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Abstract: Previous studies have shown that shale oil mobility depends on the relative content of free
oil and adsorbed oil. However, the research on how to establish a shale oil mobility evaluation is
relatively insufficient. This study aims to use pyrolysis data before and after extraction to accurately
identify the content of free oil and adsorbed oil, analyze the influencing factors of shale oil mobility,
characterize the hydrocarbon generation and expulsion process, and evaluate shale oil mobility. We
utilized an integrated mineralogical and geochemical dataset from the PS18-1 well in the Liutun
Sag, Dongpu Depression, Bohai Bay Basin. The results show that the adsorption capacity of type I
organic matter (OM) on shale oil is greater than that of type II OM, the OM abundance is of great
significance to shale oil mobility, and that quartz and feldspar can promote shale oil mobility. The Tyqx
corresponding to the threshold of hydrocarbon expulsion is 438~440 °C, and the oil saturation index
(O8SI) is about 158 mg/g TOC. There are four small intervals: a (3257 m~3260 m), b (3262 m~3267 m),
¢ (3273 m~3278 m), and d (3281 m~3282 m) meeting the conditions of hydrocarbon expulsion.
Large-scale hydrocarbon expulsion occurred in interval a, a small amount of hydrocarbon expulsion
in interval b, a large amount of hydrocarbon expulsion in interval ¢, and almost no hydrocarbon
expulsion in interval d. Based on the crossplot of S; and TOC, combined with other parameters
such as OSI, hydrocarbon generation potential (HGP), and free and adsorbed oil, we established
an evaluation chart of shale oil mobility and divided it into five categories: A, B, C, D, and E.
While categories A and C have good mobility and great resource potential, categories B and D have
relatively poor mobility and medium resource potential, and category E has little mobility and is an
invalid resource.

Keywords: shale oil mobility; rock pyrolysis; adsorbed oil; free oil; hydrocarbon expulsion

1. Introduction

Oil and gas are the most important energy resources, which are closely coupled to
a nation’s standard of living and productivity. Unconventional oil and gas have been an
important development direction for the oil and gas industry [1-5]. Shale oil, one of the
important unconventional oil and gas resources, widely exists in the continental basins of
China. Successful commercial exploitation in North America proves the great commercial
value of shale oil and provides a reference for the exploration and development of shale
oil in China. Shale oil refers to the liquid hydrocarbons existing in micro- and nanopores
in various ways, such as free state and adsorption state [1]. Compared with conventional
crude oil, shale oil has either not experienced migration or only experienced short-distance
primary migration, which results in a difference in its molecular composition from conven-
tional crude oil [1,6,7]. After years of research, significant progress has been made in the
exploration and development of continental shale oil in China, such as enrichment mecha-
nism, occurrence state, seepage mechanism, and driving mechanism [8,9]. Recent studies
have shown that the content of organic matter (OM) in shale not only affects oil and gas
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migration and reservoir space [10,11], it also has a strong correlation with the adsorption
capacity of residual hydrocarbons [12-14]. The shale oil occurrence state mainly includes
two forms, namely free state and adsorption state [15,16]. The free state shale oil mainly
exists in pores and fractures, while the adsorption-state shale oil is mainly adsorbed on the
mineral surface and in kerogen. Kerogen adsorption generally includes kerogen surface
adsorption, noncovalent bond adsorption between shale oil and kerogen, and envelope
mutual dissolution of organic macromolecules [17]. It has been shown that the adsorption
capacity of kerogen and minerals strongly affects the amount of retained fluid in the shale
resource system and the critical point when oil is saturated, which is very important for
the development of shale oil [18-21]. Since shale oil mobility is mainly determined by the
content of free-state hydrocarbons [6], therefore, how to accurately characterize the content
of free-state hydrocarbons and the process of hydrocarbon generation and expulsion are of
great significance.

Shale oil mobility refers to the amount of shale oil that can flow freely in the shale
oil system, reflecting the amount of shale oil that can be extracted from the reservoir and
directly affecting the development of shale oil. Up to now, there is no unified standard and
method for evaluating shale oil mobility, and rock pyrolysis and organic solvent extraction
are the commonly used methods [22-25]. Chen et al. (2019) divide shale oil into three types
of resources (i.e., immovable, restricted, and movable) based on pyrolysis data and the
kinetic model of hydrocarbon generation, so as to quantitatively describe the mobility of
shale oil resources. Generally, the S peak represents free hydrocarbon volatilized at a
temperature of 300 °C, while the S, peak mainly represents thermally cracked hydrocarbons
broken down at a temperature of 650 °C and 850 °C [23,24,26]. Other studies have shown
that the kerogen type and maturity have a significant impact on hydrocarbon adsorption,
and it has been considered that the T,y can be used as an indicator of maturity [27].
According to the theory, the higher the maturity of the OM, the higher the activation energy
of the residual OM for hydrocarbon generation. The temperature required for hydrocarbon
generation is gradually increased, and thus the T,y is higher. Therefore, the T}y can be
used as an indicator of maturity.

Many studies have also shown that S; is indexed for free oil, while S, does not fully
represent the hydrocarbon generation potential (HGP) [25,27,28]. Some macromolecular
compounds such as bitumen and the heavy hydrocarbons adsorbed on the surface of
kerogen should be taken into account as well [28-30]. For example, Han et al. (2015)
find that the content of shale oil increases by about 54% when considering the extractable
components of S, in Barnett Shale sequences, and thus, the residual hydrocarbon generation
potential (RHGP) is overestimated [19]. Jarvie (2012) proposes to use the pyrolysis and
extraction datum to estimate the extractable components in S,, and further evaluates the
relative content of total oil [31]. This method has been widely used in other places to
evaluate the relative content of total oil [19,30,32]. The extraction method cannot accurately
distinguish the free state from the adsorbed state. Moreover, there will be a loss of light
hydrocarbons in the preparation of samples. Obviously, there is a big error in directly using
pyrolysis or extraction method to evaluate the shale oil mobility.

