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Microwave heating fracturing is potentially a green stimulation technology for gas shale recovery. However, the
mechanism together with permeability evolution of microwave irradiated reservoir remain unclear. To fill this
knowledge gap, the responses of Longmaxi shale from the Sichuan Basin, southwest China, to both continuous
and intermittent microwave stimulation along variable microwave heating paths were explored. A complex
thermally-induced fracture network can be formed gradually without sudden collapse under intermittent mi-
crowave irradiation. Changes in the petrophysical parameters of the shale including wave velocity, weight and
volume at different intermittent microwave irradiation steps were measured together with temperature varia-
tion. The evolution of permeabilities for the two shale samples with alternately parallel and vertical beddings at
different effective stresses was analyzed both before and after microwave irradiation. After the last step of
intermittent microwave irradiation in this study, the shale permeability increased by two to four orders of
magnitude for the shale sample with flow parallel to bedding and one to two orders of magnitude with flow
perpendicular to bedding. Microwave treatment accentuates the anisotropy between bedding-parallel and
bedding-normal permeabilities. Evolving pore size was measured by high-pressure mercury porosimetry and
thermal-induced fracture characteristics and the changes of mineral composition were characterized by SEM
combined with Energy Dispersive Spectroscopy (EDS). Thermally- and chemically-induced swelling stresses are
mainly responsible for the development of fractures and micro-porosity in the shale. A permeability model with
variable compressibility coefficient was adopted to fit the experimental data for shale permeability across a wide
range of effective stresses from 2.5 MPa to 59.5 MPa. Shale fracture compressibility decreases in the later stage of
microwave irradiation, suggesting the hardening of thermal-induced fractures.

1. Introduction

Commercial production of shale gas is mainly achieved through the
applications of horizontal drilling and hydraulic fracturing technologies
(Boudet et al., 2014). However, hydraulic fracturing not only consumes
large volumes of potentially potable water resources but also potentially
causes soil and water pollution and other environmental problems.
Much more importantly, after hydraulic fracturing, the flowback ratio of
the fracturing fluid is very low, with ~50-90% of the fracturing fluid
retained in the reservoir (Wang et al., 2019a) and trapped in water-wet
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pores (Xu et al., 2016). These retained water would impair gas flow and
reduce gas production rate (Cui et al., 2020b). Microwave fracturing is
considered to be a green waterless fracturing technology that can be
widely used in unconventional gas/oil reservoirs (Li et al., 2019; Liu
et al., 2020; Yang et al., 2017) which can rapidly heat shale formations
without contact or convection (Cui et al., 2020a). Due to the heteroge-
neity of the mineral distribution within the reservoir, the temperature
distribution within the rock mass is heterogeneous resulting in a het-
erogeneous distribution of thermal stresses at the grain-scale and the
potential for thermal fracturing (Seehra et al., 2007). The reduced
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permeability due to water retention can be largely recovered by treat-
ment at high temperatures (Zhang et al, 2015). Furthermore,
microwave-induced thermal fracturing also has the potential to accel-
erate desorption and diffusion of methane in the adsorbed state, take up
to 20%-85% of the total gas (Chen et al., 2015b; Cui et al., 2020c), and
thereby enhance ultimate gas recovery (Liu et al., 2018). Thus, the
combination of hydraulic fracturing and microwave heating stimulation
may effectively deal with formation damage resulting from water
blockage and clay swelling.

Mineral composition of rocks can be altered by microwave-induced
high temperatures and related reactive transformations (Flesoura
etal., 2019; Jones, 2005). For instance, clay minerals can be dehydrated,
degraded or decomposed (Kang et al., 2016). Besides that, under mi-
crowave irradiation, when the thermal stress within the irradiated re-
gion exceeds the strength of the mineral particles or cement,
intergranular and transgranular fractures may appear and such damage
can be indicated by changes in the acoustic wave velocity of the rock
(Zheng et al., 2017). Expansion of pores and the creation of fractures will
impact both porosity and associated permeability of the rock, potentially
increasing the permeability by orders of magnitude (Wang et al., 2016).

Lots of experiment works are conducted to investigate the micro-
structure variations of reservoir rock before and after microwave heat-
ing (Li et al, 2016). It is found that (1) micro-fractures become
prominent after microwave heating (Chen et al., 2018; Sahoo et al.,
2011) and both inter-granular and trans-granular fracture would appear
(Jones et al., 2007); (2) new crosslinking surfaces were created in the
closed pores thus increasing particle size (Zhou et al., 2015); and surface
area and total and pore volume increase while the average pore diam-
eter would increase (Liu et al., 2015) or decrease (Ge et al., 2013) and
(3) both matrix and fracture permeability were measured with an in-
crease of more than three orders of magnitude (Chen et al., 2018,
2021a). Numerical models were also established to study microwave
heating effect. In the early work, 2-D models were firstly established to
study the electromagnetic and thermal field distribution of reservoir
rock and the impacts of microwave power, frequency and irradiation
time (Wang and Djordjevic, 2014; Meisels et al., 2015). While these
models were simplified because of the limitation of computing time.
Later 3-D models were proposed with the framework of COMSOL Mul-
tiphysics (Cui et al., 2020a; Li et al., 2019) and ANSYS (Wang et al.,
2017). COMSOL has a powerful ability in simulating microwave heating
process while it cannot handle large scale models because of the RAM
limitation (Salvi et al., 2010). On the contrary, ANSYS can handle large
scale problem but more complicated operations are needed (Salvi et al.,
2010; Wang et al., 2015).

The application of the microwave to the unconventional reservoir
has been discussed since the patent ‘Oil well microwave tools’ (Kasevich,
2008). In the heavy oil industry, the thermally enhanced oil recovery
methods are widely applied (Rui et al., 2018). Inspired from this, mi-
crowave was proposed to heat the oil reservoir thus reducing its vis-
cosity and promoting oil flow (Bientinesi et al., 2013; Mutyala et al.,
2010). Based on these experiences, conceptual designs of on-site mi-
crowave heating system for unconventional gas reservoir were proposed
for shale gas or coalbed methane (Hong et al., 2016; Liu et al., 2018)
with both the horizontal and vertical well applicable (Li et al., 2016; Liu
et al., 2018).

