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Abstract: Water uptake induced by fluid–rock interaction plays a significant role in the recovery of
flowback water during hydraulic fracturing. However, the existing accounts fail to fully acknowledge
the significance of shale anisotropy on water uptake typically under in situ reservoir temperature.
Thus we investigated the shale-hydration anisotropy using two sets of shale samples from the
Longmaxi Formation in Sichuan Basin, China, which are designated to imbibe water parallel and
perpendicular to shale bedding planes. All the samples were immersed in distilled water for one to
five days at 80 ◦C or 120 ◦C. Furthermore, samples’ topographical and elemental variations before
and after hydration were quantified using energy-dispersive spectroscopy–field-emission scanning
electron microscopy. Our results show that shale anisotropy and imbibition time strongly affect
the width of pre-existing micro-fracture in hydrated samples. For imbibition parallel to lamination,
the width of pre-existing micro-fracture initially decreases and leads to crack-healing. Subsequently,
the crack surfaces slightly collapse and the micro-fracture width is enlarged. In contrast, imbibition
perpendicular to lamination does not generate new micro-fracture. Our results imply that during
the flowback process of hydraulic fracturing fluid, the shale permeability parallel to bedding planes
likely decreases first then increases, thereby promoting the water uptake.

Keywords: shale reservoirs; anisotropy; hydraulic fracturing; water uptake; hydration

1. Introduction

With an increasing demand for geo-energy, unconventional resources, such as shale gas, play
a significant role in meeting demand, and are expected to continue to do so for the foreseeable
future [1]. Shale gas production in 2012 accounted for 34% of total natural gas production in the U.S.
and is estimated to increase to nearly 50% by 2035 [2,3]. Due to the ultra-low permeability (tens of
nano-Darcy to 1 milli-Darcy), a combination of horizontal drilling and multi-stage hydraulic fracturing
has been widely used to enhance the formation connectivity by generating new fractures and activating
pre-existing micro-fracture to achieve commercial shale gas production [4–8].

However, only 10% to 20% of injected hydraulic fluids are recovered during the flowback period
for some shale plays [9,10]. For example, Nicot and Scanlon [11,12] conclude that up to 80% of hydraulic
fluids remain underground after hydraulic fracturing in the Eagle Ford shale reservoir. Published works
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show that this large amount of fluid loss is associated with fluid–rock interaction such as hydration
of clay minerals [13,14], capillary pressure [13,15,16] and osmotic flow [17,18]. Binazadeh et al. [14]
quantified the effect of solution ionic strength on clay hydration. They conclude that low ionic strength
may expand the electrostatic double layer (EDL) on clay surface, and generate a thicker hydration
shell, which facilitates water imbibition. Fakcharoenphol et al. [18] simulated the effect of osmotic
pressure on water and oil flow into and out of the shale plugs with consideration of capillary pressure.
Their results indicate that high osmotic pressure likely takes place in shales due to the considerable
salinity difference between in situ brine and slick water, which would promote water imbibition and
oil counter-current flow. All these mechanisms imply that spontaneous imbibition associated with
fluid–shale interaction and capillary forces governs hydraulic fracturing fluids loss [9,13,15,16,19–21].

Moreover, shale reservoirs present strong anisotropy [22], which would significantly affect water
imbibition [15,23]. Existing studies show that the rate of water uptake depends significantly on the
imbibition direction, whether parallel or perpendicular to the bedding planes [24]. For instance,
Makhanov et al. [24] experimentally measured the brine-imbibition rate into shale plugs from Horn
River Basin, Canada. They found that compared to the imbibition perpendicular to lamination, parallel
imbibition to bedding planes can accelerate water uptake due to the shale layered structure. Moreover,
Makhanov et al. [25] and Dehghanpour et al. [26] report that the clay hydration-induced micro-fracture
likely increases shales’ permeability, and thus favour water uptake, which may also account for the
low recovery of flowback water. However, Dehghanpour et al. [26] and Roychaudhuri et al. [27] draw
the opposite conclusions that due to the clay minerals swelling and grains migration, the excess water
imbibition would trigger a micro-fracture healing, which may decrease shale permeability and impair
the imbibition rate. Hitherto, the nature of shale hydration associated with strong anisotropy still
remains to be unveiled. Moreover, few existing studies investigate the effect of shale anisotropy on
water uptake with consideration of in situ reservoir temperature and pressure. Furthermore, the time
effect on water imbibition with respect to the shale anisotropy has been overlooked. Therefore, in
this study, we aim to identify the controlling factors that drive shale hydration by addressing the
following questions:

1. How does the imbibition direction (parallel or perpendicular to the bedding planes) influence the
shale hydration?

2. How do the temperature and pressure affect shale water uptake?
3. What are the mechanisms of hydration?

To answer these questions, we investigated shale hydration anisotropy experimentally using
two sets of shale samples extracted from the Longmaxi Formation in Sichuan Basin, China. The first
set of experiments was designed to imbibe water parallel to the bedding plane, whereas the second
set of experiments was conducted for the perpendicular imbibition. All samples were immersed in
distilled water for one to five days with pressure of 3.5 MPa at 80 ◦C or 120 ◦C. Furthermore,
to better characterize the samples’ topographical and elemental variations, energy-dispersive
spectroscopy–field-emission scanning electron microscopy (EDS–FE-SEM) was used before and
after hydration for quantitative analysis.

2. Experimental Materials and Procedures

2.1. Mineralogy

Shale reservoir samples in this work (Figure 1) were extracted from the Longmaxi Formation in
the Changning-Weiyuan area of Sichuan province, China, which is currently the main commercial
exploration and production shale gas target in China (see Figure 2). This formation has been
characterised by the high total organic carbon content (TOC), high gas content and is a relatively
easily to frack [28–30]. Considering that the shale hydration would be strongly affected by the organic
matter (kerogen) and inorganic minerals [27,31], a carbon-sulphur analyser and X-ray diffraction
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(XRD) were used to analyse the samples’ organic content and mineral compositions. Results show
that the content of total organic carbon (TOC) ranges from 1.78% to 2.85% with kerogen of type III
(Table 1). Quartz is the dominant mineral followed by calcite and feldspar together with a high content
of clay minerals, especially illite/smectite (Table 2). It is worth noting that the mineralogy of Longmaxi
samples in this study is similar to that of Lower Bakken and Haynesville shales in the U.S., which
contain a high content of quartz and illite/smectite [32]. Besides, Xu and Sonnenberg [33] observed that
the micro-fracture surfaces of lower Bakken shale samples are mainly covered by quartz, K-feldspar,
calcite, dolomite, and a little amount of organic matters in some areas. Therefore, we assumed that the
experimental results for Longmaxi samples should be also applied to these established shale plays.
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Table 1. Organic and inorganic mineral composition of shale samples.

Sampling Depth TOC * Mineral Composition (%)

(m) (%) Quartz Feldspar Calcite Dolomite Pyrite Clay

2321 1.78 31 11.4 12.9 5.1 1.2 38.4
2324 2.85 31.7 5.5 8.3 5.9 3.6 45

* TOC represents the total organic carbon of the tested samples.

Table 2. Clay minerals composition of shale samples.

Sampling Depth Relative Content of Clay Minerals (%) Mixed-Layer Ratio (%S) **

(m) I/S * It K C I/S

2321 53 28 9 10 12
2324 44 34 10 12 12

* I/S: illite/smectite mixed; It: illite; K: kaolinite; C: chlorite. ** %S: Portion of smectite in illite/smectite mixed-layer.