In this study, to evaluate shale oil mobility, we first use the pyrolysis data before and
after extraction to maximize the identification accuracy of free oil and adsorbed oil. Then,
we evaluate the influence of the OM characteristics (e.g., abundance, type, and maturity),
minerals, and shale oil composition on the adsorbed oil and the free oil, Finally, we analyze
the process of hydrocarbon generation and expulsion, identify the threshold of hydrocarbon
expulsion and evaluate shale oil mobility in the studied interval

2. Geological Background

The Dongpu depression is located at the southwest end of the Bohai Bay basin, and it is
a typical Mesozoic-Cenozoic continental faulted basin in eastern China [33]. The depression
generally presents an NNE trend, about 140 km long, wide in the south (62 km), and narrow
in the north (14-18 km), with an area of about 5300 km? [34,35]. The Liutun sag is located
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in the west of the Dongpu depression, and adjacent to the Guancheng sag in the north, the
Huzhuangji slope in the southwest, the Mazhai slope in the west, and the Wenmingzhai
uplift in the east (Figure 1). Faults with various trends are relatively developed at the edge
of the sag due to the influence of large faults such as Wenxi, Changyuan, and Xingzhuang
on both sides.
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Figure 1. Regional structural location of the Liutun sag in the Dongpu depression. (a) regional
location map of the Dongpu depression in Bohai Bay Basin, China; (b) regional location map of the
Liutun sag in the Dongpu depression; (c) regional tectonic geological map of the Liutun sag [36].

During the Paleogene, the Bohai Bay Basin was in the rifting period, and experienced
the initial stage, development stage, peak stage, and shrinkage stage, and developed the
Kongdian Formation, the Shahejie Formation, and the Dongying Formation in turn [36]. In
the Neogene, the basin entered the depression period from the rifting period, developing
the Guantao Formation, the Minghuazhen Formation, and the Plain Formation in the
Quaternary [33]. Among them, the Shahejie Formation can be divided into four members.
From bottom to top, they are the fourth member of the Shahejie formation (Esy), the third
member of the Shahejie formation (Es3), the second member of the Shahejie Formation
(Esy), and the first member of the Shahejie formation (Es;). Four sets of salt-rock formations
were developed in the Shahejie formation from bottom to top (Figure 2), which is of great
significance for the preservation of shale oil.

The upper subinterval of the Es; member is the interbedded sedimentary stratum
(dark mudstone and carbonate) at the peak stage of the rifting period for the basin [31]. It
has a wide distribution range and large sedimentary thickness and is the target stratum of
this paper.
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Figure 2. Simplified stratigraphic histogram of the Liutun sag in the Dongpu depression, Bohai Bay
Basin [36,37].

3. Samples and Methods

The samples in this study came from the upper subinterval of the Es; member in
the Liutun sag of the Dongpu depression, and continuous coring was carried out at a
depth of 3258 to 3286.6 m in the well PS18-1. Each sample was divided into three parts to
obtain three groups of samples (i.e., pyrolysis group, extraction group, and mineral group).
The samples in the pyrolysis group were crushed into powder (120 mesh), and then the
experiment was carried out directly by Electronic Balance and Rock-eval 6. The experiment
mainly includes two steps: first, the sample is pyrolyzed under the protection of nitrogen;
second, the products released by pyrolysis (hydrocarbons, including S; peak and S, peak)
are monitored by a flame ion detector (FID), and the CO and CO, released by pyrolysis and
oxidative combustion are monitored by an infrared retector (IR). The initial temperature
of the pyrolyzer is set at 300 °C and maintained for three minutes, and then the products
are identified by FID and IR to obtain S; (hydrocarbon) and S; (organic CO and COy).
After that, the temperature is increased to 650 °C at 25 °C/min and the temperature is
allowed to drop to 300 °C. In this way, the products are identified by FID and IR to obtain
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S; and S3 (organic CO and COy). Finally, the residue is placed in the air to rise to 850 °C
for combustion at 20 °C/min, so as to obtain inorganic CO,. All the pyrolysis experiments
were performed under the same instrument and condition. The samples in the extraction
group were crushed into powder and then extracted with dichloromethane. After obtaining
the extracts, the solvent was volatilized under an environment of low temperature. The
extracts were added to hexane to fully dissolve the saturated hydrocarbon, aromatic and
nonhydrocarbon fractions, and to fully precipitate the asphaltenes, which were then filtered
out through a funnel. The filtrate was added to the silica gel/alumina chromatography
column (2:1), and then the components in the chromatography column were washed
successively to obtain saturated hydrocarbons and aromatic hydrocarbons, respectively.
Then, the extracted residue was subjected to the above pyrolysis to obtain the pyrolysis
data after extraction. The samples in the mineral group were crushed into powder, and the
minerals were analyzed by X-ray diffraction with a D8 advance to quantitatively identify
the contents of various minerals.

