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We report experimental observations of permeation of CO2-rich aqueous fluids of varied acidic potential (pH) on three different
shales to investigate mechanical, chemical, and mineralogical effects on fracture permeability evolution. Surface profilometry
and SEM-EDS (scanning electron microscopy with energy-dispersive X-ray spectroscopy) methods are employed to quantify the
evolution in both roughness on and chemical constituents within the fracture surface. Results indicate that, after 12 hours of
fluid flow, fracture effective hydraulic apertures evolve distinctly under different combinations of shale mineralogy, effective
stress, and fluid acidity. The evolution of roughness and transformation of chemical elements on the fracture surface are in
accordance with the evolution of permeability. The experimental observations imply that (1) CO2-rich aqueous fluids have
significant impact on the evolution of fracture permeability and may influence (and increase) shale gas production; (2) shale
mineralogy, especially calcite mineral, decides the chemical reaction and permeability increasing when CO2-rich aqueous fluids
flow through fractures by free-face dissolution effect; (3) clay mineral swelling reduces fracture aperture and additively calcite
pressure solution removes the bridging asperities, which are the main reasons for fracture permeability decrease; (4) competition
roles among clay mineral swelling, mineral pressure solution, and free-face dissolution determine how fracture permeability
changes. Furthermore, a multiple parameter model is built to analyze effective hydraulic aperture evolution in considering above
three mechanisms, which provide a reference to forecast fracture permeability evolution in shale formations.

1. Introduction

Researches verified that supercritical carbon dioxide (Sc-CO2)
may work as fracturing fluid in shale stimulation works, which
could create fractures surface with higher roughness and form
complex fracture networks [1–4]. As themain channels for gas
and oil transport, fracturing-induced fracture characteristics
directly affect gas or oil production [5]. However, fracturing
operations have a long-term component, featuring fluid-rock
interaction. After fractures and channels are created, these
fractures become the main conduits for fluid flow, such as
fracturing fluid, methane, and oil. When using Sc-CO2 frac-
turing stimulation, the remnant CO2 reacts with native water
in the shale to create CO2-rich aqueous fluids, which may
impact long-term permeability evolution in the reservoir.

The permeability evolution of fractures is controlled
by various factors including fracture surface mineral com-
position [6, 7], fluid characteristics [8, 9], effective stress
[10–12], and advective-diffusive transport of dissolved min-
erals [13, 14]. Permeability may increase due to free-face dis-
solution and chemical reaction by etching the fracture voids
due to chemical dissolution [15] while permeability decrease
could result from fracture asperity bridging by pressure solu-
tion [16, 17], stress corrosion cracking-induced diffusion
[18], clay mineral swelling, and secondary mineral precipita-
tion [19, 20]. Those opposite phenomena, which always
evolve concurrently, have been observed not only in experi-
ments but also in engineering works [21, 22]. Among the
controlling factors, the role of mechanical and nonequilib-
rium chemical effects on fracture permeability evolution is
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clear [23]. However, to date, a conclusive view of perme-
ability evolution in fracture has not evolved to define
response a priori for arbitrary effective stress, mineralogy,
and reactive chemistry of the fluid especially whether frac-
ture permeability will reinforce or cancel considering min-
eralogical, mechanical, and chemical effects in shale where
kinds of minerals exist.

Thus, the key purpose of this research is to investigate
the factors that control the evolution of fracture permeability
in shale when CO2-rich aqueous fluids flow through. Exper-
iments are conducted under various effective stresses and
fluids with variable acidity for three kinds of shale. Measure-
ments of the evolution of fracture permeability are combined
with fracture surface profilometry and SEM-EDS (scanning
electron microscopy with energy-dispersive X-ray spectros-
copy) imaging to characterize fracture surface roughness
evaluation and monitor changes in chemical elemental
composition. Based on experimental observation and theo-
retical analysis, a multiple parameter model is developed to
forecast the permeability evolution in shale which considers
mineral pressure solution, free-face dissolution, and clay
mineral swelling.

2. Experimental Process

Experimental study consists of three interrelated compo-
nents: (1) core flooding experiments with different confining
pressure (3.0MPa, 5.0MPa, and 10.0MPa) and fluid acidity
(pH=4.0, 5.0, 6.0, and 7.0) in Longmaxi, Green River, and
Marcellus shales; (2) microcharacterization of fracture sur-
faces to define fracture surface roughness evolution; and (3)

measurement of the change in chemical constituents on the
fracture surface by chemical reaction.

2.1. Sample Materials and Preparation. Three natural shales
with different minerology—Longmaxi shale, Green River
shale, and Marcellus shale—are selected. Longmaxi shale is
a fine-grained black shale, highly laminated with low-grade
kerogen [19], which is a principal shale gas producer in
Chongqing, China. Green River shale is recovered from a
freshwater lacustrine environment in Grand Junction, Colo-
rado, and Marcellus shale is extracted from outcrop from
Middle Devonian Marcellus Formation at Frankstown,
Pennsylvania (40°26′00″N, 78°20′28″W). The mineral com-
position of the above three shales was determined by powder
X-ray diffraction (XRD) analysis, and results are shown in
Figure 1(a).

Core flooding experiments were conducted on cylindrical
cores (25.4mm in diameter and 50.8mm in length). Previous
experiments indicated that Sc-CO2 fracturing creates unpar-
alleled fracture surfaces which are not suitable for core
flooding tests [1]. Hence, rock sample was firstly saw-cut
into two halves with smooth fracture surface and then uni-
formly roughened with various abrasive silicon carbides
(10, 20, 30, and 60 grits) to yield a controlled fracture
topography. Profilometry tests quantitatively validate that
20 grit-polished surfaces have similar surface roughness
characteristics and effectively analogue the fracture surfaces
induced by Sc-CO2 fracturing (Table 1). The samples used
in experiments are shown in Figures 1(c)–1(e).

