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a b s t r a c t

Investigating ions transport frommatrix pores to water is essential for understanding the salinity profiles
of shale gas. Previous publications have shown that salt ions can be sourced from the dissolution of
precipitated salts and leaching of clay minerals. However, neither a clear standard method nor generally
accepted evaluation parameters have been proposed for a quantitative study of the impact and role of
these two factors. In this work, a new method based on crushed samples is proposed to avoid the in-
fluence of microfractures, and simulate the ions advection and diffusion into water. The characteristic
parameters and influencing factors are studied by conducting comparative experiments on sandstone,
marine and continental shale samples. The preliminary results showed that it is a credible method to
study the impact of precipitated salts and clay minerals. Each transport curve can be divided into three
parts: a linear imbibition-diffusion part, non-linear transition part and diffusion part. Three parameters
of surface ions density, ions diffusion rate and ions transport capacity can be used for quantitative
characterization. Compared with sandstone of relatively higher permeability, shale has a much larger
surface ion density and ions diffusion rate, resulting in stronger ions transport capacity. Marine shale has
a larger surface ions density than continental shale, suggesting that SID is primarily determined by
precipitated salts. However, continental shale has a larger ions diffusion rate than marine shale, leading
to a stronger ion transport capacity. It can be explained by more clay minerals in continental shale. Clay
minerals that correspond to higher cation exchange capacity and specific surface area can promote faster
ion exchange reactions. By comparison with dissolution of precipitated salts, leaching of clay minerals is
the dominant mechanism for ion transfer from shale to water.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Shale gas, considered as “unconventional resource”, has become
a significant energy supply in the USA and Canada to meet the
increasing demands on oil and gas (Zahid et al., 2007). Due to the
characteristics of ultra-low porosity and permeability, multi-stage
nics in Fluid Solid Coupling
of Sciences, 100190 Beijing,
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hydraulic fracturing is needed for effective exploitation of gas
shale. Gas production may be improved significantly if a great deal
of slick water is injected into shale reservoirs to induce a fracture
network (Engelder et al., 2014). Several common and interesting
phenomena are observed during the shut-in periods. One inter-
esting observation is that the concentration of total dissolved solids
in recovered water increases significantly with time due to the
dissolution and transport of in situ brine (Engle and Rowan, 2014).
The flowback chemical analysis method based on this particular
field observation can be developed for the diagnosis of fracture
network complexity and reservoir characteristics.

Many research efforts have been concentrated on chemical
analysis of flow-back fluids. The salt ions content and type in
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recovered water can provide useful information for distinguishing
artificial and natural fractures. The natural fractures activated
usually have higher salinity than the fresh fractures during frac-
turing operations (Gdanski et al., 2010). The complexity of the
fracture network can be directly evaluated based on flowback
salinity profiles, partly because the complexity is positively related
to flowback water salinity (Gdanski et al., 2010). Zolfaghari et al.
(2015) established a model to evaluate the complexity of net-
works based on salinity profile. Woodroof et al. (2003) established
the post-fracturing flowback analysis model that depends on
monitoring the salinity profile and optimizing the flow-back
regime.

The mechanism of high-salinity flowback water has received
more and more attention. Published research has shown that the
increase in salinity of flowback water is caused by the dissolution of
shale minerals and the transport of salt ions (Blaunch et al., 2009).
Diffusion and convection are the main mechanisms for ions
movement. When the flow rate of water is low, the convection
effects can be neglected, and diffusion is the main form of ion
movement (Ballard et al., 1994). Binazadeh et al. (2016) considered
that clay osmotic pressure has important effects on ions diffusion.
The charged clay interlayers have the characteristics of a semi-
permeable membrane, which did not restrict water molecule
movement, but did restrict ions movement. Moreover, the water
molecules pass the semipermeable membrane to enter into the
high salinity side, which reduces the difference in salinity and in
turn decreases the ions diffusion rate (Fakcharoenphol et al., 2014).
In addition, Zolfaghari et al. (2014) pointed out that ions diffusion is
accompanied by spontaneous imbibition, and the factors that can
influence water imbibition can also affect ions diffusion to some
extent. The impact of porosity, wetting angle, surface tension and
exposure area on imbibition rate are in accordancewith that of ions
diffusion rate (Yang et al., 2017).

The dissolution of precipitated salts and leaching of clay min-
erals are possible sources of salt ions in recovered water. The
increasing overburden weight can continuously compress porous
rock during burial, and consequently water is expelled from pores
leaving precipitated salts behind (Fakcharoenphol et al., 2014). The
interactions of precipitated salts and injected water can cause
Table 1
Shale properties in this study.

Label Formation Lithology depositional environment Source

LJP Lujiaping shale Marine Sichuan Basin
LMX Longmaxi shale Marine Sichuan Basin
NTT Niutitang shale Marine Sichuan Basin
UYC Upper Chang 7 shale Freshwater continental Erdos Basin
LYC Lower Chang 7 shale Freshwater continental Erdos Basin
GCG Ganchaigou shale Saltwater continental Qaidam Basin
SHZ Shihezi Sandstone Continental Erdos Basin

Table 2
Rock mineral analysis result (%).

