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ABSTRACT

Lacustrine oil shales are valuable unconventional resources, with their organic matter (OM) enrichment closely
linked to paleoclimatic conditions. However, the mechanisms controlling OM enrichment in freshwater and
saline lacustrine environments remain underexplored. This study represents the first application of the random
forest (RF) classifier to investigate how paleoclimatic changes influence OM enrichment mechanisms in lacus-
trine oil shales in China. By analyzing the bulk geochemical (total organic carbon (TOC), trace and major ele-
ments) and molecular biomarker data from seven representative lacustrine oil shales, we demonstrate that the RF
classifier can effectively discriminate between freshwater and saline lacustrine oil shales. The results indicate
that the TOC content is the most significant parameter, with freshwater shales having higher TOC values than
their saline counterparts. Further analyses suggest that OM enrichment in these two types of lacustrine settings
was driven by a combination of factors, including paleoproductivity, paleowater conditions, and terrigenous
inputs, all modulated by paleoclimatic changes. Freshwater lacustrine shales were generally deposited during
humid and warm periods with higher atmospheric CO; levels and greater precipitation, which led to higher
paleoproductivity, reduced terrigenous influx, rising lake levels, and improved OM production and preservation.
In contrast, saline lacustrine shales were deposited during dry and cold periods, when increased water salinity
and diminished paleoproductivity resulted in lower OM production, reduced preservation, and decreased TOC
content. These findings provide key insights into the role of paleoclimate in shaping OM-rich lacustrine shales
and establish a framework for evaluating organic-rich shale deposits. The study also underscores the potential for
future geochemical datasets to enhance classification models and broaden applications of machine learning in
the exploration of hydrocarbon resources.

1. Introduction

enrichment in lacustrine oil shales is essential for optimizing uncon-
ventional resource exploration and contributing to energy security and

As conventional oil and gas resources become increasing depleted,
unconventional resources, such as shale oil and shale gas, have thus
become critical replacements, especially in fast-growing markets such as
China. Oil shale resources in China are estimated at 987 billion tons,
equivalent to 61 billion tons of in-place shale oil, with most found in
lacustrine oil shale sequences (Liu et al., 2009; Ministry of Land and
Resources of China, 2006). Since organic matter (OM) is the foundation
for forming source rocks, understanding the mechanisms behind OM

sustainability. Furthermore, lacustrine basins, being relatively restricted
systems, are particularly sensitive to climate perturbations, making OM
enrichment closely linked to variations in sedimentary environments
(Castaneda and Schouten, 2011). Therefore, the study of OM enrichment
processes in lacustrine shales provides valuable insights into past envi-
ronmental changes and serves as a record of continental paleoclimate
and paleoenvironment shifts (Anderson and Dean, 1988; Chamberlain
et al., 2013; Wang et al., 2017).
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In China, shale oil exploration has mainly focused on shales in saline
lacustrine basins, including the early-middle Permian Fengcheng and
Lucaogou formations in the Junggar Basin, and the Eocene Shahejie and
Kongdian formations in the Bohai Bay Basin. Recent significant ad-
vancements have been made in exploring the freshwater lacustrine ba-
sins in China, such as the Upper Triassic Yanchang Formation in the
Ordos Basin and the Upper Cretaceous Qingshankou Formation in the
Songliao Basin. These advancements highlight the critical role both
freshwater and saline lacustrine basins play in oil shale formation.
Freshwater and saline lacustrine systems differ fundamentally in their
hydrological and chemical conditions, which in turn influence the OM
production, preservation, and enrichment in sediments. In the modern
world, freshwater lakes, typically dominated by river inflow and pre-
cipitation, generally support higher biological productivity, promoting
OM accumulation. In contrast, saline lakes are often characterized by
restricted inflow and high evaporation rates, leading to elevated salinity
levels. These conditions may result in lower organic productivity but
higher preservation of specific organic compounds, which influences
quality and quantities of OM accumulated in the sediments. Climate
factors, such as temperature, precipitation, and evaporation rates, exert
profound influences on these processes, complicating the mechanisms of
OM enrichment across these contrasting environments. However, the
relationship between OM enrichments in the freshwater and saline
lacustrine shales and paleoclimate variations over geological time has
not been fully established.

Previous studies have investigated OM enrichment mechanisms in
Chinese lacustrine oil shales in the context of paleoclimate changes.
However, many of these studies either focused on the geochemical
characteristics of an individual oil shale formation in a single region (e.
g., Ma et al., 2016; Chen et al., 2019; Li et al., 2024c) or present an
overview of a single type of lacustrine oil shale (Jin and Zhu, 2006; Xu
et al., 2024), while others focused on comparing marine OM-rich shales
with lacustrine ones (Warren, 2010; Zou et al., 2019). To our knowl-
edge, no previous studies have systematically analyzed the differences in
geochemical characteristics and OM enrichment mechanisms between
freshwater and saline lacustrine oil shales. One key challenge lies in the
complex, nonlinear interactions between climatic variables and
geochemical processes that govern the OM enrichment, making it
difficult to draw definitive conclusions about the climatic mechanisms
influencing OM enrichment in different lacustrine setting.

To address these challenges, this study applied random forest (RF)
algorithm, a machine learning technique, to analyze the multivariate
relationships involved in OM enrichment. The RF classifier is one of the
most widely used algorithms for classification problems (Singh et al.,
2016). It consists of a group of decision trees, where each tree can make
the classification decision by asking a sequence of true-or-false ques-
tions. RF is particularly effective at minimizing human bias and facili-
tating more reliable conclusions. Thanks to its learning capability, RF is
well-suited to handling large and complex datasets (Reichstein et al.,
2019; Herzsprung et al., 2020), making it ideal for identifying differ-
ential patterns of OM enrichment in both freshwater and saline lacus-
trine environments and understanding the regulatory factors involved.
Unlike traditional statistical methods, RF can capture complex re-
lationships and interactions between variables, including nonlinear,
non-monotonic and multidimensional linear responses of data structure,
providing deeper insights into the processes involved. Recent studies
have successfully used RF in geoscience fields, such as atmospheric
biogeochemistry (Osterholz et al., 2016; Shi et al., 2022), remote sensing
of land surfaces (Lary et al., 2016; Pan et al., 2020), ore deposits
(Hoggard et al., 2020; Zhou et al., 2023) and chemometric trends in the
modern and ancient oceans (Mahynski et al., 2022; Wang et al., 2023c).
However, the application of big data and machine learning methods is
still in its infancy in oil shale research.

In this study, we compiled the geochemical characteristics of fresh-
water and saline lacustrine oil shales and employed the RF to investigate
the climate-driven differential OM enrichment mechanisms in major
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lacustrine oil shales in China (Fig. 1). Through analyzing comprehensive
datasets from both freshwater and saline lacustrine oil shales, we infer
the paleoclimatic conditions in these lacustrine basins and their influ-
ence on depositional environments and processes. We then explored the
relationship between OM enrichment and paleoclimate across these
lacustrine settings, ultimately seeking to uncover the specific paleocli-
matic conditions that favored OM accumulation and preservation in
each environment. The findings of this research have important impli-
cations for enhancing our understanding of lacustrine oil shale forma-
tion and advancing exploration strategies in lacustrine basins, both in
China and globally.