The principle of pyrolysis is that the different OM have different physical properties.
For example, most gaseous hydrocarbons are directly lost, and a small amount of gaseous
hydrocarbons that are adsorbed onto the minerals or dissolved in oil are directly volatilized
in the initial stage of pyrolysis. For liquid hydrocarbons, with the increase in pyrolysis
temperature, first small molecular hydrocarbons are volatilized (free oil), following macro-
molecular hydrocarbons (free oil), then hydrocarbons adsorbed on minerals and kerogen
are separated, and finally, kerogen is pyrolyzed to produce hydrocarbons. The separation
of the adsorbed oil (especially the heavy hydrocarbons adsorbed on the kerogen) and the
pyrolysis of the kerogen are carried out simultaneously. So, how to distinguish the separa-
tion of adsorbed oil from the pyrolysis of kerogen is the key to quantitatively evaluating the
content of adsorbed oil. Based on the pyrolysis data before and after extraction, this study
accurately evaluates the content of free oil and adsorbed oil and discusses the threshold of
hydrocarbon expulsion. Since the polarity of the solvent used was relatively strong and
the sample was crushed into powder, the residue of extracted samples does not contain
adsorbed oil. So, the Sy obtained from pyrolysis (after extraction) is the pyrolysis of
kerogen. Therefore, the content of adsorbed oil is (S,-S;.1), and S; obtained from pyrolysis
(before extraction) can represent free oil.

4. Results
4.1. Pyrolysis and Extraction

The pyrolysis data before and after extraction are shown in Table 1. It can be seen
that for the pyrolysis before extraction, the maximum temperature of pyrolysis (Tmax) was
between 428~444 °C, and the average Ty, was 436.8 °C; S; is 0.23~12 mg/g, with an
average value of 4.17 mg/g; and S, is 0.76~31.03 mg/g, with an average of 12.76 mg/g.
For pyrolysis after extraction, the Tp,x.1 is between 430~447 °C, and the average Tpax-1 is
439.8 °C; S1.1 15 0.01~0.2 mg/g, with an average value of 0.06 mg/g; S,.1 is 0.73~23.89 mg/¢g,
with an average value of 9.43 mg/g. Compared to the pyrolysis before extraction, S;_
content was very low and almost negligible (possibly organic solvents or hydrocarbons
remaining on the rock surface), Sy.; content decreased slightly, and both HI.; and OI 4
increased. This indicates that shale oil mobility in the studied interval changed greatly.
The content of free oil was higher than that of adsorbed oil, and most of the hydrogen and
oxygen elements were concentrated in kerogen.

The saturated hydrocarbon is the largest component, up to 83.43% with an average
value of 64.16%, while the aromatic hydrocarbons content ranged from 4.57% to 16.39%,
with an average value of 11.64% (Figure 3). The total hydrocarbon content was between
57.92~88.29%, with an average value of 75.81%. Nonhydrocarbon was the second largest
component, ranging from 9.91% to 35.94%, with an average value of 19.89%. The asphaltene
content was the lowest, ranging from 1.09% to 12.87%, with an average value of 4.26%.



Energies 2023, 16, 2101

6 of 20

Table 1. Pyrolysis data before and after extraction from the Es3 source rocks of well PS-18-1 in the
Liutun sag, Dongpu Depression.

Debth Pyrolysis before Extraction Pyrolysis after Extraction
°pt Tmax Sq Sz HI Ol TOC S Tmax-1 S11 S21 HI, OIL;
3258.1 442 7.25 27.8 584.66 72.90 4.76 0.821 445 0.13 22.02 1146.8 70.31
3258.4 439 7.4 24.8 634.78 43.48 391 0.459 443 0.11 17.8 787.61 88.50
3258.5 440 8.43 31.0 601.36 24.61 5.16 0.649 442 0.18 23.89 1264.0 95.24
3258.8 440 3.33 9.71 439.37 76.92 2.21 0.239 442 0.03 7.86 99242 21843
3259.3 444 524 18.8 572.64 44.38 3.29 0.379 447 0.04 16.22 19332 172.82
3259.6 444 3.15 12.7 466.91 65.07 2.72 0.274 444 0.04 11.74 798.64  113.61
3259.7 442 2.26 6.93 366.67 73.54 1.89 0.179 444 0.03 59 656.28  194.66
3261 436 1.32 2.87 278.64  117.48 1.03 0.222 439 0.06 1.52 49.67 51.63
3262.5 439 3.42 8.88 418.87 73.58 2.12 3 441 0.07 6.56 321.57 85.78
3265.7 443 277 8.24 385.05 72.43 2.14 0.39 447 0.02 6.75 406.63  111.45
3266.2 440 5.26 15.8 656.61 61.57 242 0.137 441 0.01 9.7 326.60 71.72
3266.6 438 3.56 717 318.67 80.89 2.25 0.27 441 0.2 5.58 221.43 85.71
3268.2 428 0.36 0.76 12298  519.42 0.61 0.225 425 0.07 0.73 22.32 81.96
3269.9 436 0.73 1.66 168.70  250.00 0.98 1.26 438 0.05 1.42 47.97 98.31
3271.3 432 291 6.25 39557  143.67 1.58 0.649 439 0.04 2.86 262.39  286.24
3272.8 440 1.86 5.55 444.00  116.00 1.25 0.575 439 0.05 3.66 338.89  247.22
3273.5 440 5.38 27.5 640.23 37.44 4.3 0.687 442 0.08 22.49 41494  424.35
3276.6 441 497 25.1 598.57 27.68 4.19 0.822 443 0.07 20.22 13129  161.04
3277.4 435 7.32 24.8 572.75 34.87 4.33 0.18 438 0.12 17.84 73115  106.56
3277.9 436 5.26 14.6 455.31 61.88 3.2 0.474 438 0.06 12.06 648.39  126.34
3278 431 3.53 7.76 36093  96.74 215 1 435 0.03 5.85 328.65  163.48
3278.5 442 3.99 16.5 533.98 49.51 3.09 0.139 444 0.03 15.04 624.07  100.41
3278.9 430 12 239 67247  36.80 3.56 0.353 434 0.12 13.62 17619  360.93
3279.3 416 2.07 1.82 152.94 129.4 1.19 3.74 417 0.08 0.87 57.24 192.76
3280.4 435 1.42 3.24 281.74 126.0 1.15 0.301 436 0.05 1.94 140.58  250.72
3280.8 435 1.39 3.71 268.84 128.2 1.38 0.278 440 0.06 2.76 76.45 92.80
3281.4 432 0.23 1.23 181.95  1010.3 0.67 0.158 436 0.02 0.76 58.02 263.36
3281.6 439 4.18 14.5 561.39 60.62 2.59 0.207 442 0.02 5.72 136.19 78.81
3283.1 432 5.02 15.8 526.00  83.67 3 0.3 439 0.02 9.51 270.17  100.57
3283.9 433 7.09 16.5 827.64  116.58 1.99 0.11 438 0.02 6.44 178.39 91.41
3284.8 431 9.55 18.3 495.66 44.44 3.69 0.573 434 0.1 13.12 640.00 71.71
3286.6 435 0.79 4.34 266.26  107.98 1.63 0.299 440 0.02 2.8 80.92 44.51

