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This study investigates the hydrocarbon generation potential and oil-source relationships of the Paleogene
Shahejie Formation (Es4 Member) source rocks in the Leijia area, Liaohe Western Depression, through an in-
tegrated organic geochemical and hydrocarbon generation kinetic approach. Rock-Eval pyrolysis, biomarker
analysis, stable carbon isotope analysis, and activation energy measurements were employed to characterize the
geochemical signatures of the Es4d3 and Es4g submembers. The Es4d3 submember exhibits high organic matter
richness, Type I-II; kerogen, low activation energy and early oil-generation capability under immature to low-
maturity conditions, indicative of deposition in a highly reducing, deep lacustrine environment. In contrast, the
Es4g submember shows higher organic matter abundance, Type II; kerogen, elevated activation energy, and
predominant low-maturity stage, suggesting a weakly reducing, brackish lacustrine setting. A hierarchical cluster
analysis confirms a strong genetic linkage between the crude oils and the Es4d3 source rocks, attributed to its low
activation energy promoting early hydrocarbon expulsion. Comparative analysis with global analogs (e.g.,
Bakken, Vaca Muerta) highlights that lacustrine source rocks with low activation energy can efficiently generate
hydrocarbons at low maturity, providing a novel indicator for tight oil exploration in continental basins. This
work expands the effective source rock distribution of the Es4 Member, defines “sweet spot” targeting criteria,
and offers insights for low-maturity oil exploration in analogous basins worldwide.

1. Introduction

With the global strategic transition of hydrocarbon exploration to-
ward unconventional resources, tight oil has emerged as a critical suc-
cessor to conventional reservoirs [1]. North America leads this domain,
where the commercial success of the Bakken Formation in the Williston
Basin has established a benchmark for unconventional hydrocarbon
development worldwide [2]. Driven by this paradigm, breakthroughs
have been achieved in both lacustrine (e.g., the Duvernay Formation,
Canada) and marine (e.g., the Vaca Muerta Formation, Argentina) tight
oil systems [3,4]. Recent geological surveys in China have revealed
considerable tight oil reserves within the Tarim and Sichuan Basins,

with promising development potential. [5,6]. However, oil-source cor-
relation remains a key technical bottleneck, as traditional geochemical
proxies (e.g., Pr/Ph ratios, sterane parameters) exhibit significant am-
biguities under multi-charging events, biodegradation, and reservoir
alteration [7,8]. Recent advances propose multi-proxy approach-
es—integrating biomarkers, isotopic signatures, and thermal mod-
eling—to mitigate correlation uncertainties Peters et al. [9,10,11].
Nevertheless, the application of such integrated methodologies in
complex lacustrine petroleum systems, particularly those with hetero-
geneous source-reservoir configurations, remains underexplored and
warrants systematic investigation.

The third and fourth members of the Shahejie Formation (Es3-Es4) in
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the Leijia area, Liaohe Western Depression, host multiple lacustrine
source rock intervals, representing critical targets for tight oil explora-
tion in eastern China. While previous studies have focused on reservoir
diagenesis [12] and resource potential evaluation [13], three key chal-
lenges impede reliable oil-source correlation: (1) biodegradation-
induced distortion of geochemical parameters, (2) limited systematic
core data from source rock intervals, and (3) complex overprinting ef-
fects from multi-phase hydrocarbon charging ([14]). Compared to well-
characterized global tight oil systems such as the Bakken Formation
(USA) and Cooper Basin (Australia), the Leijia area lacks robust con-
straints from hydrocarbon generation kinetics (e.g., activation energy
distributions and thermal maturation thresholds), significantly hinder-
ing the precise delineation of exploration sweet spots. To resolve these
challenges, we integrate: (i) biodegradation-resistant proxies (aromatic
steroids, 5'3C) to minimize distortion; (ii) systematic coring from 4 wells
with multi-parameter validation for data robustness; and (iii) kinetic
modeling combined with hierarchical clustering to deconvolve multi-
charging effects.

This study focuses on the Es4 Member source rocks and associated
crude oils in the Leijia area of the Liaohe Depression, employing an
innovative integration of organic geochemistry (biomarkers, carbon
isotopes) and hydrocarbon generation kinetics (activation energy anal-
ysis). We systematically characterize the differences in organic matter
abundance, type, maturity and generative potential between the Es4d3
and Es4g sub-members. By benchmarking against global hydrocarbon
generation models from both lacustrine and marine systems—such as
the Bakken Formation and Vaca Muerta Formation (Argentina)—this
work elucidates the oil-source relationships within the Liaohe tight oil
system. The objectives of this research are threefold: (1) To develop a
multi-parameter oil-source correlation model, resolving ambiguities
inherent to conventional geochemical proxies, (2) To clarify the acti-
vation energy characteristics of the Es4 Member source rocks and their
mechanistic role in low-maturity oil accumulation, (3) To establish a
geochemical-kinetic evaluation framework for tight oil exploration in
continental lacustrine basins, providing a transferable methodology for
analogous basins worldwide.
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2. Regional geological setting

The Liaohe western Depression, the largest hydrocarbon-generating
sag in the Bohai Bay Basin, covers an area of approximately 2530 km?
and exhibits a NE-trending structural framework characterized by
“eastern faulting and western overlapping, steep eastern flank and
gentle western slope”, typical of a Meso-Cenozoic rift basin. It is sub-
divided into nine secondary structural units [15] (Fig. 1). The study
area, located in the central-northern part of the depression (Leijia area),
encompasses the northern Chenjia Sag, southern flank of the Gaosheng
nose-shaped uplift, and northern segment of the Lengdong faulted
anticline belt. The region is dominated by two fault systems: nearly
E-W-trending and NE-trending. Early NE-trending faults were later
cross-cut by E-W-trending faults, forming multi-level fault-block struc-
tures[16]. The Eocene Shahejie Formation Member 4 (Es4), overlying
the Fangshenpao Formation, was deposited in a semi-closed lacustrine
environment dominated by semi-deep to deep lacustrine fine-grained
sediments. It is stratigraphically divided into the Dujiatai oil layer
(upper) and Gaosheng oil layer (lower). The Dujiatai layer is further
subdivided into three sub-members: Es4dl (uppermost), Es4d2, and
Es4d3 (lowermost). The Gaosheng sub-member (Es4g) represents
deposition in a shallower lacustrine setting, with lithologies transition-
ing from mudstone interbedded with argillaceous dolomite (upper) to
granular dolomite (base) (Fig. 2). During Dujiatai deposition, lake
expansion culminated in the Es4d3 sub-member, characterized by thick
analcime-bearing dolomite[17]. This study focuses on comparative
geochemical characterization and hydrocarbon generation potential
assessment of the Es4d3 and Es4g sub-members.