Label Relative abundance, %

Smectite Illite I/Sa Chlorite Kaolinite

LJP 4.6 13.6 63.2 11.0 7.6
LMX 6.3 5.2 75.3 9.5 2.7
NTT 3.0 5.6 75.1 16.4 0
UYC 0 55 33 8 4
LYC 0 60 30 6 4
GCG 0 15 35 9 40
SHZ 0 85 0 0 15

a I/S is Illite/Smectite mixed-layer.
b Carbonates ¼ Calcite þ Dolomite.
saline flowback water (Haluszczak et al., 2013). Blaunch et al.
(2009) claimed that the dissolution of mineral constituents in
fracturing fluid also results in salt production during the flowback
process. In addition, the exchangeable cations among the clay in-
terlayers can diffuse into water during hydraulic fracturing opera-
tions and increase the salinity of the flowback water. The cation
exchange capacity of shale samples is used to reflect their intensity
for ions exchange reactions (Zolfaghari et al., 2016).

Although there has been much research on ions transport
characteristics, generally accepted evaluation parameters are not
proposed for the quantitative study. Few studies are carried out to
separate the effects of precipitated salts and clay minerals on ions
transport. In this work, the comparative experiments are conducted
on crushed samples of sandstone, marine and continental shale.
The characteristic parameters are proposed to study the ions
transport characteristics of shale pores. In addition, the authors
analyzed the effects of precipitated salts, clay minerals, cation ex-
change capacity, specific surface area, fluid type, exposure area and
microfractures on ions transport.
2. Materials and experiments

The ions transport experiments performed in this study can be
divided into four sets. In Set 1, the experiment studied the ions
transport rule of shale and proposed the corresponding charac-
terization parameters. The basic information is shown in Table 3. In
Set 2, the experiment was conducted on 8 monomineral samples
from field mining to analyze the effects of mineral composition on
ions transport. The basic information is shown in Table 4. In Set 3,
the experiments were carried out on shale samples of different
surface-to-volume ratio to clarify the effects of exposure area and
microfractures. The basic information is presented in Table 5. In Set
4, the experiments were performed to study the effects of fluid type
(i.e., surfactant, NaCl, KCl and polymer) on ions transport. The basic
information is described in Table 6.

2.1. Sample characterization

The shale and sandstone samples were taken from the repre-
sentative shale formation of Ordos Basin, Sichuan Basin and Qai-
dam Basin in China, as shown in Table 1. Sandstone, known to have
high permeability and low clay content, can be used as a calibration
standard, which contributes to studying pore structure andmineral
composition of shale. Marine shale from the Sichuan Basin is the
largest shale gas development area. The target formation of the
Fuling shale gas area in Chongqing is the Longmaxi shale formation
that has already made great breakthroughs. At present, the conti-
nental shale in Ordos Basin and Qaidam Basin is still in the initial
stage of exploration and development.

Marine shale is characterized by lower clay content (22e30%)
Clay Quartz Feldspar Carbonatesb Pyrite

22.4 40.5 6.5 21.3 9.3
30.1 44.3 9.6 12 4.7
20.7 38.1 16.3 22.8 2.1
39.7 17.0 23.2 0 20.1
35.5 21.1 23.1 8.0 12.1
54.0 32.4 4.1 6.4 3.2
12.6 35.2 1.2 27.1 0



Table 3
Basic properties and experimental results for Set 1.

Sample Mesh Surface ions density G0, ms/cm Ions diffusion rate D, (ms/cm)/t0.5 Specific surface area, m2/g Cation exchange capacity, mmol/100 g

LJP 100 162.1 10.5 20.834 3.25
LMX 100 247.2 10.1 22.745 5.29
NTT 100 108.8 10.8 18.112 3.47
UYC 100 75.3 20.9 27.627 8.54
LYC 100 24.5 20.7 19.451 6.12
GCG 100 200 21.5 34.895 12.31
SHZ 100 44.7 4.5 0.94 2.70

Table 4
Basic properties and experimental results for Set 2.

Sample Mesh G0, ms/cm D, (ms/cm)/t0.5 Specific surface area, m2/g Cation exchange capacity, mmol/100 g

Smectite 100 1090 48.9 65.821 56.8
Illite 100 56.5 4.8 28.532 15.3
Kaolinite 100 71.1 4.9 19.211 6.4
Chlorite 100 24 3.5 8.651 12.7
Quartz 100 9.1 0.3 0.234 0.6
Plagioclase 100 38.7 2.0 0.553 0.9
Calcite 100 43.7 4.2 0.584 1.3
Pyrite 100 1318.1 28.6 0.785 0.7

Table 5
Basic properties and experimental results for Set 3.

Mesh Diameter, mm Formation G0, ms/cm D, (ms/cm)/t0.5 Formation Mesh Diameter, mm G0, ms/cm D, (ms/cm)/t0.5

6 4 LMX 10.2 15.1 LJP 5 5 5.2 0.3
8 3 15 17.2 20 0.9 22.8 0.05
10 2 15 12.3 40 0.45 50.4 0.02
20 0.9 39.9 8.8 60 0.28 90 0.01
40 0.45 62.7 8.5 80 0.18 110 0.008
60 0.28 83.5 8.5 120 0.125 168.1 0.005
80 0.18 116.3 8.3 200 0.074 191 0.003
100 0.154 212.5 10.1 400 0.0385 200.5 0.002
400 0.0385 240.5 10.7 e e e e

Table 6
Basic properties and experimental results for Set 4.

