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Abstract: The organic-rich shale of the Qingshankou Formation (K2qn) is the most important target
in the Songliao Basin. The relationship between lithofacies and source rock quality, however, is still
controversial. Core observation, thin section identification, X-ray diffraction, organic geochemistry,
and other analytical methods were adopted to investigate the petrology and its effects on hydrocarbon
potential of the Qingshankou shale. Based on the differences in minerals, bioclastic, and fabric of
laminae, four main lithofacies were defined as: (i) felsic shale (FS), (ii) clay shale (CS), (iii) bio-bearing
shale (BS), and (iv) mixed shale (MS). The clay minerals content in the CS (average: 46.72 wt%)
and MS (average: 41.11 wt%) was higher than that in FS (average: 39.97 wt%) and BS (average:
35.48 wt%). This classification allows the following comparative quantification of total organic carbon
(TOC) content to be differentiated: CS > BS > MS > FS. Geochemical analysis indicated that the
oil generation potential of the CS was the best, and the hydrocarbons generated from CS might
migrate and accumulate in other lithofacies. All this knowledge could shed light on the lithofacies
classification in shale systems with high clay mineral content, and may provide references for sweet
spotting of the Qingshankou Formation in the Songliao Basin.

Keywords: lithofacies; source rock quality; clay-rich shales; lacustrine; Qingshankou Formation;
Songliao Basin

1. Introduction

Lithofacies is the basic unit of shale reservoir, which reflects the collection of all
important lithologic characteristics of sedimentary rock, such as mineral composition,
organic matter content, fabric, texture, color, etc., and is the research basis for evaluating
the fluidity and mechanical properties of oil and gas reservoirs in shale oil exploration and
development [1,2].

Before the success of exploration and development of Barnett shale in Texas in the
United States [3–6], lithofacies research mainly focused on sandstone and carbonate rocks.
A lot of works have been conducted with the lithofacies classification, prediction, and
discussion on the relationships between the reservoir quality and lithofacies developed in
sandstone and carbonate rocks in previous researches [7–12]. The lithofacies of mudstones
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and shales, however, have been shown little attention, with focus only on the core category
and description of those fine-grained sedimentary rocks [13–15]. To most researchers,
little variation seems to occur in the mudstones generated in a specific sequence [16].
What’s more, such terms as “fissility” or “platiness”, based on either their weathering
or compaction characteristics, are not effective enough upon implying the deposition
processes [17].

However, with the rapid development of the global shale oil and gas industries, shale
and mudstone lithofacies analysis is increasingly valued [18–20]. Therefore, as an important
target of unconventional oil and gas, there developed a series of machine learning methods
to predict the identification and classification of shales and mudstones lithofacies [21–23].
In fact, apart from marine shales, lacustrine shales also have great potential for hydrocarbon
exploration. For example, the lacustrine shale oil in the Green River Formation in the Uinta
Basin has indicated more than 215 billion tons of resource potential since 2010 [24–28].
Furthermore, three types of shale, including marine shales, marine-lacustrine transitional
shales, and lacustrine shales are widespread in China and there are abundant shale oil and
gas resources [29].

A big breakthrough, recently, has been achieved in the deep lacustrine shale of the
first and second members of the Qingshankou Formation, Songliao Basin. A single well
daily production rate of more than 30 tons has been obtained [30]. However, the sedi-
mentary environment of lacustrine shale changes frequently, resulting in complex and
changeable lithofacies types. Although there existed several lithofacies divisions in the
study area [31,32], it was still difficult to estimate source rock quality of shale according
to these lithofacies classifications. Due to the important representativeness of the Qing-
shankou Formation, core description, thin section observation, and rock pyrolysis were
used to study its lithofacies and source rock quality. The main purpose of this study is to
(1) define and describe the shale lithofacies and its related sedimentary characteristics of
the Qingshankou Formation, and (2) analyze the quality of source rocks for the exploration
and development of shale oil in the Qingshankou Formation.

