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A B S T R A C T

To explore the simultaneous evolution of the geochemical and petrophysical properties of carbonaceous shales 
during thermal maturation, hydrous pyrolysis experiments were performed on four lacustrine shales with 
different textures, collected from the Lucaogou formation of Jimsar sag in the Junggar Basin, China. To preserve 
the rock texture, pyrolysis was conducted on cm-sized prisms cut from drill cores. Samples were heated for 24 h 
to temperatures of 295, 320, 345, 370, and 400 ◦C. The original samples and the pyrolyzed residues were 
characterized by organic-geochemical (TOC, Ro, Rock-Eval, solvent extraction, compound group separation and 
analysis of the extracts and the liquid and gaseous products) and petrophysical characterization methods (low- 
pressure N2 adsorption, X-ray CT). The onset of the decomposition of the organic matter (OM) at 295 ◦C and 
320 ◦C (Ro 0.8 %–1.0 %) results in a more than eightfold increase of organic micro- and mesopores (1 - 100 nm), 
associated with the expulsion of light hydrocarbons from the matrix. At 325 ◦C, the TOC reduction rate was 
found to increase by 67 %–167 %, while fluid flow pathways were blocked by heavy bitumen with asphaltene 
content of ~20 %. This is associated with a weak increase or even decline in porosity and permeability at the end 
of low mature stage. The fast acceleration of OM decomposition at 345 ◦C gives rise to an excessive pressure due 
to fluid expansion, accompanied with a volume expansion of macropores (1 μm - 10 μm) and generation of 
microfractures >10 μm. Therefore, a secondary increase in porosity and permeability occurs, which promotes the 
expulsion of liquid hydrocarbons at 345◦C - 370 ◦C. The rate of OM decomposition positively correlates with the 
expansion of the flow paths and the rate of expulsion of liquid product up to the end of mature stage. In the high 
mature stage (>370 ◦C), the laminated shale exhibits a continuous increase in porosity and permeability, while 
these parameters decline due to pore collapse and fracture healing in the massive shale. This decline appears to 
inhibit the transformation of OM, indicating that lamination is advantageous for OM transformation. Our results 
suggest that temperatures between 345 ◦C and 370 ◦C are favorable for in-situ retorting of laminated shales, 
while for the retorting of massive shales higher temperatures (~400 ◦C) are required. Rock fabric, lamination, 
maturation degree, and liquid residues should also be considered in the porosity and permeability evaluation and 
in-situ retorting program optimization of shale.

1. Introduction

The unconventional petroleum produced from fine-grained sedi
ments has significantly impacts on the global energy structure (Curtis, 
2002; Zou et al., 2013; Valenza et al., 2013; Zou et al., 2010, 2020; EIA, 
2015). Carbonaceous shales deposited on ocean margins or in shallow 
inland waterways, are characterized by a complex rock fabric consisting 

of an inorganic mineral skeleton (IM) and organic matter (OM) (Hedges 
and Keil, 1995; Mayer et al., 2004; Curry et al., 2007; Potter et al., 2012; 
Zou et al., 2013; Crombez et al., 2017). Sedimentation, redistribution 
and bioturbation, produce a heterogeneous rock fabric, leading to varied 
geochemical and petrophysical properties of shales (Loucks et al., 2009; 
Wood and Hazra, 2017), which ultimately influence the shale oil and gas 
production (Dyni, 2003; Pollastro et al., 2008; Rickman et al., 2008; 
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Sondergeld et al., 2010; Glorioso and Rattia, 2012; Hao and Zou, 2013; 
Aguilera, 2014; Yang et al., 2017).

The petrophysical properties have been a long-term focus in basic 
studies of shales (Smith, 1971; Bennett, 1991; Ross and Bustin, 2009; 
Curtis, 2010, 2012b; Chalmers et al., 2012; Clarkson et al., 2013, 2016; 
Bahadur et al., 2014; Davudov and Moghanloo, 2018; Borjigin et al., 
2021). The porosity, permeability, and nature, type, size distribution, 
connectivity, and configuration of the pore spaces controlling the stor
age and fluid flow capacities have been emphasized in the past decade 
(Clarkson et al., 2012; Curtis et al., 2012b; Yao and Liu, 2012; Cnudde 
and Boone, 2013; Sakhaee-Pour and Bryant, 2012; Sigal, 2015; Ma et al., 
2017; Liu et al., 2018; Gou et al., 2019; Zhao et al., 2020; Arif et al., 
2021; Xu et al., 2022). The effects of geochemical properties on the 
reservoir quality and pore structure have been discussed owing the 
presence of OM in the rock fabric (Bustin et al., 2008; Wang et al., 2009; 
Tiwari et al., 2013; Tang et al., 2016). The types (kerogen type), content 
(TOC), and maturity (RO) of the OM exerts strong effects on the pore 
development and complexity (Jarvie et al., 2007; Bustin et al., 2008; 
Wang et al., 2009; Curtis et al., 2012a; Kuila et al., 2014), while recent 
studies reported that IM, such as clay and carbonate minerals, also has 
significant impacts on the pore structure of lacustrine shales (Kuila and 
Prasad, 2013; Löhr et al., 2015; Mishra et al., 2018; Han et al., 2020; 
Chang et al., 2022). Some evidence indicates that in some instances IM 
contributes three times more nanoporosity than OM. Moreover, 
organic-inorganic interactions, in particular catalytic or inhibiting ef
fects of the IM on OM, also exert strong effects (Revil and Cathles III, 
1999; Mastalerz et al., 2013; Milliken and Day-Stirrat, 2013; Mishra 
et al., 2018; Chang et al., 2022).

Thermal maturation outweighs other factors in affecting the micro
structure of shale as it controls the thermochemical decomposition of 
kerogen, resulting in substantial modification of the pore network 
(Berner and Faber, 1996; Behar et al., 1997; Chen and Xiao, 2014; Wang 
et al., 2019, 2022; Song et al., 2020). This effect is of high relevance to 
the artificial maturation of shale, including overground retorting and 
subsurface in-situ pyrolysis industry. Thus, a deep understanding for the 
products, storage and migration pathways, and matrix skeleton during 
thermal maturation process that occurs over a wide range of length and 
time scales is required (Schrodt and Ocampo, 1984; Tiwari et al., 2013). 
Hydrous and anhydrous pyrolysis have been used in the investigation of 
the thermal evolution of shales, and the heating temperatures typically 
range from 200 to 600 ◦C, covering the main physical transformation of 
OM between 200 and 350 ◦C and chemical decomposition and thermal 
cracking between 350 and 600 ◦C (Tiwari et al., 2013; Xi et al., 2018a; 
2018b; Li et al., 2020; Wang et al., 2020). The associated changes in pore 
structure are generally analyzed using low-temperature nitrogen ab
sorption (LTNA), X-ray computed tomography (X-ray CT), nuclear 
magnetic resonance (NMR), and scanning electron microscopy (SEM) 
(Schrodt and Ocampo, 1984; Loucks et al., 2009; Tiwari et al., 2013; Liu 
et al., 2023a). Some of the investigations found an increase of micro-, 
meso-, and macro-porosity with maturity, however, opposite trends 
have been reported by Tang et al. (2016)and Xi et al. (2018a,b) in the 
high to overmature stage. Some more complicated phenomena has been 
observed, such as broadening of pore size distributions (PSD) accom
panied by enhancement of connectivity with increasing maturation 
degree (Valenza et al., 2013; Liu et al., 2023a).

2. Objectives

The reason for the study on the microstructure evolution in shale lies 
in the storage spaces and flow channels for the fluid hydrocarbon 
products it provides, which is key for shale oil recovery efficiency 
(Tiwari et al., 2013). However, the products formed inside OM create 
secondary pores and their chemical, physical, and flow characteristics 
affects the flow pathways in turn (Zhong et al., 2013; Wang et al., 2015b, 
2016; Ardakani et al., 2018). Tiwari et al. (2013) reported that the 
generation and expulsion of movable hydrocarbons transform the 

impermeable media to permeable porous media in the Green River 
shale, and several complex physical and chemical changes have also 
been recognized during the thermal conversion of OM. The thermal 
maturation of shale actually involves the simultaneous evolution of the 
pore system, rock fabric, and fluid products, it is critical to clarify the 
evolutions of geochemical and geophysical properties and their in
teractions for a better understanding of the pyrolysis behaviors of shale. 
Therefore, a combined investigation on the simultaneous evolution of 
petrophysical and chemical properties is required in the study of arti
ficial maturation of shale.