3. Samples and experimental
3.1. Samples

A total of 47 samples were collected from six wells in the Leijia area,
Liaohe Basin (well locations shown in Fig. 1b), including: (1) 24 source

rock samples from the Es4d3 sub-member: 17 samples from Well Le57; 7
samples from Well Le37. (2) 21 source rock samples from the Es4g sub-
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Fig. 1. Location map of the study area and sampling sites in the Liaohe Western Depression.(modified after [22]).
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Fig. 2. Comprehensive stratigraphic column of the Liaohe Western Depression.

member: 19 samples from Well Le84; 2 samples from Well Le86. (3) 2
crude oil samples from the Es4 Member: 1 sample from Well Le29-9; 1
sample from Well Le28-13.

3.2. Total organic carbon (TOC)

Total organic carbon (TOC) analysis of shale samples followed a
standardized protocol: crushed samples were sieved through a 200-mesh
sieve and dried at 60°C under vacuum. A mass of 80 — 120 mg of

powdered sample was weighed into a crucible and treated with 1:7
hydrochloric acid (prepared by mixing concentrated HCl with deionized
water) to remove carbonate minerals. After HCI treatment, samples were
repeatedly washed with deionized water until neutral pH, then oven-
dried at 60 — 80 °C. The decarbonated samples were subsequently
combusted in a stream of high-purity oxygen at high temperature,
converting total organic carbon to COy gas which was quantified by
infrared detection. Residual carbon was quantified using a LECO CS230
carbon-sulfur analyzer following GB/T 19145-2022 (Determination of
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Organic Carbon in Sedimentary Rocks).

3.3. Rock pyrolysis analysis

Source rock samples were crushed to pass through a 200-mesh sieve
and dried at 60 °C under reduced pressure. Approximately 100 mg of
each sample was analyzed for pyrolytic properties using a Rock-Eval 6
pyrolyzer (France), following the protocol outlined in GB/T
18602-2012 (Determination of Organic Matter in Sedimentary Rocks). The
analysis quantified three critical parameters: free hydrocarbons (S;),
pyrolyzed hydrocarbons (Sp), and maximum pyrolysis temperature
(Tmax)~

3.4. Kerogen maceral identification

Kerogen maceral identification and quantitative analysis were con-
ducted on a LEICA MPV-SP microphotometer following SY/T
6414-2014 (Standard for Microscopic Component Identification and
Quantification of Whole-Rock Slides). Sample preparation included
crushing rock fragments to 1.0 mm grain size, quartering to obtain
representative subsamples, and impregnating with epoxy resin to form

Table 1
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polished whole-rock slides. Quantitative maceral analysis employed a
white-light and fluorescence combined point-counting method, with >
500 effective counting points per slide to determine the volumetric
abundance of vitrinite, inertinite, and liptinite macerals.

3.5. Hydrocarbon generation kinetics experiment

To investigate the kinetic differences in hydrocarbon generation
between the Es4g and Es4d3 sub-member, open-system pyrolysis ex-
periments were conducted on one representative sample per subunit
using a Rock-Eval 6 pyrolyzer. For Es4d3 (analcime-bearing dolomite), a
sample from Well Le57 at 2363.8 m depth was selected; for Es4g
(mudstone-dominated), a sample from Well Le84 at 2761.0 m depth was
used. These samples were chosen based on their predominant lithology
and representative geochemical characteristics (Table 1).

The tests employed three heating rates (5 °C/min, 10 °C/min, and 20
°C/min), with an initial temperature of 200 °C and a final temperature of
700 °C. Hydrocarbon generation parameters, including activation en-
ergy (Eg) and pre-exponential factor (A), were derived by applying a
parallel first-order reaction model [18],Braun and Burnham [19]
through Kinetic 2015 software. This model conceptualizes kerogen

Organic geochemical characteristics of source rocks in the Es4 Member of the Liaohe Western Depression.

