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ABSTRACT

Determining the spatial distributions of organic-rich mudstones in hydrocarbon-bearing lacustrine ba-
sins is crucial for targeting exploration wells and discovering commercially viable petroleum accumu-
lations. However, the strong heterogeneity of sedimentary systems and organic matter (OM) input and
accumulations make it difficult to identify OM-rich mudstones in lacustrine deposits. This paper takes
the Eocene Liushagang Formation, in the Fushan Depression, South China Sea, as an example to clarify
the relationship between the geochemical characteristics of OM and sedimentary facies. A practical
approach is proposed for predicting the spatial distribution of good-quality source rocks with high OM
contents. The method used is a combination of logging-based surface fitting and the mudstone to
stratum thickness ratio (M/S ratio) of different depositional systems. It was found that this approach
improved TOC content prediction both vertically and laterally. The results suggest that semi-deep
lacustrine mudstones with predominantly aquatic organism input, deposited in suboxic-anoxic saline
stratified water, contain more preserved OM than other mudstones. Using this method, limited areas on
the southern slope of the lower Liushagang sequence (SQIs3), the central part of the Huangtong Sag in
the middle Liushagang sequence (SQIs2), and the northern part of the Huangtong Sag in the upper
Liushagang sequence (SQIs1) are determined to be the best-quality source rocks in the development area.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

hydrocarbon accumulations. Numerous studies have examined the
accumulation and geochemical characteristics of OM across

Organic-rich mudstones are the most common as source rocks
in petroleum and natural gas systems (Tissot and Welte, 1984;
Peters, 1986; Hunt, 1996). Hydrocarbons generated in active
mudstone source rocks are relatively likely to accumulate in local
traps in the same geographic location as their sources (Magoon,
2004), so defining the spatial distribution and properties of
organic-rich mudstones is critical for locating commercial
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geological time within the sequence stratigraphic framework
(Bohacs et al., 2000; Peters et al., 2000; Lai et al. 2018, 2020a,
2020b, 2020c; Li et al., 2018; Makled et al., 2018; Fu et al., 2022),
describing the vertical variability of OM with reasonable accuracy.
However, few studies have focused on the lateral heterogeneity of
OM within the sedimentary framework (Lai et al., 2020c), resulting
in an inadequate understanding of the areal distribution of organic-
rich mudstones. There are two main reasons for this: (1) the rela-
tive scarcity of exploratory wells in suitable source rocks means
that the available samples are limited in quality and distribution;
(2) appropriate parameters have not yet been established for
determining the relationship between geochemical characteristics
and sedimentary facies. Conventional organic geochemical analysis
employs only a limited selection of data points to describe the
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Fig. 1. (a) and (b) Maps showing the location of the Fushan Depression (after Zhang et al., 2013). (c) Structural division of the Fushan Depression (after Gan et al., 2020). (d) Sketch
map of the western region of the Fushan Depression. Primary sediment source directions are from Li et al., (2017).

organic geochemical properties of source rocks, which tends to
conceal their heterogeneity (Al-atta et al., 2014; Sheikh et al., 2016;
Ndip et al., 2019). It is therefore imperative to develop a model that
can describe variations in the spatial distribution of OM as well as
its geochemical properties.

Continuous logging data has been used by geologists since the
1970s to estimate the organic richness of mudstones (Schmoker,
1979; Fertl and Chilingar, 1988; Passey et al., 1990; Bodin et al.,
2011; Wang et al., 2016). In recent years, although advances in
computer technology have markedly improved the accuracy of
geochemical parameter prediction in individual wells (Mahmoud
et al,, 2017; Yu et al,, 2017; Wang et al., 2019; Bai and Tan, 2020;
Zeng et al,, 2021), the difficulty in describing the areal heteroge-
neity of OM has not been addressed. Lgseth et al. (2011) proposed a
seismic-based method to identify, characterize, and map the dis-
tribution and variations of OM. However, the high-quality re-
quirements and relatively low resolution of seismic data restrict the
application and utility of this method. Geophysical methods such as
this are often not correlated with geological theory and the known
geological background of specific locations, resulting in erroneous
conclusions in many cases.

There is a large number of hydrocarbon-rich rift depressions
filled with lacustrine deposits in eastern China, such as the Bozhong
(Yin et al., 2020) and Dongying Depressions (Zou et al., 2018) in the
Bohai Bay Basin, and the Gulong Depression in the Songliao Basin
(Liu et al., 2018). The sediments in these basins show strong het-
erogeneity in minerals, lithology, and organic geochemical char-
acteristics (Jiang et al., 2017; Liu et al., 2018; Lai et al., 2020c). The
Fushan Depression is a typical Cenozoic lacustrine unit in the Bei-
buwan Basin (Liu et al., 2015). Obvious differences in the physical
properties and geochemical characteristics of crude oils from
different structural units in the depression indicate a variety of OM

sources (Lu et al., 2016; Gan et al., 2020; Shi et al., 2020). However,
despite this, the spatial distribution and characteristics of organic-
rich mudstones have not been studied. In addition, the apparent
multi-directionality of the depression's provenance system pre-
sents considerable challenges to the study of OM accumulation (Li
et al.,, 2017).