Even there are abundant experimental observations and modeling
analyses defining the impacts of microwave irradiation, several knowl-
edge gap remain: (i) most previous works took their attention on coal (Li
et al.,, 2019) and oil shale (Yang et al., 2017) while the response of gas
shales to microwave heating will be different from that of coal and oil
shale. Compared with coal, the brittle mineral content in gas shales is
higher and the organic carbon content is lower (Wang et al., 2019b;
Youjun 2017). Compared with oil shale, gas shales generally lack liquid
oil within the matrix; (ii) the limited research work paid attention to the
variations in flow transport ability induced by the microwave irradiation
(Liu et al., 2018; Zhu et al., 2016). Even the mechanism of the fracture
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induced by saturated vapor pressure in tight rock matrix are widely
investigated in the study of Chen et al. (2018, 2021a) and that induced
by differential thermal stress between distinct minerals is rare studied;
(iii) Understanding and evaluating the evolution of permeability
resulting from microwave-induced fracturing under high effective stress
is the key in evaluating the potential of microwave fracturing to influ-
ence gas production because that the effective stress of some
deep-buried shale gas reservoirs can be as high as 100 MPa (Chen et al.,
2019; Cui et al., 2018). Therefore it is concluded that (i) more experi-
mental studies of microwave heating fracturing are necessary to
constrain the true impacts of variations in petrophysical properties,
pre-existing permeability and pore structure of real gas shales on the
true evolution of porosity and permeability; and (ii) characterizing
fracturing behaviour and the resulting variation in permeability of
microwave-fractured shale at high stresses is therefore crucial to extend
this technique to shale gas production.

In this paper, the impacts of microwave heating paths in the gener-
ation of complex thermally-induced fractures were explored. The evo-
lution of rock physical properties during microwave stimulation was
also investigated. The evolution of permeability of microwave-fractured
shales, treated for a spectrum of microwave exposure times, was
examined under a wide range of effective stresses (from 1.5 MPa to 59.5
MPa). The effects of microwave stimulation on pore and fracture
structure were characterized by high-pressure mercury injection
porosimetry and scanning electron microscopy (SEM). The effects of
microwave irradiation on the resulting compressibility and permeability
were linked to define the evolution of stress/deformation-dependent
transport characteristics. The anisotropy of shale permeability
following microwave-treatment was also studied.

2. Experimental
2.1. Samples

The shale used in this study was collected from an outcrop of the
Silurian Longmaxi formation of the Sichuan Basin in southwest China.
Fresh shale blocks were selected to drill the samples of three sizes, 5 cm
in diameter and 2.5, 7.5 cm and 10 cm in height. Offcuts were used for
the measurement of the organic carbon content, maturity and mineral
composition. The geochemical properties of the shale are summarized in
Table 1.

2.2. Experiment methods

In order to eliminate the influence of moisture content as an un-
controlled variable on the effects of microwave heating fracturing, all
samples were dried under vacuum for more than 72 h before the ex-
periments. A household microwave oven (Galanz, G70F20CN1L-DG
(BO), Fig. A.1) with a constant power of 700 W was used for irradia-
tion and heating of the shale samples. The internal space of the micro-
wave oven is 329 mm x 315 mm x 180 mm. The waveguide is located at
the top of the right side in the microwave oven with a dimension of 50
mm X 50 mm x 70 mm. Shale samples in the three sizes were used to
study the size effect on microwave fracturing. The lengths of the three
samples are 25, 75 and 100 mm, respectively. This represents volumes in
multiples of 1x, 3x and 4x, with anticipated inversely-correlated impacts
of heating. The initiation and propagation of fractures induced by mi-
crowave heating were selected as studied.

2.2.1. Preferred heating path determination

To determine the preferred heating path of microwave irradiation,
two types of microwave heating paths were investigated: the first
heating path included continuous microwave irradiation (CMI) and the
second intermittent microwave irradiation (IMI). During the process of
intermittent microwave irradiation, the magnetron in the microwave
oven is applied in bursts of 20 s on then 10 s off, compared to the



T. Chen et al.

Journal of Natural Gas Science and Engineering xxx (xxxx) xxx

Table 1
Geochemical properties of the shale samples.

Mineral compositions (%) TOC (%) Ro,max (%)

Quartz Feldspar Pyrite Clay minerals Calcite Dolomite

Illite Chlorite

40.62 1.45 1.74 12.23 0.25 30.46 9.96 3.29 2.51
continuous case. The microwave exposure time was increased step by
step for the two microwave heating paths. Before each stage of micro- a= M (L _,.L) )
wave heating, the sample was preheated to 90 °C by low-level micro- 2uL Vi Va

wave irradiation to simulate the in-situ reservoir temperature. After the
microwave irradiation was applied for the first time step, the sample was
taken out of the microwave oven and the temperature was slowly low-
ered to 90 °C (simulating a return to reservoir temperature). Then the
next microwave irradiation step is performed, and the time of micro-
wave heating in the next step was 30 s longer than that in the previous
step.

Before and after each microwave heating step, the temperature of the
sample was determined by a Fluke infrared thermometer (model: 568-2)
with an accuracy of 1 °C; the weight of the sample was measured by a
Mettler Toledo balance (model: MS1602TS) with an accuracy of 0.01 g;
the dimension of the sample was measured with a vernier caliper to
analyze its volumetric change; and the wave velocity of the sample was
measured using a Proceq wave velocity meter. It should be noted that
after microwave treatment, the mass, volume and wave velocity of the
sample were measured when the temperature was reduced to 90 °C. The
results of the microwave-induced fracturing under the two different
heating paths were compared and analyzed. The microwave heating
path with the preferred resulting microwave fracturing network was
then selected to investigate the effect of exposure microwave time on
permeability.