Well Depth(m) Formation TOC (%) S1(mg/g) Sy(mg/g) S1 + S5 (mg/g) HI (mg/g) Timax (°C) R, (%) 8"*Cierogen (%0)
Le57 2344.4 Es4d3 2.87 0.46 14.71 15.17 513 429 / /
Le57 2346.3 Es4d3 3.33 0.80 17.41 18.21 523 435 ; /
Le57 2347.6 Es4d3 5.69 2.04 27.93 29.97 491 434 0.38 /
Le57 2348.4 Es4d3 5.05 1.09 26.14 27.23 518 434 ; ;
Le57 2349.4 Es4d3 2.35 1.71 12.14 13.85 517 426 / /
Le57 2350.1 Es4d3 2.52 0.73 12.27 13.00 487 434 0.41 —-27.11
Le57 2352.6 Es4d3 1.82 1.94 10.41 12.35 572 429 ; ;
Le57 2354.6 Es4d3 6.49 1.77 34.35 36.12 529 437 ; /
Le57 2355.5 Es4d3 0.60 0.32 1.59 1.91 265 427 ; /
Le57 2358.4 Es4d3 2.73 2.27 15.17 17.44 556 431 ; ;
Le57 2363.8 Es4d3 2.44 5.55 13.71 19.26 563 424 0.38 /
Le57 2365.9 Es4d3 4.18 2.70 24.76 27.46 592 437 0.39 —26.36
Le57 2371.6 Es4d3 4.71 0.87 22.37 23.24 475 432 ; ;
Le57 2380.0 Es4d3 2.98 0.77 15.44 16.21 518 436 0.43 —27.69
Le57 2384.1 Es4d3 2.67 0.60 15.87 16.47 594 437 / /
Le57 2397.8 Es4d3 3.14 0.36 16.73 17.09 533 432 0.54 —28.93
Le57 2447.7 Es4d3 3.16 0.33 18.26 18.59 578 435 ; —29.05
Le37 2605.3 Es4d3 3.06 0.10 12.39 12.49 405 438 / /
Le37 2614.5 Es4d3 3.23 0.15 12.06 12.21 373 439 / /
Le37 2700.5 Es4d3 4.72 0.99 29.20 30.19 619 438 0.51 —28.76
Le37 2710.8 Es4d3 4.99 0.25 29.58 29.83 593 435 / Vi
Le37 2721.5 Es4d3 5.54 0.23 24.82 25.05 448 440 / /
Le37 2810.0 Es4d3 3.62 0.15 20.64 20.79 570 438 ; ;
Le37 2815.7 Es4d3 3.55 0.19 18.60 18.81 524 441 ; ;
Le84 2761.0 Es4g 5.99 1.09 33.93 35.02 566 431 0.48 —24.86
Le84 2763.0 Es4g 4.10 0.30 18.91 19.21 461 429 / ;
Le84 2763.4 Es4g 4.16 0.32 19.18 19.50 461 433 / /
Le84 2766.7 Es4g 5.35 0.61 27.36 27.97 511 432 / /
Le84 2768.2 Es4g 6.16 1.05 32.77 33.82 532 438 0.55 /
Le84 2770.2 Es4g 6.88 1.14 37.22 38.36 541 442 ; ;
Le84 2770.4 Es4g 7.54 1.56 40.79 42.35 541 441 ; ;
Le84 2772.1 Es4g 7.77 1.45 40.20 41.65 517 434 ; /
Le84 2773.2 Es4g 3.78 0.20 15.13 15.33 400 432 / /
Le84 2773.9 Es4g 6.85 1.57 33.42 34.99 488 437 0.49 /
Le84 2775.8 Es4g 4.86 2.33 26.45 28.78 544 439 / /
Le84 2777.7 Es4g 6.87 1.76 34.92 36.68 508 435 / /
Le84 2778.3 Es4g 5.89 1.32 30.47 31.79 517 443 ; ;
Le84 2780.0 Es4g 4.78 0.84 25.20 26.04 527 438 0.58 —27.40
Le84 2781.0 Es4g 5.43 3.74 25.94 29.68 478 439 / /
Le84 2782.4 Es4g 5.33 1.85 28.77 30.62 540 442 ; ;
Le84 2782.8 Es4g 3.55 0.43 15.99 16.42 450 440 / /
Le84 2783.8 Es4g 4.42 0.41 19.45 19.86 440 438 ; /
Le84 2785.6 Es4g 5.33 2.61 26.56 29.17 498 443 0.65 /
Le86 1656.8 Es4g 2.31 0.32 15.34 15.66 457 438 0.60 —27.30
Le86 1659.4 Es4g 2.42 0.36 16.85 17.21 486 440 / /
SD Es4d3 (n = 24) 1.34 - - 7.54 78.05 4.43 - -
Es4g (n = 21) 1.49 - - 8.50 41.13 4.05 - -

Table footnote. SD: Standard deviation; n: sample size, “/” — Not detected, “~” — Not calculated.
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cracking as multiple independent reactions occurring simultaneously,
each characterized by distinct activation energies, which effectively
resolves the heterogeneous chemical composition of Type-II kerogen
dominant in our samples Schenk and Horsfield [20,21]. Moreover, this
model has already been applied in the study area([15,22]).The primary
uncertainty lies in the extrapolation from laboratory to geological time
scales, which was mitigated by employing multiple heating rates.

3.6. Gas chromatography-mass spectrometry (GC-MS)

The molecular composition of saturated hydrocarbons and aromatics
was analyzed using an Agilent 7890A-5975C GC-MS system, following
GB/T 18606-2017 (Determination of Biomarkers in Sediments and
Crude Oils by Gas Chromatography-Mass Spectrometry). Saturated hy-
drocarbons were separated on a HP-5MS column (30 m x 0.25 mm x
0.25 pm) under constant flow mode with helium carrier gas (1 mL/min).
The temperature program initiated at 80 °C (held for 2 min), ramped to
180 °C at 8 °C/min, and further increased to 290 °C at 2 °C/min (held for
20 min). For aromatic hydrocarbons, a HP-5MS column (60 m x 0.25
mm x 0.25 pm) was used with splitless injection. The oven program
started at 50 °C (1 min hold), increased to 120 °C at 20 °C/min, and
finally reached 310 °C at 3 °C/min (25 min hold). Data acquisition was
performed in full-scan mode with an electron ionization (EI) source (70
eV, 100 mA filament current) (Xiao et al., 2024).

3.7. Carbon isotope analysis

Carbon isotope ratios (613C) were measured using a DELTA Plus XL
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isotope ratio mass spectrometer. Sample preparation involved com-
busting aliphatic fractions in an elemental analyzer (EA) combustion
furnace at ~ 980°C to produce CO5, which was split-injected into the
mass spectrometer. Helium carrier gas (He) was used for transport.
Analytical conditions included an electron energy of 68 eV, emission
current of 0.800 mA, mass resolution of 200, and a vacuum pressure < 2
x 10 Pa. Data were calibrated against the PDB standard, with 5'3C
measurement uncertainties < £0.1 %o [23].

4. Results
4.1. Rock-Eval pyrolysis characteristics

4.1.1. Organic matter abundance

Organic matter abundance, a critical parameter for evaluating
generative potential, reflects the enrichment degree of organic material
in source rocks. Key evaluation indices include Total Organic Carbon
(TOQ), pyrolytic hydrocarbon potential (S; + S2), chloroform bitumen
“A” and total hydrocarbon content (HC). This study prioritizes TOC and
S + So for abundance assessment. The Es4d3 exhibits TOC values of
0.60 % — 6.49 % (average 3.56 %) and S + Sp values of 1.91 — 36.12 mg/
g (average 19.70 mg/g), classifying it predominantly as excellent source
rocks (Table 1 and Fig. 3a-b). The overlying Es4g demonstrates higher
organic richness, with TOC ranging from 2.31 % to 7.77 % (average
5.23 %) and S; + S» from 15.33 to 42.35 mg/g (average 28.10 mg/g),
also categorized as excellent source rocks (Table 1 and Fig. 3a).
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Fig. 3. Geochemical characteristics of the Es4 source rocks in the Liaohe Western Depression: (a) TOC vs. S; + S5 cross-plot, (b) Tmax vs. HI cross-plot, (c) TOC vs.

