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A B S T R A C T

Continental hypersaline lacustrine basins constitute critical repositories of unconventional shale oil resources, 
often hosting source rocks with primary exploration value. The hydrocarbon generation potential and organic 
matter accumulation within the Qianjiang Formation of Jianghan Basin, however, remain elucidated inade
quately. This study targets the third member of the Qianjiang Formation (Eq3) through systematic analysis of 
dolomitic shale sequences from the QYP1 directional well in Qianjiang Depression. A comprehensive analytical 
approach is employed, integrating programmed open-system pyrolysis, major and trace element geochemistry, 
biomarker analysis, and organic petrology. The multidisciplinary framework is utilized to evaluate sediment 
provenance, organic matter supply, paleoenvironmental reconstruction (including paleoclimate, redox condition, 
and paleosalinity) during the Eq3 depositional period, and the thermal maturity of organic matter. Based on these 
influencing factors, the hydrocarbon generation potential and organic matter enrichment model for source rocks 
of the Eq3 interval are assessed.

Results demonstrate that the organic-rich sediments of the Eq3 shales in the Qianjiang Depression exhibit 
exceptional hydrocarbon potential, qualifying as prime targets for shale oil exploration. Key characteristics 
include elevated total organic carbon (TOC), elevated S1 + S2 values, and superior hydrogen index (HI). Primary 
source of organic matter is attributed to saline lacustrine algae, as evidenced by a strong linear correlation 
between liptinite and TOC content and high proportion of lamalginite. The analyzed organic matter exhibits 
thermal maturity levels ranging from immature to low-mature level. Organic matter enrichment in these 
evaporative lacustrine source rocks is controlled by a combination of factors, including paleoclimate, sediment 
supply, organic matter sources, and depositional conditions. Paleoclimate reconstructions indicate that the Eq3 

interval was deposited under cold and arid conditions, with low Ga/Rb, SiO2 and high K2O/Al2O3, Al2O3 + K2O 
+ Na2O, accompanied by weak chemical weathering with minimal sediment recycling. Depositional environment 
demonstrates strongly reducing conditions and exceptional organic matter preservation, as indicated by low Pr/ 
Ph ratios, exceptionally high Gamm/C30 (βα + αβ) hopane indices, rominent extended tricyclic terpanes ratios 
(ETR) and widespread pyrite occurrence. Elevated gammacerane, β-carotane content, along with high Sr/Ba, B/ 
Ga and DBT/P radios, suggest high paleosalinity. Water column stratification further enhanced paleoproductivity 
and provided optimal conditions for organic matter preservation. Hydrocarbon-generating organic matter is 
predominantly derived from aquatic algae and halotolerant bacteria, with negligible contributions from 
terrestrial higher plants. Laminated algal mats dominate the organic composition, indicating extensive 

* Corresponding author at: Basin and Reservoir Research Center, College of Geosciences, China University of Petroleum, No. 18, Fuxue Road, Changping District, 
Beijing, China.

E-mail address: qingyong.luo@cup.edu.cn (Q. Luo). 

Contents lists available at ScienceDirect

International Journal of Coal Geology

journal homepage: www.elsevier.com/locate/coal

https://doi.org/10.1016/j.coal.2025.104827
Received 29 March 2025; Received in revised form 26 May 2025; Accepted 14 June 2025  

International Journal of Coal Geology 307 (2025) 104827 

Available online 25 June 2025 
0166-5162/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:qingyong.luo@cup.edu.cn
www.sciencedirect.com/science/journal/01665162
https://www.elsevier.com/locate/coal
https://doi.org/10.1016/j.coal.2025.104827
https://doi.org/10.1016/j.coal.2025.104827
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coal.2025.104827&domain=pdf


preservation of algae. This study is designed to elucidate the mechanisms governing organic matter enrichment 
in evaporative lacustrine basins and provides a robust foundation for shale oil exploration in the Qianjiang 
Depression.

1. Introduction

Lacustrine basins manifesting hypersaline geochemical signatures 
demonstrate exceptional lithofacies heterogeneity, served as critical 
preservation mechanisms for source rock while concurrently enabling 
multi-provenance organic matter enrichment (de Souza et al., 2024; 
Doyle et al., 2022; González-Sampériz et al., 2008; Hubert et al., 2018; 
Luo et al., 2018; Qiao et al., 2023). Intra-salt shale sequences in saline 
lacustrine systems have gained global recognition as significant hydro
carbon reservoirs, with major discoveries frequently associated with 

evaporite-rich successions (Shi et al., 2024; Wang et al., 2023; Warren, 
2006). Unique lithological configurations and diagenetic modifications 
within these saline rhythmites establish favorable geological conditions 
for hydrocarbon accumulation, typically forming hybrid conventional- 
unconventional reservoirs with substantial exploration potential 
(Colman et al., 2002; Kong et al., 2020; Nunn and Harris, 2007; Pilcher 
and Blumstein, 2007). The Jianghan Basin, a representative intra
continental saline lacustrine system in China, contains multiple stacked 
saline shale sequences within the Qianjiang Formation, recognized as 
strategic exploration targets (Ge et al., 2023; Huang and Hinnov, 2014). 

Fig. 1. (a) Geographical location of Jianghan Basin and distribution of tectonic units in the basin (Huang and Hinnov, 2014). (b) Distribution of adjacent tectonic 
units, sedimentary facies and the location of studied well (QYP1) in Qianjiang Depression (Huang and Hinnov, 2014). Isopach map of Eq3 source rock thickness and 
vitrinite reflectance contour map of source rocks in the Qianjiang Sag are modified after Hou et al. (2017). (c) Lithostratigraphy, sedimentary facies, water salinity 
and the development of intersalt strata in Qianjiang Depression, Jianghan Basin (Huang and Hinnov, 2014). (d) Distribution of fault, plastic salt-mud diapirs and 
strata in Tankou area in the northwest margin of Qianjiang Depression (Gong et al., 2016).
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Thick organic-rich black shales and dolomitic shales of the Qianjiang 
Formation exhibit premium source rock characteristics, including 
elevated organic matter abundance and superior hydrocarbon genera
tion capacity (Hou et al., 2017). Systematic investigation of the Qian
jiang Formation’s geochemical properties and organic matter 
accumulation mechanisms provides critical insights for developing un
conventional shale oil exploration strategies in evaporite-influenced 
lacustrine basins.

Sedimentary successions, particularly organic-enriched shale se
quences, exhibit marked sensitivity to chemical weathering, deposi
tional environment, and sediment recycling (Dera et al., 2009; Jarvie 
et al., 2007; Lu et al., 2025). Paleoclimatic forcings critically regulate 
weathering intensity and detrital sediment provenance, while simulta
neously governing the biogeochemical proliferation of aquatic biota and 
terrestrial flora (Fedo et al., 1995; Nesbitt and Young, 1982; Qiao et al., 
2023; Wu et al., 2024). Terrigenous clastic inputs exert profound con
trols on lithological assemblages and kerogen types, thereby modulating 
lacustrine depositional environment (Floyd and Leveridge, 1987; Kong 
et al., 2022; Taylor and McLennan, 1985). Additionally, the flourishing 
of aquatic organisms demonstrates strong covariation with paleosalinity 
and redox stratification patterns, collectively dictating hydrocarbon- 
generating organism sources and organic matter petroleum potential 
(Blumenberg et al., 2015; Lee et al., 2019; Luo et al., 2018; Romero- 
Viana et al., 2012; Volkman et al., 2015). As pivotal shale oil source 
units, the thermal maturation level and hydrocarbon generation po
tential of organic matter directly govern the quality and reserves of shale 
oil resources (Köster et al., 1997; Peakman et al., 1989; Mackenzie et al., 
1980; Suárez-Ruiz et al., 2012). Previous studies on the Qianjiang 
Depression have primarily focused on the sequence stratigraphic 
framework, paleoclimatic variability, organic matter provenances, 
sedimentary environments, and shale oil resource potential within the 
Qianjiang Formation (Ge et al., 2023; Hou et al., 2017; Huang and 
Hinnov, 2014; Kong et al., 2022; Kong et al., 2020). The thrid member of 
Qianjiang Formation (Eq3) has been characterized as a carbonate- 
enriched shale succession demonstrating hydrocarbon generation po
tential Nevertheless, a holistic synthesis integrating paleoclimate, 
depositional system dynamics, sediment provenance, and hydrocarbon 
precursor supply remains underdeveloped. Crucially, the degree of 
weathering-denudation processes affecting Qianjiang Formation sedi
ments, in conjunction with the authigenic nature of organic compo
nents, constitutes a critical gap requiring systematic interrogation 
through integrated sedimentological and geochemical approaches.

This study employs an approach integrating organic geochemistry, 
elemental geochemistry, and organic petrology. The research aims to 
achieve the following objectives: (1) evaluate the thermal maturity and 
hydrocarbon generation potential of organic matter in the Eq3, in the 
Tankou area, to assess its viability as an unconventional shale oil 
reservoir, (2) quantitatively characterize key factors, including paleo
climate, weathering intensity, redox conditions, and paleosalinity and 
hydrocarbon-generating organic matter supply, to identify the principal 
factors governing organic matter enrichment, and (3) systematically 
analyze the controlling factors of organic-rich sediments, ultimately 
formulating a predictive organic matter enrichment model for the Eq3. 
This conceptual model will elucidate fundamental mechanisms gov
erning organic matter accumulation in the evaporite-associated lacus
trine system.

2. Geological setting

The Jianghan Basin, located in the middle reaches of the Yangtze 
River in central China, is a Cretaceous-Oligocene continental rift basin 
superimposed on Precambrian to Mesozoic basements (Huang and 
Hinnov, 2014; Fig. 1a). Its geotectonic framework is constrained by four 
orogenic belts: Qinling (northern margin), Dabie (eastern boundary), 
Jiangnan-Xuefeng (southern periphery), and Huangling Uplift (western 
limit). These elevated terrains act as predominant provenance for 

substantial clastic constituents within the basin, thereby exerting pro
found controls on the stratigraphic architecture through coupled 
mechanisms influencing both depositional assemblages and the tectonic 
configuration governing paleogeographic development (Castro et al., 
2023; Khan et al., 2023; Morton et al., 2024; Walczak and Belka, 2017).

