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The classic theory posits that deep-water environments (e.g., deep/semi-deep
lakes in basin centers), are more conducive to the development of high-quality
hydrocarbon sources. However, recent exploration efforts in shale oil and gas
have revealed that organic-rich shales are more prevalent at the edges of
lacustrine basins, whereas the central areas of these basins tend to be lacking
in organic matter. Therefore, it is essential to conduct a thorough analysis
of the distribution patterns of lacustrine shale reservoirs. This study employs
analogical reasoning to compare the formation conditions of lacustrine source
rocks and coal. By examining primary productivity, carbon burial rate (CBR),
and fossil preservation in lacustrine systems, six lines of evidence are presented
to support the assertion that black shale is more likely to form in shallow,
restricted lacustrine environments. The findings indicate that shale oil and
gas share similar mineralization patterns with coal; they maintain a symbiotic
relationshipwith coal and evaporite in shallow lacustrine settings, where theCBR
is significantly greater than in deep water environments. The study concludes
that organic-rich shale deposits predominantly accumulate in closed to semi-
closed environments, such as shallow lake bays and interbay areas, which is
a critical factor contributing to the lateral heterogeneity of lacustrine shale.
The condensed section during the maximum flooding stage of the lake is
characterized by an organic-poor interval. It is proposed that organic matter in
lacustrine shales is enriched in shallow, landward, closed, and cold depositional
environments. This conclusion has been verified through the example of the
Songliao Basin, indicating its universal applicability and serving as guidance for
lacustrine shale oil and gas exploration.
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1 Introduction

In recent years, lacustrine shale-gas resources have received
more attention, and new discoveries have been made. However,
there are still some controversies about the accumulation pattern
of organic matter, which is primarily reflected in the two aspects
of the inconsistency between the classical shale gas accumulation
theory and the actual exploration results, and the mechanism of the
heterogeneity of lacustrine shale reservoirs.

The environment of organic-rich shale in terrestrial sedimentary
basins is widely recognized as the reducing environment found
in deep and semi-deep lakes (Bruhn, 1999; Hou et al., 2022;
Chen et al., 2016). From the perspective of classical sequence
stratigraphy theory, during the maximum flooding period of the
lake basin, sedimentation and subsidence occur at a slow rate, which
leads to the formation of condensed sections that are abundant
in organic matter (Tang et al., 2018; Zhang et al., 2020; Xie and
Guo, 2024). Galloway (1989) also believed that the condensation
section during this period is enriched in organic matter, formed
in an open deep-water environment. The subfacies of deep and
semi-deep lakes can develop exceptionally thick layers of dark
mudstones, which serve as excellent source rocks for hydrocarbons
(Sun et al., 2024). In large deep-water lake basins, early subsidence-
sedimentation centers serve as favorable sites for the development
of thick to very thick organic-rich shale in deep, semi-deep,
and shallow lacustrine settings (Zhang et al., 2004). The source
rocks contain abundant plant and planktonic remains; optimal
enrichment environments are proposed to be shallow to semi-
deep lakes (He et al., 2022), deep-to-semi-deep lakes (Liu et al.,
2019; Gemaison and Moore, 1980), and deep lakes (Zou et al.,
2013; Yang et al., 2022). High lake levels occurred during times of
abundant precipitation andhumid climates, leading to the formation
of oil-rich shale deposits (Tänavsuu-milkeviciene et al., 2017).
Consequently, most scholars believe that the deep, semi-deep lake
environments located in the central parts of basin are more likely to
be rich in organic matter.

According to these classical theories, organic-rich shale typically
develops in the depositional center of lacustrine basins, with its
layer thickness being stable and continuously distributed. However,
numerous exploration results for lacustrine shale oil and shale gas
indicate that organic-rich shales predominantly form in restricted
lacustrine environments, such as shallow aquatic environments near
the basin margins (Bai et al., 2010; Jiang et al., 2017; Xie and Guo,
2024), exhibiting significant heterogeneity. Studies conducted by
Dickinson (1976) and Langhorne et al. (2019) demonstrate that the
enrichment of organic matter in black shales is negatively correlated
with the distance from the paleocontinent. This finding is clearly
inconsistent with sequence stratigraphy theory, which posits that
organic matter is enriched in condensed section during maximum
flooding periods. Therefore, the research presented in this paper
holds significant scientific importance.