513C cross-plot, and (d) kerogen typing diagram.



Z. Ge et al.

4.1.2. Organic matter type

The type of organic matter in source rocks is a critical factor con-
trolling their oil-generation capability. Various classification schemes
exist based on chemical composition and organic matter origin, such as
the common tripartite scheme (Type I, II, III; Tissot and Welte [24,25],
Panwar et al. [26], the three-category four-type scheme (Type I, II;, I,
I1I; Yang [27], and the quadripartite scheme (Type [, II, IIL, IV; [28,29],
Nath et al. [30]. The three-category four-type scheme — Type I (Sapro-
pelic), Type II; (Humic-Sapropelic), Type II, (Sapropelic-Humic), Type
III (Humic) — is widely adopted in many Chinese oilfield studies and is
applied herein.

Based on integrated analyses of pyrolysis hydrogen index (HI) and
kerogen maceral composition, the two sets of source rocks in the Es4
Member exhibit distinct characteristics. For the Es4d3, the HI ranges
from 265 to 619 mg HC/g TOC (average 515 mg HC/g TOC). Combined
with kerogen maceral identification, these data indicate that the organic
matter is predominantly Type II; with minor Type I contributions
(Fig. 3b). The 8'3C values of kerogen range from —29.1 %o to —26.4 %o
(average —28.0 %o), further corroborating its sapropelic-humic mixed
organic matter characteristics (Type I-II) (Fig. 3c). In contrast, the Es4g
exhibits an HI range of 400 — 566 mg HC/g TOC (average 498 mg HC/g
TOC) and maceral compositions consistent with Type II; organic matter
(Fig. 3b). The relatively heavier 8'°C values (—27.4 %o to —24.9 %,
average —26.1 %o) suggest enhanced contributions from terrestrial
higher plants. Cross-plots of Tpax versus HI (Fig. 3c), combined with
513C and maceral composition analyses (Fig. 3d), reveal that the organic
matter in the Es4d3 is classified as Type II; dominant with a minor
contribution from Type I, whereas the Es4g is dominated by Type II;
(Table 1). This discrepancy is closely linked to the evolution of sedi-
mentary environments and variations in terrestrial organic input.

Fuel 406 (2026) 137033

4.1.3. Organic matter maturity

Thermal maturity of the source rocks in the study area was evaluated
using pyrolysis Tmax and vitrinite reflectance (R,). For the Es4d3, Tpax
values range from 424 to 441 °C (average 434 °C), and R, values vary
between 0.38 % and 0.54 % (average 0.44 %), indicating an immature to
low-maturity stage. In contrast, the Es4g exhibits higher thermal
maturity, with T,y values of 429 — 443 °C (average 437 °C) and R,
values of 0.48 — 0.65 % (average 0.55 %), predominantly within the low-
maturity stage (Table 1 and Fig. 3b). Overall, the Es4g demonstrates
greater maturity than the Es4d3.

4.2. Compositional characteristics of biomarkers in source rocks and
crude oils

4.2.1. N-alkanes and acyclic isoprenoids

The n-alkane distribution in the Es4d3 source rocks of the Liaohe
Western Depression is predominantly unimodal with a rear-peak pattern
(Fig. 4), where the main peak carbon is typically n-Cy3. The Carbon
Preference Index (CPI) ranges from 1.10 to 1.36 (average 1.20), and the
Odd-Even Predominance (OEP) varies between 1.10 and 2.34 (average
1.42), indicating a pronounced odd-carbon predominance (Fig. 4 and
Table 2). In contrast, the Es4g exhibits a bimodal n-alkane distribution,
with main peaks spanning n-C;7 to n-Cy;. The average CPI and OEP
values for this sub-member are both 1.23, also reflecting significant odd-
carbon preference (Fig. 4 and Table 2).

Significant differences in Pr/Ph (pristane/phytane) ratios are
observed between the two sub-members. For the Es4d3 (based on
samples from Wells Le 57 and Le 37), phytane (Ph) predominates over
adjacent n-alkanes (n-C;g), with Pr/Ph ratios consistently low (<0.40)
(Table 2 and Fig. 4). This suggests deposition in a strongly reducing,
saline environment. Conversely, the Es4g displays notably higher Pr/Ph
ratios (up to 0.94), indicative of a less reducing depositional setting
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Table 2
Composition of saturated hydrocarbon biomarkers in the Es4 source rocks and crude oils from the Liaohe Western Depression.
Well Depth Formation Main CPI OEP Pr/ Ph/ Pr/ C1o. Cio. Ts/ C30RAH/ Ga/ Ca7 /Ca9 Sterane/
(m) Peak n- n- Ph 20TT/ 23TT (Ts + CaoTs C;H oo Hopane
Ci7 Cis Cy TT /CsoH Tm)

Le57 2347.6 Es4d3 n- 1.20 1.13 0.53 1.99 0.35 1.15 0.04 0.16 0.38 0.34 0.58 0.35
Cos3

Le57 2350.1 Es4d3 n- 1.20 2.22 0.64 1.97 0.44 1.06 0.05 0.16 0.36 0.35 0.60 0.34
Ci7

Le57 2363.8 Es4d3 n- 1.19 1.15 0.72 2.45 0.30 1.04 0.03 0.16 0.41 0.31 0.59 0.42
Cas

Le57 2365.9 Es4d3 n- 1.19 1.14 0.68 2.28 0.37 1.11 0.04 0.15 0.37 0.33 0.60 0.38
Co3

Le57 2380.0 Es4d3 n- 1.36 1.15 1.01 3.14 0.35 1.04 0.04 0.11 0.03 0.36 0.16 0.31
Co3

