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A B S T R A C T

Understanding kerogen transformation under geological conditions is critical for optimizing the in-situ con
version (ISC) process of organic-rich unconventional resources. Sequential high-pressure hydrous pyrolysis was 
employed to investigate the geological thermal evolution and hydrocarbon generation mechanisms of organic 
matter in immature Huadian (Type II1 kerogen) and Fushun (Type I kerogen) shales. Experiments progressed 
through four thermal stages, that is Stage 1 (350 ◦C, 6 h), Stage 2 (350 ◦C, 24 h), Stage 3 (380 ◦C, 24 h), and 
Stage 4 (420 ◦C, 24 h), with comprehensive analysis of hydrocarbon products by gas-chromatography mass- 
spectrometry and solid residues by vitrinite reflectance (Ro) and Rock-Eval pyrolysis. The results revealed that 
the hydrocarbon-generation potential of these two shales declined sharply with a Ro of 0.78–1.23 %, correlating 
with peak oil generation. Type I kerogen (Fushun) exhibited higher reactivity, generating twice the cumulative 
oil yield (normalized by TOC) compared to Type II1 (Huadian) and transitioning earlier to oil dominance. 
Biomarker evolution (OEP decline, sterane/hopane isomerization) in expelled oil and declining gas dryness index 
(C1/ΣC1–C5) correlated strongly with the maturity of organic matter, enabling non-destructive ISC monitoring. 
Compared to typical temperatures used in ex-situ retorting (520 ◦C), the kerogen conversion was completed at 
lower temperatures of 350–420 ◦C in this study, validating prolonged heating as a viable low-energy ISC strategy. 
However, high-pressure conditions in geological formations may impede hydrocarbon expulsion efficiency, 
leading to the retention of viscous bitumen and thus necessitating engineered solutions for effective oil recovery. 
This research enriches the understanding of high-pressure pyrolysis mechanisms of immature/low-maturity 
unconventional resources and establishes a geochemical framework for optimizing ISC in recovering the oil 
from these source rocks, ultimately contributing to advancing sustainable exploitation of unconventional 
resources.

1. Introduction

In-situ conversion (ISC) technologies are essential for unlocking the 
vast potential of organic-rich shale resources, such as oil shale and low- 
maturity shale oil [1–5]. Oil shale, rich in solid organic matter (kerogen, 
vitrinite reflectance Ro < 0.5 %), requires subsurface heating to 
generate shale oil and gas, offering a major alternative to conventional 
petroleum [6,7]. Similarly, low-maturity shale oil resources, up to 25 % 

of liquid hydrocarbon maintaining in the shale (Ro = 0.5–1.0 %) and at 
least 40 % unconverted organic materials, also demand subsurface py
rolysis for economic recovery [5,8,9].

Prior studies highlight temperature, heating rate, and mineral 
composition as key controls on the oil yield and composition of shale oil 
from organic-rich shales, as well as on the pore evolution (porosity and 
permeability) of shales, a factor that is crucial for hydrocarbon migra
tion underground [10–13]. While temperature is unequivocally the 
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primary driver of pyrolysis reactions, providing the necessary activation 
energy for bond cleavage, pressure exerts a significant secondary in
fluence, shaping reaction kinetics, product distributions, and potentially 
reaction pathways [14–18]. Critically, kerogen decomposition under 
lithostatic pressure and confined pore fluids involves hydrocarbon 
expansion with pressure-dependent behaviour [19], which is highly 
relevant to the ISC process. Therefore, understanding the specific py
rolysis mechanisms under pressure conditions is essential for optimizing 
hydrocarbon yields from organic-rich shale resources through subsur
face heating. Such pressure-dependent behaviour directly manifests in 
the modulation of both primary and secondary pyrolysis stages by 
pressure, exerting distinct effects on reaction pathways. For instance, 
elevated pressure inhibits the primary conversion of solid kerogen into 
volatile products while concurrently accelerating the secondary re
actions of the pyrolyzates [15,17]. He et al. [20] investigated organic 
matter maturation in oil shale during high-pressure pyrolysis (8 MPa 
seepage pressure, 8 h isothermal heating), analysing residue properties 
(Ro and Rock-Eval Tmax) to highlight the relationship between solid 
geochemical properties and organic matter thermal maturity. However, 
monitoring thermal maturity during the ISC process solely based on 
solid residue parameters (Ro, Tmax) poses significant operational chal
lenges in field applications. Building on this, subsequent work by He 
et al. [21] demonstrated that shale oil biomarkers undergo systematic 
structural and compositional changes that correlate strongly with the 
thermal maturity of the organic matter. These biomarker alterations 
provide reliable indicators of subsurface pyrolysis progression, enabling 
estimation of thermal maturity and conversion extent directly from 
produced oils, thus offering a practical method for monitoring and 
optimizing ISC processes.

Despite valuable insights, studies by He et al. [20,21] and others 
[14–18], which were conducted in anhydrous high-pressure systems, 
inadequately replicate the complexities of natural hydrostatically pres
sured, water-saturated environments typical of deep geological systems. 
This gap is particularly acute for low-maturity shale oil plays, which 
often reside at depths greater than 3–5 km where hydrostatic pressures 
exceed 30–50 MPa. In these systems, the presence of water can pro
foundly influence pyrolysis kinetics, reaction pathways, product yields, 
and hydrocarbon composition through mechanisms such as hydrolysis, 
dissolution, and phase behaviour. Consequently, additional studies 
incorporating more realistic conditions, including the presence of water 
and other formation fluids, are essential to fully elucidate the mecha
nisms and kinetics of petroleum generation and source rock maturation. 
Such knowledge is critical for guiding the development of more effective 
and efficient ISC technologies.

To address these limitations and bridge the knowledge gaps relevant 
to both oil shale and low-maturity shale oil exploitation, this study 
employs high-pressure hydrous pyrolysis experiments on immature 
Huadian (HD) and Fushun (FS) shales. Our aim is to investigate the 
thermal evolution of organic matter and hydrocarbon generation under 
simulated geological conditions. Experimental pressure was maintained 
at ~500 bar, corresponding to hydrostatic pressure at ~5 km depth 
based on a gradient of ~100 bars/km, thereby representing conditions 
typical for petroleum generation at such depths. Experimental temper
atures (350–420 ◦C) were intentionally selected to exceed typical 
geothermal conditions at 5 km depth, which enables the acceleration of 
million-year natural maturation processes into a tractable 24-h experi
mental timeframe. Experiments comprised four sequential stages: Stage 
1 (350 ◦C, 6 h), Stage 2 (350 ◦C, 24 h), Stage 3 (380 ◦C, 24 h), and Stage 
4 (420 ◦C, 24 h). Following pyrolysis, the thermal evolution and 
hydrocarbon-generation potential of the organic matter were assessed 
through detailed characterisation of hydrocarbon gas and oil as well as 
solid residues. Additionally, the geochemical properties and character
istics of the generated hydrocarbons were thoroughly examined. Based 
on these analyses, hydrocarbon generation models were established for 
the two shales, and their implications for the ISC strategy are discussed. 
Critically, the experimental pressure design specifically mirrors the in- 

situ pressure regimes of deep low-maturity shale oil reservoirs, 
providing urgently needed data on kerogen transformation under 
geologically realistic hydrostatic conditions. Overall, this study ad
vances the understanding of fundamental mechanisms underlying oil 
shale and low-maturity shale oil extraction, providing crucial insights to 
guide the design and optimization of future pilot-scale ISC experiments.