In this work, stepwise hydrous pyrolysis was applied with subse
quent geochemical analysis, including the quantification on the liquid 
and gaseous products, compound group (saturates, aromatics, non- 
hydrocarbons, asphaltenes) separation on the liquid products, TOC, 
Rock-Eval, and Ro measurements on the solid matrix, and petrophysical 
measurements involving X-ray CT and LTNA on the shale solid. The 
original samples and the solid residues after pyrolysis were character
ized geochemically by TOC, Rock-Eval, Ro measurements and petro
physically by X-ray CT and LTNA. The liquid products remained inside 
solid residues were measured by compound group separation and 
quantification after solvent extraction. The samples selected for this 
study were lacustrine organic-rich carbonaceous shales from the 
Lucaogou formation in the Jimsar sag of Junggar Basin. The simulta
neous geochemical and petrophysical changes of the samples during 
hydrous pyrolysis were investigated to reveal mechanisms of the com
plex chemical and physical interactions during thermal maturation. This 
work is thought to provide a deeper understanding of the simultaneous 
evolution of geochemical and petrophysical properties of carbonaceous 
shales upon in-situ subsurface retorting, which may provide useful 
guidance for the geologists and engineers for site selection and process 
optimization.

3. Geological setting

The study area, Jimsar sag, is located in the south-east of Junggar 
Basin, the largest superimposed sedimentary basin of China. The sag has 
a great shale oil potentials with estimated geological hydrocarbon 
resource of 15.8 × 108t (Carroll et al., 1990; Cao et al., 2005, 2016). It is 
a half graben-like depression with an eastern up-dip, whose western 
margin is controlled by faults and the eastern margin is stratigraphically 
overlapped (Fig. 1A). The thick fine-grained organic-rich carbonaceous 
sediments of Lucaogou formation in the sag, including mudstone, silt
stone, dolomite limestone, and tuff, are the most prospective oil-bearing 
strata, where two shale oil “sweet spots” have been identified in the 
upper (P2l22) and lower (P2l21) sub-sections (Fig. 1 B)(Cao et al., 2016; 
Hackley et al., 2016; Zhang et al., 2018; Ding et al., 2019; Pang et al., 
2022).

In contrast to the marine argillaceous oil shale plays in the USA, the 
Lucaogou shales were deposited near the coast of saline lake. It consists 
of a mixture of carbonate and siliciclastic minerals owing the terrestrial 
provenance and fluctuating lake levels, showing distinct geochemical 
and petrophysical properties with common argillaceous shale (Fig. 1
C–J) (Wu et al., 2016, 2021; Zhen et al., 2016; Pang et al., 2018). The 
Lucaogou shale was chosen for its special petrographic features and 
because it contains mixed lacustrine fine-grained organic-rich sediments 
typical for China. These occur in the Cangdong depression in the 
Huanghua Sag and the Dong Ying depression in Jiyang Sag, Bohai Bay 
Basin (Li et al., 2015; Wang et al., 2015a; Yong et al., 2016; Liu et al., 
2019; Wang et al., 2019). Therefore, study on this type of lacustrine 
shale is expected to provide valuable information for current shale oil 
research in China.

4. Samples

The samples were taken from freshly drilled carbonaceous shale 
cores of the lacustrine Lucaogou formation (P2l2 member) in the Jimsar 
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Sag, Junggar Basin, China (Fig. 1 A and B). Two samples came from the 
upper subsection (P2l22), and the other two from the lower subsection 
(P2l21). After initial geochemical screening of eight cores, four samples 
exhibiting similar basic geochemical properties in terms of kerogen type 
(liptinite-dominated, type I), TOC values (5.0 %–7.5 %), and thermal 
maturity (vitrinite reflectance Ro: 0.69–0.80 %), and Rock-Eval pa
rameters (S1: 1.97–3.22 mgHC/g; S2: 14.93–40.04 mgHC/g) were 
selected. Thus, the influence of the OM was eliminated to a large extent 
so that the effects of rock fabric on the generation and expulsion of 
petroleum and the evolution of the petrophysical properties during 
thermal maturation could be studied.

Depths, lithotypes, and organic geochemical and mineralogical 
compositions of the four samples are listed in Table 1 and images of the 
samples and sub-samples are shown in Fig. 1. The specific rock fabric 
features of the individual samples are as follows. 

• Sample 1 (2541.4 m): Thinly laminated quartz-rich mudstone with 
laminae thickness <1 mm (>10 laminae per cm)

• Sample 2 (2295.5 m): Laminated mudstone with laminae thickness 
>1 mm (<5 laminae per cm)

• Sample 3 (2298.4 m): Massive mudstone with low TOC and high 
feldspar and clay contents (not laminated)

• Sample 4 (2853.9 m): Massive mudstone with high feldspar and low 
clay contents (not laminated)

5. Experimental methods and procedures

Hydrous pyrolysis was used to simulate the thermal maturation of 
the low-mature shale samples. The original samples and the solid resi
dues after each individual pyrolysis steps were analyzed geochemically 
by applying the Rock-eval pyrolysis, vitrinite reflection ratio measure
ment, and TOC analysis, and their microstructure was investigated using 
image analysis of X-μCT and petrophysical method of LNTA to obtain the 
full-range pore structure information, of which the X-μCT can provide 
the structure information for the pore spaces >1 μm and the LNTA 
provides the information of pores <1 μm. The liquid and gaseous 
products and extracts from the solids were analyzed by standard 
geochemical methods, including the gaseous and liquid products 
quantification and compound group analysis of liquid petroleum by 

liquid chromatography. A scheme of the experimental and analytical 
workflow is shown in Fig. 2.

5.1. Hydrous pyrolysis experiment

Hydrous pyrolysis experiments were conducted using the GPM-3 
closed system pyrolysis reactor at the State Key Laboratory of Petro
leum Resource and Engineering of China University of Petroleum, Bei
jing. The unit consists of an autoclave vessel, equipped with a 
temperature-programmable heating system, a vacuum pump, and tem
perature and pressure sensors. The maximum temperature of the reactor 
is 600 ◦C and the maximum fluid pressure 50 MPa.

Slabs of the shale cores (approximately 1 cm thick) were cut into six 
prism-shaped pieces of approximately equal weight (~50 g, Fig. 1 E, F, I, 
J). Each piece was placed into a high-pressure reactor vessel and sub
merged completely in the distilled water (10 ml–30 ml) to simulate the 
pyrolysis behaviors with water in the actual shale intervals in the 
Lucaogou formation. The reactor vessel was then closed, evacuated, 
pressurized with N2 to 30 MPa and leak-tested before starting heating 
program. Hydrous pyrolysis was conducted at five individual tempera
tures, 295, 320, 345, 370, and 400 ◦C for 24 h, following the protocols 
used by Berner and Faber (1996), Behar et al. (1997), Tiwari et al. 
(2013), Chen and Xiao (2014), and Liu et al. (2023a).