2. Methods
2.1. Data synthesis

This study is based on a comprehensive review of the published
literature on the geochemical characteristics of lacustrine oil shales in
China. Although lacustrine organic-rich shale units are widely recog-
nized in Mesoproterozoic through Cenozoic strata (Jin et al., 2023) and
are extensively distributed across China (Zou et al., 2019), this analysis
focuses on data synthesis from only seven lacustrine oil shales: the
seventh member of the Yanchang Formation (Chang 7) in the Ordos
Basin, the Qingshankou Formation in the Songliao Basin, the Fengcheng
and Lucaogou formations in the Junggar Basin, and the Shahejie and
Kongdian formations in the Bohai Bay Basin (Fig. 1) (see Geological
Setting in Supplementary Material). Prior to the machine learning an-
alyses, the selected oil shales were classified into freshwater and saline
lacustrine oil shales. It is important to note that the salinity of these
basins was not constant over time. For example, during the deposition of
the Qingshankou Formation, episodic marine incursions probably
contributed to periods of increased salinity within the lacustrine basins.
The classification scheme adopted in this study follows Li et al. (2022a),
which is based on overall sedimentary patterns of the oil shales. Spe-
cifically, the Chang 7 and Qingshankou formations are classified as
freshwater lacustrine shales, whereas the remaining five formations are
classified as saline lacustrine shales (Li et al., 2022a). These basins are
recognized for their commercial potential, housing oil shales deemed
significant hydrocarbon source rocks and targets for shale oil explora-
tion (Jia et al., 2012). The selection of these oil shales was guided by two
main criteria: i) they represent major hydrocarbon source rocks and
targets for shale oils in the basins where they are distributed; and ii) the
availability of previously published raw data on their inorganic and
organic geochemical characteristics. Due to the absence of a publicly
available database for China’s oil shale records in existing literature or
online platforms, we compiled our dataset exclusively from peer-
reviewed journal publications. For studies that did not provide raw
data directly, the data from the graph were digitized using GETDATA
software (GetData Graph Digitizer version 2.20). Unpublished sources,
such as personal webpages and private materials, were completely
excluded. To perform the literature search, the formation names were
used as keywords in Google Scholar and the Web of Science. Original
research articles were further verified through a cross-reference in
original journal websites and major databases, such as ScienceDirect and
China National Knowledge Infrastructure. The literature search was
conducted from August 2023 to January 2024, and studies published
after the January 2024 were not included in our dataset.

Our initial compiled dataset included 147 proxies, encompassing
absolute concentrations of trace metals, major oxides, and molecular
biomarker compounds. Given that these absolute concentrations were
obtained using various analytical methods, instrumental techniques and
quality-control protocols, which can introduce uncertainties, we
normalized concentrations and utilized ratios between different trace
metals, major oxides and biomarker compounds. Prior to the RF anal-
ysis, we converted the ratios between some oxides to the corresponding
elemental ratios. For example, we transformed the P»0s5/Al;03 ratio into
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Fig. 1. Simplified map illustrating a) the global distribution of lacustrine oil shales, labeled according to their respective depositional basins, and b) the distribution
of major lacustrine shale oils in China. The red rectangle in panel (a) highlights the major lacustrine oil shales in China. Detailed information on the oil shales and
their corresponding depositional basins are provided in Table 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

the P/Al ratio by utilizing the stoichiometric relationship between the
elements and their oxides. As for redox-sensitive trace metals, Al-
normalized enrichment factors (EFs) were calculated relative to the
post-Archean Australian Shale (PAAS) (EF = [metal/Al]lsample/ [metal/
Al]lpaas), where PAAS values for Al and individual trace metals were
from Taylor and McLennan (1985). Proxies associated with thermal
maturity and degradation, such as the Rock-Eval Tp,x parameter, Cag
steranes 20S/(20S + 20R), and sterane ff/(ac + PpP), were excluded
from analysis. Proxies with incomplete data across two types of oil

shales were also omitted. Additionally, outlier samples with proxy
values exceeding three standard deviations from the mean were
removed from machine learning analyses, resulting in a 1.25 % deletion
rate. After the screening process, we retained 15,444 entries from 32
proxies and 3841 samples (Supplementary Dataset 1).

2.2. Statistical methods

The random forest (RF) classifier was built in scikit-learn Python 23.2
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software (Python Software Foundation, Wilmington, DE, USA). Before
training the classifier, all variables were standardized using the formula:
y’ = (y — p)/o, where y’ is the standardized value, y is the original value,
p and o are the average and standard deviation of the dataset of y,
respectively. During RF analysis, the lacustrine oil shale dataset was
randomly divided into two subsets by a bootstrap method: the large
subset for training and a smaller subset for testing the accuracy of oil
shale type assignments (i.e., distinguishing between freshwater versus
saline lacustrine oil shales). Samples of each setting were randomly split
into these two subsets in a ratio of 4:1. The k-fold cross-validation was
also employed to enhance the performance of our model on imbalanced
data, with each subset partitioned into k folds, where k was set to a
default value of 10 (Anguita et al., 2012; Mahesh et al., 2023). This
sampling strategy ensures all seven oil shales were included, and only
samples with complete data for all selected training variables were
utilized for the machine learning process.

The RF classifier was executed with a value of 100 estimators (i.e.,
number of trees in the forest) (Supplementary Fig. S1). At each tree
node, the maximum number of features considered was the square root
of the total number of features (Wicaksono and Lazuardi, 2018). Model
performance was evaluated based on classification accuracy, specifically
focusing on the true positive rate and false positive rate. The RF model
identified the most important variables for partitioning the response
variable in the training dataset, thereby classifying the training samples
into their true categories. This process also allows for an assessment of
the importance of each variable in influencing the classification accu-
racy. The entire RF data-processing chain was repeated 20 times to
validate the stability of RF classification.

Additionally, the non-parametric Mann-Whitney test was performed
on the synthesized data using Scipy.Stats module in Python. This test was
used to identify significant differences in a given parameter between
freshwater and saline lacustrine oil shales, with a significance level set at
0.05. The Mann-Whitney test results are present in Supplementary
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Dataset 2.
3. Results and discussion
3.1. Capacity of RF model to classify lacustrine oil shales

The RF classifier was developed to distinguish between freshwater
and saline lacustrine oil shales, aiming to characterize the comprehen-
sive differences between the two types. The confusion matrix of overall
RF model demonstrates effective classification, achieving an average
accuracy of 87.7 % for freshwater lacustrine oil shales and 94.9 % for
saline lacustrine oil shales (Table 2). The errors observed in the RF
analysis may be attributed to the high degree of similarity among certain
samples. For example, oil shales from the Qingshankou Formation in the
Songliao Basin are often interbedded with thin layers of siltstones
exhibiting various current structures. Previous studies, including pale-
ontological, isotopic and geochemical analyses of these rocks in the
Qingshankou Formation, indicate some of these sequences were influ-
enced by episodic seawater incursions into the lake (Hou et al., 2000;
Huang et al., 2013). The shifts in geochemical indices associated with
these marine incursions might have caused some shale samples to be
misclassified as saline lacustrine shales.