Le57 2397.8 Es4d3 n- 1.13 1.16 1.15 3.33 0.18 1.23 0.06 0.10 0.35 0.56 0.58 1.20
Cos

Le57 2447.7 Es4d3 n- 1.10 1.10 0.60 1.60 0.47 1.22 0.04 0.11 0.23 0.55 0.62 0.19
Co7

Le37 2700.5 Es4d3 n- 1.21 2.34 0.57 1.70 0.35 1.19 0.05 0.15 0.29 0.39 0.63 0.39
Ci7

Le84 2761.0 Es4g n- 1.24 1.29 0.93 1.08 0.94 0.99 0.04 0.17 0.25 0.12 0.63 0.22
Co7

Le84 2780.0 Es4g n- 1.21 1.16 0.59 0.95 0.77 0.93 0.07 0.16 0.42 0.68 0.59 0.17
Ci7

Le86 1656.8 Es4g / / / / / / 0.81 0.03 0.21 0.57 0.45 0.50 0.27

Le29-9 2532.3 Es4 n- 1.17 1.09 0.71 0.95 0.30 0.75 0.04 0.29 0.48 0.24 0.50 0.25
Cas

Le28- 2654.2 Es4 n- 1.18 1.08 0.72 0.94 0.29 0.83 0.05 0.28 0.50 0.24 0.52 0.26
13 Co3

SD Es4d3 (n = 8) - - - - - 0.08 0.07 - - - 0.09 0.15 0.29

Es4g (n = 3) - - - - - 0.09 0.07 - - - 0.23 0.05 0.04

Table footnote. CPI={(Cas + C27 + C29 + C31 + C33)[1/(Ca4 + C26 + Cag + C30 + C32)+1/(C26 + Cag + C30 + C32 + C34)1}/2; OEP = [(C; + 6Ci 2 + Ci14)/4(Ciy1 +
Ci;3)]™, i+ 2: Main peak carbon, m: (—1) i + 1 ; Pr — Pristane; Ph — Phytane; TT — Tricyclic terpanes; H — Hopane; Ts — 18x(H)-Cy7 Trisnorneohopane; Tm — 18a(H)-Ca7
Trisnorhopane; RAH - Rearranged hopanes; Ga — Gammacerane; Co7/Cag 0ttt — Co7 aaa-cholestane (20R)/Cog atar-sterane (20R); SD: Standard deviation; n: sample

size, “/” — Not detected, “=” — Not calculated.
(Fig. 4 and Table 2).

4.2.2. Terpanoids and steranes

Tricyclic terpanoids (TT), gammacerane (Ga), and hopanes (H) are
detected in source rock samples from both sub-members of the Es4
Member in the Liaohe Western Depression (Fig. 4). Biomarker ratios are
key indicators of organic matter source, depositional environment, and
thermal maturity. To clarify the following discussion, key biomarker
ratios are defined here at their first occurrence. For the Es4d3, the ratio
of Cjg.g0 tricyclic terpanes to Cy; tricyclic terpane(Cig.20TT/Ca1TT)
commonly used to assess organic matter source, is notably high (1.04 —
1.23, average 1.13) (Fig. 4 and Table 2), while the atio of C;9.93 tricyclic
terpanes to C3p hopane (Cy9.23TT/CgoH) another indicator of source
input, is relatively low (0.03 - 0.06, average 0.04). The ratio of Cgg
rearranged hopane to Cz9 18a(H)-30-Norneohopane (C3oRAH/Ca9Ts)
ranges from 0.03 to 0.41 (average 0.30), the ratio of gammacerane to
Cs3; hopane (Ga/Cs1H), a well-established indicator of depositional
environment (specifically water column stratification and salinity),
varies between 0.31 and 0.56 (average 0.40). In contrast, the Es4g ex-
hibits a lower Cy9.99TT/CoTT ratio (0.81 — 0.99, average 0.96) but
higher C19.23TT/C30H (0.03 - 0.07, average 0.05) and C30RAH/C29TS
ratios (0.25 - 0.57, average 0.30). The Ga/Cs;H ratio in this sub-member
spans 0.12 - 0.68 (average 0.40). Regular steranes (Cy7 — Cag) are widely
identified in both sub-members, with Cgg regular steranes dominating
(Fig. 4). The atio of Cy7 to Cao0020R steranes (Cg7/Cogaar),used to
evaluate organic matter source, shows a distribution pattern similar to
the C30RAH/CyoTs ratio: lower in the Es4d3 and higher in the Es4g.
Conversely, the sterane to hopane ratio (sterane/hopane),which can
reflect source input and depositional conditions, displays an inverse
trend (Fig. 4 and Table 2).

4.2.3. Aromatic compounds
GC-MS analysis of aromatic compounds in the Es4 source rocks from

the Leijia area of the Liaohe Western Depression identified a variety of
aromatic compounds, primarily including naphthalene (N), phenan-
threne (P), dibenzothiophene (DBT), and triaromatic steroids (TAS),
with phenanthrene and triaromatic steroid series dominating (Table 3
and Fig. 5). In the Es4d3, triaromatic steroid concentrations are rela-
tively high, generally exceeding 60 %, whereas the Es4g exhibits lower
TAS content. Phenanthrene concentrations follow a similar trend but
remain comparatively low (typically < 25 %). Naphthalene distribution
contrasts sharply between the sub-members: the Es4d3 shows lower
naphthalene content, while the Es4g displays significantly higher
values, often exceeding 50 % (Table 3 and Fig. 5).