Mesh Formation Fluid

100 LMX/
UYC

0.01%wt NaCl
100 0.05%wt NaCl
100 0.01%wt KCl
100 0.05%wt KCl
100 0.25%wt anion surfactant
100 0.1%wt polyacrylamide
100 0.25%wt ASþ0.01%wt KCl
100 0.25%wt ASþ0.01%wt KCl
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and higher quartz content (38e44%), as shown in Table 2. It is of
high maturity with well-developed organic pores (Fig. 1a). Never-
theless, continental shale has much more clay minerals (35e54%),
as shown in Fig. 1b. It holds relatively low maturity has less
developed organic pores. Compared with marine shale, the distri-
bution of organic material and clay-rich minerals is much more
complicated in continental shale, which does not contribute to
shale gas production. Considering the different water salinity of
marine and continental shale, comparison experiments can be
conducted to explore the effects of precipitated salts on ions
transport.

When clay minerals contact water, the exchangeable cations
absorbed in the clay tend to separate from clay, and a negative
electricity structure is left. The repulsive force between the nega-
tive electricity structures can compel clay layers to separate, and
then water molecules continuously enter into the clay
interlamination. This process indicates that cation exchange ca-
pacity has great influence on ions transport. In this study, cation
exchange capacity of shale and monomineral samples were
measured by Pony Testing International Group (Tables 3 and 4).

To analyze the pore size distribution, the T2 spectrums of marine
and continental shale are measured after the samples are saturated
with deionized water. The nuclear magnetic resonance (NMR)
measurement equipment (NiniMR-VTP) is made by Suzhou Niumag
Analytical instrument Corporation. The test results are shown in
Fig. 2. Themarine shale has two peaks and the continental shale has
single peak. The right peak of marine shale may be microfractures
corresponding to the in Fig. 1a. Due to less clay mineral, marine
shale has larger brittleness index than continental shale and tends
to contain more microfractures. In this work, crushed samples are
used to avoid the influences of microfractures on experimental
results (Cui et al., 2009).

The N2 adsorption and desorption isotherms of shale and
sandstone samples at�196 �C are presented in Fig. 2. Following the
International Union of Pure and Applied Chemistry standard (Sing
et al., 1985), the measurement was carried out at the State Key
Laboratory of Petroleum Resources and Prospecting, China Uni-
versity of Petroleum, Beijing. The isotherms at low relative pres-
sures (<0.5) are reversible, but the hysteresis loops are observed at
high relative pressures (>0.5), which suggests that both mesopores
and macropores are contained in shale matrix (Sing et al., 1985). At
a relative pressure range of 0.05e0.3, the specific surface area could
be obtained following the multi-point BET equation (Brunauer
et al., 1938). The specific surface of shale is much larger than that



Fig. 1. The pictures of Scanning Electron Microscope (SEM): (a) marine shale-LMX and (b) continental shale-GCG.

Fig. 2. The pore structure comparison of marine and continental shale: (a) pore size distribution characteristics, (b) N2 adsorption and desorption characteristics.
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of conventional sandstone, as shown in Fig. 2b.
Fig. 3. Multifunctional conductivity measuring instrument.
2.2. Experimental apparatus and procedures

The fluid conductivity depends on the electrolyte concentration
and it is an important indicator that reflects the salt ion content in
the solution. In general, the salt ion content and solution conduc-
tivity are positively correlated. During the experiments, the in-
crease in conductivity of the solution demonstrates that ions
transport from the shale matrix into water. The experimental de-
vice is Mettler Toledo S470 conductivity meter (Fig. 3) that is
composed of pole, movable support and main engine. The different
poles can perform different functions. This experiment adopts the
ordinary solution conductivity pole with a measurement range of
0.1mS/cm-2000 mS/cm. Other experimental facilities and materials
include 250 ml beakers, 100 ml measuring cylinders, plastic film,
rubber band and drying oven.

The ions transportation from shale matrix pores into fracturing
fluid includes two main transport mechanismsdadvection and
diffusiondduring fracturing operations. When the injected frac-
turing fluid flows through the artificial fracture surface, the salt ions
attached to the surface begin to dissolve and enter into fracturing
fluid convectively. Meanwhile, the salt ions in the matrix pores can
diffuse slowly and steadily into the fracturing fluid. To simulate the
ions transportation, the experiments were divided into two parts.
In part 1, the authors stir quickly the fluids to induce salt ions
convention (Fig. 4a). In part 2, the fluids remain stationary, and the
ions diffusion is studied by testing the conductivity change over
time (Fig. 4b).