Evolved through multiphase tectonic reactivation and extensive 
sedimentary infill, 11 depressions and 4 uplifts have formed in the 
Jianghan Basin in 65 Ma years. Among these, the Qianjiang Depression 
emerges as hydrocarbon productive depressions (Grice et al., 1998). 
Situated in the central part of the basin, the Qianjiang Depression ex
hibits a distinctive lithological assemblage characterized by well- 
developed intra-salt shale sequences juxtaposed against a marked 
absence of regionally extensive halite-dominated evaporitic units. The 
particular evaporitic succession demonstrates progressive facies transi
tions from alluvial-lacustrine depositional systems to heterogeneous 
shallow brackish-profundal hypersaline lacustrine complexes, where in 
syndepositional halokinesis has fundamentally reworked the original 
evaporite distribution patterns (Grice et al., 1998; Philp et al., 1989; 
Fig. 1b). The depression’s northwestern margin is demarcated by the 
Qianbei Fault, a crustal-scale discontinuity that modulated differential 
subsidence patterns under regional stretching stress during the middle 
Yanshanian to early Himalayan period (Dai, 1997; Gong et al., 2016). 
This fault system controls differential sedimentation rates on either side 
of the depression, facilitating in a thick sequence of source rocks and a 
well-defined depositional center on the footwall side during the Eq3 

sedimentary period (Dai, 1997; Huang and Hinnov, 2019). Notably, the 
Qianjiang Depression contains multiple sub-level hydrocarbon-gener
ating sags, with the Banghu Sag being a prominent example (Ge et al., 
2023; Pu et al., 2002). The Qianjiang Formation, representing a major 
phase of high-salinity lacustrine deposition, is characterized by diverse 
intersalt sequences with a sedimentary cover up to 4700 m in thickness 
and halite deposits reaching 1800 m thick (Huang and Hinnov, 2014). 
Studies indicate that the 193 rhythmic layers within the Paleogene 
Qianjiang Formation exhibit significant shale oil exploration potential 
(Hanson et al., 2001; Hou et al., 2017; Kong et al., 2022; Fig. 1c), which 
are conducive to preserving high-quality organic matter in the source 
rocks.

The Tankou sub-high, located adjacent to the Banghu-Wangchang 
hydrocarbon-generating center in the southeast domain, distinctive 
unique attributes shaped by tectonic-sedimentary coupling. This pale
ogeomorphic feature originated as a sequence of subaqueous paleo- 
uplifts governed by syndepositional stress adjustments and sediment 
dispersal dynamics. Structural control is prominently manifested along 
the Qianbei Fault zone, where thrusting and denudation have exposed 
plastic mudstone and salt layers (Fig. 1d). These layers, exhibiting fluid- 
like behavior, were compressed under stress to form diapiric structures, 
a distinctive feature of the region. A combined effects of the Qianbei 
Fault and the plastic salt-mud diapirs have created a well-defined slope 
belt within the Tankou area. This slope belt features a gentle upper 
section, a steep middle section, and a gradual transition to the depres
sion at its base. Such a configuration has played a critical role in con
trolling the distribution and rhythmic deposition of the Qianjiang 
Formation (Gong et al., 2016).

3. Samples and methodology

3.1. Sample and preparation

Fifteen representative drill core specimens were systematically ac
quired from the QYP1 exploration well, strategically positioned within 
the Tankou structural salient along the northwestern periphery of the 
Qianjiang Depression in the Jianghan Basin (Fig. 1b). This directional 
well was specifically engineered for targeted sampling of a dolomitic 
mudstone reservoir interval within the Eq3. Core specimens were 
sectioned into geometrically standardized rock blocks (12–14 mm 
width) perpendicular to bedding planes. Sequential preparation 
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involved solidification with epoxy resin followed by progressive pol
ishing over a 24-h cycle to produce high-quality polished sections (with 
diameter of 25 mm and thickness ranging from 0.5 to 1 mm) ensuring 
optimal conditions for detailed microscopic analysis. Additionally, a set 
of 15 samples underwent mechanical pulverization using a tungsten 
carbide ball mill, with subsequent micronization to ≤200 mesh particle 
size distribution via quartz mortar grinding to ensure analytical-grade 
sample homogeneity.

3.2. Experimental analysis method

Experimental analyses were conducted at two specialized labora
tories. Elemental analysis was performed at the Institute of Geochem
istry, Chinese Academy of Sciences, while the remaining experiments 
administered at the State Key Laboratory of Petroleum Resources and 
Engineering, China University of Petroleum (Beijing).

3.2.1. Total organic carbon and programmed open-system pyrolysis
Total organic carbon (TOC) content was measured using a Leco 

CS230 carbon analyzer. Programmed open-system pyrolysis was per
formed using an OGE-VI oil and gas evaluation workstation. Powdered 
samples were analyzed with a flame ionization detector (FID) following 
a predefined temperature program to quantify hydrocarbon content. 
The temperature corresponding to the maximum S2 peak (Tmax) was 
recorded. Additionally, the hydrogen index (HI = S2/TOC, in mg HC/g 
TOC) and oxygen index (OI = S3/TOC, in mg CO2/g TOC) were calcu
lated to assess the quality and thermal maturity of the organic matter. 
For further methodological details, refer to Qiao et al. (2024).

3.2.2. Organic petrology
Organic petrological analyses were performed on 15 rock polished 

sections using a Leica DM4500P microscope equipped with a CRAIC 
microscope photometer. Photomicrographs were captured at 500 ×
magnification (50 × oil immersion objective) under ultraviolet (UV) 
fluorescence irradiation and reflected white light (halogen) using DIS
KUS Fossil software. Vitrinite reflectance (Ro) and observation of mac
eral were measured using a microscope photometer (MV-SP) at a 
wavelength of 546 nm. In accordance with ISO 7404-5, 2009, at least 50 
valid vitrinite particles were carefully identified and measured for each 
sample to ensure the statistical reliability of the Ro measurements. The 
maceral composition of the Eq3 samples from the Qianjiang Depression 
was established following the classification standards established by the 
International Committee for Coal and Organic Petrology (Gonçalves 
et al., 2024; International Committee for Coal and Organic Petrology 
(ICCP), 1998; Liu et al., 2018; Pickel et al., 2017). To ensure precision 
and representativeness, a systematic point-counting method was 

employed. For each polished section, a total of 3200 counting points 
were established, with a minimum requirement of 2800 effective points 
to achieve accurate quantification. This rigorous approach ensures sta
tistically robust results that reflect the overall maceral composition of 
the samples. The integration of advanced microscopy techniques, stan
dardized protocols, and meticulous point-counting methods provides a 
comprehensive understanding of the organic petrological characteristics 
of the studied samples.

3.2.3. Element analysis
In this study, the concentrations of major and trace elements in the 

samples were determined using an Agilent 720 ICP-OES (inductively 
coupled plasma optical emission spectrometry) and a Bruker Aurora 
M90 ICP-MS (inductively coupled plasma mass spectrometry), respec
tively. For detailed experimental conditions and procedures, refer to 
Qiao et al. (2025).

The enrichment factor (EF) of an element was used to evaluate its 
depletion or enrichment relative to a standard reference material 
(Tribovillard et al., 2006). The EF is calculated as follows: 

XEF = (X/Al)sample

/
(X/Al)PAAS (1) 

X represents the target element, and PAAS refers to the Post-Archean 
Average Australian Shale (Taylor and McLennan, 1985).

Nesbitt and Young (1982) proposed the use of the Chemical Index of 
Alteration (CIA) to assess the degree of weathering in the source area. 
Additionally, the Al2O3-CaO* + Na2O-K2O (A-CN-K) ternary diagram, 
Plagioclase Index of Alteration (PIA) and Weathering Index of Parker 
(WIP) were utilized to infer climatic and weathering conditions (Fedo 
et al., 1995; Parker, 1970). The CIA, PIA and WIP are calculated using 
the following formulas: 

CIA = Al2O3/(Al2O3 +CaO* +Na2O+K2O)×100 (2) 

PIA = (Al2O3 − K2O)/(Al2O3 +CaO* +Na2O − K2O)×100 (3) 

WIP = 100×(CaO/0.7+2×Na2O/0.35+ 2×K2O/0.25+MgO/0.9)
(4) 

It is imperative to concurrently perform the determination of the 
Index of Compositional Variability (ICV) to first to assess compositional 
maturity in order to constrain the calculation results of the CIA (Cox 
et al., 1995). The computational formula for ICV as follow: 

ICV = (Fe2O3 +K2O+Na2O+CaO* +MgO+TiO2)/Al2O3 (5) 

In these formulas, the oxides are expressed in molar units. For the 
CIA, PIA, and WIP calculations, CaO* represents the CaO content in 
silicate minerals, excluding CaO from non-silicate minerals (e.g., 

Table 1 
TOC and Rock-Eval pyrolysis of hypersaline dolomitic shale samples from Eq3, the thrid member of Qianjiang Formation in Qianjiang Depression, Jianghan Basin, 
China.

