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The pyrolysis parameter S1, which indicates the amount of free hydrocarbons present in shale, is often
underestimated due to hydrocarbon loss during sample handling and measurement processes. To remedy
this issue, we strongly recommend an immediate three-step hydrocarbon thermal desorption (HTD)
approach to be conducted on oil shale at the drilling site. This approach measures Sg, S0, and S1*, which
refer to gaseous, light, and free hydrocarbons, respectively. The new shale oil content value, calculated
from the total of these three parameters, is far more precise and reliable than traditional pyrolysis S1.
Moreover, we thoroughly investigated the components and microscopic occurrence features of hydrocar-
bons thermally desorbed at three temperature stages using gas chromatography (GC) and X-ray micro-
computed tomography (CT). For example, we selected Chang 73 mud shale. Our experimental results
irrefutably indicate that the ultimate shale oil content of poor resource rocks is significantly impacted
by evaporative loss, with this effect being greater when the total organic carbon (TOC) is lower.
Additionally, C1-5 and C1-7 hydrocarbons constitute almost all of Sg and S0, respectively. Sg and S0 are pre-
dominantly composed of C1-3 gaseous hydrocarbons, with a maximum proportion of 42.93%. In contrast,
S1* contains a substantial amount of C16-31 hydrocarbons. A three-dimensional reconstruction model of
an X-ray micro-CT scan shows that while the amount of shale organic matter greatly decreases from
the frozen state to 300 �C, the pore volume significantly increases, particularly between 90 and 300 �C.
The increased pore volume is mainly due to macropores and fractures. It is imperative to note that the
shale oil triple-division boundaries must be adjusted based on more accurate oil content, although this
would not affect the resource zones to which the samples already belong (ineffective, low-efficient,
and enriched resources). In conclusion, we strongly advise conducting an immediate well-site analysis
or utilizing preservation procedures, such as deep freezing or plastic film wrapping followed by core wax-
ing, to minimize volatile loss.
� 2023 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on

behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The future of fossil fuel resources lies in unconventional hydro-
carbons, and the most attractive unconventional reserves are shale
gas and oil (Wright et al., 2015). Chinese lacustrine shale oil varies
significantly from North American shale oil in terms of sedimen-
tary characteristics (Pu et al., 2016); (Sun et al., 2019); (Zhao
et al., 2019); mechanism for generation and accumulation (Zhu
et al., 2019); (Kuang et al., 2022); and fluid parameters (Sun
et al., 2019). However, fractured shale oil has been found in numer-
ous basins since the 1970 s, including the Ordos, Junggar, Bohai
Bay, Songliao, Qaidam, and Jianghan Basins (Li et al., 2015; Wang
et al., 2015; Yang et al., 2016; Hou et al., 2017; Liu et al., 2017;
Zhang et al., 2017; Chen et al., 2018; Tang et al., 2021). The United
States Energy Information Administration (EIA, 2015) reports that
China has an estimated 4.37 billion tons of shale oil resources that
can be technically recovered. And the China National Energy
Administration predicted national recoverable shale oil resources
ranging from 7.4 to 37.2 billion tons (Jin et al., 2019). Successfully
g).
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addressing certain technological and theoretical obstacles is
imperative if China’s continental shale oil is to serve as a viable
substitute for petroleum reserves and effectively bolster fossil fuel
production.

Determining the oil content is crucial in identifying potential
intervals for exploration and development in lacustrine shale oil
systems. It also plays a significant role in the study of the primary
factors that influence the differential accumulation of shale oil
(Liu et al., 2021). One parameter that’s commonly used is the free
oil content (S1). This refers to the volatile hydrocarbon fraction
that’s either free or residual in the rock after hydrocarbon genera-
tion. In order to determine the S1, a Rock-Eval pyrolysis of shale is
typically performed. This process identifies the hydrocarbons
(C7-C33) that would be volatilized at temperatures below 300℃
(Jarvie, 2012); Wang, 2022b). However, it’s often underestimated
due to the loss of light hydrocarbons during measurement. Sample
preparation and analysis delay could result in up to 60% reduction
in the Rock–Eval S1 peaks for the preserved shale cores (Li et al.,
2022). This means that shale oil resources may be underestimated
by 2–3 times before correcting for this loss(Jarvie et al., 2007);
(Bohacs et al., 2013). Factors like core storage conditions, experi-
mental testing analysis, and kerogen adsorption can affect the loss
of these hydrocarbons (Hunt et al., 1980); (Cooles et al., 1986);
(Wang et al., 2014). In some cases, estimates of original
oil-in-place based on S1 values from traditional Rock-Eval analyses
on poorly maintained samples could significantly underestimate
the prospective resource yield of target plays (Jiang et al., 2016).
Therefore, more research is needed to determine shale oil content
experimentally and study the effects of various parameters (Wang
et al., 2022).