The ion transport experiments of the shale matrix are summa-
rized below:
(1) The shale samples from LMX and LJP formations are crushed
into particles with different diameters (Table 5), and the
samples from other formations are machined into particles
of 100 mesh. Place the crushed samples in the oven under
105 �C for 24 h;

(2) In set 1, the experimental samples are from different shale
formations (Table 3). The crushed samples (10 g) are placed
in 200 ml of deionized water, stir quickly and the initial
conductivity G0 are measured. Subsequently, the conductiv-
ity change over time when the fluids remain stationary is
tested;

(3) In set 2, the experimental samples are from monomineral
samples (Table 4). Step 2 procedures are repeated;



Fig. 4. The conductivity measuring schematic: (a) ion advection measurement, (b) ions diffusion measurement.
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(4) In set 3, the experimental samples with different particle
diameters are from LMX and LJP formations (Table 5). Step 2
procedures are repeated;

(5) In set 4, the experimental samples are from LMX and UYC
formations, and different fluids are used to conduct experi-
ments (Table 6). Step 2 procedures are repeated;

During the ions transport experiments, the conductivity meter
pole should be slightly placed into the same position of the fluid.
Meanwhile, the water should be calm as much as possible to
decrease the disturbance due to pole movement. The appropriate
position should be determined before conducting a series of ex-
periments. Crushed samples from the LMX formation (10 g) are
placed into 100 ml distilled water to measure conductivity varia-
tion at different distances (Fig. 5). In Fig. 5b, the conductivity de-
creases rapidly as measurement distance to the bottom increased.
When the distance was larger than 4 cm, the conductivity does not
change obviously. In addition, the measurement distance has more
and more obvious in its impact on measurement results with
increasing time. Nevertheless, the influence of measurement dis-
tance begin to weaken after 27 h. It is suitable to set the mea-
surement distance of 4 cm to avoid the error induced by pole
position fluctuation.

The ion transport experiments will take a long time, so thewater
evaporation can cause measurement error. It is necessary to reduce
the water evaporation. During the experiments, all the sample
bakers are sealed with plastic film, and rubber bands are used to
Fig. 5. The experiments of measurement position: (a) the measuring instrument
strengthen the sealing effect (Fig. 3). The plastic film can be opened
only while testing.
3. Experimental results

3.1. Observations during ions transport into water

Fig. 6 presents the experimental observations of marine LMX
shale and continental UYC shale after 0.5 h. The crushed samples of
marine LMX shale sunk to the bottom, and the solution is colorless
and transparent. Unlike marine LMX shale, the crushed samples of
continental UYC shale cannot sink into water, and the solution is
brown and muddy. Moreover, a large amount of “agglomeration” is
found on the surface of the solution, which can be explained by the
high content of clay minerals. The electric charge on the clay sur-
face tends to gather the sample particles to enhance the buoyant
force and form the floating agglomeration (Li et al., 2016). The
continental UYC shale has much more clay minerals than marine
LMX shale, which could help offset the gravity settling.

After 125 days, nearly all the crushed samples are sunk into the
bottom, and the solution is colorless and transparent (Fig. 7).
Compared with the continental shale, the solution corresponding
to marine shale is more transparent. A small amount of the powder
cannot settle down to form a colloidal solution corresponding to
continental shale. It is also an evidence of electric charge of clay
particles. When in contact with water, the clay minerals disperse
easily forming the more tiny particles that can suspend in the
and (b) the curves of conductivity vs. measurement distance to the bottom.



Fig. 6. The comparative solution pictures of LMX and UYC formation samples after 0.5 h.
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solution. The continental shale with high clay content tends to
result in a muddier colloidal solution. It is worth pointing out that
the “agglomeration” of continental shale sunk into the solution
finally, which illustrates that water is totally intruded in the inside
of the “agglomeration”, and the generation of “agglomeration”may
not have effects on ion transport.

Considering the effects of clay content on the ions transport, 8
monomineral samples are used to analyze the effects of clay type
on ions transport. Except for the solution corresponding to smec-
tite, plagioclase and pyrite, other solutions are colorless and
transparent (Fig. 8). The solution of smectite is orange and has a
stratification phenomenon, which can be explained by strongwater
sensitivity of smectite. The smectite particles disperse quickly to
formmore tiny particles when in contact with water. Therefore, the
colloidal solution was muddier than other solutions. The plagio-
clase minerals may contain some impurities that result in the
muddy solution. It is interesting to find that the color of the pyrite
solution can change with soaking time. The color changes into dark
yellow from light green during the 37.5 days of the experiments
(Fig. 9). According to Hutcheon (1998), it may be caused by the
Fig. 7. The solution pictures of different
Fe2þoxidation in air.

3.2. The characteristics of ions transport into water

The salt ions transport experiments of Set 1 are conducted with
the formation samples in Table 3. The conductivity changes over
time as shown in Fig. 10a. Both conventional sandstone and shale
have the same conductivity characteristics curves that begin with
initial conductivity (G0) and increase over soaking time. It should be
noted that the slope of the curve decreases gradually and the curves
hit a plateau after a period of time. The results suggest that the
increasing rate of salt ion transport varies over time, which is large
at the beginning and smaller in the late period.

