deformed,
the contacts between organic-rich laminae and evaporite laminae can
be recognized easily (lower part of Fig. 4A). The single lithological
laminae thickness is only on the order of a few millimeters, and both the
organic-rich laminae and evaporitic laminae are easily separated or
crinkled by deformation (upper part of Fig. 4A). The dark-colored
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portions contain high amounts of organic matter and kerogen. In some
parts of the core scanning images, a few deformities are noted, and the
organic-rich laminae and evaporite couplets maintain extensive hor-
izons (Fig. 4B). In the close-up view of the upper left corner, we can
observe the relationship between the light-colored evaporite laminae
and the dark-colored organic-rich laminae. The contact interfaces be-
tween different laminae are clearly distinguishable and trend horizontal
to subhorizontal (Fig. 4C). Additionally, no coarse-grained textures can
be found in the dark-colored organic-rich laminae.

Well FN-7 is located in the lower part of the slope to the depocenter,
and the petrographic compositions and stratigraphic sequence of the
Fengcheng Formation are similar to those in well AK-1. The lithological
columns of wells AK-1 and FN-7 have developed very thick layers of
fine-grained organic-rich source rocks in the Fengcheng Formation. The
well log characteristics of both wells are also similar with high ampli-
tudes for the resistivity curves (RT) in the middle Fengcheng Formation
(Fig. 3). There are no drilling cores from the middle Fengcheng For-
mation in well AK-1, and fortunately, we obtained typical bedded so-
dium carbonates-bearing successions in the middle Fengcheng Forma-
tion in the well FN-7. Because of comparable well log curves between
wells AK-1 and FN-7, it can be assumed that they have similar litho-
logical compositions and lithofacies. As a result, the characteristics of
the core sections in the middle Fengcheng Formation from well FN-7
can represent those that formed in the depocenter of this evaporite
basin. For the same reason, the characteristics of the core section in the
lower Fengcheng Formation from well AK-1 can represent those of the
lower Fengcheng Formation in the whole depocenter.

The typical core succession in the middle Fengcheng Formation is
characterized by bedded sodium carbonates successions. Lithologically,
the core is composed of two repeated, distinctly coupled lithofacies
layers: light-colored sodium carbonates layers and dark-colored, fine-
grained organic-rich tuffaceous layers (Fig. 5A). Organic matter has
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Table 1
Source rock sample data of the Fengcheng Formation.
Sample NO. Well No. Strata Depth (m) Rock-Eval pyrolysis data TOC (%) HI (mg/g) Ro (%)
S1 (mg/g) S2 (mg/g) Tmax (°C)
1 FN-1 Pifs 4092 0.14 3.25 443 1.54 211 /
2 FN-1 Pif3 4095.17 1.6 5.84 435 1.46 400 /
3 FN-1 Pif; 4096.2 0.24 1.77 435 0.69 257 /
4 FN-1 Pif3 4096.48 0.56 6.42 436 1.22 526 /
5 FN-1 Pifs 4110 0.16 1.13 450 0.7 161 /
6 FN-1 Pifs 4123.27 0.67 6.94 444 1.57 442 /
7 FN-1 Pifs 4148 0.47 8.36 446 1.63 513 /
8 FN-1 Pifs 4170 0.66 5.87 438 1.74 337 /
9 FN-1 Pif; 4181.16 1.05 1.63 436 0.61 267 /
10 FN-1 Pify 4188 1.3 6.47 435 1.38 469 /
11 FN-1 Pif, 4193.27 0.6 1.26 431 0.52 242 /
12 FN-1 Pif, 4194.27 6.42 5.8 428 1.27 457 /
13 FN-1 Pif; 4195.31 1.3 2.62 433 0.86 305 3.47
14 FN-1 Pif, 4196.72 1.43 2.78 435 0.81 343 /
15 FN-1 Pif, 4231.8 1.07 1.73 433 0.62 279 /
16 FN-1 P,f 4233.17* 0.76 3.08 415 0.98 314 3.43
17 FN-1 Pif, 4320.87 0.15 0.55 440 0.48 115 /
18 FN-1 Pif, 4326.07 0.13 2.21 434 0.91 243 /
19 FN-1 Pif; 4336.96 0.62 2.74 440 0.88 311 /
20 FN-1 Pif, 4338.9 0.69 2.41 429 0.72 335 /
21 FN-1 Pif, 4357.51 0.74 4.23 437 1.12 378 /
22 FN-1 Pif, 4369.43 0.5 2.07 432 0.67 309 /
23 FN-1 Pif; 4444.16 2.4 4.2 430 0.9 467 /
24 FN-1 Pif; 4444.26 0.11 0.85 450 0.46 185 /
25 F-5 Pifs 3190.37 0.53 5.27 430 1.25 422 0.67
26 F-5 Pif 3209.6" 0.48 9.28 432 2.05 453 0.73
27 F-5 Pif, 3214.41 0.34 2.58 437 0.77 335 0.59
28 F-5 Pif, 3221.41 0.52 25.12 432 4.01 626 /
29 F-5 Pif, 3231.45 0.59 8.32 433 272 306 0.6
Sample NO. Well No. Strata Depth (m) Rock-Eval pyrolysis data TOC (%) HI (mg/g) Ro (%)
S1 (mg/g) S2 (mg/g) Tmax (°C)
30 F-6 Pif 3350" 0.05 0.04 444 0.14 29 /
31 F-7 P,f 3186.39* 0.36 4.3 435 1.64 262 1.36
32 F-7 Pif 3314.75 / / / / / 0.66
33 F-7 Pif 3363.7 / / / / / 0.65
34 FN-2 Pif 4037.84 / / / / / 0.9
35 FN-2 P,f 4040.85 / / / / / 0.57
36 FN-2 P,f 4063.44" 1.24 4.82 437 1.3 371 0.78
37 FN-2 Pif 4099.58 / / / / / 0.87
38 FN-3 P,f 3909.36" 0.16 0.12 391 0.52 23 3.4
39 FN-4 P,f 4235.39" 0.18 0.26 442 0.36 72 /
40 FN-5 Pif 4070.74" 2.53 1.7 411 0.79 215 /
41 FN-7 P,f 4575.96" 3.64 2.61 420 1.25 209 /
42 FN-8 P,f 3565.27* 0.9 4.34 440 1.27 342 /
43 FC-1 P,if 4274.9" 2.25 1.25 418 0.67 187 /
44 X-88 Pif 3660.12 / / / / / 0.71
45 X-202 P,f 4627.46 / / / / / 1.17
46 X-76 P,f 3586.29 / / / / / 0.58

