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Abstract. Volcanic activity is often associated with the development of
faulted lacustrine basins. Organic-rich shale in such basins usually contains
abundant volcanic material. The influence of volcanic input on organic-rich
shale deposition in the basin studied has not been discussed in detail. Based
on the ten shale samples from three wells, this study analyzed the depositional
environment of the Yingcheng Formation shale in the Lishu Fault Depression
area of the Songliao Basin by using interpretation of logging, total organic
carbon analysis, gas chromatography mass spectrometry analysis, and trace
element analysis. The impact of fault break to basement and volcanic materials
on the organic matter enrichment was evaluated. The results show that the
organic matter of Ying 1 (Y1), the First Member of the Yingcheng Formation,
in the Lishu Fault Depression is characterized mainly by type I kerogen.
The shale of the Y1 Member, having high total organic carbon content, is
laterally continuous and could be considered as a potential target for shale
oil exploration. The shale with high total organic carbon was deposited in a
freshwater deep lake under an anoxic environment. There is a significant input
of volcanic material, especially around the Su2 well near the Sangshutai Fault.
This study has established a sedimentary model of organic-rich shale in the
faulted lacustrine basin affected by volcanic activity, which has significance
for the exploration of shale oil in faulted lacustrine basins.
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1. Introduction

Shale rich in organic-rich matter commonly occurs in faulted lacustrine
basins and typically has a high hydrocarbon generation potential [1-3]. It is
common in the geological record of China and is hence one of the key targets
for oil and gas exploration and development, and consequently important for
the research of conventional oil and gas source rocks and unconventional
natural gas accumulations [4, 5]. China is not the only country with lacustrine
petroleum source rocks, and much of the early work has been undertaken on
the Tipton and Laney members of the Green River Formation in the Gosiute
Basin in western USA [1, 6, 7]. To date, in China, the Shahejie Formation in
the Bohai Bay Basin, the Yanchang Formation in the Ordos Basin, and the
Jurassic Daanzhai Formation in the Sichuan Basin have been studied [8—12].
Some differences emerge in these studies, particularly in the main controlling
factors of the accumulation of organic matter. Some researchers indicate that
high productivity is the primary factor for the formation of organic-rich shale
[13—-16], while others believe that the key to the high organic matter content
of lacustrine shale lies in organic matter preservation [17, 18]. To further
explore the impact of the sedimentary environment (high productivity) and
external factors potentially affecting preservation conditions, the shale of the
Y1 Member is studied in this paper.

The Songliao Basin in northeastern China is a faulted lacustrine basin
formed gradually after complex tectonic evolution in the Late Paleozoic—
Late Mesozoic [19-21]. The Lishu Fault Depression in the basin is rich in
hydrocarbons, sourced from the shale of the Y1 Member. Previous studies
have evaluated the organic geochemistry of the shale and identified it as oil-
prone [22, 23]. However, the controlling factors of organic matter enrichment
in this lacustrine shale are still unclear. In this study, drill core samples were
analyzed to understand the depositional environment and the factors that
controlled organic matter enrichment, and hence identify the exploration
targets in the Lishu Fault Depression.

2. Geological setting

The study area is located in the southeast uplift of the Songliao Basin. The
Lishu Fault Depression is bounded by faults trending NNE-SSW and can be
divided into five structural units: Central Structural Belt, Southeast Slope Belt,
Northern Slope Belt, Sangshutai Sag Belt and Sujiatun Sag Belt [12, 24]. The
Sangshutai Sag Belt is oriented north-south and is controlled by the Sangshutai
Fault, while the other structural belts strike close to the NNE direction (Fig. 1).
The formation of the Lishu Fault Depression has experienced multi-stage
tectonic events, including the Late Huoshiling (K h), Late Yingcheng (K yc),
Late Denglouku (K d) and Late Mingshui (K,m) tectonic movements, which
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correspond to several periods of fault trap evolution, including the initial
faulting period, the strong faulting period, the depression period and the
inversion period, respectively. The Huoshiling tectonic time interval covered a
period of intense volcanic activity in the Lishu Fault Depression and is marked
by an abundance of volcaniclastic sedimentary rock in what was otherwise a
shallow lake environment. In the Late Denglouku period, the depression in the
study area gradually ceased, fault activity decreased, and sedimentary facies

changed to braided river delta facies [12, 25-27].