2. Materials and methods

2.1. Samples

The organic-rich oil shales investigated in this study were collected 
from the Huadian (HD) Basin and Fushun (FS) Basin in China (Fig. 1). 
The HD Basin, located on the northern flank of the Dunmi Fault Zone, is 
a semi-graben basin with an east-west orientation. Its oil shale deposits 
primarily derive from the Eocene HD Formation, and the specific sam
ples used in this study obtained from the Gonglangtou area. In contrast, 
the FS Basin is situated at the western extremity of the Dunmi Fault 
Zone, a subsidiary structure of the major Tan Lu Fault Zone that extends 
northward. Classified as a residual basin within the Cenozoic rift system, 
the FS Basin contains oil shale deposits interbedded with coal seams. The 
FS shale samples analysed herein were sourced from an open-pit mine, 
where the oil shale and coal are mined concurrently. Prior to experi
ments, the raw (non-extracted) samples were mechanically crushed into 
2–5 mm chips and homogenised to ensure uniformity.

2.2. High water-pressure pyrolysis experiments

Sequential pyrolysis experiments were conducted in a 25 ml Has
talloy cylindrical vessel under ~500 bar by sequential four stages: Stage 
1 (350 ◦C, 6 h), Stage 2 (350 ◦C, 24 h), Stage 3 (380 ◦C, 24 h), and Stage 
4 (420 ◦C, 24 h). This staged approach facilitated the evaluation of 
temperature-dependent hydrocarbon generation kinetics, source rock 
maturation effects, and the impact of supercritical water conditions 
(≥380 ◦C) on oil expulsion efficiency.

The experimental setup and core procedure were adapted from 
previous studies [19,22,23], with a schematic provided in Fig. 2. The 
experiment initiated with 25 g of shale samples. After each pyrolysis 
stage, the collected residual rocks were dried, with a portion reserved for 
subsequent analytical tests; the remaining residual shales were sub
jected to further pyrolysis at extended reaction times or elevated tem
peratures to assess non-cumulative hydrocarbon generation dynamics. 
Prior to each run, 20 ml of deionized water and a specified amount of 
shale were loaded into the pre-cleaned vessel. After assembly, the vessel 

Fig. 1. Samples location map.
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was purged with high-purity nitrogen (≥99.999 %) and pressurised to 2 
bar to establish an inert atmosphere. Heating was achieved using a 
precisely controlled sand bath system preheated to the target tempera
ture. Upon immersion and thermal equilibration, the internal pressure 
stabilized at a baseline value dependent on temperature and initial 
water fill. To achieve the target experimental pressure of ~500 bar, 
additional deionized water was injected into the vessel using an external 
compressed-air pump system. Overpressures (up to 605 bar) observed in 
some runs were attributed to thermal expansion of injected water and in- 
situ hydrocarbon gas generation.

After each pyrolysis run, the gaseous products were quantitatively 
collected using a gas-tight syringe for volume measurement. The gas 
composition (C1–C5 hydrocarbon) was immediately analysed by gas 
chromatography (Section 2.6). The expelled oil fraction, comprising free 
oil floating on top of the water and oil adhering to the vessel walls, was 
recovered by washing with cold dichloromethane (DCM). The remaining 
water phase was decanted, and the solid residue was oven-dried over
night at 45 ◦C.

For residue analysis, about 3 g of the dried rock was finely ground 

and subjected to Soxhlet extraction (Section 2.3) using a DCM/methanol 
mixture (93:7) to recover the solvent-extractable organic matter 
retained within the rock matrix, defined as “bitumen”. The extracted 
rock residue was retained for further characterisation. Asphaltene 
fractionation from the bitumen was performed only for Stages 1 and 2 by 
precipitation using DCM/heptane as solvent/non-solvent; insufficient 
yields precluded this separation for later stages. The maltene fraction 
(deasphalted bitumen) from bitumen of Stages 1–2, the whole bitumen 
from Stages 3–4, and the expelled oil were further separated into 
aliphatic hydrocarbons, aromatic hydrocarbons, and polar fractions 
using a silica-alumina gel column. The aliphatic hydrocarbon composi
tions were subsequently analysed by Gas Chromatography-Mass Spec
trometry (GC–MS, Section 2.7). The remaining solid residues (without 
extraction) were subjected to the subsequent pyrolysis stage to assess 
non-cumulative hydrocarbon-generation potential.

2.3. Soxhlet extraction and bitumen quantification

Bitumen content in the initial and pyrolysed rock samples was 

Fig. 2. Schematic diagram illustrating the temperatures, durations, and product analysis methods for the four stages of sequential pyrolysis experiments.
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determined via exhaustive Soxhlet extraction. Approximately 3 g of 
finely ground rock powder (<200 mesh) was loaded into a pre-cleaned 
cellulose extraction thimble (pre-extracted with DCM/methanol (93:7) 
to remove impurities). Extraction was performed for >48 h using 150 ml 
of DCM/methanol mixture (93:7) in a 250 ml round-bottom flask. After 
extraction, the extracted rock was stored for subsequent analysis, and 
the bitumen-containing solvent was evaporated using a rotary evapo
rator until most of the solvent was removed. The residual bitumen was 
transferred to a pre-weighed vial using DCM and left to dry. The weight 
of the vial and extract was taken, and the bitumen weight was calculated 
by the difference after all the DCM had evaporated.

2.4. Vitrinite reflectance (Ro)

Vitrinite reflectance (Ro) was obtained on the initial (non-extracted) 
and solvent extracted residues of pyrolysed rocks. Samples were 
embedded in epoxy resin mounts and polished sequentially using silicon 
carbide papers to produce a scratch free polish surface. Measurements 
were made using a J&M TIDAS MSP 200 microscope in non-polarized 
light at a wavelength of 546 nm in oil immersion following the Chi
nese standard SY/T 5124–2012.