Sedimentary facies vary consistently in the vertical and lateral
sections. If the relationships between geochemical parameters and
sedimentary facies are correctly understood, areal geochemical
characteristics of OM can be inferred from data from individual
wells. In this study, a new method for revealing areal variations in
TOC content is proposed based on a combination of organic
geochemistry, geophysics, and sedimentology. OM enrichment
models are proposed for different sets of mudstones from the
Eocene Liushangang Formation and the spatial distributions of
organic-rich mudstones determined within the sequence strati-
graphic framework. The results will have considerable practical
value for identifying and prioritizing exploration targets in the
field. This is a novel and practical method with wide general
applicability for source rock evaluation in lacustrine basins.

2. Geological background

The Fushan Depression, situated in the south part of the Bei-
buwan Basin (Fig. 1a and b), is one of a number of Mesozoic-
Cenozoic rifted half-grabens in the South China Sea. It is a NE—E
trending depression, with an area of approximately 2920 km?,
bounded by the Lingao fault to the northwest, the Changliu fault to
the northeast, and the Ding'an fault to the south (Fig. 1c). A struc-
tural transition zone in the central region separates the depression
into the Bailian Sag in the east and the Huangtong Sag in the west,
each of which has its own structural style and sedimentary pattern
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(Liu et al., 2014). This study focuses on the western region of the
Fushan Depression, as shown on the sketch map in Fig. 1d. There
are three tertiary structural units in the western region: the
northern step fault zone, the central Huangtong Sag, and the
southern slope zone (from north to south).

There are Cenozoic sediments over 9000 m thick in the Fushan
Depression. The depression can be divided into the Paleocene
Changliu Formation, the Eocene Liushagang Formation, the Oligo-
cene Weizhou Formation, and the Neogene strata (from the bottom
to top). The Liushagang Formation is considered to be the major oil-
bearing layer. This formation is sub-divided into three member-
s—Els3, Els; and Els;—which correspond to the SQIs3, SQIs2 and
SQIs1 sequences, respectively (Fig. 2) (Liu et al. 2012, 2014; Ma
et al., 2012). Major boundary faults, which formed during deposi-
tion of the formation (Li et al., 2008), controlled its sedimentary
evolution, resulting in a multi-directional provenance system.
Sediments from the northern provenance formed fan delta facies in
the step fault zone. Braided river delta facies supplied from the
southern provenance developed widely in the slope zone. Lacus-
trine facies and turbidite fans composed of dark mudstones and
siltstone intervals formed in the central Huangtong Sag (Li et al.,
2017). The sedimentary facies characteristics and evolutionary
history are shown in Fig. 3.

3. Materials and methods
3.1. Materials
A total of 81 core samples and 115 cutting samples were

collected from 21 wells for total organic carbon (TOC) content
analysis and Rock-eval pyrolysis experiments. All the samples were

Petroleum Science xXx (XXXX) XxX

obtained from mudstone layers within the Liushagang Formation.
The locations of the sampling wells are shown in Fig. 1d. Twenty-
five samples were selected for further OM extraction and gas
chromatography (GC) — mass spectrometry (MS) analysis. Twenty-
five well-logging curves were collected for mudstone classification
and TOC estimation. Maps of the sedimentary facies and M/S ratio
isolines were obtained from the Fushan Oilfield, PetroChina.

3.2. Geochemical experiments

All the samples were crushed to 80 mesh powder (diameter less
than 2 mm) and washed with deionized water to remove residual
contamination. TOC contents were measured using a LECO CS-230
carbon analyzer, following removal of carbonates by dilute hydro-
chloric acid (1.5 mol/L). The Rock-eval pyrolysis experiments were
carried out using an OGE-VI rock pyrolyzer. Ground samples, each
weighing 100 mg, were heated to 600 °C to measure the Rock-Eval
parameters (S1: volatile hydrocarbon content, S,: remaining hy-
drocarbon generation potential, Trhax: temperature at maximum
pyrolysis yield). (Table S1).

