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Abstract: Heat carried by deep fluid might greatly affect hydrocarbon generation and pore space in shale. Dyke intrusion
carrying high levels of heat may be a means by which to explore the influence of deep fluid on shale reservoirs. This study
evaluates hydrocarbon generation and analyzed the evolution of shale storage space in the third member of the Xiamaling
Formation in the Zhaojiashan section, Hebei Province, based on experimental data such as TOC, SEM, VRo, lowtemperature N2 adsorption and high-pressure mercury injection. The results show that the dyke intrusion reduced the shale
TOC content drastically―by up to 77%―and also induced instantaneous hydrocarbon generation over a range about 1.4
times the thickness of the intrusion. Furthermore, the dyke intrusion might transform organic pores in surrounding shales
into inorganic pores. There were two shale porosity peaks: one appeared when VRo = 2.0%, caused by the increase of
organic pores as thermal maturity increased, the other occurred when the VRo value was between 3% and 4%, caused by
the increase of inorganic mineral pores. It can be concluded that dyke intrusion can be an effective tool with which to study
how deep fluid affects instantaneous hydrocarbon generation and pore space in shale.
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1 Introduction
Deep fluids beneath the basement of a basin migrate to
the interior of the basin and often have organic and
inorganic physicochemical interactions with the
surrounding rocks or fluids in that basin (Liu et al., 2019,
2020). In particular, the thermal effect of deep fluids
promotes shale hydrocarbon generation and reservoir
development (Li et al., 2016; Xu et al., 2021; Pan et al.,
2022), locally changing the characteristics of conventional
oil and gas geochemical indicators. Dyke intrusion is an
important part of deep fluid in sedimentary basins. This
type of fluid can introduce heat into sedimentary basins
and materials (e.g. volatile water vapor or other gases) into
the surrounding rocks. Intrusions can be used as a medium
by which to define how deep fluid affects hydrocarbon
generation and pore space in shale.
Some scholars have discussed the effect of deep fluid
on hydrocarbon generation and reservoir formation. Liu et
* Corresponding author. E-mail: mengqq.syky@sinopec.com

al. (2018) indicated that deep fluids enriched in CO2 may
enhance the sealing capacity of mudstone. However, the
thermal effect of deep fluid on shale has rarely been
reported. Li et al. (2020) contended that the distribution of
shale gas in the Longmaxi Formation in the southwestern
Sichuan Basin is significantly affected by the deep fluid
formed by the Emeishan mantle plume, but did not
provide relevant evidence. Some studies have
reconstructed the influencing process of temperature on
shale/source rock by using samples of different maturities
from within the same strata (Xu et al., 2021) or the
thermal simulation method (Le Doan et al., 2013; Hu et
al., 2015; Chen et al., 2020). These studies have greatly
promoted research on shale hydrocarbon generation and
reservoir characteristics under the action of heat. But using
natural samples of different maturities may lead to
deviation in research, due to the inherent differences in the
rock itself. Thermal simulation should be long enough to
simulate the actual geological age. Most importantly, the
temperature or normal geothermal gradient simulated, is
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relatively low, at only about 600°C (Hu et al., 2015; Chen
et al., 2020; Wang et al., 2020), which is lower than the
effect of thermal contact by intrusive rocks. Therefore, the
means by which a sample can be selected that can
illustrate a shale maturity response to an extremely high
temperature source is the key to successfully simulating
hydrocarbon generation by source rock/shale and reservoir
formation under the action of deep fluid.
Fortunately, a suitable set of dykes was identified in
the Xiamaling Formation in the Zhaojiashan section,
Zhangjiakou, Hebei Province, China. The low maturity
of the Xiamaling sediments away from the dykes is
conducive to studying the influence of the deep fluid heat
-effect on hydrocarbon generation and pore space in
shale (Li et al., 2019; Wang et al., 2020). In this study,
the TOC analyzer, scanning electron microscope (SEM),
low-temperature N2 adsorption and high-pressure
mercury injection were used to investigate the
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hydrocarbon generation and pore space in shale at
different distances away from the intrusion, in order to
discuss the process and mechanisms of the heating effect
from deep fluid. The study results are anticipated to
determine the characteristics of hydrocarbon generation
and reservoir formation of source rocks under the action
of deep fluid.
2 Geological Setting
The Zhaojiashan section is located to the northwest of
Beijing. The Xiamaling Formation, deposited in the
Mesoproterozoic, occurs as a residual paleoweathering
crust at the bottom and a shale-sandstone transition at the
top. It is mainly distributed in the Yanshan area at the
northern margin of the North China Craton, covering
northern Hebei, Beijing, Tianjin and western Liaoning
regions (Fig. 1). The Xiamaling Formation is divided into