The data labeled * are cited from the references (Hu et al., 2016), the other data were collected from Exploration and Development Institute in Xinjiang Oilfield.

accumulated in the dark-colored tuffaceous layers, and salt minerals are
scattered within this layer as well. The salt mineralogy is dominated by
shortite (Na,Cay(CO3)3) (Yu et al.,, 2016a,b), which occurs as sub-
angular nodules or randomly oriented euhedral crystals in a laminated,
tuffaceous matrix (Fig. 5B). Thin section photomicrographs show that a
few host sediment inclusions occur in some shortite crystals and that
most of these crystals crosscut sedimentary laminae; in addition, some
host sediment laminae are deformed as a result of compaction around
shortite crystals (Fig. 5C). The organic matter-rich laminae are gen-
erally black under the microscope and occur in continuous layers,
which are coupled with felsic laminae (Fig. 5D-E). The well-preserved
continuous organic-rich laminae reflect a quiescent and anoxic en-
vironment.
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4.3. Lithological characteristics of source rocks in the transitional zone

Well FN-1 is located in the upper part of the slope to the low-gra-
dient shallow lake margins, with microbial mats readily observed under
the microscope (Fig. 6). The microbial mats represent high-quality or-
ganic materials both in lacustrine and marine source rocks (Schieber
et al., 2007; Olcott and Cestari, 2015; Luo et al., 2016). The microbial
mat-bearing source rock in this well consists of two fundamental li-
thological units: microbial mat-rich laminae (MM) and tuff/tuffaceous
sediment-rich laminae (Tuff) (Fig. 6A). These two lithological units
alternate frequently. Microbial mats also exist in the tuff/tuffaceous
sediment-rich laminae, although they were not abundant as those in the
microbial mat laminae, and are discontinuous, while the content of
felsic rock-forming minerals increase. From the mosaic view as ob-
served under the optical microscope, we can clearly discern various
laminae. The microbial mats in microbial mat-rich laminae are
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Fig. 3. NE-SE transect from the lake margin to the center and the thrust fault zone of the Mahu Sag. To the northeast is the wide low-gradient lake margin, and to the
southwest is the depocenter. Source rocks in the depocenter occurred alternating with bedded sodium carbonates, and source rocks also occurred in the shallow lake

margins along with the evaporite minerals decrease.

continuous, while those in tuff/tuffaceous sediment-rich laminae are
discontinuous. The colors in laminae containing continuous microbial
mats are darker than those in laminae with discontinuous microbial
mats. Fenestral fabrics are also observed in laminae with continuous
microbial mats (Fig. 6B). The combination of major elements S and Fe
in the micro-XRF generally reflects pyrite, and this image shows mul-
tiple pyrite crystals scattered within the microbial mats (Fig. 6C). The
combination of major elements Mg and Ca in the micro-XRF generally
suggests dolomite. Based on the element Fe and the blue color dyed by
alizarin red S, it can be concluded that Fe-rich (ferroan) dolomites occur
in association with the microbial mats (Fig. 6D). The elements Mg, Al,
Si, K, Ca in the micro-XRF image can reflect the distributions of car-
bonates and felsic minerals. As noted previously, the combination of
elements Mg and Ca represent dolomite, while the combination of Al,
Si, K, Ca then represent felsic minerals. The Fe-rich dolomites are fea-
tured with microbial mats, while the felsic minerals are related to tuff/
tuffaceous sediments deposition. This image shows that there are no
clear boundaries between microbial mat laminae and tuff/tuffaceous
sediment-rich laminae. The content of microbial mats decreases with an
increase in tuff/tuffaceous sediments, and we can presume that the
content of microbial mats would dominate if the supply of tuff/tuffac-
eous sediments was minimal (Fig. 6E).

Well W-35 is located in the transitional zone, and typical lithofacies
are composed of coupled dark-colored organic-rich laminae and light-
colored organic-poor laminae (Fig. 7). The light-colored laminae are
composed of crystal tuff, and the fine-grained sediments were derived
from volcanic eruptions. The tuffs have a low clay content, and lami-
nated interfaces are subhorizontal. Microbial mats are found assembled
at the surfaces of tuff layers and reveal darker colors in the laminated
interfaces. Microbial mats are assembled in some laminae and resulted
in high-quality source rocks (Fig. 7A). The element Ba in the micro-XRF
varies with lithological changes (Fig. 7A); compared to tuff laminae, the
organic matter (OM)-rich laminae have obviously high Ba content.
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4.4. Lithological characteristics of source rocks in shallow lake margins

Wells F-21, X-88, FC-011 and FN-4 are much closer to the shore of
the ancient Mahu Lake in the shallow lake margins, and are far from the
lake depocenter. The microscopy of polished sections reveals lamalgi-
nites as the predominant organic matter in the shallow lake margins
(Fig. 8), which can be easily identified by strong yellow fluorescing
characteristics (Suarez-Ruiz et al., 2012a,b; Luo et al., 2017). Con-
tinuous, planar lamination suggests low-energy depositional conditions,
and wavy lamination (Fig. 8A-D) may be caused by uneven surface
sediments (Abouelresh and Slatt, 2012; Ma et al., 2016a,b). Alterna-
tions of lamalginite-rich laminae and lamalginite-poor laminae typi-
cally reflect sedimentological responses to seasonal forcings on water
salinity, organic productivity, and runoff in a lake catchment. Algal
blooms are common in warm seasons, and organic productivity is high,
while fine-grained felsic particles are abundant in lamalginite-poor la-
minae and may have been formed during relatively cold seasons.

4.5. Geochemical characteristics of the source rocks

The hydrocarbon generation ability depends on the amount of or-
ganic matter in the source rocks, and the index parameters to evaluate
the hydrocarbon generation ability include the TOC, Rock-Eval pyr-
olysis data (S; and S,), maximum pyrolysis peak temperatures (Tmax),
hydrogen index (HI), and vitrinite reflectance of the kerogen (VR).
Previous study (Hu et al., 2016) show that the source rocks in the
Fengcheng Formation are mainly fair-good source rocks based on the
indices TOC and S; + S, compared to the source rock evaluation stan-
dards (Huang et al., 1984).