Twenty-five powdered samples (each 100 g) from different
sedimentary environments were extracted using a Soxhlet appa-
ratus, operated for 48 h with dichloromethane and methanol as the
solvents (93:7, volume: volume). The extracts were then deas-
phalted using n-hexane and separated by liquid chromatography to
obtain saturate, aromatic, and resin fractions. GC—MS analysis of
the saturated hydrocarbon fractions was conducted using an Agi-
lent 6890 gas chromatograph coupled to an Agilent 5975i mass
selective detector. An HP-5 MS fused silica capillary column was
used for separation, with helium as the carrier gas. The GC oven
temperature was initially set at 50 °C, ramped to 120 °C at a rate of
20 °C/min, then raised to a final temperature of 310 °C at 3 °C/min.
The MS was operated in electron impact mode with an ionization
energy of 70 eV and a scanning range of 50—600 Da.

3.3. Prediction of spatial distribution of organic-rich mudstones

Zeng et al. (2021) proposed a logging-based TOC prediction
model for the extensive organic-rich mudstone interlayers in the
Fushan Depression using surface fitting (Fig. 3). The model was
adopted in this study to evaluate vertical variations in TOC content.
TOC prediction curves for 25 wells were obtained, and the mean
TOC values of mudstones from different sedimentary facies in in-
dividual wells are listed in Table S2. Sedimentary facies were
identified using lithology logging and conventional logging curves
(Liu et al., 2014; Liao et al., 2015). Well-seismic calibration was used
to correct for strata thickness. Then, the M/S ratio was utilized as a
bridge between the sedimentary facies and geochemical parame-
ters to construct a mathematical relationship with TOC content,
which will facilitate accurate description of the lateral distribution
of OM. OM accumulation models were used to verify that the
mathematical relationship conforms to geological theory. Finally,
the areal TOC content distribution was determined from contour
maps of the M/S ratio, corrected using measured TOC values. The
specific workflow is shown in Fig. 4.

4. Results
4.1. Mudstone classification based on sedimentary subfacies

OM accumulation is essentially controlled by the sedimentary
environment and the preservation and productivity conditions it
provides (Demaison and Moore, 1980; Pedersen and Calvert, 1990;
Sageman et al., 2003; Mort et al., 2007). Based on the depositional
characteristics of the Liushagang Formation, a total of six types of
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Fig. 5. Profiles of geochemical characteristics and conventional logging curves of well M6-5.

mudstones are distinguished: (1) Delta plain mudstones (DPM),
which originated in a braided river deltaic plain environment. Their
lithology is minor maroon-to grey-colored mudstone interlayers in
thick deltaic sandstones, and they have medium amplitude box-
shaped natural gamma ray (GR) logging curves (Fig. 5). The M/S
ratios are less than 0.6. (2) Delta front mudstones (DFM), which
come from braided river delta front facies. Their GR curves are bell-
and funnel-shaped, and their M/S ratios are about 0.6—0.8 (Fig. 5).
(3) Shallow lake mudstones (SLM), such as light grey-colored or
silty mudstones deposited in a shallow-water environment. The M/
S ratios range from 0.8 to 0.9. (4) Semi-deep lake mudstones
(SDLM), which were deposited in a deep-water environment and
have M/S ratios higher than 0.9. Their lithology is predominantly
thick dark mudstones, with occasional interbedded siltstone and
their GR curves are low amplitude linear shapes (Figs. 5 and 6). (5)
Fan delta front mudstones (FDFM) from a fan deltaic depositional
environment. These mudstones are multistage and stacked verti-
cally with gravel sandstones. The M/S ratios are about 0.5—0.8 and
the GR curves show medium-to low-amplitude serrated bell- and
box-shapes (Fig. 6). (6) Turbidite fan mudstones (TBFM), which
were deposited in a relatively deep-water environment. The li-
thology is dark, massive mudstones with sandstone and siltstone
intervals. The M/S ratios are estimated to be between 0.6 and 0.8
and the turbidite deposits show thin, finger-shaped GR curves
(Figs. 5 and 7). The real distributions of the different mudstones in
the Liushagang sequences are shown in Fig. 8a, b and c.

4.2. Organic matter richness, kerogen type and hydrocarbon
generation potential

TOC content and Rock-Eval pyrolysis parameters are generally

used for source rock evaluation. In this study, the TOC and potential
hydrocarbon yield indices (GP = S1+S3), the cross-plot of hydrogen
indices (HI=S,/TOC x 100) versus Tpax, and the cross-plot of S,
versus TOC contents were used to assess the organic matter rich-
ness, kerogen types, and hydrocarbon generation potential,
respectively, of the different mudstones (Tissot and Welte, 1984;
Peters, 1986; Bordenave et al., 1993; Peters and Cassa, 1994).