In previous research, we examined the depositional setting of
marine shales. Mao et al. (2023) established that the keywords
“shallow,” “landward”, and “closed” (SLC) are necessary and
sufficient conditions for the accumulation of organic matter in
marine shales. In a subsequent study, Mao et al. (2024) explored
the relationship between climatic conditions and organic matter
accumulation, introducing the condition of “cold” and proposing

that the CBR in cold temperate zones with relatively low primary
productivity is higher. This article aims to demonstrate that SLC is
also applicable to the source rocks in lacustrine basins, using the
depressions in the Songliao Basin inNortheast China as a case study.

2 Geological background

The Songliao Basin is a large Mesozoic-Cenozoic composite
sedimentary basin with a faulted depressed structure. The southern
region is primarily located in Jilin Province, and includes three
main tectonic units: the western slope area, the central depression
area, and the southeast uplift area. The strata deposited during the
fault period include the Lower Cretaceous Huoshiling Formation,
Shahezi Formation, and Yingcenzi Formation. The strata during
the depression period include the Lower Cretaceous Denglouku
Formation and the Upper Cretaceous Quantou Formation,
Qingshankou Formation, Yaojia Formation, Nenjiang Formation,
Sifangtai Formation, and Mingshui Formation. Thick coal layers of
the Huoshiling Formation and Yingcenzi Formation developed
during the fault period. The deposition of the Qingshankou
Formation marked the maximum lake flooding period, which was
conducive to the development of high-quality source rocks, and its
planar distribution was extensive (Zhang et al., 2020). Two large-
scale lake transgressions occurred during the depression period,
resulting in the widespread development of thick, organic-rich
semi-deep to deep lake subfacies shales in the Qingshankou 1st
and 2nd Members, as well as the Nenjiang 1st and 2nd Members,
respectively (Wu et al., 2023).

3 Data and methods

To better investigate the heterogeneity of lacustrine shale
reservoirs, this study compiled information on stratigraphy,
lithology, fossils, coal, and the development of black shale from
nearly all lacustrine basins in China. Notably, the primary data
for the southern Songliao Basin presented in this paper were
obtained from core samples and well logging information through
a collaborative project between our research team and Sinopec
Northeast Company.These data have been published in open-access
journals.The core observations and geochemical tests frommultiple
wells were conducted by the author of this study. Additionally,
information on modern sedimentary environments and ecological
data were sourced from published papers and public databases.

The method adopted in this study employs the idea “using the
present to interpret the past”, make full use of environmental science
and ecology, it studies the relationship between primary productivity
and carbon burial, and explore the relationship between shale gas,
coal, evaporite and other minerals, as well as the similarities in
mineralization patterns of them. The conclusion is that organic
matter in lacustrine shales may be enriched in closed or semi-
closed shallow bay subfacies, rather than in deep lake or semi-
deep lake subfacies. Specific methods include, the development of
facies fossils, analogy with coal mineralization patterns, phenomena
associated with shallow lacustrine environment strata, modern
primary productivity and carbon burial laws, types of organicmatter
and some geochemical evidence. Finally, this paper verifies that the
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FIGURE 1
Curves of dissolved oxygen and primary productivity in lakes varying with water depth. (A) Vertical distribution of dissolved oxygen and related
environmental parameters in lake; (B) Primary productivity (Yu et al., 2017; Fei et al., 1988).

development of organic-rich shales in lacustrine basins retains the
characteristics of SLC, using the Shahezi Formation as an example
to analyze its paleoenvironment of deposition.

4 Discussion

4.1 Organic-rich shale develops in the
shallow-water lake bay subfacies

There are six pieces of evidence that oil and gas-bearing shales
develop in shallow lake bay subfacies, as follows.

4.1.1 Relationships between primary productivity,
CBR and bathymetry

Primary productivity and the mineralization of organic matter
play crucial roles in determining the rate of carbon sequestration.
According to Mao et al. (2024), in warm and humid areas, primary
productivity is high, but the CBR is low; whereas in areas with low

primary productivity, the CBR is high. However, this view does not
deny the importance of primary productivity. In the cold temperate
zone with lower temperatures, there is a certain level of productivity,
and during this time, consumption is small, allowing for a surplus to
be generated. Therefore, it is necessary to analyze the distribution
characteristics of modern lake primary productivity. To accomplish
this, the present study will investigate the distribution patterns of
lake primary productivity, considering both depth and horizontal
planes, from an environmental science perspective.

