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Mud shale can serve as source or cap rock but also as a reservoir rock, and so the
development of pores or cracks in shale has become of great interest in recent years.
However, prior work using non-identical samples, varying fields of view and non-
continuous heating processes has produced varying data. The unique hydrocarbon
generation and expulsion characteristics of shale as a source rock and the relationship
with the evolution of pores or cracks in the reservoir are thus not well understood. The
present work attempted to monitor detailed structural changes during the continuous
heating of shale and to establish possible relationships with hydrocarbon generation and
expulsion by heating immature shale samples while performing in situ scanning electron
microscopy (SEM) imaging and monitoring the chamber vacuum. Samples were heated at
20°C/min from ambient to 700°C with 30 min holds at 100°C intervals during which SEM
images were acquired. The SEM chamber vacuum was found to change during sample
heating as a consequence of hydrocarbon generation and expulsion. Two episodic
hydrocarbon expulsion stages were observed, at 300 and 500°C. As the temperature
was increased from ambient to 700°C, samples exhibited consecutive shrinkage,
expansion and shrinkage, and the amount of structural change in the vertical bedding
direction was greater than that in the bedding direction. At the same time, the opening,
closing and subsequent reopening of microcracks was observed. Hydrocarbon
generation and expulsion led to the expansion of existing fractures and the opening of
new cracks to produce an effective fracture network allowing fluid migration. The
combination of high-resolution SEM and a high-temperature heating stage allowed
correlation between the evolution of pores or cracks and hydrocarbon generation and
expulsion to be examined.

Keywords: immature shale, in situ heating scanning electron microscopy, hydrocarbon generation and expulsion,
microfracture formation, xiamaling formation
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1 INTRODUCTION

The use of shale has expanded from traditional applications as
source rock and cap rock to that of reservoir, and the
hydrocarbon-bearing capacity of this rock is closely related to
the characteristics of the pore systems within the shale (Ross and
Bustin, 2007; Ross and Bustin, 2008; Ross and Marc Bustin, 2009).
Many studies have examined the storage space available in shale
in terms of pore characteristics, including the size, shape, spatial
distribution and connectivity of pores and fractures as evaluated
from two-dimensional and three-dimensional perspectives
(Loucks et al., 2012; Clarkson et al., 2013; Sun et al., 2015;
Yang et al.,, 2017; Goral et al., 2019; Maojin et al., 2019; Zhao
etal., 2019). In contrast to standard hydrocarbon reservoirs, shale
is rich in organic matter and so contains pores and fractures in
this organic component in addition to pores in inorganic
minerals. These organic pores and fractures play an essential
role in the accumulation and development of oil and gas in shale
(Curtis et al, 2012). The characteristics and formation
mechanisms of organic pores and fractures are fundamentally
different from those of pores in inorganic phases, and have both
primary and secondary origins. Secondary organic matter pores
and fractures are those that are newly generated in the organic
matter during the thermal maturation process and represent the
primary storage spaces in shale (Zhang et al., 2016; Mastalerz
et al, 2018; Misch et al, 2019). The hydraulic fracturing
technologies become a necessity to exploit the unconventional
shale resources. The swelling of some clay minerals in shale
account for large amount of fracturing liquid retention (Meng
et al., 2020), which hinders gas flow. Structural transformation of
the reservoir caused by thermal treatment after hydraulic
fracturing that could allow the secondary exploitation of shale
gas and enhance the recovery of shale gas reservoirs (Wang et al.,
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2019; Yuan et al., 2019; Liu et al., 2020). Shale is also one of the
main rocks for underground high-temperature operations.
Therefore, the design of formation stability should consider
the impact of structural changes resulting from heating (Tsang
et al,, 2005; Nasir et al., 2014; Zheng et al., 2017).

