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a b s t r a c t

The Lower Silurian Longmaxi shale and the Lower Cambrian Niutitang shale are typical marine shales in
China, promising for shale gas production, whereas the gas production from these two formations vary
considerably because of the different flow properties determined by geology and lithology conditions.
Matrix permeability, compared with fracture permeability, is an important factor controlling the long-
term gas production from shale gas reservoirs. However, matrix permeability is difficult to measure at
field due to the constrained measuring conditions. In this study, the Pressure-decay method was applied
to measure the matrix permeability of the relatively high permeability Longmaxi and low permeability
Niutitang shales. Moreover, controls of geochemical and geological factors on the matrix permeability
were investigated for these two gas shales, differing in buried depth, porosity, Total Organic Carbon (TOC)
contents and thermal maturity. Furthermore, the effects of dominant controlling factors on the matrix
fluid conductivity were analyzed. Results show that matrix permeability increases with TOC content at
different rates for Longmaxi and Niutitang shales. The difference in pore structure and pore-size dis-
tribution between the two shales is the main reason for the different matrix permeability and gas
production. In addition, the development of organic nano pores with the partial fill-in of the minerals in
the Niutitang shale was observed through the Scanning Electron Microscope (SEM), accounting for the
contradiction of high porosity and low matrix permeability in the Niutitang shale. The precise deter-
mination of intermediate parameter in the Pressure-decay method is the key control for the accuracy of
matrix permeability measurement and our study improves the understanding of the importance of pore-
size distribution on flow properties in the matrix of shale gas reservoirs.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Great breakthrough has been achieved in shale gas exploration
and production in Sichuan Basin, China, where the Lower Silurian
shale and the Lower Cambrian shale are two of the most promising
thermally mature marine shales with great potential due to the rich
organic matter, moderate porosity and high brittleness (Ma et al.,
2015; Wang et al., 2013b; Wei et al., 2012). High output has been
as Institute, China University
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achieved in the Lower Silurian Longmaxi Formation with accu-
mulative production over 1.2 billion m3 in the Fuling gas field till
2015, whereas shale gas production rates are low in many of the
exploratory drilling efforts targeting the Lower Cambrian Niutitang
shale and high gas production only occurred in few parts of the
Niutitang Formation (Wang et al., 2015).

Well productivity is affected by many factors including shale
matrix properties (Pan and Connell, 2015), which especially in-
fluences the long-term producibility of the reservoir and is
dependent on the pore network of the matrix. The different gas
production behavior between the Longmaxi and Niutitang shales
may result from their difference in the geological and geochemical
properties as well as petrophysical characteristics. Both Longmaxi
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and Niutitang formations are organic-rich black shales. For Long-
maxi Formation, Total Organic Carbon (TOC) content ranges from
0.14% to 18.4%, clay mineral content varies between 14.3% and 70%
and vitrinite reflectance (Ro) ranges from 1.8% to 4.2% (Chen et al.,
2014; Dai et al., 2014; Pan et al., 2015a; Pu et al., 2015). Compared
with the Longmaxi shale, the Niutitang shale has higher TOC con-
tent and depositional thickness as well as wider distribution areas
(Liang et al., 2008), suggesting high potential of gas production.
Specifically, its TOC content ranges from 0.1% to 14.3%, clay mineral
content varies between 6.2% and 62.4% and vitrinite reflectance
ranges from 0.69% to 4.53% (Yang et al., 2014; 2015a; 2015b; Yang
and Xu, 2015).

Apart from the structural complexity and low gas content, the
different petrophysical properties may considerably account for the
low gas production in Niutitang and relatively high gas production
in the Longmaxi Formation because porosity and permeability are
the critical parameters determining gas-bearing and gas-
developing in shale (Zou et al., 2011; Wang et al., 2013c; Zhang
et al., 2008a; 2008b; 2010). Researches show that porosity and
permeability are of great difference for the Longmaxi and Niutitang
shales. For Longmaxi shale, literature data show that porosity could
range between 1.2% and 10.8% and permeability could vary from
15.0 nD to 1.74 mD (Dai et al., 2014; Pan et al., 2015a), while for
Niutitang shale, porosity and permeability can be as high as 16.51%
and 0.11 mD, and as low as 0.1% and 0.001 nD, respectively (Yang
et al., 2014; 2015a; 2015b; Yang and Xu, 2015).