SDLMs show the highest abundance of OM. TOC and GP values
range from 1.09%—2.19% and 0.89—7.27 mg HC/g rock, respectively,
with averages of 1.64% and 3.61 mg HC/g rock (Table S1). Kerogen
classification plots show that these mudstones have predominantly
type I to type Il kerogens with relatively high HI values, ranging
from 55.28 to 321.81 mg HC/g TOC (average 195.64 mg HC/g TOC)
(Fig. 8g—i). The SDLM samples from the southern slope zone
(mainly collected from sequences SQIs2 and SQIs3) and the
Huangtong sag (mainly from sequence SQIls1) show polarized S,
yields ranging from 2.10 —6.98 mg HC/g rock (average 4.36 mg HC/g
rock) and 0.83—4.12 mg HC/g rock (average 1.59 mg HC/g rock),
respectively (Table S1). The higher values of TOC and S, of SDLMs
indicate fair to good hydrocarbon generation potential (Fig. 8d and
e). By contrast, other SDLM samples with medium TOC contents
and lower S; yields have higher Tpax and deeper burial depths
(Table S1), indicating that the SDLMs from the Huangtong Sag have
higher thermal maturity, resulting in poor-to-fair current hydro-
carbon generation potential (Fig. 8f).

SLMs, DFMs and FDFMs have predominantly type II; to type II,
kerogen (Fig. 8g—i). The TOC contents and GP range from 1.30%—
1.55% (average 1.47%) and 3.17—4.71 mg HC/g rock (average 3.95 mg
HC/g rock), 1.28%—1.68% (average 1.46%) and 2.84—6.03 mg HC/g
rock (average 4.12 mg HC/g rock), 0.52%—1.94% (average 1.30%) and
0.49—10.44 mg HC/g rock (average 3.43 mg HC/g rock), respectively
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Fig. 6. Profiles of geochemical characteristics and conventional logging curves of well CY12.

(Table S1), indicating moderate OM enrichment. It is noted that the
DFMs and FDFMs exhibit a wider range of organic matter richness
than SLMs. Fig. 8d—f shows that these mudstones have poor-to-fair
hydrocarbon generation potential.

TBFMs have medium TOC contents (0.71%—1.90%, with an
average of 1.24%) and GP values (0.65—5.09 mg HC/g rock, with an
average of 2.68 mg HC/g rock) (Table S1). Like the SDLMs, TBFMs
from deeper depths in the Huangtong Sag, with predominantly
type I to type II, kerogen (Fig. 8i), have lower hydrocarbon gener-
ation potential than the TBFMs in the southern slope zone
(Fig. 8d—f).

The DPM samples have lower abundance of OM, with TOC
ranging from 0.35% to 1.11% (average 0.83%) and GP ranging from
0.07 mg HC/g rock to 3.04 mg HC/g rock (average 1.75 mg HC/g
rock) (Table S1). These mudstones contain predominantly type Il
to type III kerogen (Fig. 8i) and are classified as poor source rocks
according to the cross-plot of S, versus TOC (Fig. 8f).

4.3. Biomarker compositions

4.3.1. n-Alkanes and isoprenoids

The biomarker compositions of mudstones (e.g., n-alkanes,
isoprenoids, hopanes, and steranes) provide information about
their depositional environments and OM sources (Eglinton and
Hamilton, 1967; Huang and Meinschein, 1979; Peters et al., 2005).
In this study, the n-alkane series in all samples ranges from nCy3 to

nCss. Total ion chromatograms (TIC) for the saturated hydrocarbon
fractions of mudstones supplied from the southern provenance
(e.g., DFM, SLM and TBFM from the southern slope zone) are
unimodal, with maxima at nCy7 (Fig. 9a and b, TIC). In contrast,
samples predominantly supplied from the northern provenance
system (e.g., FDFM and TBFM from the northern step fault zone)
show bimodal n-alkane distributions with a predominance of nCyg
and nCy7 (Fig. 9e and f, TIC). SDLM extracts display a unimodal n-
alkane distribution with a strong preference for carbon numbers
between nCig - nCyq (Fig. 9c and d, TIC). Most mudstone extracts
show a weak odd-carbon preference in the range of nC3s (1.03 < CPI
< 1.49, average 1.13, 0.86 < OEP < 1.22, average 1.05), while other
samples from depths of less than 2000 m have a more marked odd-
carbon preference (1.93 < CPI < 2.46, 1.29 < OEP < 2.12), indicating
lower thermal maturity and greater terrigenous high plant input
(Peters et al., 2005). Pristane (Pr)/phytane (Ph) ratios range from
1.08 to 5.82 (Table S3), indicating that sub-oxic to oxic conditions
prevailed during the Eocene period.