In Table 2, Sa is the arithmetic mean of the absolute
value of the height expressed as Sa = 1/A z x, y dxdy; Sq
is the root mean square (RMS) of ordinate values within
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Figure 1: (a) Mineralogical composition of shale samples used in experiment, (b) 20 grit silicon carbide, (c) Longmaxi shale, (d) Green River
shale, and (e) Marcellus shale.

2 Geofluids



the definition area and defined as Sq = 1/A2 z2 x, y dxdy.
A is the scan area.

2.2. Preparation of Carbonic Acid. At room temperature
(25°C) and atmospheric pressure (1.013× 105 Pa), the lowest
pH of CO2-rich distilled water is about 3.92 [8]. Hence, we
inject CO2 gas into distilled water to generate CO2-rich aque-
ous fluids with different fluid acidity at room temperature.
The pH of the fluid is controlled according to the following
reactions:

H2CO3⇌HCO−
3 + H+

HCO−
3⇌CO2−

3 + H+ 1

The prepared fluid is immediately injected into the pump
to retain the CO2 dissolved in the distilled water and to main-
tain a constant fluid acidity.

2.3. Experimental Configuration and Procedure. A standard
triaxial apparatus for the core flooding experiment is shown
in Figure 2. The flow rate of the pump was recorded. For con-
venience of calculation, effective hydraulic aperture is used to
evaluate fracture permeability due to the fluid flow in this
setup is laminar flow. The effective hydraulic aperture of
the fracture is calculated through the cubic law as

eh = −
12μLQ
WΔP

1/3
2

In this equation, eh (m) is the effective hydraulic aperture;
Q (m3/s) is the recorded flowrate; ΔP (Pa) is the differential
pressure; μ (Pa·s) is the viscosity of the injected fluid; L (m)
and W (m) are the lengths of the fracture in the directions
parallel and perpendicular to the flow direction.

2.4. Optical Profilometry Analysis. Optical profilometry
was performed both before and after the core flooding
experiments using a Zygo™ NewView optical profilometer
(Figure 3(a)) to quantify the roughness change on shale
fracture surface. Surface roughness is a quantified RMS as
noted previously.

Before the core flooding experiment, a Teflon film mask
was carefully attached to each fracture surface with observa-
tion windows along flow direction (Figure 3(c)). Three win-
dows were picked along the central line, parallel to the flow
direction. The Teflon film was taken off when the sample
was installed into the flow cell. At the completion of each
core flooding experiment, the sample would be removed
and opened into two halves, and Teflon would be placed back
again, aligned, and the profilometry measurements repeated
immediately after each core flooding experiment. This
enables a same area is scanned before and after core flooding
tests, and wet conditions of samples also avoid clay dehydra-
tion and induced potential roughness change.

2.5. SEM-EDS Analysis. We also scan these three windows
using SEM-EDS (scanning electron microscopy with X-ray
microanalysis) which quantitatively analyze the change in
chemical constituents on the fracture surface before and
after the core flooding experiments. The scanning appara-
tus is FEI Quanta 600 (Figure 3(b)). In this analysis, we
investigate the role of fluid acidity on fracture surface chem-
ical element changes.

3. Experiment Results

In this part, we present the core flooding experiment
results for three different kinds of shale—Longmaxi shale,

Table 1: Detailed mineralogical compositions (wt%) of each samples.

Mineral category Mineral name Longmaxi shale Green River shale Marcellus shale

Tectosilicate

Quartz 51.6

55.3

14.9

45.9

36.1

36.1

Analcime 0 16.7 0

Anorthite 0 7.8 0

Albite 3.7 0 0

Microcline 0 6.5 0

Carbonate
Dolomite 3.4

20.1
39.4

51.8
0

0
Calcite 16.7 12.4 0

Phyllosilicate

Muscovite 0

24.6

0

2.3

10.4

63.9

Illite 24.6 2.3 37.4

Chlorite 0 0 0

Kaolinite 0 0 4.9

Montmorillonite 0 0 11.2

Total 100 100 100 100 100 100

Table 2: Comparison of topography between artificial samples and
Sc-CO2-fractured samples.

Sample description Sa (μm) Sq (μm)

Sc-CO2 fractured 18.32 23.03

10 grit silicon carbide polished 21.39 26.88

20 grit silicon carbide polished 18.44 23.99

30 grit silicon carbide polished 17.99 21.77

60 grit silicon carbide polished 15.22 19.34
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Green River shale, and Marcellus shale—and discuss the
experimental observations. Additionally, profilometry results
are summarized for the single condition of 10MPa confin-
ing stress but various fluid acidities. Finally, chemical ele-
ment changes are shown within the fracture surfaces under
10MPa confining stress and various fluid acidities by SEM-
EDS analysis.