Fig. 1. Geographical location of the Zhaojiashan section (after Wang et al., 2017a) and lithological column of the
Xiamaling Formation (after Fan, 2015).
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four members. The first member is a ferritic sandy shale,
in contact with the underlying formation by a parallel or
micro-dip unconformity. The second member is marked by
glauconite-containing siltstone-sandstone, purplish-red
and bright-green shale, with argillaceous carbonate lenses.
The third member is predominantly black shale, possibly
mixed with greyish green, greyish white, yellow-brown, or
blue-grey shales. The fourth member only appears in the
Zhuolu-Xiahuayuan-Huailai area, containing characteristic
algal limestone. It represents a typical stromatolite when
fully developed, or appears in the form of a pie-like
limestone lens when not fully developed (Fan, 2015).
The dyke, as an intrusion, is developed in the Xiamaling
Formation, which generally contains 3–5 layers of stable
dykes, ranging in thickness from several meters to 150 m
individually (Zhang et al., 2017). The black shale of the
Xiamaling Formation is 50–260 m thick, with TOC
content of 2%–20% and a maturity of 0.6%–1.0% (Zhang
et al., 2015, 2016; Wang et al., 2017a, b). It is considered
that the temperature of diabase in the Xiamaling
Formation can reach 1000° C (Liu, 2020; Shui et al.,
2020). The diabase samples used in this study were taken
from the third member of the Xiamaling Formation in the
Zhaojiashan section, with an 11.6 m thick dyke (Fig. 1).
3 Materials and Methods
In order to systematically study the influence of dyke
intrusions on the geochemical characteristics of
surrounding shales, this study took the dyke intrusion in
Member 3 of the Xiamaling Formation as a starting point
and collected one sample every 25 cm from bottom to top
(marked in bright red on Fig. 1)
A LECO CS-320 Carbon and Sulfur Analyzer was used
for TOC analysis. For more experimental details, see Pang
et al. (2021).
A 3Y microphotometric system was used to measure the
pyrobitumen reflectance in the Xiamaling Formation. The
equivalent vitrinite reflectance (VRo) was calculated to be
VRo = 0.618 × BRo + 0.4 (Jacob, 1985). Optical
micrographs of siliceous organisms were obtained on the

3Y microphotometric system.
Organic pores in the shale were observed using an FEI
Quanta 650 FEG ESEM. All of the pellets were polished
for 8 h by argon-ion milling with a three-ion-beam cutting
instrument (Leica EM TIC 3X). Clear ESEM images were
obtained from the gold-coated pellets, which were
observed in high-vacuum mode with an accelerating
voltage of 15 kV.
Low-temperature N2 adsorption experiments were
performed using an ASAP 2020 porosimeter. According to
the classification of the International Union of Pure and
Applied Chemistry (IUPAC), the pores of shale samples
are subdivided into micropores (<2 nm), mesopores (2–50
nm) and macropores (>50 nm). Porosity characteristics
including specific surface area, pore size distribution and
pore volume were all analyzed.
The total porosity was measured using mercury
injection capillary pressure (MICP) techniques that have
been widely described in the literature (e.g. Ross and
Bustin, 2009; Chalmers et al., 2012). The total MICP
porosity of the shale samples was measured on a
Micromeritics Autopore 9510 Porosimeter. Prior to MICP
porosity analysis, 3–5 g shale was crushed to 1–20 mesh
for each sample and then dried in an oven for at least 24 h
at 110°C (230°F) under vacuum conditions. The initial
pressure during the mercury intrusion measurement was
set at 0.01 MPa (1.45 psi), the pressure then being
continuously increased to 414 MPa (60,000 psi), which
corresponds to a pore size of 3 nm to 120 μm. The total
porosity was calculated from the Hg intrusion data (Cao et
al., 2015).
4 Results
4.1 Characteristics of TOC and VRo
Table 1 shows the TOC and VRo of the shale samples.
In terms of TOC and VRo, the samples are divided into
three units: A, B and C (Table 1; Fig. 2). Unit A is 4.42 m
thick, with TOC content of 0.26% –4.42% (average
2.63%). Unit B is 6.68 m thick, with the highest TOC
content, ranging from 2.40% to 4.96% (average 3.6%).

Table 1 TOC, thermal maturity and pore parameters, from low-temperature N2 adsorption and high-pressure mercury
injection, for the Xiamaling Formation
Distance TOC VRo
Sample ID
(m)
(%) (%)
ZJC-3-360
ZJC-3-356
ZJC-3-352
ZJC-3-348
ZJC-3-344
ZJC-3-340
ZJC-3-330
ZJC-3-320
ZJC-3-316
ZJC-3-310
ZJC-3-304
ZJC-3-296
ZJC-3-288
ZJC-3-282
ZJC-3-270
ZJC-3-260

0.26
0.78
1.3
1.82
2.34
2.86
4.16
5.46
5.98
6.76
7.28
8.32
9.36
10.14
11.44
12.74

0.79
1.66
0.78
2.83
2.51
3.30
3.49
4.96
3.54
2.40
3.68
3.32
3.15
2.40
2.34
2.52

5.11
4.81
4.58
3.98
3.39
2.48
2.37
2.49
1.93
2.85
1.65
1.89
0.91
1.77
1.01
1.00

Unit
Unit A
Unit A
Unit A
Unit A
Unit A
Unit A
Unit A
Unit B
Unit B
Unit B
Unit B
Unit B
Unit B
Unit C
Unit C
Unit C

Low-temperature N2 adsorption
(pore diameter)
BET
BJH
Pore diameter
(m2/g) (× 103 cm3/g)
(nm)
8.66
26.87
12.41
17.73
35.36
10.80
15.07
35.79
12.16
14.00
28.69
11.04
14.51
36.82
12.60
11.45
28.91
12.51
13.56
27.98
12.07
10.26
24.62
13.79
11.77
27.57
12.31
7.05
16.42
12.83
12.75
18.17
9.95
14.92
24.60
10.52
11.67
20.02
10.47
12.14
21.11
10.11
16.32
22.22
8.70
17.86
25.69
8.76

