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Abstract We document vertical permeability of 2.3 × 10−21 m2 (2.3 nd) and horizontal
permeability of 9.5 × 10−20 m2 (96.3 nd) in two Barnett Shale samples. The samples are
composed predominantly of quartz, calcite, and clay; have a porosity and a total organic
content of ∼4% each; and have a thermal maturity of 1.9% vitrinite reflectance. Both sam-
ples exhibit stress-dependent permeability when the confining pressure is increased from
10.3 to 41.4MPa. We measure a permeability anisotropy, the ratio of the horizontal to the
vertical permeability, of ∼40. We find that the permeability anisotropy does not vary with
effective stress. Multiscale permeability, as demonstrated by pressure dissipation, is related
to millimeter-scale stratigraphic variation.We attribute the permeability anisotropy to prefer-
ential flow along more permeable layers and attribute the stress dependence to pore closure.
A determination of permeability anisotropy allows us to understand flow properties in hor-
izontal and vertical directions and assists our understanding of upscaling. Characterization
of stress dependency allows us to predict permeability evolution during production.
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List of symbols

α Pressure-sensitivity factor (Pa−1)
μ Gas viscosity (Pa s)
φ Porosity of core plug
a Ratio of sample pore volume to volume of upstream reservoir
b Ratio of sample pore volume to volume of downstream reservoir
bk Klinkenberg’s gas slippage factor (Pa)
c Gas compressibility (Pa−1)
s Semilog slope of the differential pressure decay (at 90% decay)
f (a, b) (a + b + ab) − (1/3)(a + b + 0.4132a b)2 + 0.0744(a + b + 0.0578a b)3

ka Apparent gas permeability (m2)
k0 Apparent gas permeability at Pc − Pp = 0 (m2)

k∞ Absolute (Klinkenberg’s corrected) permeability
kh Horizontal permeability (m2)
kv Vertical permeability (m2)
L Length of core plug (m)
P Pressure in sample (Pa)
P1 Upstream reservoir pressure (Pa)
P2 Downstream reservoir pressure (Pa)
Pc Confining pressure (Pa)
PD Dimensionless pressure
Pp Average pore pressure (Pa)
ΔP Differential (upstream – downstream) pressure at time t (Pa)
ΔP0 Initial differential pressure (Pa)
t Time elapsed (s)
x Distance along the sample (m)

1 Introduction

Hydrocarbons produced from mudrocks (gas or oil shales) are proving to be a remarkable
worldwide energy resource (EIA 2013). Hydraulic fracturing and horizontal drilling are
being used to increase production rates from these reservoirs (Waters et al. 2009). The broad
conceptual view is that hydrocarbons migrate relatively short distances through the matrix
to fracture networks that are induced by hydraulic fracturing (Stegent et al. 2011). The
induced fracture network may also enhance existing natural fracture networks in the rocks
(Gale et al. 2007), further shortening the distance through the matrix that hydrocarbons
must travel to access a fracture. This conceptual view has been quantified through reservoir
simulators (Bustin and Bustin 2012; Clarkson et al. 2012; Clarkson 2013; Hinkley et al.
2013) and analytical models (Silin and Kneafsey 2011; Patzek et al. 2013). At the simplest
level, a dual-scale permeability model has been envisioned, where the effective permeability
is controlled by the fracture spacing and the matrix permeability (Patzek et al. 2013).

While there is broad acceptance of the concept that fractures and matrix together play a
role in transporting hydrocarbons from the formation to the well bore, the details of these
processes remain poorly understood. For example, very long timescale production data in
these low-permeability systems are required to evaluate the relative contribution of fracture-
versus-matrix-dominated flow. Patzek et al. (2013) suggest that the production data in the
Barnett Shale record the interaction of two hydraulically induced fractures in horizontal
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Anisotropy and Stress Dependence of Permeability 395

wells over a timescale of 5–10years. They show that a matrix permeability on the order
of 50 nd (∼5.0× 10−20 m2) with a fracture spacing of 100 m will interfere in 50years,
whereas if the matrix is 500 nd (∼5.0 ×10−19 m2), the interaction will occur in 5years.
These values of matrix permeability required are 20- to 200-fold larger than the values
of a few nanodarcies found for shale core samples in the laboratory experiments. In turn,
production timescales are so long that it is difficult to investigate the evolution of rock
properties (for example, how compressibility and permeability vary with overburden stress
and pore pressure). The contribution of the matrix to the bulk permeability of shale reservoirs
declines during drawdown and pore-pressure depletion because of increasing overburden
stress, which can have significant implications on well performance and on production data
analysis and forecasting.

An alternative approach to understanding matrix permeability is to study intact samples
at the laboratory scale. However, this is also challenging. First, because of the long testing
times in low-permeability material (below 10−18 m2), a well-designed and well-constructed
apparatusmust be used tominimize leaks in the pore fluid lines; precisely control temperature;
and accuratelymeasure and control fluid pressure, volume, andflow.Often the transient pulse-
decay technique (Brace et al. 1968; Hsieh et al. 1981; Dicker and Smits 1988; Jones 1997)
is used to measure permeability relatively rapidly. Second, intact samples are necessary.
Mudrocks in particular exhibit bedding-parallel weaknesses, and sampling disturbance (e.g.,
coring) can easily introducemicrofractures along the bedding planes (Gale andHolder 2010).
Any fractures present will dominate the flow behavior, and thus, matrix permeability cannot
be properly characterized.