It has been conclusively demonstrated that the duration for
which source rocks are preserved has a direct impact on the loss
of light hydrocarbons(Zhang et al., 2012). And the significant evap-
orative loss of gaseous and light hydrocarbons (up to C10) can occur
during the collection, storage, and laboratory preparation stages(Li
et al., 2022). It is also concluded that the total organic carbon (TOC)
in sedimentary rocks could be a crucial factor in the retention and
preservation of light hydrocarbons (Jiang et al., 2016). However,
restoring such losses in estimating shale oil resources and deter-
mining mobility is a widely recognized challenge. In the previous
study, some more effective pyrolysis methods had been devised
to determine the exact amount of oil(Jiang et al., 2016); (Li et al.,
2019); (Romero-Sarmiento, 2019). Their improved technique
involves a wider temperature range to eliminate heavy hydrocar-
bons that have high boiling points or that interact strongly with
the rock matrix. Moreover, Wang et al. (Wang et al., 2014) calcu-
lated the correction factors and established a model of light hydro-
carbon loss and heavy hydrocarbon handling on the base of
pyrolysis experiments and kinetic models of hydrocarbon genera-
tion. Scholars have established a connection between the loss of
light hydrocarbons (C15-) and oil API gravity by examining core-
extracted oils instead of core-produced oils. This relationship is
then utilized by other researchers to estimate shale oil resources
(Abrams et al., 2014). A new method called the oil content evalua-
tion index (OCEI) was created by Liu et al. (2021) that takes into
account the shale oil composition to assess the vertical distribution
of oil content using conventional logging. While various methods
exist, they often include multiple indicators and can be difficult
to use, limiting their usefulness for guiding shale oil exploration
and development.

Shale of the Chang 7 Member in Yanchang Formation, Ordos
Basin shows excellent potential for shale oil exploration prospects
(Zhang et al., 2017); (Wang et al., 2019), and it is essential to per-
form accurate and rapid shale oil content evaluations. In this work,
by combining the technologies of sampling at the drilling site and
closed crushing in the frozen state, we performed hydrocarbon
2

thermal desorption (HTD) experiments on the lower mud shale
of the Chang 7 member (Chang 73 submember) at the drilling site
of Well LY-10 to obtain the shale oil content quickly and accu-
rately. This innovative and rapid method can minimize the loss
of light hydrocarbons during sample storage, transportation, and
crushing. Additionally, by combining gas chromatography (GC)
and X-ray microcomputed tomography (CT), we analyzed the com-
ponents and microscopic occurrence characteristics of hydrocar-
bons thermally desorbed at different temperatures. This work
will provide an innovative method for the rapid and accurate eval-
uation of shale oil content and offer theoretical support for shale
oil exploration.
2. Geological settings

Lacustrine shales in China occupy an area of approximately
280,000 square kilometers (Wang et al., 2019), and the Ordos Basin
is located west of the North China Platform (Fig. 1a). This basin is a
large multi-cycle cratonic basin, which is bound to the east by the
Lvliang Mountain and Lishi Fault, to the west by the Helan Moun-
tain, to the north by the Xing’an Mongolian Orogenic Belt and the
Dengkou-tuoketuo Fault, and to the south by the Qinling Orogenic
Belt and Huaibei Flexure Belt(Yang et al., 2007); (Lin et al., 2023). It
experienced major interior changes during the Late Triassic period,
and a large-scale inland-depression lake basin formed affected by
the Indosinian Orogeny (Fu et al., 2020). Within the basin, a
sequence of river–delta–lacustrine strata belonging to the Upper
Triassic Yanchang Formation were deposited. These strata were
split into ten components from top to bottom (Chang 1–10). The
Chang 7 member was deposited at the most flood-prone time,
resulting in a large deposit of freshwater organic-rich shale with
a wide distribution range in the component; thus, Chang 7 is the
main source rock in the Ordos Basin’s Mesozoic epoch (Yang and
Zhang, 2005); (Yang et al., 2016). The Chang 7 members may be
generally separated into three submembers, namely, the Chang
71, Chang 72, and Chang 73 submember (Yang et al., 2016). The
observed thinly-bedded sandstones of gravity flow origin and the
thickly-bedded shales mainly deposited in the deep-lake area(Liu
et al., 2021). According to the lithological description, the gravity
flow sandstones mainly occur at the top and bottom of the Chang
73 submember, while the thickly-bedded shales are deposited
between them (Lin et al., 2023). The thickly-bedded shales in the
Chang 73 submember were deposited during the Carnian Pluvial
Event (CPE) in the late Triassic (Preto et al., 2010); (Corso et al.,
2018). The Ordos Basin is separated into six structural units by tec-
tonic plates: the Yimeng Uplift, Weibei Uplift, Jinxi Folding Belt,
Yishan Slope, Tianhuan Depression, and Western Edge Thrust Belt
(Liu et al., 2021). Over 90% of the oil fields in the Ordos Basin have
been discovered on the Yishan Slope, and the LY-10 Well in this
study is likewise located on the Yishan Slope (Fig. 1a).
3. Samples and experimental methods