2.2. Sample Preparation and Characterization

The micro-structure of shale plays a vital role in anisotropy hydration during water
imbibition [13,24,25]. Therefore, it is worth investigating the microscopic structure of the bedding
planes. First, samples were cut either in parallel or perpendicular to the lamination with a dimension
of 10 mm × 10 mm × 2 mm using a freeze corer with liquid nitrogen. Second, the sample surfaces were
polished by argon ion and sprayed with a pure carbon film [34]. Focused ion beam (FIB) combined
with field-emission scanning electron microscopy (FE-SEM) (type FEI Helios NanoLab 650) was used
to investigate the microscopic features of shale. With the advance of the conventional backscatter (CBS)
detection mode and secondary electrons. Through-the-lens detection (SE-TLD) mode in FIB–FESEM
can characterize the nano-structure of shale bedding planes with resolution of 0.8 nm under vacuum
condition. Results show that at the surface perpendicular to the bedding planes, the mineral grains with
different sizes are homogeneously dispersed and do not present any specific orientation (Figure 3a).
For the surface parallel to the bedding planes, the mineral grains are also arranged parallel to the
lamination. In addition, we observed considerable nanoscale fractures and pores on sample sublayer
surface. Some of these pores are filled with kerogen or asphaltene, implying a strong anisotropy and
heterogeneity which is generally in line with existing literature [35,36] (Figure 3b).
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2.3. Sample Slice Preparation

To precisely investigate the hydration process during water imbibition on shale surfaces parallel
or perpendicular to the laminations, first, we used a freeze corer with liquid nitrogen to cut shale slices
with dimensions of 20 mm × 18 mm × 10 mm. The samples were labelled with odd- and even-numbers,
which corresponded to the cases that cut parallel and perpendicular to bedding planes, respectively
(see Table 3). Second, we stabilized the samples with epoxy and UNNIPOL-80 mechanical polisher
was used to grind the samples. Third, to better present the mineral skeletal structure and nano-pore
system, we polished the slices using an 1060-Argon-Ion-Polisher to smooth the samples’ surfaces.

2.4. Experimental Procedures

The depth of shale formation in Changning-Weiyuan area is approximately from 2000 to 3000 m
with temperature ranging from 75 to 125 ◦C [37]. Therefore, experimental temperature in this work
was set as 80 ◦C and 120 ◦C. According to the American Petroleum Institute (API) standards for
high-temperature and high-pressure (HTHP) filtration tests, the pressure was set as 3.5 MPa for the
fluids saturation [38]. A FEI Qemscan 650F energy-dispersive spectroscopy field-emission scanning
electron microscope (EDS–FESEM) was used to quantitatively investigate the samples’ topographical
structure under vacuum condition (Figure 4). The sample workbench of FEI Qemscan 650F can
simultaneously carry 14 samples with diameter less than 30 mm with a resolution of 0.8 nm.
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Figure 4. Experimental setup for shale hydration observation under specific temperature and pressure,
(a) shale rock sample, (b) GGS42 high-temperature and high-pressure (HTHP) Filtration Press used for
sample immersion, (c) workbench of FEI Qemscan 650F energy-dispersive spectroscopy–field-emission
scanning electron microscope (EDS–FESEM), and (d) data acquisition system.

During the hydration tests, all the samples needed to be transferred for re-hydration and re-drying
periodically. To record the change of nano-pore structures precisely, we performed SEM for all samples
and labelled the feature points before the experiments. Therefore, the samples could be replaced to
initial positions by these featured points and coordinates. Furthermore, to investigate the effect of
temperature on hydration anisotropy, 20 samples were divided into two groups and immersed in a
GGS42 HTHP Filtration Press with a pressure of 3.5 MPa and temperatures of 80 and 120 ◦C. We used
FD-1A-50 vacuum freezing dryer to dry the samples and ETD-100AF coating machine to re-spray
carbon film. Finally, EDS–FE-SEM was applied again to characterize the labelled micro-structures.
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Table 3. Sample information under different saturation time and temperature conditions.