4.1.1.1 Vertical characterization of primary productivity
The primary productivity in the lake is proportional to

water temperature, light intensity, dissolved oxygen, chlorophyll
concentration, etc. Dissolved oxygen is reduced to 1/3 to 1/4 of
its levels in shallow water at depths of 10–20 m, which is almost
equivalent to the anoxic state, characteristic of the phytoplankton
attenuation zone. Below 30 m in depth, the phytoplankton content
decreases monotonically (Figure 1A). Chlorophyll levels are
significantly affected by dissolved oxygen and light intensity; the
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FIGURE 2
Spatial distribution of primary productivity in Taihu Lake, unit: mgC/(m2·d), based on data from Zhang et al. (2008).

chlorophyll concentration decreases exponentially with depth,
about 45 mg/L at 0 m, about 15 mg/L at 10 m, and only about
5 mg/L at 50 m (Wu et al., 2012). Yu et al. (2017) studied the water
environment near the Xin’anjiang Dam in the southeast of Qiandao
Lake, focusing on temperature, dissolved oxygen, phytoplankton
and zooplankton.Thewater temperature dropped rapidly from 25°C
at the lake surface to 10°C at a depth of 40 m. Zooplankton exhibited
a peak abundance at depths of 10–20 m, and then decreased
monotonically, nearly disappearing at a depth of 50 m.

According to its vertical distribution law, the primary
productivity of the lake can be calculated. The peak occurs at a
depth of about 15 m (Tait, 1981). There is no net productivity below
the compensation depth (about 50 m), only consumption occurs,
with no production, as shown in Figure 1B.

The organic carbon in the aquatic environment includes
dissolved organic carbon (DOC) and particulate organic carbon
(POC). Among them, the POC that sinks to the bottom of the lake
or the seafloor (also known as sedimentation flux) contributes to

carbon burial. In the euphotic layer (the upper part of the water
column where sunlight can penetrate), phytoplankton produces
a large amount of POC through photosynthesis. As the POC
sinks downward, it is continuously ingested by zooplankton and
decomposed by microorganisms as the depth increases (Boyd and
Newton, 1999). Benjamin et al. (2002) found that in the 130 mwater
layer, the flux of POC was 123.6 ± 94.8 mgC m−2d−1, and at 480 m,
its flux dropped by nearly 1/3.

Therefore, whether it is a deep lacutrine or deep-sea reducing
environment is unimportant; POC in shallow waters can rapidly
settle to the bottom, and carbon burial can still occur even in
the absence of a strong reducing environment. As can be seen
from Figure 1A, a “black barrier zone” of dissolved oxygen or the
oxygen cline-phytoplankton attenuation zone appears at a depth
of about 15 m. The dissolved oxygen in this area is only 2 mg/L,
which is 1/3 of the 7 mg/L from the water surface to a depth
of 10 m; the lowest dissolved oxygen in Fuxian Lake occurs at a
depth of 20–30 m, which is 4.5 mg/L, while at depths of 40–140 m,
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FIGURE 3
Plan map of oil shale distribution of the Bagmaode Formation (K1b

2) of the Lower Cretaceous in the northeast end of the Suhongtu Depression,
northern Yin’e Basin, central-western inner Mongolia, China. Modified from Bai et al. (2010).

FIGURE 4
Sedimentary profile of the coal-bearing strata of the lower Cretaceous in the Yimin Sag. According to Guo et al. (2017).

it slowly increases to 6.4 mg/L (Zhou et al., 2022). The lowest
dissolved oxygen in the marine environment at a depth of 1,000 m
is 2–3 mg/L (Li et al., 2017).

In summary, the vertical characteristics of primary productivity
andCBR indicate that awater depth of 15–20 m represents a strongly
reducing environment with the least dissolved oxygen. Additionally,
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FIGURE 5
Profile of the coal seams in the Jurassic series in the eastern Shaerhu coalfield, southern margin of the Tuha basin. According to Huang et al. (2011).

FIGURE 6
Profile of source rock development in the Oligocene Series of the Paleogene in the Qikou Sag (Jiang and Liu, 2015).

shallower aquatic environments are necessary conditions for the
production and preservation of organic matter in terrestrial
lacustrine basins.

4.1.1.2 Planar characterization of primary productivity
and carbon burial

In terms of horizontal distribution, significant variations in
primary productivity exist due to differing environments. The
average productivity in land and swamp environments reaches 285
mgC/(m2d), of which the tropical forest area can reach 730⁓1,059
mgC/(m2d), while the primary productivity of lakes and oceans is
only 54 mgC/(m2d). The productivity of the bay area in the north
and southeast of Taihu Lake is 2⁓10 times that of the open lake
surface, with an average of more than 4 times (Zhang et al., 2008),
as shown in Figure 2.