Despite the challenges, there is a growing body of literature on the topic of matrix per-
meability. Published permeability values vary by several orders of magnitude and depend
on the applied effective stress (the difference between confining and pore pressure) and the
orientation of bedding relative to flow direction (parallel or normal to bedding). Vermylen
(2011), Heller (2013), and Heller et al. (2014) report permeability values ranging between
10−17 and 10−21 m2 for multiple shale samples, including the Mississippian Barnett Shale.
In Scandinavian Alum and Toarcian Posidonia Shales, Ghanizadeh et al. (2014a, b) report
permeabilities between 10−17 and 10−22 m2. Measurements on Devonian gas shale samples
by Soeder (1988) observed stress-dependent permeability behavior and demonstrate that the
presence of any petroleum as a mobile liquid phase in the pores significantly reduces the gas
porosity and permeability. In Devonian gas shales, Chalmers et al. (2012) report a reduc-
tion in permeability of over five orders of magnitude, with a 15MPa increase in effective
stress. Bustin et al. (2008) measured permeability in multiple shale samples, including the
Mississippian Barnett Shale, and found a decrease in permeability of two to three orders
of magnitude as effective stress is increased from 6.9 to 24.1MPa. In Western Canadian
and Woodford Shales, Pathi (2008) identified permeability anisotropy (difference between
horizontal and vertical permeability) of three to four orders of magnitude. In Devonian and
Ordovician shale samples, Tinni et al. (2012) found permeability anisotropy of ∼100 and a
permeability decrease in one to three orders of magnitude, with an increase in effective stress
to 34.5MPa. Metwally and Sondergeld (2011) found permeability anisotropy of ∼3–5 only
in gas shales. A key conclusion we can draw from previous matrix permeability studies is
that it is difficult to find a definite answer regarding the primary controls of permeability and
regarding permeability anisotropy and stress dependence.

Here, we present a laboratory study on gas flow within centimeter-scale low-permeability
mudrock samples. We characterize two Barnett Shale cores—a vertical plug (flow per-
pendicular to bedding) and a horizontal plug (flow parallel to bedding)—with respect to
microstructure, mineralogy, total organic content (TOC), and thermal maturity. We use the
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396 A. R. Bhandari et al.

pulse-decay technique and measure gas permeability over a range of effective stresses by
holding pore pressure constant and varying confining pressure. We interpret vertical perme-
ability of 2.3 × 10−21 m2 (2.3 nd) and horizontal permeability of 9.5 × 10−20 m2 (96.3 nd)
at 3.5MPa effective stress. Vertical and horizontal permeability decrease from 2.3 × 10−21

to 5.4× 10−22 m2 and 9.5× 10−20 to 2.1× 10−20 m2, respectively, when the effective stress
is increased from 3.5 to 35.0MPa, which yields a permeability anisotropy value of ∼40. We
show that there is multiscale permeability behavior in these cm-scale rocks.

2 Sample Description and Characterization

We extracted two intact core plugs for permeability measurements (vertical plug 2V and
horizontal plug 6H1; Fig. 1a, b), from∼2330mdepth in theMitchell EnergyT.P. Sims #2well

Fig. 1 a, b Photographs of test core plugs 2V and 6H1. Plug 2V is extracted normal to the bedding plane and
Plug 6H1 is extracted parallel to the bedding plane. c CT image of core plug 6H1. The CT image voxel size
is ∼40 μm. No visible microfractures are present. Bedding of 4–8mm is obvious; the darker regions contain
materials of lower density, and the lighter regions indicate materials of higher density. Scanning electron
images taken of polished thin section yielded ∼1% organic matter (OM) content in the lighter layers and
∼4% OM content in the darker layers
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Anisotropy and Stress Dependence of Permeability 397

in the Mississippian Barnett Formation (Loucks and Ruppel 2007). Cores from this well are
stored at the Core Research Center, Bureau of Economic Geology, at The University of Texas
at AustinTM. The Barnett Formation is composed of fine-grained [clay-size (<2μm) to silt-
size (<62.5μm)] particles (Loucks and Ruppel 2007). There are three common lithofacies
present in the Barnett: laminated siliceous mudstone, laminated argillaceous lime mudstone
(marl), and skeletal argillaceous lime packstones (Hickey andHenk 2007; Loucks andRuppel
2007). Hickey and Henk (2007) provide a detailed study of local lithofacies and physical
stratigraphy of the lithological section where 2V and 6H1 originated. We extracted core
plugs with a thin-wall diamond coring bit, using tap water for coolant. We trimmed each
plug with a low-speed/low-friction saw and polished each end with 220-grit (average particle
diameter = 68 μm) sandpaper. We heated the core plugs to 60 ◦C to drive off any free fluid
present until we achieved a constant mass (within 0.01g).