4.2.4. Component-specific carbon isotopes

The stable carbon isotopic composition (5'3C) of the Es4 Member
source rocks in the Liaohe Western Depression exhibits significant
variability between sub-members (Fig. 6). For the Es4d3: Saturated
hydrocarbons: §'3C ranges from —34.7 %o to —30.8 %o (average —32.3
%o). Aromatic hydrocarbons: 5'3C ranges from —30.0 %o to —28.8 %o
(average —29.4 %o). Non-hydrocarbons: 5'°C ranges from —30.0 %o to
—28.0 %o (average —28.8 %o). Asphaltenes: 5'C ranges from —29.8 %o to
—27.5 %o (average —28.4 %o). The 513C values of soluble organic matter
components in the Es4d3 follow the order: saturated hydrocarbons <
aromatic hydrocarbons < non-hydrocarbons < asphaltenes, with an
overall lighter isotopic composition (<-29 %o).In contrast, the Es4g
displays distinct isotopic trends: Saturated hydrocarbons: 8'3C ranges
from —-33.6 %o to —30.4 %o (average —31.0 %o). Aromatic hydrocarbons:
513C ranges from —39.2 %o to —27.0 %o (average —28.2 %o). Non-
hydrocarbons: 5!3C ranges from —28.9 %o to —26.5 %o (average —27.7
%o). Asphaltenes: s13¢C ranges from —28.3 %o to —27.6 %o (average
—27.9 %o). Here, the 5!C sequence shifts to saturated hydrocarbons <
asphaltenes < aromatic hydrocarbons < non-hydrocarbons, reflecting a
heavier overall isotopic composition (>-29 %o) (Fig. 6).

The marked isotopic differences between the sub-members likely
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Table 3

Geochemical composition of aromatic hydrocarbons in the Es4 source rocks and crude oils from the Liaohe Western Depression.
Well Depth Formation 9-MP/ F% OF% SF% DBT/P N% P% DBT% TAS%

(m) 1-MP

Le57 2347.6 Es4d3 1.42 13.91 5.62 80.47 0.04 3.14 36.51 0.12 60.24
Le57 2350.1 Es4d3 1.42 14.04 4.78 81.19 0.01 1.82 46.30 0.08 51.79
Le57 2363.8 Es4d3 1.42 53.16 14.20 32.65 0.05 0.59 8.29 0.21 90.91
Le57 2365.9 Es4d3 1.39 33.20 8.63 58.17 0.03 1.01 24.75 0.16 74.07
Le57 2380.0 Es4d3 1.41 31.09 8.93 59.98 0.05 2.23 11.34 0.20 86.23
Le57 2397.8 Es4d3 1.23 10.40 3.29 86.31 0.04 1.32 29.32 0.09 69.27
Le57 2447.7 Es4d3 1.09 43.56 12.18 44.27 0.03 0.52 25.86 0.17 73.45
Le37 2700.5 Es4d3 1.24 8.89 3.07 88.03 0.03 1.55 33.67 0.12 64.66
Le84 2761.0 Es4g 1.06 28.96 22.91 48.14 0.26 49.97 11.98 0.02 38.03
Le84 2780.0 Es4g 1.18 19.62 27.16 53.23 0.17 57.65 23.26 0.01 19.08
Le86 1656.8 Es4g 1.49 36.93 15.36 47.71 0.08 0.68 12.43 0.13 86.76
Le29-9 2532.3 Es4 1.30 63.74 14.97 21.29 0.05 1.29 30.64 0.14 67.93
Le28-13 2654.2 Es4 1.35 26.06 6.49 67.46 0.03 1.58 43.16 0.07 55.19

Table footnote. MP — Methylphenanthrene; F — Fluorene; OF — Oxyfluorene; SF — Thiofluorene; DBT — Dibenzothiophene; P — Phenanthrene; N — Naphthalene; TAS —

Triaromatic steroids.
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Fig. 5. Compositional characteristics of aromatic compounds in the Es4 source rocks and crude oils from the Liaohe Western Depression.

reflect variations in depositional environments and organic matter
sources during the formation of the Es4 source rocks. Previous studies
confirm that these rocks were deposited in semi-deep to deep lacustrine
subfacies[31,32], where spatial heterogeneity in redox conditions,
salinity, and terrestrial versus aquatic organic inputs may have driven
the observed 8'3C variability.

4.3. Kinetic characteristics of hydrocarbon generation

Experimental results reveal distinct differences in the activation

energy distributions of oil generation between the Es4d3 and Es4g,
indicating divergent generation processes (Fig. 7). The Es4g exhibits
later hydrocarbon generation onset and a shorter generation window,
with a dominant activation energy peak at 56 kcal/mol (SD, 4.8 kcal/
mol), reflecting a relatively concentrated generation phase (Fig. 7b and
Fig. 7d). In contrast, the Es4d3 generates hydrocarbons earlier, with a
prolonged generation period spanning the entire pyrolysis experiment.
Its activation energy distribution displays a bimodal pattern (peaks at
48 kcal/mol and 58 kcal/mol) and a broader range (SD, 1.5 kcal/mol),
suggesting the capacity to produce a proportion of low-maturity crude
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oil (Fig. 7a and Fig. 7c). This markedly different E, distribution confirms
that the analcime-bearing dolomite (Es4d3) and mudstone (Es4g),
despite their spatial proximity, undergo fundamentally divergent oil
generation processes. This phenomenon is a critical control on the
relative timing of hydrocarbon generation and overpressure develop-
ment in the study area and is increasingly recognized as a key feature of
mixed lithology source rock systems [15]. The low-temperature hydro-
carbon generation characteristics of the Es4d3 contrast sharply with
those of the North American Bakken Shale (activation energy: 58-65
kcal/mol), highlighting the thermal instability advantage of lacustrine
algal organic matter [33].

While the kinetic models provide a quantitative framework, direct
extrapolation to geological time scales entails uncertainty. Multi-heating
rate experiments reduce but do not eliminate the inherent limitations of
open-system pyrolysis, particularly regarding confinement pressure.
However, the strong consistency between kinetic results and biomarker
evidence robustly supports the lithologically controlled charge model.
Future integration with burial history modeling and pressure-correction
methods will further refine predictive capability.

5. Discussion
5.1. Depositional environment

The Pr/Ph ratio is widely used to infer redox conditions during
deposition: Pr/Ph < 0.8 indicates a strongly reducing environment, 0.8 —
3.0 reflects reducing conditions, and > 3.0 suggests oxidizing environ-
ments with enhanced terrestrial organic input Didyk et al. [34],Connan
[35] ; [36]. In the Liaohe Western Depression, the Es4d3 source rocks
exhibit low Pr/Ph ratios (0.18 — 0.47) (Table 2), indicating deposition in
a strongly reducing environment. In contrast, the Es4g displays higher
Pr/Ph ratios (0.77 - 0.94, average 0.86) (Table 2), consistent with
deposition under reducing conditions.