Immersion Time (Day)
Test Temperature (◦C) *

120 80

1 YS-01, YS-02 YS-07, YS-08
2 YS-11, YS-12 YS-15, YS-16
3 YS-03, YS-04 YS-09, YS-10
4 YS-13, YS-14 YS-17, YS-18
5 YS-05, YS-06 YS-19, YS-20

* Samples with odd-number imbibe water parallel to the shale bedding planes and even-number imbibe water
perpendicular to the bedding planes. All the tests are performed with pressure of 3.5 MPa.

3. Results and Discussion

3.1. Effect of Time on Hydration

Parallel to bedding plane: Figure 3 shows the variation of shale hydration with time (from 1 to
5 days) along the direction of parallel to lamination with pressure of 3.5 MPa at 80 ◦C. The results
indicate that the width of pre-existing micro-fracture gradually decreases from 212 to 142 nm at the
end first day of immersion (Figure 5a). At the end of the third day, the micro-fracture appeared to
heal in some extent (Figure 5b). However, at the end of fifth day, the fracture surfaces started to
spall and collapse, leading to an increase of fracture width from 476 to 694 nm. Taken together, the
shale hydration processes with imbibition parallel to the bedding plane likely enlarged the width
of micro-fracture due to the fluid–shale interaction. This physicochemical process may not only
increase the transmissibility of in situ micro-fracture, but would also re-activate these micro-fracture by
connecting the individual ones, which potentially contributes to shale gas production (Figure 5c). Our
observations also account for the generation of hydrated micro-fractures during shale imbibition [15,39].
Ghanbari and Dehghanpour [15] report a similar observation on micro-fracture generation due to the
clay hydration, although the details of whole hydration process are omitted. Chakraborty et al. [39]
observed the healing of micro-fracture during shale spontaneous imbibition. However, they did not
report the subsequent process that micro-fracture would re-open due to clay (especially the smectite)
hydration-induced surface collapse. In this work, we observed the time effect on the generation of
hydrated micro-fracture. To be more specific, micro-fracture would close first, then heal and finally
re-open due to the surface peeling.
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with the imbibition parallel to bedding planes at pressure of 3.5 MPa and temperature of 80 ◦C. The ‘+’
in figure highlights the different ions and mineral, where red is for Mg in smectite, yellow is for Fe in
smectite, blue is for illite and brown is for feldspar.

Smectite likely peels off from the pore surfaces, thus increasing the width of micro-fracture. This
is largely due to the incompatible deformation between smectite and illite. When shale imbibes
water along the bedding planes, the fluids contact with the surface of existing micro-fractures, which
facilitates the expansion of smectite and illite [13,17,40]. Initially, the clay expansion may decrease
the width of micro-fracture and gradually heal these cracks. However, further expansion of smectite
would trigger fracture surface collapse and generate new fractures as shown in Figure 5. This process
depends considerably on the clay mineral compositions in the sublayers of laminations [41]. Previous
studies point out that the expansion degree of smectite and illite would increase with increasing water
content, but smectite has a higher swelling capacity than illite [42,43]. Therefore, the strong swelling of
smectite may not only increase the width of micro-fracture due to the peeling-off process, but could
also loosen the surrounding minerals attachment. As a result, it is possible that some grains are forced
out from the free micro-fracture surfaces because of the smectite swelling (see the top left corner of
Figure 5c), which may also contribute to the water imbibition and shale gas production.