Structural changes in rocks such as shale, sandstone and coal
resulting from thermal effects have been investigated (Castagna
et al.,, 2014; Giliazetdinova et al., 2017; Kim et al., 2019; Saif et al.,
2016; Saif et al., 2017a; Panahi et al., 2019; Saif et al., 2017b;
Figueroa Pilz et al., 2017; Panabhi et al., 2018; Panahi et al., 2013;
Saif et al., 2019; Kobchenko et al., 2011; Shu et al., 2020; Gautam
et al,, 2019; Gan et al., 2021; Nieto-Delgado et al., 2021; Hajpal
and Torok, 2004; Tian et al., 2012; Mahanta et al., 2020; Sun et al,,
2016) through the analysis of samples cooled after heating (Saif
etal., 2017a; Panahi et al., 2019; Saif et al., 2017b) or via real-time
monitoring and analysis during heating (Figueroa Pilz et al., 2017;
Panahi et al., 2018; Panahi et al., 2013; Saif et al., 2019; Kobchenko
etal, 2011). The first approach may be affected by modification to
the sample structure during cooling. At present, the real-time
analysis of structural changes in shale as a consequence of
heating/cooling often uses X-ray microscopy four-dimensional
analysis (that is, time plus three-dimensional imaging) (Figueroa
Pilz et al., 2017; Panabhi et al., 2018; Panahi et al., 2013; Saif et al.,
2019; Kobchenko et al,, 2011). In this manner, real-time changes
in structure can be monitored on the millimeter to micrometer
size scale, depending on the resolution of the instrumentation
[(Saif et al., 2017a; Panahi et al., 2019)" (Saif et al., 2017a; Panahi
et al., 2019)][ (Panahi et al., 2013; Panabhi et al., 2018)]. Therefore,
understanding structural changes on the sub-micrometer scale
will require more advanced tools with better resolution.

Environmental scanning electron microscopy (SEM) in
conjunction with a heating stage has been used to obtain
images of polished shale samples during the heating process to
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FIGURE 1 | The location at which outcrop samples were drilled from the Middle Proterozoic Xiamaling Formation (Shi et al., 2018).
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FIGURE 2 | A photographic image and scanning electron microscopy image of the Xiamaling shale specimen.

evaluate structural changes (Dahl et al., 2015; Camp et al., 2017).
Because this technique provides better spatial resolution
compared with X-ray microscopy, it has provided additional
details concerning structural variations, although the data are
not completely satisfactory. When examining structural changes
in shale, it is important to note that shale is a source rock. This is
important because the generation and discharge of hydrocarbons
from source rocks will form new pores and micro-cracks that
increase the storage space and migration channels available for
hydrocarbons. The evolution of fracture networks in elastic media

FIGURE 3 | The heating device in the scanning electron microscope.

as a result of the internal generation and expulsion of CO, has
been examined!(Kobchenko et al., 2014), and the resulting data
can be used to understand the formation of pores or micro-cracks
in shale. Fluid pressure is also a very important parameter related
to the discharge of hydrocarbons from shale during heating
(Panahi et al, 2019). Again, environmental SEM with a
heating stage is a very helpful means of understanding
hydrocarbon generation and expulsion based on observing the
movement of shale particles during heating (Yan et al,, 2003).
However, the generation and discharge of hydrocarbons and the
structural evolution of shale have generally been investigated
separately, such that the manner in which these processes interact
with one another is still unknown.

This paper proposes a new experimental method that
elucidates the relationship between hydrocarbon generation
and expulsion and structural changes in shale. In this work,
immature shale samples were polished using an Ar ion beam and
then set on a heating stage inside a high-resolution field emission
scanning electron microscope. Samples were subsequently heated
from room temperature to 700°C with continuous evaluation of
the vacuum level while acquiring images of the sample surface at
specific temperatures. Variations in the vacuum level were used to
assess the hydrocarbon generation and expulsion process while
the high-resolution images were employed to characterize the
structural evolution of the sample during the heating process.
These data were used to examine the correlation between
structural evolution and the hydrocarbon generation and
expulsion process.