5.2. Analytical procedures

5.2.1. Organic-geochemical characterization
The total organic carbon (TOC) content of the original samples and 

the pyrolyzed solid residues were determined using a LECO CS-230 in
strument. The samples were ground to 80 mesh, treated with 5 % dilute 
hydrochloric acid to remove carbonates, then washed with distilled 
water and dried for 24 h. Rock-Eval analysis was conducted on the dried 
samples grinded to 60–80 mesh using a Rock-Eval 6 analyzer. The 
grinded samples of ~100 mg is placed into the oven and then the oven is 
kept isothermally for 3 min at 300 ◦C, upon which the free hydrocarbons 
are volatilized from the rock and measured as S1 by the detection of the 
FID. The temperature rises from 300 ◦C to 550 ◦C with an increasing rate 
of 25 ◦C/min, whereby the volatilization of heavy hydrocarbon com
pounds as well as cracking of organic matter happens. The released 

Fig. 1. (A) Location of the Jimsar sag in the Junggar Basin, China with top surface contour map of the Permian Lucaogou formation; (B) Stratigraphic columns 
showing the sampling intervals of the four representative carbonaceous shales. Photographs on the right show the samples before and after cutting of the sub-samples 
used in the hydrous pyrolysis experiments. Sample 1: thin laminae (C and E); Sample 2: thick laminae (D and F); Sample 3 unlaminated massive shale with high clay 
content (G anmd I); Sample 4: unlaminated massive shale with low clay content (H and J).
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hydrocarbon from this phase is measured as the S2 peak by FID, espe
cially the high S2 values are checked with the FID signals and the values 
and signals are in reliable limits. The Tmax is identified at which S2 
reaches its maximum. The trap of CO2 in the 300 ◦C to 390 ◦C range is 
heated to release the CO2 and the CO2 is detected on a TCD during the 
cooling of the oven, which is measured as S3 peak (Lewan, 1994; Lewan 
and Ruble, 2002; Carvajal-Ortiz and Gentzis, 2015; Hazra et al., 2017; 
Hazra et al., 2019). Thin sections prepared from the slices cut from the 
solid samples were dried for 12 h and were then observed by the Zeiss 
scope 5 microscope facilitated with microspectrophotometer to deter
mine the vitrinite reflectance (Ro). The measurement follows the testing 
standard SY/T5124-2012 of China and the reflectance ration was 
derived on 50 points after a standard calibration.

5.2.2. Analyses of gaseous products, expelled bitumen, and retained 
bitumen in solid residues

After each hydrous pyrolysis experiment, the gaseous products were 
collected and analyzed using an Agilent 7890 chromatograph and 5975c 
mass spectrometer. The expelled petroleum was extracted from the 
aqueous phase using dichloromethane and was then separated into 
compound groups (saturates, aromatics, non-hydrocarbons, asphal
tenes) by liquid chromatography. Aliquots of the solid residues were 
mechanically crushed to 100 mesh, and solvent-extracted using a 98:2 
chloroform chloroform/methanol mixture. The extracts were separated 
into compound groups (saturates, aromatics, non-hydrocarbons, 
asphaltenes) by liquid chromatography.

5.2.3. Porosity and pore size distribution
The porosity of the original solids before pyrolysis and unextracted 

pyrolyzed solid residues was measured by LTNA and X-ray CT. For the 
LTNA, the (unextracted) samples were powdered to 60–80 mesh and 
dried at 60 ◦C for 12 h. Measurements were performed with an ASAP 
2020 specific surface area analyzer. Adsorption isotherms (up to P/P0 of 
~0.95) and desorption isotherms were recorded at 77 K and processed. 
The pore size distribution (PSD) in the range from 1.7 nm to 200 nm was 
determined using the Barrett-Joyner-Halenda model.

X-ray CT was performed on a Zeiss Xradia Versa 510 X-ray computed 
tomography instrument with a maximum resolution of 1 μm. The three- 
dimensional spatial distribution of pores and their detailed pore and 
throat parameters were derived from digital core analysis on hundreds 
of grayscale images by applying the FEI AVIZO Fire 9.0.1 Graphic 
Software. Pore system was extracted from rock matrix by image seg
mentation following the grayscale interactive threshold methods and 
then porosity was calculated by volume fraction model. The segmenta
tion porosity was compared with the filed test results in the same depth 
to eliminate the personal error, and then the pore network modelling 
was conducted on the extracted pore system, by which PSD in the size 
range of 1 μm–500 μm was obtained.

The two methods yield complementary porosity values, of which the 
X-ray CT describes the macropores and fractures >1 μm, and LTNA 
detects the sum of the micropores, mesopores, and part of the macro
pores (Chalmers et al., 2012; Clarkson et al., 2012, 2013; Gou et al., 
2019; Qiao et al., 2020a,b, 2022; Arif et al., 2021). Here we define the 
CT porosity as “macroporosity”, LNTA porosity as “microporosity”, and 
the sum of the two as total porosity.

6. Results

6.1. Organic geochemical evolution of the shales during thermal 
maturation

6.1.1. Vitrinite reflectance, TOC and Rock-Eval parameters
The evolution of the organic geochemical parameters of the four 

shale samples upon artificial maturation is shown in Fig. 3 and Table 2. 
With increasing pyrolysis temperature, the RO of the shale samples in
creases continuously, and the TOC decreases due to conversion of OM Ta
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and expulsion of the pyrolysis products at the same time (Fig. 3 A and B). 
The Rock-Eval S2, and its related, TOC-normalized parameter HI, 
decrease rapidly from 320 to 370 ◦C (Fig. 3 C and E), indicating the 
phase of peak oil generation (transformation of OM) associated with the 
decrease of the remaining petroleum generation potential. The evolu
tion trends of TOC, S2, and HI agree well with the published hydrous and 
anhydrous pyrolysis results of the organic matter rich shale with type I 
and II1 kerogen in the Qingshankou formation in the Songliao Basin, 
Green River formation in the Uinta Basin and Piceance creek Basin, and 
Shahejie formation in the Bohaibay basin (Lewan and Ruble, 2002; 
Lewan et al., 2006; Ruble et al., 2001, 2003; Curry, 2003; Wang et al., 
2022; Liu et al., 2023a). Besides, the results indicate that the TOC of the 
laminated samples decreases more rapidly than that of the massive one, 
and the transformation rate correlates with the intensity of lamination 
and the content of the rigid grains, quartz and feldspar. The shale with 
massive structure has a hysteresis in the reductions of TOC and HI in the 
beginning (Fig. 3 B). The shale with thin lamina exhibits great S1 in
creases at 320 ◦C and 400 ◦C. The lower S1 values of shale with massive 
structure probably indicate a moderate hydrocarbon release process 
than shale with laminations (Fig. 3 D).

The ratio of S1/(S1+S2), namely, PI, stays at low levels around 0.03 

before 345 ◦C (Ro = 1.0 %) but rises sharply in the mature to high- 
mature stage (345 ◦C–400 ◦C, Ro 1.0 %–1.8 %) (Fig. 3 F). The TR, 
calculated by Eq. (1), shares similar trends, quite similar to the pyrolysis 
trends of type I and II1 kerogen, Woodford shale, 72 h experiments of the 
Mahogany shale and black shale in Green River formation and their 
predicted results using the Arrhenius equation by applying the Mahog
any pyrolysis parameters, and recent pyrolysis investigations on the 
lacustrine shale in the Qingshankou formation in the Songliao Basin and 
Shahejie formation in the Bohaibay Basin (Ruble et al., 2001; Amrani 
et al., 2005; Vandenbroucke and Largeau, 2007; Behar et al., 2010; Li 
et al., 2018; Wang et al., 2022; Lei et al., 2021). 

TR=
700 − HI

700
× 100% (1) 

Where TR is the transformation ratio, %; HI is the hydrocarbon gener
ation potential, mg/gTOC; 700 is the constant HI for organic-rich shales 
bearing type I kerogen.

6.1.2. Petroleum generation
The total generated petroleum (TGP), comprising the petroleum 

Fig. 2. Experimental and analysis workflow for the investigation of the coupled geochemical and petrophysical evolutions during the artificial maturation (24 h at 5 
different temperatures).

Fig. 3. Evolution of organic geochemical parameters of the solid residues of the four different lithotypes after hydrous pyrolysis at different temperatures. (A) 
Vitrinite reflectance (Ro), (B) Total organic carbon content (TOC), (C) Rock-Eval S2, (D) Rock-Eval S1, (E) Rock-Eval Hydrogen Index (HI), (F) Production Index (PI). 
Samples 1 and 2 are mudstones with thick and thin lamina, respectively, and samples 3 and 4 are massive (non-laminated) mudstones.
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retained inside the rocks, the expelled liquid petroleum, and expelled 
gas products, increases with temperature, reaching a maximum between 
345 and 370 ◦C (Fig. 4). The overall trend is similar to the hydrocarbon 
generation variations of the pyrolysis performed in the open system but 
show little differences with the results derived from the closed system 
and have discrepancies when the pyrolysis temperature is over 400 ◦C 
(Ruble et al., 2001; Behar et al., 2010). Compared with the decrease of 
TOC, the generation and expulsion of petroleum is slightly delayed 
(Fig. 4). The total amount of generated petroleum correlates with lamina 
density (Fig. 4A–C). From the shale with thin lamina to the one with 
thick lamina and to the massive one, the peak generation value 

successively decreases from 695 mg/gTOC to 349 mg/gTOC. The high 
hydrocarbon generation quantity suggests the presence of a type II-S 
kerogen with high bitumen content in the Lucaogou shale according 
to the laboratory measurements from Amrani et al. (2005) and Rosen
berg et al. (2017).