3.1. Effective Stress Control on Permeability Evolution for
Longmaxi Shale. The evolution of effective hydraulic aperture
under different effective stresses (3.0, 5.0, and 10.0MPa)
and fluid acidity (fluid pH equals to 4.0, 5.0, 6.0, and 7.0)
is shown in Figure 4 for Longmaxi shale. The curves have
a similar trend when fluid acidity is the same while confin-
ing stress changes. Thus, confining stress plays a minor role

Pump
C

Shale fracture surface

Rubber

Confining
pressure

Injection pump
CO2-rich aqueous fluids

Axial pressure

LabVIEW

Pump
A

Pump
B

Fluid distributor

Pressure regulator
P = 0

(downstream)

Poro-stone

Figure 2: Experimental configuration for core flooding experiments: pump A controls the confining pressure (normal stress) applied on the
fracture. Pump B controls axial pressure which is set to 500 kPa to ensure that the piston contacts with tightly with the sample. Pump C injects
fluid with a different acidity at a constant pressure of 120 kPa. The prepared sample is placed between two stainless steel end platens faced with
flow distributors and sealed within a latex membrane.
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Figure 3: (a) Optical profilometry used in experiment, (b) SEM apparatus used in experiments, and (c) profilometry and SEM scan area
before and after core flooding tests. The dimension of each window is 1.8mm× 1.8mm.
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in controlling fracture effective hydraulic aperture evolution.
In addition, confining stress controls the initial aperture and
initial flow rate since a stable pressure difference is applied
between upstream and downstream reservoirs.

3.2. Mineralogical Control on Permeability Evolution.
Figure 5 indicates the vital influence of mineralogical control
on permeability evolution. Even the fluid acidity is the same,
permeability evolves differently for shale with various miner-
alogical compositions. Marcellus shale has a permeability
decrease trend under all combinations of fluid acidity
and confining stress. For Longmaxi shale and Green River
shale, permeability increases when fluid pH equals to 4.0
and 5.0 while decrease when fluid pH equals to 6.0 and 7.0.
Hence, when predicting fracture permeability evolution,

the mineralogical compositions of shale should be taken
into consideration.

3.3. Fluid Acidity Control on Permeability Evolution. As
shown in Figure 6, fluid acidity has a dominant effect on
effective hydraulic aperture change for all three kinds of
shale. For Longmaxi shale and Green River shale, an effective
hydraulic aperture increase could be observed in first few
hours before a maximum value is reached when fluid
pH=4.0 and 5.0. While injected fluid pH=6.0 and 7.0, a
monotonic decrease is observed for both Longmaxi shale
and Green River shale, and larger decrease trend is observed
for fluid pH=7.0 condition. For Marcellus shale, the effective
hydraulic aperture keeps constantly decrease while larger
decrease trend is observed when fluid acidity is low.
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Figure 4: Effective hydraulic aperture evolution with time under different confining stresses for Longmaxi shale. (a) Fluid pH= 4.0 condition
and the subplot is an expanded figure during the period of effective hydraulic aperture increase, (b) fluid pH= 5.0, (c) fluid pH= 6.0, and (d)
fluid pH= 7.0. A monotonic increase in effective hydraulic aperture until a maximum aperture is observed for fluid pH= 4.0 and 5.0
condition. Following this, the fracture aperture has a relatively small change. Sustained decrease of effective hydraulic aperture is observed
during the 12-hour core flooding experiments when fluid pH= 6.0 and 7.0.
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3.4. Summary of Permeability Evolution. Total fracture per-
meability change after core flooding tests is summarized in
Figure 7, which indicates fluid acidity has a significant effect
on fracture permeability evolution in shale. Fracture perme-
ability increases one time for Longmaxi shale and Green
River shale when high acidity fluid flow through, while frac-
ture almost decreases half for Marcellus under various pH
fluid conditions. This is an implication for shale gas produc-
tion, where after Sc-CO2 fracturing, single fracture perme-
ability may increase largely and benefits to shale gas recovery.

3.5. Fracture Surface Roughness Evolution. The evolution of
fracture surface roughness contributes to the evolution of
fracture aperture with different fluid acidity. Relationship
between roughness change and permeability evolution is
cleared in Figure 8.

When RMS roughness increases, it means more peaks
and valleys are created in fracture surface, which increases
the porosity and more channels are formed for fluid flow

within fracture and increase fracture permeability. In con-
trast, when fracture roughness decreases, since a normal con-
fining stress is applied, mineral particles in peak areas are
dissolved and precipitated in noncontacting areas, which
makes peaks and valleys disappear in fracture surface, thus
decrease the porosity and fracture permeability.

In Figure 9, we show changes of parameters ΔRMS both
before and after fluid flow in masked windows 1, 2, and 3
under different fluid acidity conditions for different shale
(confining stress equals to 10.0MPa). In this plot,

ΔRMS = RMS after − RMS before 3

A similar roughness evolution trend is observed for
Longmaxi shale and Green River shale while Marcellus shale
has a distinct behavior.