2.2.2. Variations of permeability and micro-structure

Before microwave heating, the permeabilities of shale samples, with
the diameter of 5 cm in diameter and length of 10 cm in height, with
both flow-parallel and flow-perpendicular to bedding were measured
under different effective stresses. Then, the shale samples were sub-
jected to microwave heating to follow the preferred heating path. After
microwave stimulation, the permeabilities of the shale samples were
measured again. The transient pulse method is applied to measure
permeability proposed by Brace et al. (1968). The own designed
multi-physics coupling testing system was used for permeability mea-
surement with schematic diagram shown in Fig. A.2. The details of the
triaxial pressure chamber and stress loading procedures of the experi-
mental setup used for the permeability measurement have been
described in our previous work (Chen et al., 2019). The measuring ac-
curacy and the range of the pressure sensors is 0.01% of the full scale
(FS) and 0-20 MPa, respectively. A Keller differential pressure trans-
ducer is added to monitor the gas pressure difference between the up-
stream and downstream gas cylinders with measuring range and
accuracy of 0-1 MPa and 0.1% FS (Chen et al., 2019). The upstream and
downstream cylinders were full of gases but with different gas pressures,
therefore a gas pressure difference exists between the two cylinders. The
permeability is calculated as:

(Pu*Pd) —e @ 6h)
(Puo — Pao)
where P denotes the gas pressure, the subscript u and d represent the gas
pressures in the upstream and downstream cylinders at the testing time
t, and the subscript 0 denotes the initial state. @ is a parameter repre-
senting the pressure decay exponent, written as (Brace et al., 1968; Tan
et al., 2018):

in which k denotes the measured permeability value, A denotes the area
of the sample end face, L defines the sample length, 4 denotes the fluid
viscosity, V, and V; are the volumes of the upstream and downstream
cylinders (inclusive of tubing), respectively.

Helium was used as the permeant in the permeability tests. After
sample installation, the gas injection system and the shale sample were
evacuated for more than 72 h to ensure that the contamination induced
by air is fully eliminated. Hydrostatic pressure was then applied with a
constant loading rate at 1 MPa/min. The hydrostatic effective stress for
the permeability experiments was enhanced from 1.5 MPa to 59.5 MPa
in ten increments of confining pressure. The gas pressure used to
determine the permeability was 0.5 MPa. In order to consolidate the
sample, after the permeability measurement of the first loading cycle,
the permeability of the shale sample was measured again following the
application of the same loading path.

The fracture characteristics and any variations in the mineral
composition that evolved on the surface of the heating-induced fracture
were measured by Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS). In this work, Scanning electron micro-
scope (TESCAN MIRA 3 XMU) is applied (Fig. A.3). The shale samples,
both before and after microwave irradiation, were polished by argon ion
beam, and the changes in pore structure and mineral composition in the
shale under the microwave treatment were observed by SEM and EDS.
Pore size distribution and volume of the shale samples before and after
microwave treatment were measured by high-pressure mercury injec-
tion porosimetry. The experimental procedure is shown in Fig. 1.

3. Results
3.1. Change in petrophysical properties

Fig. 2 shows the variation in temperature for the shale samples of
different sizes under different microwave heating paths. For samples 2, 4
and 6 with lengths of 25 mm, 75 mm and 100 mm, respectively, the
maximum microwave-induced temperature under intermittent micro-
wave irradiation is 550 °C, 422 °C and 437 °C, respectively. The smaller
the sample, the higher the temperature rise rate at the same duration of
microwave exposure.

After microwave treatment for 600 s, the temperatures of sample 5
(CMI) and sample 6 (IMI) reached 394 °C and 305 °C, respectively. Fig. 2
also illustrates the dependence of temperature with microwave irradi-
ation time for the shale samples with a length of 100 mm under inter-
mittent microwave irradiation. In the initial stage of microwave
treatment, the surface temperature of the shale samples increases
rapidly with the progress of microwave heating time but then slows
down, reaching a plateau of near-constant temperature. The tempera-
ture plateaus may be related to the phase transition of minerals or
evaporation of bound water with details discussed in Section 4.1. The
increase in temperature with the microwave exposure time for different
shale samples of the same size and mass, shows good consistency.

The shale samples under continuous microwave irradiation rapidly
disintegrated the following exposure for 20 min (Fig. 3). Continuous
microwave irradiation readily leads to a rapid rise in temperature of
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Fig. 2. Temperature changes with microwave heating time for shale samples.

sensitive minerals, resulting in the rapid accumulation of thermal-stress
in the shale samples. Simultaneously, the rapid accumulation of gas
generated by microwave-induced chemical reaction of the minerals can
also result in a sharp increase in gas pressure. The concentration of
thermal-stress and the failure to drain the gas and to release gas pressure
in the tight shale sample eventually caused a sudden collapse. Heating-
induced fractures gradually developed in the shale sample at different
steps in the second intermittent microwave heating path and the sample
remained intact without disintegration. In the process of intermittent
stepwise microwave stimulation, the heating-induced fracture gener-
ated in the previous microwave irradiation step allows the release of
thermal stress and the gas in the next step, thus avoiding the concen-
tration of internal stress and gas pressure. In order to ensure wellbore
stability during microwave fracturing, the second microwave heating
path was selected as the preferred microwave irradiation path for
further study.

Fig. 4 displays the dependence of weight, volume and acoustic wave
velocity with temperature of the shale samples for each microwave
heating step. It should be noted that the temperature on the horizontal

2*

Fig. 3. Effects on shale samples of continuous microwave treatment.

axis refers to the highest temperature of the sample after corresponding
microwave. Weight reduction in the shale samples was observed during
the process of microwave treatment. The mass loss of the shale samples
is mainly due to the generation of gases from mineral chemical reactions
and the evaporation of bound water under the high temperature induced
by microwave treatment. The chemical reactions of minerals and related
gas generation may result in the development of pores and micro-
fractures in the shale. The details were discussed in Section 4.1. The
mass loss of the shale samples is closely related to the microwave-
induced temperature increase. When the microwave-induced tempera-
ture is below 150 °C, the mass loss of the shale samples is small. For the
microwave-induced maximum temperature between 150 °C and 400 °C,
loss of mass is clearly observed. Shale weight loss rate increases rapidly
at temperatures higher than 400 °C, which suggests that some minerals
react rapidly or water evaporates quickly in the shale at this tempera-
ture. For example, after 3180 s of microwave treatment, the temperature
reached 432.7 °C for sample 6 with a mass loss of 2.9%.

As apparent from Fig. 4, the volume of the shale samples increases
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and the acoustic wave velocity decreases with the enhanced tempera-
ture. The increase of shale sample volume and the decrease of wave
velocity mainly resulted from the initiation and development of frac-
tures induced by differential thermal stresses. The details were discussed
in Section 4.2. The variation in the volume and acoustic wave velocity
indicates that the severity of microwave-heating induced fracturing in
the shale gradually increases with the increase of temperature. The
volume increase rate and rate of decrease in the acoustic wave velocity
also increase rapidly at temperatures higher than 400 °C.

