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Abstract: Lacustrine mudrocks are composed of minerals and organic matter (OM). The origin and
preservation of OM are two controlling factors of the hydrocarbon generation capacity of mudrocks.
It is a key method in source rock research to study the deposition process from the view of the OM
and sedimentary environment. Following this idea, the reason for the discrepancy in hydrocarbon
production between the northern and the southern part of Dongpu Sag is analyzed and discussed.
The lacustrine mudrocks of the Shahejie Formation in Dongpu Sag are sampled and analyzed for
information about mineralogy, microstructure, elemental geochemistry, and OM characteristics.
The mudrocks are then divided into three lithofacies: silt-rich massive mudstone, homogeneous
massive mudstone, and laminated mudstone. Each lithofacies shows distinct characteristics, and the
hydrocarbon generation ability of them increases in sequence. Further discussion that the differences
in hydrocarbon generation are caused by the sedimentary environment. The water depth, salinity, and
reducibility of the sedimentary environments of these three lithofacies increase in sequence, as well.
The correlation analysis indicates that it is the environment that controls the origin, accumulation,
and preservation of OM in each lithofacies and then causes the great differences in hydrocarbon
generation capacity. In Dongpu Sag, the proportion of laminated mudstone is much higher in the
northern part, which leads to greater oil/gas production than the southern part. In research of
source rocks, both the lithofacies characteristics and the sedimentary environments that control the
characteristics should be studied.

Keywords: mudrock lithofacies; origin and preservation of organic matter; sedimentary environment;
hydrocarbon generation; Dongpu Sag

1. Introduction

The Dongpu Sag is one of the important exploration areas of the Jiyang Depression in
East China. Many exploration practices have found that the hydrocarbon production of the
northern part reaches 9 times larger than the southern part in Dongpu Sag. What causes
such a great difference? The answer could be obtained from studies on the deposition
process of the source rocks. The source rocks are of various lithofacies, and each lithofacies
shows distinct mineral and organic matter (OM) composition and belongs to a specific
sedimentary environment.

During the sedimentary period, the environmental factors control the deposition of
the source rocks: on the one hand, the sedimentary environment greatly influences the
deposition of OM, and the OM in rocks are multi-source, consisting of both terrigenous
higher plants OM and aquatic amorphous OM [1]. In shallow water environment, the OM
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in sediments is dominated by the terrigenous component [2,3]; as the water depth and the
distance from source area increase, the aquatic OM increases and gradually becomes the
chief component of OM in sediments [4]. In addition, the degree of water eutrophication
and the salinity would affect the paleoproductivity and the enrichment of OM [5,6], and
the redox condition would determine the preservation state of OM [7,8]. On the other
hand, the environment controls the deposition of mudrocks petrologically. In mudrocks,
both the deposition process of minerals and the mineral-OM relationship are influenced
by environment factors. In environments lacking in OM, the clay minerals precipitate
via electrochemical action [9]; in environments rich in OM, the clay minerals are able to
absorb and aggregate OM, and the two are able to settle down together [10]. Additionally,
the sedimentary environmental factors, such as hydrodynamic condition, and periodi-
cal changes in water environment could affect the structural features of the rocks: for
example, the massive structure in mudrocks could resulted from turbidity currents or
gravity flows [11,12]. The laminated structure is generally formed in a periodical changing
environment [13]. Thus, the various microstructures in mudrocks are formed. As can be
seen, sedimentary environment controls both the enrichment of OM and the deposition of
mudrocks. It is of great significance to analyze the environment in studies on deposition
process and hydrocarbon generation of source rocks.

A large number of studies and analyses have been carried out on the source rocks
of Dongpu Sag. Some studies focus on the OM characteristics and the hydrocarbon
generation potential evaluation of the source rocks in different strata [14,15]. Some other
studies conduct the classification of the lithofacies on the source rocks and make clear
the sedimentary environments of the lithofacies [16,17]. However, there is still a series of
problems to be solved in the study of Dongpu Sag. Compared to studies on the lithofacies
characteristics, there are less studies about the influences of depositional environments
on the origins, types, and enrichment patterns of OM. Starting with lithofacies analysis,
this paper attempts to investigate the sedimentary environment and OM characteristics of
the lithofacies so as to figure out the influences of environment on the origin, type, and
enrichment of OM. On this basis, the discrepancy in hydrocarbon production between the
northern and the southern part of Dongpu Sag are to be explained through discussion of
lithofacies proportion difference between the two parts, which will help to offer a better
explanation to the north-south hydrocarbon production difference in Dongpu Sag and
provide a new idea for research on source rocks deposition.