The study found that smaller lake areas and shallower depths
correspond to higher CBR [data mainly from Duan et al. (2008)].
Conversely, larger lake areas and greater depths result in wider
lake surfaces, leading to lower CBR, with a five-fold difference
observed between high and low values. It is concluded that lake
CBR is inversely proportional to both area and water depth, a
finding consistent with the conclusions of Ferland et al. (2012).
This supports the carbon burial characteristics of lacustrine basins,
aligning with the keywords “shallow” and “closed”. Downing et al.
(2008) examined 40 small agricultural ponds in Iowa, United
States, and found that the organic carbon burial rates in eutrophic
agricultural ponds are significantly higher, by one to two orders
of magnitude, than those in natural lakes or large reservoirs. This
suggests that the organic carbon burial capacity of ponds worldwide
may exceed that of the ocean. The underlying reason for this may
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FIGURE 7
Coexistence phenomenon of shale with coal and evaporate, according to Xu et al. (2012).

be that larger areas receive less terrigenous organic debris, while
smaller areas, characterized by more convoluted lakeshores or bay
regions, receive more terrigenous organic matter, resulting in higher
CBR. Qiao et al. (2023) conducted a study on lacustrine shale in
the eastern Fukang Depression and found that lacustrine organic
matter and aquatic macrophytes significantly contributed to the
bacterial community, whereas algae made a comparatively smaller
contribution. Liu et al. (2023) investigated the sources of organic
matter in the lacustrine shale of the Dameigou Formation in the
Qaidam Basin, concluding that lacustrine plants predominate.

4.1.2 Development of conchostracan fossils
Fossils discovered within lacustrine black shale formations

also support the development of black shale in a shallow water
environment.

The most suitable water depth for the leaf-limbed fossils is
1⁓20 cm, generally found in modern ponds, paddy fields, puddles,
and similar environments, characterized by quiet water and small
waves (low energy). In deeper water environments (>20 m), the
fossil content is extremely low, making it an important index fossil.
The living environment of bivalve fossils is slightly deeper, but they

cannot develop in deeper water environments. Li et al. (2018) found
that the benthic biota of Danjiangkou Reservoir was dominated by
earthworms in the deep water area of Danjiangkou Reservoir (water
depth >20 m); shallow water areas of Danjiangkou transition zone
and Hanjiang transition zone (water depth <20 m) were primarily
shelled mollusks. The former earthworms have no bones and shells,
and it is difficult to preserve as fossils in the strata, while the latter
are shelled mollusks, which will be preserved as bivalve fossils in
the strata.

Bai et al. (2010) conducted through field observations and
comprehensive research revealing that the Suhongtu Depression,
located in the northern Yin’e Basin, is characterized by deep lake
to semi-deep lake facies. The dark mudstone of the Bayingebi
Formation K1b from the Lower Cretaceous exhibits a small single-
layer thickness but a significant cumulative thickness, with few
fossils present. In contrast, the shallow lake bay area near the
basin’s edge is dominated by shale, which has a greater single-
layer thickness and a smaller cumulative thickness. This oil shale
is notable for its high oil content and abundance of fossils,
particularly conchostracan fossils that indicate a shallow water
environment (Figure 3). Although the deep lake to semi-deep
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TABLE 1 Statistical table of organic matter types and gas content in lacustrine shale formations.

Basin Stratum Gas content (m3/t) Organic matter type

Ordos Basin
Chang 7 1.60∼4.95 Ⅱ

Chang 9 Ⅱ

Songliao basin

Qingsankou 1 member Ⅰ–Ⅱ

Yingcenzi 1 member 0∼4.5/2.0 II1-II2

Qingsankou 2–3 member Ⅱ

Jiyang depression

Shahejie 1 member Ⅰ–Ⅱ1

Lower Shahejie 3 sub-member Ⅰ–Ⅱ1

Uper Shahejie 4 sub-member Ⅱ1

Liaohe depression Shahejie 3 member 2.74∼5.58/4.37 Ⅱ1

Sichuan basin

Jurassic, Silurian Formation 1.35∼1.66 Humus type, humus-humus type

Dai’anzhai 2 sub-member 0.78∼5.8/4.31 II2

Qianfoya Group 2 member 0.68∼5.69/3.53 II1, II2

Dongyue temple member 0.47∼4.82/2.27 II, III

Xujiahe 3 member 0.98∼41.81/11.31 II2, III

Northeast Sichuan, Daanzhai member 0.87∼1.98/1.49 II2, III

Fuxin depression
Shahai Formation and Jiufotang Formation 0.5∼2.5 Type II2

Fuxin Formation 1.5 Type III

Nanxiang basin
Lower Jurassic of the Uyang Depression 1.35∼1.66 Mixed- humus

Uyang depression Hetangyuan Formation 2.5∼6.1 Ⅰ–Ⅱ1

FIGURE 8
Conchostracan fossils from Ying⁃1 member of Lower Cretaceous in Lishu Fault Depression. (A) Well L2, 3,165.67 m; (B) Well L2, 3,146.21 m; (C) Well L1,
3,241.15 m.