2. Geological Settings

The Songliao Basin is a superimposed basin in northeastern China. It is a Mesozoic
and Cenozoic continental petroliferous basin, with faulted deposits at the bottom and
depressions in the upper parts. The basin extends north-east, about 800 km long, 400 km
wide, and covers an area of about 2.6 × 105 km2 [33]. It is a world-class representative
large-scale lacustrine sedimentary basin. Based on the types of basements, the Songliao
Basin can be roughly divided into six primary structural units, namely the western slope
area, the southwest uplift area, the southeast uplift area, the northeast uplift area, the
central depression area, and the northern slope area. Based on regional structure, the
basin can further be subdivided into ten secondary structural units, including Sanzhao
Sag, Qijia-Gulong Sag, Changling Sag, Fuyu Uplift, Daqing Placanticline, etc. [34]. The
Qingshankou Formation’s sedimentary period was a large-scale lacustrine flooding period.
It was lacustrine deposit formed in a warm and humid paleoclimate environment. It
developed a set of black organic-rich shale with thin layers of fine sandstone, siltstone
and ostracods limestone, dolomite, and thin tuff. There are many types of organisms,
including ostracods and leaf limbs [35]. From bottom to top, the Qingshankou Formation
can be divided into three members, which are Qing 1 member, Qing 2 member, and Qing 3
member. The Qingshankou Formation was deposited in a strongly reducing environment
during the maximum lacustrine transgression period, forming a set of deep lacustrine shale,
which is the main source rock strata of the basin. From the uplift zone in the eastern part of
the basin to the central sag, the organic matter is mainly of type I-II1, with high abundance
(TOC ranging from 0.9% to 3.8%), and medium to high maturity (Ro ranging from 0.7% to
2.0%), the thickness is between 80 and 450 m [29] (Figure 1).
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Figure 1. (A) Tectonic sketch map of Songliao Basin and adjacent areas. (B) Stratigraphic column of 
Upper Cretaceous Qingshankou Formation (modified from [30]). 

3. Materials and Methods 
The GY3 well was used as the research well to focus on the shale properties of the 

Qingshankou Formation. The burial depths of the Qingshankou Formation range from 
2369 to 2511 m. The overall thickness is about 142 m. While performing core description, 
a hand-held XRF was used to scan the entire well section sequentially by points. Based on 
the difference of lithology and element distribution, 74 samples were selected for thin sec-
tion observation, bulk rock mineralogy, and Rock-Eval pyrolysis. 

The elemental scanning uses a Thermo Scientific Niton XL handheld ED-XRF ana-
lyzer (Niton XL2t 950, Thermo Scientific, Waltham, MA, USA) with a spatial resolution of 
3–5 cm [36]. The instrument has a built-in calibration system, and the unit of measurement 
is ppm. In this paper, the XRF spotting interval is 10 cm/point, and the continuous spotting 
scans 2370–2510 m to obtain a total of 1357 spots. 

Thin sections are prepared by polishing the rock to a thickness of about 0.03 mm and 
observed using a transmission microscope. This approach is used for micro-feature anal-
ysis (whether there is a laminar layer, type of laminae, etc.), and an Olympus BX51 polar-
izing microscope (Olympus, Tokyo, Japan) is used. 

X-ray diffraction (XRD) is a general method to determine mineralogical composition 
of rocks. The main principle is that each mineral crystal has a specific X-ray diffraction 
pattern, and the characteristic peak intensity in the pattern is positively correlated with 
the mineral content in the sample to identify the characteristics. The spectrum can be used 
to determine the type of mineral, and the intensity of the characteristic peak can be calcu-
lated to obtain the mineral content. According to the industry standard SY/T 5163-2018, 
the experimental analysis was performed, and the TTR X-ray diffractometer was used. 