Perpendicular to bedding plane: compared to hydration along the direction of parallel to shale
bedding planes, we did not observe induced micro-fracture on the sublayer surfaces when the
imbibition was perpendicular to the bedding planes (Figure 6). However, the dissolved pores area
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on the sample surfaces increased with immersion time (Figure 7). It is worth noting that the image
processing program ImageJ was used to analyze the variation of dissolved pores area on the shale
surface before and after immersion. Figure 6 shows that compared to initial condition, area of dissolved
pores increased significantly with increasing immersion time from 1 to 5 days. Our results indicate
that water saturation likely dissolves minerals on shale surfaces, especially feldspar (Figure 6a–c), thus
generating dissolved pores, although more quantitative work remains to be made to further quantify
the dissolved minerals.
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Feldspar dissolution likely yields additional pore spaces, which contributes to the low recovery
of flowback water. When water uptake is perpendicular to laminations, the hydrophobic kerogens
that lie along the sublayer surfaces act as a nano-filter to prevent water from flowing [44]. Therefore,
the interaction between water and minerals inside the porous rock would be minimized. Rather,
the water would react with rock surface, especially feldspar, thus generating dissolved pores.
For example, Heydari and Wade [45] point out that feldspar may react with water under temperatures
of 80 to 120 ◦C and release ions and other minerals, which leads to the generation of dissolved pores.
Besides, it is also reported that the dissolution of feldspar can increase the formation porosity and
permeability [46]. During the field shut-in period, a large amount of hydraulic fracturing fluid with
additives is trapped in the shale fracture networks. These fluids can generate dissolved pores on the rock
surface, thus enhancing the flow conductivity of the shale formation and increasing communication
among the flowing channels. Moreover, the dissolution of feldspar may also consume huge amounts
of water on the basis of the reaction. KAISiO8 + 6H2O + H+

⇔ AIO(OH) + 3H4SiO4 + K+ [47,48]
although more quantitative work on this remains to be made.

3.2. Effect of Temperature on Hydration

Parallel to bedding plane: increasing temperature increased the rate and degree of shale hydration,
implying that shale hydration likely plays an important role in deep shale reservoirs. Figure 8 shows
the effect of temperature on shale hydration with immersion time from 1 to 5 days under the pressure
of 3.5 MPa. Compared to the low temperature (80 ◦C), for a higher temperature (120 ◦C), the existing
micro-fracture appeared to close at the end of first day and completely heal at the end of three days.
Although new fractures were generated after five days’ immersion for both temperature conditions,
the high temperature significantly enlarged the surface stretching degree as shown in Figure 8.
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The high temperature accelerated shale hydration and the micro-fracture healing due to a greater
swelling rate of smectite and illite on rock surface. This process also promotes the fracture surface
collapse and the creation of new fractures that are parallel to the bedding planes thus enhances
formation conductivity. Besides, literature show that the interaction between hydraulic fracturing
fluids and shale during well shut-in period may weaken the shale surface and trigger proppants
embedment at in-situ temperature [49]. Therefore, we tentatively conclude that temperature would
affect the formation conductivity variation through shale hydration as a complex result of micro-fracture
generation and mineral dissolution.
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Perpendicular to bedding plane: increasing temperature increased the dissolved area on shale
surfaces when the imbibition was perpendicular to bedding planes (Figure 9). Compared to 80 ◦C,
immersing samples at 120 ◦C for 1 day and 5 days increased the percentage of dissolved pores
area from 1.22% to 1.66% and 14.61% to 29.99%, respectively (Figure 10). Our results indicated that
high temperature accelerated the rate and degree of shale-water interaction and thus prompted the
K-feldspar and Na-feldspar dissolution. We did not observe new generated micro-fracture even at high
temperature for imbibition perpendicular to bedding planes, which is in line with previous observations.
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K-feldspar and Na-feldspar are the main dissolved minerals which contributes to increase of the
porosity at micro-fracture surfaces. When the imbibition is perpendicular to the bedding planes, high
temperature slightly facilitates the feldspar dissolution. This is because the Gibbs energy of K-feldspar
and Na-feldspar decreases with increasing temperature so that the dissolving process would occur
with lower energy barrier [50–52]. In contrast, the dissolution of Ca-feldspar is restricted at high
temperature [52]. To summarize, increasing temperature increases the percentage of dissolved pores
area on shale sublayer surface, which significantly enhances the water uptake in shale.