After core flooding tests, Marcellus shale fracture rough-
ness is always smaller than that before tests for all three
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Figure 5: Effective hydraulic aperture evolution with time under different fluid acidity conditions for various shales. (a) Longmaxi shale, (b)
Green River shale, and (c) Marcellus shale. When fluid pH= 4.0 and 5.0, there is a monotonic increase in effective hydraulic aperture until a
maximum aperture is observed for Longmaxi shale and Green River shale. The effective hydraulic aperture keeps a decrease trend for
Longmaxi shale and Green River shale when pH= 6.0 and 7.0 while all fluid acidity conditions for Marcellus shale.
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windows. This observation is in accordance with permeabil-
ity decreasing. The reason could be the clay swelling since
there is no calcite mineral in Marcellus shale, where mineral
pressure solution and free-face dissolution are really weak. As
shown in Table 1, the main clay mineral in Marcellus shale is
illite (37.4%) and montmorillonite (11.2%). Montmorillonite
mineral is regarded as swelling clay for the reason that water
molecules easily enter the interlayer along the silicon-oxygen
plane, which will increase the distance between the layers
and causing the volume expansion. Even though the crystal
structure of illite is as same as that of the montmorillonite
minerals, K+ ion is embedded in the hexagonal cavity of
the clay silicon oxide layers and decreases the hydration
capacity, which leads to weakly volume expansion. Hence,
in this case, clay mineral swelling, specifically speaking,
montmorillonite minerals swelling decreases fracture rough-
ness, porosity, and effective hydraulic aperture. The rough-
ness changes complicatedly for Longmaxi shale and Green
River shale when injected fluid acidity varies. When the fluid
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Figure 6: Aperture evolutions with time for various shale. (a) Fluid pH= 4.0, (b) fluid pH= 5.0, (c) fluid pH= 6.0, and (d) fluid pH= 7.0. For
shale with different mineralogical composition, aperture evolution shows distinct trend. Higher acidic fluid increases the aperture for
Longmaxi shale and Green River shale while lower acidic fluid close fractures for all three kinds of shale.
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Figure 8: Schematic map of relationship between fracture roughness and permeability evolution.
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Figure 9: RMS roughness change after core flooding experiments. x-axis is the measurement window with fluid flow direction from left
(upstream) to right (downstream). (a) Longmaxi shale, (b) Green River shale, and (c) Marcellus shale. ΔRMS larger than 0 means
roughness increase and potentially fracture aperture gaping while ΔRMS smaller than 0 indicates a roughness decrease and a fracture
aperture closing.
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pH is 4.0, Longmaxi shale and Green River shale show an
increase of roughness which contributes to fracture aperture
gaping which is consistent with fracture aperture evolution
trend in core flooding tests. Additionally, a similar increase
value is observed at three windows even though a slight larger
increase at inlet (windows 1 and 2) rather than outlet (win-
dow 3). This phenomenon is reasonable when acidic fluid
flows through a fracture; acidic fluid removes calcite from
upstream and equilibrates the fluid—staunching any down-
stream dissolution. Besides, hydraulic effect that some min-
eral particles may be removed in inlet area and precipitate
in outlet area also contributes to the less roughness increase
in the outlet area. The reason is that precipitation of minerals
mainly happens in the noncontacting areas since there is no
space for minerals to precipitate in the contacting areas.
The precipitations in the noncontacting areas, which we
regard as valleys in fracture surface, the precipitated minerals
fill the voids and valleys, which decrease the fracture rough-
ness. In addition, the minerals mainly come from the con-
tacting areas caused by pressure solution effect, which also
dissolve the peaks in fracture surface. The height decrease
of peaks and height increase in valleys both contribute to
the roughness decrease.

When the fluid pH=5.0, a similar trend is apparent to
that at fluid pH=4.0 for Longmaxi shale and Green River
shale. However, the impact of chemical reaction on rough-
ness is smaller than at fluid pH=4.0, due to the lower reactiv-
ity between acidic fluid and calcite.

When the fluid pH=6.0, window 1 shows a relatively
small increase in roughness for both Longmaxi shale and
Green River shale. This means that the fluid has little reaction
with calcite while at windows 2 and 3 both show a roughness
decrease due to mineral pressure solution and clay swelling.
Hence, the pH=6.0 fluid is not sufficiently reactive to open
the fracture by reactive dissolution while mineral pressure
solution dominates aperture evolution and in fracture closing
and the destruction of permeability.

When the fluid pH=7.0, all three windows show a
decrease in roughness, which contributes to the fracture
aperture closing. Minerals dissolve and redistribute over the
fracture surfaces. Initial peaks and valleys in the fracture sur-
face are filled with dissolved minerals and result in a decrease
in the roughness and finally a closing of the fracture aperture.

3.6. Surface Structure and Chemical Transformations

3.6.1. Surface Structure Change after Core Flooding Tests. As
shown in Figure 10, the acidic fluid changes the surface
structure after core flooding tests. The fracture surface
structure is complete, and minerals are almost well distrib-
uted before tests for all three kinds of shale. However, after
acidic fluid flow through, the fracture surface structure
changes differently.

For Longmaxi shale and Green River shale, surface struc-
ture changes dramatically. When fluid pH=4.0, many voids
and large pores are observed. With a decrease in fluid acidity,
fewer voids are apparent in the SEM images. Compared with
the corresponding EDS images, Ca element disappears after
core flooding tests when fluid pH equals to 4.0 and 5.0. We

believe the large voids and pores result from calcite removal.
However, for Marcellus shale where no calcite mineral exists,
the fracture surface structure keeps stable and no large pores
are observed. Hence, we assure that the calcite mineral plays
a vital role in determining fracture surface structure evolu-
tion by reaction with acidic fluid.

3.6.2. Chemical Transformations after Core Flooding
Tests. The percent change in Ca abundance is plotted in
Figure 11. To investigate the change in mass, ΔCa represents
the weight percentage change as

ΔCa =
nCa after − nCa before

nCa before
4

In this equation, nCa before and nCa after are the weight
percentages of Ca element both before and after the core
flooding tests.

In Figure 11, when the inlet fluid pH=7.0, the 20% Ca
element removal may be the reason for mineral pressure
solution of fracture asperities and which causes calcite to be
dissolved in Longmaxi shale. Those removed calcite particles
flow out with fluid and cause the percentage decrease of
Ca element, which attributes to the calcite having larger
solubility and dissolution rate in water than quartz and any
other minerals in the Longmaxi shale; when the inlet fluid
pH=4.0, 5.0, and 6.0, the Ca concentration decreases signif-
icantly compared with for the flow of distilled water. When
the fluid pH=4.0 and 5.0, more than 80 percent of the Ca
is removed from the fracture surface.