2. Geological Background

Dongpu Sag, located in the southeastern part of Linqing Depression in Bohai Bay
Basin, is a Cenozoic fault basin formed by tension and faults. The Sag generally shows a
spatial trend of NNE and a tectonic feature of “two sags, one uplift, one steep and one slope”
in the east-west direction. In the north-south direction, the Dongpu Sag is divided into the
southern and the northern parts by the line of the south of Baimiao-Qiaokou-Sangcunji [18]
(Figure 1).

As a part of the Bohai Bay oil/gas bearing area, the Dongpu Sag is both rich in oil and
gas resources. However, current exploration results show that over 90% of the oil resources
and nearly 80% of the gas resources of the whole Sag are distributed in the northern part.
The reasons for the north-south difference and the exploration potential of the south part
are getting more and more attention and are worth studying.

The most important source rock sets of the Dongpu Sag are the massive lacustrine
mudstones, developed during the period of Es3 to Es4 (Figure 1b). During this period, the
ancient lake basin underwent a series of evolutionary processes: The lake basin expanded
during the period of Es4, developing from a shallow lake to a deep salt lake, with groups
of red and gray mudrocks depositing down. During the period of Es3, the main sediment
features were the thick layers of dark sandstones and mudstones, which belonged to deep-
water salt lake facies. When it came to late Es3, the basin gradually shrank, and a set of
purple-red sandstones and mudrocks was formed as the top of this stratum series [19].
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Figure 1. Geological settings of study area. (A) Location and structural features of Dongpu Sag; (B) geology synthesis 
columnar section of study formation. 
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columnar section of study formation.

3. Materials and Methods

A total of 141 samples of the Shahejie Formation (the Es3u to the Es4u sub-members)
were collected from over 60 wells (Figure 1) in the Dongpu Sag, covering a depth from
2100 to 5300 m. In total, 94 of the samples were from the northern part of the Sag, while
the other 47 samples were from the southern part of the Sag. While sampling, we tried to
pick the samples from different wells by same standards to avoid the variance of samples.
The samples were analyzed by tests needed for the current study, including thin-section
observation, pyrolysis analysis, X-ray diffraction, ICP-MS, and ICP-AES.

3.1. Thin-Section Observation

Comprehensive petrographical examination was performed on the samples using
microscope (Eclipse 200, Nikon, Shanghai, China). The thin sections were analyzed under
optical plane-polarized and fluorescent light at magnifications ranging from 25× to 200×.

3.2. X-Ray Diffraction

The mineral composition of the samples were estimated using X-ray diffraction (XRD)
analysis. The XRD analyses were conducted using diffractometer (Rigaku D/max-III
X-ray diffractometer, Rigaku Corporation, Tokyo, Japan) at conditions of 20 mA and
40 kV with a curved graphite monochromator. The scanning speed was 2◦(2θ)/min. The
scanning angle was 5–40◦.The proximate analysis was measured by using GB/T 212-2008
(corresponding to ISO 11722-2013, ISO 1171-2010, ISO 562-2010). The side-packing method
proposed by the National Bureau of Standards was used to prepare the powder (i.e., non-
oriented) mounts [20,21]. Mineral identification was performed using the Jade software
version 9.0 (MDI, Livermore, CA, USA), and mineral contents were semi-quantitatively
estimated by the whole-pattern fitting method, using Siroquant software (Sietronics Pty
Ltd, ACT, Australia). Replicate analyses of a few selected samples yielded a precision of
approximately 2%.
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3.3. Elements Measurement

For major and trace element concentrations, a two-step acid-digestion method (first
with HNO3 and secondly with mixtures of HNO3, HF, and HClO4) was used prior to
determination to retain any volatile elements of the studied samples in solution. The
resulting solutions were analyzed by inductively coupled plasma atomic-emission spec-
trometry (Thermo ICP-IRIS Intrepid II, ThermoFisher, Shanghai, China) for major element
concentrations and by inductively coupled plasma mass spectrometry (Thermo X-Series,
ThermoFisher, Shanghai, China) for trace element concentration.

3.4. Pyrolysis

The samples were powdered to 100 mesh after surface cleaning and pyrolyzed using a
Rock-Eval 6 instrument (RE6, Vinci Technologies, Nanterre, France). A series of successive
stages were performed. First, 50 mg of each sample was subjected to a temperature of 300 ◦C
and a hydrocarbon (peak S1, mg/g of rock) was qualified. Second, a programmed pyrolysis
was performed at temperatures increasing from 300 ◦C to 650 ◦C to qualify the potential
hydrocarbon (peak S2, mg/g of rock). Simultaneously, oxygenated products, including
CO and CO2, were measured; these products were referred to as peak S3 (mg CO2/g of
rock) at temperatures between 300 ◦C and 390 ◦C, and residual carbon at 600 ◦C (which
was referred to as peak S4 (mg CO2/g of rock)) was recorded. A number of parameters,
including TOC, the hydrogen index (HI), and the oxygen index (OI), were assessed at S1,
S2, S3, and S4. The value of Tmax corresponds to the temperature at the maximum S2 [10].