Sample ID Depth 
(m)

TOC (%) S1 (mg HC/g rock) S2 (mg HC/g rock) S3 (mg CO2/g rock) Tmax (◦C) S1 + S2 (mg HC/g rock) HI (mg HC/g TOC) OI (mg CO2/g TOC)

Q1–1 1596.2 6.82 6.82 41.97 0.88 432 48.79 615 13
Q1–2 1597.1 6.01 9.87 32.84 0.25 438 42.71 546 4
Q1–3 1600.4 0.85 2.66 4.80 0.57 423 7.46 563 67
Q1–4 1929.2 3.97 3.60 20.03 1.03 435 23.63 505 26
Q1–5 1934.3 6.91 3.15 27.97 0.26 437 31.12 405 4
Q1–6 1940.9 4.97 3.37 27.19 2.76 432 30.56 547 56
Q1–7 1944.5 0.84 1.68 4.97 0.88 425 6.65 592 105
Q1–8 2465.9 5.20 2.80 12.45 0.88 431 15.25 240 17
Q1–9 2581.3 0.55 2.42 4.18 0.65 428 6.60 760 118
Q1–10 2606.1 0.27 1.38 1.43 0.74 420 2.81 530 274
Q1–11 2609.2 0.52 2.59 3.09 0.69 430 5.68 594 133
Q1–12 2650.4 0.17 0.31 0.45 0.85 421 0.76 265 500
Q1–13 2654.60 0.23 1.29 0.77 0.72 418 2.06 335 313
Q1–14 2660.00 0.16 0.78 0.69 0.91 420 1.47 431 569
Q1–15 2661.00 0.44 2.23 1.86 0.67 433 4.09 423 152
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carbonates and phosphates). McLennan (1993) proposed an indirect 
method to estimate CaO* by subtracting the CaO contribution from non- 
silicate minerals: 

CaO* = CaO − 10/3×P2O5 (6) 

In cases where the calculated CaO* exceeds Na2O, the Na2O content 
is used instead of CaO*. If CaO* is less than Na2O, the calculated CaO* 
value is directly applied.

3.2.4. Gas chromatography-mass spectrometer (GC–MS)
Approximately 100 mg of powdered sample was subjected to Soxhlet 

extraction with dichloromethane for 72 h to isolate bitumen from the 
rocks. The extracted bitumen was subsequently fractionated into four 
components—saturated hydrocarbons, aromatic hydrocarbons, non- 
hydrocarbons, and asphaltenes—using a silica gel-alumina column and 
solvents of varying compositions and polarities. The relative abundances 
of these fractions were quantified for further geochemical analysis.

GC–MS analysis was conducted using an Agilent 7890-5975c system 
equipped with an HP-5MS fused silica column (60 m × 0.25 mm × 0.25 
μm). High-purity helium (99.99 %) served as the carrier gas at a constant 
flow rate of 1 mL/min, with an ionization energy of 70 eV. For saturated 
hydrocarbons, the temperature program began with an initial hold at 
50 ◦C for 1 min, followed by a ramp to 120 ◦C at 20 ◦C/min, then to 
310 ◦C at 3 ◦C/min, and a final hold at 310 ◦C for 25 min. For aromatic 
hydrocarbons, the program started at 80 ◦C for 1 min, increased to 
300 ◦C at 3 ◦C/min, and was maintained at 310 ◦C for 25 min. The 
injector temperature was set to 300 ◦C. The mass spectrometer scanned 
ion fragments within a range of m/z 50–550.

4. Results

4.1. Geochemical characteristics

The geochemical characteristics of the dolomitic shale samples from 
the Eq3 exhibit significant variability along the vertical profile. TOC 
content ranges from 0.16 % to 6.91 %, with an average of 2.53 % 
(Table 1). Programmed open-system pyrolysis data reveal that the S1 
(free hydrocarbons), S2 (residual hydrocarbons from kerogen pyrolysis), 
and S3 (carbon dioxide from organic matter pyrolysis) values span 
0.31–9.87 mg HC/g rock (average = 3.00 mg HC/g rock), 0.45–41.97 
mg HC/g rock (average = 12.31 mg HC/g rock), and 0.25–2.76 mg HC/g 
rock (average = 0.85 mg CO2/g rock), respectively (Table 1). The 
elevated S1 and S2 values, consistent with the high TOC content, indicate 
substantial hydrocarbon generation potential. The S1 + S2 ranges from 
0.76 to 48.79 mg HC/g rock, with an average of 15.31 mg HC/g rock. 
The HI and OI vary from 240 to 760 mg HC/g TOC (average = 490 mg 
HC/g TOC) and from 4 to 569 mg CO2/g TOC (average = 157 mg CO2/g 
TOC), respectively (Table 1). Tmax values, which reflect thermal matu
rity, are relatively low, ranging from 418 to 438 ◦C (average = 428 ◦C). 

The scatter plot of HI versus Tmax provides critical insights into the 
thermal evolution of the organic matter (Fig. 2b).

4.2. Major and trace element

The major element composition of the QYP1 samples is summarized 
in Table 2. Relative to the PAAS, the Eq3 samples show significant 
depletion in SiO2, Al2O3, Fe2O3, and MnO. In contrast, CaO, MgO, and 
Na2O exhibit relative enrichment. Notably, in some samples, the con
centrations of CaO and MgO exceed those of SiO2, while Na2O levels 
consistently surpass 7 %. This compositional variability highlights the 
heterogeneous nature of terrigenous inputs and the diverse depositional 
conditions during the Eq3 sedimentary period.

The K2O/Al2O3 ratio ranges from 0.22 to 0.40 (average = 0.30) 
(Fig. 3b), while the P/Ti ratio varies between 0.39 and 2.74 (average =
0.92) (Fig. 10d). Elevated CaO and MgO concentrations suggest the 
presence of significant residual carbonate minerals. To account for this, 
Na2O ratio is employed as a proxy for CaO*. Notably, the sample from 
1944.5 m exhibits anomalously high Na2O content, indicative of halite 
enrichment. CIA, PIA, WIP and ICV values range from 19.03 to 61.65 
(average = 48.93), from 15.93 to 70.25 (average = 49.85), from 33.62 
to 106.75 (average = 66.24) and from 1.91 to 30.13 (average = 6.67) 
respectively (as detailed in Table 2 and Fig. 4b). Samples from the 
Qianjiang Formation exhibit ICV values consistently exceeding 1, indi
cating limited clay mineral fractionation and immature sediment 
composition, thereby validating the efficacy of CIA in characterizing 
source rock weathering regimes (Cox et al., 1995). To compensate for 
the effects of K-metasomatism, corrections were implemented to the CIA 
in this study. The corrected CIA* values exhibit a range of 17.40 to 
68.29, averaging 51.36 (Table 2). The minimal discrepancy between 
corrected and original values indicates negligible potassic meta
somatism. The A-CN-K ternary diagram reveals that most sample points 
cluster within regions indicative of weak chemical weathering and cold, 
arid climatic conditions (Fig. 3a). The Molybdenum Enrichment Factor 
(MoEF) and Uranium Enrichment Factor (UEF) values range from 3.52 to 
47.63 (average = 14.40) and 1.95 to 6.04 (average = 2.89), respectively, 
as shown in Fig. 11b.

Trace element analysis reveals that only Sr and Mo exhibit significant 
enrichment, while Ba shows considerable variability. Other elements are 
generally depleted relative to the PAAS (Table 2). The Th/Sc and Zr/Sc 
ratios range from 0.98 to 1.38 and from 6.93 to 15.98, respectively 
(Fig. 4a). The Sr/Ba and B/Ga ratios vary from 0.32 to 7.99 (average =
2.63) and from 0.12 to 33.71 (average = 10.67) (Fig. 9a). Co (ppm) ×
Mn (wt%) and Cd/Mo are range from 0.18 to 1.18 (average = 0.72) and 
from 0.01 to 0.26 (average = 0.04) (Fig. 11a).

4.3. Maceral composition and vitrinite reflectance

The organic matter is predominantly composed of liptinite, 

Fig. 2. Diagrams of (a) TOC versus S1 + S2, showing good quality source rocks in dolomitic shale samples. (b) Tmax versus HI, showing thermal maturity of the Eq3 

samples in Tankou area.
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accounting for 0.44 % to 10.43 % of the total rock composition, with an 
average of 3.74 % (Table 3). Notably, liptinite in the Eq3 strata of the 
Qianjiang Depression is almost exclusively alginite, while exinite is 
exceptionally rare. Under fluorescence microscopy, alginite displays a 
distinct bright yellow fluorescence (Liu et al., 2023a; Luo et al., 2018; 
Pakdel et al., 1999; Scott, 2002; Wu et al., 2022a; Fig. 5b, d, h and j). 
Two subtypes of alginite—lamalginite and telalginite—are identified. 
Lamalginite, the dominant subtype, forms dense, continuous thin layers 
that often span entire thin sections (Scott, 2002; Yu et al., 2024; Fig. 5b, 
h and j). In contrast, telalginite exhibits an elliptical morphology with 
well-defined margins (Hutton and Hower, 1999; Kus et al., 2017; Xie 
et al., 2014; Fig. 5d). Vitrinite and inertinite contents are relatively low, 
ranging from 0.06 % to 0.64 % (average = 0.31 %) and 0.03 % to 0.10 % 
(average = 0.06 %), respectively (Table 3). Vitrinite is further divided 
into two subgroups: collotelinite, which appears gray-black under re
flected light and brown under fluorescence (Davis et al., 1990; Otten
jann, 1988; Xiao et al., 2002; Fig. 5g, h, and k), and telinite, 
characterized by an elliptical morphology with a cavity structure, 
appearing off-white under reflected light and black under fluorescence 
(Hackley and Martinez, 2007; Hower et al., 2008; Mukherjee et al., 
2021; Pickel et al., 2017; Fig. 5e, f and g). Pyrite is ubiquitously 
distributed throughout the samples, frequently forming aggregates and 
occasionally occurring as inclusions within the organic matter (Song 
et al., 2021; Fig. 5a, c, i, and k). Additionally, Ro values range from 0.42 
to 0.56 (average = 0.47), consistent with the low thermal maturity of the 
samples (Table 3).