High-pressure mercury injection
Bulk density
(g/cm3)
2.45
2.40
2.38
2.44
2.29
2.46
2.52
2.37
2.38
2.30
2.44
2.23
2.26
2.25
2.36
2.38

Skeleton density
(g/cm3)
2.60
2.52
2.57
2.48
2.54
2.57
2.58
2.48
2.47
2.42
2.47
2.42
2.39
2.37
2.43
2.44

Porosity
(%)
5.72
4.96
7.66
1.86
9.71
4.18
2.37
4.57
3.56
5.02
1.22
7.95
5.27
5.13
2.57
2.27

Pore volume
(cm3/g)
0.02
0.02
0.03
0.01
0.04
0.02
0.01
0.02
0.01
0.02
0.01
0.04
0.02
0.02
0.01
0.01

Pore area
(m2/g)
6.60
6.30
7.59
1.99
11.38
5.30
2.72
5.07
3.45
2.55
0.67
8.97
5.77
6.79
3.03
2.28
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Fig. 2. Change of TOC and VRo with distance to the dyke intrusion.

Unit C is 3.38 m thick, with TOC content of 2.34%–2.52%
(average 2.42%).
In contrast to TOC, the VRo value decreases with
distance from the dyke. The farther from the dyke, the
lower the VRo value, which decreases from 5.11% to
1.00% (Table 1; Fig. 2).
4.2 FIB-SEM Observation
After being treated by Ar ion-beam milling, the samples
were observed in terms of pore structure, using a FIBSEM. According to Loucks et al. (2012), the pores in the
samples are divided into: microcracks, mineral matrix
pores and organic pores.
There are a large number of mineral matrix pores in the
samples, which are almost intergranular pores in quartz or
clay minerals (Fig. 3). Also, a few microcracks are found
within and between carbonate minerals (Fig. 3d).
According to the maceral type, the organic pores are
divided into pores with acritarchs and pores related to
solid bitumen (Figs. 4, 5). Mold pores in the acritarchs are
cavities left by organic matter after hydrocarbon
generation (Fig. 4b), some of these cavities being partially
filled with clay minerals (Fig. 4c). In addition, there are a
large number of honeycomb pores within the acritarchs
(Fig. 4d).
Solid bitumen only has a very limited presence in
sample ZJC-3-360, whose particle size is very small (Fig.
5a), but increases with the distance from the intrusion. The
pores in the solid bitumen generally appear as
microcracks, bubble-like and honeycomb pores (Fig. 5a).
The closer to the dyke, the fewer the intergranular
pores. The organic pores increase and then decrease. It is
worth noting that mold pores only appear in intervals with
VRo = 3.0%–5.0%.

area―was calculated using the Brunauer-Emmett-Teller
(BET) model (Li et al., 2016). Yang et al. (2013) found
that the Barrett-Joyner-Halenda (BJH) model is only
suitable for mesopores (2–50 nm). In our study, the BJH
model was adopted to calculate the proportion of
mesopores.
The specific surface area and pore volume of the shale
samples calculated from the adsorption isotherms using
the BET and BJH models are shown in Table 1. The total
specific surface area (Stotal) of the samples in Units A, B
and C is 8.66–17.73 m2/g (average 13.57 m2/g), 7.05–
14.92 m2/g (average 11.40 m2/g) and 12.14–17.86 m2/g
(average 15.44 m2/g), respectively (Fig. 6).
Similarly, the total pore volume (Vtotal) of Units A, B
and C is 26.87–36.82 × 10−3 cm3/g (average 31.49 × 10−3
cm3/g), 16.42–27.57 × 10−3 cm3/g (average 21.90 × 10−3
cm3/g) and 21.11–25.69 × 10−3 cm3/g (average 23.01 ×
10−3 cm3/g), respectively (Table 1).
The pore diameter of Units A, B and C is 10.80–12.60
nm (average 11.94 nm), 9.95–13.79 nm (average 11.64
nm) and 8.70–10.11 nm (average 9.19 nm), respectively,
(Table 1).
The dV/d(D) (partial volume V of each pore diameter
D) is widely used to identify the distribution of mesopore
and macropore volume, because the visual area under the
curve between any two pore diameters of dV/d(D) is
considered to be proportional to the real pore volume
(Clarkson et al., 2012; Kuila and Prasad, 2013; Tian et. al.,
2013; Jia et al., 2022). Fig. 7 shows the pore diameters of
the Xiamaling shale samples calculated from low
temperature N2 adsorption. It can be seen that the pore
diameters of Unit A are similar to each other, but slightly
different from those of Unit B and significantly different
from those of Unit C (Fig. 7).

4.3 Pore characteristics from low-temperature nitrogen
adsorption
Based on the quantity of absorbed nitrogen at different
pressures, the equivalent surface area―BET surface

4.4 Porosity from the MICP method
In this study, the porosity was measured using the MICP
method, the pore volume and pore structure being
analyzed by the nonlocal density functional theory
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Fig. 3. Characteristics of inorganic pores in shale at different distances to the dyke intrusion.
(a) Intergranular pores related to quartz (0.26 m from the intrusion, VRo = 5.11%); (b) inorganic pores formed in quartz and clay minerals (1.82 m from
the intrusion, VRo = 3.98%); (c) intergranular pores related to quartz, with increasing solid bitumen observed (10.14 m from the intrusion, VRo =
1.77%); (d) microcracks formed in carbonate minerals (12.74 m from the intrusion, VRo = 1.00%).