4.3.2. Tricyclic terpanes and hopanes

A series of tricyclic terpanes (TTs) was detected in mudstone
samples from the Liushagang Formation. A number of previous
studies have pointed out that CigTT and CyoTT are abundant in
mudstones with terrigenous OM input, whereas C3TT tends to
predominate in marine mudstones (Peters and Moldowan, 1993;
Volk et al., 2005). The m/z 191 mass chromatograms in Fig. 9a and b
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shows that the DFM and SLM extracts contain relatively lower
proportions of C;gTT and CyTT. In contrast, the (C19-+Cyo)TT/Co3TT
ratios are higher in the FDFM and TBFM extracts (Fig. 9e and f, m/z
191 mass chromatograms). Oleanane (Ol) in OM is generally
considered to originate from angiosperms such as betulin and
taraxerene (Grantham and Baak, 1983; Haven and Rullkotter, 1988;
Moldowan et al., 1994). The relative abundance of oleanane varies
considerably between the DFM and SLM extracts and the FDFM and
TBFM extracts (Fig. 9, m/z 191 mass chromatograms), suggesting
that the OM sources and depositional conditions vary between the
northern and southern sediments.

Gammacerane (Ga) is used a diagnostic biomarker for identi-
fying water column stratification resulting from hypersalinity
(Moldowan et al., 1985; Damsté et al., 1995). In this study, the
gammacerane indices (=Ga/CsgH) of all samples are within the
range 0.02—0.25 (average 0.09), indicating a fresh to brackish water
depositional environment with weak water column stratification.
The distribution of the homohopane series (C3;H—CssH) is also
useful as it reflects redox conditions (Peters et al., 2005). A rela-
tively high abundance of Cs5 hopane generally corresponds to
highly reduced marine, or high-salinity lacustrine, conditions
(Peters and Moldowan, 1991; Hao et al., 2011). In the mudstones of
the Liushagang Formation, the homohopane series show a gradu-
ally decreasing distribution pattern from C31H to CssH (Fig. 9, m/z
191 mass chromatograms), which further implies a fresh to
brackish lacustrine depositional setting.

4.3.3. Steranes

Steranes are derived from sterols in eukaryotes and represent an
important biomarker type (Peters et al., 2005). C7, Cpg and Cyg
regular steranes or diasteranes are the most common sterane ho-
mologues in the saturated hydrocarbon fractions. It is generally
accepted that Cy7 steranes are derived from the cellular membranes
of vertebrates, algae, and plankton (Gagosian et al., 1980; Smith
et al., 1982), that Cyg steranes originate from vitamin D precursors
(Gomis et al., 2000) and ergosterols (Volkman et al., 1999) syn-
thesized by microalgae, and that Cyg steranes are derived from
sitosterol or stigmasterol precursors synthesized in higher plants
(Hartmann, 1998; Peters et al., 2005). In this study, the C,7, C2¢ and
Ca9-50(H), 140(H), 17a(H)-20R—cholestanes in DFM and SLM ex-
tracts show inverted “L” shapes (Fig. 9a and b, m/z 217 mass chro-
matograms), with Cy9/Cy7 regular sterane ratios higher than 1.3
(range 1.36—2.12, average 1.72), suggesting that these mudstones
contain mostly terrigenous OM. In contrast, other samples (e.g.,
SDLM, FDFM and TBFM samples from the northern step fault zone)
exhibit approximately “V” or “L” shaped distributions of C7, C2g and
Cyo-50(H), 14a(H), 17a(H)-20R—cholestanes (Fig. 9c—f, m/z 217
mass chromatograms), with their Cy9/Cy7 regular sterane ratios
being lower than those of DFMs and SLMs (range 0.54—1.22,
average 0.93), indicating input from a mixture of lower organisms
and terrigenous higher plants.
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5. Discussion
5.1. Accumulation models of organic matter in different mudstones

Geological factors, such as thermal maturity and diagenesis,
greatly influence the reliability of the biomarkers that are used to
describe paleoenvironments and indicate OM sources (Peters.
2005). Gan et al. (2020) demonstrated that the hydrocarbon gen-
eration threshold and peak in the Fushan Depression occur at
depths of approximately 2500 m (R, 0.5%) and 4000 m
(R, = 1.0%), respectively. Most of the samples in this study were
collected from within this depth range, ensuring that thermal
maturity did not interfere with reconstruction of the paleoenvir-
onment. In order to reduce the interference of other geological
factors, an assemblage of geochemical parameters was used to infer
the deposition conditions, rather than relying on individual
biomarker parameters.

5.1.1. Organic matter sources

In the study, OM sources were determined according to n-
alkane, hopane, and sterane distributions. Long chain n-alkanes
(>nCys) and short chain n-alkanes (<nCyg) are commonly used as
indicators of terrigenous higher plants and lower aquatic organ-
isms, respectively (Eglinton and Hamilton, 1967; Peters et al., 2005).
C,7 steranes are relatively abundant in aquatic OM with high algal

contribution, whereas the concentrations of Cyg steranes are higher
in OM from higher plants (Huang and Meinschein, 1979; Volkman
and Maxwell, 1986). Higher terrigenous/aquatic ratios (TAR) of
saturated hydrocarbon fractions correspond to higher terrigenous
organic input in OM (Bourbonniere and Meyers, 1996; Meyers,
1997).