2.5. Rock-Eval pyrolysis and total organic carbon (TOC)

Rock-Eval pyrolysis and TOC determination were conducted on both 
initial and pyrolysed rocks, including non-extracted and solvent- 
extracted residues, using a Vinci Technologies Rock-Eval 6 standard 
instrument. About 60 mg of crushed powdered rock was heated in an N2 
atmosphere using an initial oven programme of 300 ◦C for 3 min and 
then from 300 to 650 ◦C at the rate of 25 ◦C min− 1. The oxidation stage 
was achieved by heating at 300 ◦C for 1 min and then from 300 to 850 ◦C 
at 20 ◦C min− 1 and held at 850 ◦C for 5 min. Hydrocarbons released 
during the two-stage pyrolysis were measured using a flame ionization 
detector (FID), and CO and CO2 were measured using an infrared (IR) 
cell [24].

2.6. Gas chromatography (GC) analysis

A Clarus 580 GC fitted with an FID and TCD detectors was used to 
analyse the gaseous products. 5 ml of gas samples was injected (split 
ratio 10:1) at 250 ◦C with separation performed on an Rt-Alumina Bond/ 
KCl Plot fused silica 30 m × 0.32 mm × 5 μm column, with helium as the 
carrier gas. The oven temperature was programmed from 60 ◦C (13 min 
hold) to 180 ◦C (10 min hold) at 10 ◦C min− 1. Individual gas yields were 
determined quantitatively in relation to a separately injected C1–C5 
mixture as an external gas standard. The total yield of the hydrocarbon 
gases generated was calculated using the total volume of generated 
gases collected in relation to the aliquot volume of gases introduced to 
the GC, using relative response factors of individual C1–C5 gases from a 
standard mixture of C1–C5 gases.

2.7. Gas chromatography–mass spectrometry (GC–MS) analysis

The aliphatic hydrocarbons of oil and bitumen from each stage were 
analysed by an Agilent GC–MS (7890B GC; 5977 A-mass selective de
tector (MSD)) in full scan mode (m/z 40–400) in 10 times split mode. 
Separation was achieved on an HP-5MS column (30 m × 0.25 mm i.d., 
0.25 μm thickness) with Helium as the carrier gas, and an oven pro
gramme of 50 ◦C (hold for 2 min) to 300 ◦C (hold for 20.5 min) at 4 ◦C 
min− 1. Identification of individual compounds was performed by 
comparing experimental mass spectra with those in the NIST 14 Mass 
Spectral library and published data.

3. Results and discussion

3.1. Bulk geochemical parameters of initial samples

The Rock-Eval, TOC, and Ro results of the initial HD and FS oil shales 
are shown in Table 1. Both source rocks exhibit low thermal maturity, 
evidenced by same Tmax of 436 ◦C and mean Ro of 0.42 % (HD) and 0.38 
% (FS). The HD shale is rich in organic matter, with a TOC of 27.98 %, 
approximately three times higher than the FS shale (TOC = 8.79 %). 
Consistent with its low maturity, the initial HD shale shows a low free 
hydrocarbon yield (S1 = 0.44 mg/g) and a high pyrolysable hydrocar
bon potential (S2 = 175.58 mg/g). The FS shale displays a slightly higher 
S1 (0.91 mg/g) but a significantly lower S2 (57.71 mg/g) than HD. 
Hydrogen index (HI) values confirm both samples are oil-prone (HD: 
628 mg HC g− 1 TOC –1; FS: 657 mg HC g− 1 TOC –1). Cross-plots of HI vs. 
Tmax and S2 vs. TOC (Fig. S1) classify the HD kerogen as Type II1 and FS 
kerogen as Type I. Moreover, S2 vs. TOC and TOC vs. bitumen plots 
underscore the substantial hydrocarbon-generation potential of both 
shales (Fig. S2).

Soxhlet extraction yields (Table S2) reveal low initial bitumen con
tents in HD shale (0.57 %) and FS shale (0.75 %). Fractionation indicates 
low proportions of aliphatic (13.10 %) and aromatic (4.15 %) hydro
carbons in HD bitumen, while FS bitumen contains higher aliphatic 
(24.41 %) and aromatic (10.49 %) components.

The total ion current (TIC) chromatograms and m/z 191, m/z 217 
chromatograms of the aliphatic fractions are shown in Figs. S3 and S4, 
and corresponding biomarker analysis are presented in Table 2, 
providing insights into organic matter source and maturity. As shown in 
Figs. S3 and S4, both shales display unimodal n-alkanes ranging from 
nC14 to nC39 with a maximum at C27 and significant odd-to-even pre
dominance pattern at high molecular weights, indicative of substantial 
terrigenous plant input [25,26]. The higher Carbon Preference Index 
(CPI, 3.88) and Odd-to-Even Predominance Index (OEP, 4.50) in HD 
versus FS (1.76 and 1.89, respectively) confirm HD has a lower relative 
maturity [25,27]. The pristane/phytane (Pr/Ph) ratio of D shale (2.6), 
together with the results of the Pr/nC17 vs. Ph/nC18 cross-plot (Fig. S5), 
suggests terrigenous input under a predominantly oxidising environ
ment for HD. In contrast, for FS shale, both the Pr/Ph ratio and Pr/nC17 
vs. Ph/nC18 cross-plot indicate a depositional environment transitioning 
from transitional to oxidising conditions.

Significant different exist in hopanoid distributions of the aliphatic 
hydrocarbons fraction of HD and FS bitumens. The HD shale is charac
terized by abundant terpenes and ββ-hopanes, with C29 neoHop-13(18)- 
ene as the predominant hopanoid (Fig. S3). The presence of these labile 
compounds signifies very shallow diagenesis and minimal subsurface 
thermal alteration. In contrast, the FS hopanoid assemblage (Fig. S4) 
comprises mature 17α, 21β and 17β, 21α hopanes ranging from C27 to 
C34, with the exception of C28 hopane. This assemblage is dominated by 
17α, 21β C30 hopane, and homohopanes show a gradual decreasing 
trend in abundance (C31 > C32 > C33 > C34). Key maturity indicators 
consistently confirm the low maturity of both HD and FS shale, with HD 
exhibiting a lower maturity level. Specifically, HD is characterised by a 
lower of C27 17α(H)-22,29,30-trisnorhopane (Tm) to C27 18α(H)- 
22,29,30-trisnorneohopane (Ts) ratio (Ts/(Ts + Tm), <0.3), a higher 
abundance of immature C27 17β(H)-22,29,30-trinorhopane (βTm), 
significantly higher C29 and C30 βα/αβ hopane ratios (0.86 and 5.44 for 
HD, respectively, compared to lower values for FS), and lower C31 and 
C32 22S/(22S + 22R) homohopane ratios (0.12 and 0.23 for HD versus 
0.47 and 0.44 for FS). The higher 22S/(22S + 22R) ratios in FS than in 
HD suggest preferential microbial biodegradation of the 22R epimer in 
FS [28]. The presence of gammacerane in FS (Fig. S4) points to hyper
saline depositional conditions [25,29,30], a biomarker that is absent in 
HD.