Shale permeability is generally controlled by geological prop-
erties including shale fabric, porosity, lithology, andmicrofractures/
microcracks (Aplin et al., 1995; Dewhurst et al., 1999a; 1999b;
Kwon et al., 2004; Lash and Engelder, 2005; Schlomer and
Krooss, 1997; Yang and Aplin, 2007; Ghanizadeh et al., 2013), as
well as geochemical properties such as the organic matter content,
thermal maturity and fracture spacing (Soeder, 1988). It is also
affected by the stress conditions. Specifically, shale permeability
increases with porosity (Loucks et al., 2009), which increases with
TOC and quartz content while decreases with clay content (Wu
et al., 2014). In addition, matrix permeability is related to thermal
maturity. Compared with immature and overmature shales, the
lowest permeability was normally found in intermediatelymatured
shales (445 �C < Tmax<449 �C; vitrinite reflectance in the range of
0.88%e1.01%) (Ghanizadeh et al., 2013). Therefore, the relatively
high thermal maturity of the Niutitang shale may result in the poor
development of organic matter hosted pores and lead to low
permeability (Tian et al., 2015; Wang et al., 2013a). Moreover,
matrix permeability is affected by pore-size distribution. Experi-
ments on the Devonian gas shale in North America show that
samples with high permeability not only contain high quartz and
TOC, moderate clay but also are characterized with balanced ratios
among micro-, meso- and macroporosity due to greater propensity
to fracture and communication between macropores and micro-
pores in the organic and clay fractions (Chalmers et al., 2012).
Nevertheless, gas shales in the North America distinguish from
those marine shales in China in the geological properties, pore
network and fracture distribution, which may result in different
petrophysical characteristics and flow behavior. The effects of
geological and geochemical properties on shale matrix perme-
ability of Longmaxi and Niutitang shales in China still have not been
well studied.

Therefore, in this study, controls on matrix permeability were
investigated for the Lower Silurian Longmaxi and the Lower
Cambrian Niutitang gas shales from the Sichuan Basins, China.
Matrix porosity and permeability were mainly measured with
Pressure-decay method, combined with the Pulse-decay method.
Moreover, dominant geochemical and geological factors including
TOC content, porosity, and permeability sensitivity to confining
pressure of shale samples from these two formations were exam-
ined through a series of parameter-characterization. Furthermore,
pore-size distribution and pore structure were analyzed through
the high-pressure mercury injection and Scanning Electron Mi-
croscope (SEM) observations, and their effects on matrix perme-
ability were studied. Our study aims to improve the understanding
of reasons behind different outputs from Longmaxi and Niutitang
shales in Sichuan Basin and provide guidance for the shale gas
developments in Southwest China.

2. Experiments and methodology

2.1. Sample preparation

A total of 12 samples were obtained from the Lower Silurian
Longmaxi (six samples) and the Lower Cambrian Niutitang (six
samples) formations in Sichuan Basin, located in Southwest China.
Black shales are widely distributed in these two formations,
deposited in a marine environment and widespread in the Yangtze
Platform, South China (Zhang et al., 2008a; 2008b; 2010; Wang,
2014). They are two of the main target formations for shale gas
exploration in China. The Cambrian Niutitang Formation has fairly
consistent thickness across the Sichuan Basin, averaging about
120 m thick and 2800 m deep (Feng et al., 2013), while bioclastic
cherty black shale mixed with gray silty mudstones developed in
the shelf sedimentary environment for the Longmaxi Formation
(EIA, 2013), with black shale ranging between 10 and 170 m (Chen
et al., 2014).

Core samples of Niutitang Formation were obtained from out-
crops while samples of the Longmaxi shale were collected from
three production wells in the depth between 700 m and 900 m
where commercial shale gas production has been achieved. Among
the 12 samples, six samples (three from each formation) were
drilled perpendicular or parallel to bedding and sub-cored to plugs
of 2.5 cme5 cm long and 2.54 cm in diameter. The cleaned/dried
core plugs were used for helium porosimetry and permeability test.
The other six samples were crushed to small particles and sieved to
20/40 mesh for the matrix permeability measurements. Matrix
permeability was measured ‘as-received’ without any further
treatment.

2.2. Geochemical property and pore structure analyses

Sampling represents a variation in TOC, pore structure and
porosity so that their controls on matrix permeability can be
examined. Sample offcuts were prepared as small blocks and slices
and a series of experiments were conducted to characterize the
geochemical properties and the pore system of the Niutitang and
Longmaxi black shales. The TOC contents were analyzed through a
Leco carbon-sulfur analyzer. The vitrinite reflectancewasmeasured
using a Leitz MVP-3 microscope photometer. Pore structure was
observed through SEM and quantitatively characterized byMercury
Injection Capillary Pressure (MICP) and nitrogen adsorption from
macropore to micropore, and the pore-size distribution (PSD) were
analyzed. All analyses were performed at China University of Pe-
troleum (Beijing) and the Chongqing Mineral Resources Supervi-
sion and Test Center.

2.3. Gas permeability measurements

Shale permeability can be measured through several methods,
based on different physical principles and utilizing core samples at
different scales (Ghanizadeh et al., 2013; 2014a; 2014b). The vari-
ation in sample size, preparation process and experimental condi-
tions results in a wide range of permeability estimates. Traditional
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steady flow techniques is impractical for shale matrix permeability
measurement because very precise equipment is required due to
the tight nature of shale where gas flow is slow (Carles et al., 2007;
Jones, 1994; 1997). Consequently, the Pulse-decay method on core
plugs and the Pressure-decay method on crushed samples, based
on the non-steady-state theory, are two widely used methods for
matrix permeability measurements in low-permeability shale
(Chalmers et al., 2012; Cui et al., 2009; Luffel et al., 1993; Metwally
and Sondergeld, 2011). Since the two techniques differ in mea-
surement conditions and size of rock samples, there is usually a
discrepancy in the measurement results between them. The Pulse-
decay permeability values are consistently higher or equal to the
Pressure-decay permeability values, depending on lithology and
the effective stress applied in the Pulse-decay permeability mea-
surements (Cui et al., 2013; Cui and Brezovski, 2013; Ghanizadeh
et al., 2015; Suarez-Rivera et al., 2012). However, although the
inconsistency in shale permeability has been acknowledged (Tinni
et al., 2012), the reasons behind have not been well investigated.
The unreliable shale matrix permeability measured at laboratory
may lead to enormous difficulty on the reservoir evaluation and
stimulation design for hydraulic fracturing, impeding the
enhancement of shale gas production. Therefore, in this work,
permeability measured using both the Pressure-decay method and
Pulse-decay method were studied and compared for the samples
differing in TOC content and pore network characteristics from
Longmaxi and Niutitang shales.
2.3.1. Pressure-decay permeability measurements on crushed
samples