lake mud in the northern part of the basin is thick and has a
large cumulative oil shale thickness, it features a thin single-layer
thickness and a low oil content of only 4.2%, rendering it unsuitable

for industrial mining. In contrast, the southeastern shallow lake to
semi-deep lake bay subfacies is rich in lobate structures. Despite
its smaller cumulative thickness of oil shale, it possesses a large

Frontiers in Earth Science 08 frontiersin.org

https://doi.org/10.3389/feart.2025.1511598
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xiaoping and Xiurong 10.3389/feart.2025.1511598

FIGURE 9
TOC distribution of source rocks in the second member of Shahezi Formation in Lishu Fault Depression, southern Songliao basin.

single-layer thickness and an oil content that reaches up to 6.9%,
along with a wealth of conchostracan fossils.

The Jurassic Da’anzhai section in the Sichuan Basin developed
lacustrine hydrocarbon source rocks, consisting of thick shale layers
(Huang et al., 2018). Freshwater bivalves (including ostracods,
conchostracans, and clam shrimp) were widely developed, and
large-scale shell banks were deposited. Conchostracan fossils
indicate a shallow, low-energy still water environment, where black,
organic-rich mudstones and shales developed, with the presence
of pyrite. Xu et al. (2020) conducted a comprehensive study of
the Sichuan Basin, identifying the presence of shell beaches that

indicate the development of shallow-water environments during
this period.

In addition, conchostracan fossils can be found in almost all gas-
rich shale layers in lacustrine basins. Examples include the Lower
Cretaceous black shale of the Eedemt Formation, located in the
Khootiin Khotgor Valley of Dundgobi Province, southeastMongolia
(Li et al., 2014), as well as the Cretaceous lacustrine shale of the
Potiguar Basin in northeast Brazil (Lana and Carvalho, 2002), both
of which contain conchostracan. The lacustrine shale of the Qing-
1 member in the Songliao Basin is characterized by type I organic
matter, with abundant ostracods, conchostracans and plant debris
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FIGURE 10
Thickness plan of source rocks in the Longfengshan fault depression.

fossils (Ding et al., 2021); the Linxi Formation in the western edge of
the Songliao Basin and the central and southern parts of the Greater
Khingan Range is a terrestrial sedimentary structure containing
bivalves, conchostracans and plant remains (Zhang et al., 2013).

Therefore, the development of conchostracan and bivalve fossils
indicates that the lacustrine oil and gas-bearing shale layers
developed in extremely shallow water environments, with water
depths mostly less than 10–20 m, corresponding to the keyword
“shallow.”

4.1.3 Shale oil and gas have similar mineralization
patterns to coal

Coal seams are mainly developed in extremely shallow lake
bays, swamps, and wetland environments. The classic coal-forming
model is shown in Figure 4 (Guo et al., 2017). Coal seams develop
in a lens-shaped manner from the edge of the lake basin to the
center of the lake. Closer to the basin margin, the thickness of
the coal seam tends to increase. However, as one moves gradually
toward the sedimentary subsidence center of the basin, the thickness
of the coal seams decreases until they pinch out, resulting in
the formation of multiple vertically stacked coal lenticular bodies.
Unless the basin is in the peneplain stage of late development,
during which swampification occurs throughout the basin, coal
seam may develop at the basin center, as illustrated in the Yimin
Formation shown in Figure 4. If the edge of the basin maintains a
peat swamp environment for a long time, it will form a horsetail-
shaped similar to Figure 5 (Huang et al., 2011), with extremely thick
coal seams developing toward the land end and pinching out toward
the center of the lake basin. The proven reserves of the Shaerhu
Coalfield (Figure 6), located at the southern margin of the Turpan-
Hami Basin, rank first in China and also take the lead in Asia. The
maximum thickness of an individual coal seam in this coalfield