Trend is similar while value is different for Green River
shale. Less Ca element disappeared from fracture surface
attributes to the dolomite minerals (CaMg (CO3)2). Unlike
calcite (CaCO3) which has chemical reaction with acid fluid
and dissolves in fluid, dolomite is much more stable and
the Ca element in it keeps in fracture surface after core flood-
ing tests. This phenomenon could also be observed in EDS
images. Hence, Ca element still exists in Green River shale
fracture surface as the mode of dolomite.

4. Analysis by a Multiple Parameter Model

Fracture effective hydraulic aperture evolution in shale frac-
tures is evaluated for various combinations of confining
stress (3.0, 5.0, and 10.0MPa) and inlet fluid acidity (fluid
pH=4.0, 5.0, 6.0, and 7.0) with shale with various mineralogy
(Longmaxi shale, Green River shale, and Marcellus shale).
Experimental results suggest the following: (1) effective
stress controls initial fracture permeability and has little
effect on permeability evolution; (2) high acidic CO2-rich
aqueous fluids (fluid pH=4.0 and 5.0) lead to a linear effec-
tive hydraulic fracture aperture increase for a period of time
for shales with calcite while low acidic CO2-rich aqueous
fluid makes fracture close; (3) for shale with high clay
content, the fracture permeability keeps decreasing with a
gradually smaller decrease rate. In this part, we discuss the
fracture aperture evolution quantitatively by a multiple
parameter model which considers mineral pressure solution,
free-face dissolution, and clay swelling effects.
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4.1. Effective Hydraulic Aperture Decrease Due to Pressure
Solution. As shown in Figure 12(a), pressure solution leads
to aperture closing which happens at contacting asperities.

The minerals in contacting asperity dissolve in flowing fluid
due to the high contact force, and the dissolution minerals
transport along an interfacial water film to the fracture void
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Figure 11: Ca concentration change after the core flooding experiment. (a) Longmaxi shale and (b) Green River shale.
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Figure 10: SEM images and corresponding EDS images of the fracture surface (window 1) after core flooding tests under various fluid pH
when confining stress is 10MPa. (a) Longmaxi shale, (b) Green River shale, and (c) Marcellus shale.

10 Geofluids



which makes mineral redistributes within the fracture void
by precipitation.

The contacting asperities are simplified as spherical con-
tact, and the mineral mass precipitated into fracture voids
comes from the dissolution as the asperity contacts are
expressed as [24]

dMps
diss

dt
=
3πV2

m σa − σc k1ρgd
2
c

4RT
5

In this equation, dMps
diss/dt is the dissolution mass flux

caused by pressure solution; Vm is the molar volume of solid
(3.69× 10−5 mol−1 for calcite, 2.27× 10−5mol−1 for quartz);
σc is the critical stress; σa is the stress acting on grain-to-
grain contacts exceeds the hydrostatic pore pressure, and
when σa = σc, the system will be an equilibrium state that
the pressure in contacting asperities is equal to critical stress
and pressure solution phenomenon is terminated; R and T
are gas constant and temperature, respectively; k1 is the dis-
solution rate constant of mineral; ρg is the density of solid;
dc is the contact diameter of asperity; σc could be expressed
as [25]

σc =
Em 1 − T/Tm

4Vm
, 6

where Em and Tm are heat and temperature of fusion. Since
the critical stress is largely affected by temperature. At room
temperature (25°C), the σc = 198 56MPa for calcite and
8520MPa for quartz. However, the calculated critical stress

(198.56MPa) for calcite is modified so that a large decrease
in effective hydraulic aperture (8mm) can be predicted
[24]. Hence, in this model, the modified critical stress
(20MPa) for calcite will be used for later calculation.

4.2. Effective Hydraulic Aperture Increase Due to Free-Face
Dissolution. Imbalance of the solute concentration makes
mineral dissolves and precipitates from the fracture surface
in noncontacting areas, which is the chemical effect on frac-
ture aperture gaping [26].

As shown in Figure 12(b), the mineral dissolution rate
at noncontacting areas (free-face dissolution) is expressed
as [10, 21]

dM f f
diss

dt
= 2 ⋅ k2 ⋅ Alocal ⋅ 1 − Rc ⋅ ρg ⋅ Vm ⋅ 1 −

Cpore
Ceq

, 7

where k2 is the dissolution rate of minerals at the free-face
area, Cpore is the concentration of mineral in the pore
space, and Ceq is the equilibrium solubility of mineral.
Since free-face dissolution happens in both halve fractures,
a constant 2 is added in (4).

Pressure solution and free-face dissolution happen
simultaneously to control the fracture aperture evolution.
Now, as illustrated in Figure 12(b), at a specific time, t,
the relationship between fracture aperture eh t and pore
volume in a representative elemental volume Alocal could
be expressed as

Vpore t = eh t ⋅ Alocal 8
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e (t)
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Figure 12: Schematic illustration of pressure solution in contacting asperities and free-face dissolution in noncontacting areas. (a) Pressure
solution occurs in contacting asperities and decreases the fracture aperture and (b) mineral dissolution at the free face contributes to the
fracture aperture increase.
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Given a time step Δt, the pore volume will change to
Vpore t + Δt for the reason of pressure solution and free-
face dissolution