Total organic carbon content was determined using a LECO CS-230 carbon and sulfur 
analyzer (LECO, St. Joseph, MI, USA) followed the national standard GB/T 19145-2003. 
The sample is pulverized into powder with a particle size of less than 0.2 mm. After the 
inorganic carbon in the sample is digested with chemical reagents, the sample is com-
pletely burned by a high-temperature oxygen stream to obtain converted carbon dioxide. 
The TOC value is detected. All the above-mentioned experiments were conducted in the 
Central Laboratory of Geological Sciences at the Research Institute of Petroleum Explora-
tion and Development 

  

Figure 1. (A) Tectonic sketch map of Songliao Basin and adjacent areas. (B) Stratigraphic column of
Upper Cretaceous Qingshankou Formation (modified from [30]).

3. Materials and Methods

The GY3 well was used as the research well to focus on the shale properties of the
Qingshankou Formation. The burial depths of the Qingshankou Formation range from
2369 to 2511 m. The overall thickness is about 142 m. While performing core description,
a hand-held XRF was used to scan the entire well section sequentially by points. Based
on the difference of lithology and element distribution, 74 samples were selected for thin
section observation, bulk rock mineralogy, and Rock-Eval pyrolysis.

The elemental scanning uses a Thermo Scientific Niton XL handheld ED-XRF analyzer
(Niton XL2t 950, Thermo Scientific, Waltham, MA, USA) with a spatial resolution of
3–5 cm [36]. The instrument has a built-in calibration system, and the unit of measurement
is ppm. In this paper, the XRF spotting interval is 10 cm/point, and the continuous spotting
scans 2370–2510 m to obtain a total of 1357 spots.

Thin sections are prepared by polishing the rock to a thickness of about 0.03 mm and
observed using a transmission microscope. This approach is used for micro-feature analysis
(whether there is a laminar layer, type of laminae, etc.), and an Olympus BX51 polarizing
microscope (Olympus, Tokyo, Japan) is used.

X-ray diffraction (XRD) is a general method to determine mineralogical composition
of rocks. The main principle is that each mineral crystal has a specific X-ray diffraction
pattern, and the characteristic peak intensity in the pattern is positively correlated with the
mineral content in the sample to identify the characteristics. The spectrum can be used to
determine the type of mineral, and the intensity of the characteristic peak can be calculated
to obtain the mineral content. According to the industry standard SY/T 5163-2018, the
experimental analysis was performed, and the TTR X-ray diffractometer was used.

Total organic carbon content was determined using a LECO CS-230 carbon and sulfur
analyzer (LECO, St. Joseph, MI, USA) followed the national standard GB/T 19145-2003.
The sample is pulverized into powder with a particle size of less than 0.2 mm. After the
inorganic carbon in the sample is digested with chemical reagents, the sample is completely
burned by a high-temperature oxygen stream to obtain converted carbon dioxide. The TOC
value is detected. All the above-mentioned experiments were conducted in the Central
Laboratory of Geological Sciences at the Research Institute of Petroleum Exploration and
Development.
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4. Results
4.1. Element and Mineral Composition

Elemental analysis shows that the content of Si and Al in the Qingshankou Formation
shale is relatively high, followed by Ca, Fe, and K; Mg and Mn make up small proportions
(Table 1). The content of each element at different depths changes dramatically about the
average value from the bottom to the top.

Table 1. Average value of elements composition of the Qingshankou Formation.