Tmax is the maximum temperature of pyrolysis, S; is free hydrocarbon volatilized at a temperature of 300 °C, S; is
the sum of adsorbed hydrocarbon and degradation of kerogen; HI is hydrogen index (HI = S, x 100/TOC); Ol is
oxygen index (OI = S3 x 100/TOC). Trax-1 is the maximum temperature for the pyrolysis after extraction, S is
sulfur; S1.1, Sp.1, HL1, and OL; are the parameters of pyrolysis after extraction.

4.2. Mineral Analysis

The minerals in the studied interval are mainly composed of clay and quartz, with a
sum of 50.8%, and an average content of plagioclase, calcite, and dolomite of 6.3%, 11.2%,
and 19.6%, respectively (Figure 4). In addition, there was a small amount of siderite, halite,
pyrite, gypsum, and anhydrite. Generally, the content of minerals was relatively stable
and shows periodic rhythmic changes (Figure 5). Furthermore, the content of clay, quartz,
plagioclase, and calcite tended to decrease slightly, and the content of dolomite and gypsum
tended to increase slightly with an increasing burial depth.
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Figure 3. Variation of components in an extract with depth. Sat: saturated hydrocarbon; Aro: aromatic

Figure 4. The average mineral content in Es3 source rocks of well PS-18-1, Liutun sag, Dongpu Depression.
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4.3. Organic Matter Type and Maturity

It can be seen that the OM maturity had a large span (T} is between 428 °C and
444 °C), ranging from immature through low maturity to mature and that most of them
belong to the stage of thermal degradation. Further, the sulfur content of the pyrolysis
product varied widely, which further verifies that the OM maturity had a large span
(Table 1). Pyrolysis parameters are commonly used in the classification of kerogens. In
this field, Tissot and Espitalie of the FPI (French Petroleum Institute) jointly developed
new pyrolysis technologies to evaluate source rocks and their maturity stages (based on
hydrogen index and oxygen index) from the perspective of quality and quantity and
proposed a thermal evolution model of organic matter in sedimentary rocks [23,26,27]. In
this study, according to the cross-plot of pyrolysis parameters HI and T,y (Figure 6), type I
and type II OM are mainly developed in the studied interval.
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Figure 6. Chart for identifying the types of organic matter—a cross plot of Ty, and HI; where Ty
is the maximum temperature of pyrolysis and HI is the hydrogen index.
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4.4. Shale Oil Occurrence State

The shale oil occurrence states mainly included the adsorption state and the free state.
Accurately characterizing the content of these two types of oil is a precondition for the
evaluation of shale oil mobility. For OM-rich shale, previous studies have confirmed that
kerogen adsorption was dominant relative to mineral adsorption [6,9,17]. In this study,
there are two key points for the quantitative characterization of adsorbed oil. One is the
determination of the boundary between free oil and adsorbed oil, and the other is the
determination of the boundary between adsorbed oil and kerogen in the process of rock
pyrolysis. The pyrolysis curve is a combined response of free oil, adsorbed oil, and kerogen-
derived hydrocarbon. S; represents free oil and S, represents the sum of adsorbed oil and
kerogen-derived hydrocarbon. The pyrolysis curve after extraction represents the kerogen
degradation (S;.; may be residual hydrocarbons (adsorbed oil) or organic solvents, with an
average value of 0.06 mg/g, and S,_; is the kerogen-derived hydrocarbon). Therefore, (S;-
Sy.1) represents all adsorbed oil, and S; can be regarded as all free oil. According to Table 1,
the content of adsorbed oil is 0.12~10.32 mg/g, with an average content of 3.55 mg/g, and
the content of free oil is 0.23~12 mg/g, with an average content of 4.14 mg/g. The content
of free oil was slightly higher than the adsorbed oil.

According to the changing trend between the adsorbed oil ((Sz-5,.1)/ TOC) and free oil
(S1/TOC) per unit of TOC (Figure 7), it can be seen that with the increase of (Sp-S;.1)/TOC,
51/TOC begins to increase sharply. When the (5;-55.1)/TOC reaches 100 mg/g TOC,
51/TOC no longer increases sharply (stable at around 150 mg/g TOC). This shows that free
oil begins to discharge from the oil generation system at the time (S,-S,.1)/ TOC reaches
100 mg/g TOC. The free oil in the system is saturated, however, the adsorbed o0il is not
saturated, part of the newly generated shale oil is adsorbed, and the other part is discharged
from the system.
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Figure 7. The trend of S; /TOC versus (S3-Sy.1)/TOC; where S; /TOC is the content of free oil per
unit of TOC and (5,-S;.1)/TOC is the content of adsorbed oil per unit of TOC.
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5. Discussion
5.1. Factors Affecting the Shale Oil Occurrence State

There are many factors affecting the shale oil occurrence state. According to previous
studies [17,23,37], it can be summarized into two categories. One is the mineral type and
content, especially the clay minerals, which have a great impact on the shale oil occurrence
state. The other is the OM abundance, type, and maturity. Different OM abundances
and types have different adsorption capacities to shale oil, and the shale oil components
produced by different maturities and their impacts on reservoir space are different.