3.1. Samples

The majority of the samples selected for this investigation were
taken from the Chang 73 sub-member of Well LY-10. These sam-
ples were predominantly charcoal-gray or grayish-black mudstone
and grayish-black carbonaceous mudstone, with a very small per-
centage of gray argillaceous siltstone (Fig. 1b). To avoid the loss of
gaseous and light hydrocarbons, 82 samples were immediately
wrapped in plastic wrap and held in a �20 �C refrigerator after
excavation. At the well site, the HTD tests were performed on a
total of 49 samples. Additionally, an air collection bag and
dichloromethane-containing bottles were used for collecting



Fig. 1. Structural units of the Ordos Basin (modified from Liu et al., 2021), showing (a) the location of Well LY-10 in the Ordos Basin and (b) the stratigraphic column in the
study area.
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hydrocarbons from two selected carbonaceous mudstone samples
(S74 and S79). In addition, several analyses, including TOC content,
Rock-Eval pyrolysis, vitrinite reflectance (Ro) measurements, GC,
and X-ray micro-CT, were all performed in the laboratory.

3.2. TOC analysis

The TOC content was measured with a LECO CS230 carbon and
sulfur analyzer, and its accuracy was within 0.03%. The crushed
samples (200 mesh) were first immersed in a 12.5% HCl solution
for 24 h to eliminate all inorganic carbonate minerals. Then, the
powder samples were rinsed several times with deionized water
to fully remove the HCl. Finally, they were dried at 80 �C in an oven
for 24 h, and the TOC values were obtained through combustion.

3.3. Vitrinite reflectance (Ro) and organic maceral measurements

To evaluate the thermal maturity and organic matter types of
source rocks, 15 samples at different depths were selected to mea-
sure the Ro and to observe the organic maceral compositions. The
experiments were conducted with an instrument that combined
3

the Zeiss Axio Scope.A1 Microscope and Tidas J&M Msp 200 sys-
tems. The sample was crushed to 20–40 mesh particle sizes and
formed into the desired shape with epoxy resin during processing.
The samples were ground smoothly with different grit sandpapers
and polished with a polishing solution. The Ro values were calcu-
lated by the double-labeling method, and they were found to be
0.589% and 1.717% for the two specimens, respectively. The organic
maceral measurements were taken by a Zeiss Axio Scope.A1 Micro-
scope with reflected white light and fluorescence light.
3.4. Rock-Eval pyrolysis and hydrocarbon thermal desorption
experiments

The conventional programmed Rock-Eval pyrolysis was per-
formed with the OGE-VI pyroanalyzer designed by the Institute
of Petroleum Exploration and Development, CNPC. The rock sam-
ples were first crushed to 100 mesh particle sizes, and then
approximately 100 mg powders were selected to perform pro-
grammed pyrolysis to obtain the free oil content parameter S1
and the pyrolysis hydrocarbon content S2.
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Meanwhile, the HTD experiments were conducted at the oilfield
drilling site with a shale oil content analysis instrument made by
Suzhou Grand Energy Technology Co. Ltd. (China). Once the rock
samples were extracted from the well, approximately 1 g of each
sample was selected and crushed directly with a special cryogenic
sealed jar; from there, the sample was moved directly to the test-
ing system to measure the oil content parameters.

3.5. TCD/FID-GC analysis

To characterize the carbon number distribution range, the ther-
mally desorbed hydrocarbons collected at different temperature
ranges were detected by an Agilent 7890A FID-GC equipped with
an HP-PONA methylsiloxane column (50 m � 200 lm � 0.5 lm).
Helium served as the carrier gas, and the constant flow rate of
injection was 1 mL/min. The injection was performed manually,
and the splitless mode was chosen. The GC oven temperature
was initially held at 33 �C for 10 min, then increased to 63 �C at
a rate of 3 �C/min; from there the temperature was increased to
325 �C at a rate of 6 �C/min and held for 25 min. Compound iden-
tification was performed by comparing the measured GC retention
time and mass spectra with those found in the literature.