Sterane distributions are widely recognized as effective source dis
criminants. As shown in Fig. S3, HD steranes are dominated by regular 
C29, C28 and C27 steranes (with a distribution pattern of C29 > C28 > C27) 

F. Bai et al.                                                                                                                                                                                                                                       Fuel Processing Technology 278 (2025) 108327 

4 



and C29 diasteranes, with minimal pregnanes (C21, C22), consistent with 
significant land plant input. In contrast, FS exhibits a “V”-shaped dis
tribution of regular steranes (C29 ≈ C27 > C28, Fig. S4), suggesting mixed 
terrigenous and algal sources, since C27 sterols are typically algal and 

C29 sterols are terrigenous [31–33]. The ternary plot of C27, C28, and C29 
regular steranes (Fig. S6) confirms mixed land plant/planktonic organic 
matter for HD and FS shales, with a stronger terrigenous signal in HD. 
Crucially, the C29 ααα 20S/(20S + 20R) and C29 αββ/(ααα + αββ) sterane 

Table 1 
Rock-Eval, TOC, and Ro of the initial shales, extracted and unextracted residues from high-pressure hydrous pyrolysis.

Samples Experiment S1 (mg/g) S2 (mg/g) Tmax (◦C) TOC (%) HI (mg HC g− 1 TOC –1) Ro (%)

HD Initial 0.44 175.58 436 27.98 628 0.42 [30] a

Stage 1 PR 17.28 139.82 447 25.30 553
Residue 0.29 96.00 446 18.92 507 0.78 [25]

Stage 2 PR 41.70 128.16 440 26.94 476
Residue 0.23 50.16 447 15.99 314 0.82 [22]

Stage 3 PR 40.52 59.85 443 22.01 272
Residue 0.10 14.08 451 15.06 93 1.23 [20]

Stage 4 PR 2.53 5.59 578 14.43 39
Residue 0.05 2.42 585 13.92 17 1.99 [25]

FS

Initial 0.91 57.71 436 8.79 657 0.38 [20]
Stage 1 PR 4.42 47.99 444 8.50 565

Residue 0.04 26.30 444 5.76 457 0.58 [20]
Stage 2 PR 5.85 29.23 445 7.12 411

Residue 0.03 9.09 446 4.50 202 0.82 [18]
Stage 3 PR 0.61 4.56 449 4.71 97

Residue 0.01 1.75 456 4.11 43 1.37 [16]
Stage 4 PR 0.12 0.47 590 3.89 12

Residue 0.02 0.40 591 3.77 11 1.84 [12]

Notes: S1: free hydrocarbons; S2: hydrocarbons generated during Rock-Eval pyrolysis; Tmax: temperature of maximum hydrocarbon generation; TOC: total organic 
carbon; HI: hydrogen index; PR: Solid residue pre-extraction; Residue: Solid residue post-extraction; a the number of vitrinite particles measured in bracket.

Table 2 
Biomarker analysis data of bitumen from both initial and pyrolysed HD and FS shales.

Sample Experiment CPI OEP Pr/ 
Ph

Pr/ 
C17

Ph/ 
C18

m/z 191 m/z 217

Ts/(Ts +
Tm)

C29 

βα/αβ
C30 

βα/αβ
C31 22S/(22S 
+ 22R)

C32 22S/(22S 
+ 22R)

C29 ααα 20S/ 
(20S + 20R)

C29 αββ/(ααα 
+ αββ)

HD Initial 3.88 4.50 2.60 0.99 0.31 0.20 0.86 5.44 0.12 0.23 0.04 0.04
Stage 1 1.36 1.44 5.08 1.05 0.17 0.03 0.73 0.98 0.39 0.38 0.25
Stage 2 1.22 1.28 4.55 0.22 0.04 0.04 0.48 0.76 0.52 0.54 0.49
Stage 3 1.16 1.21 2.55 0.04 0.01 0.12 0.24 0.63 0.58 – –

FS Initial 1.76 1.89 1.51 2.90 2.01 0.28 0.28 0.16 0.47 0.44 0.16 0.25
Stage 1 1.22 1.24 2.34 1.00 0.43 0.15 0.36 0.35 0.46 0.37 0.19
Stage 2 1.10 1.09 1.80 0.25 0.13 0.14 0.33 0.39 0.54 0.48 0.45
Stage 3 1.05 1.02 0.96 0.05 0.05 0.22 0.32 0.34 0.49 0.44 0.29

Notes: CPI = 2 × (nC23 + nC25 + nC27 + nC29 + nC31)/(nC22 + 2 × nC24 + 2 × nC26 + 2 × nC28 + 2 × nC30 + nC32)alkanes; OEP = 1/4 × (nC25 + nC27 + nC29)/(nC26 +

nC28); αβ and βα (m/z 191) denote 17α(H)-hopanes and 17β(H)-moretanes, respectively; Ts = C27 18α(H)-22,29,30-trisnorneohopane, Tm––C27 17α(H)-22,29,30- 
trisnorhopane; βTm = C27 17β(H)-22,29,30-trisnorhopane; βα, αβ, ααα and αββ (m/z 217) denote 13β(H),17α(H)-diasteranes, 13α(H),17β(H)-diasteranes, 5α(H),14α 
(H),17α(H)-steranes and 5α(H),14β(H),17β(H)-steranes, respectively.

Fig. 3. Yields of total hydrocarbon gas (C1-C5), expelled oil, and retained bitumen (normalized to mg/g TOC of the rock at the start of each run) from sequential high- 
pressure hydrous pyrolysis experiments. (A) HD shale. (B) FS shale. The Ro and HI values shown beneath each histogram correspond to the start and end of each 
stage, respectively.
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ratios for HD are 0.04 and 0.04, respectively, and for FS are 0.16 and 
0.25 (Table 2), which are significantly below equilibrium values, un
equivocally confirming that both shales were in an immature state prior 
to the oil generation window.

In summary, geochemical characterisation identifies the HD oil shale 
as containing immature Type II1 kerogen with strong terrigenous input, 
while the FS shale contains immature Type I kerogen with mixed 
terrigenous and algal input. Both samples possess significant 
hydrocarbon-generation potential.