4.4. Biomarker parameters

4.4.1. Saturated hydrocarbon
Biomarker parameters for saturated hydrocarbons are summarized in 

Table 4, with m/z 125, m/z 191 and m/z 217 fragmentograms, along 
with total ion chromatograms (TIC) of two representative samples, 
illustrated in Fig. 6. Pristane (Pr) and phytane (pH) are identified from 
TIC, whereas terpanes and steranes are obtained from m/z 191 and m/z 
217 respectively. Carbon Preference Index (CPI) values range from 0.76 
to 1.06 (average = 0.92), suggesting a trend toward even‑carbon pre
dominance approaching equilibrium with increasing depth (Fig. 6a and 
b). Long-chain n-alkanes (≥ n-C22) dominate the detectable n-alkane 
distribution (the carbon number from n-C16 to n-C40), as indicated by 
low n-C21− /n-C22+ ratios (0.15–0.70, average = 0.34) and high terrig
enous/aquatic ratios (TAR) (0.80–7.16, average = 2.80). TIC profiles 
further reveal a progressive increase in the abundance of short-chain n- 
alkanes with depth (Fig. 6a and b). The Pr/n-C17 and Ph/n-C18 ratios 
range from 0.97 to 2.58 (average = 1.58) and from 1.95 to 7.31 
(average = 4.33), respectively (Fig. 7a). Moreover, the samples exhibit 
notably low Pr/Ph ratios, ranging from 0.11 to 0.40, with a mean value 
of 0.26 (Table 4).

Tricyclic and tetracyclic terpenes are also present in the samples 
(Table 4; Fig. 6c and d). The ratios of C19 tricyclic terpenes (C19TT) and 
C24 tetracyclic terpenes (C24TeT) relative to C23 tricyclic terpenes 
(C23TT) range from 0.03 to 0.53 (average = 0.15) and from 0.69 to 0.96 
(average = 0.82), respectively. Extended tricyclic terpanes ratio (ETR), 
calculated as shown in Table 4, ranges from 0.52 to 10.32 (average =
3.36) (Holba et al., 2001). Ts/(Ts + Tm) ratios exhibit a decreasing trend 
with depth, varying from 0.04 to 0.61 (average = 0.39). Hopane dis
tributions display notable features (Fig. 6c and d), with gammacerane 
(Gamm) and β-carotane being particularly abundant (Fig. 6a–d). The 
Gamm/C30 (βα + αβ) hopane ratios ranging from 0.42 to 1.60 (average 
= 1.11) and from 0.02 to 0.30 (average = 0.11), respectively (Fig. 7d).

A ternary diagram of C27-C28-C29 regular steranes reveals distinct 
compositional trends, as depicted in Fig. 7c. Relative percentages of C27, 
C28, and C29 regular steranes are distributed as follows: C27 ranges from 
22.30 % to 57.41 % (average = 36.64 %), C28 from 16.39 % to 31.13 % 
(average = 23.02 %), and C29 from 26.20 % to 48.36 % (average =
40.35 %). C27/C29 and C28/C29 radios exhibit significant variability, Ta
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spanning 0.48 to 2.19 (average = 1.00) and 0.18 to 1.21 (average =
0.63), respectively (Table 4). C27-C28-C29 regular steranes display a 
characteristic “L”-type distribution, as illustrated in Fig. 6e and f.

4.4.2. Aromatic hydrocarbon
The analyzed samples exhibit a predominance of low-molecular- 

weight polycyclic aromatic hydrocarbons (PAHs), particularly 2- and 
3-ring structures. Fig. 12 presents characteristic mass chromatograms 
quantifying key molecular markers: phenanthrene (P, m/z 178), meth
ylphenanthrenes (MPs, m/z 192) including 1-, 2-, 3-, and 9-methyl iso
mers, dimethylphenanthrenes (DMPs, m/z 206), trimethylnaphthalenes 
(TMNs, m/z 170), fluorene (F, m/z 166), dibenzofuran (DBF, m/z 168), 
dibenzothiophene (DBT, m/z 184), retene (Ret, m/z 234), and triar
omatic steroids (TAS; m/z 231). Three diagnostic geochemical indices, 

the Methylphenanthrene Index (MPI-1) and two methylphenanthrene 
ratios (F1 and F2), are employed to assess thermal maturity (Chen et al., 
2010; Kvalheim et al., 1987). All samples demonstrate consistently low 
thermal alteration parameters: MPI-1 = 0.61–0.96 (mean 0.76), F1 =

0.37–0.50 (mean 0.41), and F2 = 0.22–0.34 (mean 0.26) (Table 5). The 
dibenzothiophene/phenanthrene (DBT/P) ratio further corroborates 
this trend, yielding exceptionally low values of 0.02–0.87 (mean 0.21) 
(Fig. 7b). Relative proportions of fluorene (F), dibenzofuran (DBF), and 
dibenzothiophene (DBT) are also analyzed. Results indicate fluorene 
constitutes 0.19–18.84 % (average = 5.13 %), dibenzofuran accounts for 
0.11–9.15 % (average = 1.99 %), and dibenzothiophene dominates at 
72.00–99.70 % (average = 92.88 %) of the total composition (Fig. 9b). 
Log plots of partial aromatic biomarker ratios are shown as Fig. 13a–c.

5. Discussion

5.1. Thermal maturity of organic matter

The studied samples exhibit consistently low Ro values, which un
equivocally indicate that the organic matter is in a immature to low- 
maturity stages (Table 3). This interpretation is further corroborated 
by pyrolysis-derived Tmax values, which are consistently below the 
widely accepted threshold of 445 ◦C, a critical benchmark for identi
fying low thermal maturity in organic-rich sediments (Peters and Cassa, 
1994). Moreover, Luo et al. (2018) demonstrated that the depletion of 
polar components, such as asphaltenes and non-hydrocarbons, provides 
additional evidence for low maturity conditions. The samples collected 
from the Tankou area exhibit geochemical and petrographic character
istics that are remarkably analogous to those of low mature shales from 
the Lucaogou Formation in the Junggar Basin (Qiao et al., 2023). Spe
cifically, these similarities are manifested in the pronounced fluores
cence intensity and elevated concentrations of alginite, both of which 
are diagnostic features of immature organic matter (Fig. 5).

In continental shales characterized by low thermal maturity, n-al
kanes typically display a pronounced odd‑carbon predominance, a 

Fig. 3. (a) A-CN-K ternary diagram of the studied sample (Fedo et al., 1995). UCC = upper continental crust; PC = pre-metasomatized composition; PCS = pale
oproterozoic cratonic shale. (b) K2O/Al2O3 versus Ga/Rb (Qiao et al., 2022). (c) Al2O3 + K2O + Na2O versus SiO2 (Suttner and Dutta, 1986).

Fig. 4. Diagrams of (a) Zr/Sc versus Th/Sc (McLennan, 1993), (b) CIA versus WIP (Garzanti et al., 2013). Valid data within the circle explaining the sediment 
recycling of organic-rich shales.

Table 3 
Quantitative data of maceral components from studied rock slices of Qianjiang 
Formation in Qianjiang Depression, Jianghan Basin, China.

Sample 
ID

Vitrinite 
(%)

Inertinite 
(%)

Liptinite 
(%)

Mineral 
(%)

L/(V 
+ I)

Ro 

(%)

Q1–1 0.64 0.10 10.43 88.83 10.45 0.42
Q1–2 0.63 0.07 5.53 93.77 7.95 0.43
Q1–3 0.52 0.10 1.07 98.30 1.72 0.44
Q1–4 0.31 0.06 9.38 90.25 10.31 0.44
Q1–5 0.26 0.03 8.63 91.08 11.95 0.45
Q1–6 0.20 0.03 7.13 92.64 21.70 0.45
Q1–7 0.16 0.03 2.00 97.81 6.78 0.46
Q1–8 0.30 0.07 5.41 94.23 10.93 0.47
Q1–9 0.06 0.03 1.13 98.78 11.67 0.47
Q1–10 0.39 0.07 0.92 98.62 2.00 0.45
Q1–11 0.39 0.07 1.34 98.20 1.81 0.47
Q1–12 0.07 0.07 0.71 99.15 5.25 0.49
Q1–13 0.17 0.03 1.25 98.55 6.17 0.55
Q1–14 0.20 0.07 0.44 99.29 1.63 0.54
Q1–15 0.27 0.03 0.74 98.96 2.44 0.56

L/(V + I), liptinite/(vitrinite + inertinite).

R. Yang et al.                                                                                                                                                                                                                                    International Journal of Coal Geology 307 (2025) 104827 

7 



feature that gradually diminishes as organic matter undergoes thermal 
maturation (Wehner et al., 1986). Intriguingly, the TIC of shallow-depth 
samples in this study reveals a relatively distinct even-numbered carbon 
advantage, with the predominant peaks corresponding to n-C24, n-C26, 
and n-C28 (Fig. 6a). Furthermore, CPI values for these samples are 
consistently below 1.00 (Table 4). Such even‑carbon predominance has 
been previously documented in specific carbonate rocks and hypersaline 
environments (Moldowan et al., 1985; Peters et al., 2005). This accel
erated isomerization can lead to premature equilibrium of hopane 
configurations, even in otherwise immature samples. The maturity 
parameter Ts/(Ts + Tm) exhibits a distribution pattern that is likely 
influenced by lithological factors and the oxidative conditions of the 
sedimentary environment (Kolaczkowska, 1990; Seifert and Moldowan, 
1978; Table 4). Given its sensitivity to clay minerals, low Ts/(Ts + Tm) 
ratios in deep samples often indicates high carbonate mineral content 

(Fan et al., 1987; Rullkötter and Marzi, 1988; Rullkötter et al., 1985). 
The observation is corroborated by C27-C28-C29 regular steranes distri
butions. Shallow-depth samples are characterized by C29 > C27 > C28, 
indicating higher clay content, while deeper samples exhibit C27 > C29 
> C28. aligning with increased C27/C29 ratios at greater depths as 
illustrated in Fig. 6e and f.