We used microscale X-ray computed tomography (μ-CT) to view the full diameter of the
core plugs and to assess internal disturbances (Fig. 1c). CT highlights density differences
across the sample. The available resolution (∼40μm) is insufficient to observe organicmatter
and pore-scale features (pores in both inorganic and organic matter and their types) and to
pick up microfractures that could control flow (permeability as high as 1.3 × 10−10 m2).
However, it is adequate to identify microfractures (>40μm), nodules, and bedding features
(mm-scale variation). Using μ-CT, we observe that the plug 2V is largely homogenous (not
shown), while images of 6H1 reveal mm-scale layering (Fig. 1c).

We prepared thin sections for low-magnification (∼2200×) grain fabric analysis under the
scanning electronmicroscope (Fig. 2a, b). The samples are dominated by silt-sized fragments
(between 10 and 35 μm) (Fig. 2a, b). The horizontal image (Fig. 2a) appears isotropic
with no preferential alignment, whereas the vertical image (Fig. 2b) shows elongated grains
preferentially oriented horizontally. We prepared 1-cm cube samples for high-magnification
(>40,000×) imaging of nanopores, using an Ar–ion-beam milling technique (Loucks et al.
2009). The silt-sized fragments (light gray) are surrounded by organic material (darker gray)
pockmarked with smaller pores (Fig. 2c, d). Loucks et al. (2012) describe these irregular,
bubble-like, elliptical pores as intraparticle organic-matter pores. The pore diameters range
from a few nanometers up to several hundred nanometers. Barnett Shale is therefore a natural
nanoporous material, with the only porosity we observe being within the organic material
and with little to no intergranular porosity. These observations are consistent with previous
microstructural studies (Loucks et al. 2009; Chalmers et al. 2012; Curtis et al. 2012).

End trimmings of the vertical and horizontal plugs have a TOC of 3.9 and 3.8%, respec-
tively, and a thermal maturity of 1.9 % Ro (Table 1), with the type IV kerogen indicating a
high level ofmaturation. TheTOCand thermalmaturity of our samples are in close agreement
with the Barnett samples studied by Loucks et al. (2009). Our analysis of the bulk compo-
sition using X-ray powder diffraction (XRPD) shows that both samples are predominantly
composed of quartz, calcite, and clay minerals (Table 2).

3 Pulse-Decay Permeability Experiments and Experimental Setup

Weconductedpermeabilitymeasurements using the transient pulse decaymethod (Brace et al.
1968; Jones 1997). In this method, the sample is hydraulically connected to upstream and
downstream reservoirs. Initially, the pore pressure in the sample is maintained at equilibrium
with the upstream and downstream reservoir pressures. We then increase pressure in the
upstream reservoir with a pulse of gas on the order of 10% of the initial pore pressure. We
next allow the system to re-equilibrate. We record the upstream and downstream pressures
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Fig. 2 Horizontal (a, c) and vertical (b, d) images taken parallel and perpendicular to bedding. a, b Backscat-
tered electron images taken from thin sections. c,dBackscattered electron images taken from argon–ion-milled
samples. Isotropic (a) and anisotropic (b) grain fabric within the Barnett Shale. Note a preferred orientation
of particles parallel to the bedding; the bedding is horizontal. High-resolution images (c, d) show that pores
are predominantly in OM. Black areas are OM. Pore size ranges from a few nanometers to 200nm

Table 1 Summary of TOC and maturity analysesa

Sample Leco TOC
(wt% HC)

Percent
Carbonate
(wt%)

Rock-Eval S1
(mg HC/g)

Rock-Eval S2
(mg HC/g)

Rock-Eval S3
(mg CO2/g)

Tmax (◦C)

2 3.90 22.80 0.52 0.82 0.44 503

6 3.77 25.62 – – – –

S1: free oil content; S2: remaining generation potential; S3: organic carbon dioxide yield
a Geomark Research Limited carried out these analyses using Rock-Eval methods
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Table 2 Summary of XRPD analysesa

Sample Minerals

Quartz
(%)

Plagio-clase
(%)

Calcite
(%)

Dolomite
(%)

Pyrite
(%)

Musco-vite
(%)

Illite plus
illite-smectite
(%)

Other
(%)

Total
(%)

2 32.3 2.4 7.0 5.4 2.5 3.8 39.8 0.8 99.9

6 43.1 2.9 5.4 22.7 2.0 5.7 17.1 1.1 100

aMacaulay Scientific Consulting Limited analyzed our samples using standard XRPD methods

Fig. 3 Principle of the transient
pulse-decay test. a Initially, the
system is under equilibrium at a
pore pressure of 6.55MPa
(P2(0)). Then, a pressure pulse
of ∼690 kPa is applied in the
upstream reservoir. The pressure
then dissipates slowly into the
sample pore volume and the
downstream reservoir volume.
The vertical axis (right) is the
dimensionless pressure PD with a
range of 0 to 1. PD(upstream) =
(P1(0) − P1(t))/(P1(0) − P2(0))
and PD(downstream) =
(P2(t)− P2(0))/(P1(0)− P2(0)).
b Differential pressure (upstream
pressure/downstream pressure)
versus time plot indicating the
exponential decay

until they converge (Fig. 3a) and use the slope of differential pressure versus time to interpret
permeability (Fig. 3b).

