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The exploitation of shale oil is one of the most crucial strategies for alleviating energy shortages, and identifying
high-quality oil content sweet spots is a top priority. The common oil content evaluation models typically apply a
relatively fixed oil rich threshold and an oil moveable threshold as constraints. However, the high degree of
heterogeneity of terrestrial shales means that the accuracy and practicality still require improvement. Here the
AQ value was introduced to distinguish whether the shale is receiving or expelled hydrocarbon, and validated the
comparison using geologic and geochemical data from these two types of shale. Based on the realization that
hydrocarbon-accepting shales have high oil content and mobility, first-level and second-level oil quality
thresholds are divided and identified, which represent the boundaries of oil quality from poor to good. The
application of this model was demonstrated using 225 continuously cored shale samples from the Shahejie
Formation of the Dongpu Depression in the Bohai Bay Basin. The results showed that three resource quality tiers
were defined: high-quality (S1 > 3.77 mg/g & OSI > 235 mg/g TOC, 12 % of total resources), medium (0.75 mg/
g < S1 < 3.77 mg/g & 94 mg/g TOC < OSI < 235 mg/g TOC, 32.44 % of total resources) and poor (S1 < 0.75
mg/g & OSI < 94 mg/g TOC, 55.56 % of total resources). AQ can be used as a constraint to quickly and
accurately identify the oil quality threshold for strongly heterogeneous shale, thus avoiding the complex process
of analyzing the influencing factors. In addition, this study found that high-quality shale oil is generally found in
received hydrocarbon shale, which mainly exhibit laminated-carbonate lithofacies, and a high frequency
interlayering or fracture development. In particular, the expelled hydrocarbon shale’s hydrocarbon generation
potential and expelled hydrocarbon efficiency together determine oil quality. Overall, this study is expected
effectively reduce potential shale oil exploration risks.

1. Introduction actual production capacity is highly variable. Therefore, identifying

high-quality oil content sweet spots is a top priority [4,8-14]. Specif-

Because of the increasing scarcity of conventional oil and gas re-
sources, the dominant role of oil and gas as primary energy sources is
largely sustained by the contributions of shale oil and gas reserves [1,2].
Shale oil can be defined as the petroleum resources contained in shale-
dominated formations [3-6], the total recoverable resources worldwide
are estimated to be approximately 251.2 billion tons [7]. Although shale
oil is very widely distributed and has significant total resources, its
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ically, China’s current shale oil occurs mainly in terrestrial basins, where
strong heterogeneity of shale leads to greater variability in oil content
quality [4,15-19].

Shale oil content quality includes oil content and oil movability, both
of which are indispensable for a viable unconventional petroleum sys-
tem [19-28]. The oil content of shale oil is frequently determined using
rock pyrolysis, and the organic matter is heated at different rates and the
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amounts of evolved hydrocarbons are measured [15]. The oil content is
determined using the S1 (hydrocarbons already generated in shale),
TOC (Total Organic Carbon), while the OSI (Oil Saturation Index: S1/
TOC, Jarvie, 2012) is used extensively to characterize movability
[11,15]. However, there are two issues with this approach [27,29-31]:
(1) Using only S1 and TOC as single-element constraints makes it chal-
lenging to accurately determine oil content and movability. For
example, low TOC represents low hydrocarbon potential, but may
contain a large amount of movable oil due to migration, while high TOC
may have low oil content due to hydrocarbon expulsion. Even with the
same S1 value in different shales, the movable fraction can vary
significantly due to differences in mineral composition and pore struc-
ture. (2) Although OSI can indicate movability, it has been demonstrated
that the S1 and TOC of terrestrial shales are extremely heterogeneous. As
a result of this heterogeneity, the movable capacity of shale oil in
different regions can be highly variable, particularly under conditions of
low TOC and low S1, where significant uncertainty exists. In highly
heterogeneous shales the pore structure, hydrocarbon generation parent
material, mineral composition, and thickness of sources and reservoirs
can significantly affect hydrocarbon movability, and as a result it is
currently impossible to correlate the fixed OSI values to real and
moveable threshold of shale oil in different areas.

To address the problem of shale heterogeneity, Lu et al. proposed the
use of S1 versus TOC plots to evaluate shale oil in a grading manner,
including enriched resources, less efficient resources, and inefficient
resources. After that, Li et al. and Hu et al. introduced the OSI index in
the plots to characterize the movability of shale oil [27,29]. However,
the OSI of 100 mg/g TOC that has been proposed for marine shale oil
(primarily in tight reservoirs) was commonly used as the oil moveable
threshold [11]. The oil rich threshold was often determined based on
empirical S1 values or envelope of a series of S1 values. The above
method ignores the potential hydrocarbon generation capacity in shale,
as well as there is a large uncertainty in the oil movable threshold versus
the rich threshold. Previous studies have explored oil moveable
thresholds for shales of different maturities, including the use of the
hydrocarbon expulsion trends to determine the oil moveable threshold
[30], and oil movable threshold grading based on multistep pyrolysis
[31]. However, shale oil is distributed within a narrow window of oil
generation and there is little variation in maturity in an individual in-
terval at the time of exploration. The identification of oil moveable
threshold is based on the understanding that the source rock only un-
dergoes hydrocarbon generation and expulsion processes.