4. Results
4.1. Lithofacies Microstructure Characteristics

Under a microscope, the mudrock samples of Dongpu Sag showed various structure
features. In consideration of microstructure characteristics and mineral composition, as
well as referring to the lithofacies classification scheme of Zeng (2017) [22,23], the mudrocks
of study area were divided into three lithofacies (Figure 2): silt-rich massive mudstone,
homogeneous massive mudstone, and laminated mudstone.

The silt-rich massive mudstone showed a relatively homogeneous microstructure
and mainly comprised silt-size detrital minerals and clay minerals; the average content of
quartz and feldspar was the highest among the lithofacies. Observed under a microscope,
most silt-size detrital minerals were well sorted, less than 63 µm in particle size, and
distributed in mud matrix evenly (Figure 2A,B). The content of OM was low, and only a
few dark brown-black OM fragments with frayed edges were observed (Figure 2C,D).

The homogeneous massive mudstone was quite homogeneous inside and lacked
bioturbation structure (Figure 2E,F). XRD test results showed that the matrix was mainly
composed of clay minerals (of the highest content). Under a microscope, nearly no silt-size
detrital mineral particles could be seen; besides minerals, tiny OM particles were found
distributed in the mud matrix in a similar orientation (Figure 2G,H). Dark pyrite particles
could also be observed.

The laminated mudstone had the lowest content of silt-size detrital mineral and a high
content of carbonate mineral. This lithofacies mainly consisted of clay-rich laminae and
micrite laminae. Most laminae were straight, with a thickness of 20–200 µm (Figure 2H,I).
The clay-rich laminae were reddish brown to dark brown in color and ranged from 50
to 100 µm in thickness, showing intense fluorescence under a fluorescent microscope
(Figure 2K). These laminae mainly comprised clay minerals (Figure 2I,J), while silt-size
detrital mineral particles and framboidal pyrite particles were also found to be distributed
in these laminae. The micrite laminae were relatively homogeneous inside and commonly
more than 70 µm thick. These laminae were mainly composed of fine-grained calcite
(<4 µm) and showed weak fluorescence (Figure 2K).
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Figure 2. Photomicrographs of lithofacies characteristics of the mudrocks from the Dongpu Sag. (A,E,H) Scanned thin
sections of the three lithofacies; (B–D) detrital minerals and OM in silt-rich massive mudstone; (F–H) clay matrix and OM
particles of the homogeneous massive mudstone; (I,J) clay-rich laminae and micrite laminae in the laminated mudstone;
(K) the OM in clay-rich laminae under a fluorescence microscope.

The differences in microstructure of the lithofacies implied different environments
during the sedimentary period. Generally, the silt-rich massive microstructure of the first
lithofacies indicated a shallow water condition with much terrigenous input, while the
laminated structure of the third lithofacies implied a deep, periodically changing condition
with much less terrigenous input.

4.2. Lithofacies Mineralogical Composition

The results of the XRD test are given in the Table 1. Petrologically, the samples mainly
contained clay mineral, silt-size detrital mineral, carbonate mineral, anhydrite, and pyrite.
Most minerals showed a wide range in content (Figure 3). The clay, silt-size detrital, and
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carbonate minerals had the highest contents. The clay minerals content ranged between
8 and 57% and averaged 36%. The silt-size detrital minerals mainly included quartz and
feldspar; the quartz content averaged 23% and the feldspar content averaged 13%. The
carbonate minerals mainly included calcite and dolomite; the average calcite content was
26% and the dolomite was 7%. In addition, the average content of anhydrite, pyrite, and
other auxiliary minerals were all below 2%.

Table 1. Mineralogical composition and pyrolysis results of the mudrocks of Dongpu Sag. XRD test.