The mudstones supplied from the southern provenance (e.g.,
DFM, SLM and TBFM from the southern slope zone) are charac-
terized by a unimodal n-alkane distribution, with a predominance
of long chain n-alkanes (Fig. 9a and b, TIC). The TAR values and Cyo/
Cy7 regular sterane ratios are higher than 1.98 and 1.3, respectively,
suggesting a higher proportion of terrigenous OM input (Fig. 10).
These parameters indicate that the DFMs, SLMs and TBFMs
deposited in the southern slope zone predominantly contain OM
from terrigenous higher plants (Fig. 11).

Extracts of FDFM and TBFM from the northern sedimentary
system show a bimodal n-alkane distribution with a predominance
of long chain n-alkanes over short chain n-alkanes (Fig. 9e and f,
TIC). They fall within the range of mixed OM sources in the regular
sterane ternary diagram (Fig. 11). Medium TAR and C,9/Cy7 regular
sterane ratios indicate moderate terrestrial OM input (Fig. 10).
However, other parameters indicate a higher input of terrestrial
OM,; for example, (C19+Cy0)TT/Co3TT ratios and the oleanane index
(=01/C30H) (Table S3). Comprehensive analysis of biomarker in-
dicators suggests that the OM in these mudstones is a mixture of
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bacteria, algae, and terrigenous plant material.

Total ion chromatograms of the SDLM extracts show unimodal
distribution patterns of n-alkanes with the maximum varying be-
tween nCyg and nCyq (Fig. 9c and d, TIC). SDLM extracts have lower
TAR and Cy9/Cy7 regular sterane ratios than the other extracts
(Fig. 10), implying less terrigenous OM input from the surrounding
watershed than from aquatic sources. The OM input to these
mudstones predominantly came from lower aquatic organisms,
with a relatively minor contribution from terrigenous OM (Fig. 11).

5.1.2. Preservation conditions

The relative concentrations of Pr and Ph, together with Pr/nCy7
and Ph/nC;g ratios and Ga indices, were used as indicators for
assessing redox conditions and water column stratification
(Shanmugam, 1985; Volkman and Maxwell, 1986; Peters et al.,
2005). The cross plot of the Pr/nCy7 ratio versus the Ph/nCyg ratio
suggests that the DFMs and SLMs were formed in a terrestrial OM-
dominated oxic environment, which is consistent with their higher
Pr/Ph ratios (Fig. 12). The Ga index of these mudstones is lower than
0.1, another indication of oxic deposition conditions without water
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Fig. 11. Ternary diagram of regular steranes (C,7 Cos and Cyg) showing the organic matter sources (after Huang and Meinschein, 1979).
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column stratification (Fig. 13). The Pr/Ph ratios of FDFMs and TBFMs
are 1.74—2.60 (average 2.04) and 2.28-3.40 (average 2.81),
respectively, falling within the range of a peat-coal environment
(Fig. 12). This, combined with their lower Ga index (<0.1), suggests
that they were deposited in a suboxic freshwater environment.
SDLM extracts show lower Pr/Ph ratios (1.08—2.93, average 1.95)
and a relatively higher Ga index (>0.1), suggesting a suboxic-anoxic
brackish water depositional environment with water column
stratification.

Compared with DFMs and SLMs, the depositional environments
of FDFMs and TBFMs had relatively greater reducibility but similar
salinity (Fig. 13). This may suggest slight water column stratification
caused by temperature variations. The depositional environment of
SDLMs had significantly higher salinity, resulting in better reduc-
ibility than other environments (Fig. 13). Water column stratifica-
tion as a result of salinity variation probably occurred in semi-deep
lacustrine environments.

5.1.3. Accumulation models

During the Eocene, a deltaic-lacustrine sedimentary system
developed in the Fushan Depression. Quantitative analysis of
sporopollen and clay minerals in previous studies indicated that
warm, humid paleoclimatic conditions prevailed during this period
(Luo et al., 2013; Li et al., 2020), causing an influx of terrestrial fresh
water into the depression. Large amounts of terrestrial OM and
nutrients made their way into the resulting lake through channel
networks, creating favorable conditions for high primary produc-
tivity. OM accumulation models were constructed for the different
types of mudstones by combining this understanding with the
palecenvironmental conditions indicated by the molecular
geochemical data in this study.