Different kerogens have different hydrocarbon generation potential,
and the identification of the kerogen types is one of the significant items
for evaluating source rocks. Rock-Eval pyrolysis data provide a common
index to determine the kerogen types. In this study, a pot of HI versus
pyrolysis-based Tmax is used to classify kerogen types and maturity.
The results show that the analyzed samples generally plot in the zone of
type II; kerogen (Fig. 9A). In Fig. 9A, three samples were not included
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PAIvS

light-colored evaporites laminae

Fig. 4. Views of drilling core representing the Lower Fengcheng Formation in the depocenter. (A) Laminated dark-colored source rocks coupled with light-colored
evaporites laminae repeatedly, and the laminae deformed, well AK-1, 5662.87-5663.04, (B) Few deformations occurred and the organic-rich laminae and evaporites
couples kept extensive horizons, well AK-1, 5668.51-5668.76 m, (C) Zooming characteristics of organic-rich source rock laminae and evaporites laminae couple.

(FN-1, 4195.31 m; FN-1, 4233.17 m; FN-3, 3909.36 m) because their Ro
values were anomalously high (> 3.0) and thus were deemed not sui-
table for kerogen type identification.

Tmax and VR are common indices used to evaluate source rock
thermal maturity (Peters et al., 2005). The equivalent Tmax hydro-
carbon generation thresholds include the top of the oil window at Tmax
430 °C and 435 °C and gas/condensate thresholds at 455 °C and 470 °C,
respectively, for Type II kerogen. The frequency map of Tmax reveals
that most source rock samples plot in the mature oil window (Fig. 9B).
All the Tmax values from Rock-Eval pyrolysis are less than 450 °C
(Table 1). The critical thermal maturities of oil and gas generation vary
between VR = 0.5-1.0% and VR = 1.4-3.5%, with different organic
matter types (Tissot and Welte, 1984a). The vitrinite reflectance ana-
lysis shows that most VR data from 17 samples cluster from 0.5 to 1.0%
and there are three abnormally high Ro values greater than 3%. (Fig. 10
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A). The three samples with abnormally high Ro values may have been
affected by magmatic-related hydrothermal activity, and evidence of
magmatic influence can be easily observed by the presence of volca-
nically derived sediments and hydrothermal-related microbial mats in
the core sections of well FN-1. Most of the HI values are larger than
250 mg/g, and the majority of the TOC values are larger than 0.5%,
which together suggest that most of the source rocks in the Fengcheng
Formation retain a good hydrocarbon generating potential
(Fig. 10B-C). Additionally, the source rock indices Ro, HI, and TOC do
not vary in an obvious relationship to the burial depths (Fig. 10). Based
on the comparisons of source rock evaluation indices in different strata,
previous studies have also revealed that source rocks in the Fengcheng
Formation remain the most important strata for hydrocarbon genera-
tion, compared to both the underlying Permian Jiamuhe Formation and
the overlying Wuerhe Formation (Cao et al., 2015).
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Fig. 5. Views of drilling core representing the middle Fengcheng Formation in the depocenter. (A) Core scanning image of alternating bedded light-colored sodium
carbonates and dark-colored organic-rich source rock layers, well FN-7, (B) Evaporites, shortite scattered in the organic-rich source rock, well FN-7, 4594.3 m, (C)
Photograph of thin section. Shortite scattered in the laminated organic-rich source rocks, well FN-7, 4594.3 m, (D) Characteristics of laminated benthic microbial
mats and fine-grained felsic sediments, well FN-7, 4594.3 m, (E) Zooming characteristics of benthic microbial mats under microscope, well FN-7, 4594.3 m.

4.6. Mineral compositions of source rocks

Taking the XRD data from the Fengcheng Formation in well FN-1 as
an example, the XRD analyses are illustrated in Fig. 11, and the results
indicate that the Fengcheng Formation organic-rich succession consists
of clay minerals (avg. 3 wt%), dolomite (avg. 20 wt%), plagioclase (avg.
16 wt%), quartz (avg. 22 wt%), calcite (avg. 11 wt%), ferrodolomite
(avg. 2wt%), K-feldspar (avg. 13wt%), pyrite (avg. 3wt%),

19

reedmergnerite (avg. 7 wt%), hornblende (avg. 1 wt%), and some other
uncounted components with low contents, such as gypsum, clin-
optilolite, and searlesite. Overall, the content of clay minerals is very
low, and brittle minerals have high contents. The mineral compositions
show significant vertical variations, and the content of carbonates
(calcite, dolomite, and ferrodolomite) and other minerals (quartz, pla-
gioclase, K-feldspar, and pyrite) vary in opposite ways.
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5. Hydrocarbon expulsion and migration paths
5.1. Intergranular seams in sodium carbonates layers

In the above discussion, we note that great sedimentary thicknesses
of sodium carbonates-bearing successions occur in the depocenter in
the middle Fengcheng Formation. This succession consists of dozens of
centimeters of alternating light-colored sodium carbonates layers and
dark-colored fine-grained organic-rich source rock layers (Fig. 5). The
detailed lithological characteristics of the dark-colored organic-rich
layers from core samples and thin sections under the microscope are
shown in Fig. 5. Fig. 12 shows representative sedimentary features of
light-colored sodium carbonates layers coupled with the dark-colored
layers as illustrated in Fig. 5. Thin section photomicrographs show the
following: ® The mineral compositions in the light-colored sodium
carbonates layers are very complex. Not only large, well-crystallized
sodium carbonates (Fig. 12A—-C) occur in this layer but also some other
minerals and organic matter associated with sodium carbonates, such as
shortite and reedmergnerite (Fig. 12D-E). ® The richness of organic
matter is not restricted only to the dark-colored layers; organic matter is
also enriched in light-colored sodium carbonates layers. In Fig. 12A, the
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Fig. 6. Views of representative microbial
mats from shallow lake margins (well FN-1,
4444.41 m). (A) Photograph of thin section
of microbial mat-associated source rock.
Wavy-crinkly microbial mats can be easily
identified from the thin section, and Fe-rich
dolomite occurred in association with mi-
crobial mats. Two fundamental lithological
units can be identified: microbial mat-rich
laminae (MM) and tuff/tuffaceous sedi-
ment-rich laminae (Tuff). These two litho-
logical units alternated repeatedly. (B)
Microbial mat-rich laminae alternated with
microbial mat-poor laminae, and microbial
laminae are continuous in the microbial
mat-rich portions, while the microbial mats
exist and show discontinuities in the tuff/
tuffaceous sediment-rich laminae. (C) Major
elements S and Fe in the micro-XRF image.
Pyrite can be recognized by the combina-
tion of major elements S and Fe. (D) Major
elements Mg and Ca in the micro-XRF
image. The combination of these two ele-
ments generally indicates the distribution of
dolomite. These dolomites occurred along
with microbial mats. (E) Major elements
Mg, Ca, Al, Si and K in the micro-XRF
image. This shows the distribution of dolo-
mite and microbial mat-rich lithological
units and tuff/tuffaceous sediment-rich li-
thological units.

bottom of the thin section contains abundant organic matter. ® Inter-
granular seams in crystalline sodium carbonates are completely filled
by yellowish-brown hydrocarbons (Fig. 12A-C), and these seams are
favorable paths for hydrocarbon migration because they are unfilled
before the hydrocarbons migrate in. The seams in crystalline sodium
carbonates are commonly straight, which is beneficial for hydrocarbon
migration.