At the same time, scholars have found that oil in heterogeneous
shales undergoes frequent micromigration, and hydrocarbons generated
in organic-rich shales migrate between lamina and interlayer under the
effect of hydrocarbon pressurization and capillary force difference
[21,32-39], and shale oil migrates vertically across layers through high-
angle fractures [38]. The micromigration of hydrocarbons implies that
shale has the property of receiving hydrocarbons as well as expelling
hydrocarbons, and the micromigration reflects the combined results of
shale oil generation, expelled, and enriched under the control of source-
reservoir combination [19]. In general, received hydrocarbon shale
have higher oil content due to better reservoir properties [22], and
expelled hydrocarbon shale have better mobility due to more light
components as a result of migration fractionation effects [20,40-42]. In
summary, a more accurate method is needed for the identification of
shale oil content quality thresholds, but the use of too many parameters
should be avoided.

Dongpu Depression has experienced long-term oil and gas explora-
tion, and the underlying geology is relatively clear. Meanwhile, the shale
here shows a thin interlayer overlapping distribution, which provides a
good case for us to study the micromigration of shale oil. It first evalu-
ates the micromigration of hydrocarbons through the shale obtained
from closely spaced continuous sampling [19], and then determines the
oil moveable threshold and oil rich threshold based on the results of
hydrocarbon migration under actual geological conditions. At the same
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time, geological and geochemical analysis methods were applied to
verify its accuracy, and discussed its mechanism from the perspectives of
hydrocarbon generation, reservoirs, and their combination relation-
ships. This represents the first attempt to establish a shale oil content
quality threshold based on hydrocarbon micromigration results and to
propose a new evaluation model for it. The results of this study are
significant for shale oil exploration in the Bohai Bay Basin and other lake
basins around the world.

2. Materials and methods

The samples used in this study were from the shale oil exploration
well W410 in the Dongpu Depression, with a total of 225 shale samples
taken continuously at intervals of 0.3 m. The target layer is the third
member of the Shahejie Formation. Pyrolysis and TOC data were used to
analyze the “source” properties of the shale and to establish evaluation
models. Rock-eval pyrolysis analyses were performed according to Na-
tional Standard of China (GB/T 18602-2012) [43]. Samples crushed to
<0.15 mm were analyzed using an OGE-II pyrolyzer. Generated hy-
drocarbons (S1, mg HC/g rock) were quantified at 300 °C, followed by
programmed pyrolysis (300-650 °C) to determine potential hydrocar-
bons (S2, mg HC/g rock) and Tmax (peak hydrocarbon yield tempera-
ture). Multistep and freeze-thaw pyrolysis conform to the same
standards as conventional pyrolysis but differ in experimental proced-
ure. Fresh rock samples were cryopreserved at —60 °C for freeze-thaw
pyrolysis, using Cryomill cryogenic grinder and HAWK pyrolyzer to
maintain liquid nitrogen temperature (—196 °C) during crushing.
Multistep pyrolysis involved: (1) S;.; (free hydrocarbons) quantified at
200 °C; (2) Si.2 (medium-heavy free hydrocarbons) determined via
200-350 °C heating; (3) Sy.; (adsorbed hydrocarbons) analyzed at 350-
450°C; (4) Sa.2 (potential hydrocarbons) measured via 450-600°C py-
rolysis [44]. TOC analyses were performed according to National Stan-
dard of China (GB/T 19145-2003) [45]. Samples (~1g) were weighed,
ground to <0.2 mm, treated with 1:7 HCl:H20 to remove inorganic
carbon, and analyzed using an LECO CS-744 analyzer.

Core observations, scanning electron microscopy, and mineral
composition analysis were used to characterize the “reservoir” proper-
ties of the shale. During the sampling process, the shale’s structure and
lithology were recorded. Combined with the analysis of the mineral
composition of typical samples, lithofacies can be classified on the basis
of mineral composition as well as structure. Mineral composition data
were obtained based on whole-rock mineral X-ray diffraction (XRD)
experiments, which complied with the oil and gas industry standard of
China (SY/T 5163-2018) [46]. Samples were oil-washed, crushed to
<40 pm, analyzed via Ultima-IV X-ray diffractometer (20 mA, 40 kV,
curved graphite monochromator), and XRD spectra used to identify/
quantify minerals. Subsequently, a scanning electron microscope (JSM-
5500LV) was used to observe the pores and fractures of the shale sam-
ples in compliance with the relevant the oil and gas industry standard of
China (SY/T5162-2014) [47]. The Rock Casting Image Analyzer (CIAS-
2007) is used to observe the pores and fractures of sandstone and other
samples in compliance with China’s petroleum industry standards (SY/
T6103-2004) [48].