5.1.1. Mineral Composition

The minerals in the studied interval mainly included clay, quartz, plagioclase, calcite,
dolomite, and gypsum. We analyze the correlation of minerals with adsorbed oil, free
oil, and total oil (adsorbed oil + free oil), respectively (Figure 8), so as to determine the
influence of these six minerals on the shale oil occurrence state.
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Figure 8. Correlation analysis of minerals with adsorbed oil, free oil, and total oil (adsorbed oil + free
oil) respectively. AO: adsorbed oil; FO: free oil; AO + FO: total oil (adsorbed oil + free oil).

According to Figure 8, the overall correlation is relatively weak. Clay content has
no obvious correlation with adsorbed oil, free oil, and total oil. Quartz content has a
certain positive correlation with free oil, adsorbed oil, and total oil. Plagioclase content
has an obvious positive correlation with adsorbed oil, free oil, and total oil. Calcite and
dolomite content have no obvious correlation with adsorbed oil and free oil, while gypsum
has a certain positive correlation with free oil, adsorbed o0il, and total oil. Based on these
correlations, we infer that the minerals in the studied interval have a weak adsorption
capacity for shale oil. Among many minerals, plagioclase, quartz, and gypsum have a
certain influence on shale oil mobility, while the influence is not large.
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5.1.2. Organic Matter Type, Abundance, and Maturity

OM type plays an important role in hydrocarbon composition and hence affects the
mobility of source rocks during maturation [38]. The hydrocarbon composition generated
from type II OM is rich in aromatics and NSO compounds, which usually results in the
retention of heavy compounds and the formation of viscous shale oil. On the contrary, the
oil generated from type I and III OM contains a large amount of paraffin with a relatively
low content of aromatics and NSO compounds, and the shale oil is more mobile compared
with that from type II OM [39]. In addition, the oil mobility ability increases with the
increase of TOC for type II OM, while there was no obvious effect of TOC on the oil
mobility for type III OM [40].

It has been proven that the studied interval mainly develops type I and II OM, and
type III OM is not developed. According to the above analysis, it can be seen that the
contents of adsorbed oil and free oil for type Il OM are relatively low, with an average
content of 1.66 mg/g and 2.59 mg/g, respectively, while the contents of adsorbed oil and
free oil for type I OM are relatively higher, with an average of 6.22 mg/g and 6.26 mg/g,
respectively. In order to further determine the influence of the OM types on the adsorbed oil,
the TOC should be considered. In addition, the adsorbed oil or free oil cannot be analyzed
separately. Therefore, the OM types and the content of adsorbed oil ((S2-S;.1)/ TOC), free
oil (S1/TOC) per unit TOC, and the ratio between the two ((Sz-5,.1)/51) are compared one
by one (Figure 9).
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Figure 9. Changes of adsorbed 0il ((S2-Sp-1)/TOC, mg HC/g TOC) and free 0il (S;/TOC, mg HC/g
TOC) per unit TOC and the ratio ((Sp-Sp-1)/S1) of two with depth.
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The results show that the (5,-55.1)/TOC for type Il OM is between 4.85 and 214 mg/g
TOC, with an average value of 91.5 mg/g TOC; and the S;/TOC is between 34 and
258.8 mg/g TOC, with an average value of 132.3 mg/g TOC; while (S;-55.1)/5; is between
0.08 and 2.04, with an average value of 0.77. However, for type I OM, the (5,-S;.1)/TOC
is between 35.3 and 504 mg/g TOC, with an average value of 193.5 mg/g TOC; and the
S1/TOC between 115.8 and 356.2 mg/g TOC, with an average value of 184.8 mg/g TOC;
while the (S;-S5.1)/S; is between 0.3 and 2.11, and the average value is 0.99. The values of
(52-52-1)/TOC, 51 /TOC, and (S3-55-1)/S; for type I OM are all higher than those for type II
OM. Among many parameters, the ratio ((S-5,.1)/S1) between free oil and adsorbed oil
can best describe the OM adsorption capacity for shale oil. It is further inferred that the
adsorption capacity of type I OM (average value of (5-55.1)/5; is 0.99) is stronger than that
of type I OM (average value of (S;-S,.1)/S; is 0.77), and this is consistent with previous
studies [39,40].

In addition, we found that the contents of adsorbed oil and free oil gradually increased
with the increase of TOC, showing a good positive correlation (Figure 10a,d). It can
be inferred that OM abundance is crucial to the shale oil occurrence state and mobility.
According to Figure 10b,c, it can be seen that the adsorbed oil and free oil increased sharply
with the increase of maturity, whereas the correlation was very poor, indicating that the
maturity had little effect on the shale oil occurrence state and mobility.
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Figure 10. Influence of the abundance (TOC) and maturity (Tmax) of organic matter on the occurrence
state of shale oil; (a,d) show the influence of TOC on adsorbed oil and free oil; (b,c) are the influence
of Tmax on adsorbed oil and free oil.