3.2. The evolution of hydrocarbon generation and maturation of organic 
matter under high-pressure water pyrolysis

3.2.1. Yields and composition of gas, expelled oil, and retained bitumen
Fig. 3 and Table S1 present hydrocarbon yields of HD and FS shales 

during each run. Total hydrocarbon gas (C1–C5) yields normalized to 
TOC show a progressive increase across stages for both shales, with 
significant escalation during Stages 3 and 4. Specifically, gas yields of 
HD increased from 6 mg/g TOC (Stage 1) to 64 mg/g TOC (Stage 4), 
which from 9 mg/g TOC (Stage 1) to 114 mg/g TOC (Stage 4) of FS. And 
the gas yields of FS shale were slightly higher than that of HD except in 
Stage 2. The generated hydrocarbon gases from HD and FS were mainly 
alkanes, especially methane, ethane, and propane. As shown in Table S1, 
Methane dominated the gas composition, increasing steadily in HD from 
2.9 mg/g TOC of Stage 1 to 18.9 mg/g TOC of Stage 4. Methane in FS 
stayed consistent in the first two stages while a notable increase was 
observed in Stages 3 and 4. The dryness index (C1/ΣC1–C5, Table S1) 
decreased for HD, particularly in Stage 4. FS exhibited a comparatively 
stable dryness index across Stages 1–3 (36–38 %), with only a slight 
increase in Stage 3, before decreasing to 29 % in Stage 4, which is 
comparable to that of HD in Stage 4. The declining dryness indicates an 
increasing contribution from secondary cracking of liquid hydrocarbons 
to the gas phase, not primary kerogen degradation [34,35].

Expelled oil and retained bitumen (solvent-extractable) yields 
(Fig. 3, Table S1) followed a characteristic pattern that initially 
increased and reached a peak at Stage 2 of bitumen and Stage 3 of oil, 
followed by a decline. Bitumen yields consistently exceeded oil yields. 
The subsequent decrease in bitumen concurrent with peak oil expulsion 
in Stage 3 underscored its role as an intermediate product in kerogen 
conversion. Bitumen retention is thus governed by both generation from 
kerogen and expulsion efficiency. FS generated twice the cumulative oil 
yield (normalized by TOC) and superior oil expulsion efficiency 
compared to HD (Table S1), reflecting the higher reactivity and oil- 
prone nature of its Type I kerogen. The decline in liquid yields by 
Stage 4 resulted from the progressive depletion of the hydrocarbon- 
generation potential of shales during preceding stages.

Ternary plots of expelled oil and bitumen composition of both HD 
and FS samples (Fig. S7) reveal a systematic evolution which the pro
portion of polar fraction decreased from Stage 1 to Stage 3, while ali
phatics increased, indicating progressive thermal upgrading of both 
retained and expelled hydrocarbons. Stage 4 data were excluded due to 
the sampling limitations and excessive light hydrocarbon loss.

3.2.2. Thermal maturation and hydrocarbon-generation potential of 
pyrolysed rock

The Ro, TOC, and Rock-Eval pyrolysis data of the pyrolysed rock 
were investigated to reveal the thermal evolution and hydrocarbon- 
generation potential of organic matter during pyrolysis, with the re
sults presented in Table 1. The mean Ro of the HD shale increased from 
an initial value of 0.42 % to 1.99 % at Stage 4, while the FS sample 
followed a similar pattern, rising from 0.38 % (initial) to 1.84 % (Stage 
4). This confirms significant maturation, transitioning through the oil 
window to a high/over-maturity stage. TOC analysis (Table 1) showed a 
decreasing trend for both extracted and unextracted residues, except for 
the HD at Stage 2, which is attributed to hydrocarbon generation/ 
expulsion. The lower TOC of extracted residues compared to 

unextracted values is due to the bitumen removal. Overall, 50 % (HD) 
and 57 % (FS) of the initial organic matter was converted to oil and gas 
during the high-pressure pyrolysis process.

The S1 parameter (free hydrocarbons) initially increased and peaked 
at 41.7 mg/g (HD) and 5.85 mg/g (FS) in Stage 2 for unextracted res
idue, but became negligible after extraction, confirming free hydrocar
bons primarily originate from retained bitumen. The kerogen-bound 
hydrocarbons (S2) declined continuously in both extracted and unex
tracted residues (Table 1), and the TOC vs. S2 cross-plot of unextracted 
pyrolysed rock (Fig. 4) exhibited a positive correlation, reflecting the 
progressive conversion of kerogen and depletion of hydrocarbon- 
generation potential. The unextracted residues of HD shale still 
showed excellent oil potential even after Stage 3 (Fig. 4). In contrast, the 
hydrocarbon-generation potential of FS declined more rapidly than that 
of HD, consistent with its higher reactivity, and the residue from Stage 4 
of FS exhibited poor hydrocarbon-generation potential (Fig. 4).

Similar decreasing trends were observed in HI of both extracted and 
unextracted residues, highlighting the decreasing hydrocarbon- 
generation potential of HD and FS shales. For unextracted residue, HI 
values dropped below 100 mg/g TOC by Stage 4 of HD and by Stage 3 of 
FS, indicating very poor hydrocarbon-generation potential. The Tmax 
values of residues from HD and FS (Table 1, Fig. S8) remained stable 
between 440 and 449 ◦C (unextracted residues) and 444–451 ◦C 
(extracted residues) across Stages 1–3, consistent with the oil window 
(mature stage), but increased sharply to 578–591 ◦C in Stage 4, con
firming entry into the gas window (high/over-maturity), which aligns 
with Ro data.

3.2.3. Lipid biomarker assemblages

(1) Retained bitumen

Fig. 5 and Fig. 6 present the m/z 71, m/z 191, and m/z 217 chro
matograms of retained bitumen from the sequential pyrolysis for HD and 
FS shales, respectively, and the corresponding biomarker ratios are lis
ted in Table 2. Data from Stage 4 were excluded to avoid potential 
inaccuracies or unreliability arising from insufficiently collected sample.