Cross-plots of Pr/n-Cy7 versus Ph/n-Cig [37] further reveal envi-
ronmental contrasts between the sub-members. The Es4g source rocks
cluster in zones indicative of moderately reducing conditions with pre-
dominant aquatic organic matter inputs. In contrast, the Es4d3 plots
within fields reflecting strongly reducing environments dominated by
lacustrine algal organic matter (Fig. 8a). Elevated gammacerane indices
(Ga/C31H = 0.31-0.56) confirm hypersaline water column conditions,
consistent with interpretations from Pr/Ph and DBT/PHEN ratios
[38,39]. Integration of multiple biomarker proxies demonstrates that
both sub-members were deposited in saline deep to semi-deep lacustrine
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facies (Fig. 8b).

The depositional environmental differences between the Es4 sub-
members are further reflected in aromatic hydrocarbon compositions.
Thiofluorene (SF) typically forms under reducing to strongly reducing
conditions, while oxyfluorene (OF) originates in weakly reducing or
oxidizing settings, and fluorene (F) is associated with freshwater to
brackish lacustrine environments Zhang and Philp [40]. In the study
area, the Es4d3 source rocks exhibit a SF > F > OF triaromatic fluorene
series (Table 3 and Fig. 9a), consistent with deposition in reducing to
strongly reducing environments. The Es4g displays relatively lower SF
content (though still dominant), alongside reduced F and OF pro-
portions, indicating deposition under moderately reducing conditions
(Table 3 and Fig. 9a). Notably, the Es4d3 shares high SF content (> 60
%) with the Bazhenov Formation source rocks (R, = 0.5 — 0.8 %) in the
West Siberian Basin, both indicative of strongly reducing environments
[41]. However, the Bazhenov Formation contributes hydrocarbons
predominantly at high maturity (R, > 0.8 %), whereas the Es4d3 initi-
ates hydrocarbon generation at low maturity. This divergence is likely
controlled by paleoproductivity and burial rates: Rapid subsidence in
the Liaohe Depression facilitated early organic matter preservation (Li
et al., 2020; [42], whereas prolonged microbial degradation under slow
burial in the Bazhenov system necessitated higher thermal maturity to
compensate for organic carbon loss [43].

5.2. Sources of hydrocarbon-generating organic matter

The depositional environment of source rocks exerts a primary
control on the composition of their hydrocarbon-generating organic
matter. Cj9.90TT is generally derived from terrestrial higher plants,
whereas Cy; TT originates predominantly from aquatic lower organisms
Philp and Gilbert [44]. In the Liaohe Western Depression, a weak pos-
itive correlation exists between the Pr/Ph ratio and Cj9.99TT/Co1TT
ratio in the Es4 source rocks (Fig. 9b), suggesting that moderately
oxidizing conditions favor enhanced terrestrial higher plant inputs.
Consequently, the Es4g (higher Pr/Ph) exhibits greater contributions
from terrestrial organic matter, while the Es4d3 (lower Pr/Ph) is
dominated by lacustrine aquatic biomass. This interpretation aligns with
trends observed in the Pr/n-C;7 vs. Ph/n-C;g cross-plot (Fig. 8a) and is
further supported by the elevated abundance of Cyg regular steranes—a
biomarker indicative of terrestrial higher plants—in the Es4g (Fig. 4).

Semi-brackish to hypersaline environments enriched in microbial
and algal biomass favor the formation of 9-methylphenanthrene (9-MP),
whereas weakly oxic to suboxic settings dominated by terrestrial higher
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Fig. 8. Cross-plots of (a) Pr/n-C;7 vs. Ph/n-Cyg and (b) Pr/Ph vs. DBT/PHEN for the Es4 source rocks and crude oils in the Liaohe Western Depression.
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plant inputs promote 1-methylphenanthrene (1-MP) generation Radke
[45],Zhang and Li [46]. In the Liaohe Western Depression, a negative
correlation is observed between the Pr/Ph ratio and the 9-MP/1-MP
ratio in the Es4 source rocks (Fig. 9¢), indicating algal and microbial-
dominated organic matter sources. This interpretation is further
corroborated by extremely low dibenzothiophene (DBT) concentrations
in the studied samples. Elevated DBT levels typically characterize
terrestrial higher plant-derived organic matter, whereas their scarcity
here strongly supports aquatic biomass as the primary organic
precursor.

Steranes primarily originate from phytosterols derived from
eukaryotic organisms (e.g., algae and higher plants), while hopanes are
predominantly sourced from bacterial and microbial biomass [47].
Theoretically, a negative correlation is expected between the 9-MP/1-
MP ratio (indicative of microbial vs. terrestrial inputs) and the ster-
ane/hopane ratio. However, the Es4 source rocks in the Liaohe Western
Depression exhibit a positive correlation between these ratios (Fig. 9d).
This anomaly may reflect microbial reworking of terrestrial organic
matter during early diagenesis: terrestrial higher plant debris, modified
by bacterial activity, became integrated into the hydrocarbon-
generating organic matrix alongside microbial biomass [47]. Such
microbial-terrestrial synergy likely contributed to the wide §'3C vari-
ability observed in the organic fractions.The Es4d3 source rocks,
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characterized by lighter 8'3C values (Fig. 6), further support a microbial-
algal-dominated organic assemblage, consistent with their deposition in
a strongly reducing lacustrine environment that favored preservation of
aquatic biomass.

5.3. Oil-source correlation

Molecular geochemical and component-specific carbon isotopic
compositions of the Paleogene Es4 crude oils in the western Leijia
Depression indicate a predominant origin from the Es4d3 source rocks,
as detailed below:

(1) Molecular Geochemical Composition. The two analyzed crude oil
samples exhibit molecular signatures closely aligned with the
Es4d3 source rocks: Low Pr/Ph ratios and elevated 9-MP/1-MP
and sterane/hopane ratios (Fig. 9); Unimodal distribution of n-
alkanes and inverted “L”-shaped regular sterane profiles (Fig. 4
and Fig. 10); Enriched thiofluorene (SF), phenanthrene (P), and
triaromatic steroids (TAS) (Table 3). In contrast, the Es4g is
characterized by higher naphthalene content (Fig. 5), further
distinguishing its genetic contribution.