Simultaneously, the quantification of each component (C1-5) in
gaseous hydrocarbons (Sg and S0) was performed on an Agilent
7890B GC equipped with a thermal conductivity detector (TCD).
The capillary column used for analysis was a PoraPLOTQ column
(20 m� 250 lm� 8 lm). The carrier gas and injection modes were
the same as those used for FID-GC analysis. The volume of each
manual injection was 200 lL of gaseous hydrocarbons. The GC
oven temperature was initially held at 40 �C for 2 min, then
increased to 100 �C at 15 �C/min and held for 5 min. The quantita-
tion was calculated with the peak areas of the standard gas mix-
ture compounds and the target HC compounds. The standard gas
mixture was purchased from Foshan Kodi Gas Chemical Co., Ltd.
(China), and the compositions are listed in Table 1.

3.6. X-ray Micro-CT

In this work, the X-ray micro-CT experiment was conducted at
the State Key Laboratory of Petroleum Resources and Prospecting,
China University of Petroleum (Beijing) with a high-resolution X-
ray multiscale core scanning and imaging system (nanoVoxel-
3502E, Sanying Precision Instruments Co., Ltd, China). The diame-
ter of the core plug used in this experiment was 3 mm, correspond-
ing to a CT scan image resolution reaching 3 lm. To characterize
the changes in the occurrence state of shale oil during the HTD
experiments, X-ray micro-CT experiments were performed on fro-
zen samples and plugs heated to 90 �C and 300 �C in turn. From
sample S79, a 3-mm-diameter column was drilled and marked with
a pencil to ensure consistency in the three subsequent scans. The
first CT scan was conducted immediately after the successful dril-
ling of the frozen sample. For the second scan, the column was
heated in an oven at 90 �C for 24 h and cooled to room tempera-
ture. The third and final scan was done after heating the column
at 300 �C for 24 h. The images from the resulting shale column
CT scans were imported separately into the 3D visualization soft-
ware AvizoFire 9.0. Each image was filtered to eliminate noise
before the spatial distribution features of each component were
segmented and reconstructed in 3D. We accounted for the differ-
Table 1
Compositions of the standard gas mixtures.

N2 CO2 CH4 C2H6

Concentration (%) 12.400 1.510 82.445 2.060

4

ences in gray values among pores, organic matter, and rock parti-
cles. Lastly, we determined the volume distribution
characteristics of the pores and organic matter.

4. Results

4.1. Source rock characteristics

4.1.1. Organic matter abundance
The lithology of the Chang 73 submember varied significantly

vertically, as depicted in Fig. 1b and 2a. We classified it into two
layers, namely Chang 73-1 and Chang 73-2. Mudstone was the pre-
dominant lithology in the Chang 73-1 layer, with TOC content rang-
ing from 0.50 to 26.30 wt%, averaging at 2.74 wt%. However, most
of the samples had a TOC content below 4.00 wt% (Fig. 2b). In con-
trast, the Chang 73-2 layer had a different lithology, mainly car-
bonaceous mudstone, and relatively high TOC content. The TOC
content ranged from 3.85 to 41.86 wt%, averaging at 18.55 wt%
with most samples having TOC content greater than 8.00 wt%
(Fig. 2c). Therefore, the samples from the Chang 73-2 layer were
premium-quality source rocks.

4.1.2. Organic matter types and maturity
The graph depicting HI vs. Tmax indicates that the source rocks

of Chang 73 submember were predominantly of type I-II1 kerogen,
with a significant amount of convertible organic carbon present
(Fig. 3a). Fig. 3b displays the results of Ro values of the Chang 7
member source rocks. All of the samples analyzed were found to
be thermally mature within the oil window, with Ro values ranging
from 0.70% to 1.00%. These findings were further backed up by the
Tmax values, which ranged from 441 �C to 450 �C (Fig. 3a and Sup-
plementary Data Table S1), and primarily fell within the 430–
450 �C range, signifying the oil window (Wang et al., 2022).

4.1.3. Maceral compositions of organic matter
According to Xie et al. (Xie et al., 2020), Lamalginite has a higher

potential for generating hydrocarbons compared to other maceral
compositions. The samples studied mostly consisted of alginites,
solid bitumen, framboidal pyrite, and mineral-bituminous ground-
mass (Fig. 4), with alginites being the major organic component
found in marine oil shales worldwide(Pickel et al., 2017). In the
Chang 73 submember shales, alginites existed as solitary or colony
organisms and lamalginite was abundant, appearing as elongated
layers of small lamellae lying parallel to the beddings. Although
it was challenging to distinguish lamalginite from the surrounding
matrix under reflected white light, its bright yellow fluorescence
set it apart (Khan et al., 2020). Telalginite, which had the same flu-
orescence as lamalginite, also constituted a significant proportion
of the organic components (Fig. 4f). As a result, the alginite-rich
oil shale of the Chang 73 submember exhibited excellent potential
for hydrocarbon generation.