As presented in Fig. 5A, the n-alkane distribution of HD bitumen 
evolved from a bimodal pattern (Stages 1–3) with high molecular 
weights and a strong odd-to-even predominance, to a unimodal distri
bution in Stage 4, dominated by short/medium-chain n-alkanes with no 
odd-to-even predominance, indicating increased maturity of the organic 
matter. For FS bitumen, a unimodal n-alkane distribution was observed 
across Stages 1–3 (Fig. 6A), with a slight shift from high molecular 

Fig. 4. Cross-plot of the TOC vs. S2 showing the hydrocarbon-generation po
tential of unextracted initial and solid residue (1, 2, 3, and 4 refer to the Stage 1, 
Stage 2, Stage 3, and Stage 4, respectively).
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weights to low molecular weights, but weak odd-to-even predominance 
pattern was only detected in Stage 1. As shown in Table 2, the CPI and 
OEP values for bitumen in both HD and FS decreased progressively, 
stabilising around 1.0 (equilibrium) by Stage 3. Specifically, the values 
for HD shale were 1.16 and 1.21, respectively, while those for FS shale 
were 1.05 and 1.02, respectively. The shift in the n-alkanes maximum 
peak and the gradual weakening of odd-to-even predominance in both 
HD and FS samples further reflect increasing organic matter maturity 
during thermal evolution. Additionally, FS consistently exhibited lower 
CPI/OEP values than HD at equivalent stages, confirming its relatively 
higher maturity.

Isoprenoids are more stable than n-alkanes and can be largely 
retained during thermal degradation. As shown in Table 2, the Pr/Ph 
ratio of bitumen from HD and FS samples displayed a consistent pattern 
showing an initial increase in Stage 1 followed by a decrease in subse
quent stages, reflecting the completion of processes in kerogen decom
position. Pristane precursors can be preferentially released from kerogen 
compared to phytane precursors [36]. The inherently higher abundance 
of pristane precursors in kerogen [37] and the dominant demethylation 
process of phytane to pristane collectively drive the early increase in Pr/ 
Ph ratio observed at Stage 1. The subsequent decline in ratios from Stage 
2 onward stemmed from the delayed liberation of phytane precursors, 
which persist into higher maturity stages [38], progressively enriching 
the hydrocarbon phase in phytane. Furthermore, FS generally exhibited 
lower Pr/Ph ratios than HD samples at equivalent maturity stages 
(Table 2). This difference arises from the reduced release of phytane 
precursors in HD, as corroborated by the lower phytane peaks in HD m/z 
71 chromatograms (Figs. 5 and 6). The Pr/nC17 and Ph/nC18 ratios 
consistently decreased from Stage 1 to Stage 3 (Table 3), indicating a 

declining relative abundance of isoprenoids compared to n-alkanes with 
increasing maturity.

Compared to the initial HD shale (Fig. S3), the concentrations of 
unstable terpenes and ββ hopanes in HD samples decreased, while the 
content of stable αβ hopanes increased as thermal evolution progressed 
from Stage 1 to Stage 4 (Fig. 5B). As shown in Table 2, for HD bitumen, 
during thermal evolution from the initial shale to Stage 3, the Ts/(Ts +
Tm) ratio first decreased to 0.030–0.04 in Stages 1–2, followed by an 
increase in Stage 3; the C29 βα/αβ and C30 βα/αβ ratios decreased pro
gressively; and the C31 22S/(22S + 22R) and C32 22S/(22S + 22R) ratios 
increased and stabilized within the equilibrium range of 0.54–0.58. 
These systematic biomarker evolutions in the HD sample across Stages 
1–3 confirm progressive thermal maturation of their organic matter 
[39,40]. A similar trend is evident in the Ts/(Ts + Tm) ratio of the FS 
sample, which first decreased to 0.15 and 0.14 at Stage 1 and Stage 2, 
respectively, before increasing to 0.22 in Stage 3. In contrast, the C29 
βα/αβ and C30 βα/αβ ratios in FS samples remained relatively constant at 
0.3–0.4, while the C31 22S/(22S + 22R) and C32 22S/(22S + 22R) ratios 
were maintained between 0.44 and 0.54. These stable patterns reflect 
the limited utility of these ratios as a maturity indicator.

As thermal evolution progressed, the C29ααα sterane 20S/(20S +
20R) ratio of HD bitumen increased from 0.04 (initial) to 0.49 (Stage 2), 
reaching its equilibrium, as observed in Table 2. FS bitumen exhibited a 
comparable pattern in the C29 ααα 20S/(20S + 20R) ratio, which 
increased from an initial value of 0.16 to 0.45 in Stage 2 before 
decreasing to 0.29 in Stage 3. This upward trend is attributed to the 
transformation of C29 ααα 20R sterane into C29 ααα 20S sterane, con
firming a significant increase in maturity [21]. The decrease observed in 
Stage 3 of FS results from the preferential thermal alteration of the 20S 

Fig. 5. Partial m/z 71, m/z 191, and m/z 217 mass chromatograms of the aliphatic hydrocarbon fraction in retained bitumen from each stage of HD samples.
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isomer at very high maturity following equilibrium [41,42]. C29 ααα 
steranes became undetectable in HD Stages 3–4 and FS Stage 4, limiting 
the utility of this ratio beyond the peak oil generation window. These 
differences in biomarker characteristics are derived from distinct 
depositional environments between the HD and FS shales. 

(2) Expelled oil

Figs. 7 and 8 present the m/z 71, m/z 191, and m/z 217 mass 
chromatograms of expelled oil from different thermal evolution stages of 
HD and FS samples, respectively, and corresponding biomarker data 
(Stage 4 data excluded) are shown in Table 3.

As illustrated in Fig. 7A, the n-alkane in HD expelled oil evolved from 
a unimodal distribution pattern (nC16 to nC33) in Stage 1 with a pro
nounced odd-to-even carbon number predominance (max at nC27) to 
diminished odd-to-even predominance and increased dominance of low 
molecular weight n-alkane by Stage 3, reflecting progressive thermal 

evolution and maturation. The n-alkane in FS expelled oil showed a 
similar reduction in odd-to-even predominance but maintained a 
maximum molecular weight around nC17–nC19 with no discernible shift 
(Fig. 8A).

A similar biomarker trend to that observed in bitumen is evident in 
the expelled oil of both HD and FS samples (Table 3). The CPI and OEP of 
expelled oil decreased progressively in both shales, with FS consistently 
exhibiting lower values than HD at equivalent stages. The Pr/Ph ratio of 
HD and FS samples initially increased from Stage 1 to Stage 2, but then 
decreased in Stage 3. The Pr/C17 and Ph/C18 ratios decreased continu
ously from Stage 1 to Stage 3, reflecting a decline in the relative abun
dance of pristane and phytane compared to their n-alkane homologues. 
Additionally, the Ts/(Ts + Tm) ratio decreased from Stage 1 to Stage 2 
for both samples, suggesting an initial increase in maturity, but it 
increased at Stage 3, indicating that this biomarker maturity becomes 
unreliable as a maturity indicator at advanced stages due to the thermal 
destruction, consistent with the observation of C29 steranes behaviour in 

Fig. 6. Partial m/z 71, m/z 191, and m/z 217 mass chromatograms of the aliphatic hydrocarbon fraction in retained bitumen from each stage of FS samples. The m/z 
71 mass chromatogram of Stage 4 corresponds to unfractionated bitumen due to insufficient samples.