3.2. Thermally-induced variation of pore structure

After an extended duration of microwave exposure, heating-induced
oxidation of carbon on the fracture surface becomes more apparent and
pronounced. The porosities of the original shale sample, the shale
sample with shallower oxidation depth, and that with greater oxidation
depth are 1.57%, 2.67% and 3.83%, respectively. The shale porosity
increases with the proportion of white oxidized shale. The overall
porosity of the shale did not increase significantly after microwave
irradiation, which may be due to the low microwave power used in this
work.

Fig. 5 shows variations in the pore area and volume for the shale
samples both before and after microwave treatment. The average pore
diameter of the original shale sample, the shale sample with shallow
oxidation penetration depth, and that with deep oxidation penetration
depth are 8.58, 8.58 and 8.27 nm, respectively. There is no difference in

Journal of Natural Gas Science and Engineering xxx (xxxx) xxx

the range of distribution of pore diameters in shale before and after
microwave irradiation. The increase in the porosity caused by micro-
wave irradiation mainly comes from the increase in the number of pores
with a diameter less than 130 nm.

3.3. Thermally-induced fracture growth

The fractures developed at different angles of shale samples are
shown following the last microwave treatment step under intermittent
microwave treatment in Fig. 6 with other representative microwave
treatment step shown in Fig. A.4 and Fig. A.5. The shale bedding first
delaminates at lower temperatures. For most of the shale samples
examined in this work, heating-induced fractures first appear along the
bedding when the microwave-induced temperature is > 150 °C as shown
both in Fig. A.4(a) and Fig. A.5(a). With the further application of mi-
crowave irradiation, the initiation of thermally-induced fractures
perpendicular to the bedding direction can be observed as illustrated in
Fig. A.4(b) and Fig. A.5(b). The fractures in the direction vertical to the
bedding mostly develop along the edge of the microwave-induced
fractures developed parallel to the bedding. The development of
thermally-induced fractures exhibit a two-staged process. After the
initial initiation of fractures induced by microwave heating, the fracture
aperture is in the millimeter range and principally under the action of
the thermal expansion stress. However, as the temperature of the shale
samples gradually decreases, the fractures close completely. As micro-
wave irradiation is further applied, the existing thermally-induced
fractures harden, and even when the temperature drops to room tem-
perature, the clear openness of the fractures can also be observed.
Finally, after full microwave irradiation, the heating-induced fractures
appear as a complex network with thermally-induced fracture along
bedding as the main fracture and with those passing through the multi-
layer fractures as the secondary fractures.

The results of Huang et al. (2019) show that fracture growth in coal
exposed to microwave irradiation is mainly due to the expansion of
surface cleats, which is similar to the development of the
heating-induced fractures for the shale observed in this work. While in
the work of Chen et al. (2018, 2021a), the microwave-induced fractures
are generally parallel to the bedding for source rock samples with a
moderate amount of pore-water after 50 s of microwave irradiation.
Microwave time and the existence of water together with heating
induced saturated vapor pressure are the main contributors to the dif-
ference of our findings and Chen et al.‘s work (2018, 2021a). The details
were discussed in Section 4.2.

3.4. The effect of microwave heating on shale permeability

Permeability ratio is defined as the ratio of shale permeability after
microwave irradiation relative to that before microwave irradiation at
the same effective stress. Variations in permeability and permeability
ratio of the shale samples with flow both parallel and perpendicular to
bedding following different microwave exposure times are shown in
Fig. 7, respectively. The increase in shale permeability is positively
correlated with microwave treatment time. After microwave treatment,
the increase in permeability is larger for shale samples with flow parallel
to bedding and less for that with flow perpendicular to bedding during
the second loading cycle. After 1650s of microwave irradiation, the
permeability of the shale sample with flow parallel to bedding increased
by two to four orders of magnitude, however, that with flow perpen-
dicular to bedding increased by only one to two orders of magnitude.
This implies that microwave treatment mainly promotes an increase in
permeability parallel to the bedding direction. A consequence of this is
that microwave treatment accentuates the difference between perme-
ability in the bedding-parallel and bedding-perpendicular directions and
increases the permeability anisotropy ratio. It is worth noting that for
source rock samples with a moderate amount of pore-water, microwave
simulation enhanced the rock permeability by more than three orders of
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Fig. 5. Changes in pore structure after microwave treatment.

magnitude after 50 s of microwave irradiation under the condition of
confining pressure in the study of Chen et al. (2018, 2021a). Under
microwave irradiation, tight rocks with moderate water content have
higher fracturing efficiency in the early stage. The details were discussed
in Section 4.2.

The permeability of the shale both without and with microwave
treatment decreases with an increase in stress and exhibits hysteresis in
this response. When the value of effective stress is less than 10 MPa, the
permeability ratio increases with an increase in the effective stress for
the first loading path with a slower downward trend for the second
loading path. When the value of effective stress is larger than 10 MPa,
the permeability ratio shows a clear reduction. This suggests that high
stress has a greater inhibiting effect on the increase of the thermally-
induced fracture permeability after microwave irradiation.

Shale permeability is highly sensitive to stress. The permeability
measured during the second loading cycle is used in the analysis since
the shale is sufficiently consolidated to remove the major effects of
hysteresis. Before microwave treatment, the permeability of the shale
with flow parallel to bedding and that perpendicular to bedding at an
effective stress of 59.5 MPa is 12% and 17% of that at an effective stress
of 1.5 MPa, respectively. After microwave treatment for 690, 1320 and
1650 s, the permeability of the shale parallel to bedding at an effective
stress of 59.5 MPa is only 1.2%, 0.35% and 0.65% of that with effective
stress value of 1.5 MPa, respectively. The permeability of the shale with
perpendicular to bedding at an effective stress of 59.5 MPa is only 8.9%,
2.6% and 1.6% of that at effective stress value of 1.5 MPa. The perme-
ability of microwave heating-induced fractures is highly sensitive to
stress.

The relationships between permeability measured along different
bedding directions with peak microwave-induced temperature are

shown in Fig. 8. Shale permeability is positively correlated with the
microwave heating-induced temperature. According to the existing data
in this paper, the shale permeability increases rapidly with the
enhancement in temperature with the temperature value above 325 °C,
indicating that when the temperature is above a certain threshold, the
fractures and pores develop rapidly.