4.2. The contents, components and microscopic occurrence features of
thermally desorbed hydrocarbons

4.2.1. The contents of thermally desorbed hydrocarbons
In Figs. 2 and 5, it was noticed that the Chang 73-2 layer shales

with higher TOC contents had corresponding thermally desorbed
hydrocarbon concentrations, which included Sg, S0, and S1*. Sup-
C3H8 iC4 nC4 iC5 nC5

0.753 0.209 0.208 0.210 0.205



Fig. 2. TOC distribution of the Chang 73 submember source rocks. (a) Longitudinal distribution of TOC among the depths. (b) TOC statistics of the Chang 73-1 layer. (c) TOC
statistics of the Chang 73-2 layer.
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plementary Data Table S1 provides more details on the hydrocar-
bon content parameters. The Sg, S0, and S1* parameters of the
Chang 73-2 layer shales ranged from 0.04 to 0.98, 0.27 to 4.63,
and 1.19 to 19.77 mg/g rock with mean values of 0.51, 2.21, and
9.92 mg/g rock, respectively. The Chang 73-1 shale, on the other
hand, had lower parameters compared to the Chang 73-2 shale.
Its Sg, S0, and S1* parameter values ranged from 0.01 to 0.52, 0.07
to 1.75, and 0.14 to 3.35 mg/g rock with mean values of 0.16,
0.56, and 1.35 mg/g rock, respectively.
4.2.2. The components of thermally desorbed hydrocarbons
The GC-FID traces of three hydrocarbons - gaseous (Sg), light

(S0), and free (S1*) - collected from a shale sample S79 HTD exper-
iment are shown in Fig. 6. Upon comparison with previously pub-
lished data (Jiang et al., 2015); Jiang et al., 2016; (Hou et al., 2021),
the components of these hydrocarbons were identified. Sg was
5

composed entirely of gaseous hydrocarbons (C1-5) (Fig. 6a and b)
while S0 had a larger abundance of C1-5 hydrocarbons and negligi-
ble amounts of C6-7 hydrocarbons such as 2-methylpentane,
methylcyclopentane, benzene, and methylcyclohexane (Fig. 6a
and c). Additionally, high carbon number (>C17) n-alkanes were
detected in S0 (Fig. 6c). The GC-FID traces of S1* showed a relatively
high concentration of only C16-31 hydrocarbons (Fig. 6d).

We also measured the hydrocarbon compounds in Sg and S0
using the peak areas of the GC-TCD traces. To determine the rela-
tive percentages of C1-5 gaseous hydrocarbons, we compared the
experimental values to the percentages of each component in the
standard gas mixture listed in Table 1. Table 2 and Fig. 7 show
the relative abundances of C1-5 gaseous hydrocarbons in both Sg
and S0 for two selected samples (S74 and S79). C1-3 gaseous hydro-
carbons were prominent in both Sg and S0, with C3 in the S0 of sam-
ple S74 accounting for the highest percentage of 42.93%. Ethane (C2)



Fig. 3. (a) Source rock organic matter type evaluation and (b) thermal maturity of Chang 7 member source rocks.

Fig. 4. Photomicrographs showing organic matter under reflected light (a, b, c) and fluorescent light (d, e, f). (a, d- S69, 1726.30 m; b, e-S76, 1728.50 m; and c, f-S82, 1731.92 m).
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and propane (C3) were the most significant hydrocarbons in Sg,
accounting for over 30% of the hydrocarbons. The percentages of
C1-3 varied more dramatically in S0 hydrocarbons, progressively
rising, with propane (C3) accounting for approximately 40% of
the hydrocarbons. The sum percentage ranging from C1 to C3

hydrocarbons was almost always higher than 60%, with a maxi-
mum of 86.81% (Sg of sample S79). Apart from n-butane, which
had a relatively higher proportion, the percentages of the other
three C4 and C5 hydrocarbons, namely isobutane, isopentane, and
n-pentane, were quite lower than C1-3.
6

4.2.3. Microscopic occurrence features of thermally desorbed
hydrocarbons

The gray values of shale pores were generally the lowest, while
organic matter had slightly higher values, and high-density miner-
als like pyrite had the highest values(Saif et al., 2016). In Fig. 8 (a1,
a2 and a3), areas with low gray values are dark, while those with
high gray values are light. The oil shale studied showed clear bed-
ding, with white areas indicating framboidal pyrite along the bed-
dings, as seen in Fig. 4. The three-dimensional model of organic
matter reconstruction (Fig. 8 a2, b2, and c2) and pores (Fig. 8 a3,