Elements

Si (wt%) Al (wt%) Ca (wt%) Fe (wt%)

1.00–32.10
24.00

0.20–9.00
5.20

0.40–38.80
3.80

0.30–33.40
3.70

K (wt%) Mg (wt%) Mn (wt%)

0.04–6.10
3.00

0.40–7.70
1.20

0.00–0.50
0.10

The mineral composition of shale in the Qingshankou Formation was dominated
by clays (the content variation range is from the maximum 55.1 wt% to the minimum of
2.5 wt%, with an average value of 39.2 wt%), followed by quartz (the content variation range
is from the maximum 48.4 wt% to the minimum 1.3 wt%, the average value is 29.5 wt%),
and plagioclase (the content variation range is from the maximum 32.9 wt% to the minimum
value 2.6 wt%, and the average value is 11.3 wt%); the carbonate mineral content varied
greatly (the content variation range is the maximum 93.1 wt% to the minimum value of
0 wt%, the average value is 16.6 wt%), dolomite and iron dolomite were the main ones, and
they contained a small amount of potassium feldspar, apatite, and pyrite. Clay minerals
were dominated by illite (the content variation range is from the maximum value of 77 wt%
to the minimum value of 27 wt%, and the average value is 57.8 wt%), followed by the illite-
smectite mixed layer (the content variation range is from the maximum value of 58 wt% to
the minimum value of 16 wt%, and the average value is 37.8 wt%), and it contained a small
amount of chlorite (the content varies from the maximum 70 wt% to the minimum 1 wt%,
and the average is 7.2 wt%).

4.2. Lithofacies Divison

Based on the differences in minerals, bioclastic, and fabric of laminae [3,6], four main
types of shale lithofacies were identified in the Qingshankou Formation, which are: (1) felsic
shale (FS), (2) clay shale (CS), (3) bio-bearing shale (BS), and (4) mixed shale (MS) (Table 2).

Table 2. Average value of mineral composition of different shale lithofacies.

Lithofacies TOC
(wt%)

Clay
(wt%)

Quartz
(wt%)

K-Feldspar
(wt%)

Calcite
(wt%)

FS(19) 0.69–2.72
1.62

23.90–54.30
39.97

26.10–43.30
33.05

0.20–3.70
1.28

0.00–10.6
3.11

CS(31) 1.55–4.20
2.22

30.70–55.10
46.72

21.40–36.20
29.11

0.30–1.60
0.90

0.00–4.00
1.29

BS(14) 0.96–2.47
1.78

15.40–50.50
35.48

28.40–38.90
33.87

0.20–1.00
0.65

0.70–27.50
8.17

MS(10) 0.88–2.76
1.75

30.30–53.30
41.11

22.60–33.80
29.21

0.40–1.70
0.87

1.10–27.10
7.60

4.2.1. Felsic Shale (FS)

Felsic shale mainly developed at the upper Qingshankou Formation. In hand speci-
mens, felsic shale was grayish-black or dark gray (Figure 2A–C). The laminae that make
up this lithofacies were generally contorted and sometimes straight. Lighter laminae were
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mainly silt–clay size quartz and feldspar, while dark laminae were mainly clay minerals.
Microscopic observation showed that the debris particals account for 20 wt% to 30 wt%
(also showed in Figure 3), and quartz were mainly floating among clay minerals, which
were medium in roundness and sorting. The black materials were mainly clay minerals,
rich in organic matter, which, mixed with clay minerals, were difficult to distinguish from
each other under a microscope. The TOC values ranged from 0.69 wt% to 2.72 wt%, and
the average value was 1.62 wt% (Table 2; Figure 4).
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Figure 4. Total organic carbon (TOC), Thermovaporized hydrocarbos (S1) and mineralogy distinctions
among different lithofacies. Red: felsic shale (FS). Blue: clay shale (CS). Yellow: bio-bearing shale (BS).
Purple: mixed shale (MS). Black rhombs: outlier data points. (A) TOC content differences among
different lithofacies. (B) S1 content differences among different lithofacies. (C) Clay minerals content
differences among different lithofacies. (D) Quartz content differences among different lithofacies.
(E) Calcite content differences among different lithofacies. (F) K-feldspar content differences among
different lithofacies.
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4.2.2. Clay Shale (CS)

In hand specimens, clay shale was grayish black or completely black (Figure 2D–F),
and some samples comprised thin laminae with clear boundaries that consist of light
organic poor but quartz rich clay laminae as well as laminae composed of dark organic-rich
clay. This lithofacies had a high clay minerals content (average: 46.72 wt%) and a low quartz
content (average: 29.11 wt%) (Figures 3 and 4). The organic matter in this lithofacies was
mainly sapropelite-rich in dark laminae, mixed with difficult to distinguish clay minerals,
with the average TOC value of 2.22 wt% (ranging from 1.55 wt% to 4.20 wt%). See Table 2
and Figure 4.