In the previous studies (Yang et al., 2017), the solution con-
ductivity G changes over time t during water imbibition is given by

G ¼ AcC
V

þ 2prnC
V

$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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�
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ffiffi
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p
(1)
formation samples after 125 days.



Fig. 8. The solution pictures of different monominerals after 37.5 days.

Fig. 9. The pyrite solution pictures during experiments: (a) after 0.5 h, (b) 1.5 days, (c) 5 days and (d) 37.5 days.
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Where G0 is initial conductivity of solution that represents the
salinity of pore water, (Abass et al., 2006); D is ions diffusion rate;
Swf and Swi are front water saturation and initial water saturation,
respectively; Ac is the sectional area; krw and krg are the relative
permeability of water and gas, respectively; mw and mg are the
viscosity of water and gas, respectively; k is absolute permeability;
∅ is porosity; V is solution volume; C is the quality of ions attach-
ment on pore wall in per unit area; n is the number of capillary
tubes in unit area, r is the average pore radius, Pp is osmotic pres-
sure and Pc is capillary pressure.

Following the theoretical equation, the solution conductivity G
due to ion transport is equal to G0 þ D

ffiffi
t

p
. It is easy to find that ions

transport follows the
ffiffi
t

p
law that is similar to Lucas-Washburn

imbibition formula. G0 depends on the exposure area and the
quality of salt ions attached to the shale wall in per unit area; The
ions diffusion rate is influenced by many factors, such as perme-
ability, porosity, capillary pressure, water saturation, and so on.
Other influencing factors that are not covered in this model will be
studied in the following experiments.

A general observation illustrates that the conductivity curves
can be divided three parts: linear imbibition-diffusion part (region
1), a non-linear transition part (region 2) and a diffusion part (re-
gion 3) (Fig. 11). The significant differences in the three stages can
be explained by ions transport law (Eq. (1)). In the region 1, a mass
of ions dissolve and enter into water due to “stirring advection”,
enhancing the water conductivity to G0. Under the capillary and
osmotic pressure, the water is imbibed into shale matrix pores,
inducing ions diffusion into water. The conductivity change follows



Fig. 10. Conductivity curves of different shale formations: (a) conductivity vs. t and (b)
conductivity vs.

ffiffi
t

p
.
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the ions transport law (G~
ffiffi
t

p
) described by Eq. (1). In the region 2,

as the water saturation increases in matrix pores, the water imbi-
bition induced by capillary pressure begins to weaken. The con-
ductivity curves begin to enter into the non-linear transition part.
In the region 3, the conductivity change is mainly determined by
salt concentration difference between matrix pores and water. As
the salt ions diffuse into water under the concentration difference,
the ion concentration gradually increases in water and then the
Fig. 11. Typical curve of conductivity changes over square root of time.
concentration difference decreases. The ions diffusion rate de-
creases accordingly and conductivity curves reached a state of
equilibrium.

In this paper, the imbibition-diffusion part of region 1 is mainly
studied. As for conventional SHZ sandstone, the linear imbibition-
diffusion part is fairly short and the conductivity curve is close to
horizontal in the region 3, suggesting that the ions diffusion rea-
ches to the final equilibrium state. Compared with sandstone, the
conductivity curve of shale has a larger slope in the region 3 and the
ions diffusion has better continuity in shale matrix pores. The
crushed samples of 100mesh (particle diameter is 154 mm) are used
for experiments. As for conventional sandstone, there isn't obvious
imbibition process because it doesn't develop the micro-nano
pores. The ions diffusion is accompanied by spontaneous imbibi-
tion, so the initial imbibition-diffusion part of sandstone is not
obvious. While shale develops the micro-nano pores, water enters
into shale under capillary and osmotic imbibition and the ions
diffuse into water. Then the curve slope of shale is much higher
than that of conventional sandstones. It can be seen that the initial
linear part mainly reflects the ions diffusion generated by micro-
nano pore imbibition, which can well explain the facts that the
salinity of flowback in shale formation is obviously higher than that
in conventional formations. It is worth noting that the conductivity
curves of some formations (e.g., GCG, UYC, and LYC) are not strictly
linear which tend to have different curve behaviors (i.e., “inferior
fovea”, “upper convex” and “multi-stages”). Some of them are
similar to the imbibition curves, whose behavior are mainly related
to the pore size distribution and pore connectivity (Yang et al.,
2015). The crushed shale samples of 100 mesh (diameter is less
than 154 mm) is more of a reflection of matrix characteristics. The
complexity of pore structure in shale matrix causes that the time
exponent is not completely equal to 0.5. Therefore different curve
behaviors are observed in the curves of conductivity vs.

ffiffi
t

p
.

The three characteristic parameters of the surface ions density
G0, ions diffusion rate D, and ions transport capacity C can be used
to represent the ions transport characteristics. The surface ions
density G0 is obtained by testing the conductivity of powder-water
mixed solution, which is in consistent with the measurement
method proposed by Abass et al. (2006). To some extent, G0 can
indicate the ions attachment amount, which may be useful for
characterizing shale reservoir properties. The ions diffusion rate D
is a reflection of ions movement speed. The ions transport capacity
C can be obtained by the intersection of two straight lines in region
1 and region 3. In the following sections, these two characteristic
parameters of surface ions density and ions diffusion rate are used
for quantitative study on the impact of precipitated salts and clay
minerals.