RF classification model was also employed to assess the significance
of geochemical characteristics distinguishing the two types of lacustrine
oil shales studied. The importance of each variable was expressed as a
percentage of mean decrease accuracy (MDA), which measures the
reduction in RF prediction accuracy when the value of a variable is
replaced with a random number. A higher MDA value indicates greater
importance of the variable. Only the top 20 ranked geochemical vari-
ables are presented, as variables ranked lower had negligible impact on
the model accuracy. Total organic content (TOC) was identified as the
most important variable for classification (Fig. 2). In addition, 7 of the
top 20 variables are widely used indicators of paleoproductivities,

TOC -
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C,. TeT/(C, TeT+C,,TT) -
Sr/Cu 4

DBT/P 4
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Fig. 2. Evaluation of variable importance of the random forest (RF) classification model. The “mean decrease accuracy” reflects the reduction in RF prediction
accuracy when the value of a variable is replaced with a random number. A higher the value indicates greater importance of variable in the predictive performance of
model. For abbreviations of parameters, see text.
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including percentages of Coy- and Cgg - 5a(H),14a(H),17a(H) 20R
(axaoR) regular steranes relative to total (Ca7 + Cag + Cag) aaoR steranes
(%Co7 St and %Cog St), the Co1_/Coy. n-alkane ratio (Ca;_/Co24), and
aluminum-normalized inorganic proxies, such as Ni/Al, P/Al, Ba/Al,
and Zn/Al (Fig. 2; Kodner et al., 2008; Tribovillard et al., 2006; Algeo
and Ingall, 2007). Among the top 20 variables, five are commonly used
to indicate paleowater conditions. The pristane to phytane ratio (Pr/Ph),
dibenzothiophene to phenanthrene ratio (DBT/P) and enrichment factor
of uranium (Ugg) are used to indicate redox conditions (Hughes et al.,
1995; Algeo and Tribovillard, 2009; Tribovillard et al., 2012; Ma et al.,
2019) while the gammacerane index (GI = gammacerane/Cso hopane)
and the Cy;/Ca3 tricyclic terpane ratio (Cp;TT/CgsTT) are used to

254
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indicate water salinity (Fig. 2; Tulipani et al., 2015; Li et al., 2021). Four
proxies reflect the influxes of terrigenous OM and clastic materials into
lacustrine environments: terrigenous to aquatic ratio (TAR), Co4 tetra-
cyclic terpane to Cas tricyclic terpane ratio (Ca4TeT/(Ca4TeT + Ca3TT)),
Ti/Al, and the percentage of Co9 ataR regular steranes relative to total
(Ca7 4+ Cag + Cg9) acaR steranes (%Cog St) (Fig. 2; Philp and Gilbert,
1986; Murphy et al., 2000; Meyers et al., 2001; Samuel et al., 2010).
Notably, three indicators of paleoclimate changes are ranked among the
top 10: Rb/Sr, Sr/Cu and the chemical index of alteration (CIA) (Fig. 2;
Chen et al., 1999; Goldberg and Humayun, 2010; Moradi et al., 2016).

b * P<0.001*

Pr/Ph

P=0.203

P=0.720

C,, TT/C,TT

T T

freshwater lacustrine oil shales|
saline lacustrine oil shales

Fig. 3. Box plots comparing a) total organic carbon (TOC) content and (b-d) proxies of paleowater conditions, including (b) pristane/phytane (Pr/Ph) ratio, (c)
enrichment factor of uranium (Ugg) (d) dibenzothiophene to phenanthrene (DBT/P) ratios, (e) gammacerane Index (GI) and (f) Cy; tricyclic terpane/Cy3 tricyclic
terpane (Cy; TT /Ca3 TT) ratio in freshwater and saline lacustrine oil shales. Nonparametric Mann-Whitney test P values are shown, and asterisk indicates that a
significant difference was detected (P < 0.05) between the freshwater and saline lacustrine oil shales. The red dashed line represents the median value. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Differential geochemical characteristics of freshwater versus saline
water oil shales

By comparing the TOC content in the freshwater and saline lacus-
trine oil shales (Fig. 3a), it is evident that freshwater lacustrine oil shales
are more enriched in OM relative to saline water lacustrine shales
(Mann-Whitney test P < 0.001) (Supplementary Dataset 2). The
enrichment of OM in sediments results from the interaction and coupling
of various factors, and the primary mechanisms controlling the OM
enrichment are input and preservation along with their interactions with
each other (Schwarzkopf, 1993; Tyson, 1995). This study now in-
vestigates the mechanisms underlying the differences in TOC content
between freshwater and saline lacustrine oil shales.

3.2.1. Paleowater conditions

Paleowater conditions are a key factor influencing the preservation
of OM, as anoxic and stratified environments can enhance OM preser-
vation and enrichment (Lee, 1992). Redox and salinity conditions dur-
ing the shale depositions were initially determined based on biomarker
ratios, including Pr/Ph, DBT/P, GI and Cy; tricyclic terpane (TT)/Cy3 TT
(Fig. 2b-f). The Pr/Ph ratio has commonly been used as indicator of
redox conditions during the early diagenesis (Powell and McKirdy,
1973; Ten Haven et al., 1987; Hughes et al., 1995; Ma et al., 2019; Qiao
et al., 2021), with values <1.0 typifying anoxic conditions, values be-
tween 1.0 and 2.9 suggesting suboxic settings, and values >3.0 indi-
cating oxic environmental settings (Didyk et al., 1978; Peters et al.,
2005). Here, we need to note that, aside from the source and deposi-
tional environment, organic geochemical indicators may also be influ-
enced by maturity (Luo et al., 2020). For example, Cheng et al. (2023)
found that the Pr/Ph ratio of lacustrine source rocks progressively de-
creases with increasing maturity. Hence, the inorganic proxy Ugr was
used as an additional indicator to examine the redox conditions of the
depositional environment. Under oxidizing conditions, U is typically
present in water as dissolved U®*, whereas U®" is transformed into
insoluble U** under anoxic conditions and becomes enriched in sedi-
ments (Skomurski et al., 2011; Algeo and Tribovillard, 2009). The
enrichment factor of U has been widely to assess the redox conditions,
and Ugp greater than 1 indicates that U is enriched relative to their
average crustal abundance, suggesting an anoxic environment
(Tribovillard et al., 2006; Algeo and Tribovillard, 2009; Sweere et al.,
2016; Lu et al., 2021; Zirks et al., 2021). Both freshwater and saline
lacustrine oil shales exhibit Pr/Ph ratios around 1 and Ugg values greater
than 1, indicating that both types of oil shales were deposited in anoxic
lacustrine environments. Compared to freshwater lacustrine oil shales,
the saline lacustrine oil shales exhibit significantly lower Pr/Ph ratios
and higher Ugg values (Fig. 3b and c), reflecting more reducing condi-
tions in the saline paleolakes than freshwater paleolakes. DBT, a sulfur-
containing compound widely found in oils and ancient sediments, is
commonly used to assess the depositional environment of shales
(Hughes et al., 1995; Fan et al., 1991; Li et al.,, 2013; Zhang et al.,
2021a). DBT formation is mostly associated with reducing conditions,
low ferrous ion concentrations, and high sulfate levels (Hughes et al.,
1995). Although the DBT/P ratio was identified as an important factor in
the RF analysis, the Mann-Whitney test results show no statistically
significant difference in the DBT/P values between freshwater and saline
lacustrine oil shales (Fig. 3d), indicating that the DBT/P ratio alone
cannot differentiate between the two types of lacustrine oil shales in
China.