The individual crushed shale particles are assumed to contain
few or no micro-fractures compared with plugs because samples
are likely to break along micro fractures and bedding planes during
crushing (Luffel et al., 1993). Therefore, the Pressure-decay method
is capable of providing a better estimation of matrix permeability
compared to other methods (Ghanizadeh et al., 2015). The
Pressure-decay method on crushed shale samples was applied to
measure the Longmaxi and Niutitang shale matrix permeability.

Pressure-decay permeability measurements were performed on
crushed shale samples with an in-house developed matrix per-
meameter at China University of Petroleum (Beijing) using a mean
gas pressure of 1.55 MPa. Gas was injected into the unconfined
crushed particles (20/40 US mesh size; 0.55 mme0.84 mm), as
shown in Fig. 1, and the decay of a subsequent pressure-pulse was
recorded to calculate the matrix permeability based on the ‘late-
time’ model (Cui et al., 2009).

Matrix permeability can be determined by the following equa-
tion (Cui et al., 2009),
Fig. 1. Schematic procedure of Pressure-decay method (Cui et al., 2009).
km ¼ R2að4þ ð1� 4ÞKaÞmCgS1
a2n

(1)

where Ra is the diameter of the crushed particle; 4 is the porosity;
km is the matrix permeability; m is the gas viscosity; an is the nth
root of an intermediate equation; Ka is the density ratio of adsorbed
gas to free gas, which differs according to the type of experimental
gas, and needs to be corrected; cg is the gas compressibility; and S1
is the intermediate parameter, determined by the slope of the
pressure decay.

In the matrix permeability measurement, bulk density is a key
input parameter to calculate the S1, which considerably affects the
accuracy of the results. The bulk density can be determined by the
bulk volume. Nevertheless, since the size of crushed sample is too
small, the implementation of immersion technique for bulk volume
measurement on crushed samples is experimentally difficult and
not applicable. In this study, the bulk density was determined
through the mercury intrusion and the initial intrusion pressure
was carefully selected to avoid the accumulated error in the matrix
permeability determination.

2.3.2. Pulse-decay permeability measurements on core plugs
Pulse-decay permeability measurements were performed on

shale plugs from Longmaxi and Niutitang shales at controlled
effective stress conditions using a permeability rig developed at
CSIRO (Pan et al., 2010; 2015b). The transient method developed by
Brace et al. (1968) was applied in the measurements. A differential
pressure of 1 MPa was initially applied between upstream and
downstream of the shale sample at a series of controlled confining
pressures of 3 MPa, 5 MPa, 7 MPa and 9 MPa. Permeability was
calculated according to the decay of the differential pressure across
the shale sample (Brace et al., 1968; Pan et al., 2010; 2015b). The
differential pressure decay curve can be modeled as follows,

ðPu � PdÞ�
Pu;0 � Pd;0

� ¼ e�at (2)

where Pu � Pd is the pressure difference between the up- and
down-stream cylinders; Pu;0 � Pd;0 is the pressure difference be-
tween the up- and down-stream cylinders at initial stage, t is time
and a is described below:

a ¼ k
mbL2

VR

�
1
Vu

þ 1
Vd

�
(3)

where k is permeability; b is the gas compressibility; L is the sample
length; VR is the sample volume; Vu and Vd is the volume of the up-
and down-stream cylinder, respectively (Pan et al., 2010).

The experimental uncertainty of permeability measurement is
approximately 5%, similar to that in Ghanizadeh et al. (2014a;
2014b) as the experimental setup and procedure are similar.

3. Results and discussion

3.1. Characterization of geological and geochemical properties

Results pertaining to the buried depth, organic richness,
porosity and median pore-throat radius of the samples from
Longmaxi and Niutitang shales are presented in Table 1. The TOC
content of the Longmaxi shale samples ranges from 1.71 wt % to
3.35 wt % while it is in the higher range between 4.44 wt % and
5.25 wt % for the Niutitang shale samples. The median pore-throat
radius was determined from the mercury intrusion curve, varying
from 4.4 nm to 5.8 nm for the Longmaxi shale and ranging between



Table 1
Geochemical and geological property characteristics of shale samples from Longmaxi and Niutitang formations.