4.2.3. Bio-Bearing Shale (BS)

The bio-bearing shale lithofacies was rich in fragments of ostracods. In hand specimens,
this lithofacies was grayish black or dark gray (Figure 2G–I), characterized by a high calcite
content between 0.70 wt% and 27.50 wt% (average: 8.17 wt%) and rare clay minerals and
silts (Table 2; Figures 3 and 4). Laminae were well developed and horizontal or wavy
(Figure 2G), while somewhat deformed laminae and lenticular bedding were also present
(Figure 2H,I). Cores and thin sections showed clear laminar boundaries, comprising pure
components. Light laminae were mainly fragments of ostracods with subordinate silts,
while their darker counterparts were mainly clay and organic matter. Ostracods laminae
were mainly fragments of ostracods; the shape of fragments were imbricated or aligned
because of early compaction. The TOC in this lithofacies ranged from 0.96 wt% to 2.47 wt%,
and the average value was 1.78 wt% (Table 2; Figure 4).

4.2.4. Mixed Shale (MS)

The mixed shale particularly developed in the middle Qingshankou Formation. It was
gray to black, poorly to well laminated (thick average 4.02 mm, range 2.5–4.8 mm), and the
laminae had a sharp boundary (Figure 2J–L). The remarkable feature of these lithofacies
was the mixing of particles (Figure 3). Among them, the allochthonous components mainly
derived from weathering materials, mainly including clay-size to silt-size quartz and
feldspar particles, terrestrial clay minerals, and organic matter; intrabasinal grains mainly
include biogenic carbonate and apatite, and the organic matter produced by algae blooming
in the lake basin; other components including ostracods fragments. The TOC values ranged
from 0.88 wt% to 2.76 wt%, and the average TOC content was 1.75 wt% (Table 2; Figure 4).

4.3. Organic Geochemical Characteristics
4.3.1. TOC Content and Rock-Eval Pyrolysis

The abundance of organic matter in the shales of Qingshankou Formation is relatively
high. The TOC content of the samples varies from 0.17 wt% to 4.20 wt%, with an average
value of 1.86 wt%, which is more concentrated in the range of 1.00 wt% to 3.00 wt%. Ther-
movaporized hydrocarbos (S1) content of the sample varies from 0.05 mg/g to 3.97 mg/g,
with an average value of 1.87 mg/g; Thermally cracked hydrocarbons (S2) content of the
sample varies from 0.15 mg/g to 7.42 mg/g, with an average value of 3.11 mg/g. The value
of hydrocarbon generation potential (S1 + S2) varies from 0.2 mg/g to 10.74 mg/g, with an
average value of 4.98 mg/g. The production index (PI) was calculated as PI = S1/(S1 + S2)
and fluctuates between 0.17 and 0.61 with an average value of 0.37 (Figure 5).

4.3.2. Organic Matter Types

In addition, Rock-Eval shows that the hydrogen index (HI) values, calculated as
HI = S2/TOC, primarily ranges from 80 to 307 mg/g and oxygen index (OI) values, cal-
culated as OI = S3/TOC, with values varying between 3.8 and 124 mg/g. Due to the oil
retention in our samples, the temperature of maximum pyrolysis yield (Tmax) measured
here can’t serve as a maturity parameter. Then, a scatter analysis of HI versus OI was
used to determine the organic matter types, and the diagram showed the primary presence
category of type I kerogens (Figure 6).
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5. Discussion
5.1. Laminae Associations in Different Lithofacies

In general, a layer with a single thickness of less than 1 cm is defined as lamina, a
thickness between 1 and 10 cm is defined as bedding, and a thickness greater than 10 cm
is defined as massive [37–41]. Lamina in shale is the most indicative sedimentary feature,
indicating the deposition process of shales [42]. It is divided into horizontal, lenticular,
and wavy from the thickness and shape; and divided into continuous and discontinuous
according to the lateral continuity [43,44].