The core plug is enclosed in a 75-durometerViton sleeve,which ismounted in a hydrostatic
pressure cell (Fig. 4).We used argon gas (molecular diameter = 0.38 nm) as the pore fluid and
vacuum pump oil as the confining fluid. In all our tests, the initial equilibrium pore pressure
was at 6.55MPa (950 psia). After allowing the sample to remain at the initial pore pressure for
∼96h,we closed valves 1 and3 (Fig. 4), separating the core plug and the downstream reservoir
from the upstream reservoir and pumps, and increased the upstream reservoir pressure by
∼0.69MPa (∼100psi). We shut valve 2, separating the upstream reservoir from the pump.
We then opened valve 1 to start the permeability test. The elevated pressure on the upstream
reservoir drives the flow of gas through the core to the downstream reservoir. The differential
pressure decays exponentially with time (Fig. 3b), and we can then interpret the permeability
using the late-time slope at 90% decay, i.e., corresponding to a value of ln (�P/�P0) =
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Fig. 4 Schematic diagram for the experimental setup. The setup consists of two pore-pressure pumps, one
confining-pressure pump, a core holder, plumbing lines with valve fittings, and temperature control and data
acquisition systems. The temperature of the setup ismaintained at 30±0.05 ◦Cduring the tests.We usedQuizix
Q5000 (10 kpsia maximum pressure) pumps to control the pore pressure in the upstream and downstream
sides and a Quizix QX pump to control the confining pressure. We used two absolute pressure transducers
[maximum range = 35MPa (5000 psi); accuracy = 0.04% FS] to measure pore pressures in the upstream
and downstream reservoirs and one pressure transducer (maximum range = 69MPa; accuracy = 0.04% FS)
to measure confining pressure. We logged the temperature and pressure readings with National Instrument’s
LabVIEW. The volumes of upstream and downstream reservoirs (including valves, transducers, and fittings)
were calibrated from gas expansion tests using steel billets of known pore volumes and a steel blank as
described by Ning (1992)

−2.303. The slope stabilized (becomes linear, Fig. 3b) after ∼20% decay, indicating single-
exponential behavior (Dicker and Smits 1988).

The differential equation describing the gas pressure inside the sample, P(x, t), as a
function of distance along the sample (x) and time (t), is given by

∂2P

∂x2
= cμφ

k

∂P

∂t
for 0 < x < L and t > 0 (1)

with initial and boundary conditions:

P (x, 0) = P2 (0) for 0 < x < L (2)

P (0, t) = P1 (t) for t ≥ 0 (3)

P (L , t) = P2 (t) for t ≥ 0 (4)

Parameters are defined in the nomenclature table. Equation (1) follows from conservation
of mass and Darcy’s law. We assumed that the matrix is homogeneous with a single porosity
(φ) and the quantities c, μ, k are pressure dependent. In our tests, we kept the pressure
pulse small (∼10 % of the initial pore pressure); therefore, the pore pressure variations
are negligible across the sample, which allow us to assume c and μ are constant. Because
our pore fluid is gas, the compressibility of equipment and sample (bulk and its mineral
constituents) can be ignored compared to the gas compressibility (c). If we had used a liquid
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Table 3 Sample dimensions and
reservoir volumes

Sample 2V Sample 6H1

Diameter (mm) 37.81 ± 0.06 37.85 ± 0.06

Length (mm) 16.30 ± 0.04 17.64 ± 0.04

Upstream volume (ml) 1.96 ± 0.08 2.120 ± 0.052

Downstream volume (ml) 2.26 ± 0.09 1.763 ± 0.067

pore fluid, c would be an effective compressibility (Dicker and Smits 1988; Hsieh et al.
1981). Equation (2) indicates that at the start of the experiment the pressure in the sample
is equal to the downstream reservoir pressure. Equations (3) and (4) state that the upstream
and downstream faces of the sample are in contact with their respective adjacent reservoirs.
Table 3 summarizes the sample dimensions and the reservoir volumes for our experiments.

The full analytical solution of Eq. (1) is given by Hsieh et al. (1981). A simple analytical
expression to estimate permeability (Eq. 5) from the measured decay curve (Fig. 3b) is given
by Dicker and Smits (1988). They show that this expression is valid (accurate within 0.3%)
as long as the pore volume is not greater than the volumes of the upstream and downstream
reservoirs (this is true for our experimental design).

k = cμφL2s

f (a, b)
(5)

We used the average pore pressure in the sample, taken as the final equilibrium pressure
reached, to estimate c and μ using NIST data (NIST 2014). We compared the analytical
estimate of permeability obtained by using Eq. (5) with the estimate of permeability obtained
by solving Eq. (1) numerically, using a finite-difference scheme; the difference between these
estimates is <1%.

In this study, sincewe used gas for permeabilitymeasurements, the permeability estimated
using Eq. 5 is influenced by the gas slippage effect (Klinkenberg 1941). Our estimated values
are therefore apparent gas permeability. We will discuss in Sect. 5.1 possible deviations of
these values from the equivalent liquid permeability estimated using the correlation given by
Heid et al. (1950). Since we used argon gas, we neglected the effects of adsorption (Cui et al.
2009).