The biological origins of the southern DPMs, DFMs, SLMs and
TBFMs are all predominantly terrigenous OM, although the
amounts and preservation conditions of the terrigenous OM inputs
varied significantly between the different depositional environ-
ments. DPMs were deposited in an exposed terrestrial environ-
ment, with adequate OM input but poor preservation conditions
(Fig. 14). A proportion of SLMs and DPMs are thought to have been
deposited in the epilimnion, which had a higher concentration of
dissolved oxygen (Figs. 13 and 14). Controlled by the sloping terrain,
preservation conditions steadily improved from the delta front to
the shallow lake, while the input of terrigenous OM

1

correspondingly reduced.

FDFMs and TBFMs supplied from the northern provenance are
derived from a combination of lower aquatic organisms and
terrigenous OM input. The comparatively high abundance of ole-
anane suggests a greater input of angiosperms than in the southern
provenance. Water column stratification can be induced by a
thermocline in freshwater lake basins, and by a halocline in saline
or brackish lake basins (Surdam and Staley, 1979; Xu et al., 2021).
Most FDFMs and TBFMs are considered to have been deposited in
thermoclines due to their suboxic fresh water depositional envi-
ronment (Figs. 13 and 14). The marked temperature differential
between the cold water at depth and the warmer water near the
surface impeded the water/oxygen cycle, resulting in moderate to
good preservation conditions. It is generally accepted that the
deposition rate in fan delta front and turbidite fan tends to be
higher than in other environments. Rapid deposition also has a
positive effect on the accumulation of OM.

The water salinity apparently increased in the semi-deep lake,
with a stratified water column concentrated in the area of the
depocenter and forming a hypolimnion (Fig. 13). SDLMs formed in
this suboxic-anoxic environment, which had the best OM preser-
vation conditions (Fig. 14). Because of the long distance from the
river mouth, only relatively small amounts of allochthonous
terrigenous OM were transported to the lacustrine deep-water
zone. However, primary productivity—attributed to plankton,
algae, and surface bacteria—provided a greater contribution from
aquatic organic material. As a result, SDLMs are characterized by
higher TOC and predominantly type I to type Il kerogens.

5.2. Spatial distribution of organic matter

5.2.1. Areal TOC estimation models

The M/S ratio is an effective parameter for characterizing sedi-
mentary facies (Feng, 2004). This study established the mathe-
matical relationship between TOC content and the M]/S ratio,
facilitating quantitative evaluation of the areal distribution of OM
(Fig. 15a).

(1) Southern sedimentary system

The TOC contents of DPMs (M/S ratio <0.6) was expected to be
approximately 0.9%, with no discernible fluctuation (Fig. 15a).
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Although vast amounts of OM from higher plants were deposited
in-situ in the deltaic plain environment, the oxidation conditions
inhibited preservation. However, terrestrial OM transported along
underwater distributary channels remained stable, with M/S ratios
within the range 0.6—0.8 (DFMs and TBFMs) (Fig. 15b—d), while
water reducibility gradually increased (Fig. 15e), resulting in a
linear increase in TOC content (Fig. 15a). Eq. (1) is the TOC esti-
mation model for DFMs and TBFMs.

TOC (Wt%) = 2.2532 x (M/S ratio) — 0.2874 (RZ = 0.73) (1)

The TOC of mudstones stopped increasing in shallow lake facies

12

(0.8 < M/S ratio < 0.9), with the value estimated to be 1.5% (Fig. 15a).
In this setting, terrestrial OM input drastically reduced (Fig. 15b—d).
However, the more reductive conditions (Fig. 15e) allowed for the
preservation of a higher proportion of the inflowing OM. When the
M/S ratio rose above 0.9, TOC once again increased towards the
deep part of the lake, owing to the contribution of lower aquatic
organisms and the salinity of the stratified water column
(Fig. 15b—e). The fitting equation is set out as Eq. (2).
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TOC (Wt%) = 798.74 x (M/S ratio)® — 2324.5 x (M/S ratio)>
+2255.1 x (M/S ratio) — 727.49 (R2 = 0.70)
(2)

(2) Northern sedimentary system

Active faults in the north Fushan Depression controlled the
amount of accommodation space available for organic-rich sedi-
ment deposition, as well as the redox conditions in the bottom
water, which were favorable for OM preservation (Carroll and
Bohacs, 1999; Bohacs et al., 2000; Xu et al., 2021). As a result, the
TOC contents of sediments deposited in the step fault zone and

13

central sag were relatively higher than those of the mudstones in
the southern slope, showing a trend of continuous growth towards
the deep lake (Fig. 15a). In areas where the M/S ratio was less than
0.7 (e.g. fan delta front and inner-middle turbidite fan subfacies),
terrestrial OM input was significantly reduced from the provenance
zone to the center of the lake (Fig. 15b—d), while preservation
conditions were marginally improved (Fig. 15e). Nevertheless,
lower aquatic organisms, such as algae and bacteria, provided
sufficient supplemental organic material, resulting in increased
TOC and a mixture of kerogens. Aquatic organic input almost pre-
dominated in OM deposition when the M/S ratio was greater than
0.7 (e.g. semi-deep lake, pro-fan delta, and outer turbidite fan
subfacies) (Fig. 15b—d). The preservation conditions favored OM
accumulation, and TOC content gradually increased towards the
center of the lake. The organic richness of the mudstones in the
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northern sedimentary system can be assessed using Eq. (3).