Vpore t + Δt = Vpore t −
dMps

diss
dt

⋅
1
ρg

⋅ Δt ⋅ 1 − Rc
Rc

+ dM f f
diss

dt
⋅
1
ρg

⋅ Δt

= eh t + Δt ⋅ Alocal

9

Hence, the fracture aperture changing rate is
expressed as

deh
dt

= eh t + Δt − eh t
Δt

= 1
ρg ⋅Alocal

−
dMps

diss
dt

⋅
1 − Rc
Rc

+ dM f f
diss

dt

10

Equation (5) describes the dissolution mass flux
caused by pressure solution and (7) describes the mineral
dissolution rate at noncontacting areas (free-face dissolu-
tion), respectively. Substituting them into (10) yields

deh
dt

= −
3Vm

2

RT
⋅ 1 − Rc

σconf
Rc

− σc ⋅ k1

+ 2 1 − Rc ⋅Vm ⋅ k2

11

In this equation, the first term − 3V2
m/RT ⋅ 1 − Rc

σconf /Rc − σc ⋅ k1 refers to the fracture aperture decrease
due to pressure solution and the second term 2 1 − Rc ⋅
Vm ⋅ k2 refers to the fracture aperture increase for the reason
of mineral free-face dissolution.

4.3. Effective Hydraulic Aperture Decrease Induced by Clay
Swell. Experimental and simulation works have shown that
clay minerals could expand in volume up to 20 times
through adsorption of water [27], which lead to fracture per-
meability decrease 10% to 90% based on different kinds of
clay minerals and clay content in shale samples [28]. Hence,
the swelling effect is considered when analyzing fracture
aperture evolution in our experiments.

Some parameters, such as plasticity index, clay content,
liquid index, and liquid limit, affect the swelling effect of
clay minerals [29–32]. Besides, simulation methods showed
under high fluid acidic conditions, clay swelling effect is
much smaller than low fluid acidic and alkaline conditions
will increase the negative charges in clay surface and further
increase the potential of clay swelling which referred as
alkali-sensitive damage in oil formation [33].

One limitation of our research is that we cannot quanti-
tatively constrain the fracture aperture changing rate with
time from the respective of pore volume change for clay
mineral swell. Hence, fitting method based on contempo-
rary experimental results is used. As shown in Figure 13,

Chenevert conducted experiments on different shale to
constrain the relationship between time and swelling strain
[32]. Results showed that swelling almost happens in the
first 1 or 2 hours, and swelling speed decreases dramatically
with time. Those data are used to constrain the relationship
between time and swell, and fitting results are shown in
Table 3.

The relation between swell strain (εswell) and time (t)
could be described as the following form:

εswell = a ln t + b, 12

where a and b are fitting parameters.
Furthermore, the fracture aperture evolution with time

solely by clay swell could be estimated as

e = einitial −D ⋅ εswell
= einitial −D ⋅ a ln t + b

= −a ⋅D ln t + einitial − b ⋅D ,
13

where einitial is initial aperture, and D is sample diameter. The
decrease rate with time could be calculated as

dεswell
dt

= −
d D ⋅ εswell

dt
=D ⋅

dεswell
dt

=D ⋅
a
t

14
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Figure 13: The relationship between swelling strain and time for
four different kinds of shale (modified from reference [32]). The
swelling speed decreases largely with time.

Table 3: The fitting results between swell strain and time.

Shale number Fitting equation
Coefficient of
determination

1 εswell = 0 0718 × ln t − 0 0520 0.966

2 εswell = 0 1466 × ln t − 0 0908 0.936

3 εswell = 0 1535 × ln t − 0 0412 0.902

4 εswell = 0 0953 × ln t − 0 0028 0.975
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Hence, the fracture aperture decrease rate caused by clay
swell could be expressed as

deswell
dt

= m
t
, 15

where m is a clay swelling-related parameter which con-
trolled by plasticity index (PI), clay content, liquid index, liq-
uid limit, and plasticity index and could be estimated from
experimental results.

Now, the multiple parameter model which considers cal-
cite pressure solution, free-face dissolution, and clay swell
effect on fracture aperture change is built in shale, which is

eh = einitial −
3V2

m
RT

1 − Rc
σconf
Rc

− σc × k1

× t + 2 1 − Rc ×Vmk2 × t +m × ln t

16

5. Discussion

In this part, the multiple parameter model is deployed to
calculate the fracture aperture evolution for different shale
under various combinations of confining stress, inlet fluid
acidity, and shale mineralogy. As the length limit, the
detailed methods to determine critical parameter dissolu-
tion rate (k1, k2) and contact area ratio (Rc) are presented
in Supplementary Materials (A1 and A2 sections).

5.1. Fracture Aperture Evolution in Shale without Calcite. For
Marcellus shale, the only mechanism controlling aperture
evolution is clay swelling due to the absence of calcite min-
eral. The detailed discussion is presented in A3 section in
Supplementary Materials. Hence, (16) is simplified as

eh = einitial +m × ln t 17

The aperture changing rate is described, and m is esti-
mated based on experimental data under different acidic
conditions. The results are summarized in Table 4.

The fitting results in Table 4 indicate that this model
could effectively predict the Marcellus shale fracture aper-
ture evolution.

5.2. Fracture Aperture Evolution in Shale with Calcite. For
Longmaxi shale and Green River shale, where calcite pressure
solution, free-face dissolution, and clay swell happen simul-
taneously, the permeability evolution is complicated and
analyzed as below.