3.3. The analysis of influential factors

3.3.1. Sedimentary environment impact on ions transport
In Table 1, LJP, LMX and NTT are marine shale formations, and

UYC, LYC and GCG are continental shale formations. In particular,
GCG is saltwater lacustrine shale, and UYC and LYC are freshwater
lacustrine shale. Fig. 10b indicates that the surface ions density G0
of marine shale is much larger than that of saltwater lacustrine
shale, and surface ions density G0 of saltwater lacustrine shale is
larger than that of freshwater lacustrine shale. The results can be
explained by the sedimentary environment. During burial, shale is
continuously compressed due to the increasing overburdenweight.
Consequently, a large amount of water molecules are expelled from
the formation and the salt ions are left behind due to the semi-
permeable membrane characteristics of shale (Fig. 12). Compared
with continental shale, much more salt ions precipitated from sea
water and can result in higher surface ions density G0 in marine



Fig. 13. The curves of monomineral conductivity vs.
ffiffi
t

p
: (a) non-clay mineral and (b)

clay mineral.
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shale (Abass et al., 2006; Fakcharoenphol et al., 2014). In addition, it
is not difficult to find that the ions in shalematrix pores partly come
from the sedimentary environment.

3.3.2. Mineral composition impact on ions transport
To verify the effects of clay minerals on ions transport, 8 mon-

omineral samples are used to conduct Set 2 experiments (Table 4).
Fig. 13 presents the curves of monomineral conductivity vs.

ffiffi
t

p
. The

conductivity curves of non-clay minerals (i.e. quartz, feldspar,
calcite and pyrite) tended to grow, suggesting mineral dissolution
also contributes to the increase in flowback water salinity. The
surface ions density G0 of clayminerals (i.e., smectite, kaolinite, ilite
and chlorite) is much larger than that of non-clay minerals (i.e.,
quartz, feldspar and calcite). This result indicates that clay mineral
can act as another ions source for matrix pores. When in contact
with water, the exchangeable ions attached to clay mineral surface
are separated and diffuse intowater (Fig.12). Therefore, the content
of the clay mineral in shale has a positive relationship with surface
ions density. Compared with non-clay minerals, clay minerals have
larger ions diffusion rate and better diffusion continuity. The clay
minerals develop micro-nano pores, and have larger specific sur-
face area. To some extent, it is the existence of clay minerals that
make salt ions in shale matrix pores diffuse into water for a long
time. This result also can explain the phenomenon that shale has
larger ions diffusion rate and better diffusion continuity than the
conventional sandstone.

Note that the conductivity curve of smectite can reach the
equilibrium stage rapidly (Fig. 13b). Due to strong water sensitivity,
smectite could easily inflate and destroy the skeleton structure to
release a mass of salt ions when in contact with water. The surface
ions density G0 (approximately 1200 ms/cm) and ions diffusion rate
of smectite are relatively higher, followed by the illite, kaolinite and
chlorite. Therefore, the existence of smectite, I/S and illite in shale
not only can enhance the surface ions density G0, but can also in-
crease the ions diffusion rate. In addition, the surface ions density
G0 (about 1265 us/cm) of pyrite is relatively large, which may be
related to the dissolution of a large amount of ions (e.g. Fe2þ), as
described in Fig. 9. Therefore, the pyrite mineral in shale also
significantly increases the salinity of recovered fracturing fluids.

(1) Clay mineral content impact on ion transport

In Fig. 10, the lacustrine shale has relatively lower surface ions
density G0, but the ions diffusion rate is obviously higher than
marine shale, producing higher ions transport capacity in lacus-
trine shale. This result can be explained by the higher clay content
in lacustrine shale. Fig. 14 presents the relationship between G0 and
D vs. total clay content. It is observed that there is positive corre-
lativity between ions diffusion rate and clay mineral content, and
Fig. 12. The schematic of ion sources
the correlation coefficient is 0.7932. Hence the clay mineral has a
great influence on ions diffusion rate. The correlation coefficient
between surface ions density G0 and clay mineral content is rela-
tively low, which is 0.1846. To a large extent, the surface ions
density G0 is determined by precipitated salts due to sedimentary
environment.

(2) Cation exchange capacity (CEC) impact on ions transport

In Table 4, the CEC of clayminerals is larger than that of non-clay
minerals, suggesting that CEC tends to reflect clay mineral prop-
erties. The different clay minerals have the different CEC. Among
in gas shale (Yang et al., 2017).



Fig. 14. The relationship between G0 and D vs. total clay content: (a) G0 vs. total clay content, (b) D vs. total clay content.
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the CEC of clay minerals, smectite occupies first place; illite and
chlorite comes second. It can be speculated that CEC of I/S falls
between smectite and illite. According to the experimental results
of Tables 3 and 4, the relationship between G0 and D with CEC is
shown in Fig. 15. The result indicates that the surface ions density
G0 and ions diffusion rate D are positively associated with CEC, and
the correlation coefficients are 0.8987 and 0.7719 respectively.
However, as for non-clay minerals, no relationship is observed.
Although the CEC of non-clay minerals is near zero, the surface ions
density G0 and ions diffusion rate D still exist, illustrating that CEC
is not the only influencing factor for ion transport.