5.2. Stylolites

Generally, stylolites are recognized as irregular planes of dis-
continuity between two lithofacies units, and the two units appear to be
interlocked or mutually interpenetrating along a very uneven surface
(Park and Schot, 1968). The classifications of stylolites are usually
based on the geometry of the stylolites and on their relationship to the
bedding plane (Park and Schot, 1968; Koehn et al., 2007, 2016;
Norman, 2015). The fundamental control factors on the formation of
stylolites are depositional processes and stress-induced dissolutions
(Ebner et al., 2009), and the results can be called sedimentary stylolites
and tectonic stylolites, respectively (Ben-Itzhak et al., 2014). Stylolites
commonly occur in the carbonate stratigraphy. However, in this case,
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they occur in evaporite-rich, and clay-poor lacustrine strata, and major
types of stylolite can be found in the Fengcheng Formation and have
some special characteristics (Figs. 7, 13-15, 17). The characteristics of
representative stylolite are as follows.

Based on the core section data, sedimentary stylolites and tectonic
stylolites can be identified easily (Fig. 13). In some core sections, eva-
porites (dominated by shortite, reedmergnerite, and dolomite) have
accumulated and occur as layers that alternate with evaporite-poor
layers. Sedimentary stylolites occur at the contact interfaces between
evaporite-rich layers and evaporite-poor layers, and they are parallel to
the contact interfaces. Tectonic stylolites also occur in the core sections,
and they formed by further pressure solution of previous fractures
(Fig. 13A-B). Deformation structures commonly occur in evaporite-
bearing source rocks, and organic matter accumulates in the stylolites
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Fig. 7. Lithofacies composed of coupled dark-
99 colored organic matter-rich laminae (OM) and
95 light-colored organic-poor tuff laminae (Tuff)
(well W-35, 3422.53 m). (A) Microbial mats as-

- 91 sembled at the surfaces of tuff layers to formed
: 87 organic-rich laminae, and are revealed in darker
1 colors in the laminated interfaces. (B) The ele-
- 83 ment of Ba indicates that organic-rich laminae
W have higher Ba content compared to the tuff
i 79 laminae. (For interpretation of the references to
L 75 color in this figure legend, the reader is referred
- to the Web version of this article.)
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(Fig. 13I-J). All the stylolites have low amplitudes.

In the evaporite-poor samples, low-amplitude stylolites also occur
along the contact interfaces between different lithological laminae
(Fig. 7). Take the sample in well W-35 (3422.53 m) as an example. Few
evaporite minerals occur here, and this thin section photograph shows
that organic-rich laminae alternate with organic-poor tuff laminae. The
sedimentary stylolites form in the contact interfaces between different
lithological laminae, and most of them are filled by organic matter. This
type of source rock formed in the shallow lake margin and was domi-
nated by volcanic eruption-related sediments, with few evaporite mi-
nerals and carbonates.

Fine-grained dolomite-rich rocks are another type of representative
high-quality source rocks, in which many stylolites occur (Fig. 14).
Most of the stylolites are bed-parallel and have low amplitudes

Fig. 8. Characteristics of organic-rich source rocks from
shallow lake margins. (A) Wavy lamalginite laminae, the
Fengcheng Formation, well F-21, 3248 m. Lamalginite
laminae are continuous and abundant, which reflects
algal bloom in warm seasons. (B) Wavy lamalginite la-
minae alternating with organic-poor felsic grain laminae,
the Fengcheng Formation, well X-88, 3750m. (C)
Lamalginite assembled in the upper part of this view,
while certain other organic matter fragments are scat-
tered in the organic-poor matrix, the Fengcheng
Formation, well FC-011, 3203.50 m. (D) Lamalginite oc-
curring as continuous laminae and alternating with felsic
grain sediment, the Fengcheng Formation, well FN-4,
4471 m.

lamalginite
&,
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Fig. 9. Organic matter types and associated maturity in the Fengcheng
Formation. (A) Kerogen-type differentiation plot of the source rocks in the
Fengcheng Formation. Three outlier samples with abnormally high Ro values
(> 3.0) were not used (FN-1, 4195.31 m; FN-1, 4233.17 m; FN-3, 3909.36 m).
(B) The frequency of Tmax in the Fengcheng Formation.
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(Fig. 14A-B). Faint yellow hydrocarbon residues are visible in the bed-
parallel stylolites (Fig. 14C). The finely crystalline dolomitic rock has
been cut into countless dolomitic lenses (Fig. 14C-E). The residues in
stylolites are dominated by quartz and feldspars, and there are few clay
minerals (Fig. 14E). The elements Mg, Si, and Ca in the micro-XRF
image of whole thin section reflect the relationship between lentic
dolomites and felsic background. The fine-crystalline dolomitic rocks
were cut into countless isolated lenses or interrupted chains, and the
felsic matrix connected in the whole thin sections (Fig. 15A). The
contact interfaces between dolomitic lenses and felsic residues in sty-
lolites are uneven, and there are dolomite residues left in the stylolites
(Fig. 15B-C). Faint yellow hydrocarbons exist in the felsic residues in
stylolites (Fig. 15D-E).