(1) Fluid pH=6.0 and 7.0: when fluid pH=7.0 and 6.0,
the fracture aperture evolution decreases. Equation
(16) could be simplified as

eh = einitial + a ⋅ t −m ln t 18

In (18), a is the parameter describing the fracture aper-
ture change due to free-face dissolution and pressure solu-
tion, and m is the parameter characterizing the fracture
aperture evolution caused by clay swell. Parameter a could
be derived from (16) as

a = −
3V2

m
RT

1 − Rc
σconf
Rc

− σc ⋅ k1 + 2 1 − Rc ⋅ Vmk2

19

Hence, after data fitting, fracture effective hydraulic aper-
ture evolution when fluid pH=6.0 and 7.0 is summarized in
Table 5.

(2) Fluid pH=4.0 and 5.0: the priority thing is to decide
the critical point which we observed during core
flooding experiments under pH=4.0 and 5.0 condi-
tion, where fracture aperture evolution transferred
from aperture gaping to aperture closing.

SEM-EDS results showed that after core flooding
experiments of pH=4.0 and 5.0 fluid, Ca mass fraction
in fracture surface is less than 1% in Longmaxi shale. Even
the Ca fraction is almost 9% after core flooding tests. The
reason could be the high dolomite percentage in Green
River shale, which is 39.0% before core flooding tests. As
shown in Table 6, the dissolution rate of calcite and dolo-
mite is summarized, which indicates that dissolution rate
of calcite is 10~100 times larger than dolomite dissolution
rate under the same fluid acidity. It should be noted that
the detailed method for calcite dissolution rate could be
found in Appendix A1, and dolomite dissolution rate data
are recovered from [34]. Hence, the critical points occur
when the fracture surface calcite content is almost zero
where Ca could still exist as the form of dolomite which
has a really low dissolution rate with carbonic acid. Hence,
before critical point, competing roles among calcite free-
face dissolution, pressure solution, and clay swell gaping
the fracture aperture and after that calcite disappeared
and its free-face dissolution ceased and quartz pressure
solution becomes the dominant mechanism to close the
fracture aperture.

In the fracture gaping period, almost linear increase is
observed for Longmaxi shale and Green River shale while
consistent decrease is observed for Marcellus shale. Different
from Marcellus shale where kaolinite is the main clay swell
who has a larger swell potential, the main clay mineral in
Longmaxi shale and Green River shale is illite, which is
always been regarded as unswell clay. Hence, the clay swell
effect is neglected which is much smaller compared with

Table 4: Predicted Marcellus shale aperture evolution.

Fluid pH Fitting equation Fitted m
Coefficient of
determination

4.0 e = 30 56521 − 2 32846 ln t −2.328 0.906

5.0 e = 30 02814 − 2 54101 ln t −2.541 0.916

6.0 e = 29 95431 − 3 00063 ln t −3.001 0.892

7.0 e = 29 95995 − 3 14536 ln t −3.145 0.945
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fracture aperture gap caused by calcite free-face dissolution.
Thus, (16) is simplified as

eh = einitial + a ⋅ t 20

The calculated a value and observed aperture increase
rate are summarized in Table 7.

After calculation, the observed fracture aperture increase
rate cannot reach the predicted one. The reason could be the
k2 value selection. As mentioned before, the k2 value is the
calcite dissolution rate in free-face area. In Supplementary
Materials, Table A1, the dissolution rate of calcite is
measured under static condition which means fluid keeps
stable during experiments. However, in our core flooding
experiment, even though the certain pH fluid is injected
continuously, if the flow rate is small, the later area could
not get as lower as fluid pH in inlet area.

Besides that, some other factors could affect the calcite
dissolution rate including calcite grains size, crystallinity,
impurities, and defect density. In our shale samples, the
mutual effect of quartz and calcite in mineral structure could
also lower the calcite dissolution rate due to calcite could be
covered partially by quartz or some other inactive minerals.

As for the fracture aperture decrease period, after calcite
mineral disappears in fracture surface in Longmaxi and
Green River shale, the quartz becomes the dominant mineral
and its pressure solution leads to a monotonically decrease of
fracture aperture, since the dissolution rate for quartz is
2.51× 10−9mol/m2 s under neutral condition (pH=7), which
leads to a fracture aperture decrease rate~ 10−6μm/h and
it could be neglected. This calculation result is in accor-
dance with experimental observations that after calcite

disappeared in fracture surface, the fracture aperture keeps
at a relative stable state.

5.3. Discussion on Multiple Parameter Model. Modified
from (16), the effective hydraulic aperture changing rate is
expressed as

deh
dt

= −
3V2

m
RT

1 − Rc
σconf
Rc

− σc ⋅ k1

+ 2 1 − Rc ⋅ Vmk2 +
m
t

21

Based on (21), some basic understandings are drawn as
follows:

(1) Pressure solution-induced fracture aperture decrease
is constant during fracture closing process, which is
only controlled by effective stress and isolated with
fluid acidity. The relationship between fracture clos-
ing rate and confining stress is plotted in Figure 14.

In Figure 14, even if the effective stress reaches 100MPa,
the fracture closing rate is only 1.19μm/h. That is the
reason in some research that the pressure solution cannot
be observed since initial fracture aperture is as large as
several hundred microns [35]. Hence, on the conditions
when effective stress is large enough which makes initial
fracture aperture is relative small and fracture aperture
closing rate induced solely by pressure solution is large, min-
eral pressure solution plays an important role in determining
permeability evolution.

(2) When injecting acidic fluid, free-face dissolution-
induced fracture permeability increase is the most
important mechanism to gap the fracture. The
increasing rate is controlled by fluid acidity and cal-
cite dissolution rate. The relationship between frac-
ture increasing rate caused by free-face dissolution
and fluid acidity is plotted in Figure 15.