4. Discussion
4.1. The response of mineral aggregate to the microwave in shale

Microwaves can cause atomic polarization and dipolar turning to
polarization therefore stimulating dielectric reactions. When a dielectric
mineral is polarized, temperature increases because of inner power
dissipation of the mineral. The capacity of mineral aggregates to interact
with electromagnetic waves is described by dielectric permittivity:

e=¢&o(e, +ig;) 3)

where i is the imaginary unit, ¢, is the real part of the relative permit-
tivity, ¢ denotes the imaginary part and ¢y defines the permittivity of a
vacuum (Li et al., 2019).

For most minerals dielectric permittivity increases gradually with
temperature (Jones, 2005; Flesoura et al., 2019), while some show a
sudden increase with time, such as pyrite (Lovas et al., 2010). The
dielectric permittivities of shale matrix contained minerals are listed in
Table 2 (Aqil and Schmitt, 2010; Church et al., 1988; Josh and Clennell,
2015; Zheng et al., 2005; Zhou et al., 2011) and Fig. 9 (a) (Lovas et al.,
2010) with the value of pyrite and quartz increasing with temperature
and value of others treated as a constant. The specific heat capacity (Cp),
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(a) Shale with flow-perpendicular bedding.

(b) Shale with flow-parallel bedding.

Lateral

Fig. 6. Shale samples after intermittent microwave treatment.

defining the temperature (T) increase related to a given energy input, of
shale matrix contained minerals are shown in Fig. 9 (b) (Skauge et al.,
1983; Toifl et al., 2017). A peak value of the quartz due to the alpha-beta
phase transition was observed.

Based on the energy conservation law, the microwave absorbed en-
ergy by the mineral is equal to energy required for the temperature rise
and that is (Li et al., 2019):

(+A1 E, 2 To+AT
/ weoeilEel’y / , CodT )
: 2 T

where o is the angular frequency, E, denotes electric field, ¢, is the real
part of the relative permittivity, ¢; is the imaginary part, p,, denotes the
density of mineral and C, defines the specific heat capacity. For a given
time interval and electric field, the temperature increasing characteristic
of different mineral aggregate can be obtained. The temperature rise for
a constant energy input rate are highest for pyrite and clay compared to
other minerals. This is a result of their larger permittivity (pyrite) and

lower specific heat capacity (clay). For the other minerals, temperature
increases linearly with time in the order of dolomite (highest), then
feldspar, calcite, and quartz. It should be noted that (i) for the minerals
characterized with low microwave conversion capability such as calcite,
and quartz, the above calculation may lead to some errors because of the
ignorance of heat transfer between different minerals (ii) an induced
temperature magnitude can be obtained from the small volume of the
shale sample but the temperature values vary with different minerals at
the micro-scale in the same area.

The temperature obtained from the sample is a macroscopic repre-
sentation of the mineral temperatures at the micro-scale. In the
following, each different mineral to the microwave heating are dis-
cussed. In the following work, scanning electron microscope (TESCAN
MIRA 3 XMU, Fig. A3) is applied to obtain the SEM image with mineral
components calibrated with Energy Dispersive Spectroscopy (EDS)
Systems.
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Table 2
Dielectric permittivity of the minerals in the shale samples.
Quartz Feldspar Clay Calcite Dolomite
Real Part 3.85 5.52 4 9.2 7.41
Imaginary Part 0.0018 0.01 0.2 0.005 0.02

4.1.1. Organic matter

The microstructure and elemental distribution of the carbon
enrichment area in the original and microwaved shale are presented in
Fig. 10 obtained with the combination of SEM and EDS. Many

nanometer-sized pores in the organic matter can be observed in the shale
after microwave stimulation (Fig. 10(b)). The organic matter inside the
shale can be heat up rapidly after microwave stimulation, and some
kerogen rapidly absorbs heat and releases natural gas (Chen et al.,
2017). When the temperature is above 400 °C, oxidation of organic
matter begins to occur (Han et al., 2015). Some carbon is oxidized to
release carbon dioxide (Jiang et al., 2007). Oxidation of organic matter
may be one of the reasons for the rapid mass loss of shale above 400 °C
(Fig. 2), with the release of gases during oxidation being responsible for
the development of pores in the organic matter.

As apparent in Fig. 11(a), the crystal shape of native pyrite particles
in the shale is relatively regular. The pyrite grains are dense and non-
porous, and nanopores and tiny fractures develop between the native
pyrite grains. However, as shown in Fig. 11(b), after microwave irra-
diation the pyrite framboids are broken up without obvious grain shape.
As apparent in Fig. 10(a), the distribution of iron is the same as that of
sulfur in the original shale. However, it can be seen from Figs. 10(b) and
Fig. 11(c) that the distribution of sulfur in the microwave treated shale is
similar to that of calcium in the microwaved shale. The high dielectric
constant of pyrite (Lovas et al., 2010) results in its rapid oxidation to
form iron oxide and release sulfur dioxide gas. Therefore, the native
pyrite particles in the microwaved shale are converted into iron oxide
particles. The sulfur dioxide from pyrite oxidation and the calcium oxide
from calcite decomposition react at high temperature to form sulfate
minerals. It can also be drawn from Fig. 11 (c) and Fig. 11 (e) that new
structures are formed in some large pyrite particles after the oxidation
reaction, where nanofractures and nanopores are developed.

4.1.2. Clay

Although the shale sample was dried before the experiment, the
shale may still contain some connate water in the form of adsorbed
water, interlay water and constitution water. The adsorbed and interlay
water would be excluded at least at 100-200 °C, while 400 °C is
necessary to remove constitution water in the lattice (Kang et al., 2016).
Furthermore, when the temperature transits from 350 °C to 550 °C, the
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Fig. 9. Temperature-dependent (a) dielectric permittivity of pyrite (Lovas et al., 2010) and specific heat capacity of different minerals (Skauge et al., 1983; Toifl

et al., 2017).

structure of illite transforms to mica (Carrol, 1970), with volume
shrinkage creating new pores and microcracks (Fig. 12). During these
processes, the adsorbed energy is converted to the internal energy
forcing water to evaporate or mineral transform resulting the tempera-
ture plateaus observed in Fig. 2. Residual thin fragments of clay are left
after this decomposition. This may be one of the reasons for the rapid
increase of permeability when the microwave-induced temperature is
higher than 325 °C (Fig. 8).