The sedimentary facies of the Yingcheng Formation include the volcanic
facies, fan delta, braided river delta and lacustrine facies. The lithology is
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mainly represented by dark gray, grayish black mudstone and light gray
siltstone with basalt, tuff and coal. The lower part of the Sujiatun Sag, where
the sampling wells are located, is Upper Jurassic to Lower Cretaceous in age.
The sedimentary strata from bottom to top are the Huoshiling Formation, the
Shahezi Formation, the Yingcheng Formation, and the Denglouku Formation
(Fig. 1). The first member of the Yingcheng Formation deposited in the fault
basin can be divided into three submembers based on lithology: Y1,, Y1,, and
Y1, (Fig. 2).
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3. Materials and methods

In this study, ten shale samples of the Y1 Member from three drilling wells
in the Sujiatun area of the Lishu Fault Depression were selected for TOC
determination, kerogen type analysis, biomarker compound determination,
saturated hydrocarbon analysis, and trace element measurement.

3.1. Total organic carbon content measurement

The organic carbon content in the shale samples was analyzed according to the
GB/T19145-2003 standard (China), using the CS230 carbon/sulfur analyzer
(LECO, the United States). The crushed sample was first sieved with a 200-
mesh sieve, then treated with hydrochloric acid solution to remove inorganic
carbon from the sample, and finally dried at 50 °C for ten hours. After the
above treatment, the carbon sulfur analyzer was used to measure and calculate
the total organic carbon (TOC) content.

3.2. Gas chromatography analysis

The soluble organic matter was extracted from the shale, using chloroform
and the Soxhlet apparatus for 72 hours. The asphaltene in the soluble
organic matter was removed from the extract by precipitation with n-hexane,
followed by filtration. These deasphalted extracts were fractionated on silica
gel, using alumina column chromatography. The saturated hydrocarbons,
aromatic hydrocarbons and non-hydrocarbons were separated by elution with
n-hexane, toluene and chloroform/methanol (98:2). The saturated hydro-
carbons were analyzed with the Agilent 7890A gas chromatograph (GC),
equipped with an HP-5 capillary column (inner diameter 30 m X 0.25 mm,
film thickness 0.25 um). The inlet temperature was 300 °C, the flame ioni-
zation detector temperature was 320 °C, and the split ratio was 30:1. The
saturated hydrocarbons were analyzed with GC. The GC column temperature
was programmed from 80 °C to 310 °C at 5 °C/min, and then maintained at
the final temperature for 50 minutes. Nitrogen was used as the carrier gas.

3.3. Gas chromatography mass spectrometry analysis

The biomarker compounds in the saturated hydrocarbons were analyzed with
the Agilent 6890 GC/5973N MSD mass spectrometer (GC-MS), equipped
with a DB5-MS capillary column (inner diameter 60 m x 0.25 mm, film
thickness 0.25 pm). The GC column box was raised from 60 °C to 315 °C
at 4 °C/min, and then maintained at 300 °C for 50 minutes for the GC-MS
analysis of biomarkers in the saturated hydrocarbons. Helium was used as the
carrier gas, and the split ratio was 20:1. Electron impact ionization was used
at 70 eV, and the ion source temperature was 250 °C. The GC-MS system
operated in a full scan mode from m/z 20 to m/z 750 and in a highly selective
ion monitoring (SIM) mode.



54 Haoxiang Lan et al.

3.4. Trace element analysis

The composition of elements in the shale samples was detected with the
Optima 5300 V inductively coupled plasma atomic emission spectroscopy
(ICP-AES; PerkinElmer) and the inductively coupled plasma mass spectro-
metry (ICP-MS; Finnigan MAT, Germany). The aliquots of 100 mg of ten
bulk sample powders were dried at 100 °C for two hours and dissolved in
mixed solutions composed of 4 mL of hydrofluoric acid, 2 mL of hydrochloric
acid, 3 mL of nitric acid, 1 mL of perchloric acid and three drops of sulfuric
acid. The samples dissolved in solutions were heated to about 200 °C for
four hours until white smoke appeared above the residuum. Then 5 mL of
chloroazotic acid were added to the solutions to extract the elements. The
solutions were transferred to a 50 mL volumetric flask, diluted with deionized
water to volume. After that, the major elements were tested by ICP-AES and
the trace elements by ICP-MS.