Changes in water salinity within a lake are key factors influencing
the stratification of the water column and the formation of anoxic
conditions at the lake bottom (Sinninghe Damsté et al., 1995; Wang
et al., 2011). In this study, two proxies associated with salinity, GI and
Co1 TT/Cog TT ratio, rank among the top 20 important proxies in the RF
classification (Fig. 2). High GI value has been widely used to indicate a
stratified water column in both marine and non-marine depositional
environments, typically resulting from hypersalinity at depth
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(Moldowan et al., 1985; Fu et al., 1986; Philp et al., 1991). Alternatively,
gammacerane may originate from bacterivorous ciliates inhabiting the
chemocline within the water column, suggesting that high concentra-
tions of gammacerane can also reflect a well-stratified water column,
even in the absence of high-salinity bottom waters (Sinninghe Damsté
et al., 1995; Schwark et al., 1998). In our study, significantly higher GI
values were observed in saline lacustrine oil shales than freshwater
lacustrine oil shales (Fig. 3e), indicating a more saline and salinity-
driven stratification in saline lacustrine basins. This finding aligns
with previous studies that reconstruct salinity conditions based on
lithological associations. As salinity increases in lacustrine basins,
Ca—Mg carbonate minerals, such as calcite, aragonite, and dolomite,
begin to precipitate, marking the primary stage of salinization in the
lake (Warren, 2016). In China, saline lacustrine deposits are typically
characterized by carbonate-rich shales, while freshwater lacustrine de-
posits are predominantly composed of siliceous and clay-rich rocks,
which are generally carbonate-poor (Li et al., 2022a). These the differ-
ences reflect variations in aquatic conditions during the deposition of
these two types of lacustrine oil shales. In addition, the Cy;TT/Co3TT
ratio appears to decrease with elevated salinity of the depositional
water. This ratio was developed based on the observations that TTs
typically show a predominance of the Co3TT in marine facies and a
dominance of the Co;TT in freshwater lacustrine facies (Peters et al.,
2005). However, our Mann-Whitney tests reveal no significant differ-
ence in the CoTT/Cy3TT ratio between freshwater and saline lacustrine
oil shales (Fig. 3f). Furthermore, the CyTT/Cy3TT ratios in saline
lacustrine oil shales vary in a wide range, with some samples exhibiting
higher values than freshwater ones (Fig. 3f). Considering that the exact
precursors of the TTs have not been fully identified (Dutta et al., 2006;
Philp et al., 2021), we propose that salinity was not the sole factor
influencing the distribution of the C2; TT/Cy3TT ratios in the two types of
lacustrine oil shales. For example, elevated inputs of planktonic OM can
lead to a predominance of the Co3TT over the CyTT, while increased
input of terrigenous plants-derived OM may result in a predominance of
the Co1TT over the Co3TT (Wang et al., 2023a, and references therein).
Therefore, we call for future studies to incorporate multiple proxies
when reconstructing the salinity of depositional environments, rather
than relying solely on the Cy; TT/CosTT ratio as an indicator of salinity.

In summary, compared to freshwater lacustrine basins, saline
lacustrine basins are associated with more reducing and stratified en-
vironments, which generally favor the enrichment of OM in sediments.
Despite this, saline lacustrine oil shales exhibit lower TOC content. This
observation suggests that paleowater conditions alone did not account
for the differences in TOC content between the freshwater and saline
lacustrine oil shales. Other factors must be contributing to the variations
in OM contents observed in these environments.

3.2.2. Paleoproductivity

The input of OM is mainly controlled by primary productivity (Katz,
2005). Lacustrine primary productivity levels were assessed using mo-
lecular biomarker-derived ratios, i.e., %Co7 St and %Csyg St and Cy;_/
Co24, and elemental geochemical indicators, i.e., major element P and
trace metals Ni, Ba and Zn. Cy7 and Cag steranes serve as biomarkers for
productivity, particularly for red and green algae, respectively (Kodner
et al., 2008). The Cy;_/Cy. ratio represents the sum of C;4—Coq n-al-
kanes relative to the sum of Cy3-C33 n-alkanes, where short-chain n-al-
kanes (<Cy;) are typically abundant in algae and microorganisms, while
long-chain homologues (>Cy;) are generally associated with terrigenous
higher plant (Eglinton and Hamilton, 1967; Cranwell et al., 1987; Ficken
et al., 2000; Lu and Meyers, 2009). Compared to saline lacustrine oil
shales, freshwater lacustrine oil shales have higher percentages of Cyy
steranes relative to total steranes (%Czy St) and higher Cg;_/Cyy, values
(Fig. 4a and c, Supplementary Dataset 2). The relative abundances of Cog
steranes (%Cyg St) in saline lacustrine oil shales were significantly
higher than in freshwater lacustrine shales (Fig. 4b). This finding aligns
with our expectations, as green algae community has been characterized
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as “disaster species” due to their strong survival capability in oxygen-
depleted and high-salinity conditions, which are unfavorable for most
other photoautotrophic plankton species (Tappan, 1980; Schwark and
Empt, 2006). As such, the high content of Cyg steranes have been
documented in shales from various saline lacustrine basins, including
the Green River shale, the shales of the Fengcheng and Lucaogou for-
mations, and first member of Shahejie Formation (Horsfield et al., 1994;
Meng et al., 2011; Gao et al., 2016; Cao et al., 2020).

In addition to biomarker proxies, higher total productivities in
freshwater paleolakes are also supported by elevated P/Al, Ni/Al, Zn/Al,
and Ba/Al ratios in the freshwater lacustrine shales compared to their
saline counterparts (Fig. 4d and e, Supplementary Dataset 2). Element P,
a critical constituent of organisms, is often preserved in sediments
following the decomposition of organic material, and may later form
autogenous phosphate minerals (Redfield, 1958; Schenau et al., 2005;
Algeo and Ingall, 2007). Ni, Zn and Ba have been widely used to assess
paleoproductivity, particularly under anoxic conditions, as these ele-
ments are delivered to sediments primarily in the form of organometallic
complexes associated with organic matter and are less influenced by
redox conditions (Tribovillard et al., 2006; Bejugam and Nayak, 2019).
The higher values of productivity-derived ratios in the freshwater
lacustrine shales indicate greater overall productivity in these lakes,
resulting in increased OM production and subsequent enrichment in the
sediments. The lower paleoproductivity in the saline water lake is ex-
pected, as high salinity can inhibit the activities of algae, plankton and
zooplankton, reducing OM production, and, consequently, OM accu-
mulation in the sediments.

It is noteworthy that the bottom water environment of freshwater
lacustrine basins is characterized by less reducing environments relative
to saline lacustrine basins, combined with substantial inputs of algae and
plankton. This could result in active aerobic microbial processes both in
the ancient lake water column and at the lake bottom. Evidence of such
microbial activity has been found in freshwater-deposited Chang 7 oil
shales, including abundant carbonate concretions and microfossils of

microbial mats (Zhu et al., 2020b; Liu et al., 2022). Additionally, find-
ings of abundant microbial degradation-derived bituminite macerals
and bacteria-derived biomarkers (e.g., 3f-methylhopanes) in the
freshwater-deposited Qingshankou Formation further support this
viewpoint (Zhu et al., 2020a; Wang et al., 2023b). However, the higher
TOC content in freshwater lacustrine oil shales indicates that the pri-
mary production of algae and phytoplankton in the ancient lake was
sufficient to surpass the degradation of OM by microorganisms in the
water column, leading to greater accumulation of OM in sediments.

High primary productivity is a fundamental factor in the formation
and development of source rocks (Tissot and Welte, 1984). In marine
sedimentary environments, high primary productivity has been
observed in modern continental margins, where upwelling currents and
enhanced terrigenous inputs bring nutrient-rich waters to the surface,
leading to prolific phytoplankton blooms (Pedersen and Calvert, 1990;
Caplan and Bustin, 1999; Gallego-Torres et al., 2007). This results in
substantial OM input to the seafloor, even in sediments subject to sig-
nificant bioturbation, where high OM preservation can still occur.
Consequently, high surface water productivity is considered as a major
controlling factor for OM enrichment and preservation in marine sedi-
ments (Pedersen and Calvert, 1990; Gallego-Torres et al., 2007). Some
researchers argue that, in the context of marine sedimentary environ-
ments, high surface productivity is more crucial than anoxic bottom
waters for OM enrichment (Pedersen and Calvert, 1990; Sageman et al.,
2003; Shi et al., 2018). Our results indicate a similar process in paleo-
lakes and supports the notion that high productivity may be a key
mechanism contributing to the differences in OM abundance between
freshwater and saline lacustrine oil shales.