Sample number Buried depth (m) Weight of crushed samples (g) TOC (wt. %) Porosity (%) Median pore-throat radius (nm)

L#1 769.69 27.92 1.71 1.49 5.8
L#2 861.23 28.13 2.50 2.05 5.6
L#3 900.33 28.42 3.35 3.39 4.4
N#1 Outcrop 41.65 4.44 3.25 3.9
N#2 Outcrop 42.79 4.73 4.62 3.8
N#3 Outcrop 42.75 5.25 5.18 4.5
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3.8 nm and 4.5 nm for the Niutitang shale at a series of intrusion
pressures from 0.01 MPa to 413.79 MPa.

Themicropore structures are normally identified by the shape of
mercury capillary pressure curve and speculated by the hysteresis
loop of mercury intrusion and nitrogen adsorption analysis. Since
mercury is non-wetting liquid, it invades into shale pores as the
intrusion pressure exceeds the capillary pressure. According to the
capillary theory, the capillary pressure is small for the macropores,
while large for the meso- and micropores because the capillary
pressure is inversely proportional to the pore radius. The amount of
incremental mercury intrusion at certain pressure could be
approximately referred as the volume of pores with corresponding
size.

The evolutions of incremental intrusion of mercury into shale
samples with intrusion pressure, as shown in Figs. 2 and 3, indicate
that the pore-size distributions of Longmaxi and Niutitang shales
are of great difference. The amount of mercury intruding into
Longmaxi samples at low pressures (0e0.69 MPa) is larger than
that into Niutitang samples, as shown in Fig. 2. Specifically, the
largest incremental intrusion amounts into the Longmaxi shale
samples are higher than 0.001 mL/g while those into the Niutitang
shale samples are between 0.0004 mL/g and 0.0006 mL/g. This
difference between Fig. 2(a) and (b) indicates that macropores
developed better in the Longmaxi samples compared with those in
the Niutitang samples.

The difference in the distribution of meso- and micropores be-
tween Longmaxi and Niutitang samples is shown in Fig. 3. The
incremental amounts of mercury intrusion remain relatively low
and increase slightly as pressure increases from 0.69 MPa to
68.97 MPa, indicating that the amounts of mesopores are small and
almost the same for both Longmaxi and Niutitang samples.
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Fig. 2. Comparison of macro pore-size distribution of Longmaxi and Ni
At high pressures (over 68.97 MPa), noticeably, the amount of
mercury intruding into the Niutitang samples is much larger than
that into the Longmaxi samples. Specifically, the largest incre-
mental intrusion amount into the Longmaxi shale samples is
approximately 0.0002 mL/g while that into the Niutitang shale
samples is up to 0.0008 mL/g, four times of the amount into the
Longmaxi shale. The difference between Fig. 3(a) and (b) demon-
strates that the development of micropores in the Niutitang sam-
ples is better than that in the Longmaxi samples.

In each shale, similar trends of pore-size distribution are shown
for all the three samples. However, different magnitudes can be
observed among these samples, indicating the heterogeneity of the
shale samples for the pore-size distribution in both shales. In the
group of Niutitang samples, the amount of micropores of sample
N#1 and N#2 is larger than that of N#3, while sample N#1 develops
the smallest amount of macropores. Different incremental intru-
sion magnitude is also found among the Longmaxi samples. L#2
develops the largest amount of macropores and the amount of
micropores are almost the same for all the three samples.

Fig. 4 illustrates the cumulative mercury intrusion and extrusion
capillary curves of samples from Longmaxi and Niutitang shales.
The cumulative mercury curves of all samples exhibit considerable
hysteresis between intrusion and extrusion. The existing hysteresis
shows that not all the mercury intruding into the samples can flow
out during mercury extrusion process. The difficulty for mercury
flowing out of samples results from the high capillary pressure,
demonstrating low ratio of throats to pores in these samples. The
mercury intrusion curve of each Longmaxi sample (Fig. 4(a)) il-
lustrates a dramatic increase at low pressures, followed by a slight
increase with the increasing pressure, indicating that the majority
of pores in the Longmaxi samples are macropores. In contrast, the
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Fig. 3. Comparison of meso and micro pore-size distribution of Longmaxi and Niutitang shale samples (a. Longmaxi samples, b. Niutitang samples).
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mercury intrusion curve of each Niutitang sample (Fig. 4(b)) ex-
periences a graduate increase at low pressures and then a sharp
increase at high pressures (over 68.97MPa), demonstrating that the
majority of pores in the Niutitang samples are micropores.

The main contributors to matrix permeability and porosity of
Longmaxi and Niutitang samples can be speculated from the pore-
size distribution. Thematrix permeability and porosity of Longmaxi
samples is mainly attributed to the macropores while in the Niu-
titang samples the meso- and micropores contribute the most to
the gas flow. These characteristics obtained from the mercury
intrusion and extrusion curves have been applied to modify the
matrix permeability-porosity model proposed in the later section
of this study.