4 Experimental Results

Wemeasured porosity using both helium (on whole plugs and crushed samples) and mercury
(on proximally located chips), with the helium porosity being three to four times higher
in both plugs 2V and 6H1 (Table 4). This suggests that not all pore space is accessed by
the mercury at 413.7MPa (60,000 psi) maximum injection pressure, which corresponds to
∼3.6nm pore throat. We used the helium porosity values measured in whole core plugs for
the φ value (Eq. 5) to calculate permeability.We emphasize that the pulse-decay permeability
calculated using Eq. (5) is not a strong function of porosity.

We also used the GRI crushed-rock method to interpret permeability (Table 5). It is not
possible to apply confining stress using this method; therefore, measurements are essentially
at zero effective stress. Details of this method are given by Luffel et al. (1993). The GRI
permeability for sample from core 2 is ∼9.8×10−20 m2 (99.6 nd) and for sample from core
6 is ∼3.6 ×10−20m2 (36.3 nd).
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Table 4 Porosities using helium porosimeter method, GRI crushed-rock method, and MIP

Sample Porosity using helium
porosimeter methoda

Dry helium porosity
using GRI crushed-rock
methodb

Porosity using MIPc

% of bulk volume % of bulk volume % of bulk volume

2 3.9± 1.0 (2V) 5.9 1.2

6 4.1± 1.0 (6H1) 4.9 1.2

aMeasured in-house using Boyle’s law gas expansion principle in whole core plug reported as the mean ± 1
standard deviation. The bulk volume was calculated by geometry (Table 3)
b Analyzed by Weatherford Ltd. (these values also shown in Table 5)
c Analyzed by Porotechnology using Mercury Injection Porosimetry (MIP). We used the correction approach
of Comisky et al. (2011) which specifically accounts for the pore volume compression of the sample before
mercury has been injected into the largest set of interconnected pores

Fig. 5 a Pulse-decay data for
vertical (2V) and horizontal
(6H1) core plugs. The confining
pressure is 10.3MPa and the pore
pressure is 6.9MPa. The
timescale of experiment is ∼30h
for 2V and <1 h for 6H1. b
Differential pressure versus time
plots for 2V and 6H1. A steeper
negative slope corresponds to
higher permeability. Using Eq.
(5), we get kv = 2.3 × 10−21m2

(for core plug 2V) and
kh = 9.5 × 10−20m2 (for core
plug 6H1). This gives a
permeability anisotropy ratio of
kh/kv ∼40

The differential pressure (�P0) of ∼0.69MPa (∼100 psi) dissipated in <1h for the
horizontal sample 6H1 (solid line, Fig. 5, where PD is dimensionless pressure). In contrast,
the differential pressure dissipated in 30 h for the vertical sample 2V (dashed line, Fig. 5).
Based on Eq. (5), the permeabilities of core plugs 2V and 6H1 are 2.3 × 10−21 m2 (2.3 nd)
and 9.5 × 10−20m2 (96.3 nd), respectively, at an effective stress of 3.5MPa. Permeability
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Fig. 6 Plots of dimensionless reservoir pressure versus time for core plugs 2V (a) and 6H1 (b) at confining
pressures of 10.3, 17.2, 27.6, and 41.4MPa. In all tests, the pore pressure is kept at∼6.9MPa. Differential pres-
sure declines more rapidly at lower confining pressures, which yields a steeper slope in the corresponding plots
of differential pressure versus time (c, d). This implies that permeability decreases with increasing confining
pressure. Between each test stage, we increased/decreased the confining pressure at a rate of approximately
172.4 kPa/min. We allowed the system to equilibrate for ∼4days after each change in confining pressure

anisotropy, the ratio of the horizontal to vertical permeability, is 38.7 at 3.5MPa effective
stress.

The pulse-decay time (as shown in the horizontal axis) increases gradually as confin-
ing pressure is increased from 10.3 to 17.2, 27.6, and 41.4MPa for both samples (Fig. 6a,
b). This behavior is further demonstrated by the decreasing slope of the differential pres-
sure curves with the increasing confining pressure (Fig. 6c, d). Permeabilities of core plug
2V and 6H1 decreased from 2.3 × 10−21 to 5.4 × 10−22m2 and from 9.5 × 10−20 to
2.1 × 10−20m2, respectively (Fig. 6c, d). The permeability anisotropy, however, remained
constant at ∼40 for all effective stresses. The pressure-sensitivity factors α, defined as in
k = k0 exp

(−α(Pc − Pp)
)
(Best and Katsube 1995), of both samples in this study are 0.0435

(MPa−1) (The online version contains supplementary data files given as text document).
Figure 7a shows over 30 h of pressure-time behavior in core plug 6H1 at an effective stress

of 3.5MPa. In this particular test, we maintained a constant confining pressure of 10.3MPa
and equilibrium (initial) pore pressure of 6.6MPa; the background leak rate was ∼1.8kPa/h
and the pressure-time data were leak-corrected. Initially, the upstream and downstream pres-
sures converge (“initial convergence”) after ∼50min. We then observed a secondary decline
in both the upstream and downstream pressures. The pressure dissipation initially started at
a rate of 12.5 kPa/h and gradually slowed down and reached the background leak rate of
1.8 kPa/h in ∼30h (“final equilibrium”). This behavior persisted at higher effective stresses;
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Fig. 7 a Pressure dissipation at
two timescales on core plug 6H1:
initial convergence and then a
slow overall dissipation at late
time resulting in the secondary
decline—characteristics of
multiscale behavior (Kamath
et al. 1992; Ning et al. 1993).
b This two timescale behavior
persists at higher confining
pressure conditions

however, the time for initial convergence increased from approximately 60 to 300min as
effective stress is increased from 3.5 to 35MPa (Fig. 7b).