Aromatic hydrocarbon biomarkers are widely recognized for their 
stability during diagenetic evolution, therefore, they are frequently used 
to assess the maturity of organic matter (Luo et al., 2018; Peters et al., 
2005; Synnott et al., 2023; van Aarssen et al., 2000). In this study, the 
MPI-1 indicates low to moderate maturity level (Ji et al., 2014; Sach
senhofer et al., 2006; Szczerba and Rospondek, 2010; Table 5). Addi
tionally, methylphenylene ratios F1 and F2 both fall within the low-to- 
medium range, consistent with the proof of Ro and Tmax values (Chen 
et al., 2010; Fig. 8a). TAS cracking ratio, related to the thermal evolution 

Fig. 5. Photomicrographs showing Ct, Tv, L, T, Py and minerals in Eq3 from Qianjiang Depression. The images presented are captured in patterns of reflective white 
light mode (a, c, e, g, i, k) and fluorescent light mode (b, d, f, h, j, l). The photo contains collotelinite (Ct in g, h, and k), telinite (Tv in e, f and g), lamalginite (L in b, h 
and j), telalginite (T in d) and pyrite (Py in a, c, i and k).

Table 4 
Saturated hydrocarbon biomarker parameters of Eq3, the thrid member Qianjiang Formation in Qianjiang Depression, Jianghan Basin, China.

Sample 
ID

N-alkanes and isoprene Terpane Sterane

n-C21− /n- 
C22+

TAR CPI Pr/n- 
C17

Ph/n- 
C18

Pr/ 
Ph

C19TT/(C19TT +
C23TT)

C24TeT/(C24TeT 
+ C23TT)

Ts/(Ts +
Tm)

ETR Gamm/C30 (βα 
+ αβ)

C27/ 
C29

C28/ 
C29

Q1–1 0.29 3.59 0.91 1.14 2.71 0.27 0.12 0.77 0.55 2.82 1.15 0.58 0.72
Q1–2 0.29 2.66 0.91 0.97 1.95 0.30 0.18 0.69 0.57 1.49 1.00 0.48 0.70
Q1–3 0.15 6.43 0.91 1.95 3.88 0.20 0.09 0.84 0.47 2.59 1.27 0.57 0.56
Q1–4 0.15 7.16 0.92 2.02 3.85 0.15 0.07 0.85 0.49 2.61 1.28 0.53 0.43
Q1–5 0.38 1.62 0.76 2.58 3.30 0.40 0.53 0.77 0.61 0.52 0.87 0.69 0.83
Q1–6 0.28 3.63 0.89 1.20 2.66 0.28 0.14 0.71 0.61 1.73 0.82 0.62 0.38
Q1–7 0.24 3.27 0.86 1.78 3.73 0.25 0.09 0.80 0.58 3.31 1.60 0.79 0.89
Q1–8 0.36 2.22 0.87 1.25 2.70 0.35 0.12 0.69 0.57 2.51 0.84 0.73 1.21
Q1–9 0.34 1.71 0.82 1.83 4.49 0.30 0.26 0.87 0.21 1.85 1.60 0.71 0.49
Q1–10 0.35 1.77 0.76 2.15 4.84 0.26 0.34 0.86 0.24 1.21 1.24 1.21 0.75
Q1–11 0.70 0.80 1.06 1.03 6.41 0.19 0.03 0.96 0.04 10.32 1.37 2.19 0.68
Q1–12 0.42 1.53 1.00 1.34 4.15 0.28 0.11 0.77 0.17 3.17 0.42 0.97 0.38
Q1–13 0.58 0.95 1.00 1.27 5.97 0.22 0.08 0.81 0.15 6.01 0.48 1.40 0.82
Q1–14 0.28 2.80 1.04 1.35 7.31 0.11 0.05 0.94 0.05 7.84 1.38 1.94 0.45
Q1–15 0.35 1.82 1.02 1.80 6.94 0.30 0.06 0.90 0.50 2.35 1.30 1.63 0.18

TAR, Terrigenous/aquatic ratio, (n-C27 + n-C29 + n-C31)/(n-C15 + n-C17 + n-C19); CPI, carbon preference index, 2[n-C23 + n-C25 + n-C27 + n-C29]/[n-C22 + 2{n-C24 + n- 
C26 + n-C28} + n-C30]; Pr, pristane; Ph, phytane; TT, tricyclic terpanes; TeT, tetracyclic terpane; Ts, C27 17α(H)-22,29,30-trisnorneohopane; Tm, C27 18α(H)-22,29,30- 
trisnorhopane; ETR, (C28 TT + C29 TT)/Ts ratio; Gamm/C30 (βα + αβ), Gamm/ C30 (βα + αβ) hopane; C27/C29, C27 sterane/C29 sterane; C28/C29, C28 sterane/C29 
sterane; C29 20S/(20S + 20R).
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Fig. 6. TIC and mass chromatograms of two samples from Eq3 in Tankou area. (a), (c) and (e) are from QYP1–1929.2 m, while (b), (d) and (f) are from QYP1–2661.0 
m. (a) and (b) come from TIC of the two samlpes, showing the distribution of n-alkanes, isoprenoids and β-carotane. (c) and (d) are derived from the m/z = 191 and 
m/z = 125 fragmentograms of the two samples, showing the partial distribution of tricyclic terpenes, tetracyclic terpenes and hopanes, β-carotane, as well as their 
derivatives. (e) and (f) are derived from the m/z = 217 fragmentograms of the two samples, showing the partial distribution of regular steranes and diasteranes.

Fig. 7. (a) Ph/n-C17 versus Pr/n-C18, indicating that the main source of organic matter is algae; (b) Pr/Ph versus DBT/P, proved that the studid area is a high salinity 
lacustrine sedimentary environment; (c) ternary plot of C27–C28–C29 regular sterane relative content; (d) Gamm/C30 (βα + αβ) hopane versus ETR, showing that the 
study area is mainly composed of saline deposits and salt-tolerant organisms.
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of organic matter, is widely used as a maturity index (Thompson-Butler 
et al., 2019). (C20 + C21)/(C20 + C21 + C26 + C27 + C28) versus C20/(C20 
+ C28 (20R)) triaromatic steroids provides good indication of low ripe
ness to medium maturity (Fig. 8b). Although aromatic hydrocarbons 
exhibit greater thermal stability compared to saturated hydrocarbons, 
their geochemical parameters demonstrate systematic discrepancies 
with Ro in reconstructing thermal maturity. This divergence may stem 
from the selective catalytic influence of saline minerals on organic 
matter, preferentially accelerating the transformation of hydrogen-rich 
components (e.g., lamalginite) during early diagenesis (Johns and Shi
moyama, 1972; Horsfield and Douglas, 1980). In summary, Ro, pyrolysis 
Tmax, saturated and aromatic hydrocarbon parameters collectively 
indicate that the samples from the Qianjiang Depression exhibit imma
ture to low-mature level.

5.2. Provenance of source rock

Terrigenous clastic material supply is an essential prerequisite for 
forming clastic source rocks. Provenance of clastic sediments controls 
sedimentary facies and lithological assemblages, and significantly in
fluences organic matter enrichment and hydrocarbon generation po
tential (Qiao et al., 2023; Salah et al., 2023). In lacustrine sediments, 
SiO2 and Al2O3 typically signify terrigenous inputs, whereas CaO and 
MgO are primarily derived from carbonate minerals. Compared to PAAS, 

the analyzed samples exhibit a lower proportion of terrigenous material 
and a higher contribution from chemical deposition. The elevated Na2O 
concentrations further underscores the prevalence of a strong evapora
tive environment (Taylor and McLennan, 1985; Table 2). These findings 
align with observations from other research areas within the Qianjiang 
Formation of the Qianjiang Depression in the Jianghan Basin (Ge et al., 
2023; Kong et al., 2022). The Si and Al serve as geochemical proxies for 
distinguishing between coarse-grained detritus (e.g., quartz, plagioclase 
and K-feldspar) and fine-grained detritus (e.g., clay mineral assem
blages), respectively. Consequently, the molar Al/Si ratio has been 
widely adopted in sedimentary geology as a robust quantitative indi
cator for assessing the intensity of hydraulic sorting processes during 
clastic sediment transport and deposition (Bouchez et al., 2011; Lupker 
et al., 2012). The mol Al/Si ratio in the sample is poorly correlated with 
WIP (Fig. 14a) and CIA (Fig. 14b), indicating that they are not affected 
by hydraulic sorting. Zirconium (Zr), predominantly sourced from 
zircon minerals, remains stable during sedimentary processes, while 
scandium (Sc) and thorium (Th) are enriched in mafic and felsic rocks, 
respectively (Mclennan et al., 1990; Qiao et al., 2023; Fig. 4a). The Zr/Sc 
versus Th/Sc ratio is a widely utilized index for assessing compositional 
maturity and sedimentary recycling. Proximity to the first-cycle line 
suggests that the rocks have undergone minimal weathering and retain 
their original composition (McLennan, 1993; Taylor and McLennan, 
1985). The sample plot locations within the study area exhibit 

Table 5 
Aromatic hydrocarbon biomarker parameters of Eq3, the thrid member Qianjiang Formation in Qianjiang Depression, Jianghan Basin, China.