2 MATERIALS AND METHODS
2.1 Sample Material

The shale sample used in this study was obtained from the
Xiamaling Formation in the Xiahuayuan area of Hebei
Province, China (Figure 1). The Xiamaling Formation, which
is primarily located in the northern Taihangshan and Yanshan
regions and is in unconformable contact with the underlying
Tieling Formation, is rich in organic matter resulting from
marine deposits during the Proterozoic to Lower Paleozoic
eras in northern China. A portion of a fresh outcrop with a
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FIGURE 4 | Heating stage temperature as a function of time.

black coloration was collected using a portable drilling machine to
obtain the experimental specimen. The bedding layer associated
with this sample was readily identified (Figure 2) and had a TOC
value of 6 0.15 wt%. Parts of the outcrop shale sample were ground
into powder using a sample crusher and a pyrolysis analysis of the
powder sample was performed using a Rock Eval six device. This
analysis showed a Tmax value of 429°C, indicating that the sample
was at an immature stage of development and thus is suitable for
thermal simulation experiments.

2.2 Experimental Method

Sample preparation and in situ heating inside the scanning
electron microscope were performed at the Core Laboratory of
the Institute of Geology and Geophysics, Chinese Academy of
Sciences.

2.2.1 Sample Preparation

The shale was processed to fabricate specimens with sizes of
approximately 3 x 3 x 0.5 mm, big enough to include all the
interested features for this study, such as organic matter and
minerals. This size was selected to control gas generation from
the samples during the heating process to avoid contaminating
the scanning electron microscope. The top surface of each
sample was mechanically polished and then further
polished using an Ar ion beam polisher (Baygon ArBIB 100).
Because shale is normally found in water-based underground
environments, each sample was immersed in water for 24 h
before being heated.

2.2.2 In-situ Heating SEM Observation
As noted, a field emission scanning electron microscope (Zeiss
Crossbeam 540) was used to acquire images, employing a chamber
vacuum pressure of 10~ mbar, accelerating voltage of 0.02-30 kV
and spatial resolution of 0.9 nm at 15kV. The instrument was
equipped with a heating device (Kammrath & Weiss; Figure 3) that
included a water-cooling system, heating stage up to 1,050°C,
controller and control software. This combination of a heating
device and scanning electron microscope allowed in situ SEM
observations while heating the shale samples.

Before each sample was transferred into the SEM, a heating
lamp was used to heat the material for approximately 20s to
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FIGURE 5 | The SEM chamber vacuum level as a function of
temperature.

evaporate residual moisture from the surface. The sample was
then quickly transferred into the groove of the heating stage and
moved into the SEM imaging position. The heating rate was set to
20°C/min and the sample was heated to 100, 200, 300, 400, 500,
600 and 700°C and held at each of these temperatures for 30 min,
during which time SEM images were acquired over the same field
of view. The SEM chamber vacuum level was also continuously
recorded during the whole process.

3 RESULTS

3.1 Temperature Control and Chamber

Vacuum

3.1.1 Temperature Control Process

The temperature of the heating stage as a function of heating time
is shown in Figure 4. The detailed process has already been
provided in 2.2 Experimental method.

3.1.2 SEM Vacuum During the Temperature Control
Process

The initial SEM chamber vacuum was approximately 5 x 107°
mbar. The vacuum level was monitored and recorded
continuously during the entire heating process from room
temperature to 700°C, as shown in Figure 5. It can be seen
that the chamber vacuum changed simultaneously with the
sample temperature. Specifically, each heating stage caused the
system vacuum to drop rapidly (absolute pressure goes up) while
the vacuum remained basically unchanged during each constant
temperature stage. The extent of the vacuum drop was also
different depending on the heating stage, with the greatest
vacuum change over the 300 and 500°C heating stages. These
changes in the vacuum level are attributed to gases entering the
vacuum chamber.

3.2 Structural Changes Caused by Heating
3.2.1 Structural Changes Observed in SEM Images
During Heating

During the heating experiments, some fields of view were
randomly selected, and images of these fields of view were
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FIGURE 6 | SEM images of one field of view using the same magnification at eight different temperatures. (A) Black arrows squares indicate characteristic particles
used for comparison. (B-H) Blue arrows show the inward movement of characteristic particles, indicating sample shrinkage. Red arrows show the outward movement of
characteristic particles, indicating sample expansion.
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collected with the same magnification after each temperature was
stabilized. For each field of view, eight images were collected at
each different temperature from ambient to 700°C. Figure 6
presents an example of the SEM images acquired from one
field of view using the same magnification as the temperature
was increased.