As shown in Figure 15, fracture effective hydraulic aper-
ture gaping rate reaches ~20μm/h when fluid pH=4.0,
which is almost 20 times larger than decreasing rate caused
by calcite pressure solution effect. With the decrease of fluid

Table 5: Predicted Longmaxi shale and Green River shale aperture evolution (pH= 6.0 and 7.0).

Shale Fluid pH Confining stress Fitting equation Coefficient of determination

Longmaxi

7.0 3.0 eh = 31.91896− 0.80179ln(t)− 0.0003757.7× t 0.911

7.0 5.0 eh = 31.44867− 1.06542ln(t)− 0.001165378× t 0.937

7.0 10.0 eh = 22.18106− 0.72442ln(t)− 0.002677789× t 0.956

6.0 3.0 eh = 31.54955− 0.65021ln(t) + 0.00123713× t 0.841

6.0 5.0 eh = 26.56389− 0.60462ln(t) + 0.000415405× t 0.872

6.0 10.0 eh = 21.84205− 0.13463ln(t)− 0.001156053× t 0.929

Green River
7.0 10.0 eh = 26.86063− 0.50583ln(t)− 0.001156053× t 0.784

6.0 10.0 eh = 25.25844− 0.20519ln(t)− 0.0017078× t 0.877

Table 6: Comparison of dissolution rate of calcite and dolomite
under various fluid acidities.

Fluid pH
Calcite dissolution rate

(mol/m2 s)
Dolomite dissolution rate

(mol/m2 s)

4.0 9.23× 10−5 3.31× 10−7

5.0 9.55× 10−6 1.38× 10−7

6.0 1.12× 10−6 2.95× 10−8

7.0 7.39× 10−7 3.09× 10−8
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acidity, fracture effective hydraulic aperture increasing rate
decreases dramatically.

(3) The clay mineral swell cannot be neglected during
permeability evolution in shale, especially for shale
with high-potential clay mineral montmorillonite.
The clay swelling-induced fracture permeability
decrease always happens in the first one or two hours,
due to the reason that clay swell strain speed
decreases largely with time.

As a summary, the effective hydraulic aperture evolu-
tion with time under various conditions is summarized
in Figure 16.

As shown in Figure 16, a complex and enigmatic fash-
ion is observed for effective hydraulic aperture evolution
under various combinations of shale mineral compositions,
fluid acidity, and effective stress. (a) For shale with calcite
under high fluid acidic conditions, calcite free-face dissolu-
tion dominates over pressure solution due to the larger
dissolution rate in noncontacting areas than contacting
asperities, which gap the fracture aperture and then keep
a relative stable state where quartz pressure solution dom-
inates fracture aperture evolution due to the extremely low
dissolution rate of quartz. (b) For shale with calcite under low
fluid acidic conditions, phase I—calcite pressure solution and
clay swell decrease fracture aperture; phase II—clay swell

terminates and calcite pressure solution decreases fracture
aperture; phase III—calcite pressure solution terminates
and quartz pressure solution closes fractures at an extreme
low rate. (c) For shale with high clay content, clay swell
closes fracture aperture and higher fluid acidity depresses
changing rate.

6. Conclusions

In summary, CO2-rich aqueous fluids have significant impact
on the evolution of fracture permeability and may increase
shale gas production. Experimental observations and theo-
retical analysis are combined to build a multiple parameter
model to describe fracture effective hydraulic aperture evolu-
tion under various combinations of fluid acidity, effective
stress, and shale mineralogy. The main conclusions are
drawn as follows:

(1) Shale mineralogy, especially calcite mineral, decides
the chemical reaction and permeability increasing
when CO2-rich aqueous fluids flow through; calcite
free-face dissolution is the main reason which contrib-
utes to fracture permeability increase and higher acid-
ity fluid leads to a larger fracture aperture increase.

Table 7: Predicted versus observed effective hydraulic aperture increase for Longmaxi shale and Green River shale (pH= 4.0 and 5.0).

Shale name Fluid pH Confining stress (MPa)
Calculated
(μm/min)

Observed
(μm/min)

Relative error (%)
Corresponding k2

(mol/m2 s)

Longmaxi

4.0 3.0 0.3872 0.1811 −53.23 4.36× 10−5

4.0 5.0 0.3787 0.1420 −62.51 3.52× 10−5

4.0 10.0 0.3630 0.1496 −58.79 3.89× 10−5

5.0 3.0 0.0369 0.0195 −47.19 5.47× 10−6

5.0 5.0 0.0354 0.0085 −75.98 3.08× 10−6

5.0 10.0 0.0325 0.0055 −83.08 2.79× 10−6

Green River
4.0 10.0 0.3653 0.1106 −69.72 2.91× 10−5

5.0 10.0 0.0322 0.0305 −5.35 9.12× 10−6
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fluid acidity caused by calcite free-face dissolution.
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(2) Calcite pressure solution removes the bridging
asperities in contacting areas, which are the main
reasons for fracture permeability decrease when
the fluids flow through. In addition, pressure
solution-induced fracture aperture decrease rate is
constant during fracture closing process, which is
only controlled by effective stress and isolated with
fluid acidity.

(3) Clay mineral, especially montmorillonite, swelling
reduces fracture permeability largely in the first one
or two hours, due to the reason that clay swell strain
speed deceases largely with time.

(4) Those three effects operate in different and complex
ways, and competition roles among them determine
whether fracture permeability increases or decreases;
the multiple parameter model built in this paper is an
effective method to predict fracture permeability evo-
lution in shale considering the above three mecha-
nisms when choosing appropriate parameters.
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(17). The supplementary material helps readers understand
our model easily and further apply similar methods in their
relevant researches. (Supplementary Materials)
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