Finally, the nature of the extracts from typical samples was charac-
terized by stable carbon isotopes and gas chromatography of saturated
hydrocarbons. Stable carbon isotope analysis involves decomposition,
combustion and oxidation of the extracted material, and the purified
CO4 is collected in a sample tube and analyzed for stable carbon isotope
composition on an isotope mass spectrometer (DELTAV ADV) (National
Standard of China: GB/T18340.2-2010) [49]. The process of saturated
hydrocarbons analysis mainly involves chromatographic separation of
the saturated hydrocarbon fractions of the extracts in a gas chromato-
graph (Agilent 6890N), detection of the successive fractions by a
hydrogen flame ionization detector, and calculation of the relative
percent content (National Standard of China: GB/T18340.5-2010) [50].

The workflow for identifying oil content quality thresholds and
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Fig. 1. Workflow for identifying oil content quality thresholds and grading evaluation of shale oil.

grading evaluation of shale oil comprises five primary steps: (1) data
collection, (2) oil content calibration, (3) evaluation of micromigration,
(4) identification of shale oil quality thresholds, and (5) shale oil quality
evaluation (Fig. 1).

First, after obtaining sufficient shale geochemical data, the oil con-
tent needs to be calibrated. The loss of volatile hydrocarbons is an un-
avoidable phenomenon during sample preservation and pyrolysis
experiments. Therefore, the data obtained from current analyses may
not reflect the true content [11,19]. The actual S1 content of shale in the
subsurface (S1p) should include the measured S1 content, light hydro-
carbon lost before pyrolysis analysis (S1j), and heavy adsorbed hydro-
carbon detected as S2. In this study, S1 from freeze-thaw pyrolysis is
considered to be without light hydrocarbon losses, and Sy.; in the
multistep pyrolysis is considered to be adsorbed hydrocarbon. A simple
calibration model for light and adsorbed hydrocarbons was developed
based on multistep and freeze-thaw pyrolysis analyses (Appendix A).

Second, evaluation of micromigration to distinguish whether the
shale is expelled hydrocarbon or received hydrocarbon. The hydrocar-
bon expulsion potential method proposed by Hu et al. [19] was used for
quantitative evaluation of hydrocarbon migration. The main principle of

this method is to recover the trend in hydrocarbon expulsion and orig-
inal generation potential of shale through hydrocarbon generation ki-
netics driven by a large amount of pyrolysis data; Subsequently, the
parameter AQ is defined as the difference between the original hydro-
carbon potential and the present-day hydrocarbon potential. A AQ
greater than 0 means that hydrocarbons were expelled, while a AQ less
than 0 means that hydrocarbons have migrated into the rocks (‘received
hydrocarbons’) (Appendix B).

Third, identification of shale oil content quality thresholds, and first-
level and second-level oil quality thresholds are divided and identified,
which represent the boundaries of oil quality from poor to good. With
increasing TOC, the S1 usually exhibits three separate sets of charac-
teristics [15]. Low TOC shales are generally low in hydrocarbon gen-
eration, and when S1 content is also low it indicates generally low
storage capacity. In addition, shales exhibit good “reservoirs” when they
receive large amounts of external hydrocarbons, in both sandstones or
carbonates. The second type is a medium TOC shale, and since adsorbed
oil is mainly stored in the organic matter network [9,51,52], shales
expelling hydrocarbons usually have self-generated amounts of hydro-
carbons that have have satisfied their own adsorption capacity and so
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Fig. 2. Geologic map of the Dongpu depression (modified from [53]). (a) Location map. (b) Structural elements. (c) Cenozoic stratigraphic column.

evolve free (i.e., mobile) hydrocarbons (S1). In contrast, shales that have
received hydrocarbons usually exhibit higher S1 due to external input of
free hydrocarbons. The third type is the shale with high TOC, the hy-
drocarbon are expelled represents the hydrocarbons in its own reservoir
reach the threshold, S1 is not increasing with the hydrocarbon expelled
to the outside; and receiving hydrocarbon shale due to the relatively
excellent reservoir performance, the increase self-generated free hy-
drocarbons may result in the continuous increase of S1. The S1 value
was used as a measure of oil content, using the S1 of the mixed distri-
bution of expelled and received hydrocarbon samples as first-level oil
rich threshold. At the same time, the TOC value at this point represents
the potential hydrocarbon generation organic matter abundance (High
TOC means there is some potential to generate hydrocarbons in the
future). The S1 average of the receiving hydrocarbon samples that enter
first-level oil rich threshold were used as second-level oil rich threshold
because it represents how much oil is in the shale of good storage
quality. Furthermore, the minimum OSI was used for shales that have
effectively stored hydrocarbons (greater than first-level oil rich
threshold) as the first-level oil moveable threshold and the average of
migrated hydrocarbons (AQ less than 0) as the second-level oil move-
able threshold because they represent the ability of the hydrocarbons to
undergo migration under actual geologic conditions.