5.3. Expulsion fractures

Expulsion fractures are laminae-parallel and commonly developed
in organic-rich shales; these fractures are caused by hydrocarbon gen-
eration from kerogens and can be distinguished to tectonic fractures by
their occurrences: uneven fracture walls and deformation of laminae
because of local overpressures, and not cutting through all laminae
(Teixeira et al., 2017). Expulsion fractures are widely developed in the
fine-grained organic-rich source rocks in the Fengcheng Formation.
Kerogens are abundant in some samples and occur parallel to laminae
(Fig. 16). Expulsion fractures commonly develop at the edges of the
linear kerogens. The walls of the expulsion factures are uneven and
bypass particles (Fig. 16A-B). The mineral compositions of kerogen-
rich source rocks as seen under the microscope reveal that few clays
exist and that the composition is dominated by hard particles such as
quartz, feldspar, and dolomites (Fig. 16A-B). As a result, when organic
matter matured, expulsion fractures formed by splitting different hard
particles, and they appear as wavy occurrences bypassing hard parti-
cles. Expulsion fractures generated from different kerogens become
closer and closer and eventually connect to form expulsion fracture
networks (Fig. 16A-C). Carbonates are common minerals occurring in
this type of kerogen-rich source rock, and expulsion fractures and
kerogens usually connect these carbonate assemblages (Fig. 16C-D).
These carbonates are diagenetic minerals, which demonstrates that
kerogens and expulsion fractures formed path networks. This kind of
network provides favorable paths for the migration of diagenetic fluids,
including liquid hydrocarbons.
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Fig. 10. The transformation of Ro, HI and TOC versus depth. (A) The vertical distribution of Ro. Most of the values are less than 1.0, which indicates that the
kerogens are mature and in the oil window. There are three abnormal values larger than 3.0 may have been caused by thermal or magmatic events. (B) The vertical
distribution of HI. Most of the values are higher than 250 mg/g, which indicates that the kerogens are mature and in the oil window. (C) the vertical distribution of
TOC. Most of the values are higher than 0.5%, which indicates that the kerogens are mature and in the oil window.
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Fig. 11. The mineral composition of source rocks in well FN-1. The overall content of clay minerals is very low, whereas brittle minerals are common.

In Fig. 7, we characterize the organic-rich tuffs based on an over-
view of thin sections, and we determine that organic-rich laminae
(microbial mats) alternated with organic-poor tuff laminae. Stylolites
occur at the contact interfaces between different lithological laminae.
Furthermore, representative hydrocarbon expulsion fractures devel-
oped in the organic-rich laminae (Fig. 17A-C). Dense expulsion frac-
tures developed in organic-rich laminae, and hard particles rotated
because of the expulsion of hydrocarbons (Fig. 17B), while laminae-
parallel stylolites developed in crystal tuff laminae (Fig. 17C).

5.4. Fractures and microfractures

The term microfracture refers to fractures visible only under mag-
nification, having lengths of millimeters or less and widths generally
less than 0.1 mm (Anders et al., 2014). Fractures and microfractures
caused by tectonic activity develop in all kinds of organic-rich source
rocks associated with other paths for hydrocarbon expulsions and mi-
grations. Fractures are the important paths that connect organic-rich
laminae and organic-poor laminae (Fig. 7). They commonly have high
angles, are filled by bitumen and cut through different laminae (Fig. 7).
Some stylolites evolve from fractures by pressure solution and occur
with low amplitudes (Fig. 13A-B), while other fractures have not yet
evolved into stylolites and are unfilled (Fig. 13C-F). There are some
microfractures filled by authigenic cherts (Fig. 14A-B). High-angle
microfractures connect other paths (hydrocarbon expulsion fractures
and stylolites) and form 3-D path networks (Fig. 17A).

6. Discussion

6.1. An alkaline saline lake is a favorable depositional environment for
organic-rich source rocks and organic matter dominated by microbial mats

6.1.1. Paleoenvironmental conditions for source rocks

The alkaline saline lakes are favorable environments for high-
quality organic-rich source rocks. e.g., the Eocene Green River
Formation in the alkaline Piceance Creek Basin developed one of the
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richest oil shale resources known, where kerogen-rich mudstones exist
over most of the basin (Tanavsuu-Milkeviciene and Sarg, 2012;
Birdwell et al., 2013). The lithological characteristics of the source
rocks are shown as alternating kerogen-rich laminae and kerogen-poor
laminae in the Green River Formation in the nearby Fossil Basin
(Buchheim, 1994). Previous study also demonstrated that bacteria and
algae were dominant biological sources and contributing to source
rocks in hydrological closed saline lakes (Warren, 2006, 2010; Luo
et al., 2018a,b).

The lateral distribution of microbial mat-bearing source rocks and
associated lithofacies was strongly influenced by the sediment amounts
that were deposited at the margins of the lake. The continuous de-
position of organic matter and felsic particles indicated there were few
sediments transported into the depocenter during arid climates and
high-salinity brine was suitable for microbial mats blooming, while
discontinuous kerogens reflect the dominance of inflow processes in the
deposition during humid climates. Wells AK-1 and FN-7 are the wells
nearest to the basin center to date, and the lithofacies in these two wells
represent deposition in the depocenter (Figs. 3-5). Because of long
distances to the shore, lake-generated organics (microbial mats) were
the least diluted by sedimentation. As a result, they could be preserved
very well, and most of them showed as continuous dark colored or-
ganic-rich laminae (Figs. 4 and 5).

Wells FN-1, FN-4, W-35, X-88, FC-011, and F-21 are not located in
the basin center and are much closer to the shore. The content of or-
ganics decreased, and some organics, including hydrothermal-related
microbial mats and algae occurred in the shallow lake margins.

6.1.2. Benthic microbial mats are the dominant organics

Organic-rich oil shale can form in some extremely arid depositional
environments such as deserts, and oil shale can originate from algal
ooze that forms in the bottom of shallow, spring-fed lakes (Bradley,
1973). Modern microbial mats commonly occur in shallow lake margins
where hot springs are flowing out, e.g., Champagne pool in Waiotapu,
New Zealand (Handley et al., 2005); Pavlova spring in Ngatamariki,
New Zealand (Campbell et al., 2002); the silica hydrothermal system at
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Lake Baringo in the Kenya Rift Valley (Buatois et al., 2017); the outflow
channel of Queen's Laundry hot spring (Siljestrom et al., 2017), the
Hundred Spring Plain of the Norris Basin (Lalonde et al., 2007), and
Stinking Springs in northwestern Utah, USA (Bonny and Jones, 2007);
Arctic hot spring in Greenland (Roeselers et al., 2007); hot springs in
Araro, Mexico (Prieto-Barajas et al., 2017); the hydrothermal system at
Mangatete, Taupo Volcanic Zone, New Zealand (Drake et al., 2014); hot
springs in Yellowstone National Park (Jahnke et al., 2004; Zhang et al.,
2004; King et al., 2006; Berelson et al., 2011; Fouke, 2011; Osburn
et al., 2011); the hot spring in Yunnan, China (Jones and Peng, 2016);
Loburu hot springs in Lake Bogoria, Kenya Rift Valley (Renaut et al.,
1998); and the hot springs in northern Chile (Fernandez-Turiel et al.,
2005). The microbial mats accumulate under the brines or around the
hot springs as alternating microbial mat-rich and microbial mat-poor
laminae.