Samples Clay
Minerals/%

Detrital Minerals/% Carbonate Minerals/% Pyrite/% Anhydrite/%
Quartz Feldspar Calcite Dolomite

Min of all samples 8.00 4.00 2.00 1.00 0.00 0.00 1.00
Max of all samples 57.00 46.00 44.00 67.00 83.00 6.00 23.00

Average

All samples 35.96 22.82 12.60 17.50 7.38 1.11 2.05
Northern part 35.74 21.51 12.95 17.97 8.41 1.14 2.21
Southern part 36.38 25.43 11.89 16.55 6.54 1.06 1.75

Silt-rich massive
mudstone 37.59 27.73 15.80 10.67 4.88 1.09 2.02

Homogeneous
massive mudstone 38.16 20.77 10.57 16.84 9.53 1.07 2.68

Laminated
mudstone 29.85 16.00 9.09 31.61 10.55 2.35 1.19

Pyrolysis Analysis

TOC/
wt.%

HI/mgHC/g
org.C

OI/mgCO2/g
org.C

S1/
mg/g

S2/
mg/g PI Tmax/◦C

Min 0.05 0.0 6.0 0.00 0.00 0.00 335.0
Max 4.21 648.0 871.0 2.77 27.26 1.00 611.0

Average

All samples 0.73 111.1 164.9 0.21 1.67 0.21 451.9
Northern part 0.86 121.5 186.7 0.25 2.03 0.24 453.5
Southern part 0.47 90.3 121.5 0.12 0.96 0.16 448.6

Silt-rich massive
mudstone 0.39 39.5 184.5 0.05 0.31 0.25 454.4

Homogeneous
massive mudstone 0.61 100.5 187.5 0.14 1.29 0.20 457.2

Laminated
mudstone 1.56 264.2 96.8 0.61 4.83 0.14 440.8
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The three lithofacies showed different mineral composition. Among them, the silt-rich
massive mudstone had the highest content of silt-size detrital mineral (quartz and feldspar),
which reached 43%, and a relative high content of clay mineral (37.6%), while the carbonate
content in this lithofacies was the lowest (15.6%). The homogeneous massive mudstone
showed the highest clay mineral content (38.2%) and medium content of detrital mineral
(averages 31.3%) and carbonate mineral (averages 26.4%). Contrary to the first lithofacies,
the laminated mudstone had the lowest silt-size detrital mineral content (25.1%) and the
highest carbonate mineral content (42.5%), while the clay mineral content of this lithofacies
averaged 29.9%, and was also the lowest among the three lithofacies.

4.3. Lithofacies Pyrolysis Analysis Results

The pyrolysis results of the samples are given in the Table 1. In general, the samples
did not show high values in the pyrolysis parameters. The average TOC, HI, OI, S1, S2,
PI, and Tmax were 0.73 wt.%, 111.1 mgHC/g org.C, 164.9 mgCO2/g org.C, 0.21 mg/g,
1.67 mg/g, 0.21, and 451.9 ◦C, respectively.

The silt-rich massive mudstone had the lowest TOC, S1, and S2 values, which were
0.4%, 0.05, and 0.31 mg/g, respectively. Most samples of this lithofacies were below 0.5%
in TOC value (Figure 5) and featured low HI value and high OI value, which indicates
that the OM was mainly of type III. The homogeneous massive mudstone was slightly
higher than the silt-rich massive mudstone in TOC, S1, and S2 values, which were 0.6%,
0.14, and 1.29 mg/g, respectively. In most samples, the TOC value was below 1% and
the OM generally featured mid to low HI value and high OI value. The kerogen of this
lithofacies was mainly of type III and II. The laminated mudstone had the highest TOC, S1,
and S2 values, which were 1.56%, 0.61, and 4.83 mg/g, respectively. The average HI and
OI values of this lithofacies were 264 mgHC/g org.C and 97 mgCO2/g org.C, indicating
that the kerogen was mainly of type II (Figure 5). Considering the thermal maturity, the
three lithofacies were slightly different in Tmax value but were generally all in the same
mature stage of thermal evolution.

4.4. Lithofacies Elemental Geochemistry Characteristics

The abundances of major and minor elements of the samples were tested. For better
evaluation of elements enrichment, the abundances of the elements of the North American
Shale Composite (NASC) are commonly seen as standards for general sedimentary mu-
drocks [7]. In this paper, the elements abundances of the samples were standardized using
the NASC for a better evaluation of the enrichment degree of the elements. The results
(relative to the NASC) are shown in the Figure 4. In the major elements, the abundances of
Al, Fe, K, and Ti of the samples were slightly lower than that of the NASC, while the abun-
dances of the Mg, Mn, Na. and P were slightly higher. The Ca abundance was significantly
higher than that of the NASC. In the minor elements, the Li, Be, Sc, V, Cr, Ni, Cu, Zn, Rb,
Y, Zr, In, and Ba of the samples showed lower abundances than that of the NASC, while
the Co, Nb, Cs, Th, and U showed higher abundances and the abundance of Sr was much
higher in the samples than in the NASC.