(3) Specific surface area (SSA) impact on ions transport

SSA is similar to CEC and tends to reflect clay mineral properties
(Table 4). According to the experimental results of Tables 3 and 4,
the relationship between G0 and D with SSA is shown in Fig. 16. It
indicates that the surface ions density G0 and ions diffusion rate D
are positively associated with SSA, and the correlation coefficients
are 0.7769 and 0.7722 respectively. As for non-clay minerals, no
relationship is observed. It is worth noting that correlation co-
efficients of SSA are lower than that of CEC. CEC is only determined
by clay mineral content, but SSA is related to both clay mineral and
organic material. The organic material is oil-wet and tends to
decrease the water imbibition rate and ions diffusion rate.

In general, the clay-rich shale tends to have higher CEC and SSA.
Fig. 15. The relationship of G0 and D vs. C
The continental shale with more clay mineral promotes faster ion
exchange reactions, leading to stronger ions transport capacity than
marine shale. By comparison with dissolution of precipitated salts,
leaching of clay minerals is the dominant mechanism for ion
transfer from shale to water.

3.3.3. Micro-fractures impact on ions transport
In the Set 3 experiments, the exposure areas varied with particle

sizes. For the crushed samples of the same quality (10 g), the
smaller the particle diameters, the larger the exposure area
(Fig. 17). Studying the effects of particle diameter on ions transport
helps understand the relationship between the exposure area of
the artificial fracture network and recovered water salinity.
Assuming the particle is spherical, the crushed samples of 6 mesh
have an exposure area of 57.7 cm2, and the crushed samples of 400
mesh have the exposure area of 5994 cm2. It displays a wide range
of exposure variability. Indeed, not all the particles are rigorously
spherical, so calculation errors exist. However, the overall trend in
the experiments is still reliable based on the spherical assumption.

Fig. 18 presents the curves of conductivity vs.
ffiffi
t

p
of LMX and LJP

samples with different particle sizes. In spite of the particles with
different diameters, the solution conductivity due to ions transport
increases over soaking time. Furthermore, the larger the particle
diameter (smaller the exposure area), the lower the surface ions
density G0 (Fig. 19a). The complex fracture network with large
exposure area tends to result in high-salinity recovered water. In
EC: (a) G0 vs. CEC and (b) D vs. CEC.



Fig. 16. The relationship of G0 and D vs. specific surface area: (a) G0 vs. specific surface area and (b) D vs. specific surface area.

Fig. 17. LMX samples with different particle size.

Fig. 18. The relationship between conductivity and
ffiffi
t

p
: (a) LMX formation and (b) LJP

formation.
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other words, the salinity profile of shale gas can reflect the
complexity of the fracture network. To avoid the effects of exposure
area, the curves of G0/Ac vs. particle size are presented in Fig. 19b.
Interestingly, G0/Ac does not vary with the increase in particle size
and tends to be a constant for a certain formation (Fig. 19b). G0/Ac is
0.12e0.18 (ms/cm)/cm2 for LMX formation and 0.07e0.11 (ms/cm)/
cm2 for LJP formation. G0/Ac is the quality of salt ions attached to
pore wall in per unit area and reflects the salinity characteristics of
shale formation. To some extent, the exposure area of fracture
network could be calculated based on the initial salinity of recov-
ered fracturing fluid.

As the particle diameter increases (exposure area decreases), the
ions diffusion rate emerges a good increasing trend (Fig. 20a). Ac-
cording to the transport law of Eq. (1), the larger the exposure area,
the higher the ions diffusion rate. There is discrepancy between
model and experiment results. Unlike G0/Ac, D/Ac is not constant
(Fig. 20b). The value of D/Ac for samples with smaller particle size
tends to be constant. As for the samples with larger particle size,
the D/Ac increases with the increase in particle size. This trend is
probably related to microfractures development in the shale. The
large particles may contain microfractures that can significantly
increase imbibition rate (Cheng et al., 2015; Ghanbari et al., 2013).

The conductivity curves of LMX formation samples in 6 mesh, 8
mesh, 10 mesh and 20 mesh represent a distinct transition from
larger slope to smaller slope, indicating two-stage characteristics
(Fig. 18a). Similar curves behaviors are observed in LJP shale
(Fig. 18b). As the mesh of crushed samples increases (namely the
particle size decreases), the two-stage characteristics gradually
disappear. When it reaches to critical particle size, the two-stage
characteristics disappear completely and the conductivity curves
exhibits a linear behavior. The critical particle size of LMX and LJP
sample is 80 and 120 mesh, respectively. Larger particle tends to
contain more microfractures, resulting in higher diffusion rate.
When the particle diameter is lower than critical particle diameter,
it does not contain microfractures anymore (Cui et al., 2009). So the
curves of conductivity mainly reflect the ions diffusion character-
istics of the matrix. In comparison with the exposure area, micro-
fractures have larger influence on ions diffusion rate. Hence, the
slope of the salinity profile in shale gas well is more reflective of the
information about natural fractures than exposure area.