When the Fengcheng Formation was deposited, hot springs must
have been the important controlling factor along with frequent volcanic
activities, which offered favorable environments for microorganism
growth. The well-preserved microbial mats presented in Fig. 6 probably
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Fig. 12. Characteristics of organic matters in the
bedded sodium carbonates layer. (A)
Characteristics of organic matters in the thin
section, which occurred in the contact interface
between large-sized sodium carbonates and
other evaporites, and intergranular seams. Well
FN-7, 4591.89 m, (B) Zooming characteristics of
intergranular seams under microscope, plane-
polarized light, well FN-7, 4591.89m, (C)
Zooming characteristics of intergranular seams
under microscope, cross-polarized light, well
FN-7, 4591.89 m, (D) Characteristics of shortite
and reedmergnerite under microscope, plane-
polarized light, well FN-7, 4591.89m, (E)
Characteristics of shortite and reedmergnerite
under microscope, cross-polarized light, well
FN-7, 4591.89 m.

indicate the wide existence of microbial deposition in the study area.
Previous study has demonstrated that when the lower part of the
Fengcheng Formation was deposited, a volcanic cluster in well-block
FN-1 occurred and that associated hot springs must have provided fa-
vorable environments for microbial mats to accumulate. The microbial
mats are easily destroyed and need strict preservation conditions
(Schieber, 1999); thus, both the widely distributed continuous and the
discontinuous microbial mats in the Fengcheng Formation may de-
monstrate that there were many more microbial mats than the amount
preserved in the strata. The microbial mats in Fig. 6 have not been
destroyed along with burial, and the other sediments consist of sand-
sized particles. These characteristics demonstrate that they formed in
the shallow lake margin and were perpetually covered by water. If they
had formed in the periodically exposed shoreline, the reworking of
sediments would have been intense, and the microbial mats could not
have been preserved well. If they had formed in the oxygen-deprived
depocenter, the felsic particles must have been very fine grained. In
addition, the color is not so dark, and therefore, these microbial mats
must have formed in the low-angle, low-energy, shallow and perennial
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Fig. 13. Characteristics of stylolites from the core sections. Sedimentary stylolite occurred at the contact interface between evaporites-rich layer and evaporites-poor
layer, and it paralleled to the contact interface. Tectonic stylolite also occurred in core sections, which formed by further pressure solutions of previous fractures.

lake margin.

The characteristics of the microbial mats in both the shallow lake
margins and the deep lake center show that the organic matters are
dominated by benthic microbial mats. In the northeastern part of the
study area, intense volcanic eruptions occurred, and volcanic sediments
dominate. Microbial mat-rich laminae alternate with tuff/tuffaceous
sediments-rich laminae, which demonstrates that microbial mats ac-
cumulated at the bottom of nutrient-rich shallow water as laminae in
the intervals between volcanic eruptions (Fig. 7). Microbial mats have
also played an important role in deep-water oxygen-deprived settings,
which form high-quality evaporite-bearing source rocks (Fig. 5). Mi-
crobial mats can live under extreme conditions, and they colonized,
stabilized, and modified the surfaces of other fine-grained sediments. In
this study, they occurred on the surfaces of fine-grained sediments la-
minae (Figs. 4, 5 and 7). The arid depositional environments caused low
sedimentation rates, and volcanic eruptions produced abundant nu-
trients along with fine-grained ashes and dusts. Additionally, hot
springs may have occurred around volcano clusters. The environments
may have been suitable for microbial communities to thrive and be
preserved.

In addition to the benthic microbial mats that occurred in the
shallow lake margins and the deep lake center, lamalginite also
bloomed at the surface of the brines. The volcanic eruptions provided
plentiful nutrients, which provided suitable environments for algae.

6.1.3. Hydrocarbon potentials of the source rocks

When the Fengcheng Formation deposited, the ancient Mahu Lake
was a rare alkaline lake with a closed hydrological system (Yu et al.,
2016a,b). The lithological correlations across wells AK-1, FN-7, FN-1,
and FN-4 show that organic matter can occur and be preserved in most
depositional subenvironments: lake margins near the shore, shallow
lake margins, and the slope to the lake depocenter (Fig. 3). In parti-
cular, the lithologic columns that represent the depocenter (wells AK-1
and FN-1) have great thicknesses of fine-grained sedimentary rocks.
The source kitchens in the Fengcheng Formation are located at the
center of the Mahu Sag (Liu et al., 2013). Representative organic-rich
rocks in lower and middle parts of the Fengcheng Formation demon-
strate that the source rocks in depocenters have high total organic
contents. Previous studies and data from this study suggest that source
rocks in the Fengcheng Formation are dominated by type II kerogen and
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have entered into the low mature-mature evolution stage (Hu et al.,
2016, 2017; Ren et al., 2017). Each of the hydrocarbon source rock
evaluation indices; kerogen types, Tmax, Ro, HI, and TOC demonstrate
that the source rocks of the Fengcheng Formation are high-quality and
have prolific hydrocarbon generation potential (Figs. 9 and 10). Based
on data from various references and Xingjiang Oilfield Company we
conclude that the kerogens in the Fengcheng Formation are dominated
by Type II; and are beneficial to generate oil (Tissot and Welte, 1984b);
this excludes the anomalous samples with Ro higher than 3.0 which,
again, do not accurately represent the source rocks of the Fengcheng
Formation as they may have been affected by abnormal hydrothermal
events. Again, the indices Ro, Tmax, HI and TOC all show that most of
the hydrocarbon source rocks have entered into the oil generation
window and have hydrocarbon generation potential.

Additionally, the high-quality source rocks in the Fengcheng
Formation have large volumes. Some studies show that the extent of the
Fengcheng Formation is much greater than we know, even extending to
the area beyond the Halalate Mountains, and 1000 km?* more high-
quality source rocks have been found compared to the previous re-
cognition about the extent of source rocks in the Fengcheng Formation
(Wang et al., 2014). Compared to the indices of other strata in the
Permian Mahu Sag, the source rock indices in the Fengcheng Formation
show high organic matter abundance, good type and strong hydro-
carbon generation capacity (Cao et al., 2015). Plentiful algae and mi-
crobes result in continuous hydrocarbon generation with high-quality
oil and gas (Cao et al., 2015; Ren et al., 2017).