3.2.3. Terrigenous influxes

Three biomarker indicators of terrigenous OM inputs that rank
among the top 20 most important parameters for the RF classification
(Fig. 2). TAR, defined as (nC2; + nCag + nCsz1)/(nCis + nCi7 + nCio),
reflects the relative input of terrigenous versus aquatic OM, with higher
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values indicating a greater contribution from higher plants (Cranwell
et al., 1987; Bourbonniere and Meyers, 1996). Most samples, whether
from freshwater or saline lacustrine oil shales, have TAR ratios below 1
(Fig. 5b), indicating that contributions from terrigenous OM were less
than those from aquatic sources in both types of shales. Cyg steranes are
commonly used as a proxy for vascular plant input, with the caveat that
some diatoms, cyanobacteria and algae are also potential sources
(Patterson, 1971; Moldowan et al., 1985; Kodner et al., 2008; Ding et al.,
2024). Cyq4 tetracyclic terpane (TeT) can be produced via microbial-
mediated decyclization of the E- or A-rings of terrigenous triterpenes
(Woodhouse et al., 1992; Samuel et al., 2010). The ratios of Co4TeT and
Co3TT and the proportion of Cyg steranes relative to total steranes (%Cag
St) are often used to indicate terrigenous OM inputs, particularly from
higher plants (Philp and Gilbert, 1986). In saline lacustrine oil shales,
higher values of TAR, C4TeT/(C24TeT + Co3TT) and %Cog St (Cag aaaR
steranes/(Cyy + Cog + Ca9) acaR steranes x100 %) (Fig. 5a, b and c;
Supplementary Dataset 2) indicate stronger terrigenous OM input into
saline lakes. It is important to note that the biomarker proxies used here
represent the relative contributions of terrigenous OM compared to
aquatic OM. Therefore, the elevated ratios observed in saline lacustrine
oil shales may be due to reduced aquatic OM input, which is likely a
consequence of lower productivity associated with high salinity
conditions.

In this study, the strength of terrigenous inputs into lakes was also
assessed using inorganic geochemical proxies, such as Ti/Al and SiOy/
Al,Og3 ratios (Fig. 5d and e). The Ti/Al ratio is extensively used as a proxy
to indicate detrital influx (Rimmer, 2004; Tribovillard et al., 2006; Lash
and Blood, 2014), where Al mainly originates from aluminosilicate clay
minerals in fine-grained sediments while Ti is enriched in the sand- and
silt-sized grains, such as ilmenite and rutile (Young and Nesbitt, 1998;
Caplan and Bustin, 1999; Calvert and Pedersen, 2007). Ti/Al ratio ranks
among the top 20 most important parameters for RF classification, with
higher Ti/Al ratios indicating a greater influx of detrital sediments
(Walker et al., 1988). Although the SiO5/Al,03 ratio was only listed as
top 20 proxies by RF analysis, but was included for Mann-Whitney test
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as a proxy for detrital influx. The aluminum-normalized Si ratio repre-
sents the proportion of quartz to aluminosilicate minerals in the sedi-
ments (Murphy et al., 2000) and has been widely used as terrestrial
proxies (Ross and Bustin, 2009; Xu et al., 2018; Hofer et al., 2013). Since
silica can originate from biogenic sources such as diatoms, silico-
flagellates, and radiolarians (Gehlen et al., 2002), we evaluated the
potential source of SiO3 by examining the relationship between SiOz and
Al»Os. In the studied oil shales, SiO5 and Al;Og are positively correlated
(Spearman’s p = 0.471, P < 0.001), indicating that silica likely origi-
nated from clay minerals. Consequently, the higher Ti/Al and SiOy/
Al,Og ratios in the saline lacustrine oil shales (Fig. 5 d and e) suggest
greater terrigenous detrital inputs into saline basins, which may have
diluted the OM in the sediments, leading to lower TOC contents.
Furthermore, both Ti and Si are preserved in high-density, coarser-
grained sediments, making aluminum-normalized Ti and Si useful
proxies for high-energy environments, such as shallow water settings
(Algeo and Maynard, 2004; Ross and Bustin, 2009). Thus, the elevated
Ti/Al and SiO5/Al5O3 ratios in the saline lacustrine oil shales reflect
lower lake levels of saline basin relative to freshwater lakes, enabling
more detrital influx to reach the depositional sites. In contrast, the
studied freshwater lacustrine oil shales were deposited in deeper lake
basins, consistent with previous findings. Earlier studies have suggested
that oil shales of the Chang 7 and Qingshankou formations formed in
semi-deep to deep lake facies during periods when the paleolakes in the
Ordos and Songliao basins reached their peak expansion (Jia et al.,
2013a; Li et al., 2017; Liu et al., 2017a).

Terrigenous influxes play a crucial role in OM enrichment. On one
hand, they supply essential biological nutrients, promoting the pro-
duction of OM; on the other hand, they can dilute the concentration of
OM (Hupp and Weislogel, 2018). Our results indicate that the low-TOC
saline lacustrine shales contain elevated inputs of terrigenous OM and
detrital sediments compared to the freshwater shales. This implies that
the primary role of terrigenous influx was not to boost paleoproductivity
by supplying nutrients, but rather to dilute OM in the saline lacustrine
basins. In contrast, increased lake depth in freshwater lacustrine basins
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Fig. 5. Box plots comparing terrestrial input indicators in freshwater and saline lacustrine oil shales: a) Cy4 tetracyclic terpanes to Ca3 tricyclic terpanes ratio
(C24TeT/(Ca4TeT + Co3TT)); b): terrigenous to aquatic ratio (TAR), c) percentage of Cyg steranes relative to the total concentrations of Coy, Cag, and Cog steranes (%
Cag St), d) Ti/Al ratio, and e) SiO»/Al,03 molar ratio. Nonparametric Mann-Whitney test P values are shown, and asterisk indicates that a significant difference was
detected (P < 0.05) between the freshwater and saline lacustrine oil shales. The red dashed line represents the median value. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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may inhibit mixing between surface and bottom waters. As the water
depth of freshwater lakes increased, a large, restricted basin formed,
reducing terrigenous influx and mixed sediment deposition. This might
create a quiet bottom-water environment conducive to OM preservation,
ultimately leading to OM enrichment in sediments and thus higher TOC
contents.

3.2.4. Paleoclimate

Three weathering-sensitive elemental ratios, i.e., Rb/Sr, Sr/Cu and
CIA, rank among the top 10 most important proxies in the RF analyses
(Fig. 6), underscoring the significance of climatic variations in dis-
tinguishing between freshwater and saline lacustrine oil shales. Chem-
ical weathering on continents is primarily influenced by moisture and
temperature levels (Nesbitt and Young, 1982; Sheldon and Tabor,
2009). The CIA serves as a proxy for the degree of chemical weathering
in soils and sediments, with implications for paleoclimate reconstruction
(Lu et al., 2021; Chen et al., 2017; Sun et al., 2022; Liu et al., 2024).
Higher CIA values are associated with increased removal of mobile
cations during chemical weathering, which is more pronounced in
warmer and wetter climates (Nesbitt and Young, 1989; Wang et al.,
2020). Rb and Cu are relatively stable and more resistant to weathering,
while Sr tends to be depleted under warm and humid conditions
(Lerman et al., 1995), contributing to increased Rb/Sr values and
decreased Sr/Cu values (Chen et al., 2001; Lv et al., 2022). In this study,
the freshwater lacustrine oil shales have higher CIA and Rb/Sr values
but lower Sr/Cu ratios compared to saline lacustrine oil shales, sug-
gesting that the freshwater lacustrine oil shales were deposited under
warmer and wetter climatic conditions. These findings align with pre-
vious sedimentary studies, which show that sediments in freshwater
lacustrine deposits are largely composed of marls, fine-grained sand-
stones, and siltstones, reflecting a wet climate during the deposition
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(Zou et al., 2019, and references therein). In contrast, saline and
brackish lacustrine deposits are typically characterized by clastic and
carbonate rocks, with intense dolomization observed in salt-water-
deposited oil shales (Zou et al., 2019, and references therein), indica-
tive of a drier climatic condition.