This dual-time-scale pressure dissipation behavior is characteristic of multiscale perme-
ability behavior (Kamath et al. 1992; Ning et al. 1993). We believe that this multiscale
behavior is due to stratigraphic layering (Fig. 1c), which results in permeability contrast
between layers. Assuming the initial flow is only through the more permeable layers, we
estimate using pressure data almost half of the total porosity (∼6%) resides in these layers.
The upstream and downstream pressures initially equilibrated through these more permeable
layers, followed by pressure dissipation into less permeable layers. The permeability of these
high- and low-permeability layers can be estimated by analyzing the observed transients
before and after the initial convergence pressure. In this study, however, we determined the
permeability assuming homogeneous sample and using only the pressure-time data collected
before the initial convergence pressure (first transient) for all effective stresses.

5 Discussion

5.1 Horizontal and Vertical Permeability Values

We interpret vertical permeability of ∼2.3×10−21m2 (2.3 nd) and horizontal permeability
of ∼9.5×10−20m2 (96.3 nd) at 3.5MPa effective stress in two Barnett Shale samples. Our
horizontal permeability (sample 6H1, squares, Fig. 8) is similar to that measured by Kang
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Fig. 8 Permeability versus effective confining pressure for both plugs. Our horizontal permeability measure-
ments are within a range similar to those presented in the literature for intact Barnett samples [1.6× 10−19 to
6.0×10−20m2 (Vermylen 2011); 1.3×10−19 to 1.0×10−20m2 (Kang et al. 2011)]. The permeability using
the crushed-rock GRI method, in which it is not possible to take into account the stress effects and directional
permeability dependencies, for samples from core 2 and core 6 are Klinkenberg-uncorrected 9.8× 10−20m2

(diamond) and 3.6 × 10−20m2 (square), and Klinkenberg-corrected 1.9 × 10−20m2 (filled diamond, cross-
haired) and 5.1 × 10−21m2 (filled square, cross-haired), respectively. The permeability anisotropy persists
at higher confining pressures. The probable error (uncertainty) for our permeability measurement is ∼0.5nd

et al. (2011) samples 21 and 23 and by Vermylen (2011) sample Barnett 31. Vermylen (2011)
sample Barnett 27 (stars, Fig. 8), which was an interbedded carbonate layer surrounded by
organic shale matrix, had a permeability 10× greater than our horizontal permeability. The
aforementioned studies measured permeability in the horizontal direction; thus, we are only
able to directly compare our more permeable sample.

The GRI permeability for core 2 is 9.8 × 10−20m2 (99.6 nd) and for core 6 is
∼3.6×10−20m2 (36.3 nd) (Table 5; Fig. 8, respectively). Since theseGRImeasurementswere
conducted at a much lower gas pressure (0.7–1.4MPa or 100–200 psi) than our pulse-decay
permeability measurements at 6.9MPa pore pressure, the Klinkenberg effect (Klinkenberg
1941) becomes physically more significant. To approximately take this effect into account
for comparing our pulse decay with GRI measurements, we used the correlation given by
Heid et al. (1950) to calculate the Klinkenberg’s gas slippage factor bk using our measured
permeability as an input for the liquid permeability (Table 6). Various correlations are avail-
able in the literature (Jones and Owens 1979; Ziarani and Aguilera 2012). The data used
in Heid et al. (1950) correlation are from oil-field cores with permeability values between
∼10−12m2 and ∼10−17m2 for air at 25 ◦C. bk is a function of the porous medium, the gas,
and the temperature; it increases with decreasing permeability. We then use the Klinken-

berg (1941) expression: ka = k∞
(
1 + bk

Pp

)
, which relates the apparent gas permeability ka
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Table 5 Results of permeability using GRI crushed-rock methoda

Sample As-received
bulk density
(gm/cc)

Dry bulk
density
(gm/cc)

Dry grain
density
(gm/cc)

Dry helium
porosity (%
of bulk volume)

Dry GRI
permeability
(m2)

Dry GRI
permeability
(nd)

2 2.50 2.47 2.62 5.9 9.83 × 10−20 99.6

6 2.52 2.50 2.63 4.9 3.58 × 10−20 36.3

a Analyzed by Weatherford Ltd. As-received bulk volume and bulk densities are determined on intact bulk
sample material. Bulk material was crushed to yield less than 3.2-mm-sized material, and all other analyses
above were conducted on the crushed material. In a vacuum oven set at 212 ◦F, 85 g of as-received state
crushed material is dried. Sample weights are monitored daily until weight stabilization is achieved (±0.01
g). The dried grain volume of each sample is measured by helium injection using the Boyle’s law method. The
sample is subjected to a gas permeability determination using a pressure decay method by Luffel et al. (1993)