6.2. Multiple paths join to enhance the efficiencies of hydrocarbon expulsion
and migration

6.2.1. Lithofacies associations promote hydrocarbon expulsion and
migration

The lithofacies associations in most saline lakes occur as alternating
evaporite layers and organic-rich oil shale layers (Zhang et al., 2005).
The layer located between two evaporite layers is a very prominent
assemblage of hydrocarbon reservoir and source rocks (Fang, 2002). In
some cases, the richest oil shale is composed of a mixture of alkaline
earth carbonates and organic constituents (Surdam and Wolfbauer,
1973; Desborough, 1978; Birdwell, 2012; Jagniecki and Lowenstein,
2015). In some moderate saline lakes, organic-rich oil shales may
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Fig. 14. Characteristics of low-amplitude Bed-parallel stylolites in the dolomitic tuff. (A) Most of the stylolites paralleled to the laminae interfaces from the thin
section, well FN-1, 4423.52m, (B) Sketch map of the (A), most of the stylolites paralleled to the laminae interfaces, and commonly cut through by microfractures,
well FN-1, 4423.52m, (C) Rocks are cut into dolomitic lenses by stylolites, plane-polarized light, well FN-1, 4423.52 m, (D) Rocks are cut into dolomitic lenses by
stylolites, cross-polarized light, well FN-1, 4423.52m, (E) Zooming characteristics of stylolites and dolomitic lenses. Stylolites residues are dominated by felsic
minerals, with few clay minerals, cross-polarized light and adding gypsum test plate, well FN-1, 4423.52 m.

alternate with calcite or dolomite laminae (Liang et al., 2017, 2018).
In this study, the dark-colored organic-rich sediments occur asso-
ciated with evaporites in most subenvironments, especially in the de-
pocenter and the transitional zone between the depocenter and the lake
margins near the shore. The representative lithofacies of the lower
Fengcheng Formation show that the evaporite laminae alternate with
organic-rich laminae frequently, and a single lamina is very thin; most
of them are only a few millimeters thick (Fig. 4). The representative
lithofacies of the middle Fengcheng Formation show that bedded so-
dium carbonates alternate with organic-rich fine-grained rocks
(Fig. 5B-E), and the dark-colored layers show as well-preserved benthic
microbial mats, while the light-colored sodium carbonates layers de-
veloped intergranular seams (Fig. 12). The representative lithofacies
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formed in the transitional zone or shallow lake margins showed alter-
nating microbial mat-rich laminae and microbial mat-poor laminae
(Figs. 6, 7 and 13). The lithofacies associations above are beneficial to
hydrocarbon expulsion and migration.

@ Evaporite laminae or layers provided paths for the hydrocarbon
expulsions and migrations. If the fine-grained organic-rich source
rocks were massive, the hydrocarbons could not be easily dis-
charged from the low-permeability source rocks. The intergranular
seams played an important role in providing paths for hydrocarbons
expelled out of adjacent organic-rich source rocks (Fig. 12). Re-
peated evaporite layer/lamina and organic-rich source rock layer/
lamina couplets promoted hydrocarbon expulsion efficiency.
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Fig. 15. Characteristics of low-amplitude bed-parallel stylolites in the dolomitic tuff (the same sample as Fig. 14). (A) The major elements Mg, Si, and Ca in the micro-
XRF image. The combinations of the elements Mg and Ca indicate the distribution of dolomites. The generalized occurrences of lentic dolomites and felsic matrix. The
scanning extent is the same as the thin section in Fig. 14A. (B) The characteristics of the contact interface between the dolomite laminae and the stylolite residues.
Cross-polarized light with gypsum test plate inserted, well FN-1, 4423.52 m. (C) Sketch map of the (B). The contact interface between dolomite laminae and stylolites
occurred as a zig-zag pattern, well FN-1, 4423.52 m. (D) Hydrocarbon accumulation in the stylolites, plane-polarized light, well FN-1, 4423.52 m. (E) Hydrocarbon

accumulation in the stylolites, cross-polarized light, well FN-1, 4423.52 m.

@ The interaction of source rocks and oil with evaporites in saline lake
facies may enhance the efficiency of hydrocarbon generation.
Indeed, “organic-inorganic interactions in petroleum-producing se-
dimentary basins” has recently become a popular topic. Inorganic
compounds such as water and minerals participate as reactants or

catalysts during organic matter maturation (Seewald, 2003; Schulz
et al., 2016), especially in the areas of clastic diagenesis (Edman and
Surdam, 1986; MacGowan and Surdam, 1990) and carbonate diag-
enesis (Schulz et al., 2017). Thus far, previous studies dealing with
the general topic “inorganic mineral” influences on kerogen
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Fig. 16. Hydrocarbon expulsion fractures in the source rocks in the Fengcheng Formation. (A) The kerogens paralleled in the dolomitic tuff, plane-polarized light,
well W-35, 3425.11 m. (B) The kerogens paralleled in the dolomitic tuff, cross-polarized light, well W-35, 3425.11 m. (C) The distribution of kerogens and re-
lationships between laminated tuff, carbonates assemblages and kerogen, photograph of thin section, well X-72, 4564.35m. (D) The distribution of kerogens and
relationships between laminated tuff, carbonates assemblages and kerogen under microscope, cross-polarized light adding gypsum test plate, well X-72, 4564.35 m.

pyrolysis and oil hydrocarbon generation” have been predominantly
focused on the following areas: © the effects of clay catalysis on
hydrocarbon generation (Pan et al., 2010; Rahman et al., 2017,
2018; Bu et al., 2017); @ the catalytic effect of nickel and magnetite
during coal pyrolysis (Gao et al., 2018); ® the catalytic effect of iron-
bearing minerals on hydrocarbon generation (Ma et al., 2016a,b; Ma
et al., 2018); and @ the catalytic effect of calcite on hydrocarbon
generation (Pan et al., 2010). There is few paper in English that have
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discussed the catalytic effects of evaporites, carbonates, halite, and
gypsum that formed in evaporite lakes on hydrocarbon generation.
Rather, the majority of studies dealing with this topic are instead
published in Chinese. These experiment-based Chinese studies have
demonstrated that evaporites play an important role in the catalysis
of oil and gas generation (Wang, 2009; Jin et al., 2010). Moreover,
these studies have shown that carbonates, gypsum, and sodium
chlorite catalyzed intensely on organic matter; e.g., by adding
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fractures.

carbonate or gypsum to the source rock material, the number of
catalyzing hydrocarbons would rise 34% and 28%, respectively
(Wang, 2009). In the Fengcheng Formation, the evaporites have
various occurrences, e.g., bedded evaporites alternating with
kerogen-rich source rocks (Figs. 4 and 5), evaporite mineral nodules
scattered in the source rocks (Fig. 5), and diagenetic evaporites
occurring in the source rocks (Figs. 4 and 5). The evaporites may
indeed have catalyzed the hydrocarbon generation and pyrolysis.
Despite the paucity of studies on the catalytic effect of evaporite
minerals on hydrocarbon generation, it is generally acknowledged
that source rocks that occurred with evaporites are commonly of
high-quality. Certainly, the interactions between evaporite minerals
and kerogen/hydrocarbon should be further studied.