As far as the lithofacies differences, the three lithofacies showed similar distribution
patterns in most elements. Most obviously, the enrichment degree of Ca, Sr, and U were all
the highest in the laminated mudstone and the lowest in the silt-rich massive mudstone,
while the enrichment degree of Al and Ti were on the contrary: the lowest in the laminated
mudstone and the highest in the silt-rich massive mudstone.
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5. Discussion
5.1. Lithofacies OM Characteristics

As seen from pyrolysis analysis and thin section observation, the OM of the three
lithofacies showed significant differences in many aspects (Figure 5). Here, the origins and
characteristics of OM are discussed.
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The values of TOC, S1, and S2 were all the lowest in the silt-rich massive mudstone
among the three lithofacies (Figure 5). As indicated by the HI value and high OI value,
the OM of this lithofacies was mainly of I type kerogen. Seen under a microscope, most
OM fragments were distributed in the mud matrix sporadically and coexisted with silt-size
detrital minerals, which were mostly dark brown to black in color. The OM fragments were
different sizes, generally larger than 63µm, and showed a laterally continuous structure.
Because the thin sections of the samples were grinded vertical to the lamina plane, the
intact morphology characteristics of the OM were hard to observe; only the intersecting
surface features could be seen; thus the origins of the OM were difficult to figure out
through microscope observation. However, it can be seen from previous genesis studies on
this kind of OM in similar lithofacies [22] that these lithofacies are rich in III type kerogen
and most OM belongs to terrestrial OM.

The homogeneous massive mudstone was a bit higher than the silt-rich massive
mudstone in TOC, S1, and S2 values and mainly comprised OM of type III and II kerogen.
Under a microscope, OM with an intact shape was hard to find, and most OM dispersed
in the mud matrix as tiny chips and particles (<63 µm) with similar orientation (Figure 3).
Previous studies have revealed that OM preserved in a single particle form is generally
originated from the terrestrial higher plant fragments or destructed microbial mats [14,24].
Like the previous lithofacies, the transportation to deposition of OM here was mainly
dominated by a mechanical process.

The laminated mudstone was the highest in TOC, S1. and S2 values among the three
lithofacies and mainly comprised type I kerogen (Figure 5). Under a microscope, granular
OM was hard to observe, while the clay laminae showed intense fluorescence under a
fluorescent microscope (Figure 2K), which indicates that the OM was mainly preserved in
these laminae. During the sedimentary period, the clay laminae are formed, accompanied
by the deposition of aquatic OM from a water column [20]. The aquatic OM is small in size
and high in surface activity so that it can combine with clay minerals through flocculation,
and then they settle down together to form the clay laminae [16,17]. This is the reason why
the OM particle is hard to see while the clay laminae often show good fluorescence [13].
Deposited in a lake environment rich in aquatic organisms, this kind of lithofacies is not
only of good kerogen type but is also higher in TOC.

In addition, as shown in the Figure 5 and Table 1, three lithofacies showed similar
maturity level and were all in the mature stage of thermal evolution, which is consistent
with previous studies [25]. Thus, it can be seen that the evolution factor was not the
main cause of the differences between the lithofacies in this paper. The differences in OM
characteristics indicate that the sedimentary environment was the main reason for the
difference in hydrocarbon generation between lithofacies.

5.2. Co-Response Between Sedimentary Environment and Lithofacies Characteristics
5.2.1. Sedimentary Environment Reconstruction

The mineral composition, OM origin, and microstructure of the mudrocks are greatly
affected by sedimentary environments, such as hydrodynamic condition, water salinity,
redox condition, and so on. Geochemistry analysis is commonly used in the reconstruction
of sedimentary environment, and the enrichment pattern of major and minor elements
is believed to be able to indicate paleoenvironment [26]. Here, a series of elemental
geochemical proxies were adopted to reflect the depositional environment in which the
three lithofacies are formed.

In studies on modern silicate sediments, the Al/Si ratio is usually used as an effective
proxy to reflect the sorting of water currents on mineral types and grain size [27–29]. In
this paper, we followed this idea to figure out the hydrodynamic condition during the
sedimentary period. Taking into consideration the high content of carbonate minerals in the
study area, the abundance of Ca was also introduced as an indicator for the sedimentation
of authigenic minerals. A Si-Ca/Al chart (Figure 6A) was then plotted to reflect the
hydrodynamic condition: high content of Si indicates the enrichment of silicon-bearing
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sediments, which belongs to shallow and proximal environments; while high Ca/Al ratio
implies a weak hydrodynamic environment in which quantity of authigenic minerals
get deposited.
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Meanwhile, some trace elements, such as U and Mo, are typically redox-sensitive and
tend to accumulate in sediments under reducing condition [30]. Here, these two elements
were picked to indicate the palaeoredox condition. Al is believed to be a terrestrial element
and rather stable after sedimentation, so the concentrations of U and Mo were normalized
to Al before application to correct the dilution by OM and authigenic minerals [30]. Ad-
ditionally, the enrichment factors of U and Mo were calculated, as the U-Mo co-variation
(Figure 6) was used to reflect redox condition [31]. Furthermore, palaeredox condition,
palaeosalinity, is commonly indicated by Sr/Ba ratio [32] (Figure 6).