Fig. 5. Contents of hydrocarbons revealed by HTD experiments for Chang 73 submember shale. THC (mg / g rock) = Sg + S0 + S1*.
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b3, and c3) showed that most of the organic matter filled the lam-
inae. Heating at 90 �C led to a decrease in organic matter volume
from 12.7% to 11.7%, while pore volume increased slightly from
0.49% to 0.65%. There was no noticeable change in either volume.
The distribution of connected pores appeared to increase, while
the volume of different connected pores represented by various
colors seemed to vary little or even decrease, as seen in the red
areas in Fig. 8 (a3). However, heating at higher temperatures
(300 �C) led to significant changes in both volumes. The organic
matter volume decreased by 43.59% from 11.70 to 6.60%, while
the pore volume increased by 69.23%, from 0.65 to 1.10%. Fig. 8
(c3) showed a significant increase in both the number and volume
of connected pores.
5. Discussions

5.1. Comparison between conventional Rock-Eval pyrolysis and
hydrocarbon thermal desorption experiments

Figs. 9 and 10 illustrate the experimental procedures and FID
pyrograms of traditional Rock-Eval pyrolysis and three-step hydro-
carbon thermal desorption. In conventional Rock-Eval pyrolysis
procedures, the sample is typically crushed to 100 mesh with an
open mortar, and only 100 mg of rock powder is used for analysis,
as shown in Fig. 9(a). Unfortunately, this process leads to the loss of
most gaseous and light hydrocarbons, particularly those present in
rock pores or adsorbed on mineral surfaces. Fig. 10a presents the
FID pyrogram that indicates the evolution of organic compounds
7

from rock samples during heating. The Rock-Eval pyrolysis param-
eter S1 mainly indicates the free hydrocarbon content that is ther-
mally desorbed when the system is rapidly heated to 300 �C
(Peters, 1986). The pyrolysis S2 parameter represents the content
of kerogen-cracked hydrocarbons that appear as the system tem-
perature increases to 600 �C at a rate of 25 �C/min in a helium envi-
ronment. During this process, macromolecular organic matter and
certain inorganic minerals in oil shale undergo thermal cracking
and kerogen decomposition reactions to produce tar (Lei et al.,
2021).

The three-step HTD experiment uses a device equipped with a
flame ionization detector (FID), which is sensitive, has a wide range
of linearity, and is stable for organic HC compounds (Budiman
et al., 2015). By combining timely sampling and crushing samples
in a closed grinding jar, gaseous and light hydrocarbons can be
kept and detected as much as feasible (Fig. 9b). The sealed grinding
jar is quickly moved to the low-temperature crusher for quick cool-
ing, and the sample is only crushed when the temperature falls
below 5 �C. Moreover, the grinding jar was completely sealed
throughout the handling procedure, and make sure the tempera-
ture of the jar didn’t increase during the crushing process. After fin-
ishing grinding, move the jar to the testing equipment. Then,
connect the heating coil and carrier gas for FID testing. The HTD
experiment consists of three steps: the low-temperature stage
(less than5 �C), 5–90 �C, and 90–300 �C, from which the contents
of free hydrocarbons in distinct occurrence states (Sg, S0, and S1*)
can be derived (Fig. 10b). S1* is similar to the conventional pyroly-
sis parameter S1. The total hydrocarbon content (THC, mg.g-1 rock)
is defined as the sum of Sg, S0, and S1* and is a more accurate and



Fig. 6. HTD-GC-FID traces showing the compositions of hydrocarbons thermally desorbed from a Chang 73 shale core sample (S79) at different temperature stages. (a) is an
enlargement of the light hydrocarbon gas chromatogram. (b), (c), and (d) are the FID gas chromatograms of Sg, S0 and S1*, respectively. C1: CH4, methane; C2: C2H6, ethane; C3:
C3H8, propane; iC4: isobutane; nC4: n-butane; iC5: isopentane; nC5: n-pentane; CyC5: cyclopentane; 2-MC5: 2-methyl pentane; 3-MC5: 3-methyl pentane; MCyC5: methyl
cyclopentane; Ben: benzene; CyC6: cyclohexane; 3-MC6: 3-methyl hexane; MCyC6: methyl cyclohexane; Pr: pristine; and Ph: phytane. Other labeled peaks denote the carbon
numbers of the corresponding normal alkanes.

Table 2
Relative abundance of C1, C2, C3, C4, and C5 gaseous hydrocarbons in both Sg and S0 for two selected mud shales.