® The contact interfaces between evaporite layers/laminae and or-

ganic-rich source rocks are easily dissolved and form favorable
pathways for oil and gas migration. The stylolites are easily gener-
ated from the contact interfaces in evaporite-bearing strata, and
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they are commonly filled by bitumen, which shows that they were
favorable pathways for hydrocarbon expulsion and migration
(Bauerle et al., 2000). The contact interface between the bedded
sodium carbonates and source rocks is also filled by organic matter
(Fig. 12), and the contact interfaces between evaporite laminae and
dark-colored source rocks are also favorable positions for stylolite
formation (Fig. 12). The alternations of evaporite lithofacies and
non-evaporites lithofacies are good for hydrocarbon expulsion in
time.

6.2.2. High content of brittle minerals is the basis for low-amplitude
stylolites

The stylolites can be classified and described according to their
amplitudes (Koehn et al., 2007, 2016), and the amplitudes can be used
to calculate the rock loss formed by pressure dissolution (Ramos, 2001;
Ben-Itzhak et al., 2012). Most of the stylolites in the Fengcheng For-
mation have low amplitudes (Figs. 13-15, 17), which is very different
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from those stylolites occurring in the carbonate strata. The mineral
compositions of rocks in the Fengcheng Formation show high brittle
minerals contents, and the sum of the clay minerals is very low. Ad-
ditionally, the carbonate minerals are scattered within the source rocks,
and there are few rocks that consist entirely of carbonates (calcites or
dolomites). As a result, the rock loss formed by dissolution along la-
minated interfaces or microfractures under compressive stress condi-
tions is not as great as that in carbonate strata. Taking the sample in
Fig. 14 as an example, the primary rocks may consist of relatively
homogeneous finely crystalline dolomitic rocks. Dolomites dissolve
along laminated interfaces and the insoluble mineral residues are
dominated by felsic minerals, in which few clay minerals are included
(Figs. 14 and 15). The contact interfaces between finely crystalline la-
minae and residues in the stylolite show as zig-zag patterns
(Fig. 15B-C), and hydrocarbon appear in the stylolites (Fig. 15D-E). In
summary, the high content of brittle minerals, low content of clay mi-
nerals, and uneven distribution of dissolving minerals (calcite, dolo-
mite) control the formation of low-amplitude stylolites. The low content
of clay minerals in the residues in stylolites makes them favorable paths
for hydrocarbon expulsion and migration.

6.2.3. Combination of multiple paths promoted the efficiency of
hydrocarbon expulsion and migration

The types of hydrocarbon expulsion and migration paths not only
are various but also combine to form path networks. Taking the sample
in Fig. 17 as an example, the paths consist of hydrocarbon expulsion
fractures, stylolites, and microfractures. They are connected very well,
and hydrocarbons can be expelled and migrate easily. The hydrocarbon
expulsion and migration processes can be described as follows.

@ The hydrocarbon expulsion fractures formed along with kerogen
maturation. The organic matter was dominated by microbial mats
and laterally extended along laminated interfaces. When the kero-
gens maturated, the kerogen volumes increased, and microfractures
along the laminated interfaces formed. As a result, kerogens and
expulsion fractures connected to form networks in the organic-rich
laminae. The model of the development patterns of hydrocarbon
expulsion fractures is same as those that occur in typical oil shales
(Fig. 17D-G) (Ougier-Simonin et al., 2016; Ma et al., 2017; Teixeira
et al., 2017).

® The hydrocarbons migrated along stylolites. Most of the stylolites in
the Fengcheng Formation have low amplitude and low amounts of
clay minerals in the dissolution residues, which produces favorable
paths for hydrocarbon migration rather than barriers. Even in car-
bonate strata, the stylolites are not continuous high-density layers
and do not impact regional fluid flow (Heap et al., 2014; Baud et al.,
2014). In most cases, the stylolites served as paths of migration for
oil (Mileshina and Moskalev, 1962; Zhong et al., 2010; Martin-
Martin et al., 2017). The low amplitudes of stylolites and the low
clay minerals in stylolite dissolution residues in the Fengcheng
Formation suggest that these stylolites are much superior to those in
carbonate strata for hydrocarbon migration.

® Fractures and microfractures provided paths for hydrocarbons to
migrate for long distances. These fractures formed by tectonic ac-
tivity and usually cut through laminated source rocks. Organic-rich
laminae alternated with organic-poor tuff laminae in this sample
(Fig. 17A). If there were no fractures or microfractures, the hydro-
carbon could not migrate easily for a long time. When the fractures
and microfractures cut through the laminated source rock, the hy-
drocarbons that migrated from organic-rich laminae along expulsion
fractures and stylolites accumulated in the fractures and micro-
fractures and migrated to the oil pool.

7. Conclusions

1) The Fengcheng Formation developed large volumes of high-quality
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source rocks in an alkaline saline lake. The organic matter mainly
formed in the basin and was not imported by runoff. Microbial mats
were the dominant organic matter that could be formed in both the
deep depocenter and the shallow lake area. Benthic microbial mats
were preserved very well and generated hydrocarbons for overlying
reservoirs. Algae bloomed at the shallow lake margins and provided
the other important type of organic matter in the Fengcheng
Formation. The source rocks in the Fengcheng Formation are
dominated by type II; kerogen and have entered the low mature-
mature evolution stage. Abundant algae and microbes resulted in
continuous hydrocarbon generation.

2) Hydrocarbon expulsion fractures, stylolites, fractures and micro-
fractures combined to form networks and enhanced the efficiencies
of hydrocarbon expulsion and migration. Evaporite minerals may
catalyze oil and gas generation in this lacustrine alkaline saline
basin. At the same time, intergranular seams were important paths
for oil and gas migration. Because of the high content of brittle
minerals and the low clay contents, the stylolites were characterized
by low amplitudes and high permeability. As a result, the stylolites
provided favorable paths for hydrocarbon expulsion and migration.
Combining hydrocarbon expulsion fractures in the organic-rich la-
minae and fractures and microfractures caused by compressive
tectonic stress, networks formed, which enhanced the efficiencies of
hydrocarbon expulsion and migration.
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