Fig. 4. Pores formed by acritarchs in shale samples at different distances to the dyke intrusion.
(a) Pores formed by phosphorylation of acritarchs (0.26 m from the intrusion, VRo = 5.11%); (b) mold pores left by hydrocarbon generation of acritarchs (1.82 m from the intrusion, VRo = 3.98%); (c) mold pores formed by acritarchs and filled with clay minerals (10.14 m from the intrusion, VRo =
1.77%); (d) a large number of honeycomb pores left by hydrocarbon generation by acritarchs (12.74 m from the intrusion, VRo = 1.00%).
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Fig. 5. Pores in solid bitumen in shale samples at different distances to the dyke intrusion.
(a) No pore in solid bitumen, with fine bitumen fragments (0.26 m from the intrusion, VRo = 5.11%); (b) microcracks at the edge
of solid bitumen (1.82 m from the intrusion, VRo = 3.98%); (c) a small number of pores in the solid bitumen (4.16 m from the
intrusion, VRo = 2.37%); (d) a small number of vesicular pores in the solid bitumen (10.14 m from the intrusion, VRo = 2.40%);
(e) a large number of honeycomb pores in the solid bitumen (10.14 m from the intrusion, VRo = 1.77%); (f) no honeycomb pores
in the solid bitumen, but a few pores at the edge of quartz (12.74 m from intrusion, VRo = 1.00%).

(NLDFT). The porosity is 1.22%–9.71%, with an average
of 4.63% (Table 1). The porosity, specific surface area and
pore volume show two peaks with distance from the
intrusion, which are located at 2.34 m and 8.32 m,
respectively (Fig. 8).
The relationship between pore diameter and mercury
intrusion saturation can also be used to characterize the
contribution of pores of various sizes to the shale porosity
(Cao et al., 2015). The high-pressure mercury injection
measurement indicates that the Xiamaling shales display a
bimodal pattern of pore diameter distribution, i.e., the pore
diameters are primarily 3–50 nm and 30–100 mm (Fig. 9).
Specifically, macropores in Unit B are bimodal and
account for a relatively high fraction, whereas they are
unimodal in Units A and C (Fig. 9).

5 Discussion
5.1 Instantaneous hydrocarbon generation of source
rocks caused by intrusion
Temperature is an important factor that affects the
maturity and hydrocarbon generating ability of organic
matter. Deep fluid carries a large amount of materials and
energy and is another key heat source for organic matter
maturation in addition to deeply-buried heat.
‘Hydrothermal petroleum’ is good evidence that deep fluid
promotes ‘early maturity’ of source rocks and is formed by
the interaction between hydrothermal fluid and organic
matter in sediments (Simoneit, 1984; Liu et al., 2016,
2017). Different from crude oil discovered in the early
stage, ‘hydrothermal petroleum’ is formed within a period
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Fig. 6. BET specific surface area, BJH pore volume and pore
diameter distribution with distance to the intrusion.

lasting thousands or even tens of thousands of years. Such
a short space of time is merely an instantaneous moment
when compared with a super-long period that lasts
anywhere from tens of millions to billions of years for
normal petroleum to occur, from its generation to
migration and accumulation (Liu et al., 2018, 2019).
Thermal intrusion may quickly reduce the TOC. It was
found that the maximum reduction of TOC content in Unit
A is about 77.36% (Fig. 2), the TOC content increasing
linearly with distance from the intrusion (n = 17, R2 =
0.78) (Fig. 10). As found in many studies, dyke intrusions
will reduce the TOC content in deposits (e.g., Bishop and
Abbott, 1995; Cooper et al., 2007; Svensen et al., 2007;
Aarnes et al., 2011). Bishop and Abbott (1995) found the
loss of TOC due to intrusion of Cenozoic dykes. It has
been shown that the residual TOC values of sediments
increase gradually with the distance to the dyke intrusion
(Liu et al., 2011). However, thermal simulation analysis
shows that raising the temperature does not necessarily
lead to a rapid decrease of TOC. For example, the thermal
simulation experiment of Chen et al. (2020) demonstrated
that the TOC content only decreased by 27%, which is
considerably less than the reduction due to thermal
maturity. Clearly, the hydrocarbon generating intensity of
the shale at a normal geothermal gradient is lower than at
a thermal contact.
By comparison with dyke thickness, it can be
determined that the TOC decreases sharply within the
shale interval that is 0.36 times the thickness of the
intrusion. When the distance exceeds 0.36 times, the TOC
is not obviously affected. This indicates that the observed
decrease is primarily an effect of dyke thermal
metamorphism, rather than thermal radiation. Yang (1983)
found that an orbicular granite intrusion with a radius of
10 km might affect a range more than twice the radius of
the orbicular granite, the influence intensity decreasing
exponentially. Tang (1984) studied the influence of
intrusive rocks on source rocks in the Sanshui Basin,
showing that the affected area was roughly twice the
radius of the lava distribution area. Our study also

Fig. 7. Pore volume vs. pore diameter of units, derived from
N2 adsorption.

revealed that the VRo value does not stabilize until it is 16
m away from the dyke (about 1.4 times of the dyke) (Fig.
2). The different multiples of influence of dykes on shale
thickness may be related to the lithology of the
surrounding rock and the heat of the dykes. Generally,
when compared with the thermal maturity formed by a
normal geothermal gradient, the influential range of the
intrusion is limited. Therefore it is believed that although
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Fig. 8. Distribution of Hg porosity, pore volume and specific
surface area with distance to the intrusion.