Fourth, the content quality of shale oil was evaluated by considering
two main attributes: oil content and oil movability. Two parameters
above the second-level threshold can be categorized as high-quality
resource. Two parameters above the first-level threshold are

categorized as medium resource, which includes the subcategories of
medium-enriched and movable resource, enriched and medium
movable resource, and medium-enriched and medium-movable
resource. For shale oil that has not reached both first-level thresholds,
they were categorized as a poor resource, where those with moderate oil
volumes but poor movability are categorized as less efficient resource,
which are unlikely to be exploited under current conditions. Considering
that part of the shale may have large hydrocarbon generation and
expulsion potential, and has the potential to be heated in-situ to form
shale oil, the part with poor oil content and movability, but with large
TOC content, were categorized as a potential resource. Otherwise, shales
with both below the first-level threshold are categorized as ineffective
resources.

3. Geological setting

The Dongpu Depression is located in the southwestern margin of the
Bohai Bay Basin in China, covering an area of about 5300 km? (Fig. 2a,
b). It is a Cenozoic faulted lake basin with multiple depositional cycles
[8,53,54], with a shallow western slope and a steep eastern slope. Over
the past few years, several wells have been drilled in the Zhongyuan
Field and have obtained significant shale oil flows. In this study, samples
of the Shahejie Formation from the W410 well are used as an application
example to demonstrate the workflow and results of the new model.

The Shahejie Formation was deposited in a variety of environments,
including deltas and shallow to deep lakes, and overall is dominated by
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shales and thin-bedded siltstones formed by changes in high-frequency
lake surface [53-55], and is the main hydrocarbon-bearing stratum in
the depression (Fig. 2c). Among them, shale is characterized by medium
organic matter abundance, Type II kerogen dominance, and medium to
high maturity, contributing almost all of the hydrocarbons in the
depression, with only a small portion of the natural gas coming from
Permian coal-derived source rocks. Therefore, it is the focus of shale oil
exploration.

4. Results

Wu et al. [56] developed an evolution model of Hydrogen Index and
kerogen transformation ratios with increased maturity applicable to the
Dongpu Depression shale based on the method proposed by Hu et al.
[19] (Fig. 3a,b). This model was used to calculate AQ for the shale in
well W410 (Appendix B), and the results showed that 61.5 % of the
samples had external hydrocarbon charging, with charging amounts
ranging from 0.34 to 282.2 mg/g TOC, with an average of 62.3 mg/g
TOC. The remaining 38.5 % of the samples experienced hydrocarbon
expulsion, with hydrocarbon expulsion amounts ranging from 1.43 to

135.9 mg/g TOC, with an average of 33.91 mg/g TOC. Overall, the
migration of hydrocarbons in the upper half of the sampled interval is
frequent but generally weak, while the migration of shale oil in the
lower half is mainly dominated by received hydrocarbons, and the in-
tensity can reach more than 100 mg/g TOC (Fig. 3c).

The organic geochemical characteristics of shale are important
“source” properties. The analytical results of the sampled of the W410
shale show that (1) the overall shale is of medium-low abundance TOC
(Fig. 4a), with TOC contents ranging from 0.15 to 7.67 wt% (average:
0.98 wt%). Both receiving and expelled hydrocarbon samples have a
broad TOC distribution, but the overall mass of received hydrocarbons
(average: 0.87 wt%) is lower than that of expelled hydrocarbons
(average: 1.18 wt%). (2) Organic matter types were mainly distributed
between Type II; and Type II,, although a significant concentration of
Type III was also observed in this continuous sampling analysis, and was
characterized by a significant amount of received hydrocarbons and low
abundance TOC (Fig. 4b). (3) Organic matter maturity is mainly
distributed in the low maturity stage, and the measured Ro is between
0.7 % and 0.85 %.

The carbonate lithofacies and laminated lithofacies shales of the
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Dongpu Depression are favorable types for oil storage, and the pore
structures are generally controlled by carbonate minerals and organic
matter [53,57,58]. Statistical analysis of the core observations revealed
that the proportion of carbonate lithofacies in the receiving and expel-
ling hydrocarbon shale is 23 % and 14 %, respectively, and that the
carbonate shale lithofacies in the receiving hydrocarbon shale account
for 73 % of the total carbonate shale lithofacies (Fig. 4c). Meanwhile, the

proportions of laminated lithofacies in the receiving and expelling shales
are 61 % and 53 %, respectively, and the laminated lithofacies in the
receiving shale account for 66 % of the total amount of laminated shale
lithofacies (Fig. 4d); these results indicate that the storage performance
of the receiving shale is relatively good compared with that of the
expelling shale.