Although the massive, unlaminated sample 4 has the highest TOC, it 
generates much less petroleum than sample 1 characterized by a lower 
TOC. Lamination promotes the hydrocarbon generation and expulsion 
(Fig. 4 A–D), in other words, the high rigid mineral content benefits the 
chemical reaction of organic matter and the migration of the pyrolyzed 
products. For the massive shale, the hydrocarbon generation rate rises 

Table 2 
Geochemical and geophysical parameters during the thermal maturation.

Sample Pyrolysis 
temperature/ 
◦C

Ro/ 
%

TOC/ 
%

Total 
porosity/ 
%

Permeability 
(D)

S1/ 
(mg/ 
g)

S2/ 
(mg/ 
g)

Tmax/ 
◦C

HI/ 
(mg/ 
gTOC)

ELP/ 
(mg/ 
gTOC)

RLP/ 
(mg/ 
gTOC)

Gaseous 
products/ 
(mg/ 
gTOC)

TLHG/ 
(mg/ 
gTOC)

THG/ 
(mg/ 
gTOC)

1 20 0.75 5.27 0.90 0.00042 3.22 31.26 446 592.83 ​ ​ ​ ​ ​
295 1.03 5.18 2.33 0.0012 1.20 33.03 441 638.26 22.79 34.13 10.40 56.93 67.33
320 1.13 4.97 2.46 0.0014 1.63 29.53 441 594.64 121.34 43.75c 14.42 165.09 179.51
345 1.07 3.71 3.42 0.00076 0.38 15.35 440 413.75 159.11 51.86 52.96 210.97 263.93
370 1.33 2.76 4.13 0.0017 0.83 3.96 437 143.63 289.90 64.23 149.51 354.14 503.65
400 1.29 3.16 5.84 0.0028 2.78 2.39 370 75.56 319.34 97.99 278.19 417.33 695.53
430 1.45 2.80 10.67 0.0018 0.95 1.12 581 39.97 20.90 9.94 486.56 30.83 517.40

2 20 0.69 6.12 1.23 0.00029 2.82 35.93 443 587.48 ​ ​ ​ ​ ​
295 0.79 5.51 6.60 0.00071 0.94 33.62 438 610.72 48.47 48.08 19.57 96.55 116.12
320 0.85 5.30 5.35 0.00154 0.86 30.18 440 569.54 65.95 98.08 29.76 164.03 193.79
345 1.06 4.07 8.24 0.00059 0.76 16.03 442 394.15 266.66 23.90 50.09 290.56 340.66
370 1.32 3.39 8.75 0.0015 0.38 5.18 438 152.80 495.63 41.19 106.66 536.81 643.47
400 1.40 3.28 15.79 0.0015 0.71 1.09 545 33.28 185.63 35.71 231.88 221.34 453.23

3 20 0.71 2.50 3.30 0.00025 1.97 14.93 446 598.16 ​ ​ ​ ​ ​
295 0.80 1.91 4.28 0.00056 0.17 9.61 440 504.20 19.46 38.69 / 58.16 58.16
320 1.00 2.16 5.83 0.00077 0.29 9.90 445 458.76 73.40 45.06 / 118.47 118.47
345 1.04 1.62 9.24 0.0018 0.17 3.75 440 231.20 287.59 61.89 / 349.48 349.48
370 1.19 1.23 6.98 0.00086 0.38 0.57 437 46.23 81.99 59.63 / 141.62 141.62
400 1.40 0.98 4.51 0.00070 0.13 0.12 564 12.21 127.43 27.78 / 155.21 155.21

4 20 0.80 7.58 1.64 0.00027 2.20 40.04 445 528.02 ​ ​ ​ ​ ​
295 0.93 7.39 6.75 0.00053 0.46 44.09 441 595.97 12.26 33.30 19.63 45.56 65.19
320 0.99 6.22 3.11 0.0013 0.59 37.31 439 599.45 94.75 41.01 4.05 135.76 139.81
345 1.05 6.56 4.44 0.0032 1.21 43.13 442 657.47 173.43 19.38 58.24 192.81 251.05
370 1.36 3.78 8.07 0.0017 1.06 2.78 435 73.56 379.95 57.08 101.32 437.03 538.35
400 1.74 4.29 6.56 0.00066 1.30 1.28 349 29.87 133.11 37.02 271.76 170.13 441.89

Fig. 4. Quantities of liquid and gaseous products generated during hydrous pyrolysis of the four shale samples. (A) mudrock with thin laminae (sample 1), (B) 
mudrock with thick laminae (sample 2), (C) massive, unlaminated, low-TOC mudrock (sample 3), and (D) unlaminated mudrock (sample 4).
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along with the decreases of massive OM content, e.g. sample 3 (Fig. 3 B 
and 3 C).

The production patterns of the liquid petroleum (LP) are similar to 
those of the TGB, sharing similarities in the quantity and trend of the 
immiscible oil generation in the temperature range from 195 ◦C to 
350 ◦C reported in the pyrolysis experiments conducted on the shales in 
Green River formation and Xiamaling formation (Huizinga et al., 1988; 
Lewan, 1994; Ruble et al., 2001; Li et al., 2018), but exhibit a sharper 
reduction in the high-mature stage owing to the thermal cracking of oil, 
which has also been reported in the high to overmature stage in the 
Ghareb Formation in the Golan Basin (Rosenberg et al., 2021). The 
natural gas shows a continuously increasing trend (Fig. 4) and the 
generated quantity is similar to the shale in Xiamaling formation of 
Bohai Bay Basin but a little higher than the Mahogany shale in the Unita 
Basin at same temperature (Ruble et al., 2001; Li et al., 2018). The 
quantity of the generated LP is close, while that of the natural gas varies 
significantly (Fig. 4 A–C). The thinly laminated shale generates more 
gaseous product per unit mass, and the gas to liquid (G/L) ratio increases 

sharply with thermal maturation, a little higher than the current re
ported results of the lacustrine and marine shale (Ruble et al., 2001; Li 
et al., 2018; Rosenberg et al., 2021). The sample with the thick laminae 
and the massive non-laminated samples have lower G/L ratios and is 
close to the published results in the shale with type I and II1 kerogen 
(Ruble et al., 2001; Behar et al., 2010; Li et al., 2018). The different 
evolution patterns of G/L, which are characterized by an increasing 
trend in the thin lamina shale, an abrupt rise in the high-mature stage in 
thick lamina one, but a fluctuated increasing trend in the massive one, 
indicating different ways of hydrocarbon generation and expulsion in 
shale with different lamina structures (Fig. 4).

The quantities of expelled liquid product (ELP) and the pyrolysis 
product retained in the rock (RLP) were determined separately. The 
massive expulsion of the LP occurs from 345 to 370 ◦C, consistent with 
the massive immiscible oil generation in this temperature range re
ported by Ruble et al. (2001), but the RLP is lower than the bitumen 
measured in Mahogany shale (Ruble et al., 2001) (Fig. 4). Moreover, the 
results suggest that the four samples have different expulsion patterns. 

Fig. 5. Compound group compositions of the expelled liquid product (ELP; left column, A, D, G, and J), the retained liquid product (RLP; central column, B, E, H, and 
K), and the ratios of expelled vs. retained proportions of selected compound groups of the four shale samples (right column, C, F, I, and L) after thermal maturation.
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Expulsion from the laminated specimen occurs immediately, while 
expulsion from the sample with thick laminae and from the massive 
fabric gradually accelerates, reaches a peak value and then declines. The 
ELP/LP ratio is around 0.9 in the thinly laminated shale, while those of 
the other three samples fluctuate around ~0.92. If natural gas is 
accounted, the expulsion hydrocarbon ratio of thin lamina shale reaches 
0.98, however, it decreases to 0.82 in massive shale, indicating a 
stronger absorption in massive structure with relative higher content of 
clay minerals.