the intrusion can lead to a high hydrocarbon-generation
intensity in the source rock, the amount of hydrocarbon
generated is less.
5.2 Effect of intrusion on pore structure
Pore structure in shales includes pore type, specific
surface area, pore diameter distribution and pore volume,
which always evolve to differing degrees under the
influence of temperature.
5.2.1 Pore type
The maturity of the shale is the highest (VRo = 5.19%)
at the site which is the closest to the dyke (0.26 m) and
there are no acritarch pores corresponding to this maturity
(Fig. 4a). Also, the solid bitumen decreased, being almost
dispersed among the mineral particles (Fig. 5a). The pores
are mainly intergranular pores, formed by quartz and clay
minerals (Fig. 3a). Wang et al. (2020) conducted hydrous
pyrolysis experiments to analyze organic pores at 550°C
(VRo = 2.75%) and found spongy organic pores and a
small amount of bubble-like organic pores.
Mold pores left by hydrocarbon generation of acritarchs
can be observed at a distance of 0.26–2.34 m from the
dyke (VRo = 3%–4%) (Fig. 4b). There are no pores within
the solid bitumen, but shrinkage fractures can be seen
(Fig. 5b). The pores formed by inorganic minerals are also
extremely well-developed (Fig. 3b). The characteristics of
this stage are very similar to the pores simulated in
hydrous pyrolysis experiments (at 410–480°C), that is,
there are a large number of bubble-like organic pores (Shi
et al., 2018; Wang et al., 2020; Liu et al., 2022).

Fig. 9. Pore diameter distribution of different units, determined
by high-pressure mercury intrusion.

Fig. 10. TOC vs. Distance to the intrusion.
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When the distance from the dyke lies in the range 2.34–
5.46 m (VRo = 3%–2.5%), mold pores left by acritarchs
are filled with a mixture of clay minerals and organic
matter, organic pores are rarely being observed (Fig. 4c).
In addition, solid bitumen increased, but honeycomb pores
have not been observed (Fig. 3c).
When the distance from the dyke is 5.46–8.32 m (VRo
= 2.5%–1.4%), no mold pores are left in the acritarchs, but
a large number of honeycomb pores are present (Fig. 4a)
and bubble-like pores can be seen in the solid bitumen
(Fig. 5c–e).
When the distance from the dyke is ＞8.32 m (VRo <
1.4%), only honeycomb pores can be seen at the edge of
the acritarchs, with no pores being found inside (Fig. 4d).
Similarly, no pores are found within the solid bitumen, but
a few inorganic pores could be observed at the edge of the
organic matter (Fig. 5f).
According to the variation of shale pores with the
distance from the dyke and the maturity, there are two
peaks of pore evolution. One is in Unit A (VRo = 3%–4%)
and the other is in Unit B (around VRo = 2.5%). The
former is characterized by the development of mold pores
and inorganic intergranular pores. The latter is
characterized by organic pores, including honeycomb
pores and bubble-like pores in solid bitumen and
acritarchs, but contains few inorganic intergranular pores.

5.3 Pore evolution pattern
There is an obvious correlation between pore evolution
pattern and maturity (Xu et al., 2021). As the distance
from the dyke increases, the porosity presents two peaks
(Fig. 7), corresponding to a thermal metamorphism stage
(slow rise and sharp decline) and a thermal radiation stage
(slow rise and slow decline).

5.2.2 Pore volume
The pore volume determined from low-temperature N2
adsorption is lowest at 0.26 m from the intrusion. It
declines for the first time at 2.34 m from the intrusion and
for a second time at 5.98 m (Fig. 6). The corresponding
BET specific surface area also shows a similar pattern, but
it begins to rise after 6.76 m, because of the increase in
small pores according to the pore diameter analysis (Fig.
6). With the exception of 0.26 m (ZJC-3-360), the pore
volume and specific surface area obtained by N2
adsorption decreases with decreasing maturity, while the
pore diameter increases slightly and then decreases
sharply with the changing maturity (Fig. 6). In contrast,
the pore volume, specific surface area and porosity
obtained by high-pressure mercury injection have two
peaks at VRo = 3.39% and 1.89%, respectively (Fig. 7).
In fact, the thermal simulation of the Xiamaling
Formation conducted by Xu et al. (2021) showed that
porosity reached a peak when the maturity was 2.23%.
The study on the Longmaxi shale by Hu et al. (2020) also
obtained similar results. However, the above data are
higher than the second peak in our study, indicating that
the high leve of heat generated by the dyke promotes the
early arrival of the thermal peak.
It is found that TOC has a slight negative correlation
with specific surface area, pore volume, MICP porosity
and incremental pore volume (Fig. 7). This is inconsistent
with the understanding that there is a positive correlation
between TOC and pore parameters in shale samples under
thermal simulation and a normal geothermal gradient (Xu
et al., 2021), indicating that the rapid temperature rise
caused by dyke intrusion will greatly change both the
content and the pore structure of organic matter, allowing
inorganic pores to dominate the shale reservoirs.