Sample 
ID

Aromatic hydrocarbon

MPI- 
1

F1 F2 DBT/ 
P

Log 
(1,2,7- 
TMN/ 
1,3,7- 
TMN)

Log 
(1,2,5- 
TMN/ 
1,3,6- 
TMN)

Log 
(1,2,5- 
TMN/ 
1,3,6- 
TMN)

Log (1- 
MP/9- 
MP)

Log [1,7-DMP/ 
(1,3 − +3,9 − +

2,10 − +3,10- 
DMP)]

Log 
(Retene/9- 
MP)

(C20 + C21)/(C20 +

C21 + C26 + C27 +

C28)

C20/(C20 +

C28 (20R))

Q1–1 0.61 0.39 0.23 0.02 0.71 0.38 0.38 − 0.08 − 0.36 − 1.38 0.14 0.31
Q1–2 0.62 0.40 0.23 0.02 0.64 0.42 0.42 − 0.08 − 0.35 − 0.97 0.20 0.44
Q1–3 0.68 0.37 0.22 0.03 0.13 − 0.05 − 0.05 − 0.04 − 0.33 − 0.99 0.09 0.21
Q1–4 0.78 0.37 0.24 0.04 − 0.09 − 0.46 − 0.46 − 0.02 − 0.26 0.38 0.09 0.21
Q1–5 0.72 0.40 0.25 0.04 0.64 0.57 0.57 − 0.04 − 0.28 − 0.81 0.19 0.42
Q1–6 0.75 0.38 0.23 0.03 − 0.10 − 0.44 − 0.44 − 0.04 − 0.30 − 0.84 0.15 0.33
Q1–7 0.73 0.37 0.23 0.06 0.27 − 0.02 − 0.02 − 0.02 − 0.29 − 1.20 0.16 0.31
Q1–8 0.65 0.39 0.24 0.03 0.66 0.50 0.50 − 0.03 − 0.27 − 0.91 0.14 0.34
Q1–9 0.74 0.41 0.28 0.02 0.43 0.33 0.33 − 0.01 − 0.23 − 0.74 0.13 0.28
Q1–10 0.84 0.39 0.27 0.03 0.01 − 0.46 − 0.46 − 0.04 − 0.25 − 0.99 0.07 0.19
Q1–11 0.96 0.49 0.32 0.20 0.07 0.09 0.09 − 0.14 − 0.25 − 0.54 0.03 0.08
Q1–12 0.83 0.43 0.26 0.12 0.14 − 0.22 − 0.22 − 0.11 − 0.27 − 0.76 0.04 0.10
Q1–13 0.87 0.46 0.28 0.18 − 0.03 − 0.21 − 0.21 − 0.10 − 0.14 − 0.57 0.03 0.09
Q1–14 0.86 0.43 0.29 0.53 0.92 0.61 0.61 − 0.11 − 0.27 − 0.29 0.03 0.08
Q1–15 0.81 0.50 0.34 1.87 0.92 0.61 0.61 − 0.10 − 0.21 − 0.61 0.03 0.12

TMN, trimethylnaphthalene; MP, methylphenanthrene; DMP, dimethylphenanthrene; MPI-1, methylphenanthrene index; F1 and F2, methylphenanthrene ratio; DBT/ 
P, dibenzothiophene/phenanthre.

Fig. 8. Diagrams of (a) methylphenanthrene ratio F2 versus F1, indicating the results of low mature to mature (Chen et al., 2010), and (b) (C20 + C21)/(C20 + C21 +

C26 + C27 + C28) versus C20/(C20 + C28 (20R)) triaromatic steroids.
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similarities to PAAS and upper continental crust (UCC), indicating that 
they are products of the first sedimentary cycle (Fig. 4a). In addition, the 
absence of quartz enrichment in most samples indicates that the stable 
mineral did not experience significant accumulation. Since WIP values 
fluctuate significantly, the CIA derived from the other part of the sample 
also indicates no multiple recycling process (Fig. 4b). It is imperative to 
note that samples exhibiting deviations of CIA and WIP indices beyond 
the valid range necessitate careful consideration when interpreting pa
leoclimatic conditions and organic matter enrichment drivers. These 
findings imply that the organic matter in the source rocks and the 
associated sediments are of in-situ origin, thereby representing the pri
mary depositional environment.

The hydrocarbon generation potential of source rocks is fundamen
tally governed by the input of organic matter. Pr and Ph are primarily 
derived from the phytol side chain of chlorophyll a in photosynthetic 
organisms (Brooks et al., 1969; Peters et al., 2005; Powell and Mckirdy, 
1973). The Pr/n-C17 versus Ph/n-C18 cross-plot reveals that the organic 
matter is predominantly sourced from aquatic organisms, particularly 
algae (Fig. 7a). Exceptionally high phytane concentrations may also be 
attributed to algal blooms (Ge et al., 2023; Fig. 6a and b). The n-alkanes 
are dominated by long-chain n-alkanes (> C21), displaying a rear-peak 
distribution pattern with distinct even‑carbon predominance (Fig. 6a). 
With depth increasing, the proportion of short-chain n-alkanes rises, 
transitioning the distribution to a bimodal pattern and eliminating the 
even‑carbon preference (Fig. 6b). Rear-peak n-alkane distributions are 
conventionally interpreted as indicative of higher plant-derived organic 
matter, typically accompanied by pronounced odd‑carbon predomi
nance (Grimalt and Albaiges, 1987). However, all source rock samples 
from the Qianjiang Formation exhibit dominant peak carbons exclu
sively at even-numbered positions (C16, C24, C26 and C28), simulta
neously demonstrating both even‑carbon predominance and rear-peak 
characteristics. Decades of research have revealed that long-chain, 
even‑carbon-predominant distributions in sedimentary rocks or crude 
oils frequently originate from hypersaline, strongly reducing environ
ments, potentially linked to microbial contributions from bacteria or 
salt-tolerant algae (Jeng and Huh, 2008; Sinninghe Damsté et al., 1995; 
Qiao et al., 2021). Compared to long-chain n-alkanes, short-chain n-al
kanes exhibit depletion, as evidenced by relatively low n-C21− /n-C22+
ratios, which indicate a limited terrestrial input (Table 4). C19 tricyclic 
terpenes, primarily derived from diterpenoid compounds produced by 
vascular plants, signify input from higher plants. In contrast, other tri
cyclic terpenes and C24 tetracyclic terpenes are closely associated with 
algal sources (Peters et al., 2005; Sinninghe Damsté et al., 1995). Despite 
some terrestrial input, the very low C19TT/(C19TT + C23TT) ratios and 
exceedingly high C24TeT/(C24TeT + C23TT) ratios underscore the 
dominance of algal-derived organic matter (Table 4). Additionally, the 
elevated C24 tetracyclic terpene content is linked to the presence of 
carbonate rocks and evaporites (Connan et al., 1986; Peters et al., 2005). 
Sterane distributions further elucidate the sources of organic matter. C27 
steranes are typically derived from algae, C28 steranes from phyto
plankton, and C29 steranes from terrigenous higher plants (Liu et al., 
2023b; Peters et al., 2005; Waples and Machihara, 1991). The C27-C28- 
C29 ternary diagram indicates the organic matter is predominantly algae 
in origin, with minor contributions from higher plants and bacteria 
(Fig. 7c). The prominent peaks of gammacerane and β-carotene further 
suggest that the bacterial input is primarily from salt-tolerant bacteria 
(Fig. 6c and d).

1,2,7-TMN serves as a biomarker for angiosperm-derived organic 
matter, whereas 1,2,5-TMN predominantly originates from higher 
plants (Armstroff et al., 2006; Püttmann and Villar, 1987). The excep
tionally low TMNs concentrations detected in Eq3 from the Qianjiang 
Depression imply negligible terrestrial contributions (Fig. 12). Ratios of 
log (1,2,7-TMN/1,3,7-TMN) and log (1,2,5-TMN/1,3,6-TMN) prelimi
narily identify angiosperms as the primary source in a small amount of 
terrigenous parent material (Fig. 13a). Budzinski et al. (1995) estab
lished that isomer distributions of MPs, DMPs and TMPs effectively 

discriminate terrigenous and/or marine origins in source rocks. Specif
ically, elevated 1-MP and 9-MP abundances correlate with terrestrial 
and marine inputs, respectively. Retene and 1,7-DMP further associate 
with higher plant sources (van Aarssen et al., 2000; Qiao et al., 2024). 
Cross-plots of log (1,2,5-TMN/1,3,6-TMN) vs. log (1-MP/9-MP) and log 
[1,7-DMP/(1,3-+3,9-+2,10-+3,10-DMP)] versus log (Retene/9-MP) 
consistently demonstrate limited higher plant contributions to the 
source rock (Fig. 13b and c), which is consistent with the evidences of 
sterane and terpane compounds.

During the deposition of the Eq3 interval, organic matter was pre
dominantly derived from lower aquatic organisms, including bacteria 
and algae. Organic petrological analysis reveals that algae constitute 
over 90 % of the organic content, with minimal contributions from 
vitrinite and inertinite (Table 3). Very high L/(V + I) ratios can also 
demonstrate an important contribution from algae, consistent with 
biomarker evidence (Table 3). Lamalginites are more densely distrib
uted than telalginites, suggesting the preservation of extensive layered 
algal mats (Liu et al., 2022). Additionally, the presence of telalginites 
indicates the development of colonial organisms (Pichevin et al., 2004; 
Fig. 5d). Hydrogen-rich higher plant tissues, such as sporinite and 
cutinite, are rarely observed. Telinite, characterized by distinct biolog
ical structures, is formed through the gelation of plant cell walls, indi
cating a terrigenous higher plant origin (Fig. 5e, f and g). Collotelinite 
may originate from the incorporation of superfine lipid substances 
during the gelation of plant materials (Guo, 1993). Furthermore, the 
pronounced abundance of submicroscopic components observed in 
high-TOC samples is indicative of microbial inputs (e.g., bacteria), 
thereby contributing to the organic enrichment of high-TOC source 
rocks as critical precursor materials (Ghassal et al., 2016; Fig. 15). The 
widespread occurrence of pyrite in shale samples and the reciprocal 
encapsulation of organic matter and pyrite further indicate vigorous 
sulfate-reducing bacterial activity during sedimentation, providing in
direct evidence for the genesis of bituminite (Fig. 5). In breif, algae 
constitute the primary source of organic matter, with a minor contri
bution from higher terrestrial plants.