Table 6 Measured gas permeabilities values corrected for the Klinkenberg’s slippage effect

Sample Pc (MPa) Pp(MPa) ka(m2) ka (nd) bk
a (MPa) 1 + bk

Pp
k∞b (m2) k∞ (nd)

2V 10.4 6.7 2.3 × 10−21 2.53 12.3 2.8 8.2 × 10−22 0.8

17.3 6.8 2.0 × 10−21 2.33 12.9 2.9 7.0 × 10−22 0.7

27.7 6.8 1.3 × 10−21 1.32 16.1 3.4 3.4 × 10−22 0.3

41.5 6.8 5.4 × 10−22 0.51 21.7 4.2 1.3 × 10−22 0.1

6H1 10.3 6.9 9.5 × 10−20 98.08 2.9 1.4 6.7 × 10−20 67.8

17.2 6.9 6.5 × 10−20 68.70 3.3 1.5 4.4 × 10−20 44.5

27.6 6.9 3.7 × 10−20 40.12 4.2 1.6 2.3 × 10−20 23.0

41.3 6.9 2.1 × 10−20 22.29 5.2 1.8 1.2 × 10−20 11.8

Core 2 GRI – 0.7 9.8 × 10−20 99.6 2.8 5.1 1.9 × 10−20 19.7

Core 6 GRI – 0.7 3.6 × 10−20 36.3 4.2 7.1 5.1 × 10−21 5.2

a bk = 0.11 (k∞)−0.39 Units: bk(Pa), k∞(m2) (Heid et al. 1950)
b ka = k∞

(
1 + bk

Pp

)
(Klinkenberg 1941)

to the equivalent liquid permeability k∞, average pore pressure Pp, and the Klinkenberg’s
gas slippage factor bk. The correction factor in the parenthesis increases with decreasing
gas pressure. Using this approach, we estimate equivalent liquid vertical permeability of
∼8.2×10−22m2 (0.8 nd) and equivalent liquid horizontal permeability of ∼6.7 ×10−20m2

(67.8 nd) at 3.5MPa effective stress in two Barnett Shale samples. The equivalent liquid
permeability using GRI data for core 2 is 1.9 × 10−20m2 (19.7 nd) and for core 6 is ∼5.1
×10−21m2 (5.2 nd). These values are consistent with the horizontal permeability values
6.7× 10−20 (67.8 nd) to 1.2 × 10−20m2 (11.8 nd) but much higher than the vertical perme-
ability values 8.2 × 10−22 (0.8 nd) to 1.3 × 10−22m2 (0.1 nd) (Table 6; Fig. 8). This result
is due to the three-dimensional flow condition set on crushed particles in the GRI method as
compared to the one-dimensional flow condition set on the sample in the pulse-decay testing.

Our results suggest that quality sample preparation and visual inspection of plug integrity
using μ-CT images are critical first steps to obtain reliable permeability measurements on
core plugs. When the reservoir volumes are comparable to pore volume of the sample, the
pulse-decay technique can also be used to identify fractures not identified in μ-CT. The
GRI permeability is often reported at two to three orders of magnitude lower than core-plug
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scale pulse-decay permeability (Handwerger et al. 2011; Suarez-Rivera et al. 2012; Tinni
et al. 2012). For example, Heller et al. (2014) reported GRI permeability for Barnett 31 and
Barnett 27 of 5–14 nd, compared to pulse-decay permeability of 160 nd and 1μd, respectively.
Handwerger et al. (2011) found that pulse-decay permeability stabilizes to GRI permeability
at high confining pressures, arguing that shales are likely to develop microfractures along
bedding planes during coring and core extraction.

5.2 Stress Dependence of Horizontal and Vertical Permeability Values

In this study, we observe a fivefold decrease in permeability when the effective stress is
increased from 3.5 to 35.0MPa. Vertical permeability decreases from 2.3 × 10−21 to 5.4 ×
10−22m2, and horizontal permeability decreases from 9.5×10−20 to 2.1×10−20m2 (Fig. 6).
The pressure-sensitivity factors α of both samples in this study are 0.0435 (MPa−1). This
value is consistent with pressure-sensitivity factors calculated using the permeability-versus-
stress data given in the literature for the Barnett Shale.

Using k = k0 exp
(−α(Pc − Pp)

)
, at similar effective stresses for horizontal samples,

pressure-sensitivity factors are 0.0580 and 0.0435 (MPa−1) fromKang et al. (2011) (samples
21 and 23, respectively), and 0.0290 and 0.0435 (MPa−1) from Vermylen (2011) (samples
31 and 27, respectively). The pressure-sensitivity factor for the Bustin et al. (2008) Bar-
nett sample is 0.1305 (MPa−1), which is three times higher than the values above. Since
poor-quality (fractured) samples can yield apparently high permeability and elevated-stress
sensitivity, we emphasize the importance of sample-integrity testing using high-resolution
μ-CT images prior to permeability testing, and thoughtful selection of reservoir size in the
pulse-decay apparatus in order to illuminate sample heterogeneities [for example, Kamath
et al. (1992)]. Information on stress dependence is important for predicting and modeling
permeability (Armitage et al. 2011).