4. Results
4.1. Abundance of organic matter

As shown in Table 1 and Figure 2, the organic carbon content of the first and
second submembers of the Y1 Member range from 0.76% to 4.66%, with an
average value of 1.79%. The burial depth of the Y1 Member in the Su2 well
ranges from 3162.17 to 3306.6 m, with the TOC content of 0.86% to 4.66%.
The burial depth of the Y1 Member in the Su4 well ranges from 3148.73
to 3152.23 m, and the TOC content is 0.88% to 3.89%. The burial depth of
the Y1 Member in the Li2 well ranges between 2825.5 and 2908 m, and the
TOC content is 0.76% to 0.84%. The content of chloroform asphalt “A” varies
between 0.036% and 0.3943%, with an average value of 0.085% (Table 1).
According to the evaluated standard of argillaceous source rock, the content
of chloroform asphalt “A” indicates that the shale of the Y1 Member is a good
source rock.

4.2. Organic matter type

The type of organic matter is an important index for the evaluation of source
rocks. Generally, the kerogen hydrogen index (CIA), hydrogen index (HI),
oxygen index (OI) and saturated hydrocarbon spectrogram are used to
distinguish the type of organic matter [28—30]. With the thermal maturation of
source rock, type I organic matter has a very high hydrogen index and a very
low oxygen index, type Il organic matter has a high hydrogen index and a high
oxygen index, and type III organic matter has a very low hydrogen index and
a very high oxygen index [30, 31]. By using the pyrolysis analysis to test the
hydrogen and oxygen indices in the shale of the Y1 Member, it is found that
the hydrogen index value in the shale is from 13 to 31, and the oxygen index
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Table 1. Organic matter abundance indices of the Y1 Member in the study area

Well Depth, m TOC, % Chloroform asphalt “A”, W% Ro, %
S2-1 3162.17 0.86 0.0360 2.14
S2-3 3286.55 1.09 0.0460 2.15
S2-4 3294.70 4.66 0.0546 2.17
S2-5 3306.60 2.46 0.0361 2.19
L2-1 2908.00 0.76 0.0719 1.92
L2-2 2825.50 0.84 0.0384 1.83
S4-1 3148.73 1.27 0.0650 1.95
S4-2 3149.53 0.88 0.0512 1.98
S4-3 3151.53 1.19 0.0565 2.10
S4-4 3152.23 3.89 0.3943 2.13

value ranges from 2 to 21 (Table 2). The hydrogen and oxygen indices cannot
effectively distinguish the kerogen types in this study, probably due to high
maturity. On the other hand, the GC analysis of the saturated hydrocarbons in
the study area indicates that almost all samples show the characteristics of the
front peak type, and the main peak carbon is n-C , (Fig. 3).

Table 2. Hydrogen and oxygen indices of the Y1 Member in the study area

Well Depth, m HI Ol Main peak carbon
S2-1 3282.5 31 4 C,
S2-12 3287.9 19 5 s
S2-20 3292.4 18 7 C,
S2-24 3294.5 24 2 C,
S2-30 3297.5 13 4 C,
S2-40 3303.0 15 4 C,
S2-51 3308.5 18 19 Ci
S2-60 3314.0 21 6 C,
S2-70 3318.8 15 21 C,
S2-80 3324.0 21 2 C,
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4.3. Organic matter maturity

By measuring the vitrinite reflectance of kerogen collected from the shale of
the Y1 Member in the study area, the vitrinite reflectance values are distributed
between 1.83% and 2.19%, with an average value of 2.1% (Table 1). This
indicates that the thermal maturity of the shale is relatively high and generally
enters the high mature to overmature stage.