The vertical distribution of the AQ shows that the migration of
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hydrocarbons is highly dependent on the spatial configuration of sources
and reservoirs, which is manifested in three characteristics (Fig. 5). First,
the short distances over which shale oil is migrated and the interbedding
of facies with expelled hydrocarbons with those containing received
hydrocarbons. Second, the siltstone with good oil and gas indications is
usually adjacent to the occurrence of high-quality shale, as shown in
section 1 of Fig. 5, the upper part of the shale is of poor quality, and
consequently the siltstone usually has no oil and gas show, while the
siltstone at the top and bottom of the high-quality shale has oil and gas
show. Third, the continuous hydrocarbon-receiving shale sections with
better reservoir properties usually show fracture development, and in
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section 2 hydrocarbon-receiving shale and fractures are commonly
developed.

Observation of microscopic images reveals that both siltstone and
shale are generally tight, with it is difficult to migrate fluids into the
pores. The pore space of sandstone is relatively developed, with inter-
granular pores and dissolution pores visible, while the observable pore
space of shale is relatively poor, being dominated by microfractures and
laminar fractures (Fig. 6). This also explains why shale oil typically has
short micromigration distances and better hydrocarbon shows in adja-
cent siltstones (Fig. 5).

The plot of S1 versus TOC exhibits a bipartite trend (Fig. 7a), and it is
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characteristics. (b) Samples in the upper half of the interlayer micromigration model. (c) Samples in the lower half of the interlayer micromigration modes. (d)
Samples in the fracture micromigration interval.
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Fig. 10. Saturated hydrocarbon distributions of typical samples (See Fig. 5 for sample locations, and the depth is increasing from No. 1 to No. 10).

difficult to distinguish between hydrocarbon-receiving and
hydrocarbon-expelling shales when TOC is less than 0.65 % and S1 is
less than 0.75 mg/g, which indicates that the hydrocarbon generation
and storage capacities of these shales are generally low. Using this
relationship, first-level oil rich threshold was identified with S1 = 0.75
mg/g and TOC = 0.65 wt%. The average oil content of the samples
entering first-level oil rich threshold was calculated to be 3.77 mg/g,
corresponding to second-level oil rich threshold (Fig. 7a). The minimum
OSI of the samples entering first-level oil rich threshold for first-level oil
moveable threshold was determined as 94 mg/g TOC via OSI-AQ anal-
ysis, whereas the mean OSI of hydrocarbon-receiving samples for
second-level oil moveable threshold was determined as 235 mg/g TOC
(Fig. 7b).

Using oil moveable threshold and oil rich threshold as constraints,
out of 225 samples, the percentages of the three different levels of re-
sources, high-quality resources, medium resources, and poor resources,
were 12 %, 32.44 %, and 55.56 %, respectively. Ineffective resources
(49.33 %) in poor resources and moderately rich and moderately
movable resources (24.44 %) in medium resources accounted for the
largest share of these resources (Fig. 8a). These results indicate that the
shale oil from well W410 is extremely heterogeneous, with very large
variations in the quality of the oil content and a large percentage of poor

resources. In addition, it was found that almost all of the high-quality
resources are received hydrocarbon shale, and 64 % of the medium re-
sources are received hydrocarbon shales (Fig. 8b).

5. Discussion

Evaluation results reveal two distinct migration modes (Fig. 5):
interlayer migration (Section 1) and fracture migration (Section 2). The
carbon isotopes of saturated hydrocarbons, aromatic hydrocarbons, and
kerogen in samples show similar trends with depth (Fig. 9a), which
implies that the hydrocarbons have not been migrating over long dis-
tances [41]. For samples within the Section 1 interval, which at adjacent
depths show a high degree of homogeneity (Fig. 9b, c). However, the
fractures may have contributed to some cross-layer migration of shale
oil. Samples no. 7-9 have similar isotopic signatures and are distributed
in Section 2 interval, but an intersection between 7 and 8 was observed,
and they differ from the trend of 9-10, which implies that they may have
been formed from a mixed source (Fig. 9d). Samples no. 7-9 are also
shown to have lighter isotopic masses from Fig. 9a, which corroborates
the more active hydrocarbon migration in these shales [20,42]. Further
analysis of the saturated hydrocarbon chromatograms shows that the
neighboring samples in the section 1 show similar characteristics
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(Fig. 10). On the other hand, the chromatograms of sample in the section
2 all show double-peak characteristics, but No. 7 and No. 10 are domi-
nated by the higher molecular weight peaks, while No. 8 and No. 9 are
dominated by the anterior peaks (Fig. 10). The above results indicate
that the presence of fractures may have allowed mixing of hydrocarbons
from different sources.