Shown by the palaeoenvironment proxies (Figure 6), the sedimentary environments
in which the three lithofacies were formed showed remarkable differences. The silt-rich
massive mudstone had the highest Si concentration and the lowest Ca/Al ratio, with low
Sr/Ba ratio and RSE abundance, and indicates a shallow, dysoxic, and low salinity environ-
ment with intense hydrodynamic condition, which normally belongs to the shore-shallow
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lake system. Under such circumstances, the silt-size detrital minerals are more likely to be
enriched and the silt-rich massive structure is easy to form, triggered by a high-density
turbidity current [33]. The homogeneous massive mudstone was low in Si concentration
and Ca/Al ratio, while it had a higher Sr/Ba ratio and RSE abundance than the silt-rich
massive mudstone. These indicate a mid-to-low salinity and shallow-to-mid water depth
environment with relative weak reducing and hydrodynamic condition, which generally
belongs to a shallow semi-deep lake system. The laminated mudstone had the lowest Si
concentration, the highest Ca/Al ratio, and high Sr/Ba ratio and RSE abundance. This
implies a deep, high salinity environment, with a strong reducing and weak hydrody-
namic condition, which attaches to a semi-deep-deep salt-lake system. In general, from
silt-rich massive mudstone to homogenous massive mudstone to laminated mudstone, the
depositional environment changed as follows: the water column changed from shallow to
deep, water salinity changed from low to high, redox condition changed from dysoxic to
reducing, the terrigenous input decreased, and the authigenic sedimentation intensified.

In addition, the reconstructed depositional environments of the lithofacies could
also be corroborated by their mineral composition. As shown in the results, the three
lithofacies showed conspicuous differences in mineralogical composition. The silt-rich
massive mudstone contained a large amount of detrital minerals, which belonged to
proximal terrigenous input materials; In contrast, the laminated mudstone was rich in
carbonate minerals, which are authigenic minerals precipitated from a water column,
while the homogeneous massive stone was situated between the two. The mineralogical
differences confirmed that the environment analysis is reliable.

5.2.2. Influences of Environment on the Deposition of Mudrocks and OM

The content and type of OM are discussed, together with geochemical proxies to
figure out the influences of sedimentary environment on the OM in the mudrocks. The OM
showed obvious positive correlation with water depth, salinity, and palaeoredox condition
(Figure 6).

Based on the Si-Ca/Al graph, the depositional environments were divided into two
parts—the shallow water terrigenous input zone and the deep water authigenic zone—to
identify and compare the OM characteristics of mudrocks in different water conditions.
It can be seen from Figure 6A that, in the shallow water terrigenous input zone, over
half of the samples were below 0.49% in TOC values, while, in the deep water authigenic
zone, the average TOC value of the samples was 0.98%, which was much higher than the
previous zone. Additionally, the differences in HI values were also conspicuous, since
samples of the shallow water terrigenous input zone were much lower in HI value than
their counterparts, indicating that the mudrocks formed in shallow waters were more easy
to get enriched in terrigenous OM originated from terrestrial higher plants. In shallow
waters, sedimentary OM was dominated by terrigenous higher plant component and was
generally deposited together with silt-size detrital minerals, such as quartz. The total OM
content was relatively low and could be diluted by detrital input; thus, the mudrocks
formed in such environments commonly showed low TOC value. As the water depth
increased, the proportion and content of authigenic minerals and aquatic OM increased
together. Furthermore, most OM was well preserved in clay minerals, which could be
observed under a microscope. Previous studies have also confirmed that, in a shallow
environment, minerals and OM simply settle down together through mechanical process.
When lacking terrigenous input, the clay minerals could absorb and aggregate OM from
a water column, then they would deposit together through flocculation, forming a close
connection, which helps to avoid the destruction of OM during deposition [21]. Thus, it
can be seen that the water depth and the distance to source region are both essential factors
in the origin and enrichment of OM in deposition.