4.4. Composition characteristics of biomarkers

Pristane (Pr) and phytane (Ph) are two important biomarkers in the isoparaffin
series. Although the Pr/Ph, Pr/C, and Ph/C values are affected by
biodegradation and maturity, they can generally reflect the characteristics of
the shale’s sedimentary environment [32, 33]. The Pr/Ph values of the ten
samples from the study area range between 0.56 and 1.28, with an average
value of 0.75. With the increase of organic matter maturity, the organic matter
abundance of n-alkanes in the shale also increases. Pr/C, , decreases with the
increase of the CPI value, while the value of Ph/C , remains almost unchanged;
the C,,/C,, values of regular steranes range from 0.37 to 0.62, with an average
value of 0.5. The average value of homohopane/hopane is about 3.23 (Table 3).

4.5. Composition of trace elements

The data show arelatively high content of metals in the shale of the Y1 Member
in the study area. Particularly, Mn/Fe is relatively abundant: the Mn/Fe ratios
range from 55.55 to 400.27, with an average value of 187.40. The ratio of Ti/Al
has almost no change in the studied samples, and the average value is about
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0.06. The V/Cr ratio is 0.61-1.10, with an average value of 0.88. The Ca/Mg
ratio is 0.98-3.12, on average 1.79. The Sr/Ba ratio is low, ranging from 0.8
to 1.48, with an average value of 0.98. The content of Mn ranges from 141.10
to 1505.00 pg/g, the average is 643.88 pg/g, and the content of Co is between
6.83 and 18.53, with an average of 14.02 ug/g (Table 4).

Table 3. Indices of biomarkers in the saturated hydrocarbons detected by GC analysis
and sterane and terpane detected by GC-MS analysis

Well Depth,m | PrPh | PrC, | PWC, | CPI Sctzj‘(’:r: H"‘}‘l‘(‘)’;’f:“e/
S2-1 3162.17 0.56 0.64 0.15 0.42 0.62 3.15
S2-3 3286.55 0.56 0.55 0.14 0.72 0.45 3.14
S2-4 3294.70 0.61 0.47 0.16 0.72 0.37 2.89
S2-5 3306.60 0.57 0.41 0.14 0.63 0.46 3.33
L2-1 2908.00 0.66 0.57 0.14 1.07 0.51 3.44
L2-2 2825.50 0.62 0.55 0.15 0.88 0.40 3.31
S4-1 3148.73 1.28 0.24 0.16 1.05 0.55 3.02
S4-2 3149.53 0.63 0.35 0.14 0.87 0.42 342
S4-3 3151.53 1.10 0.22 0.16 1.06 0.50 3.22
S4-4 3152.23 0.90 0.16 0.16 1.07 0.56 3.36
Table 4. Composition of trace elements in the shale of the Y1 Member
Well | Depth,m | V,uglg | Cr,pglg | St uglg ::g{; Cougle | V/Cr | St/Ba MC“OX
S2-1 | 3162.17 | 8893 | 8796 | 42800 | 48720 | 19.16 1.04 0.80 0.93
S2-3 | 328655 | 7440 | 8354 | 58260 | 93230 | 11.95 1.10 1.04 1.1
S2-4 | 329470 | 73.39 | 8282 | 35650 | 141.10 | 16.81 101 0.87 0.24
$2-5 | 3306.60 | 6583 | 8025 | 49290 | 68590 | 13.39 0.89 1.06 0.92
L2-1 | 2908.00 | 77.15 | 7453 | 33220 | 41550 | 18.53 0.89 0.73 0.77
L2-2 | 282550 | 8452 | 7689 | 36290 | 38020 | 6.83 0.82 0.65 0.26
S4-1 | 314873 | 7049 | 8734 | 44350 | 766.50 | 14.85 0.81 1.03 1.14
S4-2 | 314953 | 3970 | 6508 | 77280 | 1505.00 | 7.16 0.61 1.48 1.08
S4-3 | 315153 | 75.04 | 9785 | 41620 | 769.30 | 15.83 0.77 0.87 1.22
S4-4 | 315223 | 5434 | 6483 | 36220 | 35580 | 15.67 0.84 127 0.56
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5. Discussion