TOC (Wt%) = 0.8228 x (M/S ratio)? + 0.0882 x (M/S ratio)
10.9308 (R2 - 0.68)
(3)

5.2.2. Spatial distribution of organic-rich mudstones within the
sequence stratigraphic framework

By combining M/S ratios, regional TOC estimation algorithms,
and measured TOC correction, contour maps of the areal TOC dis-
tributions of the three Liushagang sequences were produced
(Fig. 16). The mean TOC of the mudstones in the SQIs3 and SQIs2
sequences ranges from 1.0% to 2.0%, indicating that the mudstones
generally meet the TOC criterion for good source rocks. Mudstones
with TOC higher than 1.6% are found throughout the Huangtong
Sag (Fig. 16a and b), corresponding to medium to high lake levels
(Fig. 2). The SQIs1 epoch saw a dramatic drop in the lake level
(Fig. 2), with deltaic and turbidite sediments predominating. The
distribution of areas containing more OM shifted increasingly to-
wards the north during this period (Fig. 16c).

There is no clear numerical relationship between OM type and
the M/S ratio. However, in the southern sedimentary system, as the
M/S ratio increases, the kerogen type changes from type III to type
11, whereas, in the northern sedimentary system, it shifts from type
I kerogen to type III (Figs. 5, 6 and 7).

5.3. Implications for hydrocarbon exploration

This study determines the distribution of source rocks with high
OM abundance more accurately than previous studies based on an
inter-well interpolation approach. This new method shows great
promise for future exploration target selection. More SQls2 oil
pools have already been discovered in the Chaoyang Oilfield as a
result of the plentiful high-quality source rocks identified in the
SQIs2 sequence in the deep center of the Huangtong Sag (Fig. 17). In
contrast, the high-quality source rock development areas in SQIs1
are mostly in the northern part of the Huangtong Sag. The oil and
gas tend to migrate along faults to the much closer Yong'an Oilfield
(Fig. 17). Therefore, the turbidite sand bodies in SQIs2 in the center
of the Huangtong Sag and in SQIs1 in the north of the sag offer
superior exploration opportunities because they are adjacent to
high-quality source rocks with adequate supply.

There are two major additional benefits of the new method: (1)
Using the M/S ratio enables more accurate description of the dis-
tributions of high-quality source rocks in heterogeneous lacustrine
basins than has hitherto been possible, which will increase explo-
ration success rates; (2) The technology is universally applicable,
and is particularly valuable for identifying hydrocarbon sources in
deeply buried strata and offshore areas. Exploration is complex,
difficult and expensive in these areas, so comparatively few wells
have been drilled. As a result, geological samples for source rock
identification are scarce. However, M/S ratios are generally readily
available, so the method outlined in this study is eminently
suitable.

6. Conclusions

This study investigated the heterogeneous accumulation and
characteristics of OM using an integrated sedimentological,
geochemical, and geophysical approach. Three main conclusions
are drawn:
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(1) The geochemical characteristics of OM are sensitive to sedi-
mentary environment and provenance input, reflected in
diverse accumulation patterns. Within the Liushagang For-
mation, SLMs and DFMs with predominantly terrestrial OM
were deposited in the epilimnion, with moderate OM con-
tent and hydrocarbon generation ability. FDFMs and TBFMs
generally formed in suboxic thermoclines with a mixture of
organic materials. These are classified as fair source rocks. In
contrast, the input of organic material to SDLMs developed in
the hypolimnion was predominantly from lower aquatic or-
ganisms and these contain the largest amounts of OM.

(2) Spatial distribution of OM can be accurately determined by
combining logging geochemical models, M/S ratios, and OM
accumulation models within the sequence stratigraphic
framework. In the western region of the Fushan Depression,
the occurrence of high-quality source rocks with abundant
OM is limited to areas on the southern slope (SQls3), the
central part of the Huangtong Sag (SQIs2), and the northern
part of the Huangtong Sag (SQls1).

(3) The method proposed in this study is suitable for source rock
surveys in other lacustrine basins with heterogeneous sedi-
ments, because it requires only a minimal amount of
geochemical data, relying instead on M/S ratios, which are
generally readily available.
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