Micromigration refers to the migration and re-distribution of hy-
drocarbons within shale formations, which includes the retention of
hydrocarbons from self-generation and external sources. First of all, in
the shale that receives hydrocarbons, the “reservoir” is larger than the
“source”, which means that this shale has more space to store hydro-
carbons. However, when the quantity of the received hydrocarbons is
larger, it means that this kind of shale oil has more light components,
which are a current priority in shale oil exploration
[18,19,21,23,24,41]. Hydrocarbon expulsion occurs in shales when the
intensity of hydrocarbon generation capacity is greater than the storage
capacity. It means that its hydrocarbon supply capacity is higher, and it
can be a potential shale oil target layer, because it may still contain a
large amount of residual hydrocarbons and organic matter that has not
yet been transformed into hydrocarbons [18,21,33,34,59,60]. The re-
sults of the shale oil grading evaluation show that 81 % of the high
quality shale oil resources are in received hydrocarbon shale. In view of
different migration modes, 67 % of the high-quality resources are
distributed in the fracture migration interval. This means that AQ can be
used to reflect the quality of shale oil content when no suitable grading

10

model has been developed. At the same time, these two proportions
were 64 % and 51 % for medium resources. Further analysis indicates
that 67 % of the medium resources in the interlayer migration interval
are expelled hydrocarbon shales, which indicates that the resources in
expelled hydrocarbon shale should not be ignored. Statistical analyses
based on medium resources indicate that in expelled hydrocarbon shale
compared to received hydrocarbon shale generally have higher S1, but
relatively lower OSI (Fig. 8). The quality of hydrocarbon-receiving shale
oil is controlled by reservoir properties, while the occurrence of suffi-
cient oil content is a key factor. It appears that inorganic minerals are
more conducive for inorganic pore formation, and fractures enhance the
connectivity of the reservoir space [34,35,38]. The quality of
hydrocarbon-expelling shale oil needs to focus on content and
movability. The shale’s hydrocarbon generation potential and expelled
hydrocarbon efficiency together determine oil quality, which is higher
when it generates large amounts of hydrocarbons but is retained, so the
Type II kerogen may contain more moveable residual hydrocarbons due
to the fact that hydrocarbons in this type of shale are generated in suf-
ficient quantities and do not expell in large quantities [27,30,31].

In the application of the model, the accuracy of the oil content
seriously affects the grading of the resources. Samples without S1
correction will have significant effects, which will be illustrated using
examples with calibration coefficients of 0.5, 1 and 2 (Fig. 11). First, the
overall S1 change will result in a difference in the oil rich threshold, with
a higher threshold after calibration. Second, since shale samples with
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high TOC have greater hydrocarbon potential, more hydrocarbons will
be dispersed for the same calibration coefficient, which may lead to an
inflection point of S1 at high TOC, confusing lost hydrocarbons with
expelled hydrocarbons, which will result in a larger error in shale oil
resource grade determination. Finally, since light hydrocarbon loss
generally does not affect the level of TOC, not calibrating S1 can simi-
larly lead to deviations in oil moveable threshold determination.

Compared with previous models, an assessment of potential re-
sources was included in this mode. In addition, the resource abundance
of shales varies widely, making it difficult for traditional classification
methods to fully reflect shale oil content quality, and this model pro-
vides a method for accurately identifying the oil rich threshold and oil
moveable threshold.

The models of Hu et al. [27], Wang et al. [30], and Wang et al. [31]
were applied for shale oil quality evaluation, respectively. For the
identification results of oil rich threshold, the three previous models
used envelopes or empirical values determined subjectively, and the
data heterogeneity will result in bias in the oil content level, especially
for second-level oil rich threshold (Fig. 8, Fig. 11). For oil moveable

threshold, Hu et al. [27] used a fixed OSI value (100 mg/g TOQC);
however, the calibrated OSI was significantly larger than this threshold.
The model of Wang et al. [30] introduced Tmax in order to model var-
iable oil moveable threshold. However, the heterogeneity of the kerogen
resulted in a poor correlation between oil moveable threshold and Tmax
(Fig. 12a). At the same time, the existence of migration hydrocarbons
may lead to particularly large differences in S1 for samples at the same
maturity, which further exacerbates the uncertainty in the oil movable
threshold. The model of Wang et al. [31] introduced multi-step pyrolysis
to characterize the movability. However the higher amount of data (and
the subsequent additional cost) limit the applicability to some extent,
and again, does not address the effect of hydrocarbon migration on oil
moveable threshold (Fig. 12b, Table 1).