Table 3 
Biomarker analysis data of expelled oil of each stage.

Sample Experiment CPI OEP Pr/ 
Ph

Pr/ 
C17

Ph/ 
C18

m/z 191 m/z 217

Ts/(Ts +
Tm)

C29 

βα/αβ
C30 

βα/αβ
C31 22S/(22S +
22R)

C32 22S/(22S +
22R)

C29ααα 20S/(20S +
20R)

HD Stage 1 2.07 2.38 1.99 1.01 0.23 0.19 0.53 0.80 0.44 0.48 0.31
Stage 2 1.31 1.37 3.24 0.62 0.15 0.08 0.54 0.68 0.49 0.49 0.43
Stage 3 1.18 1.22 2.69 0.08 0.03 0.12 0.33 0.53 0.56 0.53 –

FS
Stage 1 1.42 1.44 2.19 1.35 0.75 0.20 0.31 0.26 0.47 0.39 0.21
Stage 2 1.19 1.17 2.27 0.62 0.31 0.16 0.32 0.34 0.49 0.42 0.26
Stage 3 1.07 1.05 1.50 0.09 0.06 0.20 0.30 0.36 0.56 0.51 0.54

Notes: CPI = 2 × (nC23 + nC25 + nC27 + nC29 + nC31)/(nC22 + 2 × nC24 + 2 × nC26 + 2 × nC28 + 2 × nC30 + nC32)alkanes; OEP = 1/4 × (nC25 + nC27 + nC29)/(nC26 +

nC28); αβ and βα (m/z 191) denote 17α(H)-hopanes and 17β(H)-moretanes, respectively; Ts = C27 18α(H)-22,29,30-trisnorneohopane, Tm = C27 17α(H)-22,29,30- 
trisnorhopane; βTm = C27 17β(H)-22,29,30-trisnorhopane; βα, αβ, ααα and αββ (m/z 217) denote 13β(H),17α(H)-diasteranes, 13α(H),17β(H)-diasteranes, 5α(H),14α 
(H),17α(H)-steranes and 5α(H),14β(H),17β(H)-steranes, respectively.
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Fig. 7. Partial m/z 71, m/z 191, and m/z 217 mass chromatograms of the aliphatic hydrocarbon fraction in expelled oil from each stage of HD samples.

Fig. 8. Partial m/z 71, m/z 191, and m/z 217 mass chromatograms of the aliphatic hydrocarbon fraction in expelled oil from each stage of FS samples.
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bitumen. As thermal evolution progressed from Stage 1 to Stage 3, the 
C29 βα/αβ and C30 βα/αβ ratios of HD oil decreased, while its C31 22S/ 
(22S + 22R) and C32 22S/(22S + 22R) ratios increased. These changes 
suggest increasing maturity. In contrast, C29 βα/αβ and C30 βα/αβ ratios 
of FS oil fluctuated around 0.30 and 0.36, respectively, with only a slight 
increase observed in its C31 22S/(22S + 22R) and C32 22S/(22S + 22R) 

ratios. Additionally, the C29 ααα sterane 20S/(20S + 20R) ratio 
increased to 0.43 at Stage 2 of HD and to 0.54 at Stage 3 of FS. These 
biomarker trends collectively confirmed the progressive thermal matu
ration of expelled oils under experimental conditions for both shales.

Fig. 9. Models of hydrocarbon generation, gas and oil expulsion, and retained bitumen during high-pressure hydrous pyrolysis: (A) HD shale and (B) FS shale.
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3.2.4. Model of hydrocarbon generation
Fig. 9 presents hydrocarbon generation models for HD shale (Type II1 

kerogen) and FS shale (Type I kerogen), derived from the sequential 
high-pressure hydrous pyrolysis data. Activation energies (Ea) were 
calculated from thermogravimetric data using the Coats-Redfern kinetic 
model (10 ◦C min− 1 heating rate; see Supplementary File). The organic 
matter enters an early maturity phase in Stage 1 (Phase I, Ro < 0.78 %), 
marked by the initiation of kerogen decomposition into abundant 
retained bitumen, with minimal oil and gas expulsion. Notably, both 
retained bitumen and expelled oil are dominated primarily by polar 
components, exhibiting low maturity levels. Both shales exhibit high 
initial Ea at this maturity phase, indicating that extensive decomposition 
of organic matter occurs during the process. This maturity window 
corresponds generally to the geochemical criteria for low-maturity shale 
oil, where hydrocarbon generation is in its incipient stage and bitumen 
retains characteristic low-maturity signatures.

As organic matter transformation progresses through the middle 
maturity stage in Stages 2 and 3 (Phase II, mature oil window), with 
mean Ro values ranging from 0.78 % to 1.23 %, the hydrocarbon- 
generation potentials declines gradually, accompanied by a decrease 
in Ea, indicating that less energy is required for kerogen conversion to 
bitumen and its subsequent decomposition compared to Phase I. For the 
FS shale, hydrocarbon-generation potential decreased from 411 mg/g to 
97 mg/g in Stage 3, a reduction significantly greater than that observed 
for the HD shale. FS shale also underwent a distinct product shift, 
transitioning from bitumen to oil as the dominant generated hydrocar
bon, with a higher proportion of aliphatic compounds in Stage 3 
(Table S3). This reflects the inherent oil-proneness and advanced ther
mal reactivity of Type I kerogen under identical conditions. Meanwhile, 
this process was accompanied by greater energy requirements to crack 
complex bitumen molecules into lighter oil and gas compounds [43]; 
consequently, the Ea of FS shale decreased compared to the previous 
stage but remained higher in Stage 3, exceeding that of the HD sample. 
For HD shale, bitumen remained the primary product during this phase, 
accompanied by a simultaneous increase in oil and gas yields. Addi
tionally, retained bitumen and expelled oil from Phase II exhibited a 
distinct decline in the odd-to-even predominance of n-alkane distribu
tion, coupled with an increase in aliphatic proportions, indicating 
improved hydrocarbon maturity.

Upon reaching the late maturity to overmaturity phase (Phase III, 
Stage 4), the hydrocarbon-generation potential of organic matter is 
substantially depleted, accompanied by a decrease in bitumen and oil 
yields. Expelled gas yields increase significantly, driven by the second
ary cracking of liquid hydrocarbons, as evidenced by declining dryness 
indices [35]. The Ea of HD further decreased in Phase III, whereas that of 
FS remained essentially unchanged. These differences in Ea evolution 
reflect distinct hydrocarbon generation pathways between HD and FS 
shale [44]. The overall reduction in Ea from Phase I to Phase III is 
associated with a continuous decrease in decomposable organic matter 
and lower energy requirements during thermal evolution. The relatively 
high Ea of FS in Phase III is due to the significant production of gaseous 
hydrocarbons via cracking of structurally complex organic compounds 
[43].