reaches 276 m. The ancient uplift area in the central part of the
profile remained stable for an extended period, which facilitated
the development of a swamp environment in the primary coal-
producing area to the north.Thewhite part at the tail of the horsetail-
shaped coal seam indicates a small-scale lake transgression, where
sand and mudstone are deposited, and then gradually silted up to
form a swamp and coal, showing multiple cyclic characteristics.
When the lake level rises, the swamp andwetlandmigrate away from
the basin toward the land; when the lake level drops, they migrate
closer to the center of the basin and develop multiple coal seams.
The overlapping areas represent thick coal seams resulting from
the continuous stacking of multiple coal seams. The Paleogene coal
seams in the Fushun Basin also exhibit a similar horsetail-shaped
distribution (Wu et al., 2001). The southern region is situated near
the basin’s edge, with thickness diminishing towards the north as it
approaches the center of the basin. A set of coal seams or coal lines
corresponds to a local low-lying, low-energy, and low-water level
environment within a basin. During the development of a basin,
the depth of the aquatic environment in a region will not remain
unchanged. Coal is an important depth indicator. As long as a coal
seam appears, it is inevitably indicates a phase of paludification in
shallow aquatic environments, serving as a crucial depth indicator.

Dickinson (1976) was one of the earliest to observe a similar
phenomenon in hydrocarbon distribution. Based on the oil and gas
presence in 20 inland basins in the United States, he concluded
that the distance from a basin to the nearest foreland fold-and-
thrust belt determines hydrocarbon abundance, with oil reserves
decreasing logarithmically as the distance increases. Langhorne et al.
(2019) also concluded that the organic-richMiddle to LateDevonian
Marcellus to Dunkirk black shales, commonly interpreted as being
deposited in deeper, quieter, and long-term anoxic basins, were in
fact deposited in relatively shallower environments.
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FIGURE 11
Multi-well tie section connecting wells B217-B208-B203 in the Longfengshan Fault Depression.

In recent years, extensive exploration of shale oil and gas
has demonstrated that the development of shale hydrocarbons
follows patterns similar to those of coal. Organic-rich shale layers
exhibit a feather-like distribution extending from the land towards
deeper water, with the most developed layers located at the basin
margins, thicker on the landward side and thinning towards the
basin center. As illustrated in Figure 6, showing the hydrocarbon
source rock comparison profile of the Qibei slope area and Qikou
depression (Jiang and Liu, 2015), the main distribution areas of
high-quality and thick hydrocarbon source rocks are not in the
basin’s depositional center. A similar pattern is observed in the
thickness distribution of oil shale in the western Qijia-Gulong

depression of the Songliao Basin (Lu, 2017), where thick dark shale
of the Qingshankou Formation is found on the landward (Western)
side, thinning out towards the basin center. When combined with
the aforementioned shale oil distribution in the Yin’e Basin, it
becomes evident that the cross-sectional distribution patterns of
shale gas, shale oil, and coal show a high degree of similarity.

Therefore, shale oil and gas share a similar mineralizationmodel
with coal, where the occurrence of high-quality hydrocarbon source
layers and coal seams indicates the same depositional environmental
characteristics. These layers represent a lower-energy, shallow-water
lake bay subfacies (or interbay), which is deeper than the swamp
environment where coal seams typically form, but not the deeper
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water, high-energy condensed or maximum flooding intervals. The
depositional environment does not fall into the category of deep-lake
or semi-deep-lake subfacies.

4.1.4 Black shale associated with coal
According to classical petroleum geology theory, fine-grained

shale deposits and coal seams should form in entirely different
depositional environments. From the swamp subfacies of the fluvial
depositional system to the deep-lake subfacies of the lacustrine
environment, multiple facies belts are traversed in between. Based
on this, coal seams should not be in direct contact with black shale.
However,whenconsideringthe lakebaysubfacieswithinthe lacustrine
system, a continuous transition between these facies is possible,
leading to an associated and direct contact relationship. Numerous
cases illustrate the association between shale and coal or evaporites
developed in shallow water environments. For example, in Fushun
West Open-pit Mine, a thick oil shale is associated with long-flame
coal, which has an oil content of around 10% in its lower part, with
oil shale layers reaching a thickness of 48–190 m and an oil content
of 6.6% (Fu et al., 2021). In the Upper Triassic Xujiahe Formation
in Youyang and Banan, Chongqing, plant fossils and conchostracan
fossils were found in association with coal seams (Liu et al., 2018).

Wang et al. (2016) systematically summarized five types of
coal and oil shale symbiotic assemblages in terrestrial rift basins,
concluding that both coal and oil shale contain higher plants and
algae. From the lakeshore to the lake center, the coal seam thickness
in these symbiotic assemblages gradually decreases. In the coal-oil
shale symbiotic assemblages, the oil shale closer to the coal seam
contains a higher proportion of higher plant components, while the
coal seam closer to the oil shale contains a higher proportion of
lower plants (algae), showing hydrogen enrichment. This reflects
that the transition between coal and oil shale is continuous rather
than abrupt, further proving their affinity and comparability.