5.3.2 Thermal radiation stage: Units B and C
In the slowly increasing stage (5.98–8.32 m from the
dyke), the acritarchs affected by thermal maturity do not
generate hydrocarbon rapidly to form mold pores that are
subsequently filled with clay minerals, but form
honeycomb pores (Fig. 4d). In addition, solid bitumen
develops quickly, forming a large number of bubble-like
pores (Fig. 5d). These organic pores greatly promote the
increase in shale porosity (Fig. 8).
In the slowly declining stage (9.36–12.74 m away from
the dyke), with the decrease of maturity (at the peak of oil
generation), a large number of inorganic pores were filled
and fewer organic pores were created, which eventually
led to a decrease in total porosity.
It is worth noting that micropores and mesopores do not
change significantly in the first three stages (Units A and
B) (Fig. 6), but decrease rapidly when the maturity
declines (Unit C), indicating that maturity is the main
factor controlling the development of micropores and
mesopores (Fig. 6).

5.3.1 Thermal metamorphic stage: Unit A
In the slow rise stage, pores are mainly inorganic pores
caused by temperature change. Rising temperature may
also lead to hydrocarbon generation and expulsion,
resulting in a sharp decrease of TOC content (Fig. 2),
which provides good storage space. The best porosity is
not from shale near the dyke, as the shale has been
metamorphosed as a result of being too close to the
intrusion (Li et al., 2016), which caused the shale reservoir
to cement. With increasing distance from the dyke,
metamorphism and cementation become weak, leaving a
large number of mold pores unfilled (Fig. 4b) and thus
increasing the total porosity. Therefore, pores increased
within the shale 0.26–2.34 m away from the dyke.
In the sharp decline stage, mold pores caused by the
acritarchs are filled with clay minerals (Fig. 4c). With the
rapid migration of hydrocarbon, clay minerals filled the
pores and severely compromised the reservoir space.

6 Conclusions
This study conducts a detailed investigation on the dyke
within the Xiamaling Formation in the Zhaojiashan
section and its surrounding shale, in order to clarify the
response of heat under the action of deep fluid to shale
hydrocarbon generation and pore space. The following
conclusions are obtained.
(1) The dyke intrusion caused the TOC content of the
surrounding shale to decrease drastically―by about 77%,
with the influencing range about 1.4 times the thickness of
the intrusion. Also, it could act to stimulate the shale to
generate hydrocarbons instantaneously.
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(2) The dyke intrusion greatly changed the shale
reservoir, resulting in the reservoir space changing from
inorganic pores to organic pores.
(3) Along with the increase in distance from the dyke
intrusion, the total porosity of the shale reservoir presented
two peaks. One peak was mainly caused by inorganic
pores, the other by organic pores.
Acknowledgments
This work was jointly funded by the National Key R&D
Program (2017YFC060302) and the National Natural
Science Foundation of China (41872155, 41872164 and
42172168). We thank Prof. Zhang Shuichang, Dr. Wang
Huajian and Dr. Wang Xiaomei of the PetroChina
Research Institute of Petroleum Exploration and
Development for their support in field section positioning
and field discussion. We also thank Dr. Song Daofu of the
China University of Petroleum (Beijing) for analysis and
testing of TOC and rock pyrolysis.
Manuscript received Feb. 17, 2022
accepted Jun. 1, 2022
associate EIC: ZHANG Shuichang
edited by Jeffery J. LISTON and FANG Xiang
References

Aarnes, I., Svensen, H., Polteau, S., and Planke, S., 2011.
Contact metamorphic devolatilization of shales in the Karoo
Basin, South Africa, and the effects of multiple sill intrusions.
Chemical Geology, 281(3–4): 181–194.
Bishop, A.N., and Abbott, G.D., 1995. Vitrinite reflectance and
molecular geochemistry of Jurassic sediments: The influence
of heating by Tertiary dykes (northwest Scotland). Organic
Geochemistry, 22(1): 165–177.
Cao, T.T., Song, Z.G., Wang, S.B., Cao, X.X., Li, Y., and Xia,
J., 2015. Characterizing the pore structure in the Silurian and
Permian shales of the Sichuan Basin, China. Marine and
Petroleum Geology, 61: 140–150.
Chalmers, G.R., Ross, D.J., and Bustin, R.M., 2012. Geological
controls on matrix permeability of Devonian Gas Shales in the
Horn River and Liard basins, northeastern British Columbia,
Canada. International Journal of Coal Geology, 103: 120–131.
Chen, S.B., Li, X.Y., Wang, Y., Zuo, Z.X., and Han, Y.F., 2020.
Evolution mechanism of material composition–pore structure–
adsorption property in marine shale based on pyrolysis
experiments: A typical case of the mesoproterozoic Xiamaling
Formation. Energy and Fuels, 35(2): 1090–1103.
Clarkson, C.R., Freeman, M., He, L., Agamalian, M.,
Melnichenko, Y.B., Mastalerz, M., Bustin, M., Radlinski, A.,
and Blach, T., 2012. Characterization of tight gas reservoir
pore structure using USANS/SANS and gas adsorption
analysis. Fuel, 95(1): 371–385.
Cooper, J.R., Crelling, J.C., Rimmer, S.M., and Whittington,
A.G., 2007. Coal metamorphism by igneous intrusion in the
Raton Basin, CO and NM: Implications for generation of
volatiles. International Journal of Coal Geology, 71(1): 15–27.
Fan, W.B., 2015. Geological features and research progress of
the Mesoproterozoic Xiamaling Formation in the North China
Craton: A review after nearly one hundred years of study.
Geological Review, 6: 1383–1406 (in Chinese with English
abstract).
Hu, G., Pang, Q., Jiao, K., Hu, C., and Liao, Z., 2020.
Development of organic pores in the Longmaxi Formation
overmature shales: Combined effects of thermal maturity and
organic matter composition. Marine and Petroleum Geology,
116: 104314.
Hu, H., Zhang, T., Wiggins-Camacho, J.D., Ellis, G.S., Lewan,
M.D., and Zhang, X., 2015. Experimental investigation of