We compared the depositional intervals of studied seven lacustrine
oil shales with global trends in atmospheric CO; levels (Foster et al.,
2017), atmospheric temperatures (Scotese et al., 2021), and precipita-
tion levels (Li et al., 2022b) throughout the Phanerozoic (Fig. 7a).
Additionally, we note that other lacustrine oil shales in China and
worldwide have also been mined (Zou et al., 2019; Dyni, 2003) (Fig. 7b,
Table 1). Our results reveal that freshwater lacustrine oil shales were
predominantly deposited during periods characterized by high atmo-
spheric CO5 or increasing CO, trends with high precipitation, corre-
sponding to greenhouse periods or warmer intervals within icehouse
periods (Fig. 7). Elevated surface air temperature can increase atmo-
spheric water vapor, resulting in a humid climate with high precipita-
tion, conducive to the formation of freshwater lakes. Conversely,
synthesized saline lacustrine oil shales were primarily deposited during
periods of low atmospheric CO5 levels or decreasing CO5 trends, typical
of icehouse conditions with reduced precipitation (Fig. 7). Decreased
surface air temperature could reduce atmospheric water vapor, fostering
a drier climate that favored the formation of saline lakes. These dis-
tinctions highlight the significant influence of COz-induced long-term
climate variations on lacustrine depositional environments. Due to the
absence of comprehensive geochemical data, these additional lacustrine
oil shales were not included into the RF analysis but were referenced for
comparisons with long-term climate shifts. However, the impact of
climate on OM enrichment in different types of lacustrine oil shales has
been acknowledged by previous studies based on analyses of lacustrine
oil shales from single basins. For example, Walters et al. (2020) and
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Fig. 6. Box plots comparing paleoclimate conditions during the deposition of freshwater and saline lacustrine oil shales. a) Chemical index of alteration (CIA), b) Rb/
Sr ratio, and c) Sr/Cu ratio. Nonparametric Mann-Whitney test P values are shown, and asterisk indicates that a significant difference was detected (P < 0.05)
between the freshwater and saline lacustrine oil shales. The red dashed line represents the median value. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Table 1
Spatiotemporal distributions of major lacustrine oil shales in China and other regions of the world.
No.*  Text age Num_age Location (country, Stratigraphy Type of References
(Ma) region/province/state lacustrine type
/basin)
Early Permian (Kasimovian Yu et al. (2019);
1 to Asselian) 300 China, Junggar Basin Fengcheng Formation Saline Wang et al. (2022)
China, Jimsar Sag of Ding et al. (2019);
2 Early Permian 294-286.1  Junggar Basin Lucaogou Formation Saline Sun et al. (2022)
Middle-Late Triassic . . Chang 7 oil shales of Yang and Zhang (2005); Li et al. (2017); Bai and
237-22 hi B: Fresh
8 (Ladinian) 37-227 China, Ordos Basin Yanchang Formation reshwater Ma (2020); Zhang et al. (2021b)
St t al. (2013); G: t al. (2017); Zh
3 Late Triassic (Carnian) 235 China, Junggar Basin Baijiantan Formation Freshwater Ete.‘\;er(l;gl 7a) ¢ s Gaoetal.{ ); Zheng
Late Triassic (Nori Xujiahe F i
4 ate .rlassm (Norian to 227 China, Sichuan Basin ujiahe Formation (gas Freshwater Deng et al. (2019); Huang (2019)
Rhaetian) source rock)
Early Jurassic (late Huang (2019);
5 Pliensbachian to the early 186 China, Junggar Basin Sangonghe Formation Freshwater Qiao et al. (2023);
Aalenian) Li et al. (2024b)
Early Jurassic (late . . . T . Zhang et al. (2011);
5 Pliensbachian to Toarcian) 185-174 China, Sichuan Basin Ziliujing Formation Freshwater Li et al. (2024a)
. . . . Luo et al. (2018); Guo et al. (2018);
6 Early Cretaceous 135-121 China, Erlian Basin Bayanhua Group Saline Wu et al. (2023)
Late Cretaceous
ia et al. (2013b);
7 (Cenomanian— 100-88 China, Songliao Basin Qingshankou Formation Saline Jiaetal. (2013b);
. He et al. (2019)
Turonian, TOAE2)
. . . Second member of Saline to
8 Paleocene 60-58 China, Subei Basin L K Duan et al. (2020); Zhu et al. (2023)
Funing Formation Freshwater
9 Paleocene to Eocene 55-50.5 China, Bohai Bay Basin Kongdian Formation Saline Liu et al. (2017b); Fang et al. (2022)
. . . . . . Hong et al. (1980); Meng et al. (2012); Strobl
10 Middle Eocene (Lutetian) 45-42 China, Fushun Basin Jijuntun Formation Freshwater et al. (2014); Xu et al. (2016)
Upper member of
10 Late Eocene 37.5-35.5 China, Qaidam Basin Xiaganchaigou Saline Zhao et al. (2019); Zhang et al. (2023)
Formation
10 Mlddle, Focene (Lutetian to 48-38 China, Maoming Basin Youganwo Formation Freshwater Herman et al. (2017);
Bartonian) Xu et al. (2022)
. . . . .. . . Liu et al. (2017b);
11 Eocene to Oligocene 43-32.8 China, Bohai Bay Basin Shahejie Formation Saline Yin et al. (2020)
11 Eocene to Oligocene 43-30 China, Jianghan Basin Qianjiang Formation Saline Xu (1995);
8 . > Jlang Jiang Li et al. (2018); Zheng et al. (2021)
Smith et al. (1991); Mukhopadhyay et al.
. Canada, Nova Scotia, Big Marsh oil shale of (1998);
12 Early Carbonif 350-345 y ? Freshwat ’
arly t.arboniierous Antigonish Basin Rights River Formation reshwater Goodarzi et al. (2019a);
Goodarzi (2020b)
. . Smith et al. (1991); Mukhopadhyay et al.
12 Early Carboniferous 350-345 Canada, New Brunswick Albert Formation oil Freshwater (1998); Goodarzi et al. (2019b); Goodarzi
shales
(2020b)
Early to Middle
Newf land
13 Carboniferous 335-330 Canada, New ?und and, Deer lake oil shales Not specified Hyde (1984); Wright et al. (1996)
VS Deer Lake Basin
(Mississippian)
Early to Middle . . Davies and Nassichuk (1988); Embry and
N 1 shale of E Fiord
13 Carboniferous 335-330 Canad.a, unavut, . Oil's a.e ot bmma Fior Freshwater Beauchamp (2008); Goodarzi (2020a);
N Ontario, Sverdrup Basin Formation .
(Mississippian) Goodarzi et al. (2021)
. . . Bell (1958); Smith et al. (1991); Yawanarajah
14 Late Carboniferous 309-306 Canada, NovaAScotla, oil shal'es in Stellarton Freshwater and Kruge (1994); Mukhopadhyay et al. (1998);
Stellarton Basin Formation
Lyons et al. (1995)
. Australia, Queensland, . . .
15 Late Permian 280 Alpha N.A. Not specified Gibson (1980); Gibson (1989);
. . . .. . Avid and Purevsuren (2001); Ando et al. (2011);
16 Middle Jurassic-Early 165-158 Mongolia, Khootiin Oil shalie of Eedemt Freshwater Li et al. (2014); Hasegawa et al. (2018);
Cretaceous Khotgor area Formation
Erdenetsogt et al. (2022)
17 Late Cretaceous 82-78 Morocco, Timahdit N.A. Not specified Kribii et al. (2001)
. . A Taka and Sener (1988); Sari and Aliyev (2005);
18 Paleocene to Eocene 50-48 Turkey, Bolu Hatildag oil shales Saline Guelbay and Korkmaz (2008)
18 Eocene 53.5.48.5 United States, Ct?lorado, Green River Formation Saline to Surdam and Stanley (1979); Smith et al. (2003);
Utah and Wyoming Freshwater Rosenberg et al. (2015)
. Australia, Queensland, Gibson (1980); Gibson (1989); Knaus et al.
1 Early Middle E N.A. Fresh
° arly Middle Eocene 50 Byfield reshwater (2010); Glikson-Simpson (2021)
Gibson (1980); Green and Bateman (1981);
. Australia, Queensland, Dixon and Pope (1987);
19 Early Middle Eocene 50 Condor N.A. Freshwater Hutton (1988); Gibson (1989);
Knaus et al. (2010); Glikson-Simpson (2021)
. Australia, Queensland, . . Gibson (1980); Gibson (1989); Knaus et al.
19 Middle to Late Eocene 45 Duaringa Basin Duaringa Formation Freshwater (2010); Glikson-Simpson (2021)
19 Barly Middle Eocene 50 Australia, Queensland, NA. Freshwater Gibson (1980); Gibson (1989); Knaus et al.