5.1.3. Shale Oil Composition

The OM in the source rock is of great significance for the retention and migration of
oil and gas. It has been confirmed by the hydrocarbon diffusion experiments that kerogen
adsorption can cause the fractionation of the oil components [21,41]. The fractionation
efficiency is mainly controlled by the TOC content and kerogen type [21], and pore size is
of great significance to the oil components’ fractionation as well. The migration capacity of
the components in crude oil are different (saturated hydrocarbon > aromatic hydrocarbon >
NSO compound > asphaltene, light hydrocarbon > heavy hydrocarbon), and the longer the
migration distance, the more likely the fractionation of shale oil components will occur [42].
In this study, we determined the relationship between the shale oil occurrence state and
its composition (aromatic hydrocarbon, saturated hydrocarbon, nonhydrocarbon, and
asphaltene) (Figure 11). Figure 11 shows that the shale oil components have no obvious
relationship with the adsorbed oil and free oil. All points show a scattered and disordered
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distribution, indicating that the component had a relatively weak influence on the shale
oil occurrence state and mobility. At the same time, it also shows that the shale oil in the
studied interval does not undergo large-scale component fractionation.
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Figure 11. Correlation analysis between the shale oil components, free oil, and adsorbed oil, respec-
tively. FO: free oil; AO: adsorbed oil; Sat: saturated hydrocarbons; Aro: aromatic hydrocarbons; Res:
nonhydrocarbons; Asp: asphaltenes.

5.2. Shale Oil Intrasource Migration

The biggest features of shale oil are in situ retention and accumulation, and they
generally have experienced short-distance intrasource migration. With the increase in
maturity, the immature kerogen begins to crack and generates bitumen first, followed
by oil and gas, accompanied by coke bitumen, charcoal, and other byproducts, which
have significant impacts on the OM connectivity [23,43-45]. Immature OM exists in the
form of randomly distributed kerogen [46,47], and its connectivity is mainly related to
OM abundance. When OM is in two important transformation stages (the cracking of OM
to generate bitumen, and the further cracking of bitumen to generate petroleum), a large
amount of liquid petroleum is generated and migrated [48,49]. However, this migration is
conditional, and it is called the threshold of hydrocarbon expulsion.

The research on the shale oil migration mechanism has received attention for a long
time [20]. The diffusion of hydrocarbon molecules through the kerogen network can form
the primary accumulation, and this diffusion depends on the ratio of bitumen to kerogen
and is limited to relatively small hydrocarbon molecules. Diffusion is an important and
slow migration mechanism for immature or early mature source rocks [50]. Hydrocarbon
molecules continuously produced by kerogen diffuse into pores or fractures through the
kerogen network. When pores or fractures are saturated, hydrocarbon molecules migrate
rapidly in interconnected pores or fractures. Previous studies have shown that hydrocarbon
molecules begin to flow when the oil saturation in pores is between 15~25% [51-53].
Mann et al. (1994) point out that oil migration is at its peak when the oil saturation in
the pores is between 40~60% [52]. Most hydrocarbon molecules percolate in a discrete
petroleum phase, which is called dispersed flow. It is driven by the gradient of pressure
and buoyancy in macropores and fractures. These gradients are mainly caused by burial-
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induced compaction, which is further enhanced by the increased volume from the transition
of solid kerogen to the liquid petroleum phase [53,54]. The above studies show that there is
a threshold for hydrocarbon migration.

5.2.1. The Threshold of Hydrocarbon Expulsion

In the process of hydrocarbon generation and expulsion, determining the threshold
of hydrocarbon expulsion is very important. Jarvie (2012, 2014) systematically counts
the S; and TOC data of major oil-producing shale formations in North America, such as
Bakken, Eagle Ford, Marcellus, and Montney, and shows that there is a specific threshold
for crude oil flow in shale formations. They use the oil saturation index (OSI) to represent
the threshold. It has been pointed out that when the OSI reaches 100 mg/g TOC, the
generated hydrocarbons overcome the adsorption ability of OM-rich shale, and thus the
excess hydrocarbons can be expelled out of the source rocks [3,31].

Many studies directly apply this threshold of hydrocarbon expulsion without consid-
ering that most of the shales in China are lacustrine deposits, while the value of 100 mg/g
TOC obtained by Jarvie (2012) is based on the marine shale formation in North America.
Therefore, the difference in geological conditions makes the threshold of hydrocarbon
expulsion unsuitable for the lacustrine shale. Many scholars redetermine the threshold of
oil expulsion for the lacustrine shale through the evolution law of many parameters such
as hydrocarbon generation potential (HGP) [4,23,55]. In this study, according to a large
number of pyrolysis data in upper Es3 members, T, is used as the scale for the degree
of thermal evolution (maturity). We analyzed the correlation of OSI and HGP changing
with Tyy, further completed the analysis of the whole process for hydrocarbon generation
and expulsion, and identified the threshold of hydrocarbon expulsion. At the same time,
we analyzed the law of total oil, chloroform bitumen “A” and total hydrocarbon changing
with Ty, s0 as to verify each other and obtain a more accurate threshold of hydrocarbon
expulsion (Figure 12).
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Figure 12. The whole process of hydrocarbon generation and expulsion. (Tqx represents the thermal
evolution degree of organic matter, and the higher the Ty;x, the higher the maturity of organic
matter). OSI: oil saturation index (S; /TOC); HGP: hydrocarbon generation potential ((S; + Sp)/TOC);
FO +AO: free oil + absorbed oil; CBA: chloroform bitumen “A”; TH: total hydrocarbon. (a,b) are
used to identify the hydrocarbon expulsion threshold, and (c—e) are used to verify the hydrocarbon
expulsion threshold.