3.2. Comparison of matrix permeability among Longmaxi, Niutitang
and other shales

Variations of measured matrix permeability with porosity of
crushed samples from Longmaxi and Niutitang shales in Sichuan
Basin, China were compared with those of other typical marine
shales such as Barnett shales and other shales in the North America,



0.4

0.5

0.6

0.7

0.8
 Samples from Longmaxi
 Samples from Niutitang

pe
rm

ea
bi

lit
y,

 n
D

H. Qu et al. / Journal of Natural Gas Science and Engineering 33 (2016) 599e610604
as shown in Fig. 5. Matrix permeability of Longmaxi and Niutitang
shales is relatively high compared with that of Barnett Shales, but
lower than that of the North America shales. The different matrix
permeability ranges of these shales result from the controlling ef-
fects of geological and geochemical factors. The permeability at
lower porosity indicates that shale is prone to being compacted by
preferential collapse of those large pores which contribute most to
the fluid flow (Borst, 1982; Yang and Aplin, 1998, 2007; Dewhurst
et al., 1998, 1999a,b).
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Fig. 7. Comparison of matrix permeability variation with TOC of Longmaxi and Niu-
titang samples.
3.3. Effect of TOC on porosity and matrix permeability

To understand the effects of geochemical factors on porosity and
matrix permeability, the variations of porosity and matrix perme-
ability with TOC were investigated in this section. The porosity and
matrix permeability of the Longmaxi and Niutitang samples are
compared in Figs. 6 and 7, respectively. Porosity increases with the
increasing TOC for both samples, whereas most of the porosity of
the Niutitang samples is higher than that of the Longmaxi samples.
Specifically, porosity increases from 1.49% to 3.39% as TOC increases
from 1.71% to 3.35% for the Longmaxi samples while for the Niu-
titang samples it increases from 3.25% to 5.18% as TOC increases
from 4.44% to 5.25%.

Matrix permeability increases with the increasing TOC for the
two groups of shale samples as well. However, matrix permeability
varies considerably for the Longmaxi samples and it changes as
much as 0.56 nD as TOC increases from 1.71% to 3.35% while it in-
creases less than 0.20 nD for the Niutitang samples as TOC increases
from 4.44% to 5.25%. The high porosity and lowmatrix permeability
in the Niutitang shale may account for the low gas production,
partially confirmed by the pore-size distribution in section 3.1 and
the SEM observation in section 3.4.
3.4. Pore structure characterization through SEM observation

The presence of complex organic and mineral pores in the
Longmaxi and Niutitang shale samples was observed through the
SEM, as shown in Fig. 8. There are generally five types of pores in
shale, including organic nanopores, pores in clay minerals, intra-
particle pores of matrix minerals, intragranular pores from micro-
fossils, and microfractures (Feng et al., 2013). The organic and clay
mineral pores develop together for the relatively high-matured
0

1

2

3

4

5

6

0 1 2 3 4 5 6

 Samples from Longmaxi
 Samples from Niutitang

TOC, %

Po
ro

si
ty

, %

Fig. 6. Comparison of porosity variation with TOC of Longmaxi and Niutitang samples.
Longmaxi and Niutitang shales and dominate the pore types.
In general, the organic matter (OM) develops in both Longmaxi

and Niutitang shales. However, the organic pore development is
different among the three samples in each group. As shown in
Fig. 8(a), organic pores develop well in the sample L#2 and L#3,
while the organic matter distributes sparsely and few organic pores
are observed in the sample L#1. Compared with the Longmaxi
group, the scale and quantity of the OM-hosted pores in Niutitang
shale samples are relatively poor. For the sample N#1, organic
matter develops with few or no pores. However, organic pores
develop better in the sample N#2 and N#3 with different pore sizes.
Pores with diameters under 200 nm are commonly observed in the
sample N#2 while pore diameters are originally in the range of
200 nme600 nm in the sample N#3, as shown in Fig. 8(b).
Noticeably, minerals always develop with the organic matter in the
Niutitang shale samples. Most of the organic pores are half or
partially filled with minerals, resulting in the decrease of pore
volume and pore size.

The most important features for the hydrocarbon exploration
are the pore networks and their connectivity. For the Longmaxi
shale samples, the organic matter develops well and the organic
pores are distributed consistently, resulting in high porosity and
high matrix permeability. In contrast, though pores are observed in
some of the Niutitang shale samples, many of them are surrounded
by or partially filled with minerals, or few pores develop due to the
over-maturity of the organic matter, reducing the matrix perme-
ability and diminishing the final gas production.

3.5. Relationship between matrix permeability and porosity

The permeability of fine-grained shale and its relationship with
porosity are critical to the quantification of the long-term shale gas
production (Luffel et al., 1993). Many permeability models have
been proposed (Walsh and Brace, 1984; Bethke, 1989; Berryman,
1992; Nelson, 1994), relating permeability to geometric parame-
ters, such as the hydraulic radius and porosity.

Previous studies have shown that fine-grained clastic sediment
permeability is roughly related to porosity or void ratio by log-
linear functions (Mesri and Olson, 1971; Lapierre et al., 1990;
Nagaraj et al., 1994; Yang and Aplin, 1998; 2007; Dewhurst et al.,
1998; 1999a; 1999b). However, for shale there are few simple re-
lationships between permeability and porosity. Current per-
meabilityeporosity relationships for fine-grained shale are



Fig. 8. SEM images of mineral and organic nanopores of samples from Longmaxi and Niutitang shales.

Fig. 9. Pore spacing variations with porosity of samples from Longmaxi and Niutitang
shales.
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inadequate over the narrow range of porosity (Nagaraj et al., 1994).
The wide range of permeability and the lack of a reliable per-
meabilityeporosity relationship impede quantitative reservoir
characterization and flow modelling for shale gas production.