Sample ID Relative abundance (%)

C1 C2 C3 iC4 nC4 iC5 nC5 C1-3

S74 Sg 12.94 33.62 33.06 3.17 12.37 1.87 2.97 79.62
S0 9.31 17.86 42.93 4.32 15.61 3.47 6.50 70.10

S79 Sg 22.91 31.19 32.71 1.40 8.92 1.17 1.70 86.81
S0 8.84 19.89 39.53 4.98 17.55 3.06 6.16 68.26

Fig. 7. The proportion of each component (from C1 to C5) in hydrocarbons Sg and S0 for two Chang 73 shale core samples. (a): S74, 1727.70 m; (b): S79, 1729.30 m. C1: CH4,
methane; C2: C2H6, ethane; C3: C3H8, propane; iC4: i-sobutane; nC4: n-butane; iC5: i-sopentane; and nC5: n-pentane.
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reasonable parameter. Furthermore, the sample mass used for the
HTD experiments was approximately 2.0 g, minimizing the impact
8

of source rock heterogeneity on the results and enhancing the
accuracy of the shale oil assessment.



Fig. 8. Three-dimensional distributions of CT scans for shale sample S79 at different temperatures corresponding to three stages of HTD experiments (resolution: 3 lm). (a1),
(b1) and (c1): full view; (a2), (b2) and (c2): the green areas represent organic matter (OM); and (a3), (b3) and (c3): the different color areas represent different connected pore
volumes (PVs), the same color represents a specific connected pore. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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5.2. The geochemical significance of restoring evaporative loss

5.2.1. The effect of evaporative loss on different TOC shale
In Fig. 11, the correlations between the percentage of Sg and S0

contents in THC and TOC for all shale samples are shown. The study
found that the percentage of evaporative loss on the conventional
Rock-Eval S1 peak, Sg and S0, has a significant negative association
with the TOC content. Even though the evaporative loss of Sg is
below 10%, S00s fraction is higher than 10%, reaching 35.29%. As a
result, the overall percentage of lost hydrocarbons could be as high
as 42.6%. This discovery highlights the importance of timely
organic geochemical core studies to accurately characterize and
quantify the potential of shale and tight reservoir formations, espe-
cially for low TOC-poor source rocks. Failing to consider the extent
of loss of Sg and S0 could lead to a significant underestimation of
potential shale oil contained in the target formation.

In many laboratories, the status of volatile light hydrocarbons in
source rock samples is often overlooked during traditional Rock-
Eval analysis and solvent extraction. This is because the storage
conditions of the samples, including time-lapse and storage tem-
perature after preparation, are not strictly regulated. It’s crucial
to store crushed samples in sealed vials or cloth/paper bags until
instrumental analysis. Unattended samples can result in a substan-
tial change in hydrocarbon concentrations, particularly for those
reaching C10, within just 21 h after preparation. Collection and
9

storage of core and cuttings can also lead to significant evaporative
loss of gaseous and light hydrocarbons (up to C10) before instru-
mental analysis (Jiang et al., 2016). Hence, immediate well-site
analyses are highly recommended. Alternatively, preservation
methods such as deep freezing or aluminum foil wrapping fol-
lowed by the waxing of the cores can minimize the loss of volatile
components in the samples.

5.2.2. Effect of evaporative loss on shale oil classification and grading
evaluation criteria

Determining the viable portion of shale hydrocarbon resources
that can be exploited at present, as well as those that may become
accessible in the near future as technology advances or remains out
of reach despite further developments, is crucial. Shale oil deposits
should ideally be classified based on their enrichment degree and
commercial recoverability. Since enrichment is a crucial factor in
determining recoverability, assessing it becomes the first step in
evaluating and classifying shale oil. Shale oil can be classified into
three levels: scattered (ineffective), low-efficiency, and enriched
resources based on the oil and TOC contents of the source rock
(Lu et al., 2012). TOC values corresponding to the two turning
points of the upper envelope are the triple-division thresholds
from the TOC point. The S1* or THC value corresponding to the
intersection of the upper envelope and TOC threshold (Threshold
1) are the oil content dividing point (Point 1) of ineffective and



Fig. 9. Comparison of experimental procedures between (a) conventional Rock-Eval pyrolysis and (b) three-step hydrocarbon thermal desorption.
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low-efficiency resources. The dividing point between low-
efficiency and enriched resources (Threshold 2) can be defined as
the oil content value corresponding to the stable section of the
lower envelope or as the average of the oil content corresponding
to the stable section of the upper envelope and the oil content cor-
responding to Threshold 1.

As seen in Fig. 12, the two TOC dividing points (Thresholds 1 and
2) of Chang 7 member shale oil can be defined as 2.0% and 8.0%,
respectively. Moreover, whether the S1* or THC value was chosen
as the oil content parameter, the TOC value of these two triple-
division limits remained the same. However, it was obvious that
Thresholds 1 and 2 of the oil content were extremely different. In
Fig. 12 (a), the oil contents corresponding to two triple-division lim-
its were 4.0 mg/g and 12.0 mg/g. When gaseous and light hydrocar-
10
bons were considered, the two thresholds dramatically rose to
5.0 mg/g and 15.5 mg/g, respectively. Three zones were defined
by combining the TOC and oil contents. The red area represents
the ineffective resources, the blue area represents the low-
efficiency resources, and the green area represents the enriched
resources. Note that regardless of whether the triple-division limits
changed as a result of more accurate oil contents, the area to which
the shale samples belonged did not alter appreciably.