From these images, it is evident that increasing the
temperature caused particles at the edges of the SEM images
or within the internal structure of the field of view to migrate. As
an example, comparing the image edges at room temperature and
100°C, the particles at the edges at 100°C moved inwards (see
Figures 6A,B), indicating that the sample shrunk. When the
temperature was increased from 100 to 200°C, some of the
characteristic particles at the image edges moved outward
(Figures 6B,C), indicating that the sample expanded. Starting
from 300°C, the images show that the sample structure changed
differently in different directions (Figures 6D-H). Along the
direction perpendicular to the bedding plane, the characteristic
particles continued to move inward, confirming continuous
shrinkage with temperature, while the characteristic particles
in the direction parallel to the bedding plane exhibited no
obvious changes. After the sample temperature stabilized at
each stage, no further significant changes were observed.

Considering the microscale images in Figure 7, more detailed
information can be obtained, such as the evident expansion and
closure of micro-cracks in the early and middle stages of heating
(below 400°C), which was also observed in some earlier work!
(Figueroa Pilz et al., 2017) (Panahi et al., 2018)’ (Saif et al., 2019)
(Kobchenko et al., 2014). New, large cracks appeared in most of
the field of view between 400 and 500°C and previously existing
cracks expanded (Figure 8). The structures in the sample having
previously existing fractures transformed earlier than the areas
without these previously existing fractures. It is also apparent
that, once a large crack was formed, it was not closed again
(Figure 8). These large cracks would be expected to grow smaller
or even disappear under geological conditions in response to
overlying pressure.

3.2.2 Structural Changes in Different Directions During
Heating

It can be seen from the hand specimen that the bedding of the
shale sample was well-developed. In addition, striped organic
matter can be observed in the SEM images, indicating that the
bedding direction was nearly horizontal (Figure 2), and the
development of the bedding had a significant effect on the
heat transfer within the material. Specifically, the thermal
conductivity of the shale was different in different directions,
such that the thermal conductivity of the parallel bedding was
higher than that of the vertical bedding (Gabova et al., 2020). As
inorganic minerals in the sample shrank due to the loss of water,
they contracted in both the horizontal and vertical directions
during the initial stage of heating and then expanded with
temperature, although the magnitude of change was different
in both directions (Figure 6). In the later stage of heating, cracks
were formed mostly in the parallel bedding direction (Figures 8,
9), with some in the vertical bedding direction (Figure 9), similar
to behavior observed in earlier work! (Panahi et al, 2019)!

Heating Shale in the SEM

(Kobchenko et al, 2011; Panahi et al, 2013; Figueroa Pilz
et al., 2017; Panahi et al., 2018; Saif et al., 2019)].

Characteristic particles were selected in SEM images and the
positions of these particles were determined at different
temperatures. The majority of these measurement points were
concave or protruding regions on the edges of the characteristic
particles. Migration distances were measured only perpendicular
(about 80-90) and parallel (about 0-10) to the bedding plane,
using the entire field of view. A total of 16 measurements were
taken at each temperature with 128 measurements over regions
with areas from 402 to 9,679 um” at eight different temperatures.
The linear expansion coefficient («) for a specific temperature
range in a given direction could be calculated as

AL
a= ;
LiAT

where AL is the difference between the distance measured at
temperature Ty and that at a previous temperature Tj, and AT is
the temperature difference (Ty-T;). A value of « > 0 indicates that
the sample expanded while a result of less than 0 indicates
shrinkage. It should also be pointed out that these
measurements deliberately avoided newly generated large
fractures or cracks, because such fractures tend to be reduced
or disappear as a result of the pressure of the overlying formation
under actual geological conditions.