Herbert Creek Basin

11

(2010); Glikson-Simpson (2021)
(continued on next page)
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Table 1 (continued)
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No.*  Text age Num_age Location (country, Stratigraphy Type of References
(Ma) region/province/state lacustrine type
/basin)
Australia, Queensland Gibson (1980); Dixon and Pope (1987); Gibson
19 Middle to Late Eocene 45 Lowmea (i Basin ? Lowmead Formation Freshwater (1989);
Knaus et al. (2010); Glikson-Simpson (2021)
. Australia, Queensland, Gibson (1980); Gibson (1989); Knaus et al.
19 Farly Miocene 55 Mount Coolon N-A. Freshwater (2010); Glikson-Simpson (2021)
. Australia, Queensland Gibson (1980); Gibson (1989); Knaus et al.
1 Early Middle E ’ ? N.A. Freshwat ’ ’
9 arly Middle rocene 50 Nagoorin Graben reshwater (2010); Glikson-Simpson (2021)
. Australia, Queensland, Gibson (1980); Gibson (1989); Knaus et al.
19 Farly Middle Focene 50 Rundle N-A. Freshwater (2010); Glikson-Simpson (2021)
. Australia, Queensland, Gibson (1980); Gibson (1989); Knaus et al.
19 Early Middle Eocene 50 Stuart N.A. Freshwater (2010); Glikson-Simpson (2021)
. Australia, Queensland, Gibson (1980); Gibson (1989); Knaus et al.
1 Early Middle E N.A. Fresh
° arly Middle Focene 50 Yamba reshwater (2010); Glikson-Simpson (2021)
. Brazil, Sao Paulo, : . Abreu (1949); Padula (1969); Zimmerle (1985);
20 Oligocene 32 Paraiba Valley Paraiba valley oil shales Freshwater Loureiro and Cardoso (1990)
N I L. . Yanilmaz et al. (1980); Altun et al. (2006);
20 Oligocene 33-25 Turkey, Bilecik Golpazari oil shales Saline Guelbay and Korkmaz (2008)
L E Earl:
20 a.te ocene to Early 37 United States, Nevada Elko Formation Saline Moore et al. (1983); Johnson et al. (2016)
Oligocene
Sener et al. (1995); Altun et al. (2006); Guelbay
21 Middle to Late Miocene 12.5 Turkey, Ankara Beypazari oil shales Saline and Korkmaz (2008); Ocakoglu et al. (2012); S
ener et al. (2013)
Sener and Sengiiler (1992); Sari and Aliyev
21 Middle to Late Miocene 21-19 Turkey, Kutahya Seyitomer oil shales Saline (2005); Altun et al. (2006); Guelbay and
Korkmaz (2008)
Brown (1951); Endo (1966); Curiale and
22 Late Miocene to Pliocene 10-8 Thailand, Tak Mae Sot oil shales Freshwater Gibling (1994); Suwannathong and

Khummongkol (2007)

" The numbers correspond to those in Figs. 7 and 8. The localities of the oil shales are shown in Fig. 1.

Birgenheier et al. (2019) proposed that altering climate changes during
the early Eocene influenced the OM enrichment in the Green River
Formation. They suggested that when climate was relatively drier,
overall salinity increased, causing the chemocline to rise. As a result,
organic-rich sediments were more likely to be preserved due to reduced
oxygen availability below the chemocline, facilitating the formation of
saline lacustrine oil shales in the Green River Formation.

Moreover, we examined the paleo-latitudinal distribution of syn-
thesized lacustrine oil shales (Fig. 8). Latitude is key for climate classi-
fication as it governs solar radiation, temperature, and atmospheric
circulation patterns (Barry and Chorley, 2009; Cui et al., 2021). Ac-
cording to the climate classification by Boucot et al. (2013) and Scotese
(2016), 28.6 % of compiled freshwater lacustrine oil shales were
deposited in a warm temperate zone, followed by 25.0 % in tropical and
subtropical zones. In the modern world, annual atmospheric tempera-
tures range from <18 °C to >22 °C for a warm temperate zone and
20-30 °C for tropical and subtropical zones, both of which are charac-
terized by abundant rainfall (Trewartha and Horn, 1980). These con-
ditions provide ample freshwater inputs necessary for the formation of
freshwater lacustrine basins. In contrast, 17.9 % of saline water lacus-
trine shales were found in arid zones characterized by low precipitation
and high evaporation, favoring the formation of saline lakes (Trewartha
and Horn, 1980). Interestingly, 17 % of saline lacustrine shales occurred

Table 2

True positive rates (TPR) and false positive rates (FPR) of the Random Forest
classifier trained on freshwater and saline lacustrine oil shales. Mean values and
twice standard error of the mean (2SEM) were calculated from resampling
calculations.

Setting TPR_mean TPR_2SEM FPR_mean FPR_2SEM
(%) (%) (%) (%)
Freshwater 87.7 0.8 12.4 0.9
lacustrine oil
shales
Saline lacustrine 94.9 0.4 5.2 0.4
oil shales
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in tropical and subtropical zones, known for high precipitation. The
dispersion in latitude distribution suggests that latitudinal climatic dif-
ferences may not be the primary factor influencing the differential for-
mations of freshwater and saline paleolakes.

3.3. Climate-driven differences in OM enrichment patterns

Our results indicate that climate significantly influenced the differ-
ential OM enrichment patterns in freshwater versus saline water lacus-
trine oil shales in China. This influence was exerted through the
regulation of primary productivity, paleowater conditions, terrigenous
influxes and geochemical characteristics of sediments deposited in these
lacustrine environments. In this study, we propose a climate-driven
model explaining the differing patterns of OM enrichment in fresh-
water and saline lacustrine basins (Fig. 9).