5.3. Paleoenvironment reconstruction

Paleoclimate is a fundamental driver controlling the intensity of 
weathering processes, the supply of terrigenous detrital materials, and 
the characteristics of aqueous environments (e.g., paleosalinity and 
redox conditions). Its influence extends across geological and environ
mental processes, shaping the composition and distribution of sedi
ments, as well as the preservation of organic matter in depositional 
settings (Fan et al., 2020; Qiao et al., 2022). Chemical weathering, in 
particular, plays a significant role in altering the chemical composition 
of detrital sediments, primarily through the hydraulic sorting of min
erals and elements (McLennan, 1993; Xu and Shao, 2018). Fedo et al. 
(1995) established a framework correlating the CIA with the intensity of 
chemical weathering. According to their classification, CIA values below 
70 indicate weak chemical weathering under cold or arid climatic con
ditions, values between 70 and 80 suggest moderate chemical weath
ering in warm and humid climates, and values above 80 reflect intense 
chemical weathering in warm and humid environments. To account for 
potassium (K) metasomatism during diagenesis, the A-CN-K ternary di
agram and the PIA are employed to validate these findings (Fig. 3a). The 
Eq3 shales from the Tankou area exhibit low CIA and PIA values, 
indicative of a cold and arid climate with minimal chemical weathering 
(Table 2). Notably, unusually high concentrations of Na2O in some 
samples resulted in significant reductions in the CIA and PIA calcula
tions (Table 2; Fig. 3a). As a highly migratory major element, this 
enrichment reflects the preservation of large quantities of rock salt in a 
high salinity environment and no significant chemical weathering. The 
elevated levels of CaO, MgO, and Na2O in these samples further un
derscore the dominant influence of chemical deposition. These charac
teristics may introduce considerable deviations when using chemical 
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weathering indices such as CIA and PIA to infer paleoclimatic conditions 
(Xu and Shao, 2018). The granular clastic composition derived from the 
weathering of crystalline parent rocks in arid or humid climates exhibits 
distinct signatures (Suttner and Dutta, 1986). Suttner et al. (1981)
demonstrated that the ratio of unstable clastic minerals (e.g., feldspar 
and lithic fragments) to polycrystalline quartz/total quartz serves as a 
reliable indicator of climatic conditions in sandstones. The geochemical 
application of SiO2 versus Al2O3 + K2O + Na2O bivariate plots has 
proven effective in characterizing the climatic conditions of clastic rocks 
(Qiao et al., 2023; Suttner and Dutta, 1986). The samples in this study, 
representing dolomitic shales of shallow lacustrine origin at medium to 
shallow depths, have not undergone long-distance transport or signifi
cant particle dissolution, thus meeting the criteria for bivariate plot 
analysis (Suttner et al., 1981; Suttner and Dutta, 1986). Despite 
considerable variability in SiO2 content, the samples collectively reflect 
cold and acidic climatic conditions (Fig. 3c). This climatic interpretation 
is further supported by the binary plot of Gb/Rb versus K2O/Al2O3 
(Fig. 3b). It is noteworthy that some samples in Fig. 4b exhibit CIA and 
WIP values deviating from the effective domain. These significant de
viations primarily result from dilution effects by carbonate minerals, 
rendering these outliers unsuitable for accurate paleoclimatic re
constructions. Nevertheless, within the comprehensive discriminant 
diagram employed for paleoclimate interpretation, all analyzed samples 
(including both deviated and valid datasets) consistently demonstrate 
coherent climatic implications pointing to cold and arid conditions. This 
consistency suggests that the impact of chemically precipitated minerals 
on paleoclimatic proxies remains statistically insignificant.

The redox state of sedimentary water is a pivotal factor controlling 
the preservation of organic matter (Burdige, 2007). Elemental 
geochemical parameters and biomarker indices are widely used to assess 
redox conditions, and their combined analysis provides a more accurate 
evaluation of organic matter preservation. The relationship among Pr, n- 
C17, Ph and n-C18 is frequently employed to infer depositional envi
ronments (Peters et al., 2005). The Pr/n-C17 and Ph/n-C18 ratios in this 
study indicate that organic matter was preserved under reducing con
ditions (Fig. 7a). Exceptionally low Pr/Ph values further corroborate a 
strongly reducing paleoenvironment. Aromatic hydrocarbon bio
markers, such as DBT, F and DBF are thought to originate from the same 
biological precursors due to their similar chemical structures (Luo et al., 
2018; Zhang and Philp, 2010). Elevated DBT concentrations relative to 
DBF are indicative of reducing conditions, whereas the opposite trend 
suggests an oxidizing environment (Hughes et al., 1995). In this study, 
extremely high DBT levels point to a highly anoxic reducing environ
ment (Fig. 9b). Additionally, elevated concentrations of gammacerane 
and β-carotene are typically associated with strongly reducing condi
tions. The geochemical behavior of Mo and U is closely linked to the 
redox conditions of sedimentary water as effective proxies for recon
structing paleoenvironment (Algeo and Tribovillard, 2009; Tribovillard 

et al., 2012). The analyzed samples plot within Cycle 1 (with some 
reaching Cycle 2), indicative of an anoxic environment (Fig. 11b). 
Moreover, the MoEF exhibits stronger enrichment compared to the UEF, 
suggesting that the metal-oxyhydroxide particulate shuttle facilitates 
the transport of Mo to sediments while exerting minimal influence on U 
(Qiao et al., 2023; Tribovillard et al., 2012). The widespread occurrence 
of framboidal pyrite and locally abundant pyrite nodules further sup
ports the presence of an anoxic environment (Song et al., 2021; Fig. 5a, c 
and i). The mutual inclusion of pyrite and organic matter also serves as 
evidence of a synergistic relationship between anoxic conditions and 
organic matter preservation (Fig. 5k and l).

Paleosalinity is critical aspect of lacustrine basin environments, 
significantly influencing the enrichment and preservation of organic 
matter (Liu et al., 2024). Sr and Ba exist as ionic species in ancient lake 
waters, eventually precipitating as refractory minerals such as celestite 
and barite, which become enriched in sediments (Wei and Algeo, 2020). 
Generally, Sr exhibits higher solubility in saline waters compared to Ba 
so that the Sr/Ba ratio a reliable indicator of paleosalinity (Moore et al., 
2022; Paytan et al., 2007). Sr/Ba ratios of less than 1 typically signifies a 
freshwater or brackish environment, whereas a ratio greater than 1 in
dicates brackish to saline conditions (Paytan et al., 2007). The analyzed 
samples generally exhibit high Sr/Ba ratios, with most falling within the 
brackish water depositional range, suggesting elevated salinity in the 
lacustrine environment (Fig. 9a). It has been proposed that Sr in car
bonate reservoirs may influence clay composition signals, and the Sr/Ba 
index is particularly reliable when CaO exceeds 5 %. (Wei and Algeo, 
2020). The high CaO content in the studied samples supports the validity 
of this index (Table 2). The chemical behavior of B and Ga in water 
systems is closely related to salinity (Liu et al., 2025; McLennan, 2001). 
Wei and Algeo (2020) established the B/Ga ratio as an indicator, 
defining B/Ga < 3 as freshwater, 3–6 as brackish, and > 6 as marine or 
high-salinity lacustrine environments. The B/Ga ratios in the Eq3 of the 
Qianjiang Depression exhibit exceptionally high values, indicating 
elevated paleosalinity levels in the lake during the depositional period 
(Fig. 9a), which is consistent with the trends revealed by the Sr/Ba ra
tios. Gammacerane is a useful indicator of water column stratification, 
often associated with high salinity in the longitudinal profile (Luo et al., 
2018; Peters et al., 2005). Elevated ETR values reflect higher salinity/ 
alkalinity conditions in the aquatic environment and serve as an indi
cator of the dominant role of algae in paleoproductivity (Hou et al., 
2017; Qiao et al., 2024). Prominent peaks in the m/z 191 fragment 
spectra and exceptionally high Gamm/C30 (βα + αβ) hopane ratios, with 
a extremely high values of ETR, point to a highly saline lacustrine 
environment (Fig. 7d). β-carotene, derived from the synthesis of 
β-daucene by salt-tolerant algae, is enriched in response to organic 
matter sources and the degree of reduction in the sedimentary envi
ronment, suggesting deposition in salt lake facies or highly restricted 
marine settings (Peters et al., 2005; Shao et al., 2024). The Eq3 samples 

Fig. 9. (a) Sr/Ba versus B/Ga, indicating a highly reductive and ultra-high salinity environment, and the same consequence as (b) ternary diagram showing the 
relative concentration of DBF, F and DBT.
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from the Tankou area exhibit abundant β-carotene, with distinct chro
matographic peaks (Fig. 6a and b). The DBT/P and Pr/Ph ratios are 
effective tools for inferring the sedimentary environment and lithology 
of source rocks (Hughes et al., 1995). Majority of the studied samples 
plot within Zone 3 (with a few in Zone 2), indicating a hypersaline 
lacustrine sedimentary environment (Fig. 7b). Extremely low Pr/Ph 
ratios and ternary plots of DBF, F, and DBT further corroborate the 
hypersaline nature of the depositional environment (Peters et al., 2005; 
Qiao et al., 2021).

5.4. Hydrocarbon generation potential

Previous studies have consistently demonstrated that pyrolysis, 

maceral composition, and organic carbon content are robust method
ologies for assessing the hydrocarbon generation potential of source 
rocks (Hou et al., 2017; Luo et al., 2017; Lei et al., 2024). In the Tankou 
area, the Eq3 source rocks exhibit distinct vertical segmentation. As 
depth increases, the TOC content displays a declining trend, with the 
upper sections characterized by significantly higher TOC values 
compared to the lower sections (Table 1). Such elevated TOC levels are 
uncommon in salt lake strata but have been documented in the 
hydrocarbon-generating centers of the Qianjiang Depression (Hou et al., 
2017). When plotted on TOC versus S1 + S2 coordinates, the upper 
source rocks demonstrate relatively superior quality, while the lower 
sections exhibit average quality, collectively indicating a favorable hy
drocarbon generation potential (Fig. 2a). Notably, the majority of 

Fig. 10. Correlation scatter plots of (a) volume percentage of liptinite in organic matter versus TOC, (b) liptinite versus S1 + S2, (c) TOC versus CIA, (d) TOC versus 
WIP; (e) TOC versus P/Ti and (f) P/Ti versus Liptinite. The anomalous data points demarcated in the figure were systematically excluded from the linear regression 
analysis to preserve the statistical validity of the fitting results.
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samples exhibit HI exceeding 300 mg HC/g TOC. When combined with 
Tmax data, these findings suggest that the source rocks in the study area 
predominantly contain type I-II1 kerogen, with a minor contribution 
from type II2 kerogen (Fig. 2b). The dolomitic shales within the Eq3 

interval of the Tankou slope belt are interpreted as oil-prone source 
rocks, enriched in oil-generating components, and share similarities 
with the organic matter types observed in other regions of the Qianjiang 
Formation within the Qianjiang Depression (Hou et al., 2017).