6.1.3. Chemical composition evolution of the liquid pyrolysis products
The results of the compound group analysis show the chemical 

evolution differences in the extractable (ELP) and retained (RLP) liquid 
products of the shales with different rock fabric during thermal matu
ration (Fig. 5). From low-maturity to mature stage, the ELP of the 
laminated shale is dominated by saturated hydrocarbons, while aro
matic hydrocarbons prevail at high-maturity levels (Fig. 5 A), and this is 
similar to the compound group contents of the immiscible oil and 
bitumen generated at the end of the pyrolysis of Mahogany shale and 
Green River shale (Ruble et al., 2001, 2003; Curry, 2003). The asphal
tene contents exhibit complex variations in ELP in shale with different 
laminated structures, that of thin laminated one increases with pyrolysis 
temperature, the thick laminated one has an increasing to decreasing 
trend and is close to the fractional composition variation of the yields in 
Green River shale, and the massive shales show decreasing to increasing 
trend (Ruble et al., 2001; Curry, 2003). The non-hydrocarbon percent
age decreases in the 295 ◦C–370 ◦C temperature range and increases 
afterward.

For the RLP, the saturated hydrocarbon content decreases from 
mature to high-mature stage, and the non-hydrocarbon content is lower 
than expelled products, reaching its peak at 345 ◦C. The aromatic hy
drocarbon content is higher and shows an increasing trend, and the 
asphaltene content is at around 20 %, greater than that in ELP, and has 
an increasing trend before 345 ◦C and then decreases afterward (Fig. 5
B). Asphaltene contents of thick laminated and massive shale in RLP at 
the end of pyrolysis are consistent with that reported in Mahogany shale 
(Ruble et al., 2001; Curry, 2003), while that of the thin laminated one is 
much lower. The aromatic content keeps stable or has a slight increment 
with the rising maturation in ELP and a weakly increasing trend in RLP. 
This phenomenon indicates a blockage for the heavy compounds of 
liquid petroleum expulsion in the low mature to mature stage.

The aromatic hydrocarbon content in the ELP of the sample with 
thick lamination is 4 % less than the one with thin lamination on 
average, while asphaltene content is 4.5 % higher (Fig. 5 D). The 
asphaltene is much greater in the RLP of the sample with thick lami
nation, dominating the retained products with percentage of 50.88 % in 
high mature stage (Fig. 5 E). The saturated hydrocarbon content in the 
expelled products of the massive shales is lower and fluctuates, while the 
content of asphaltene is greater (Fig. 5 G–J).

The ratios of the four group component contents of the ELP to RLP 
were calculated separately, and the results indicate that the expulsion of 
flexible light component follows the decomposition of OM, reaching its 
peak in mature stage (345◦C–370 ◦C). However, the heavy ones do not 
follow, which shows different expulsion patterns in shale with different 
lamination (Fig. 5C–F, I, L). The ratio of asphaltene increases with the 
rising temperature in thin lamination shale but decreases in the thick 
lamination and massive samples (Fig. 5 C–F), of which the massive 
shales exhibit slight U shape owing to the asphaltene expulsion incre
ment in high-mature stage (Fig. 5 I–L). The ratio of aromatic hydro
carbon keeps stable and that of the non-hydrocarbon increases with 
maturation, in which the increment in thin lamination shale is higher 
(Fig. 5C–F, I, L).

6.2. Petrophysical property evolution of the shales during thermal 
maturation

6.2.1. Porosity evolution
The porosity data for the shale samples after pyrolysis are listed in 

Table 2. Porosities of the laminated shales show a generally increasing 
trend with thermal maturation, exhibiting slight fluctuations, consistent 
with the with the porosity and pore volume evolutions of lacustrine 
Qingshankou shale, oil shale in the Upper Cretaceous Luozigou system, 
and shale in North American basin, and etc., during naturally and arti
ficially thermal maturation processes (Chen and Xiao, 2014; Lei et al., 
2021; Wang et al., 2022; Liu et al., 2023a, 2023b; Hazra et al., 2024). 
Starting from porosities around 1 %, the maximum porosity of the 
sample with thick laminae is 15.8 %, while the sample with thin lamina 
reaches a value around 11 % (Figs. 1 and 6 A and B). The initial po
rosities of the massive shale samples are higher (~1.5–3 %) and their 
increasing trends are not linear. The porosity trend of sample 3 (Figs. 1 
and 6 C) exhibits one maximum and the trend of sample 4 (Figs. 1 and 6
D) has two maxima. These conspicuous differences in porosity evolution 
may be due to heterogeneities of the original cores. The maximum and 
final porosity values of massive shale samples are consistently less than 
10 %. The overall evolution trend of the artificial maturation shows 
similarities with the field test data of in-situ retorting of the Fushun oil 
shale and Youwogan oil shale in Maoming Basin.

The porosity increase of the thinly laminated shale mainly originates 
from microporosity in the low-mature to mature stage (Ro 0.6 %–1.2 %), 
but is dominated by an increase of macro-porosity at the high-mature 
stage (Ro>1.2 %) (Fig. 6). Both macro-porosity and microporosity 
contribute to the porosity increment during the maturation process of 
the thickly laminated shale, of which the macro-porosity dominates the 
low mature and high mature stages and the microporosity dominates the 
mature stage (Figs. 1 and 6 B). In the massive shale, the microporosity 
determines the evolution of total porosity, which have also been re
ported by Chen and Xiao (2014) in the Upper Permian shale in the 
southeastern of Junggar Basin. However, the changes in macro-porosity 
also brings fluctuations to the porosity evolution, indicating the rising 
effects of fractures in high mature stage (Figs. 1 and 6 C and D). The 
origination of porosity increment of laminated shale is quite similar to 
the results reported in naturally and artificially thermal maturation of 
the lacustrine Qingshankou shale (Liu et al., 2023a, 2023b), and those of 
the massive shale are consistent with the results reported in shales in 
North American Basin, Baltic Basin, and Upper Permian outcrop of the 
southern Junggar Basin to some extent (Chen and Xiao, 2014; Kuila 
et al., 2014; Li et al., 2020).

6.2.2. Evolution of pore space based on LNTA
According to the 1985 IUPAC Manual on Reporting Physisorption 

Data for Gas/Solid Systems, hysteresis loops observed between the 
adsorption and desorption branches of LTNA measurements comprise 
four main types controlled by morphology (structure, shape, connec
tivity) of the pore system (Sing, 1985; Thommes et al., 2015).

The LTNA hysteresis loops of the shale samples studied here, evolve 
with the level of thermal maturation (Fig. 7). The four shale samples 
originally exhibit H2 type hysteresis loops, which have also been re
ported by Chen and Xiao (2014) and Chang et al. (2022) in the 
low-mature to mature continental shale, but show different evolution 
patterns. Upon thermal maturation from low-mature to mature stage, 
the hysteresis loops change to the H4 type with an increased offset be
tween absorption and desorption curves. This is interpreted as a 
consequence of the generation of slit shaped pores and increase of the 
proportion of ink-bottle shaped pores. LTNA data from Liu et al. (2023a, 
2023b) also suggested a H4 type loops in the hydrous pyrolysis of the 
Qingshankou shale at 300 ◦C.

In the mature stages, the N2 isotherms are characterized by H3 type 
hysteresis, which is interpreted as an increase in macro-porosity and the 
formation of microfractures, agreeing well with the loop types of the 
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mature to high mature Yaomoshan shale reported by Chen and Xiao 
(2014) (Fig. 7). The hysteresis loops of the samples with thick laminae 
and the massive samples show significant pore type changes after 
maturation at 345 ◦C - 370 ◦C (Fig. 7 C–H). The transition to the H3 loop 
type hysteresis occurs earlier in the massive shales in the high-mature 
stage, closely associated with the generation of the microfractures 
(Fig. 7 E–H).