Besides water depth, the OM content also showed a positive correlation with water
salinity, and the samples formed in higher salinity environment also showed higher TOC
values. Within limits, both the metabolism rate and the intake of nutritive salt of the
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aquatic microorganism would be accelerated by the increase of water salinity [34], which
will in turn contribute to the flourishment of the aquatic algae and the accumulation of
sedimentary OM [5,6,35]. On the other hand, the higher concentration of metal cation in
salt waters will make it easier for the OM and clay minerals to combine with each other
to form the clay-polymer complexes, which show good stability [36] and could serve as
a protection of the OM in deposition, so that the OM is more easily well preserved. In
general, the water salinity also matters in the accumulation of OM in mudrocks.

A reducing condition is necessary for the preservation of OM in sediments [7]. The
good correlation between OM content and palaeoredox parameters (Figure 6) indicates
that OM is more likely to be accumulated and preserved into sediments in a reducing and
high productivity environment, leading to a higher TOC in mudrocks. On the one hand,
the concentration of U and Mo would increase as the water reducibility increases [37]; on
the other hand, the accumulation of OM in sediments would also accelerate the enrichment
of these elements.

In summary, during sedimentary period, the type and the content of OM are greatly
affected by sedimentary environment, as is the OM-mineral relationship. A high productiv-
ity and reducing condition will inevitably induce the enrichment of OM in sediments, and
the differences in origin, content, and preservation of OM will inevitably lead to disparity
in the hydrocarbon generation of the source rocks.

5.3. Hydrocarbon Generation Discussion
5.3.1. The Deposition Process and Hydrocarbon Generation of the Lithofacies

The deposition process of the lithofacies can be described on the basis of mineral
composition, OM characteristics, and geochemical environment proxies pattern. As the
elemental proxies indicate, the silt-rich massive mudstone is formed in near source, shallow,
and low salinity environments and comprises large amounts of silt-size detrital minerals
and terrestrial OM fragments. These terrigenous components are dispersed in the mud
matrix, indicating a deposition process triggered by turbidity currents under the control of
gravity [38]. Due to the characteristics of large particle size, low specific surface area, and
high stability, silt-size detrital minerals generally settle down as single particles; similarly,
terrigenous OM also deposits in particle form due to its high content of cellulose and lignin.
Under such circumstances, the silt-rich massive mudstone mainly contains terrigenous OM
and shows low hydrocarbon generation potential (Figure 6).

The homogeneous massive mudstone was deposited in deeper lake environments with
higher water salinity compared to the previous lithofacies. In these lithofacies, there were
more carbonate minerals and the clay minerals showed high content (39% on average),
while silt-size detrital mineral particles could hardly be observed under a microscope
(Figure 2I,J). This indicates a low energy and less terrigenous input environment. As
can be seen, the clay minerals are charged layered silicate minerals and have strong
absorption capacity [39]; thus, they were easily flocculated with carbonate minerals and OM
through electrochemical action. They then deposited together to form the homogeneous
massive structure. Additionally, the OM-rich laminae were hardly seen in this lithofacies,
implying that there were few biological activities in the deposition process. In short, the
homogeneous massive mudstone was deposited in less terrigenous input and low-to-mid
productivity lake environment, mainly through a chemical process.

The laminated mudstone was formed in the maximum depth and highest salinity en-
vironment among the three lithofacies. In the featured laminated structure, this lithofacies
mainly consisted of micrite laminae, clay laminae, and a small number of OM-rich laminae.
The average content of calcite was much higher than the other two lithofacies, reaching 44%,
while the content of silt-size detrital minerals was relatively low (Figure 6). The micrite
laminae were homogeneous inside, without other minerals or structures, and, in previous
studies, the existence of planktonic algae fossils were observed in these laminae under SEM.
It is believed that deposition of the micrite laminae is triggered by planktonic OM [40].
During the period of high salinity, the plankton could change the microenvironment of
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water column and induce the precipitation of carbonate minerals [41,42], thus the micrite
laminae were formed (Figure 6). During the intermittent period of carbonate precipita-
tion, fine clay minerals were aggregated and enriched from the water column. These clay
minerals were large in SSA and charged on the surface so that they could absorb and
combine with OM, then they settled down by flocculation [43], thus the clay laminae were
formed. The rhythmic combination of different laminae reflects a stable, low-energy, and
periodically changing lake environment, in which these laminae were deposited through a
bio-chemical process.