Oil shale is also associated with evaporites and coal, as seen in the
Wulidui Formation of the Eocene in the Tongbai Basin, Henan, where
oil shale is interbedded with evaporites (Figure 7). In the Green River
Basin, United States, oil shale, evaporites, and coal are interlayered
(Tänavsuu-milkeviciene et al., 2017), and in the Fushun Basin,
Liaoning, coal and oil shale are associated, evolving into evaporative
dolomiticmudstone in theWestOpen-pit Formation (Xuet al., 2012).

Therefore, the widespread phenomenon of oil shale coexisting
with coal and evaporites indicates that shallow water environments
are more conducive to the accumulation of organic matter.

4.1.5 Organic matter type
Theaforementioned inferencemay raise a question: if it is indeed

a shallow water environment, then the type of organic matter in
the shale should primarily be Type III or Type II. So how can
it be explained that many shale layers are Type I? In fact, this
is a misconception. To clarify this, the organic matter types and
gas content of major lacustrine shale formations in China were
statistically analyzed, as shown in Table 1. From the table, it can
be seen that Type I organic matter in lacustrine shale is relatively
rare, with Type III and Type II being the most common. Thus, from
the perspective of organic matter types in shale layers, there is no
contradiction with the viewpoints proposed in this study.

Based on the above evidence,we can conclude thatmost organic-
rich intervals in lacustrine shales developed in such restricted

lacustrine environments as shallow lake bays. Restricted lacustrine
environments provide sufficient conditions for the accumulation of
organic matter.

4.1.6 Heterogeneity of lacustrine source rocks
Based on the aforementioned characteristics of lacustrine

hydrocarbon source rocks—shallow, landward, and closed—it is
possible to effectively explain the strong lateral heterogeneity in the
development of lacustrine shale. Generally, the conditions for the
formation of the depositional environment in lake bays or interbays
are relatively strict. When the lake level rises, the bay becomes
fully connected to the open aquatic environment, transitioning into
an open aquatic system, in which organic matter can no longer
be effectively accumulated. However, once a lake bay is formed,
it can accumulate organic matter due to its small area, resulting
in the “nest-like” deposits commonly observed in geological and
mineral exploration. In actual exploration, it is also rare to find high-
quality hydrocarbon source layers with good continuity and stable
thickness distribution in the center of the lake basin. This explains
the heterogeneity of organic-rich lacustrine shale.

Taking the Late Ordovician-Early Silurian Wufeng-Longmaxi
Formation black shales in the Upper Yangtze region as an example,
although this shale formation is often referred to as a product of the
transgression stage in a deep-water continental shelf, multiple lines
of evidence actually indicate that the region was a closed freshwater
lagoon isolated from the open sea (Mao et al., 2023). Due to the
large area of the Upper Yangtze, the organic matter accumulation
in the lagoon’s depositional center, such as Luzhou and Chongqing,
was much lower than at the basin margins, and the high-gas-
production areas were limited to localized regions such as Weiyuan
and Changning. The closer the shale is to the Central Sichuan
Paleoland, the higher the TOC and gas production (Shi et al.,
2023). Even within the small area of Changning, there is significant
heterogeneity, with the sedimentary paleogeomorphology of the
Longmaxi Formation displaying a pattern of alternating uplift and
depression.Thepaleouplift areas aremore favorable for hydrocarbon
generation in high-quality shale compared to the paleovalleys
(Wei et al., 2023).

It should be noted that the five pieces of evidence presented
earlier in this section, which illustrate the environments conducive
to organic matter enrichment in lacustrine shales, have not
taken climatic factors into account. This omission may limit the
applicability of the findings of this study. While it is currently
widely accepted that high primary productivity is more favorable
for organic matter enrichment in warm climatic conditions, recent
research indicates that cold and wet climates may actually facilitate
greater accumulation of organic matter (Mao et al., 2024). Due to
space constraints, the relationship between the enrichment patterns
of organic matter in shales and climate will be addressed as a
potential direction for future research.

4.2 Verification of the development
environment of organic-rich shale in the
southern Songliao Basin

This paper applies the above approach to study the organic
matter enrichment patterns in several faulted depressions of the
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Songliao Basin, confirming the conclusion that organic-rich shales
develop in lake bay environments.