Based on the composition and structure of shale, the Qingshankou Formation can be
divided into Feldspar and Quartz Lamination (FQL), Clay Lamination (CLL), Siliceous Clay
Lamination (SCL), Ostracods Lamination (OSL), and Organic Matter Lamination (OML).
The thickness is between 0.5 and 10 mm, with 2–4 mm as the main distribution interval.
The laminar interface is relatively flat until microwave-like, and micron-level scouring and
filling structures can be seen.

The particles of the FQL are mainly coarse silt grade, strongly cemented, and the color
is bright observed under microscope; and the lamina interface is relatively straight, with
medium continuity, mostly parallel distribution, and lenticular shapes can be seen locally,
as well as micron-level down-cut filling structures, bio-disturbed structures, and seismic
liquefaction deformation structures (Figure 7A–C).
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The CLL is dominated by concentrated aggregation of clay minerals. When observed
under a single-polarized microscope, the color is reddish-brown; the lamina interface is
straight and has good continuity (Figure 7B,H,K).

It is worth emphasizing that the SCL, as an intermediate transition type between the
FQL and the CLL, is characterized by a horizontal line of fine silt-size siliceous particles and
clay minerals are mixed, and some of them show an up-finning order. The laminar interface
is relatively straight, weak in continuity, and distributed mostly in parallel (Figure 7B,F).

The OSL is dominated by ostracod biological fragments, which are mixed with silt
particles and clay minerals. When observed under a single-polarized microscope, the color
is a pale yellow to golden. The laminar interface is microwave-like to wavy, medium
continuity, and mostly parallel distribution (Figure 7H,I).

The OML is rare in the Qingshankou shale. Observed under a single-polarization
microscope, the color is dark black. The lamina interface is straight, continuous, and
distributed in parallel, and the thickness is generally thin (less than 100 um on average)
(Figure 7B,F).

Furthermore, there are different laminar assemblages in different lithofacies. To be
specific, the dual combinations of SCL and CLL are mainly developed in the FS; the dual
associations of OSL and CLL are primarily found in the BS; and the ternary assemblages of
FQL, OSL, and CLL can usually be seen in the MS, while the ternary assemblages of SCL,
OML, and CLL can sometimes be seen in the CS. (Figure 7).