The advantages of this model are its simplicity and rapidity. With the
rock pyrolysis data, the model is able to grade and evaluate shale oil
resources quickly and effectively. This advantage makes it particularly
suitable for shale reservoirs that are highly heterogeneous, especially
those with rapidly changing oil content quality. Another advantage of
the model is that it provides a method to quickly identify the oil quality

Table 1
Comparison of oil moveable and rich threshold under different models for shale oil in well W410.
Threshold Hu et al. Wang et al. Wang et al. This study
Oil rich threshold Name Value Name Value Name Value Name Value
S1 (mg/g rock) 0.5-1 S1 (mg/g rock) 0.5-1 S1 (mg/g rock) 0.5-1 S1 (mg/g rock) 0.75
4-6 4-6 / 3.77
Oil moveable threshold OSI(mg/g TOC) 100 OSI(mg/g TOC) 80-175 S1.2/TOC (mg/g TOC) 30-100 OSI (mg/g TOC) 94
(S1-2+S2-1)/TOC (mg/g TOC) 100-200. 235
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threshold. In those basins with complex shale structures (sedimentary &
tectonic), the oil quality threshold can be identified directly by using the
results of the hydrocarbon migration distribution (S1, OSI) in the sub-
surface, omitting the complexity of source rock, reservoir, and migration
conditions. However, in order to make the model as accurate as possible
in its application, the creation of the same mode should avoid samples
with extreme reservoir or source rock properties, and shale with the
same destination layer or with small differences in depth should be
selected for evaluation.

6. Conclusions

This study proposes a novel method and model for identifying shale
oil moveable threshold and rich threshold, and for grading their quality
based on rock pyrolysis parameters. Using continuous cores from the
Eocene Shahejie Formation in the Dongpu Depression as a case study,
three resource quality tiers were defined: high-quality (S1 > 3.77 mg/g
& OSI > 235 mg/g TOC, 12 % of total resources), medium (0.75 mg/g <
S1 < 3.77 mg/g & 94 mg/g TOC < OSI < 235 mg/g TOC, 32.44 % of
total resources) and poor (S1 < 0.75 mg/g & OSI < 94 mg/g TOC, 55.56
% of total resources). Compared to previous rapid identification and
evaluation models, AQ can be used as a constraint to quickly and
accurately identify the oil quality threshold for strongly heterogeneous
shale, thus avoiding the complex process of analyzing the influencing
factors. In addition, this study found that high-quality shale oil is
generally found in received hydrocarbon shale, which mainly exhibit
laminated-carbonate lithofacies, and a high frequency interlayering or
fracture development. In particular, the expelled hydrocarbon shale’s
hydrocarbon generation potential and expelled hydrocarbon efficiency
together determine oil quality. Overall, this study is expected effectively
reduce potential shale oil exploration risks.

Appendix A

Steps of Oil content calibration
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Step 1: Calibration for light hydrocarbon loss. Freeze-thaw pyrolysis is practically free of hydrocarbon losses because the samples are kept at
low temperatures during preservation and crushing. The S1 obtained using freeze-thaw pyrolysis can represent the S1c before the loss of light hy-
drocarbons. For the same sample subjected to both freeze-thaw pyrolysis and conventional pyrolysis at the same time, the relationship equations of
conventional pyrolysis S1 and TOC to freeze-thaw pyrolysis Slc can be established:

Slc =al x TOC + bl x S1 +cl D
where, Slc is measured by freeze-thaw pyrolysis and represents the free hydrocarbons before the loss of light hydrocarbons, mg/g. TOC is the total
organic carbon (TOC) of the samples, %. S1 is measured by conventional pyrolysis and represents the free hydrocarbons after the loss of light hy-
drocarbons, mg/g. al, bl, and c1 are the correlation coefficients and are dimensionless. In this model, al, b1, and c1 are 0.133, 1.143, and 0.134,
respectively.

Step 2: Calibration for adsorbed hydrocarbons. In conventional pyrolysis, there is difficulty in effectively distinguishing between S1 and S2
because some generated heavy adsorbed hydrocarbons (Part of the S1) will be incorporated into the S2. Multistep pyrolysis is an improved method
used to determine the free hydrocarbon content (S;.1), pertaining to the light component of free oil present in the connected pores of shale. Further, S;.
o represents the content of medium-heavy components of free oil, Sy.; represents the content of adsorbed hydrocarbons, and S,.; represents the content
of pyrolysis hydrocarbons. Conventional and multistep pyrolysis analyses were performed for the samples and the relationship between S2c (S,.1) and
TOC values and conventional S2 contents was established, as shown in Equation 2.

S2¢ = a2 x TOC + b2 x S2 + ¢2 (2)

Where, S2c is measured by multistep pyrolysis and represents the content of adsorbed hydrocarbons, mg/g. TOC is the total organic carbon of the
sample, %. S2 is measured by conventional pyrolysis and represents the pyrolyzed hydrocarbons containing adsorbed hydrocarbons, mg/g. a2, b2, c2
are the correlation coefficients, dimensionless. In this model, a2, b2, and c2 are 0.102, 0.692, and —0.359, respectively.