4.1.3. Quartz

The quartz exhibits an a-f transition at 573 °C where the trigonal a-
phase changes to the hexagonal b-phase. This effect is accompanied by a
significant change toward higher symmetry and volume of f-quartz,
changes in specific heat capacity and volume of the unit cell (Hartlieb
et al., 2016). The lower temperature a-phase has a lower symmetry and
smaller volume than the higher temperature f-quartz. Although both
phases can be observed on a hexagonal lattice, a-quartz has trigonal
(3-fold) symmetry while B-quartz has hexagonal (6-fold) symmetry.
During the phase transition process, lots of energies are needed while the
temperature is kept invariable as illustrated in Fig. 2. Also a sudden
increase in the specific heat capacity-temperature curve as shown in
Fig. 9. Although the dielectric permittivity of quartz increase with
temperature, it still in the low range. Therefore, the increase tempera-
ture in quartz mainly depends on the heat transfer from other minerals
instead of the electromagnetic dispersion.

4.1.4. Other minerals

As apparent in Fig. 10, the distribution of iron is the same as that of
sulfur in the original shale. However, the distribution of sulfur in the
microwave treated shale is similar to that of calcium. This implies that a
related chemical reaction of pyrite and carbonate minerals occurs
following the absorption of microwave. Minerals with low internal en-
ergy loss, such as quartz and feldspar (Zhou et al., 2011), are insensitive
to microwave irradiation. Under microwave irradiation, such minerals
would be penetrated by microwaves with little change in temperature.
Thus, silicon, oxygen, potassium and aluminium all combine in a similar
distribution before and after microwave simulation.

Densely distributed stomata are observed on calcite minerals in the
microwaved shale (Fig. 11(d)). Calcite in the shale can be decomposed
into calcium oxide and carbon dioxide at high temperature (Wang et al.,
2016). The gas generated by the decomposition of calcite is responsible
for the formation of pores in calcite minerals. The sulfur dioxide from
pyrite oxidation and the calcium oxide from calcite decomposition react
at high temperature to form sulfate minerals. Therefore, it can be seen
from Figs. 10(b) and Fig. 11(c) that the distribution of calcium and sulfur
is similar in the microwaved shale.

It can also be seen from the comparison between Fig. 11 (a) and

Fig. 11 (b) that the contours of quartz and calcium sulfite in the
microwaved shale became clear and the pores and micro-fractures can
be observed around these minerals. The narrow slits between most
minerals in the original shale are often filled with clay minerals and
organic carbon with compact combinations of minerals observed in
Fig. 11 (a). The decomposition of organic carbon and clay minerals
distributed between brittle minerals and stress caused by the uneven
expansion of different minerals at microwave-induced high tempera-
tures may be the possible causes of this phenomenon.

Based on the above analysis, the reasons of variations of temperature
plateau, weight and pore structure with microwave irradiation are
given. The temperature plateau is mainly due to the water evaporation
(connate water in clay), mineral decomposition (e.g. decomposition of
calcite) and mineral phase transition (e.g. a-p transition of quartz). The
weight loss is due to the oxidation of organic matter generating gases.
The increase of pore volume in shale after microwave irradiation mainly
results from the pores generated by chemical reactions of mineral par-
ticles and the micro-cracks between mineral particles induced by ther-
mal-stresses.

4.2. Microstructural characteristics of heating-induced micro-fractures in
shale

The microstructure of the fractures for the original shale and that of
the thermally-induced fractures developed across multiple bedding
laminae for the microwaved shale are presented in Fig. 13 and Fig. 14,
respectively. Compared to the tight cementation of minerals in the shale
before microwaving, the minerals on the fracture surface for the
microwaved shale are relatively fragmented and the accumulation be-
tween the minerals is relatively loose (Figs. 13 and 14).

The mechanism of the fracture induced by saturated vapor pressure
in tight rock matrix are discussed in the work of Chen and his co-workers
(Chen at al., 2018, 2021a) with that induced by differential thermal
stress between distinct minerals presented in this work. The dielectric
permittivity (imaginary part value of 12 at 25 °C and 2.45 GHz) (Liu
et al., 2020) and thermal expansion coefficient (6.6 x 10°°1/K) (Jaeger
et al.,, 2007) of water are much higher than minerals which listed in
Table 2 and Fig. 10. For source rock samples with a moderate amount of
pore-water, after microwave irradiation, the heating of water in the
pores of matrix results in rapidly increased pore pressure. When the
pressure exceeds the tensile strength of the rock, tension fractures will
develop (Chen at al., 2018, 2021a). In this work, the different thermo-
dynamic responses of different minerals after microwave treatment
result in significant temperature differences between the minerals,
leading to thermomechanical stresses. When this stress exceeds the
compressive or tensile strength of the minerals, the mineral will rupture
and transgranular fracture will ensue. The
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Fig. 10. Evolution of microstructure and elemental distribution of organic matter enrichment in un-microwave and microwave irradiated shale.

microwave-absorption-induced heat will cause thermal expansion of
minerals. The degree of thermal expansion is directly related to the
thermal expansion coefficient of the minerals. When the tensile or shear
stress caused by the uncoordinated expansion and deformation of
different minerals exceeds the bonding force between minerals, inter-
granular fractures will appear.

The intercrystalline fracture can be observed between the
microwave-induced products of calcite, pyrite and quartz (Fig. 14 (a),
(b) and (e)). The strength of the mineral affects the development of the

10

heat-induced fracture. Brittle minerals, such as quartz and feldspar, may
undergo transgranular and intergranular fracturing at microwave-
induced high temperatures (Fig. 14 (a) and (d)). The strength of clay
minerals is lower than that of hard brittle minerals, thus, the main
failure in the clays caused by thermal stress is by intercrystalline fracture
(Fig. 14 (b) and (e)). It can also be seen from Fig. 14 (d) that the fracture
surfaces of quartz and feldspar are smooth, suggesting the brittle frac-
turing characteristics of these two minerals. Conversely, the fracture
surfaces of clay show the characteristics of ductile fracturing. The
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Fig. 11. Development of pore structure within the pyrite enrichment area in the shale induced by microwave stimulation (Ca: calcite, Q: quartz, P: pyrite, C: clay
mineral, IO: Iron oxide, CS: calcium sulfite).
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Fig. 12. The clay enrichment area in the shale after microwave stimulation.

chemical response of the mineral also affects the development of the
heat-induced fracture. Due to the decomposition and oxidation of pyrite
under microwave stimulation, tiny transgranular fractures develop in
the originally dense particles of strawberry-shaped pyrite (Fig. 14(e) and
(f)). Sulfate minerals produced by chemical reaction of calcite in shale
following microwave heating has a new crystal structure, comprising
many fine particles and nanopores (Fig. 14(e)).