We found that both the horizontal and vertical permeability are equally sensitive to stress.
In general, the horizontal permeability is expected to more sensitive to stress than the vertical
permeability. The higher stress sensitivity of horizontal permeability is usually attributed
to the presence of crack-like voids parallel to bedding due to sample disturbance and their
closure upon loading (Kwon et al. 2004). Mckernan et al. (2014) found identical stress sen-
sitivity of horizontal and vertical permeability only after repeated cycles of compression and
decompression. Depending on the sample quality, it is therefore possible that part of the stress
dependence observed in the laboratory is simply due to reversing the core damage resulted
from stress relief and gas expansion experienced by the core during the retrieval process from
the subsurface, core plugging operation, and desiccation during sample preparation process.
The applied stress could be reversing the core damage by closing the microfractures resulting
lower permeability. Chalmers et al. (2012) and Ghanizadeh et al. (2014a) infer that the stress
sensitivity of permeability in shales is primarily controlled by the mineralogy and the nature
of pore systems.

5.3 Permeability Anisotropy

We show that horizontal permeability is∼40× higher than vertical permeability at 3.55MPa
effective stress (Fig. 5) persisting up to 35MPa (Fig. 6). This permeability anisotropy behav-
ior observed in the Barnett Shale is consistent with the Muskwa and Besa River Formation
samples from northeastern British Columbia, Canada, measured by Chalmers et al. (2012).
However, Ghanizadeh et al. (2014a) for Posidonia Shale (Lower Toarcian, Germany) and
Pathi (2008) for Western Canadian and Woodford Shales reported permeability anisotropy
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∼1000 or higher. Kwon et al. (2004) found a much lower-permeability anisotropy of ∼10 at
effective stresses comparable to ours (∼3MPa) but approached to unity at effective stresses
greater than 10MPa due to higher stress sensitivity of the horizontal permeability attributed
to the presence of crack-like voids parallel to bedding and their closure upon loading. Met-
wally and Sondergeld (2011) found permeability anisotropy ranging from 3 to 5 in gas
shales.

We believe that high- and low-permeability interbeds cause the elevated permeability
anisotropy in our Barnett Shale samples. The internal subfacies architecture and microstruc-
ture present in the core plugs are revealed by the μ-CT and SEM images analysis
(Figs. 1, 2).

Figure 2b clearly shows preferentially horizontal alignment of clay-rich fabric. In Fig. 1c,
based on density variation from theμ-CT image,∼ 4–8-mm stratigraphic layering is evident.
Furthermore, by a point-countingmethod on high-magnification SEM images of the prepared
thin sections, we find that dark layers contain ∼4% organic matter while light layers contain
∼1% (Fig. 1c). Since a majority of the pore space is in the organic matter for Barnett Shale
(Loucks et al. 2009; Curtis et al. 2012; Loucks et al. 2012; Milliken et al. 2012), we believe
that the dark layers have higher permeability.

Our result agrees with earlier studies—high anisotropy in mudrocks should be attributed
to heterogeneities such as stratigraphic layering (Witt and Brauns 1983; Clennell et al. 1999;
Yang and Aplin 2007; Armitage et al. 2011; Daigle and Dugan 2011; Vega et al. 2014). Per-
meability anisotropy of <3 has been extensively reported in natural and synthetic mudrocks
(Clennell et al. 1999; Adams et al. 2013); it is attributed to fabric anisotropy driven by the
preferential orientation of platy clay particles. Armitage et al. (2011) argue that simple tor-
tuosity models alone are insufficient to explain higher permeability anisotropy observed in
natural rocks that have undergone processes such as cementation or growth of authigenic
clays in already narrow pore throats.

6 Conclusions

1. We document vertical permeability of ∼2.3 ×10−21m2 (2.3 nd) and horizontal perme-
ability of ∼9.5 ×10−20m2 (98.1 nd) at 3.5MPa effective stress in two Barnett Shale
samples.

2. The vertical permeability decreases from 2.3×10−21 to 5.4×10−21m2 and the horizontal
permeability decreases from 9.5 × 10−20 to 2.1 × 10−20m2 when the effective stress is
increased from 3.5 to 35.0MPa. We infer this stress dependence is due to pore closure
and increase in flow-path tortuosity.

3. We show permeability anisotropy, the ratio of the horizontal to the vertical permeability,
of ∼40 in the Barnett Shale. The permeability anisotropy does not vary as a function
of effective stress. We infer that the permeability anisotropy is due to the stratigraphic
layering in the Barnett Shale.

4. We find that the GRI permeability values are consistent with the horizontal permeability
but much higher than the vertical permeability.

5. We infer that the multiscale permeability observed is due to millimeter-scale interbeds
of more permeable, organic-rich material with less permeable, more siliceous material.

6. We quantify stress dependence and characterize an anisotropic model to describe the
matrix permeability behavior of the Barnett Shale. These results can be used to constrain
material behavior in reservoir simulation.
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