4.2.1 Lishu fault depression in southern Songliao
Basin

In the southern Songliao Basin, the first member of the
Lower Cretaceous Yingcenzi Formation and the second member
of the Shahezi Formation in the Lishu Fault Depression are the
main hydrocarbon source rocks in this area. These formations
consist of black mudstones, dark gray mudstones, and are rich in
conchostracan fossils, with kerogen types being Type II and Type III.
The first member of the Yingcenzi Formation contains a significant
distribution of conchostracan fossils and higher plant fragments
(Ni, 2021). As shown in Figures 8A, B, conchostracan fossils were
observed in Well L1 of the first member of the Yingcenzi Formation
in the Sujiatun area in the northwest of the Lishu Fault Depression,
indicating deposition in a shallow water environment. During the
Early Cretaceous, the Sujiatun area represented a semi-closed lake
bay, separated by a northeast-southwest trending paleouplift in the
eastern Sujiatun area, forming a semi-closed bay approximately 5 ∼
6 km wide (Figure 9), which was rich in organic matter. The TOC
distribution map of the second member of the Shahezi Formation
(Figure 9) shows that Well L2 in the eastern part of the region
was also located in a semi-closed lake bay environment. This well
also exhibited good shale gas indications, with conchostracan fossils
observed in shallow layers (Figure 8C). Additionally, the map shows
that in the southern part of the Lishu Fault Depression, the J1 well
area, and the northeastern S167, S119, and N2 well areas, closed
or semi-closed lake bays were formed, rich in organic matter,
which migrated vertically into the sand bodies at the top of the
Yingcenzi Formation to form conventional oil and gas reservoirs
such as Jinshan Gas Field, Shiwu Oil Field, Qikeshui Oil Field, and
Shuanglong Oil Field.

4.2.2 Longfengshan fault depression
Not far from the Lishu Fault Depression, in the Longfengshan

area of the southern Songliao Fault Depression, the Shahezi
Formation shale also contains conchostracan fossils, which
represent a shallow water environment. The relationship between
organic matter abundance and the depositional center is shown in
Figure 10.The Sha 2-2 section ofWells B203 andB208, located closer
to the center of the lake basin, consists of multiple interbedded sand
and mud layers, as shown in Figure 11. The sand bodies originated
from the southwest delta front due to rapid sediment supply. In
contrast, Wells B217, B216, and B212, located in the southeastern
part near the basin margin, developed thick, organic-rich shale
layers, forming a semi-closed lake bay in a shallow water, low-
energy environment. From the edge of the basin towards its center
(from B217 to B208 and B203), this area corresponds to the slope
zone of the basin based on the modern basin structure. However,
when applying tectonic history restoration, it becomes apparent
that during the deposition period of the Shahezi Formation, the
region surrounding Well B217 was characterized by a restricted
lacustrine environment. The deeper burial of the Shahezi Formation
in Wells B208 and B203 is due to later basin development
and sedimentary subsidence. Therefore, the assumption that
black shale developed during the maximum flooding period is
clearly untenable.

In the southern Songliao region, there are also occurrences of
black shale associated with coal. For example, in the Xujiaweizi
Fault Depression in the northern part, the Shahezi Formation has
developed four sequences of coal-bearing hydrocarbon source rocks
and darkmudstone organic matter in the vertical profile (Jiang et al.,
2024). The southeastern margin of the Songliao Basin has formed
abundant coal resources. The main coal seams are developed in the
first and second members of the Hezi Formation (Shao et al., 2020),
in association with black shale.

5 Conclusion

Based on the study of modern sedimentary environments and
comparative analysis between black shale and coal, this study
draws the following conclusions. (1) The condensed section during
the maximum flooding surface interval is organically poor, and
effective burial of organic matter is difficult in deep-water lake
environments. (2)Themost organic-rich intervals of lacustrine shale
layers developed in closed or semi-closed aquatic environments
such as lake bays and swamps; the development of each shale
oil and gas layer indicates that the basin was in a shallow water
environment at the time, serving as an indicator of water depth
or environmental conditions, similar to coal. (3) The necessary
condition for organicmatter enrichment in shale formations is being
situated in relatively shallow water, while the sufficient condition
is an closed or semi-closed water environment. (4) The organic-
rich shales in the Lishu Fault Depression and Longfengshan Fault
Depression developed in relatively small lake bay environments.
The heterogeneity of lacustrine shale reservoirs can be attributed to
four key factors: shallow, landward, closed, and cold depositional
environments.

This study effectively elucidates the mechanisms underlying
heterogeneity in lacustrine shale development and potentially
provides new insights for future lacustrine shale oil and gas
exploration. In the search for optimal locations for shale oil and
gas, greater emphasis should be placed on the contributions of
terrigenous organic matter and the relatively closed, shallow-water
environments found in lake bays.
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