5.1. Geochemical composition of organic-rich shale of the Y1 Member

Our results show that the Y1 Member in the Lishu Fault Depression contains
mainly type [ and also type II kerogen. The vitrinite reflectance of shale in this
area ranges from 1.83% to 2.19%, with an average of 2.1%. The maturity is
relatively high, and there is a positive correlation between maturity and burial
depth (Fig. 4). The degree of thermal evolution controls the content of free
hydrocarbons. Ts/Tm is a thermal parameter based on the relative stability
of C,, hopanes applicable over the range immature to mature to postmature,
measured using m/z 191 [33]. It is observed that the relative abundance of Ts
increases with depth, compared to Tm [34], assuming that Ts/Tm is less than
2, chloroform asphalt “A” slowly increases with the increase of TOC, and
the range of chloroform asphalt “A” is 0.036% to 0.046%. When Ts/Tm is
between 2 and 3, chloroform asphalt “A” increases rapidly with the increase
of TOC, ranging from 0.0384% to 0.0719%. The distribution range of TOC
content is 0.76% to 4.66%, the average value is 1.79%, and TOC is relatively
high. The shale with higher TOC content and high maturity is found in the
lower part of the Y1 Member, where the TOC values even reach about 4%
(Tables 1, 3).
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Fig. 4. Crossplot of Ro and depth of shale of the Y1 Member.

5.2. Paleoenvironmental analysis of organic-rich shale
5.2.1. Paleosalinity

There is a good linear relationship between salinity and trace element strontium.
Previous studies have established Sr/Ba indicators for ancient water salinity,
based on differences in the solubility of Sr and Ba elements in water with
varying salinities [35, 36]. In general, a Sr/Ba ratio higher than 1.0 indicates
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a marine phase, while a ratio between 1.0 and 0.5 shows a semi-saline phase,
and a ratio lower than 0.5 indicates a slightly saline phase. The shale samples
collected from the study area show a Sr/Ba ratio of around 1.0, implying a
semi-saline environment.

5.2.2. Redox conditions

Peters et al. suggest that Pr/Ph cannot be used to indicate the redox conditions
of sedimentary environment in the condition of Pr/Ph > 3.0 [33], instead of
the input of terrigenous organic matter under oxidation conditions. Pr/Ph
can be used to indicate anoxic sedimentary environment in the condition
of Pr/Ph <0.6. Pr/Ph < 1.0 is the cut-off value for the identification of the
reduction environment. Meanwhile, because potential analytical errors cannot
be eliminated in the determination of single element concentrations [37], this
study uses an element ratio, such as V/Cr, to analyze the redox conditions
during deposition. V/Cr>4.25 indicates strongly reducing environments,
V/Cr ratios between 2 and 4.25 show dysoxic environments, and V/Cr <2
typically indicates oxic environments [38—40]. The Pr/Ph values of the ten
samples from this study area range from 0.56 to 1.1, with an average of 0.749.
Low Pr/Ph values indicate the anoxic depositional environment of the shale
of the Y1 Member in the study area. V/Cr values are distributed between
0.61 to 1.10, with an average value of 0.88, indicating an oxic sedimentary
environment (Table 5). As shown in Figure 5, the data are generally distributed
in the area with increased oxidation degree, except for the influence of organic
matter type. As individual geochemical parameters are polytropic in reflecting
the paleoenvironment, synthesizing the above analyses of each parameter, the
sedimentary environment of the study area is considered to be weakly oxic,
i.e. weakly reductive.

Table 5. Indices of oxidation-reduction conditions of the shale of the Y1 Member

Well Depth, m Pr/Ph V/Cr Ph/C , Pr/C,
S2-1 3162.17 0.56 1.04 0.15 0.15
S2-3 3286.55 0.56 1.10 0.14 0.14
S2-4 3294.70 0.61 1.01 0.16 0.16
S2-5 3306.60 0.57 0.89 0.14 0.14
L2-1 2908.00 0.66 0.89 0.14 0.57
L2-2 2825.50 0.62 0.82 0.15 0.55
S4-1 3148.73 1.28 0.81 0.16 0.16
S4-2 3149.53 0.63 0.61 0.14 0.14
S4-3 3151.53 1.10 0.77 0.16 0.16
S4-4 3152.23 0.90 0.84 0.16 0.16
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5.2.3. Sedimentary facies of organic-rich shale