The data show that the structural changes in the two directions
are different (Table 1; Figure 10). During the initial heating stage
from ambient to 200°C, contraction followed by expansion
occurred in both directions. With increases in temperature,
the dimension along the bedding direction changed minimally
while maintaining a slight state of expansion. Along the direction
perpendicular to the bedding plane, the sample continued to
shrink with increases in temperature and the maximum
shrinkage occurred at 500°C. The minimum shrinkage
occurred at 700°C. Overall, the structural change in the
direction parallel to the bedding was smaller than that in the
vertical direction as the temperature increased from ambient to
700°C, very similar to previous work! (Figueroa Pilz et al., 2017)
(Panahi et al., 2013)" (Kobchenko et al., 2011).

3.2.3 Changes in Organic and Inorganic Components
During Heating

As noted, shale contains both organic and inorganic materials
and the thermal properties of these components are quite
different (Hajpal and Toérok, 2004), such that the structural
changes caused by heating will also vary. To better understand
the separate contributions of the organic and inorganic materials
during heating, we selected specific organic and inorganic
particles to separately assess the structural modifications of
these components at different temperatures. Again, the
migrations of these particles were measured mainly along the
direction perpendicular (about 80-90) to the bedding plane.
During these trials, we made certain that the proportion of the
corresponding organic matter or inorganic mineral along the
measurement direction was more than 90%. At each temperature,
seven measurements were performed in the case of the organic
particles and seven for the inorganic particles, with a total of 112
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FIGURE 7 | The expansion - closure-expansion phenomenon exhibited by micro-cracks in the sample with temperature changes. Images show regions in which
micro-cracks (A) occurred, (B-D) expanded continuously, (D,E) closed, and (E-I) continuously expanded again.
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FIGURE 8 | The expansion and generation of micro-cracks in the sample with temperature change. (A) A previously existing micro-crack, (B) the expansion of a
previously existing micro-crack, (C) the formation of a new micro-crack and expansion of a previously existing micro-crack.

Mag= 3.40
EHT = 2.00 kV

FIGURE 9 | Crack distribution in a sample at 700°C in the parallel and vertical bedding directions.

measurements covering an area of 402-9,679 um” at the eight
different temperatures. The linear expansion coefficients for
specific temperature ranges in the different directions were
calculated as described above, and the results are summarized
in Table 1 and Figure 10B.

As the temperature was increased from room temperature to
700°C, the organic matter experienced expansion, shrinkage and
collapse sequentially, accompanied by variations in the gray scale
within the SEM images. The measurement data demonstrate that

the organic matter first expanded and then shrank with
increasing temperature, with the transition from expansion to
shrinkage at 300°C (Table 1). It can be seen that the maximum
shrinkage in the case of the organic matter occurred at 500°C. In
addition, the organic matter exhibited shrinkage primarily
parallel to the bedding direction.

The majority of the structural change shown by the inorganic
materials took place during the early stage of heating, from room
temperature to 100°C (Table 1). The shrinkage could have been
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TABLE 1 | The coefficient of linear thermal expansion values («) at various temperatures (x107°C).

« from room « from 100°C « from 200°C « from 300°C « from 400 °C « from 500°C « from 600°C a from room
temperature to 200°C to 300°C to 400°C to 500°C to 600°C to 700°C temperature
(20°C) to 100°C (20°C) to 700°C
Vertical bedding -190.9 273.3 -124.2 -203.3 -252.5 -99.3 -41.1 -87.2
parallel bedding -182.6 271.8 45.6 11.8 7.0 14.7 325
organic matter 38.8 209.3 -173.3 -489.0 -1,154.1 -356.5 -245.0 -1970.4
inorganic matter -352.0 467.7 18.3 -45.6 56.7 114 66.5 40.3

related to the loss of water from the sample while being held
under vacuum in the SEM chamber. The linear expansion
coefficient of the inorganic materials was larger than that of
the organic matter between 100 and 200°C. Above 300°C,
inorganic materials exhibited minimal expansion.

In summary, the SEM observations indicated that the shale
sample underwent structural changes during heating. Shale
contains organic matter and inorganic minerals and the
physical and chemical properties of these components are
different, such that their structural changes during heating
were also different (Hajpal and Torok, 2004). The shale
bedding assessed in this work was relatively well developed
and showed variations in thermal conductivity depending on
direction (Gabova et al., 2020), meaning that changes in the shale
structure in different directions were also varied.