5.2. Potential for Hydrocarbon Production

TOC contents obtained here are little lower than source rocks in other areas, such as the
Chang 7 shale (TOC: 2 wt%–20 wt%), and Lucaogou Formation shale (TOC: 2 wt%–16 wt%),
but similar to the Uteland Butte Member shale (TOC: 2 wt%–5 wt%) [45]. The volume
of hydrocarbons generated and kept determines the charge of shale oil within the source
rock. FS and CS samples have a good potential for oil generation and emplacement, based
on TOC and Rock-Eval S2 values. The BS and MS samples have a fair to good potential
for petroleum generation (Figure 8A). The Rock-Eval S1, OSI, and PI are geochemical
characteristics that have been used to assess the presence of mobile oil and provide advice
to shale oil exploration. The relationship between S1 and TOC is considered to be a valuable
proxy for determining whether hydrocarbons are native or have been migrated [46]. FS
has different positive S1 vs. TOC correlation trends from BS, MS, and CS, as illustrated
in Figure 8B. This could be the fact that these two lithofacies groupings have different
sedimentary fabrics. It was discovered that FS, CS, and MS samples had very high S1 values,
indicating that these rocks have a larger free hydrocarbon content. The pyrolysis Tmax
vs PI plot (Figure 8C) inferred that hydrocarbons moved into these lithofacies after being
generated in nearby source rocks in almost all tested samples. Furthermore, the influence
of pyrolyzed migrating bitumen as the numerator results in greater HI values as well as HI
and TOC trends that differ significantly from those observed in the source rocks (Figure 8D).
Most FS, MS, and some CS samples had large free shale oil concentrations, as seen by the
scatter plot of OSI vs PI (Figure 8E). OSI levels of up to 200 mgHC/g TOC and PI values of
up to 0.5 have been found in some samples. Samples with lower estimated Tmax values
had lower TOC values as a result (Figure 8F).
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Figure 8. (A) S2 vs. TOC plot showing generative source-rock potential. (B) S1 vs. TOC above the
black line indicates migrated hydrocarbons, whereas values below the black line indicate indigenous
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the two types of S1 and TOC, respectively. (C) The plot of Tmax and PI. (D) The plot of HI and TOC.
(E) The plot of oil saturation index (OSI) and PI. (F) The plot of Tmax and TOC.

5.3. The Crossover Effect

Before the adsorption threshold is exceeded, the flow of crude oil will encounter
resistance. Therefore, the characteristic of the hydrocarbon with standby flow that exceeds
the adsorption capacity of organic matter (beyond the threshold) is called the crossover
effect [47–49]. According to the profile of Eagle Ford, Marcellus, etc., in North Amer-
ica, high S1/TOC is an important productive character of shale oil resources, and when
S1/TOC > 100 mg/g, the layer has good oil production capacity [50].

On the whole, the S1 of the samples in this study increases with the TOC value,
showing a good positive correlation. It can be roughly divided into three stages: (1) stable
low-value stage, rustic whose TOC is mostly below 1.0%, and S1 is generally less than
0.8 mg/g, resulting in fewer hydrocarbons produced, and most of them are adsorbed in
kerogen network, so it is difficult to be effective development; (2) the rapid rise stage, TOC
is 1.0–2.5 wt%. With the continuous increase of organic matter content, a large amount of
storage space will be filled after the adsorption is satisfied; and (3) the stable high-value
stage, TOC is generally greater than 2.5 wt%. After the corresponding S1 reaches the highest
3.97 mg/g, it begins to stabilize, which means that the shale strata have met their retention
requirements, and then they begin to be discharged and migrated.

For different lithofacies types, however, their OSI variation trends are quite different.
Almost all samples of FS and MS are plotted above the bisecting line, and the FS samples
show a faster ascent rate than the MS samples. It is worth paying attention to the charac-
teristics of BS and CS. The two lithofacies behave similarly, and both occupy half of the
upper and lower bisectors. However, the OSI value of CS is generally higher than that of
BS (Figure 9).



Minerals 2022, 12, 465 12 of 15

Minerals 2022, 12, x  12 of 15 
 

 

the adsorption capacity of organic matter (beyond the threshold) is called the crossover 
effect [47–49]. According to the profile of Eagle Ford, Marcellus, etc., in North America, 
high S1/TOC is an important productive character of shale oil resources, and when S1/TOC 
> 100 mg/g, the layer has good oil production capacity [50]. 

On the whole, the S1 of the samples in this study increases with the TOC value, show-
ing a good positive correlation. It can be roughly divided into three stages: (1) stable low-
value stage, rustic whose TOC is mostly below 1.0%, and S1 is generally less than 0.8 mg/g, 
resulting in fewer hydrocarbons produced, and most of them are adsorbed in kerogen 
network, so it is difficult to be effective development; (2) the rapid rise stage, TOC is 1.0–
2.5 wt%. With the continuous increase of organic matter content, a large amount of storage 
space will be filled after the adsorption is satisfied; and (3) the stable high-value stage, 
TOC is generally greater than 2.5 wt%. After the corresponding S1 reaches the highest 3.97 
mg/g, it begins to stabilize, which means that the shale strata have met their retention 
requirements, and then they begin to be discharged and migrated. 