The results of the porosity evolution derived from the digital rock 
images in Figs. 8 and 9 are in good agreement with the interpretation of 
the LTNA data (Gou et al., 2019; Qiao et al., 2020a; 2020b, 2022). The 
CT data shows that the pore system consists of a large number of tiny 
spherical pores (500 nm-1 μm), some small-sized ink-bottle shaped 
pores (1 μm-50 μm), and a small number of relatively large-sized slit 
pores (>50 μm). In the laminated shales, the orientation of the pores is 
to some extent controlled by lamina, and there is a considerable pro
portion of slit pores. However, in the massive shales (Fig. 8), spherical 

and ink-bottle pores present without preferential orientation. With 
increasing maturation, numerous spherical pores form as a result of OM 
decomposition. The sizes of ink-bottle and slit pores increase in the low 
maturity stage, fresh microfractures forms in the mature stage and keep 
growing in the high mature stage, which have been previously observed 
in mature stage at 390 ◦C of Green River shale by in-situ pyrolysis 
monitored with X-μCT and synchrotron X-ray microtomography (Tiwari 
et al., 2013; Saif et al., 2016). Fresh spherical pores also expand with 
increasing maturation (Fig. 8 A–E) and they were not well-observed 
previously in Green River shale owing to the scanning resolution 
(Tiwari et al., 2013; Saif et al., 2016; Lei et al., 2021). In the massive 
shale samples, tiny spherical pores and ink-bottle pores form initially, 
followed by the generation of micro fractures upon transition from the 
mature to high-mature stage (Fig. 9 A–E). The micro fractures generated 
in the massive shales are finally healed as the pore pressure decreases 
and supporting rigid crystals are absent (Fig. 9), quite different from the 

Fig. 6. The evolution of LTNA porosity, CT measured porosity, and the total porosity of the four samples (i.e. A. sample 1, B. sample 2, C. sample 3, and D. sample 4) 
during the thermal maturation process.

Fig. 7. The evolution of the hysteresis loops of the LTNA for the four samples (i.e. A and B. sample 1, C and D. sample 2, E and F. sample 3, and G and H. sample 4) 
during the thermal maturation.

J. Qiao et al.                                                                                                                                                                                                                                     Geoenergy Science and Engineering 255 (2025) 214060 

9 



stabilization of the generated fractures during the 450 ◦C–500 ◦C in the 
X-CT imaging of Green River shale (Tiwari et al., 2013).

6.2.3. Evolution of pore size distribution (PSD)
The PSD from the integration of LTNA and X-CT suggests the volume 

increment is dominated by the pores with radii of 10–200 nm in the 
beginning and remains stable after heating to 295 ◦C and 320 ◦C 
(Figs. 10 and 11), and this trend is almost consistent with the results of 
Liu et al. (2023a, 2023b) reported in the pyrolysis of Qingshankou Shale. 
At higher maturity levels, porosity increases due to increment of pores in 
the 1 μm - 5 μm, and larger fractures with radii between 5 μm and 20 μm 
formed in the high-mature stage, agreeing well with the observation of 
Li et al. (2020) through the X-μCT conducted on the pyrolysis process of 
oil shale in the upper layer of the Cretaceous Luozigou System in Jilin 
Province, China. Furthermore, the number of pores with widths ranging 
from 50 nm to 1000 nm increases towards the end of pyrolysis (Figs. 10 
and 11) and the PSD intend to be more disperse, which has also been 
observed by Wang et al. (2022). The increase of pores >1 μm occurs 
earlier and increase of pores of 10–1000 nm is less in the thick laminated 
than in the thin laminated shale (Fig. 10 A and B, F, 11 A, B). In massive 
shales, the proportion of pores >1 μm changes to a lesser extent and 
porosity increase is dominated by pores of 10 nm - 200 nm owing to the 
higher clay content in the rock matrix. The porosities undergo shrink
ages above a temperature of 370 ◦C, evidenced by a collapse of pores and 
fractures (Fig. 10 C and D, Fig. 11 C and D). The variation is quite 
different from the reported continuously increasing trend of the micro-, 
meso, and macro pores.

6.2.4. Evolution of absolute permeability
Permeability determines the economic development of the shale oil 

and gas resources. However, the evaluation of permeability is difficult, 
aggravated by nanometer scale confinement and complex pore-fracture 
porous structure (Javadpour, 2009; Darabi et al., 2012; Gupta et al., 

2018). Numerous models for permeability prediction have been pro
posed in shale gas research considering specific effects of gas transport 
in narrow pores, such as Knudsen diffusion, transitional flow, slip flow, 
and viscous flow (Rutherford and Do, 1997; Beskok and Karniadakis, 
1999; Javadpour, 2009; Sakhaee-Pour and Bryant, 2012; Singh et al., 
2014). Sakhaee-Pour and Bryant (2012) developed a polynomial model 
on the basis of models proposed by Beskok and Karniadakis (1999) and 
Javadpour (2009) that accounts for different flow regimes in a single 
straight cylindrical nanotube. The model modifies the viscous flow and 
suits for describing the dominant transition flow (0.1<Kn < 10) in the 
fine-grained porous media, which can be expressed as follow. 

Ka =
λ2

32
(
0.8435+5.4576Kn +0.1633Kn

2) (2) 

The Knudsen number is defined as the ratio of the molecular mean 
free path (l) to pore diameter λ and can be expressed in Eq. (3), of which 
the l can be calculated in the following Eq. (4)

Kn =
l
λ

(3) 

l=
kBT
̅̅̅
2

√
πδ2P

(4) 

Where the kB refers to the Boltzmann constant of 1.3805 × 10− 23/K, T is 
the temperature (K), δ is the collision diameter of gas molecule (m), and 
P is the pore pressure (Pa).

The λ for certain sized pores can be derived from the integrated PSD 
and their Kn can be calculated. The determination of the critical geo
metric length scale is a problem in shale since the mean pore length and 
mean pore radius cannot describe the pore system distributing from 
nanometer to millimeter well. Instead of mean or average parameter, we 
propose a critical flow length (CFL) by averaging the pore diameters of 
the peaks in the Kn range of 1 - 10 in the frequency distribution of Kn 

Fig. 8. The 3D digital rock images showing the evolutions of rock and matrix, pore system, and pore network model of the thin laminated sample 1 and thick 
laminated sample 2 during the thermal maturation. Note that the grayscale image shows the rock and matrix, the color labelled image displays the pore system and 
the connectivity of the pores, and the skeleton ball-stick image illustrates the pore system and the pore and throat configuration.
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Fig. 9. The 3D digital rock images showing the evolutions of rock and matrix, pore system, and pore network model of the massive samples 3 and 4 during the 
thermal maturation. Note that the grayscale image shows the rock and matrix, the color labelled image displays the pore system and the connectivity of the pores, and 
the skeleton ball-stick image illustrates the pore system and the pore and throat configuration.

Fig. 10. The evolution of the pore size distribution derived from the integration of the LTNA and X-μCT during the thermal maturation (i.e. A. sample 1, B. sample 2, 
C. sample 3, and D. sample 4). Note that the numbered 1-1 represents the first pyrolysis stage of the sample 1 and the rest labelled number can be explained by 
that analogy.
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plot, and a representative Kn can be also obtained by averaging the peak 
value of Kn.

The permeability coefficients calculated are quite close to the value 
of North America Basin shale reported by Valenza et al. (2013) when the 
Ro is lower than 1.0 %, staying at several hundreds of nano Dacrys. They 
vary with the degree of thermal maturation, of which two continuous 
increasing to decreasing cycles can be identified (Fig. 12), and those are 
rarely reported due to the difficulties in measuring permeability of shale. 
The first increment presents in 295◦C - 320 ◦C and then the decrease or 
stasis happens in 320◦C–345 ◦C, which can be probably attributed to 
fluid retention. The secondary increment comes in high mature stage 
and the secondary decline occurs in 370◦C - 400 ◦C owing to the space 
collapse associated with the reduction in the self-support induced by 
massive reaction and mass loss of OM (Fig. 12). The permeability at the 
mature to high mature stage is much greater than the value estimated in 
the current publications as most of the fractures and macropores are not 
well considered due to the detecting range of LNTA.

The evolution pattern differs in the massive and laminated shales, 
where the amplitudes of the first cycle are much greater in laminated 
shales, but those of the second cycle are lower than the massive shales, 
suggesting a greater pore loss in massive shale in high mature stage 
(Fig. 12 B). A delay presents in the permeability change of massive 
shales, suggesting a slow chemical reaction rate in the OM in massive 
structure with low contents of quartz and feldspar but high clay content. 