As shown in the white box in Fig. 14(b) and (e), more traces of clay
minerals being pulled apart can be observed on the thermal-fractures
developed through multiple bedding planes for the microwaved shale.
No evidence of shear is observed on the fracture surface of calcite and
quartz, indicating that calcite and quartz are pulled apart by the tensile
stress driven-by thermal expansion of the surrounding high-dielectric
minerals. The above microstructural characteristics indicate that the
thermal fractures crossing multiple sedimentary beddings result prin-
cipally from the tensile failure of minerals.

Fig. 15 shows the microstructure of the thermally-induced fractures
developed parallel and along bedding. No obvious tensile failure of the
minerals can be observed. The bedding laminae appear first split by
thermal stress and internal gas pressure from chemical reactions of some
minerals in the early stages of microwave stimulation. The minerals on
the surface of the bedding that rupture in the initial stage of microwave
treatment will continue to chemically react at the even higher
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temperatures caused by the subsequent microwave treatment, leading to
further changes in the morphology of the fractures induced by tensile
failure of the minerals.

Compared with the minerals on the thermally-induced fractures that
transect multi-bedding-layers, the minerals (especially clay minerals
and pyrite) on the surface of thermally-induced fractures developed
along the bedding are exposed to microwave for a longer time, resulting
in a more intense response to this exposure. Residual thin fragments of
clay are left after this decomposition. The iron oxide particles formed on
the thermally-induced fractures developed along the bedding are more
broken than those transecting multiple layers of bedding (Fig. 15(d)).
Areas rich in Fe, O, Si and Al may represent mixed particles from the
products from high-temperature reaction and decomposition of pyrite
and clay (the white box in Fig. 15(b)). The mineral particles in this re-
gion are loose, with localized pores and small cracks present in high
density around these particles.

4.3. The effect of microwave heating on the anisotropic coefficients of
permeability

Fig. 16 shows the coefficients of anisotropic shale permeability both
before and after microwave irradiation. The ratio of the shale perme-
ability parallel to bedding relative to that perpendicular to bedding is
defined as the coefficient of anisotropic permeability. When the effective
stress increases from 2.5 to 59.5 MPa, the coefficient of anisotropic
permeability of the shale without microwave treatment decrease from
1.93 to 1.32 for the second loading cycle. At an effective stress of 2.5
MPa, the coefficient of anisotropic permeability for the shale after 690s,
1320s and 1650s of microwave irradiation are 10.53, 45.13 and 42.12,
respectively. Under an effective stress of 59.5 MPa, the coefficient of
anisotropic permeability following microwave stimulation for 690s,
1320s and 1650s are 1.75, 7.34 and 16.48, respectively. Under the same
effective stress, the coefficient of anisotropic permeability increases
with an increase in the duration of microwave irradiation. The coeffi-
cient of anisotropic permeability increases by an order of magnitude
after microwave irradiation for 1650s at an effective stress of 59.5 MPa.
The cementation of bedding in the shale is relatively weak, and the main
fracture induced by thermal stresses develops along the bedding
following microwave irradiation. This increases the difference in
permeability in the two orthogonal directions for the shale. The coeffi-
cient of anisotropic permeability decreases with an increase in effective
stress, indicating dominance of the permeability developed parallel to
bedding as stress decreases.

For an infinitely small area in the shale sample, it could be treated as
the uniform heating and electromagnetism dissipation energy can be
seen as homogeneous in three directions. While Young’s modulus in the
direction along the bedding direction is several times larger than that in
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Fig. 13. Microstructure of the fractures in the original shale (Ca: calcite, D: dolomite, Q: quartz, P: pyrite, C: clay mineral).
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the perpendicular direction. Therefore the swelling deformation in the
direction perpendicular to the bedding direction is larger than that in the
direction along the bedding direction. Furthermore the permeability in
one specific direction is defined as the function of the aperture of the
fracture oriented in that direction which is pirated on by the swelling
deformation perpendicular to that direction (Cui et al., 2019). There-
fore, the permeability enhancement in the direction parallel to the
bedding direction is larger than that in the direction perpendicular to the
bedding direction. Besides that, once the tension stress exceeds the
maximum tension strength, the rock would be damaged (Jones et al.,
2005). The Brazilian split tests showed that when the bedding layer was
perpendicular to the loading direction, the tensile strength reached its
peak value, while when the bedding layer was parallel to the axial force
direction, the minimum limit of tensile strength was obtained (Mokhtari
et al.,, 2014; Vervoort et al., 2014). Therefore, the damage induced
fracture may be firstly appeared along the bedding direction increasing
the permeability coefficient of anisotropic permeability.

4.4. The compressibility of microwave-induced fracture

Fracture compressibility is often taken as a constant over a given
range of stresses — but for shale it is typically highly nonlinear (Chen
et al., 2021b). Fracture compressibility is rarely constant but
stress-dependent when the range of effective stress change is large (Chen
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et al., 2015a; Tan et al.,, 2019). An exponential relationship may be
applied between permeability and stress with a stress-dependent frac-
ture compressibility model used to fit the experimental data. Since the
first series of data for each stress-loading case are obtained under the
unconsolidated condition, these data are not used in the modeling.

An exponential relationship is usually applied to illustrate the
dependence of permeability with stress for fractured reservoirs (McKee
et al., 1988; Seidle et al., 1992):

k=koe o) 5)
in which k denotes the permeability value at effective stress o, 6y and ko
is the initial permeability and effective stress, respectively, and Cs is
fracture compressibility.

A mean compressibility C; is introduced to replace Cyin Eq. (5) with
the assumption that the fracture compressibility decreases exponentially
as effective stress increases McKee et al. (1988):

C/()

C=— %
"~ a6 —60)

(1 _ e—a(a—co)) (6)

in which C; denotes the average compressibility when the stress de-
creases from o to og; Cfo and oy is an initial compressibility and effective
stress, respectively; and «a is the decline rate of pore compressibility with
increasing effective stress.