In this section, the permeability-porosity model proposed for
the coal seams was first applied to calculate the shale permeability.
For a porousmedia composed of parallel tubes with equal diameter,
permeability is normally calculated by the following equation (e.g.
Pan and Connell, 2012),

ki ¼
b3i
12ai

(4)

where ki is the permeability; bi is the pore aperture and ai repre-
sents the pore spacing, in the i direction.

For the anisotropic case, porosity can be written as,

4 ¼ b1
a1

þ b2
a2

þ b3
a3

(5)

where under isotropic conditions, 4 ¼ 3b=a, therefore a ¼ 3b=4.
Substituting the expression of a into Eq. (4), permeability can be

expressed as following,

k ¼ 1
96

a243 (6)

The pore spacing was calculated through porosity and the me-
dian pore-throat radius obtained from the experiments, as shown
in Table 1, and the variations of pore spacing changingwith porosity
are illustrated in Fig. 9. Average pore spacing of Longmaxi shale
samples is approximately half order of magnitude higher than that
of the Niutitang shale samples. Permeability was calculated
through Eq. (6) according to the pore spacing and porosity, and the
calculated permeability values are compared with the measured
ones to match the experimental data, as shown in Fig. 10.

Fig. 10 illustrates that the constructed relationship between
permeability and porosity in Eq. (6) has certain ability to predict the
trend of permeability of the samples from both Longmaxi and
Niutitang shale formations. The trends of permeability increase
with the increasing porosity have been reflected and the correla-
tion reflects the basic control that grain size exerts on pore size in
fine-grained clastic sediments like shale. However, there are still
approximately three orders of magnitude difference between the
calculated permeability and the measured one (Fig. 10(a)).



Fig. 10. Comparison of measured, calculated and the fitted permeability of Longmaxi and Niutitang shales (a). Traditional model; (b). New model.
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Specifically, the calculated permeability of both Longmaxi and
Niutitang shales is higher than the measured one.

The discrepancy between the measured permeability and the
calculated value demonstrates that pore spacing may not be the
dominant controller of permeability. In addition, the pore spacing
cannot be precisely determined due to the constraint of measure-
ment condition and the calculation of permeability through
porosity and pore aperture/spacing (Eq. (6)) may not be proper to
be applied in rocks other than coal. Since the pore-size distribution
has been demonstrated to have significant impacts on porosity and
matrix permeability (section 3.1), the relationship between
permeability and porosity was modified with consideration of
pore-size distribution in the following.

According to Kozeny-Carman equation, permeability has a
relationship with porosity and characteristics of pore shape (Revil
and Cathles, 1999):

k ¼ 4

2

�
Vp

S

�2
(7)

where Vp represents pore volume; and S represents pore surface.
For a porousmedia composed of parallel tubes with equal diameter,
the ratio of pore volume to pore surface equals to R/2 (R is the
average pore radius) and thus permeability is related to the square
of the pore radius as follows,

k ¼ 4

2

�
R
2

�2

(8)

However, the microscopic pore structure in shale is complicated
with dead ends, stagnant regions and isolated pores. Pores may be
interconnected through narrow throatswhich control the transport
properties but contribute very little to porosity (Krohn, 1988;
Bernab�e, 1995). The conventional Kozeny-Carman relationship be-
tween permeability and porosity is valid for an ideal situation
without consideration of pore geometry, pore connectivity or tor-
tuosity. Therefore, the effective porosity (4eff ) was introduced to
reduce the impact of invalid pore space on permeability and to the
displace the porosity in Eq. (8) as follows,

k ¼ 4eff

2

�
R
2

�2

(9)

Revil and Cathles (1999) pointed out that the effective porosity
has a relationship with the electrical formation factor (F):
4eff ¼
1
F

(10)

The electrical potential gradients are concentrated in the throats
of the interconnected pore space, which contribute most to the 1/F.
F is related to the porosity and can be expressed by the empirical
Archie relationship as follows (Revil and Cathles, 1999; Waxman
and Smits, 1968),

F ¼ 4�m (11)

where m is referred to the cementation exponent and varies with
pore geometry, ranging from 1 to 4 (Sen et al., 1981). The value ofm
represents the match of the size of connected pores and throats.
Substituting Eqs. (10 and 11) into Eq. (9) obtains the final rela-
tionship between permeability and porosity,

k ¼ 4m

2

�
R
2

�2
¼ 4md2

32
(12)

where d is the average pore diameter, which can be obtained from
the mercury intrusion at laboratory. 4 can be obtained from the
porosity measurements.

The value of m was investigated in many researches (e.g. Sen
et al., 1981; Johnson et al., 1982; Pape et al., 1987; Schwartz et al.,
1989). For the material of glass, the value of m would be larger
than 2.5 if large pores were connected by narrow throats, while for
shales, the value of m depends on the composition of minerals and
varies from 2.34 to 4.17 (Revil and Cathles, 1999). In this study,m is
2.45 for Longmaxi samples and 2.95 for Niutitang samples.