These evolutions of permeability have not been clearly clarified in 
current related literature.

7. Discussion

7.1. Enhancement of primary petroleum expulsion induced by generation 
of a permeable pore network in the low-mature stage

Initially, the decomposition of OM creates new pore spaces, which 
successively promotes the primary expulsion of liquid and gas products 
during the early oil stage or the beginning of oil window stage (Li et al., 
2018; Wang et al., 2022; Liu et al., 2023a) (Figs. 13–19). At this stage 
(Ro < 0.8 %), large quantity of tiny cellular organic voids generated, and 
the small porosity increment is dominated by pores with radii 10 and 
100 nm, followed by pores with radii of 100 nm–1000 nm (Figs. 11 and 
13 F). This variation is consistent with the increase of mesopore from 
original state to pyrolysis temperature of 300 ◦C in the study of Liu et al. 
(2023b). However, this flow pathway increases have limited contribu
tion to the fluid flow regarding the nanometer confinement effect, 
resulting in small permeability increment less than 0.0005 D, which can 
also be confirmed by the variation trend of total porosity from low 
mature to the beginning of mature stage observed by Wang et al. (2022)
in the naturally matured shale samples (Figs. 11, 12 and 14 A–C, and 
Fig. 19 E). The small interdependent solid and space changes promote 

Fig. 11. The evolution of the pores in different size range during the thermal maturation (i.e. A. sample 1, B. sample 2, C. sample 3, and D. sample 4).

Fig. 12. The permeability evolution of the four samples during the thermal maturation (i.e. A. sample 1 and sample 2, B. sample 3 and sample 4).
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the expulsion of the gas and liquid products, where the ratio of the 
expulsion petroleum to that retained rising from approximately 1 to >2 
from 295 ◦C to 320 ◦C, much higher than the ratio of produced immis
cible oil to bitumen in the rock during the similar stage of the Green 
River shale that reported by Ruble et al. (2001) (Figs. 5, 6 and 14 A–C, 
and Fig. 19 B).

7.2. Complex evolution of solid matrix, void space, and fluid phases in the 
mature to highly mature stages

Porosity growth as well as permeability increment slow down with 
increasing temperature and even a reversal presents at the end of low 
mature stage or beginning of mature stage (Figs. 6 and 12). This is 
because of the rising content of heavy compounds in the retained liquid 
petroleum in shale matrix with accelerating decomposition of OM, of 
which the rising asphaltene retention aggravates the pore blockage 
(Fig. 14 D and E, M-P, Fig. 16 A–H). The heavy liquids with high 
asphaltene content fill the fluid flow pathways, e.g. pores with width of 
10 nm–10000 nm, decreasing the porosity and permeability and 

hindering the asphaltene expulsion in turn (Fig. 15 E–H). This pore 
blockage effect has been confirmed by the evident volume increment of 
micropores after the bitumen has been extracted from the North 
American shale samples in the study of Valenza et al. (2013). With the 
temperature rising to 345 ◦C (Ro 1.0 %), the massive gas and liquid 
petroleum generated from maximum thermal decomposition and 
cracking brings considerable volumetric expansion, resulting in the 
growths of microfractures of 1000 nm–10000 nm and 10000 
nm–100000 nm and volume expansion of meso- and macropores 
(Fig. 14A–E, Fig. 18 E–H). This strongly promotes the second-time 
permeability and porosity increments, which bring a maximum liquid 
petroleum expulsion in turn, consistent with the immiscible oil pro
duction rate of Xiamaling shale at the Ro of 1.0 %–1.5 % that conducted 
by Li et al. (2018) and can be confirmed by the little differences between 
the pore volume of micropores before and after bitumen extraction at 
the Ro of 1.5 %–2.0 % reported in Valenza et al. (2013) (Figs. 5, 6, 
11–17). The significant wideness of the fluid flow channels enhances the 
mobility of the heavy aromatic hydrocarbon and asphaltene, which has 
also been revealed in the pyrolysis of Green River shale at 325 ◦C–350 ◦C 

Fig. 13. The relations between the TOC and the petrophysical parameters during the thermal evolution (A. porosity, B. total pore volume, C. pore surface area, D. 
pore volume of pore of 1–10 nm, E. pore volume of pore of 10–100 nm, F. pore volume of pore of 100–1000 nm, G. pore volume of pore of 1000–10000 nm, and H. 
pore volume of pore of 10000–100000 nm).

Fig. 14. The correlations between the quantity of the petroleum expelled and the petrophysical parameters during the thermal evolution (A. porosity, B. total pore 
volume, and C. pore surface area) and those between the quantity of the petroleum retained and the petrophysical parameters (D. porosity, E. total pore volume, and 
F. pore surface area).
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(Tiwari et al., 2013; Saif et al., 2016) (Figs. 4 and 17 E–H). From low 
mature to mature stage, the shales with different laminations share 
similar simultaneous geochemical and petrophysical evolutions with 
exception for the changes in pore size range and expulsion quantity and 
its components. The pore space changes concentrate in 10 nm–1000 nm 
and lower petroleum quantity with higher heavy component is expelled 
in the massive shale (Figs. 13–19).

7.3. Evolution patterns in shales with different textures at high maturity

The evolution pattern differs in the shales with different textures 
with maturation rising to high mature stages (370◦C–400 ◦C, Ro 1.2 %– 
2.0 %). For the laminated one, the expansion of the pore space continues 
as the continuous OM decomposition and discharge of the products, 
besides, the orientated rigid crystals provide extra grain support to pore 
spaces, leading to a continuous porosity and permeability increase 
(Figs. 5, 6, 11–19). The sharp volume increment of mesopore and 
macropore in the postmature stage of the lacustrine Qingshankou shale 
in the study of Liu et al. (2023a, 2023b), the evident volume increment 
of pores > 1000 nm of Wangqing oil shale at pyrolysis temperature of 
430 ◦C in the study of Lei et al. (2021) and the massive macropore and 

fracture generation at 425 ◦C reported by Tiwari et al. (2013) strongly 
support the observed results. This improvement promotes the fluidity of 
the heavy aromatic hydrocarbon and asphaltene (Fig. 16 E–H, Fig. 17
E–H). On the other hand, the product expulsion promotion accelerates 
the chemical reaction rate of OM regarding the reaction equilibrium, 
evidenced by the greater TOC reduction in thin lamination shale (Figs. 3, 
4, 15 and 19), and can also be supported by the reduction trends of the 
Green River shale (Ruble et al., 2001, 2003; Curry, 2003).

The porosity and permeability variation trend reverses in the 
massive shales, which experiences an evident second-time reduction, 
where the contents of pores of 100–1000 nm and 1000–10000 nm 
decrease more than 30 % or even up to 50 % (Figs. 6 and 11 C–D, Figs. 12 
and 19), which has been rarely observed in previous publications. There 
are two reasons for the reverse, one of which is the hysteretic generation 
of the heavy asphaltene and the other is collapse of the created pore 
spaces and microfractures owing to the absence of grain support from 
the rigid grains of quartz and feldspar (Fig. 4 C and D, Table 1). Pore 
collapse and fracture healing lead to a higher asphaltene retention of 
approximately 8 % (Fig. 5 G, H, J, K, Fig. 13 G, H, and Fig. 19 E, F) than 
the laminated shale. The porosity evolution is complicated in the 
massive shales during this stage. The sample 4 with high TOC 

Fig. 15. The correlations between the quantity of the petroleum expelled and the pore volume of certain-sized pores during thermal maturation (A. pore volume of 
pore of 1–10 nm, B. pore volume of pore of 10–100 nm, C. pore volume of pore of 100–1000 nm, D. pore volume of pore of 1000–10000 nm, and E. pore volume of 
pore of 10000–100000 nm) and those between the quantity of the petroleum retained and the pore volume of certain-sized pores (F. pore volume of pore of 1–10 nm, 
G. pore volume of pore of 10–100 nm, H. pore volume of pore of 100–1000 nm, I. Pore volume of pore of 1000–10000 nm, and J. pore volume of pore of 
10000–100000 nm).