1351

changes in methane adsorption of bitumen-free Woodford
Shale with thermal maturation induced by hydrous pyrolysis.
Marine and Petroleum Geology, 59: 114–128.
Jacob, H., 1985. Disperse solid bitumens as an indicator for
migration and maturity in prospecting for oil and gas. Erdoel
Kohle, Erdgas, Petrochemie, 38(8): 365.
Jia, J., Liu, Z., Zhou, R., Liu, R., and Gao, Y., 2022. Variation in
pore space and structure of organic-rich oil-prone shales from
a non-marine basin: Constraints from organic matter and
minerals. Acta Geologica Sinica (English Edition), 96(3):
1057–1069.
Kuila, U., and Prasad, M., 2013. Specific surface area and poresize distribution in clays and shales. Geophysical Prospecting,
61(2): 341–362.
Le Doan, T.V., Bostrom, N.W., Burnham, A.K., Kleinberg, R.L.,
Pomerantz, A.E., and Allix, P., 2013. Green River oil shale
pyrolysis: Semi-open conditions. Energy and Fuels, 27(11):
6447–6459.
Li, X., Chen, S., Wang, X., Zhu, Y., Chang, M., and
Uwamahoro, C., 2019. Pore structure heterogeneity of the
Xiamaling Formation shale gas reservoir in the Yanshan area
of China: Evaluation of geological controlling factors. Acta
Geologica Sinica (English Edition), 93(3): 588–603.
Li, X., Wang, Q., Zhang, W., and Yin, H.W., 2016. Contact
metamorphism of shales intruded by a granite dike:
Implications for shale gas preservation. International Journal
of Coal Geology, 159: 96–106.
Li, Y., Li, M., Zhang, J., Pang, Q., Zou, C., Shu, H., and Wang,
G., 2020. Influence of the Emeishan basalt eruption on shale
gas enrichment: A case study of shale from Wufeng–
Longmaxi Formations in northern Yunnan and Guizhou
provinces. Fuel, 282: 118835.
Liu, J., Liu, Q., Zhu, D., Meng, Q., Liu, W., Qiu, D., and Huang,
Z., 2018. The role of deep fluid in the formation of organicrich source rocks. Journal of Natural Gas Geoscience 3: 171‒
180.
Liu, J.L., 2020. Thermal alteration of diabase sill intrusion on
hydrocarbon generation of its neighboring shale. Beijing:
Chinese University of Geosciences (Beijing), 1‒120 (in
Chinese).
Liu, Q., Peng, W., Li, J., and Wu, X., 2020. Source and
distribution of mercury in natural gas of major petroliferous
basins in China. Science China (Earth Sciences), 63: 643‒648.
Liu, J., Wang, J., Zhang, X., Shang, L., Wang, G., and
Abudureyimu,
A.,
2022.
Microscopic
occurrence
characteristics and genetic mechanism of shale oil in sweet
spot reservoir of the Lucaogou Formation in Jimsar Sag.
Geological Review, 68(3): 907‒920 (in Chinese with English
abstract).
Liu, Q., Zhu, D., Jin, Z., Liu, C., Zhang, D., and He, Z., 2016.
Coupled alteration of hydrothermal fluids and thermal sulfate
reduction (TSR) in ancient dolomite reservoirs–An example
from Sinian Dengying Formation in Sichuan Basin, southern
China. Precambrian Research, 285: 39‒57.
Liu, Q., Zhu, D., Jin, Z., Meng, Q., Wu, X., and Yu, H., 2017.
Effects of deep CO2 on petroleum and thermal alteration: The
case of the Huangqiao oil and gas field. Chemical Geology,
469: 214‒229.
Liu, Q.Y., Zhu, D.Y., Meng, Q.Q., Liu, J.Y., Wu, X.Q., Zhou,
B., Fu, Q., and Jin, Z.J., 2019. The scientific connotation of
oil and gas formations under deep fluids and organic inorganic
interaction. Science China (Earth Sciences), 62(3): 507–528.
Liu, X.W., Wang, X.F., Shi, B.G., Wang, Z.D., Yang, X., and
Zheng, J.J., 2011. Influence of abnormal geothermal on
hydrocarbon-generation: Case study on the diabase intrusion
of the Santanghu Basin. Acta Sedimentologica Sinica, 29(4):
809‒814 (in Chinese).
Loucks, R.G., Reed, R.M., Ruppel, S.C., and Hammes, U., 2012.
Spectrum of pore types and networks in mudrocks and a
descriptive classification for matrix-related mudrock pores.
AAPG bulletin, 96(6): 1071‒1098.
Pan, Y., Huang, Z., Guo, X., Li, T., Fan, T., and Xu, X., 2022.
Analysis of accumulation conditions of lacustrine organic-rich
shale oil affected by volcanic ash: A case study of the
Lucaogou Formation in the Tiaohu‒Malang sag, Santanghu