(2) Component-Specific Carbon Isotopic Composition. The crude oils
from the Es4 exhibit the following §!°C values: Saturated
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hydrocarbons: —30.3 %o to —30.0 %o; Aromatic hydrocarbons:
—28.3 %o to —28.2 %o; Non-hydrocarbons: —28.1 %o to —29.0 %s;
Asphaltenes: —28.6 %o to —28.3 %o. The overall lighter 5'3C
composition (<-29 %o) aligns closely with that of the Es4d3
source rocks (Fig. 6), confirming shared organic matter sources
dominated by algal and microbial biomass under strongly
reducing lacustrine conditions.

Hierarchical Cluster Analysis (HCA). Cluster analysis is a robust
method for classifying crude oil types and correlating oil sources,
contingent on the selection of effective genetic parameters. This
study integrated multiple biomarkers and related indices,
selected based on their established diagnostic value for organic
matter source, depositional environment, and thermal maturity
in lacustrine systems[37]. These included n-alkane distributions,
steranes, terpanes, phenanthrene and naphthalene series, and
triaromatic fluorene series compounds, to perform HCA on source
rock (Es4d3 and Es4g) and crude oil samples from the Leijia area.
Prior to analysis, all biomarker ratio data were standardized (z-
score normalization) to ensure variables with different mea-
surement units and scales contributed equally to the distance
calculation[48]. The analysis was performed using IBM SPSS
Statistics 27 software with Ward’s method and Euclidean dis-
tance to assess genetic affinities (Fig. 11). Results demonstrate
that the crude oils exhibit stronger genetic ties to the Es4d3
source rocks, likely attributed to their lower activation energies,
which facilitated early hydrocarbon generation. In contrast, the
higher activation energies of the Es4g may have delayed hydro-
carbon generation, resulting in limited contributions to the
studied oils. However, the Es4g’s high organic matter richness
(average TOC = 5.23 %) suggests potential for future deep hy-
drocarbon exploration.

3

-

5.4. Exploration implications

The low activation energy characteristics of the Es4d3 in the western
Liaohe Depression (48 — 58 kcal/mol) are comparable to those of the
Toolebuc Formation in Australia’s Cooper Basin (50 — 54 kcal/mol) but
significantly lower than marine shales like the Bakken Formation (58 —
65 kcal/mol) [33]. This disparity reflects synergistic controls by organic
matter type and depositional environment: The Bakken Formation
(marine Type II kerogen) is dominated by aromatic structures with high
thermal stability, requiring elevated maturity for hydrocarbon genera-
tion. The Es4d3 (lacustrine Type I-1I; kerogen) contains algal-derived
lipids prone to early cracking, facilitated by lower activation energies.
This pattern aligns with observations from other prolific lacustrine
systems, such as the Green River Formation (USA; Type I-II kerogen,
activation energy typically 50-58 kcal/mol) and the Songliao Basin
(China; predominantly Type I kerogen, activation energy often 45-55
kcal/mol), where significant hydrocarbon generation can initiate at
lower thermal maturity windows compared to marine shales[49-50],
Zhou and Littke [51,52,53]. This discovery provides kinetic justification
for exploring low-maturity oils (R, < 0.7 %) in continental lacustrine
basins, complementing the “high-maturity threshold” model of Argen-
tina’s Vaca Muerta Formation (55 — 62 kcal/mol) [54]. While the
Bakken Formation’s tight oil success relies on horizontal drilling, hy-
draulic fracturing, and brittle reservoir-hosting continuous hydrocarbon
generation [55], the Es4d3's low activation energy (favorable for early
expulsion) and the Es4g’s high TOC (average 5.23 %) suggest distinct
strategies: Es4d3: Prioritize “sweet spot” identification in low-
activation-energy zones, analogous to Bakken’s development model.
Es4g: Assess deep thermal evolution (e.g., R, > 0.8 %) for future
resource potential.

It should be noted that our sampling strategy prioritized the central-
northern structural units (Chenjia Sag, Gaosheng Uplift, Lengdong
Anticline), which, as established by previous studies, host the most
prolific tight oil plays within the Es4 Member—specifically the Es4d3
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and Es4g oil layers [56],Chen and Yang [57,58]; Wang, 2021). While the
western slope facies (with its distinct terrestrial-influenced deposition)
and the Es4d1/d2 submembers are not fully represented, our dataset
comprehensively captures the two principal hydrocarbon-generating
and producing intervals. This focused approach ensures that our
geochemical and kinetic models are directly calibrated to and validated
against the most economically critical units, providing a robust explo-
ration framework for the core 'sweet spots’ in continental rift basins.

6. Conclusions

1 Both the Es4d3 and Es4g represent excellent source rocks with high
organic matter richness. The Es4d3 is dominated by Type I-II;
kerogen at an immature to low-maturity stage (R, = 0.38-0.54 %),
while the Es4g contains Type II; kerogen with slightly higher thermal
maturity (R, = 0.46-0.60 %, low-maturity stage).

2 Both sub-members exhibit mixed aquatic-terrestrial organic matter
inputs but formed under distinct depositional environments:The
Es4d3, deposited in strongly reducing saline lacustrine environ-
ments, is dominated by algal and microbial biomass. The Es4g,
formed in weakly reducing brackish lacustrine settings, shows
greater contributions from terrestrial higher plants

3 Integrated biomarker signatures, compound-specific 8*>C composi-
tions, and hierarchical cluster analysis confirm that the Leijia area
crude oils originate predominantly from the Es4d3. This finding
expands the spatial distribution of effective source rocks within the
Paleogene Es4 and underscores promising hydrocarbon exploration
potential in the region

4 Kinetic analysis reveals that the low activation energies of the Es4d3
drive efficient hydrocarbon generation at low-maturity stages,
aligning with global lacustrine analogs (e.g., Cooper and Junggar
basins). In contrast, the Es4g’s higher activation energy necessitates
deep thermal evolution modeling to assess its resource potential. The
activation energy-source rock coupling model proposed in this study
provides a novel parameter for optimizing exploration in continental
tight oil systems.
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