3.3. Proposed Mechanisms and Implications

In this work, our first goal was to acknowledge the significance of shale anisotropy on water
uptake, typically under in situ reservoir temperature and an elevated pressure. Our second goal was to
characterize the micro-fracture initiation and propagation with respect to shale anisotropy during water
uptake. To understand how the anisotropy of shale affects water uptake during hydraulic fracturing in
shales, thus building an overall conceptual framework that supports the optimization and prediction
of flowback water and shale gas production, we proposed a shale hydration mechanism that drives the
evolution of micro-fracture initiation and propagation due to the complex physiochemical processes.

1. Surfaces in parallel to bedding planes govern the micro-fracture initiation and propagation. Upon
the contact of fluid and shale samples, clay minerals such as smectite and illite on the surface of
pre-existing micro-fracture would swell initially, which would lead micro-fracture to close and
heal. Finally, smectite would collapse, thus generating new micro-fracture with a greater width
(Figure 11).

2. Imbibition along the direction perpendicular to bedding planes would contribute the increase of
porosity at micro-fracture due to feldspar dissolution (Figure 11).

3. Hydration process at both parallel and perpendicular to the bedding planes would be accelerated
with increasing reservoir temperature.
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Aforementioned shale hydration anisotropy not only explains the imbibition difference parallel
and perpendicular to laminations, but also sheds light on how the fluid–rock interaction affects shale
strength properties. When drilling fluids enter the shale matrix along the bedding planes or pre-existing
micro-fracture, the induced hydrated fractures and dissolved pores likely weaken the rock strength
thus impairing the wellbore stability [53–55]. Therefore, to prevent the wellbore from collapsing, it is
important to enhance the plugging performance of drilling fluids so as to keep the fluids from imbibing
into shale sublayers. Most current designs on drilling mud plugging only consider the prevention
of fluid flowing into fractures that are parallel to bedding planes [56,57]. Our study indicates that a
proper drilling mud should also be able to minimize the feldspar dissolution, which likely occurs at
the subsurface perpendicular to bedding planes, thus further weakening shale. Besides, the inhibitive
ability of drilling mud should also be accounted for to keep clay minerals, especially the smectite, from
swelling [58].

4. Conclusions

A combination of horizontal drilling and multi-stage hydraulic fracturing is an important means
for shale gas production [9,16,59,60]. While published work shows that shale hydration would trigger
water uptake and wellbore instability due to complex physicochemical processes [54,55], the existing
accounts fail to fully acknowledge the significance of shale anisotropy on water uptake and wellbore
instability, typically under in situ reservoir temperature and an elevated pressure. Thus, we designed
two sets of imbibition experiments using shale samples from Longmaxi Formation in Sichuan Basin,
by designing shale substrates in parallel or perpendicular to the bedding planes. All the samples
were immersed in distilled water for 1 to 5 days with pressure of 3.5 MPa at either 80 ◦C or 120 ◦C.
Furthermore, EDS-FE-SEM was used to quantitatively characterize the samples’ topographical and
elemental variations before and after hydration.

Results show that shale anisotropy plays a vital role in micro-fracture evolution, and thus water
uptake and wellbore stability. In particular, for the shale surface in parallel to the bedding planes,
shale hydration initially leads to a close of pre-existing micro-fracture due to the smectite and illite
swelling. However, micro-fracture then reopens with a wider fracture width due to the incompatible
deformation between smectite and illite. In contrast, for a shale surface perpendicular to the bedding
plane, micro-fracture widening was not observed. Rather, shale hydration results in a large amount
of dissolved pores on the sublayer surface as a result of feldspar dissolution. Moreover, increasing
temperature accelerates the hydration rate and degree, implying that the impact of shale anisotropy
would play a greater role in water uptake and wellbore instability with increasing shale reservoir
depth. Although a mathematical model relating the heat dissipation to fluid flow and imbibition of
water within the system will be investigated as part of future work, our results provide a first look
at how shale anisotropy affects water uptake, and underscore the importance of hydration time and
temperature on micro-fracture evolution.
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