During the experiment, we first determined the threshold of oil expulsion according
to the relationship between HGP and Tyy. The corresponding Ty, was identified as
shown in Figure 12b. Then we determined the OSI corresponding to the threshold of oil
expulsion according to the relationship between OSI and T4y (Figure 12a). Similarly, Tyyax
corresponding to the threshold of hydrocarbon expulsion can be obtained according to the
relationship diagram of the total oil with T,y (Figure 12c), chloroform bitumen A with
Tmax (Figure 12d), and total hydrocarbon with T,y (Figure 12e).

According to Figure 12a,b, when T}y reaches 428~430 °C, the upper Es3 member
begins to enter the stage of oil generation, and the OSI and HGP increase rapidly. When
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Tnax reaches 430~440 °C, the changes of OSI and HGP are basically the same, which isin a
stable stage. When T,y is between 438~440 °C, it reaches the peak of o0il generation and
then begins to decline. That is, after 440°C, a large amount of oil is expelled. Combined
with the law that the total oil, chloroform bitumen A, and total hydrocarbon change with
the Tyax (Figure 12c—e), it can be verified that when T4y is about 430 °C, the upper Es3
member begins to generate o0il, and when T,y is about 440 °C, it is at the peak of oil
generation and begins to discharge oil. Then, count the OSI corresponding to Ty4y in the
range of 438~440 °C, and calculate the OSI corresponding to the threshold of oil expulsion.

According to the statistics of 10 groups of OSI corresponding to Ty in this temper-
ature range (438~440 °C), the average OSI is 158 mg/g TOC. This value is basically the
same as the OSI (about 150 mg/g TOC) determined in Figure 7, which further verifies the
accuracy of the threshold. That is, when the OSI reaches 158 mg/g TOC, the shale pore will
be saturated and the excess hydrocarbons will be discharged out of the system.

5.2.2. The Process of Hydrocarbon Expulsion

In order to further clarify which small intervals in the upper Es3 member have experi-
enced oil discharge, the OSI, residual hydrocarbon generation potential (RHGP, kerogen),
and T,y are projected onto the depth profile (Figure 13) to analyze the hydrocarbon expul-
sion process. The results show that there are four small intervals meeting the conditions
for oil expelled, namely interval a (3257 m~3260 m), interval b (3262 m~3267 m), interval c
(3273 m~3278 m), interval d (3281 m~3282 m).
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Figure 13. Analysis of hydrocarbon generation and expulsion for upper Es; members in the studied
area. a, b, ¢, and d all represent the small intervals in which the maturity of organic matter meets
the conditions for hydrocarbon expulsion; OSI: oil saturation index (S;/TOC) and also known
as free oil per unit TOC; RHGP: residual hydrocarbon generation potential (S;.;/TOC, kerogen);
Tmax: maximum temperature of pyrolysis and represents the degree of thermal evolution.

For interval a, the OSI and RHGP have both decreased, indicating that a large amount
of kerogen has been degraded to generate and expel hydrocarbons. Especially at 3260 m,
which corresponds to low OSI, low RHGP, and high Tiay, indicating that a large amount of
kerogen is degraded to generate oil and migrated a great deal. For interval b, the OSI first
decreased and then increased and RHGP first increased and then decreased, indicating that
the amount of degraded kerogen first decreased and then increased. The ability to expel
hydrocarbons was weak. Most of the generated hydrocarbons stayed in place and a small
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amount of hydrocarbons were discharged from the pore system. For interval ¢, the OSI was
mostly below 158 mg/g TOC and it first decreased and then increased, while the RHGP
was relatively high and it showed a significant downward trend. This suggests that kerogen
is degraded in large quantities. A small part of the generated hydrocarbons stayed in place,
and most of them were discharged from the pore system. The maturity in interval d was
relatively low, and it had not reached the conditions for large-scale hydrocarbon expulsion.
The RHGP was significantly increased, indicating that the degradation of kerogen was
weakened, and oil is not discharged while the OSI of individual points is relatively high. It
may be caused by the migration of other layers.

5.2.3. The Evaluation of Shale Oil Mobility

Previous publications showed that only when the OSI exceeds 100 mg/g TOC, it
has a certain potential for exploration and development [3,32]. Huang et al. (2020) not
only determined that the threshold of hydrocarbon expulsion for shale in the Yanchang
Formation is 70 mg/g TOC, they also referred to the important role of TOC in the evaluation
of shale oil mobility [56]. In addition, most of the OSI of the intersalt strata in the Qianjiang
sag of China can reach hundreds or even higher, however, it is found that some strata
with low content of free hydrocarbon (S;) have not actually achieved good oil and gas
production [4,6,57], which further verifies the limitation of relying on a single OSI to
evaluate. In this study, we systematically evaluated the shale oil mobility in the upper Es3
member by integrating various parameters such as the threshold of hydrocarbon expulsion,
the content of adsorbed oil, the content of free oil, and the TOC.

Based on the cross-plot of S; and TOC, combined with the threshold of hydrocarbon
expulsion (OSI = 158 mg/gTOC), free oil, adsorbed oil, and other parameters established
above, we have established the evaluation chart for shale oil mobility, and then completed
the evaluation of shale oil mobility (Figure 14, Table 2). According to Figure 14, the free oil
(51) shows obvious three-stage characteristics. When the TOC is greater than 4%, S is at a
stable high value; when the TOC is between 1~4%, Sy rises rapidly; when the TOC is less
than 1%, S; is at a stable low value.

124

+ XYS-9
¢ L-20
n * FY-1
O L-67
101 A L-69
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®
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Figure 14. Classification and evaluation of shale oil mobility. A and C represent good mobility, which
can be called effective resources; B and D represent relatively poor mobility, but have certain potential,
which can be called potential resources; E represents the worst mobility, which can be regarded as an
invalid resource. OSI: oil saturation index (S; /TOC).
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Table 2. Comprehensive evaluation of shale oil mobility.