5.3. Evolution of pore volume during hydrocarbon thermal desorption
experiment

The Hodot coal pore system is a widely used method for classi-
fying shale reservoirs. It categorizes pores into four groups based



Fig. 10. Schematic of FID pyrograms showing the evolution of organic compounds from rock samples during heating. The red line is the real-time signal, and the blue line is
the temperature curve. (a) conventional Rock-Eval pyrolysis and (b) three-step hydrocarbon thermal desorption. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 11. Cross plot showing the percentage of Sg and S0 contents and TOC for the Chang 73 submember shale.

Fig. 12. TOC versus oil content of mature source rocks of the Chang 7 member. (a) The oil content was adopted as parameter S1* and (b) the oil content was adopted as
parameter THC (THC = Sg + S0 + S1*). ①: red area represents ineffective resources; ②: blue area represents low-efficiency resources; and ③: green area represents enriched
resources. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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on their size: micropores (less than 10 nm), small pores (10–
100 nm), medium pores (100–1000 nm), and large pores (greater
than 1000 nm) (Li et al., 2016). Pyrolysis is a process that increases
the porosity of oil shale and changes the size of its pores from pri-
marily nano- to micronano-sized (Lei et al., 2021). During the high-
temperature pyrolysis process, organic matter is converted to pet-
11
roleum, while solid structures are thermally fractured. This creates
a significant number of pores and fractures on both micro and
macro scales, considerably improving shale pore structure (Saif
et al., 2019). However, the thermal cracking and kerogen break-
down of macromolecular organic matter and certain inorganic
minerals in oil shale to form tar typically occurs at temperatures



Fig. 13. Micro-CT scanning pore size distributions at three different temperature stages. (a) Statistics of different pore radii and (b) volume of pores with different radii.
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ranging from 350 to 600 �C (Guo et al., 2020). Zhan et al. (Zhan
et al., 2022) explained that at temperatures ranging from 200 �C
to 410 �C, kerogen is first depolymerized into an asphalt monomer,
which then decomposes into shale oil and gas as the temperature
increases from 410 �C to 500 �C. In this study, the shale was heated
to 300 �C using the HTD experiment temperature program, and real
kerogen pyrolysis had not yet occurred. At 300 �C, Wei and Sheng
(Wei and Sheng, 2022) found that the volumetric proportions of
micropores and mesopores decreased, while the volumetric per-
centage of macropores significantly increased during the in situ
heat treatment of Chang 73 shale. The researchers also discovered
that preexisting natural fractures propagated on a small scale, and
some new cracks were generated in situ in some areas, leading to
an increase in both the number and length of cracks within shale at
temperatures ranging from 100 to 300 �C. This phenomenon
explains the increase in frequency and volume of shale cavities
with various radii from the frozen state to 300 �C, as shown in
Fig. 13.

6. Conclusions

(1) The Chang 73-2 layer, which is alginate-rich mud shale, had
undergone thermally developed and is located in the oil win-
dow. Most importantly, the majority of the TOC content is
greater than 8.0 wt%, which is a strong indicator that this layer
has a high potential for hydrocarbon generation.
(2) The proportion of Sg and S0 had an opposite correlation with
the TOC content, indicating that the loss of evaporation had a
greater impact on the final shale oil content for lower-quality
source rocks. Sg and S0 were mainly made up of C1-5 and C1-7

hydrocarbons, respectively. C1-3 gaseous hydrocarbons consti-
tuted a significant portion of Sg and S0 (as much as 42.93%).
On the other hand, the hydrocarbons observed in S1* were pri-
marily n-alkanes with relatively higher carbon numbers rang-
ing from C16 to C31.
(3) X-ray micro-CT scans offer a direct and precise view of the
pore size distribution and changes in organic matter that occur
as a result of shale heating. From the frozen state to 300 �C, the
shale experiences a remarkable decrease in organic matter and
a significant increase in pore volume. The most substantial
modifications take place between 90 �C and 300 �C, with macro-
pores and fractures being the primary contributors to the rise in
pore volume.
(4) The shale oil triple-division limits were significantly affected
by the loss of gaseous and light hydrocarbons through evapora-
tion. To ensure accuracy, it is necessary to adjust these thresh-
olds based on more precise oil content analyses. However, the
resource zones, namely ineffective, low-efficient, and enriched
resources, to which the samples belonged will remain
unaltered.
12
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