A comprehensive evaluation of organic matter abundance, type, and 
maturity is indispensable for accurately determining the hydrocarbon 
generation potential of source rocks. Combined with biomarker matu
rity parameters, the relatively low-to-medium Ro values (0.42–0.56 %) 
and pyrolysis Tmax values (418–438 ◦C) suggest that the samples are in 
the immature to low-maturity level, falling short of the threshold for 
significant hydrocarbon expulsion according to conventional evaluation 
criteria (Jarvie, 2012; Misch et al., 2016; Table 1). Numerous simulation 
studies have proposed that the presence of salt minerals can catalyze the 
hydrocarbon generation process (Meng et al., 2007). This complements 
the previous explanation that biomarkers of maturity can reach an 
mature level. Within the shale samples, the proportion of liptinite ex
hibits a positive correlation with TOC, indicating that the high organic 
matter abundance in the Tankou area is closely linked to the prolific 
supply of algae (Fig. 10a). Furthermore, liptinite content also shows a 
strong positive correlation with S1 + S2, underscoring the role of algal 
input in enhancing the hydrocarbon generation capacity of the source 
rocks (Fig. 10b). Previous studies have also highlighted that high 
abundances of lamalginite, telalginite can facilitate the generation of 
immature to low-maturity oil, even at relatively low thermal maturity 
levels (Guo, 1993; Luo et al., 2018; Makled et al., 2021; Xie et al., 2014).

5.5. Organic matter enrichment model and influencing factors

The enrichment of organic matter in the Eq3 interval of the Tankou 
slope belt within the Qianjiang Depression exhibits characteristics akin 
to those observed in typical saline lake basins. However, a distinctive 

feature of this region lies in the influence of the slope belt and the 
Qianbei fault, which collectively govern the composition of organic 
matter through terrigenous clastic input, sedimentary water conditions, 
and climatic factors. Based on the analysis of these influencing factors, 
this study establishes a comprehensive model for organic matter 
enrichment in continental shales within the context of a salt lake slope 
belt (Fig. 16). The depositional layer of the studied samples was 
characterized by a cold and arid climate, which played a critical role in 
shaping the sedimentary environment. Reduced precipitation under 
such conditions diminished fluvial activity, thereby limiting the influx of 
terrigenous debris into the basin (Morellón et al., 2009). This reduction 
in terrigenous input is significant, as it minimized the dilution of organic 
matter by the input of carbonate or clastic minerals (Ibach, 1980; Wang 
et al., 2022). Concurrently, the dry climate facilitated intense water 
evaporation, leading to elevated salinity levels in the lacustrine envi
ronment (Horsfield et al., 1994; Lu et al., 2025). High-salinity conditions 
promoted the stratification of the water column, creating an ideal setting 
for the proliferation of salt-tolerant plankton, such as algae, and estab
lishing an anoxic environment conducive to the preservation of organic 
matter (Tribovillard et al., 2012; Kong et al., 2020). The stratification of 
the water column not only enhanced organic productivity but also 
restricted the diffusion of oxygen, thereby reducing the oxidation of 
organic material and facilitating its accumulation (Zhang et al., 2022; 
Wu et al., 2023). A strong positive correlation between P/Ti and TOC is 
observed, with P/Ti values reaching up to 2.74 at certain intervals, 
indicative of high primary productivity (Fig. 10e). This correlation un
derscores the importance of phosphate (e.g. PO4

3− ) as a limiting nutrient 
in aquatic ecosystems, driving the proliferation of phytoplankton and 
other aquatic organisms (Poulton, 2017; Tyrrell, 1999). The outbreak of 
aquatic organisms, particularly algae, played a pivotal role in enhancing 
organic matter productivity and enrichment. Algal blooms, fueled by 
nutrient availability and favorable environmental conditions, contrib
uted significantly to the organic carbon pool, making them the primary 
source of organic matter in the study area (Fig. 10f). These findings 
underscore that terrigenous input is not a primary driver of organic 

Fig. 11. (a) Co (ppm) × Mn (wt%) versus Cd/Mo (after Sweere et al., 2016); (b) UEF versus MoEF (modiffed after Tribovillard et al., 2012).

Fig. 12. Interpretation for the mass chromatogram of the main aromatic hydrocarbons used in this paper.
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matter enrichment in the study area. Instead, aquatic organisms, 
particularly algae, are the dominant contributors to organic matter 
accumulation (Xie et al., 2024). This geochemical evidence reinforces 
the notion that the study area’s organic matter enrichment is primarily 
driven by autochthonous aquatic productivity rather than allochthonous 
terrigenous input. Therefore, water stratification induced by high 
salinity and primary paleoproductivity are the dominant factors con
trolling organic matter enrichment in the Eq3 of the Qianjiang Depres
sion. The accumulation of organic matter is also significantly influenced 
by preservation conditions, including strong anoxic-reducing condi
tions, hypersalinity with water stratification and a cold, arid climate, as 
evidenced by data from Co × Mn versus Cd/Mo (Fig. 11a).

Nevertheless, the Qianjiang Formation ensures a continuous supply 
of higher plant debris and fine-grained terrigenous material, albeit in 
limited quantities. The presence of higher plant debris, albeit minor, 
adds complexity to the organic matter composition, contributing to the 
heterogeneity of the source rock. In addition, due to the influence of 

fault activity, determining whether the deposit is in situ is crucial for 
identifying organic matter enrichment in the area (Wu et al., 2022b). 
Notably, no significant correlation is observed between TOC and CIA*, 
suggesting that organic matter preservation is largely unaffected by 
weathering processes (Fig. 10c). Consistent conclusions remain 
demonstrable despite the statistically insignificant linear association 
between TOC and WIP (Fig. 10d). This conclusion is further supported 
by evidence of first-cycle deposits, which confirm that the factors gov
erning organic matter enrichment in this study are representative of the 
geological evolution of the basin (Fig. 4a and b). The absence of a 
weathering signal in the organic matter preservation highlights the 
dominance of original sedimentary environment controls over post- 
depositional alteration processes. This finding is consistent with the 
interpretation that the study area’s organic matter enrichment is pri
marily driven by in situ productivity and preservation rather than 
external weathering influences.

6. Conclusions

The Eq3 organic-rich sediments of Qianjiang Formation in Tankou 
slope belt, Qianjiang Depression, represent a promising source rock with 
significant hydrocarbon generation potential. The enrichment of organic 
matter in this unit is controlled by multiple factors, including paleo
climate, redox conditions, paleosalinity, hydrocarbon precursor input, 
and terrigenous clastic supply.

Low Ro and Tmax values indicate the organic matter have reached 
immature to low-mature level. CPI exhibits even‑carbon predominance, 
which tends to equilibrate with increasing depth. Biomarker parameters, 
including n-alkanes and aromatic hydrocarbons, suggest the organic- 
rich sediments are in the oil generation window. The organic matter 
abundance varies significantly, with high TOC, S1 + S2, and HI values, 
classifying the samples as medium to high-quality source rocks. The 
organic matter is predominantly type I-II1 kerogen, with minor contri
butions from type II2. Alginite, particularly lamalginite and telalginite, is 
the primary contributor to the high TOC and hydrocarbon generation 
potential.

Fig. 13. Scatter diagrams of (a) log (1,2,7-TMN/1,3,7-TMN) versus log (1,2,5-TMN/1,3,6-TMN), (b) log (1,2,5-TMN/1,3,6-TMN) versus log (1-MP/9-MP) and (c) log 
[1,7-DMP/(1,3-+3,9-+2,10-+3,10-DMP)] versus log (Retene/9-MP), modified after Qiao et al. (2024).

Fig. 14. Scatter plots of mol Al/Si versus (a) WIP and (b) CIA, indicating the degree of chemical weathering parameters affected by hydraulic sorting effect.

Fig. 15. The intersection graph of organic matter content versus TOC, indi
cating the input of relatively high submicroscopic organic matter in high TOC 
samples (modified after Ghassal et al., 2016).
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The Eq3 sedimentary rocks are primarily first-cycle, iron-poor 
calcareous shales, enriched in CaO, MgO and Na2O. Organic matter is 
dominated by lamalginite and telalginite, with minor collotelinite, 
telinite, and trace inertinite, suggest lower aquatic organisms constitute 
the principal contributors to organic matter in the Qianjiang Formation. 
Saturated and aromatic hydrocarbon biomarkers indicate that the hy
drocarbon precursors are mainly derived from aquatic algae and salt- 
tolerant bacteria, with limited input from terrestrial higher plants.

Water column stratification and primary productivity serve as the 
principal controlling factors governing the enrichment of organic mat
ter. Paleoclimatic conditions were cold and arid. The hypersaline, 
strongly reducing, and stratified water column environment is sup
ported by biomarker and trace element indicators, including low Pr/Ph 
and DBT/P ratios, abundant gammacerane and β-carotane, MoEF vs. UEF 
cross plots, and high Sr/Ba ratios. Arid climate reduced the input of 
terrigenous organic matter and clastics, promoting lake evaporation and 
high salinity. Elevated salinity facilitated water column stratification, 
creating favorable conditions for the proliferation of salt-tolerant algae 
and enhancing organic matter preservation. High P/Ti ratios indicate 
nutrient input that likely triggered algal blooms. The absence of chem
ical weathering indicates that organic matter is deposited in situ. Weak 
correlation between CIA and TOC suggest minimal chemical weath
ering, confirming that organic matter enrichment of Eq3 in Qianjiang 
Depression is primarily controlled by the original depositional envi
ronment rather than post-depositional alterations.
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