4 DISCUSSION

4.1 Variations in the SEM Chamber Vacuum
As noted, during each heating process) followed by a rapid

increase (solute pressure goes down) and then a slow rise (see
Figure 5). The decrease in the vacuum was caused by the release
of gases from the sample, including residual pre-existing
hydrocarbons, new hydrocarbons generated by pyrolysis or
cracking, water vapor, products from the thermal
decomposition of inorganic compounds (Kobchenko et al,
2011), non-hydrocarbon gases such as CO, (Behar et al., 1995;
Zhan et al,, 2020; Zhang et al., 2020). The data show that the
vacuum dropped rapidly and then increased rapidly as the
temperature was increased, although there was only a slow rise
in vacuum during each stage at which the temperature was
constant. During the temperature increase stages, the fluid in
the sample to be discharged rapidly mainly in the form of
transient flow (Hao et al., 2003). Once the temperature
stabilized, the fluid was primarily discharged via percolation to
produce a steady state (Hao et al., 2003).

4.2 Relationship Between Microstructural
Changes and Hydrocarbon Generation/

Expulsion

Both the rate and extent of variation in the SEM vacuum partly
reflected the generation and expulsion of hydrocarbons from the
sample. Combining the vacuum data with the SEM images and
the measurement data allowed the correlation between
microstructural changes in the shale with hydrocarbon

generation/expulsion during heating to be evaluated. This
analysis identified three stages of the heating process.

Stage 1 spanned the range from room temperature to 300°C. As
shown in Figure 5, this temperature increase rapidly decreased the
system vacuum, suggesting that more gases entered the vacuum
chamber. This stage was associated with the evaporation of water
inside the pores and with water in inorganic clay minerals in the
sample! (Saif et al., 2016) (Panahi et al., 2019) (Zhan et al., 2020)!
(for which & was-352 x 107°C), causing the shale to shrink. In
addition, residual gaseous and liquid hydrocarbons in the sample
expanded to generate pressure (Panahi et al., 2018). Furthermore,
part of the kerogen in the shale would have been transformed into
hydrocarbons to increase the volume of the specimen, further
increasing the internal pressure of the sample (Panahi et al., 2018;
Panahietal., 2013; Saif et al., 2019). Finally, heating the shale would
simply have caused the solid material to expand (Hajpal and T6rok,
2004). All the aforementioned factors would be expected to lead to
an initial contraction of the sample followed by expansion. Some
microcracks in the sample showed a small degree of expansion
(Figure 7D), which would have created transport channels for the
rapid discharge of any fluids that were subsequently generated. As
the temperature continued to rise, the internal pressure of the
sample exceeded the breakup threshold and part of the fluid in the
shale was instantly discharged, resulting in a rapid and substantial
drop in the SEM chamber vacuum. After the internal pressure of
the sample was released and some of the microcracks in the
expanded state closed! (Figueroa Pilz et al., 2017) (Panahi et al.,
2018) (Saif et al., 2019) (Kobchenko et al., 2014)] (Figure 7E), the
sample transitioned from expansion to contraction. Stage 1
therefore comprised a complete episodic hydrocarbon expulsion
process. In stage 2, going from 300 to 500°C, as the temperature was
further increased some of the kerogen was converted to low
molecular weight hydrocarbons (Zhan et al., 2020)! (Tiwari and
Deo, 2012)! such that the volume of the organic matter was reduced
and shrinkage lines were created parallel to the bedding direction.
When the temperature was elevated from 300 to 400°C, the internal
pressure of the shale was increased as more hydrocarbons were
generated and thermal expansion of the fluid in the material
continued to play a role. Consequently, some microcracks
underwent minimal expansion (Figure 7F). At 500°C, the
internal pressure of the sample again exceeded the breakup
pressure, meaning that a large amount of fluid was instantly
discharged, the internal pressure of the sample was released,
and the chamber vacuum dropped sharply and rapidly. In
contrast to stage 1, the microcracks did not reclose during stage
2 after the internal pressure of the sample was released. In fact, the
existing cracks greatly expanded and new cracks were also
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FIGURE 10 | The linear thermal expansion coefficient of shale as a
function of temperature.

generated (Figures 7G, Figure 8) because the elasticity of the organic
matter was reduced and there was a lack of external pressure.