Fig. 16. The correlations between the quantity of the asphaltene retained and the petrophysical properties during the thermal evolution (A. porosity, B. total pore 
volume, C. pore surface area, D. pore volume of pore of 1–10 nm, E. pore volume of pore of 10–100 nm, F. pore volume of pore of 100–1000 nm, G. pore volume of 
pore of 1000–10000 nm, and H. pore volume of pore of 10000–100000 nm).
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experiences a second-time fracture opening at 370◦C–400 ◦C due to the 
hysteretic OM decomposition, while the one with low TOC shows a 
gradually descending trend (Figs. 6, 12, 13 A and Fig. 17 A).

7.4. Simultaneous evolution of petrophysical and geochemical properties 
in organic-rich lacustrine shales with different textures

We can picture that the petrophysical and geochemical properties 
evolve interdependently during the thermal maturation of the organic- 
rich lacustrine shale (Fig. 20). The rule can be described as that the 
thermal OM decomposition comes first and results in the generation of 
organic micro- and meso-pores, where the porosity and permeability 
increment follow, and this increment promotes the expulsion of the 
liquid and gas products in low-mature stage (Fig. 20 A–C, G-I). The 
massive generation of liquid petroleum with higher asphaltene and ar
omatic hydrocarbon blocks the pore spaces at the beginning of the 
mature stage, leading to the petrophysical property descends and suc
cessive heavy component retention (Fig. 18 D–J). The acceleration of 
OM decomposition brings excessive volume expansion, resulting in the 

generation of the macropores and fractures that strongly promote the 
porosity and permeability increases and arise the expulsion efficiency in 
turn in the later mature stage (Fig. 20 E–K). The simultaneous variation 
during the low mature to the late state of mature stage can also be 
evidenced by the combined analysis of previous publications in the 
Green River shale and Qingshankou shale in Songliao Basin (Ruble et al., 
2001; Lewan and Ruble, 2002; Curry, 2003; Chen and Xiao, 2014; Lei 
et al., 2021; Wang et al., 2022; Liu et al., 2023a, 2023b; Hazra et al., 
2024). The evolution complicates from mature to high-mature stage 
owing to the different orientated minerals in shales with different lam
inations. The laminated shale is characterized by a second-time porosity 
and permeability increases, while the massive one is on the contrary. 
Therefore, more asphaltene is retained in the massive shale.

7.5. Implications for the subsurface in-situ retorting and combustion of 
lacustrine shale

The variation rules indicated from the integrated experimental re
sults suggest that the best retorting temperature of lacustrine organic 

Fig. 17. The correlations between the quantity of the asphaltene expelled and the petrophysical parameters (A. porosity, B. total pore volume, C. pore surface area, 
D. pore volume of pore of 1–10 nm, E. pore volume of pore of 10–100 nm, F. pore volume of pore of 100–1000 nm, G. pore volume of pore of 1000–10000 nm, and H. 
pore volume of pore of 10000–100000 nm).

Fig. 18. The correlations between expelled gas quantity and the petrophysical properties during the thermal evolution (A. porosity, B. total pore volume, C. pore 
surface area, D. pore volume of pore of 1–10 nm, E. pore volume of pore of 10–100 nm, F. pore volume of pore of 100–1000 nm, G. pore volume of pore of 
1000–10000 nm, and H. pore volume of pore of 10000–100000 nm).

J. Qiao et al.                                                                                                                                                                                                                                     Geoenergy Science and Engineering 255 (2025) 214060 

15 



matter-rich shale in the field is between 370 ◦C and 400 ◦C. The massive 
liquid petroleum generation and accompanied significant fluid flow 
pathway enhancement indicate that more valuable liquid petroleum 
with relatively high saturated hydrocarbon expels naturally from the 
shale, which can significantly improve the development efficiency. 
Moreover, considering the effects of lamination, TOC, and thermal 
maturity on the hydrocarbon generation and changes in microstructure, 
the in-situ pyrolysis temperature selected in the heating program of filed 
retorting may vary in a shale horizon (Lei et al., 2021; Liu et al., 2023a; 
Hazra et al., 2023, 2024). The creation of micro- and mesopores of 
10–100 nm in the low mature and in the early mature stage of lacustrine 
organic shale can be used for the sequestrating sites for CO2, which can 
provide useful information for the strategy of the site selection of CO2 
sequestration in the shale formation (Hazra et al., 2022). It suggests that 
the low matured and early matured massive lacustrine shale is better 
targets. The creation and propagation of the microfractures in the late 
mature and high mature stage, significantly enhance the connectivity of 
the pore network and the shale oil recovery, provide useful insights for 
the formation and crack patterns of the thermal induced fractures and 
the project design in the thermally simulated shale horizon (Saif et al., 
2016; Geng et al., 2017).

8. Conclusions

This work uncovers the simultaneous petrophysical and geochemical 
evolutions of the lacustrine organic matter-rich shale during the thermal 
maturation by integrating hydrous pyrolysis with a series of populated 
geochemical and petrophysical measurements and improved shale 
porosity and permeability evaluation methods. The main findings can be 
drawn as follow. 

(1) The key finding lies in the interdependent evolutions of porosity, 
permeability, organic matter, and pyrolyzed petroleum products 
originated from the coupled interactions from the solid, void 
space, and liquid phases.

(2) The interaction starts with OM decomposition and liquid hydro
carbon generation, accompanied by micro- and meso-pores gen
eration in low mature stage (295◦C–320 ◦C and Ro 0.8 %–1.0 %). 
The eightfold increase of tiny organic spaces exerts slight 
enhancement on the porosity and permeability, which promotes 
the primary liquid petroleum expulsion in turn. With the 
continuous decomposition to the end of low mature stage 
(320 ◦C), the massive generation of liquid petroleum with heavy 
components inhibits the petroleum expulsion due to the blockage 

Fig. 19. The correlations between permeability and the geochemical properties during the thermal maturation (A. TOC, B. petroleum expelled, C. petroleum 
retained, D. gas expelled, E. asphaltene retained, and F. asphaltene expelled).

Fig. 20. Sketch illustrating the conceptual evolution patterns of the pore-space, rock matrix, and pore fluid distribution in fine-grained organic-rich sediments with 
different textures during the thermal maturation. A–G: laminated, I–M: unlaminated.
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of flow pathways, slowing down or reversing the porosity and 
permeability variation trend.

(3) The porosity and permeability increment are augmented by the 
evident expansion and generation of the mesopores and macro
pores with pore radii >100 nm during mature stage, which 
simultaneously promotes the petroleum expulsion and OM 
decomposition in turn. The thermal decomposition reaches its 
peak during 345 ◦C–370 ◦C, which brings quantity macropores 
and fractures with width >10000 nm, where a second-time 
porosity and permeability increases happen successively. 
Mutual promotions between petrophysical and geochemical 
property evolutions happen in this process.

(4) Two different patterns occur from the end of mature to high 
mature stage in shales with laminated and massive textures. The 
developed rigid grains with certain orientation serve as support 
skeleton to the pores and fractures generated. This support is 
weakened in the massive shales with lower rigid grain content, 
where a pore space collapse or fracture healing happens when the 
self-supports of OM solids disappear in high mature stage. Hence, 
the laminated shale exhibits a continuous increasing petrophys
ical trend, the massive one is on the contrary. Successively, the 
asphaltene content expelled is greater and content retained is 
much lower in laminated shale. The decrease in the petrophysical 
properties also results in a hysteresis in the OM decomposition in 
massive shales in turn, indicating IM lamina is advantageous for 
the hydrocarbon generation and expulsion.

Our findings indicate that the best in-situ retorting temperature of 
low-mature fine-grained organic matter-rich shale is 345 ◦C–370 ◦C 
regarding of the generation and expulsion quantity of light hydrocarbon 
and favorable flow paths, especially in laminated shale. The hysteresis of 
liquid petroleum generation and expulsion in massive shale suggests a 
petrophysical property improvement at 400 ◦C. The low-matured shale 
with high micropore content can serve as potential sequestrating sites 
for CO2. Theoretically, differences in the geochemical evolution of shale 
with different textures can serve as a compliment to the Tissot model 
and current hydrocarbon generation threshold theory, and these results 
also reminds the scientist who are working on the porosity and perme
ability evaluation to emphasize the effects from the matrix texture, 
maturation, and liquid product.
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