1352

Meng et al. / Hydrocarbon Generation and Pore Space in Xiamaling Formation

basin. Acta Geologica Sinica 96(3): 1053‒1068 (in Chinese
with English abstract).
Pang, Q., Hu, G., Zhang, X.H., Chen, C., Gao, Z.L., Shan, S.J.,
Chen, Y., Hu, C., and You, J., 2021. Organic geochemistry,
sedimentary environment, and organic matter enrichment of
limestone-marlstone rhythms in the middle Permian northern
Sichuan Basin, China. Marine and Petroleum Geology, 134:
105306.
Ross, D.J., and Bustin, R.M., 2009. The importance of shale
composition and pore structure upon gas storage potential of
shale gas reservoirs. Marine and Petroleum Geology, 26(6):
916‒927.
Shi, M., Yu, B., Zhang, J., Huang, H., Yuan, Y., and Li, B.,
2018. Evolution of organic pores in marine shales undergoing
thermocompression: A simulation experiment using
hydrocarbon generation and expulsion. Journal of Natural Gas
Science and Engineering, 59: 406‒413.
Shui, G.H., Zhang, S.H., Hu, G.H., and Zhang, Q.Q., 2020.
Estimation of carbon dioxide released during emplacement of
ca.1.32 Ga mafic sills into the Xiamaling Formation in the
Yanliao (northern Hebei‒western Liaoning) area in the North
China Craton and its potential environmental effect.
Geological Review, 66(4): 909‒918.
Simoneit, B.R., 1984. Hydrothermal effects on organic matterhigh vs. low temperature components. Organic Geochemistry,
6(C): 857‒864.
Svensen, H., Planke, S., Chevallier, L., Malthe-Sorenssen, A.,
Corfu, F., and Jamtveit, B., 2007. Hydrothermal venting of
greenhouse gases triggering Early Jurassic global warming.
Earth and Planetary Science Letters, 256(3‒4): 554‒566.
Tang, Z.Y., 1984. Relationship of oil and gas with volcanism in
the Sanshui Basin. Oil and Gas Geology, 5(2): 89–100, 202
(in Chinese).
Tian, H., Pan, L., Xiao, X.M., Wilkins, R.W., Meng, Z.P., and
Huang, B., 2013. A preliminary study on the pore
characterization of lower Silurian black shales in the
Chuandong Thrust Fold Belt, southwestern China, using low
pressure N2 adsorption and FE-SEM methods. Marine and
Petroleum Geology, 48: 8‒19.
Wang, X.M., Zhang, S.C., Wang, H.J., Bjerrum, C.J.,
Hammarlund, E.U., Haxen, E.R., Su, J., Wang, Y., and
Canfield, D., 2017a. Oxygen, climate and the chemical
evolution of a 1400 million year old tropical marine setting.
American Journal of Science, 317(8): 861‒900.
Wang, X.M., Zhang, S.C., Wang, H.J., Su, J., He, K., Wang, Y.,
and Wang, X.Q., 2017b. Significance of source rock
heterogeneities: A case study of the Mesoproterozoic
Xiamaling Formation shale in North China. Petroleum
Exploration and Development, 44(1): 32‒39.

Wang, Y., Liu, L.F., Hu, Q.H., Hao, L.W., Wang, X.M., and
Sheng, Y., 2020. Nanoscale pore network evolution of
Xiamaling marine shale during organic matter maturation by
hydrous pyrolysis. Energy and Fuels, 34(2): 1548‒1563.
Xu, L.W., Yang, K.J., Wei, H., Liu, L.F., Li, X., Chen, L., Xu,
T., and Wang, X., 2021. Diagenetic evolution sequence and
pore evolution model of the Mesoproterozoic Xiamaling
organic-rich shale in Zhangjiakou, Hebei, based on pyrolysis
simulation experiments. Marine and Petroleum Geology, 132:
105233.
Yang, K., Lu, X., Xu, J.T., Yin, H.W., and Hu, W.X., 2013.
Preliminary verification of common calculation methods of
pore size distribution of shale based on gas adsorption
isotherm. Journal of the China Coal Society, 38(5): 817‒821.
Yang, W.K., 1983. Heat-releasing process of spherical intrusive
bodies and their inﬂuence on kerogen. Oil and Gas Geology,
3: 283‒193 (in Chinese).
Zhang, S., Wang, X., Hammarlund, E. U., Wang, H., Costa, M.
M., Bjerrum, C. J., Connelly, J.N., Zhang, B., Bian, L., and
Canfield, D., 2015. Orbital forcing of climate 1.4 billion years
ago. Proceedings of the National Academy of Sciences, 112
(12): E1406‒E1413.
Zhang, S., Wang, X., Wang, H., Bjerrum, C.J., Hammarlund, E.,
Costa, M., Connelli, J., Zhang, B., Su, J., and Canfield, D.,
2016. Sufficient oxygen for animal respiration 1,400 million
years ago. Proceedings of the National Academy of
Sciences, 113(7): 1731‒1736.
Zhang, S., Zhao, Y., Li, X., Ernst, E., and Yang, Z., 2017. The
1.33–1.30 Ga Yanliao large igneous province in the North
China Craton: Implications for reconstruction of the Nuna
(Columbia) supercontinent, and specifically with the North
Australian Craton. Earth and Planetary Science Letters, 465:
112‒125.

About the first and corresponding author

MENG Qingqiang, male, born in 1978 in
Laiwu, Shandong Province; Doctor of
Engineering; graduated from Chinese
University of Petroleum (Beijing); senior
engineer at the Petroleum Exploration and
Product Research Institute of Sinopec. He
is currently interested in the formation
mechanisms of excellent source rocks and
the hydrocarbon generation process and
mechanisms effected by deep fluid. E-mail:
mengqq.syky@sinopec.com.