Stages 1 and 2 therefore reflect the twice repeated processes of
hydrocarbons generation, increases in internal pressure and
hydrocarbon expulsion, in conjunction with the opening, closing
and reopening of fractures in the sample (Figures 7C-G), reflecting
episodic hydrocarbon expulsion. It should be noted that the test
conditions did not reflect real-world geological conditions, because
the trials were performed under a vacuum and without external
pressure. If external pressure had been applied to the sample, the
initial expulsion of hydrocarbons may have been delayed and, after
the second expulsion of hydrocarbons, there is possibility of less
extent of fracture expansion, even reclosing, or multiple expulsions.

Stage 3 was associated with heating from 500 to 700°C, during
which the generation of hydrocarbons from the kerogen was
gradually weakened! (Zhan et al., 2020) (Tiwari and Deo, 2012)!
and inorganic minerals were decomposed 2> *®1. The majority of
the hydrocarbons in the shale had been discharged by this point,
resulting in fewer cracks appearing and a lower decrease in the
chamber vacuum. However, the sample continued to shrink and
the cracks in the material continued to expand (Figures 7H,I) as a
result of the lack of external pressure.

4.3 Microcrack Changes Based on the
Generation and Expulsion of Hydrocarbons
Microcracks provide important seepage channels for shale and

can be changed by hydrocarbon generation and expulsion! (Saif
et al, 2016) (Panahi et al, 2013)"* [ (Fan et al, 2012)!. In the

Heating Shale in the SEM

original sample, the crack direction was the same as or similar to
the bedding direction and there were essentially no cracks in the
vertical bedding direction. For these reasons, the cracks were
relatively short, the available openings were small and there were
no cracks spanning the organic matter and inorganic minerals
(Figure 11A). Therefore, an effective crack network system was
not present and the rock had limited seepage capacity.

Increasing the temperature modified existing cracks and also
formed new cracks. The existing cracks were able to expand while
retaining their original directions, while the newly generated
cracks (Figures 8C, Figures 11E-H) formed inside the organic
matter or at organic-inorganic boundaries. Both kerogen volume
shrinkage based on significant conversion of this component and
pressure increases resulting from fluid thermal expansion and
hydrocarbon generation caused expansion of the original cracks
and the opening of new cracks (Figures 8B,C, Figures 11E-H).

During and after heating, the majority of cracks were parallel
to the bedding direction and the lengths and connectivity of these
cracks provided good channels for fluid migration along the
bedding direction. Cracks in the vertical bedding direction
were also developed and allowed the migration of fluid
between the bedding regions (Figures 11E-H). In this
manner, an effective network of cracks was produced and the
seepage capacity of the sample was greatly increased.

4.4 Effect of Temperature on Organic-Rich
Shale

Unlike conventional gas reservoirs, shale gas reservoirs have very
low permeability. Thus fracturing is required to connect natural
micro-cracks with the goal of forming a complex network of
fractures to achieve effective shale gas production. The fractures
obtained from hydraulic fracturing are relatively large (on the
scale of several microns) (He et al., 2017; Lin et al., 2018; Hu et al.,
2020a; Diaz et al., 2020; Wang et al., 2021a; Wang et al.,, 2021b)
and typically develop along the boundaries between mineral
particles and organic matter (He et al., 2020). The gases in the
nano-scale pores within the matrix do not readily enter the cracks
and for this reason do not easily migrate to the well. In addition, a
large amount of fracturing fluid remains in the reservoir after
hydraulic fracturing, which hinders gas flow.