Category

Free Oil
(mg/g)

Absorbed Oil OSI PRHG-Kerogen Mobility

(mg/g) (mg/gTOC) (mg/g) Evaluation Resource Evaluation

A

B
C
D
E

>4
1.5~4
>4
1.5~4
<1.5

2.51~10.32 >158 5.72~23.89 First-class Effective resources
0.95~3.39 >158 0.87~6.56 Third-class Potential resources
4.86~10.03 <158 6.44~22.49 Second-class Effective resources
0.96~1.89 <158 3.66~15.04 Fourth-class Potential resources
0.03~1.54 <158 0.73~2.8 Fifth-class Ineffective resources

OSI: oil saturation index; RHGP: residual hydrocarbon generation potential.

Therefore, the shale oil in the studied interval can be divided into five categories
(Figure 14): A, B, C, D, and E. The upper envelope was about 9 mg/g and the lower
envelope was about 4 mg/g. For category A, the free oil was greater than 4 mg/g with
an average value of 6.96 mg/g; the adsorbed oil (5;-55.1) was 2.51~10.32 mg/g with an
average content of 6.3 mg/g; the OSI was greater than 158 mg/g TOC, and the RHGP (Sy-1)
was 5.72~23.89 mg/g with an average value of 13.95 mg/g. For category B, the free oil is
1.5~4 mg/g with an average value of 2.81 mg/g; the adsorbed oil was 0.95~3.39 mg/g with
an average value of 2.03 mg/g; the OSI was greater than 158 mg/g TOC, and the RHGP is
0.87~6.56 mg/g with an average value of 4.34 mg/g. For category C, free oil was greater
than 4 mg/g with an average value of 6.17 mg/g; adsorbed oil was 4.86~10.03 mg/g with
an average value of 6.4 mg/g; the OSI was less than 158mg/g TOC, and the RHGP was
between 6.44~22.49 mg/g with an average value of 17.79 mg/g. For category D, free oil
was 1.5~4 mg/g with an average value of 2.89 mg/g; adsorbed oil was 0.96~1.89 mg/g
with an average value of 2.03 mg/g; the OSI was greater than 158 mg/g TOC, and the
RHGP was 3.66~15.04 mg/g with an average value of 8.49 mg/g. However, for category
E, free oil (average value is 1.0) and adsorbed oil (average value is 0.84) are both less than
1.5 mg/g; the OSI was also less than 158 mg/g TOC, and the RHGP was 0.73~2.8 mg/g
with an average value of 1.7 mg/g, which can be regarded as ineffective resources.

In order to verify the validity of this model, the rock pyrolysis parameters S; and
TOC of five wells in Jiyang Depression, including L-69, L-67, XYS-9, FY-1, and L-20, were
collected through literature research, as well as the oil test data of corresponding intervals
(Table 3) [58,59]. The average S; and TOC of the five wells were projected into the model
(Figure 14). It can be seen that the two wells with the highest oil rate were located in area
A, while the other three Wells with poor oil rates were located in D, which fully verifies the
effectiveness of the model. To sum up, category A and category C have good mobility and
can be called effective resources. Category B and category D have relatively poor mobility,
however, they have a certain potential and can be called potential resources. Category E
has the worst mobility and the lowest content of organic matter, so it can be regarded as
having ineffective resources (Table 2).

Table 3. Statistical table of pyrolysis parameters and oil test parameters in the Jiyang sub-basin [58,59].

Well

Depth (m) Sub-Basin Interval

Average TOC Average S Oil Rate
(wt%) (mg/g Rock) (t/day[b/day])

XYS-9
L-20
FY-1
L-67
L-69

3388-3405 Jiyang Ess 3.39 5.00 38.5 (283.1)
2869-2880 Jiyang Ess 245 458 9.2 (67.5)
3199-3210 Jiyang Ess 4.19 3.05 2.41 (17.68)
3287-3310 Jiyang Ess 2.37 2.29 2.1 (15.4)
3040-3066 Jiyang Ess 3.83 2.61 0.85 (5.87)
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6. Conclusions

The studied interval mainly develops type I and II OM, and the content of free
oil (average 4.14 mg/g) is slightly higher than adsorbed oil (average 3.55 mg/g). The
adsorption capacity of minerals to shale oil is relatively weak. The influence of brittle
minerals such as quartz and feldspar on the shale oil occurrence state and mobility is
stronger than that of clay minerals. The whole process of hydrocarbon generation and
expulsion shows that when T4y is around 430 °C, the upper Es; member begins to generate
oil. When T,y is around 438 °C, it is at the peak of oil generation and begins to discharge oil.
Based on this, the OSI corresponding to the threshold of hydrocarbon expulsion is calculated
to be 158 mg/g TOC. In small interval a (3257 m~3260 m), a large amount of kerogen is
degraded to generate and expel hydrocarbons. In small interval b (3262 m~3267 m), the
ability to generate and expel hydrocarbons is weak, most of the generated hydrocarbons are
retained in situ, and a small amount of hydrocarbon is discharged from the pore system. In
small interval ¢, the ability to generate and expel hydrocarbons is relatively strong, a small
amount of generated hydrocarbons is retained in situ, and most of them are discharged
from the pore system. The maturity of small interval d is relatively low, the degradation
of kerogen is weakened, and oil is not discharged, but the OSI of individual points is
relatively high. It may be caused by oil migration from other layers. The evaluation chart
of shale oil mobility shows that five categories of A, B, C, D, and E are developed in the
studied interval. Category A and category C have good mobility and can be called effective
resources. Category B and category D have relatively poor mobility. However, they have a
certain potential and can be called potential resources. Category E has the worst mobility
and can be regarded as an ineffective resource.
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