It is suggested in some studies that compared with pore aper-
ture/spacing, the pore geometry and pore-size distribution affect
permeability more significantly (Chalmers et al., 2012). With the
proper selection of m, the permeability calculated through Eq. (12)
was applied to match with the measured permeability, as shown in
Fig.10(b). The calculated permeability increases with the increasing
porosity for both Longmaxi and Niutitang samples, and the new
model can match the experimental data with reasonable accuracy
compared with the traditional model. The root-mean-square error
(RMSE) was calculated as following,

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

�
kcal � kexp

�2
n

vuut (13)

where kcal represents the calculated permeability from the
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proposed model, and kexp represents the measured permeability, n
is the number of experimental points. According to Eq. (13), the
RMSE is 1.05e�22 m2 for the Longmaxi samples and 5.81e�23 m2 for
the Niutitang samples respectively.

Both the traditional model (as referred to Eq. (6)) and the new
model (Eq. (12)) successfully predict the increasing trend of
permeability with porosity. However, experimental data are
matched better by the new model than by the traditional model
probably due to the following two reasons. On the one hand, the
new model considers effects of pore-size distribution and pore
geometry on the relationship between matrix permeability and
porosity through the parameterem. On the other hand, the average
pore radius or median pore-throat radius can be relatively precisely
measured through mercury intrusion curve while the pore spacing
(a) used in the traditional model is difficult to measure at
laboratory.

The value ofm represents the effects of pore geometry and pore-
size distribution on matrix permeability. m is small if the inter-
connected pore space consists of open cracks while it is large if the
size of pores and throats are not matched. In this study, the value of
m is selected based on the experimental data matching, which is
consistent with the above analyses of pore-size distribution and
pore structure for the Longmaxi and Niutitang samples. From the
analysis in Section 3.1, the difference between the amount of
mercury intrusion and extrusion of Niutitang samples is larger than
that of the Longmaxi samples, indicating that the pore structures
are more complex in the Niutitang shales. The value of m for Niu-
titang samples therefore should be larger.

The control of geological and geochemical characteristics on the
shale porosity and permeability is reflected through the control of
pore-size distribution and pore geometry. In this study, the effects
of pore-size distribution and pore geometry on the relationship
between shale matrix permeability and porosity has been taken
into account in the new model. However, the simple parameter m
proposed in this model is not enough to generally represent the
impact of all the geological and geochemical factors. The effects of
complicated geometry of flow path and each geological and
geochemical factor on the relationship of matrix permeability and
porosity require more investigation in the future. Meanwhile, the
value of m needs to be selected according to the rock properties
when the model is applied to the non-marine shales since the
permeabilityeporosity relationship established here is mainly
based on marine shales.

3.6. Comparison of matrix permeability and plug permeability

The matrix permeability of the Longmaxi shales measured
through the Pressure-decay method on crushed samples is
compared with the permeability measured through the Pulse-
decay method on plug samples, as shown in Fig. 11. The perme-
ability measured with both methods have the same increasing
trend of variation with the increasing TOC, whereas the plug
permeability is over two orders of magnitude higher than the
matrix permeability, which may be caused by several reasons. On
the one hand, matrix permeability may be underestimated because
the connectivity of the pore network may be damaged in the
sample crushing process, resulting in the low matrix permeability.
Under this condition, the Pressure-decay method should be
modified and proper size should be chosen for the crushed sam-
ples. On the other hand, the existence of the natural or man-made
fractures with high conductivity may lead to the high permeability
of thewhole plug since low confining pressure is applied during the
plug permeability measurement. Consequently, the Pulse-decay
permeability measured on core plugs is not able to represent the
matrix permeability and the plug permeability needs to be verified
under the condition of the in-situ stress.
The change of shale permeability with effective stress has sig-

nificant effect on the long-term gas production. The effect of
confining pressure on permeability measured on the plug samples
from Niutitang shale is demonstrated in Fig. 12. Four plugs
perpendicular to the bedding obtained from outcrop 1 and outcrop
3 (two plugs from each outcrop) were tested to diminish the effect
of heterogeneity of the samples in the same direction. It shows
similar decreasing trends for the sample N#1 and N#1* as well as
N#3 and N#3*, indicating that the heterogeneity perpendicular to
the bedding of these samples are not strong, therefore the sample
N#1* and N#3* are primarily analyzed in the following.

Permeability decreases remarkably with the increasing
confining pressure for all the four samples. The permeability of
sample N#3 and N#3* are higher than those of sample N#1 and
N#1*, probably due to the better development of natural or man-
made micro fractures or pores in the former samples. Perme-
ability of the sample N#3* is 21.54 nD at the confining pressure of
3 MPa, approximately 19 nD higher than that of the sample N#1* at
the same confining pressure. Permeability decreases sharply to



y = 7.09e-0.35x

R² = 0.92

y = 175.82e-0.43x

R² = 0.98

0.1

1.0

10.0

100.0

1 4 7 10

N#2 perpendicular
N#2 parallel
TL N#2 perpendicular
TL N#2 parallel

Confining pressure, MPa

Pe
rm

ea
bi

lit
y,

 n
D

Fig. 13. Comparison of Niutitang shale permeability measured with plug samples
perpendicular and parallel to the beddings (TL represents the trend line for experi-
mental data).

H. Qu et al. / Journal of Natural Gas Science and Engineering 33 (2016) 599e610608
10.26 nD and 1 nD for the sample N#3* and N#1* respectively as the
confining pressure increases to 5 MPa, whereas permeability at
9 MPa is not much of difference for these two samples, which
stables at 0.27 nD and 0.32 nD respectively.