The thermal treatment of shale reservoirs after hydraulic
fracturing is a potential stimulation technology that could
allow the secondary exploitation of shale gas and enhance the
recovery of shale gas reservoirs. Numerical models of shale gas
thermal treatments have shown that shale gas production can be
increased by heating hydraulic fractures (Wang et al., 2019; Yuan
etal., 2019; Liu et al., 2020). Specifically, the evaporation of water
at high temperature or clay dehydration can minimize or even
reverse the damage caused by water trapping and clay swelling
near the well. Combining thermal reformation and hydraulic
fracturing, we can take advantage of the different thermal
properties of the shale components, the thermal expansion of
fluids (such as fracturing fluids and gases in isolated pores) and
the generation of hydrocarbons from organic matter via pyrolysis.
On this basis, micro-fractures can be generated near the surfaces
of existing fractures to form a new fracture network and improve

Frontiers in Earth Science | www.frontiersin.org

December 2021 | Volume 9 | Article 797760


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Yuan and Yang Heating Shale in the SEM

FIGURE 11 | Expansion and opening of cracks during temperature increases.

the permeability of the reservoir. At the same time, the organic =~ migration of gases. Increasing the shale temperature will also
matter produces micro-cracks (Hu et al., 2020b) through which  enhance the desorption of adsorbed gases and further increase
the organic pores can be connected (Figure 9), allowing the  shale gas recovery.
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Shale is also one of the main host rocks for underground
high-temperature operations such as nuclear waste storage.
The decay of radioactive elements in nuclear waste and
subsequent heat release can increase the shale temperature
in a relatively short period of time and induce significant
structural changes that create additional fluid flow paths.
These paths, in turn, will affect the overall performance of
the radioactive waste storage system (Tsang et al., 2005; Nasir
etal., 2014; Zheng et al., 2017). Therefore, the design of nuclear
waste storage should consider the impact of structural changes
resulting from radiation-based heating. Based on the present
work, the fractures produced by the thermal reformation of shale
would be expected to develop primarily along the bedding plane
direction (Figure 8). Therefore, when designing nuclear waste
storage systems, more safety measures should be implemented
along the bedding plane to increase the stability of the formation
and prevent the migration of radionuclides.

5 CONCLUSION

This work investigated structural changes and hydrocarbon
generation during in situ heating of immature shale samples
from room temperature to 700°C in a high-resolution field
emission scanning electron microscope. The structural changes
were monitored by in situ SEM imaging within the same field
of view at different stages under continuous heating conditions.
The changes in the vacuum within the SEM chamber were used
to characterize hydrocarbon generation and expulsion by the
shale. Analyzing both these SEM images and the vacuum
data provided correlations between structural variations and
hydrocarbon generation and expulsion. The following
conclusions can be made.

1) Hydrocarbon generation and expulsion by the shale had a
significant effect on the SEM chamber vacuum, and the
vacuum within the chamber changed during the various
heating stages. The rapid decrease observed in the SEM
chamber vacuum during rapid heating suggested that fluid
was discharged via a transient flow process. Slower decreases
in the vacuum during the constant temperature stages
indicated that fluid was released in the form of seepage.

Typical particles in the SEM field of view were used to
characterize structural changes associated with the different
heating stages. These structural modifications were found to
depend on both the direction within the sample and type of
material being assessed. On heating from room temperature
to 700°C, contraction occurred largely along the vertical
bedding direction with only limited expansion parallel to
the bedding direction. Organic matter in the shale shrank
significantly throughout the entire heating process, while
inorganic minerals first exhibited shrinkage and then

2)

Heating Shale in the SEM

expanded during the initial heating stage, after which these
components showed minimal change.

A definite correlation was observed between sample structural
changes and hydrocarbon generation and expulsion.
Throughout the entire heating process, two episodic
hydrocarbon expulsion stages were observed, occurring at
300 and 500°C. The opening, closing and reopening of micro-
cracks took place during these cycles of hydrocarbon
generation and expulsion. In the later heating period, the
cracks did not close again after opening, indicating the
deterioration of the elasticity of the organic matter and the
lack of external pressure intervention.

Hydrocarbon generation and expulsion caused the expansion
of old fractures and the formation of new ones to generate a
large number of micro-cracks along either the bedding plane
or vertical bedding directions. Thus, an effective network
system could be formed to provide channels for fluid
migration.

Structural changes in organic-rich shale as a consequence of
heating may have negative effects on certain geological
projects, such as nuclear waste storage, and should receive
special attention in advance.

3)

4)

5)
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