Compared to HD equivalents, FS residues and products consistently 
exhibit higher maturity levels of each stage. The divergent hydrocarbon 
generation pathways under high-pressure hydrous pyrolysis primarily 
stem from differences in geochemical properties. FS shale, dominated by 
Type I kerogen, possesses higher inherent oil propensity and reactivity 
than HD shale (Type II1 kerogen), higher initial maturity and in
corporates less terrestrial higher plant material. Furthermore, this 
confined high-pressure hydrous system facilitates bitumen formation as 
a major hydrocarbon product. As a critical intermediate in the kerogen- 
to-oil/gas transformation, bitumen persists in significant proportions 
before undergoing eventual cracking.

3.3. Implication for the in-situ conversion process of oil shale and low- 
maturity shale oil

The ISC process for oil shale and low-maturity shale oil, a complex 
physicochemical transformation, offers a promising pathway for mobi
lizing hydrocarbons from insoluble kerogen via subsurface heating. This 
technique facilitates the thermal decomposition of organic matter into 
producible oil and gas under geological conditions involving formation 
pressure and groundwater. Crucially, kerogen transformation occurs 
within a confined micro-rock environment, rendering our high-pressure 
(~500 bar) hydrous pyrolysis experiments, simulating depths relevant 
to low-maturity shale oil reservoirs (~5 km), highly informative for 
understanding ISC mechanisms.

Artificial thermal evolution enhances the organic matter maturity 
and hydrocarbon yield. The peak generation of mobilisable and oil- 
prone hydrocarbons occurs within a Ro range of 0.8–1.3 %, coinciding 
with a significant decline in residual hydrocarbon-generation potential. 
This delineates the optimal thermal maturity window for maximising 
liquid yield from oil shale and low-maturity shales during ISC opera
tions. Beyond this peak oil window, secondary cracking of retained 
liquids, ongoing gas migration, and the generation of late-stage methane 
from refractory kerogen components continue to contribute to the hy
drocarbon system.

Biomarkers in expelled oils provide reliable proxies and a non- 
destructive method for evaluating subsurface organic matter maturity, 
as evidenced by indicators such as decreasing OEP and CPI values and 
evolving sterane/hopane ratios. Coupled with declining gas dryness 
index (C1/ΣC1₋5) at higher maturities, these parameters offer real-time, 
wellhead-monitorable indicators of thermal evolution progress during 
the ISC process, circumventing the impracticality of directly measuring 
Ro or Tmax on deep subsurface residues.

It is evident that although the temperatures used in Stages 3 and 4 
(380 ◦C and 420 ◦C respectively) were substantially lower than typical 
ex-situ retorting temperature (520 ◦C) [21,45], the hydrocarbon- 
generation potential underwent a marked decline during Stage 3, ulti
mately approaching zero after Stage 4, particularly for FS shale, signi
fying the completion of thermal evolution within the kerogen. This 
demonstrates the critical compensating role of heating duration. The 
prolonged heating inherent to ISC technology enables the effective py
rolysis of organic matter at relatively lower temperatures, enhancing 
energy efficiency and potentially reducing operational costs for imma
ture and low-maturity resource development.

High in-situ pressure combined with the viscous nature of generated 
bitumen creates significant retention challenges that hinder hydrocar
bon expulsion, a major hurdle for oil shale and low-maturity shale oil 
recovery. This underscores the necessity for engineered heating strate
gies (e.g., optimised heating rates, engineered fracture networks) to 
enhance fluid mobility and expulsion efficiency in low-permeability 
reservoirs. The distinct hydrocarbon generation trajectories of Type I 
(FS) versus Type II1 (HD) kerogens, most notably FS’s earlier transition 
to oil dominance, highlight the need for deposit-specific ISC process 
design. Oil shale or low-maturity shale oil plays with Type I kerogen may 
exhibit faster conversion kinetics and higher inherent oil potential under 
suitable thermal regimes.

While this study elucidates fundamental reaction pathways under 
geologically realistic pressures, direct extrapolation to field-scale pro
duction requires caution. Factors like heterogeneous heat distribution, 
reservoir heterogeneity, and fluid transport dynamics necessitate inte
gration with reservoir simulations. Future pilot-scale ISC projects should 
correlate the geochemical characteristics of products (e.g., biomarkers, 
gas dryness index) with downhole maturity measurements and pro
duction logs, while establishing quantitative relationships between 
laboratory-derived Ea and field-scale energy input requirements. Addi
tionally, predictive models integrating kerogen reactivity, pressure ef
fects, and thermal stress duration should be developed to optimise ISC 
strategies for diverse organic-rich shale resources.
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4. Conclusions

This study simulated the in-situ thermal evolution of immature HD 
(Type II1 kerogen) and FS (Type I kerogen) shales under ~500 bar hy
drostatic pressure via sequential hydrous pyrolysis.

The results showed that as artificial thermal pyrolysis proceeded, 
organic matter underwent sequential maturity progression, transition
ing from the early maturity stage with bitumen-dominated composition 
(Stage 1, Ro < 0.78 %) through the peak oil generation phase with 
maximal liquid hydrocarbon yields (Stages 2–3, Ro = 0.78–1.23 %) to 
the late gas-prone maturity stage (Stage 4, Ro > 1.8 %). Concomitantly, 
hydrocarbon-generation potential declined systematically with thermal 
advancement. Type I kerogen (FS) exhibited higher inherent reactivity, 
generating more oil and gas at elevated maturity levels under identical 
conditions. Its earlier transition to oil dominance reflects inherent 
compositional advantages favorable for the ISC process. Biomarker 
evolution (e.g., OEP decline, sterane/hopane isomerization) in expelled 
oil and decreasing gas dryness index (C1/ΣC1–C5) provide reliable 
proxies for subsurface maturation, circumventing the impracticality of 
solid-residue analysis (Ro, Tmax) to infer the degree of thermal evolution 
and progress of the ISC process.

This work provides a mechanistic framework for kerogen trans
formation under conditions directly relevant to deep unconventional 
resource exploitation. High geological pressure impedes hydrocarbon 
mobility, necessitating engineered solutions for fluid recovery. The 
identified geochemical signatures offer practical tools for monitoring 
ISC progress, while the demonstrated efficacy of lower temperatures 
combined with prolonged heating informs the design of more efficient 
and economically viable thermal recovery strategies for these chal
lenging resources.
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