Step 3: Integrated calibration. The actual S1 content of shale in the subsurface (S1¢) should include the measured S1 content, light hydrocarbon
lost before pyrolysis analysis (S1}), and adsorbed hydrocarbon detected as S2 (S2c). The actual S2 (S2) content in subsurface shale should be obtained
by subtracting the adsorbed hydrocarbon from conventional pyrolysis S2.

S1p = Slc + S2¢ 3

S2 = S2-S2¢ Q)
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where S1j is the original generated hydrocarbons, mg/g; S2 is the original pyrolyzed hydrocarbons, mg/g; S1c is measured by freeze-thaw pyrolysis,
and represents the free hydrocarbons before the loss of light hydrocarbons, mg/g; S2c is measured by multistep pyrolysis, and represents the content of
adsorbed hydrocarbons, mg/g; S2 is measured by conventional pyrolysis and represents the content of adsorbed hydrocarbons, mg/g.

Appendix B

Theoretical foundation and calculation steps of hydrocarbon micromigration evaluation [19,56].

Based on the mass balance principle, the shale oil content is controlled by hydrocarbon intramicromigration (HIM) and hydrocarbon extra-
micromigration (HEM). The real hydrocarbon generation potential (HGPR) of shales can be characterized by a hydrocarbon generation potential
index.

HGPR = (S1r + S11 + Sig + S2)/TOC x 100 (@D)]
where SjR is the residual hydrocarbon amount, S;j is the HIM amount, S;g is the HEM amount, and S, is the remaining hydrocarbon generation
potential.

Compared to the original hydrocarbon generation potential (HGP(). The following three situations exist:

1) Neither HIM nor HEM occurred. In this case, both Si; and S;g are 0, and all generated hydrocarbons (S1g) are retained in shale, as shown
below:

HGPR = HGP, )

HGPR = (S1r + S2)/TOC x 100 3)

2) HIM occurred without HEM. In this case, S1g = 0, and Sp; > 0; all generated hydrocarbons (S1gr) are retained in shale, and thus, HGPg > HGP,,
as shown below:

HGPgr > HGPy @

HGPg = (S1r + S11 + S2)/TOC x 100 ©)

3) HEM occurred without HIM. Hydrocarbon expulsion occurs only when the hydrocarbon generation amount satisfies self-adsorption, pore
water dissolution, oil dissolution (gas), capillary saturation, and other forms of residual occurrences of shale cells. Due to the entirely oil-saturated
state of shale cells, HEM occurs; therefore, S > 0, S1; = 0, and HGPr < HGPy, as shown below:

HGPgr < HGPy (6)

HGPg = (Sig + S2)/TOC x 100 %)

According to the mass balance principle, the micromigrated hydrocarbons (AQ) of shales can be evaluated, as shown below:

AQ = HGPy — HGPy 8)

AQ <0 indicates HIM, and AQ > 0 indicates HEM. The greater the absolute values are, the greater the HIM and HEM amounts are.

Since most pyrolysis data were tested after hydrocarbon expulsion occurred and since the TOC content changes during thermal evolution, the
hydrocarbon generation potential measured currently must be restored to its original state. Kerogen kinetics is important in resource evaluation for
better understanding the thermal maturation process of source rocks, and the relationship between HI and Tmax demonstrates the kinetic behavior of
the shales, which is often expressed as hydrocarbon transformation ratio. The data-driven model to reconstruct the original hydrogen index (HIy),
representing the HGP, as shown below:

0
IR
1200 (HI, — HI)
Tr ="y, (1200 — HI) G0

HI = HIO{I —exp

where HIj is the original HI, in mg HC/g TOC; HI is the hydrogen index (S2/TOC x 100, in mg HC/g TOC); T is the kerogen transformation rate, in %;
p and 6 are unknown parameters specific to kerogen kinetics; and C is a constant indicating the error magnitude in the measured hydrogen index at a
very high Tmax.

The measured Tmax and hydrogen index (HI) from Dongpu Depression shale were fitted with a data-driven model. To obtain a more accurate
hydrocarbon conversion process, first classified organic matter types and then simulated the reaction paths of the hydrocarbon generation kinetics of
different kerogen types. The HI evolution model and kerogen transformation rate (Tg) of different shale types under different maturity levels were
established. The following four situations exist:

T\
TypeI:HI—735{1—exp[— (42:) } } an
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Tmax —45
Typell; : HI = 385{ 1 —exp| — (m) (12)
T, -33
Typell, : HI = 210{ 1 —exp| — (ﬁ) 13
T, -31
Typelll : HI = 95¢ 1 —exp| — (ﬁ) as

Then, HI was calculated at different maturities, and kerogen TR models of kerogens of different types were obtained. The HIj values of shales with
specific organic matter types were obtained by combining the calculated Tg and HI, that is, HGP. Finally, AQ was obtained by subtracting HGPg from
HGPy.
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