In recent years, many researchers have pointed out that the shale of the Y1
Member is mainly deposited in semi-deep to deep lacustrine facies, and the
sedimentary facies of organic-rich shale is deep lacustrine facies, mainly
distributed in the Y1 Member [23, 41]. Based on the regional geological
setting, lacustrine sediments developed during the sedimentary period of the
Y1 Member. Thick black shale and gray black mudstone deposited in the semi-
deep lacustrine and deep lacustrine subfacies can be identified in well logging.

Based on the correlation of the shale beds in the Su2 and Li2 wells (Fig. 6),
it is evident that organic-rich shale mainly developed in the lower part of
the Y1 Member, beds are laterally extensive, and are characterized by high
organic matter abundance. There occur some sandstone interlayers in the
sequence, whereas gas logging shows a high content of total hydrocarbon in
the sandstone interlayers and organic matter-rich shale (TOC > 2%; Fig. 5).
Compared with the first segment of the Y1 Member, the organic matter content
of shale in the third segment of the Y1 and Y2 Members decreases gradually.
The shale with TOC higher than 1% in the second segment of the Y1 Member
is thinner, and the horizontal continuity of the shale becomes poor. The shale
bed in the third segment of the Y1 Member is relatively thick and laterally
extensive, but the TOC of the shale is typically lower than 1.5%.

5.3. Effect of volcanic material input

Since the Early Cretaceous, the Songliao Basin has developed into an
interdivided fault basin due to the subduction of the Indian and Pacific
plates beneath the Eurasian plate. In northeastern China, large-scale volcanic



Organic-rich shale in the faulted lacustrine basin 61

Submember

ORI\ LAA__-..-‘ HJ
|

C
5 0—30
5 O—Cl 30

d
g
/ iz
Su2
km

TOC
TOC

Lithology  parsin

% d

Measure
0
0

Li2 well

NE <
600

300

TOC>2.0%

T0C
1.5% <TOC<2.0%

0

Fig. 6. Distribution of shale of the Y1 Member in the Su2 and Li2 wells.

Su2 well

1.0% <TOC <1.5%

eruptions occurred in the fault stratigraphy above the basement of the
Jiameng Block. Multiple thin-bedded tuffs or tuffaceous organic-rich mud
shale developed in the second member of the Shahejie Formation and the first
member of the Yingcheng Formation [42—44]. A series of intermediate to acid
extrusive rocks, dominated by rhyolites and other types of volcanic rocks, are
found in the first and third submembers of the Y1 Member, forming a good
volcanic reservoir [45, 46]. Considering the effect of volcanic material input,
as indicated by the increased levels of Mn and Zn in water [47], the content of
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Mn and Zn in the Su4 well in the western part of the study area is significantly
higher than in the Li2 well in the eastern part of the deep lacustrine facies
(Fig. 7), implying that the degree of volcanic influence varies among the wells.
As shown in Figure 7, the content of Mn is negatively correlated with V/Cr,
while the content of Zn also demonstrates a tendency to increase when V/Cr
(oxic enrichment) decreases, implying that the reduced environment could be
destroyed by volcanic material input. The two wells near the western active
fault zone are greatly affected by the input of volcanic materials, and the
organic matter enrichment environment is controlled by volcanism (Table 6).
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Fig. 7. Correlation diagram of Mn and Zn content and V/Cr.
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Table 6. Environmental parameters of the shale of the Y1 Member

Well Organic matter forming environment
Su2 Volcanic material input
Li2 Occlusive environment
Su4 Volcanic material input