Applying Eq. (6) into Eq. (5), yields:

(1—e=0))(o-ap)

3 G0
k=koe a(o-og) @)

To obtain the compressibility of the thermally-induced fracture
under the microwave irradiation applied in this work, the experimental
data of permeability versus effective stress were fit to Eq. (7). An initial
reference effective stress o is assumed as 0 MPa in the following. The
modeling results with Eq. (7) for the parameters are listed in Fig. 17. The
mean compressibilities of the Longmaxi shale samples, for the second
loading cycle, range from 0.12 to 0.014 MPa~! before microwave
treatment as the effective stresses increase from 1.5 to 59.5 MPa. The
range of compressibilities change to 0.14 to 0.027 MPa ! over the same
stress range after microwave treatment. The increase in shale
compressibility due to microwave irradiation results from microwave-
induced fracturing. The shale compressibility first increases and then
decreases during the process of microwave stimulation. During the
initial phase of microwave irradiation, the number and size of fractures
induced by the thermal stress increase gradually with the increasing
duration of microwave heating — increasing fracture compressibility.
When the microwave irradiation ceases, the fractures generated in the
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Fig. 17. Fracture compressibility of both original and microwave

treated shales.
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initial stage of microwave irradiation will gradually close with the
decrease in sample temperature. Nevertheless, after a certain period of
microwave treatment, even at room temperature, the heating-induced
fractures will remain open, due to the incremental increase in damage
to the surface. The minerals present on the heating-induced fracture
surface will continue to decompose under the subsequent microwave
action, leading to changes in the roughness and stiffness of the fracture
surface - potentially one of the reasons why the microwave-induced
fractures remain open. The enhancement of fracture plasticity and
damage and the change in roughness and stiffness are the key reasons for
the decrease in fracture compressibility in the later stages of microwave
heating.

4.5. Implications of microwave heating to the field application

For the reservoir application, the penetration depth (D,) should be
considered as the amplitude of microwave diminishes when penetrating
into a material. D, is written as (Liu et al., 2018a):

c

- 12
2ﬂf\/2€,< 1 +tan2(§—") - 1>

®

D,

where C is the speed of light, f is the frequency, ¢, is the real part of the
relative permittivity, ¢ denotes the imaginary part; D, in shale is on a
scale of meters because of the low &, of shale matrix (Liu et al., 2018a).
As observed in Eq. (8), reducing frequency is common to enhance D,. For
the heating path, the intermittent microwave irradiation (IMI) is
strongly suggested based on the experiment results in this work.

Once combined with fracturing methods such as hydrofracturing,
microwave can heat the shale reservoir and a series of chemical and
mechanic interactions would occur at different scales. (1) At the mineral
scale, (i) the organic matter inside the shale can heat up rapidly after
microwave stimulation, and some kerogen rapidly absorbs heat and
releases natural gas; (ii) the microwave irradiation would increase the
number of pores with a diameter less than 130 nm and therefore
enhance the diffusion in the shale matrix (Cui et al., 2020c¢). (2) At the
micro-scale, (i) the transgranular and intergranular fracture at
microwave-induced high temperatures are both occurred in the brittle
minerals, (ii) intercrystalline fracture can be observed between the
microwave-induced products of calcite, pyrite and quartz. (3) At
macro-scale as proved in this work, (i) the heating-induced fractures first
appear along the bedding then perpendicular to the bedding direction;
(ii) microwave treatment mainly promotes an increase in permeability
parallel to the bedding direction; (iii) shale fracture compressibility first
increases and then decreases during the process of microwave
stimulation.

5. Conclusions

This work explored the feasibility of microwave heating fracturing
for enhanced shale gas recovery. The effects of continuous and inter-
mittent microwave heating on the initiation and development of
thermal-induced fractures in shale were investigated. The effects of
microwave irradiation on the permeability of two shale samples at
different effective stresses were analyzed. The microstructure and min-
eral composition of the shale after microwave irradiation were investi-
gated by SEM-EDS. A permeability model considering the changing of
effective stresses was applied to fit the experimental data. The effects of
microwave irradiation on fracture compressibility and permeability
anisotropy for the shale were also investigated. The following conclu-
sions are drawn:

1. The value of temperature of 400 °C is a critical value. Loss rates of
shale weight increase rapidly while the temperature reaches a
plateau at this temperature. The former term is due to the oxidation
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of organic matter generating gases. The temperature plateau is
mainly because of the water evaporation (connate water in clay),
mineral decomposition (e.g. decomposition of calcite) and mineral
phase transition (e.g. a-f transition of quartz).

. The preferred pathway for microwave fracturing of shale matrix is
the intermittent microwave irradiation pathway as found in this
work. Continuous microwave irradiation results in the more rapid
rise of temperature, the thermally-induced stresses and chemically-
induced gas pressures compared to intermittent irradiation, even-
tually resulting in the fragmentation of the shale. While the shale
treated under intermittent microwave irradiation withstands the
microwave irradiation without fragmentation, enabling the complex
heating-induced fracture network.

. Under microwave irradiation, fractures and pores develop in the
shale due to thermally-induced stresses and chemical-
transformation-induced gas pressures. The porosity of the studied
shale increased from 1.57% to 3.83% with the pores of diameters less
than 130 nm taking the dominant role due to the oxidation of organic
matter and pyrite, and decomposition of clay minerals and calcite.
Thermomechanical stresses induced fractures across multiple sedi-
mentary bedding planes - mainly resulting from thermally-induced
tensile failure, and chemical transformations control the heating-
induced fractures that develop along the bedding. Brittle minerals
undergo both transgranular and intergranular fracture: the destruc-
tion of clay minerals is manifest more commonly as transgranular
fracture.

. Increases in shale permeability are positively correlated with the
duration of microwave irradiation and temperature increment. The
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shale permeability increases rapidly when the temperature value is
above 325 °C, indicating that when the temperature is above a
certain threshold, the fractures and pores develop rapidly. On the
other hand, the enhanced permeability is highly sensitive to effective
stress increment.

5. The microwave treatment accentuates permeability anisotropy
because that the damage induced fractures are easily appeared along
the bedding direction; The shale compressibility first increases and
then decreases during microwave irradiation. The appearance of
fractures induced by the thermal stress during the early stage in-
crease fracture compressibility. The enhancement of fracture plas-
ticity and damage, and the change in roughness and stiffness are the
main contributors to the decrease in the later stage.
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Fig. A.1. Image of microwave oven.
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