During the depositions of freshwater lacustrine oil shales, variations
in CO; levels led to a humid and warm climate. High annual precipita-
tion and reduced evaporation facilitated lake expansion by increasing
river discharge and freshwater input. This influx lowered lake salinity
and reduced stratification, creating a stable bottom-water environment
favorable for OM accumulation and preservation. Algae and phyto-
plankton blooms during the humid and warm climate generated sub-
stantial amounts of OM, with the primary supply derived from aquatic
sources. Additionally, the humid and warm conditions promoted the
growth of terrigenous plants in the lake drainage area, stabilizing the
landscape and acting as traps and baffles to clastic sediments, thus
reducing terrigenous input and minimizing their dilution effects on the
OM.

Conversely, the deposition of saline lacustrine oil shales occurred
under dry and cold climatic conditions exacerbated by declining CO»
levels. Evaporation rates exceeding precipitation may have led to lower
lake levels by decreasing freshwater inputs. Increased salinity resulted in
more pronounced stratification, with reduced mixing between surface
and bottom waters, creating more anoxic conditions at the lake bottom.
The cooler climate and high salinity due to climate drought suppressed
the productivity of algae and plankton, reducing the supply of aquatic
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OM. As lake levels dropped, the basins accommodated more terrigenous
inputs, making the supply of terrigenous OM more significant. However,
the increased detrital inputs diluted the OM in sediments, resulting in
lower TOC content.

It is important to emphasize that the primary objective of this study is
to assess the influence of paleoclimate on the differential OM enrich-
ment between freshwater and saline water lacustrine oil shales. We
recognize that other potential factors can also contribute to the forma-
tion of paleolakes of various salinity, leading to distinct OM enrichment
characteristics. For example, tectonic activity exerts an influence,
comparable to that of climate, on lacustrine deposits by regulating the
balance of accommodation rates and influxes of sediments and water.
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This process can alter occurrence, distribution, and characteristics of
lakes, ultimately shaping the depositional environments and influencing
OM enrichment in lacustrine basins (Carroll and Bohacs, 1999; Pietras
et al., 2003; Hao et al., 2011). However, due to the lack of quantitative
indicators for regional-scale tectonic activity, this study could not apply
machine learning methods to assess the influence of tectonic activity on
the differential OM enrichment in freshwater and saline lacustrine
basins.

In addition to paleoclimate variations and tectonic activity, other
geological events, such as volcanic eruptions, hydrothermal activity,
and gravity currents, also play a significant role in OM enrichment and
are closely related to oil shale formation. For instance, volcanic gases or
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ash can generate sulfate aerosols, which in turn influence the aerosol-
cloud-climate feedback system, causing regional climatic changes that
affect the depositional environment of lacustrine basins (Lohmann and
Feichter, 2005; O’Dowd et al., 2004; Li et al., 2023). Volcanic and hy-
drothermal products are also rich in nutrients, which can lead to short-
term algal blooms, enhancing OM accumulation (Langmann et al., 2010;
Jones and Gislason, 2008; Hackley et al., 2017). Evidence of volcanic
deposits and hydrothermal activity has been identified in saline lacus-
trine oil shales, such as the Permian Lucaogou Formation (Ding et al.,
2023; Liu et al., 2013, 2015), as well as in freshwater lacustrine oil
shales, such as the Yanchang Formation (Zhang et al., 2020) and the
Qingshankou Formation (Peng et al., 2017; Liu et al., 2017a). While
volcanic and hydrothermal activities undoubtedly contribute to OM
enrichment, they may not be the primary factors responsible for the
distinct developments of freshwater and saline lacustrine basins.

Besides the factors mentioned above, sedimentation rate is believed
to play an important role in organic matter enrichment (Ibach, 1982;
Tyson, 2001; Ahmat et al., 2016). Most previous studies have focused on
the relationship between sedimentation rate and TOC in marine strata
(e.g., Miiller and Suess, 1979; Schulte et al., 2000). Ding et al. (2015)
examined the relationship between sedimentation rate and TOC con-
tents in eight lacustrine sections from the Erlian Basin in northern China.
They suggested that when sedimentation rate is less than 5 cm/kyr, TOC
content increases with sedimentation rate, whereas when sedimentation
rate exceeds 5 cm/kyr, TOC content decreases with sedimentation rate.
To assess the potential influence of sedimentation rate on the differential
OM enrichment patterns of the freshwater and saline water lacustrine oil
shales, we calculated the sedimentation rate of 7 studied lacustrine oil
shales (see Supplementary Material for more details). Our results show
the Shahejie and Kongdian formations have higher sedimentation rates
than the other studied oil shales (Supplementary Fig. S2). No significant
difference in sedimentation rates was found between the three saline
lacustrine oil shales and the freshwater lacustrine oil shales (Supple-
mentary Fig. S2). Therefore, we propose that sedimentation rate is not
the primary factor for the higher TOC content in the freshwater lacus-
trine oil shales compared to the saline water lacustrine oil shales in
China.

4. Conclusions and future work

This study is the first to apply a machine learning method to inves-
tigate the influence of paleoclimatic changes on OM enrichment mech-
anisms in the lacustrine oil shales in China. Using a RF classifier, we
developed a new approach to discriminate between freshwater and sa-
line lacustrine oil shales based on their bulk geochemical and molecular
biomarker compositions of seven representative lacustrine oil shales in
China. The results of classification presented above demonstrate a high
performance of the RF technique for classifications of oil shales from
variable environments. TOC content emerged as the most important
factor for classification, with freshwater oil shales having higher TOC
contents than saline counterparts.

Our MDA results indicate that such differential enrichment of OM in
these two settings was influenced by a combination of factors, including
paleoproductivity, paleowater conditions and terrigenous inputs, all
driven by paleoclimate changes. However, the impact of each factor
varied between the two settings. Freshwater lacustrine oil shales were
generally deposited during warm and humid greenhouse periods,
characterized by rising atmospheric CO; levels and greater precipita-
tion, which promoted higher paleoproductivity and aquatic OM pro-
duction. These conditions also reduced soil erosion by promoting the
terrigenous plant growth, limiting the influx of terrigenous materials,
and further enhancing OM enrichment. In contrast, saline lacustrine oil
shales were predominantly deposited in the dry and cold icehouse pe-
riods, when elevated water salinity limited algal productivity, resulting
in lower OM contents. Climatically driven differences in aqueous envi-
ronments also had a pronounced impact on OM enrichment. In
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freshwater basins, humid climates reduced salinity and weakened water
stratification, creating less reducing conditions. The bottom water en-
vironments were conducive to OM preservation as lake levels rose and
terrestrial inputs declined. Conversely, in saline settings, high evapo-
ration rates and low rainfall increased salinity and water stratification,
creating more reducing environments.

This study highlights the critical role of paleoclimate in controlling
OM enrichment and preservation in lacustrine settings. Our findings
offer valuable insights into the formation and exploration potential of
organic-rich lacustrine oil shales. However, we also acknowledge certain
limitations in our study. Lacustrine depositional environments varied
temporally and spatially, which could lead to differences in OM
enrichment characteristics within the same type of lacustrine oil shales.
For example, although both the Fengcheng and Lucaogou formations are
Permian saline lake deposited oil shales in the Junggar Basin, the
Fengcheng Formation yields an average TOC content of 1.1 wt%, which
is significantly lower than the 4.3 wt% in the Lucaogou Formation.
However, due to limitations in sample availability, this study did not
conduct separate machine learning analyses on the organic geochem-
istry of each formation. Future work could expand on these results by
incorporating additional geochemical data and refining the classifier to
identify further categories of oil shales. Moreover, the statistical
methods used here could be extended to other hydrocarbon resources to
enhance exploration strategies.
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