The degree of organic matter enrichment depends on the primary productivity
and preservation conditions of organic matter. The first submember of the Y'1
Member in the Lishu Fault Depression had a favorable environment of high
productivity and anoxic water body during the sedimentary period, which
controlled the abundance, type and composition of organic matter. Organic
geochemical parameters, such as the Pr/Ph ratio, can help judge the water
conditions. The lacustrine facies of saline water exhibits Pr/Ph ratios from
0.2 to 0.8, demonstrating significant phytane dominance. Fresh and mildly
saline water exhibits Pr/Ph ratios between 0.8 and 2.8, while Pr/Ph ratios
between 2.8 and 4.0 indicate a freshwater lacustrine environment with weak
reduction oxidation [48—50]. The Pr/Ph values of the organic-rich shale of the
Y1 Member are relatively low, from 0.56 to 1.28, reflecting that it was formed
in a saline sedimentary environment. The abundance of phytoplankton fossils
is an important indicator of the trophic level, productivity and phytoplankton
abundance of lacustrine basin water. The content of phytoplankton fossils in
the first submember of the Y1 Member in the Lishu Fault Depression is high
and the content of phytoplankton in other layers is often poor or very low,
indicating that the lacustrine basin has a high level of biological productivity
during the deposition of organic shale in the first submember of the Y1
Member, which is conducive to the high enrichment of organic matter.

In general, the high primary productivity and anoxic conditions of the
ancient lacustrine during the development of organic-rich shale in the first
submember of the Y1 Member provided conditions for the production and
preservation of organic matter, thus forming a thick organic-rich shale deposit.
An anoxic environment was probably caused by a stagnant deep-water
environment. Characterization of water mass restrictiveness can be determined
by the Mn x Co ratio. Mn x Co values > 0.4 x 10® indicate that the water
body is in a stagnant environment [51]. Mn x Co ranges from 0.26 x 10°® to
1.22 x 1078 in the study area, with an average of 0.82 x 107%, indicating that the
shale is deposited in a closed and stagnant environment.

Shale with low organic matter content (TOC < 1%) is mainly deposited in
the environment with high terrigenous input and under oxidative conditions.
Due to terrigenous input, the ratio of regular sterane C,,/C,_ is high, and there
is more terrigenous organic matter input. The positive correlation between
sterane C,,/C,, and Pr/Ph indicates that the redox conditions changed with the
changing terrigenous material input (Fig. 8).
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Fig. 8. Crossplot of Pr/Ph and C,,/C,_ratios.

In conclusion, the organic-rich sediments in the studied basin are deposited
in a deep-water environment and have been influenced by the input of volcanic
material from the eastern part of the fault. The volcanic material input is more
obvious near the active fault zone in the western part of the study area, but it
decreases with the increase of distance.

5.4. Sedimentary model of organic-rich shale

The formation of organic-rich shale in the studied lake basin was controlled by
the input of volcanic material and paleoenvironment. The factors controlling
the development of organic-rich shale are paleoproductivity and redox
conditions.

The middle parts of the Y1 Member in the Su2 well and the Y1 Member
in the Su4 well in the western area are rich in organic matter, due to the input
of volcanic material after volcanism. The Y1 Member in the Su4 well in the
west shows a relatively high content of Mn and Zn, Pr/Ph and hydrogen index.
However, the Y1 Member in the Li2 well in the center of the lacustrine basin
demonstrates a relatively low content of Mn and Zn and Pr/Ph, and a relatively
high Mn x Co ratio, implying an anoxic and occlusive environment. Therefore,
the sedimentary model of organic-rich shale in the faulted lacustrine basin,
affected by volcanism, has been established (Fig. 9).
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Fig. 9. Sedimentary model of organic-rich shale in the study area.

6. Conclusions

1. The shale of the Y1 Member of the Yingcheng Formation in the Lishu Fault
Depression has a high abundance of organic matter and good kerogen type,
mainly type I. The thermal maturity of the shale is high and generally reaches
the high mature to overmature stage.

2. The shale of the Y1, submember is deposited in an oxygen-poor, stagnant
and occlusive saline water environment. The shale has a high total organic
carbon content and high maturity, and it is distributed in the lower part of the
Y1 Member, with good horizontal continuity.

3. The organic matter enrichment environment in the study area is a closed
deep-water environment and it has been affected by volcanic material input.
The volcanic material input environment with organic matter enrichment has
developed in the western part of the study area, near the active fault zone.
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