Fig. 19. The curves of G0 and G0/Ac vs. particle size: (a) G0 vs. particle size and (b) G0/Ac vs. particle size.

Fig. 20. The curves of D and D/Ac vs. particle size: (a) D vs. particle size and (b) D/Ac vs. particle size.
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Additionally, the appropriate particle size should be determined
for the conductivity experiments to avoid the influence of micro-
fractures. In this work, 100 mesh can be regarded as testing stan-
dard to conduct comparative experiments on sandstone, marine
and continental shale. Then the researchers can analyze the impact
of precipitated salts and clayminerals on ions transport by avoiding
the influence of natural microfractures and exposure area.
3.3.4. Fluid type impact on ions transport
According to Fick's diffusion law, ions diffusion mainly depends

on concentration difference. However, both theoretical derivation
and experimental results illustrate that ions diffusion in shale
matrix does not only depend on concentration differences between
the matrix and water, but is also related to water imbibition that is
driven by capillary and osmotic pressure. When water contacts the
pore wall, it induces ions transport. Ion transport experiments on
LMX and UYC shale samples are conducted using salt (i.e. NaCl and
KCl), surfactant and polymer solutions, which aids in study other
influencing factors (i.e. fluid type) that are not covered in Eq. (1).
The surface ions density G0 represents the nature of shale itself and
cannot be influenced by fluid type. Therefore, the curves of con-
ductivity variation vs. time are adopted to analyze the effects of
fluid type on ions diffusion rate.

(1) Salt solution

Fig. 21 indicates that both NaCl and KCL solution can reduce ions
diffusion rate. The KCl solution is more effective in terms of ions
transport restriction. The NaCl solution can reduce ions diffusion
rate by lowering the concentration difference between shale matrix
pores and the solution. The KCl solution can also lower the con-
centration difference. In addition, Kþ (the diameter of approxi-
mately 0.288 nm) can enter into the silicon-oxygen structure and
cause the inhibition of clay hydration to reduce ions diffusion rate.
Themore effective restriction is partly determined by the inhibition
of clay hydration.

(2) Surfactant solution

The anionic surfactant adopted in this experiment is sodium
dodecyl benzene sulfonate (SDBS) with a concentration of 0.25%,
and it can reduce surface tension to lower capillary pressure. The
surfactant at low concentrations contains tiny amounts of ions that
do not much affect the concentration difference between shale
matrix pores and the solution. Nevertheless, the surfactant can still
reduce ions diffusion rate (Fig. 22). Therefore, the surfactant can
lower the ions diffusion rate by reducing the capillary imbibition
rate. In addition, the addition of KCl to surfactant solution can
significantly reduce ions transport capacity. It should be noted that
the mixed solution has synergistic reaction with surfactant and KCl
solution. It also proves that ions transport is related to capillary
imbibition.

(3) Polymer solution

A large amount of slickwater is injected into the shale formation
to realize network fracturing. The addition of polymer to slickwater
can increase viscosity and help carry proppants. To explore the



Fig. 21. Impact of salt solution on the ions diffusion of LMX and UYC formation sample: (a) LMX and (b) UYC.

Fig. 22. Impact of surfactant on the ions diffusion of LMX and UYC formation samples: (a) LMX and (b) UYC.
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influence of viscosity on ions diffusion, the comparative experi-
ments are conducted using 0.1% polyacrylamide solution and
distilled water. As shown in Fig. 23, the low concentration polymer
solution can reduce ions diffusion rate. On the one hand, the rise in
viscosity can directly reduce the ions diffusion coefficient to lower
the ions diffusion rate (Eq. (1)). On the other hand, the rise in vis-
cosity can reduce the imbibition rate and, as consequence, indi-
rectly lower ions diffusion rate (Eq. (1)).
Fig. 23. Impact of polymer on ions diffusion.
4. Conclusions

A new method was proposed for the quantitative study of ions
advection and diffusion characteristics. The characteristic param-
eters and influential factors are studied by conducting comparative
experiments with sandstone, marine and continental shale sam-
ples. The conclusions are as follows:

(1) The conductivity experiments based on crushed samples
(100 mesh) could be a new method to measure the ion
transport capacity of matrix pores by avoiding the influence
of natural microfractures and exposure area. The proposed
method has been validated and can provide credible results.

(2) The ion transport curves of shale matrix pores can be divided
three parts: a linear imbibition-diffusion part (region 1), a
non-linear transition part (region 2) and a diffusion part
(region 3). The two characteristic parameters, surface ions
density and ions diffusion rate, can be used to represent the
ion transport characteristics.

(3) Compared with relatively higher permeability sandstone,
shale has much stronger ions transport capacity and requires
much longer diffusion equilibrium time. Marine shale has
larger surface ions density than continental shale, but con-
tinental shale has a larger ions diffusion rate than marine
shale, leading to stronger ions transport capacity. By com-
parisonwith dissolution of precipitated salts, leaching of clay
minerals is the dominant mechanism for ion transfer from
shale to water.
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