Permeability decreases by 11.28 nD and 2.50 nD as the confining
pressure increases from 3 MPa to 5 MPa, followed by a decrease of
0.91 nD and 0.10 nD from 7MPa to 9 MPa for the shale sample N#3*
and N#1* respectively. Permeability of both samples decreases less
in the second increasing interval of confining pressure because the
micro fractures and small pores are more difficult to compress
compared to the big ones. Moreover, the different decreasing ex-
tents of these two samples also indicate that more big pores
develop in sample N#3* than in sample N#1* since the permeability
decrease in the second confining pressure interval of sample N#1*
is much smaller, due to the difficulty of small-pore compression.

Permeability demonstrates an exponential relationship with
confining pressure for both Longmaxi and Niutitang shale samples,
consistent with the models describing the stress-dependent
permeability in coal and other tight formations (Chen et al., 2015;
McKee et al., 1988; Palmer and Mansoori, 1996; Shi and Durucan,
2004; Zhang et al., 2008a,b). The exponential coefficients are
0.79, 0.76, 0.43 and 0.40 for the sample N#3, N#3*, N#1* and N#1,
respectively, indicating their difference in the porosity sensitivity
and pore compressibility. Therefore, permeability of sample N#3*
and N#3 are more sensitive to the confining pressure than those of
sample N#1* and N#1, implying that the impacts of porosity
decrease on permeability of sample N#1* and N#1 are less than
those of sample N#3* and N#3. The matrix pores in sample N#1*
and N#1 are speculated to contribute more to the permeability
compared to the fractures.

The matrix permeability of Niutitang shale samples, which is
0.35 nD and 0.15 nD for sample N#3 and N#1 respectively, was
measured under no confining pressure and the value is presented
in Fig 12 to compare with the plug permeability. The plug perme-
ability decreases more than one order of magnitude with the
increasing confining pressure and the matrix permeability is
approximately two orders of magnitude lower than the plug
permeability at the confining pressure of 3 MPa.

Since the permeability dependency on the confining pressure is
partially caused by the micro fractures compression, the plug
permeability has the potential to decrease with further increase of
the confining pressure until all the micro fractures are possibly
closed. As a consequence, it is speculated that plug permeability is
not a representative value of matrix permeability, while perme-
ability at the closing pressure may be proper to be compared with
the matrix permeability. According to the trend line of the plug
permeability, matrix permeability is approximate to the perme-
ability measured with plug at the confining pressure of 9.90 MPa
and 10.20 MPa for the sample N#1 and N#3 respectively, under
which condition the connected micro fractures may be partially
closed.

Compared to the heterogeneity in the same direction, the effect
of anisotropy on permeability should not be neglected. Two plugs
were drilled perpendicular and parallel to the beddings respec-
tively from the outcrop #2 of Niutitang shale and permeability in
different directions were compared. Shale permeability are direc-
tion dependent, with higher values parallel to bedding and lower
values perpendicular to the bedding, as shown in Fig. 13, consistent
with the observations in other experiments (Mokhtari and Tutuncu,
2015; Pan et al., 2015a,b). Permeability of the sample parallel to the
bedding ranges from 4.33 nD to 55.96 nD, which is over one order
of magnitude higher than that of the sample perpendicular to the
bedding, varying between 0.38 nD and 3.22 nD. This phenomenon
reflects factors of material heterogeneity and particle alignment.
Material heterogeneity mainly depends on sediment deposition
(Bennett et al., 1991), while particle alignment results from the
subsequent mechanical compaction and clay mineral recrystalli-
zation (Aplin et al., 2006; Bolton et al., 2000; Day-Stirrat et al.,
2008; Ho et al., 1999).
4. Conclusions

Controls on matrix permeability of the Lower Silurian Longmaxi
shale and the Lower Cambrian Niutitang shale were investigated
through permeability measurements and a series of geochemical
and geological characterization at laboratory. The reasons for the
different gas production from these two shale formations were
analyzed. Some conclusions are drawn as following:

(1) Matrix permeability and porosity increase with increasing
TOC for both the Longmaxi and Niutitang shale.

(2) For the Niutitang shale, matrix permeability is low although
porosity is relatively high because matrix permeability is not
only determined by porosity but also the pore structure (i.e.
pore-size distribution and pore geometry), governed by the
geological and geochemical characteristics.

(3) The macropores develop better in the Longmaxi shale while
the micropores are more predominant in the Niutitang shale.
In addition, the mineral pores develop together with the
organic pores which are partially or fully filled by the min-
erals in the Niutitang shale, resulting in low gas production.

(4) The relationship between permeability and porosity based
on the Kozeny-Carman model was modified with the pro-
posal of an indicator m, indicating the match of pores and
throats, to demonstrate the effects of pore geometry and
pore-size distribution on shale permeability. However, the
exact estimation of m needs to be further studied.

(5) Plug permeability is exponentially proportional to the
confining pressure. For Longmaxi and Niutitang shales, ma-
trix permeability measured through Pressure-decay method
approaches the plug permeability at the shale closing pres-
sure measured through Pulse-decay method.
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