In pyrolysis parameters, the free hydrocarbon (S1) and the pyrolysis hydrocarbon (S2)
reflected the content of movable OM in rocks and were ideal indicators for the hydrocarbon
generation capacity of source rocks [44]. By discussing the correlation between TOC and
(S1 + S2), a better comprehension on the hydrocarbon generation capacity of the samples
can be reached (Figure 7). Among the three lithofacies, the laminated mudstone showed the
strongest potential in hydrocarbon generation; most samples were of high-quality source
rocks (Figure 7). The homogeneous massive mudstone was weaker than the laminated
mudstone in hydrocarbon generation, not reaching the threshold of high-quality source
rock (Figure 7). It was clear that the silt-rich massive mudstone belonged to a poor source
rock with much weaker hydrocarbon generation capacity than the other two lithofacies
(Figure 6E,F). When taking the deposition process analyses and the environment influences
on OM together, it can be seen that the hydrocarbon generation capacity of source rocks
was dominated by the deposition process. Mudrocks formed in deep and high salinity lake
environment showed relatively high hydrocarbon generation capacity, which serves as the
main source rocks in the study area.
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5.3.2. Discussion of the North-South Hydrocarbon Production Difference of Dongpu Sag

As the pyrolysis analysis results show (Figure 8), the TOC and HI values (average
0.86% and 122 mgHC/g org.C) of the northern part were significantly higher than that
of the southern part (average 0.47% and 90 mgHC/g org.C), indicating that the northern
source rocks are higher in OM content and better in OM type. Additionally, the S1 and S2
values were also much higher in the northern part (average 0.25 and 2.03 mg/g) than those
in the southern part (average 0.12 and 0.96 mg/g), implying that the northern source rocks
have larger hydrocarbon generation capacity. As far as the thermal maturity, samples of
the two parts showed less differences (Figure 8). In consideration of pyrolysis parameters,
though the average values of pyrolysis parameters of the whole Dongpu Sag are not high,
the northern part shows pretty good potential of hydrocarbon generation.
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The northern part and the southern part of the Dongpu Sag also show great discrep-
ancy in lithofacies combination, according to the statistics: in the north, about 33% of the
samples belonged to the laminated mudstone, while in the south, over 95% of the samples
belonged to the silt-rich massive mudstone and the homogeneous massive mudstone. The
much higher proportion of laminated mudstone in the northern part implies a deeper and
more stable lake environment during the sedimentary period; on the contrary, the southern
part was shallower and closer to the provenance area. The differences in sedimentary
environment resulted in different mineral and OM components in the mudrocks between
the two parts of the Sag: silt-size detrital minerals and terrigenous OM were more enriched
in the southern part, while the clay minerals, authigenic carbonate minerals, and authi-
genic OM all showed higher content in the north. Considering the lithofacies distribution,
the laminated mudstone, which showed the highest hydrocarbon generation capacity,
was mainly distributed in the north so that it directly resulted in a larger hydrocarbon
generation potential in the northern part. As can be seen, the discrepancy in lithofacies
combination not only reflected the changes and differences in sedimentary environment,
but also served as the immediate cause of hydrocarbon production difference between the
northern and southern parts of Dongpu Sag.

6. Conclusions

The mudrocks of Shahejie Formation in Dongpu Sag mainly consist of three lithofacies:
silt-rich massive mudstone, homogeneous massive mudstone, and laminated mudstone.
The sedimentary environments of these lithofacies varies from shallow to deep, fresh to
salt, and dysoxic to anoxic.

In Dongpu Sag, the deposition and accumulation of OM in the mudrocks are mainly
controlled by sedimentary environment: in littoral, shallow, and low salinity lake envi-
ronment, the OM in rocks are mainly land-originated and deposited with silt-size detrital
minerals through a mechanical process to form the silt-rich massive mudstone. This litho-
facies has the lowest hydrocarbon generation potential among the three lithofacies; in
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mid-salinity and a semi-deep lake environment with less terrigenous input, the OM and
clay minerals could bind with each other and then deposit together through flocculation
to form the homogeneous massive mudstone. The hydrocarbon generation capacity of
this lithofacies is larger than the previous capacity; in high salinity and deep lake environ-
ment, most OM originates from a water column and settles down with clay minerals via a
bio-chemical mechanism in a periodically changing water condition, thus the laminated
mudstone is formed. Therefore, this lithofacies has the largest hydrocarbon generation
potential and serves as the main source rock of the study area.

The northern part and southern part of Dongpu Sag show great differences in litho-
facies distribution: the northern part shows much higher proportion of the laminated
mudstone, while the southern part is dominated by silt-rich mudstone. The lithofacies
distribution pattern indicates that, during the sedimentary period, the water depth and
salinity are both higher in the north, which finally leads to the differences in hydrocar-
bon generation capacity of the mudrocks and the discrepancy in hydrocarbon production
between the two parts.
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