For different lithofacies types, however, their OSI variation trends are quite different. 
Almost all samples of FS and MS are plotted above the bisecting line, and the FS samples 
show a faster ascent rate than the MS samples. It is worth paying attention to the charac-
teristics of BS and CS. The two lithofacies behave similarly, and both occupy half of the 
upper and lower bisectors. However, the OSI value of CS is generally higher than that of 
BS (Figure 9). 

Considering the great oil generation potential, high free oil content (average:2.02 mg 
HC/g TOC, ranging from 0.98 mg HC/g TOC to 3.97 mg HC/g TOC) and the ternary lam-
ination fabric feature of CS, it is believed that the CS may be sweet spotting lithofacies of 
the Qingshankou Formation in the Songliao Basin. 

 
Figure 9. The plot of TOC and S1 of Qingshankou Formation. 

6. Conclusions 
Four lithofacies types were identified in this study: (1) felsic shale (FS), (2) clay shale 

(CS), (3) bio-bearing shale (BS), and (4) mixed shale (MS). Furthermore, five types of lam-
ination were defined: (1) Feldspar and Quartz Lamination (FQL), (2) Clay Lamination 
(CLL), (3) Siliceous Clay Lamination (SCL), (4) Ostracods Lamination (OSL), and (5) Or-
ganic Matter Lamination (OML). Moreover, the dual combinations of SCL and CLL are 
mainly developed in the FS; the dual associations of OSL and CLL are primarily found in 
the BS; and the ternary assemblages of FQL, OSL, and CLL can usually be seen in the MS; 
while the ternary assemblages of SQL, OML, and CLL can sometimes be seen in the CS. 

Figure 9. The plot of TOC and S1 of Qingshankou Formation.

Considering the great oil generation potential, high free oil content (average:
2.02 mg HC/g TOC, ranging from 0.98 mg HC/g TOC to 3.97 mg HC/g TOC) and the
ternary lamination fabric feature of CS, it is believed that the CS may be sweet spotting
lithofacies of the Qingshankou Formation in the Songliao Basin.

6. Conclusions

Four lithofacies types were identified in this study: (1) felsic shale (FS), (2) clay shale
(CS), (3) bio-bearing shale (BS), and (4) mixed shale (MS). Furthermore, five types of
lamination were defined: (1) Feldspar and Quartz Lamination (FQL), (2) Clay Lamination
(CLL), (3) Siliceous Clay Lamination (SCL), (4) Ostracods Lamination (OSL), and (5) Organic
Matter Lamination (OML). Moreover, the dual combinations of SCL and CLL are mainly
developed in the FS; the dual associations of OSL and CLL are primarily found in the BS;
and the ternary assemblages of FQL, OSL, and CLL can usually be seen in the MS; while
the ternary assemblages of SQL, OML, and CLL can sometimes be seen in the CS.

The clay minerals content in the CS (average: 46.72 wt%) and MS (average: 41.11 wt%)
was higher than that in FS (average: 39.97 wt%) and BS (average: 35.48 wt%). The lithofacies
that had the highest TOC content was CS, which was followed by BS, MS, and FS. This
phenomenon had something to do with the varied contents of clay minerals in different
lithofacies, because of the better adsorption of organic matter with clay minerals.

It was discovered that FS, CS, and MS samples had very high S1 values, indicating
that these rocks have larger free hydrocarbon contents. And FS has different positive S1
with TOC correlation trend from BS, MS, and CS, may resulted from these two lithofacies
groups different laminae combinations. As to the hydrocarbon generation potential, CS
was the best among these four lithofacies, and geochemical analysis showed that the micro-
migration possibly existed within the source rocks. However, more evidences were needed
to support that.
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