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[1] Bedding-parallel permeability of illite-rich shale of the Wilcox formation has been
investigated using distilled water and 1 M solutions of NaCl, KCl, and CaCl2 as pore
fluids. Despite low modal concentrations of swelling clays, specimens expand upon fluid
saturation and permeabilities depend on fluid composition. Permeabilities to flow of
1 M CaCl2 are 3–5 times greater than values measured for the other pore fluids,
suggesting sensitivity to exchange of divalent cations for monovalent cations at clay
mineral surfaces. Permeabilities of individual samples exhibit nonrecoverable changes
with sequential changes in composition of incoming fluid. Permeabilities k at varying
effective pressure Pe fit a cubic law k = k0 [1 � (Pe/P1)

m]3, where m and P1 are
independent of fluid composition, and k0 is greater for transport of 1 M CaCl2 than that for
transport of the other pore fluids. Assuming that fluid conduits have crack-like
dimensions, the lack of sensitivity of m and P1 to fluid composition suggests that surface
roughness and asperity stiffness of conduits are unaffected by cation exchange, while
changes in k0 reflect changes in the clay-fluid interfaces of the connected pore
space. INDEX TERMS: 5114 Physical Properties of Rocks: Permeability and porosity; 5139 Physical

Properties of Rocks: Transport properties; 1832 Hydrology: Groundwater transport; 3947 Mineral Physics:

Surfaces and interfaces; 1045 Geochemistry: Low-temperature geochemistry; KEYWORDS: permeability, shale,

fluid chemistry
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1. Introduction

[2] Abnormal pore pressures in sedimentary basins are
commonly associated with occurrences of shales [Dickinson,
1953; Dickey et al., 1968; Magara, 1971; Chapman, 1972,
1982, 1994; Schmidt, 1973; Berg and Habeck, 1982; Freed
and Peacor, 1989; Bigelow, 1994]. Elevated pore pressures
may be generated by a number of processes, including
compaction of fluid-saturated sediments [Dickinson, 1953;
Magara, 1975a; Hart et al., 1995; Smith and Wiltschko,
1996], transformation of smectites to illite [Powers, 1967;
Burst, 1969; Freed and Peacor, 1989], thermal expansion of
fluids [Barker, 1972; Magara, 1975b; Sharp, 1983], and the
formation of oil and gas from organic constituents of shales
[Hedberg, 1974; Meissner, 1978; Momper, 1978; Illing,
1938; Barker, 1987, 1990; Spencer, 1987, 1994]. Once
generated, abnormal pressures may dissipate to equilibrium
values along the hydrostatic pressure gradient unless
upward fluid flow is limited by overlying units of high
capillarity or intrinsically low permeability. Given that
abnormal pressures are associated with hydrocarbon gener-

ation, shales may form seals to upward migration because of
their high capillary pressures to nonwetting fluids [e.g.,
Berg, 1975; Vavra et al., 1992; Schlomer and Krooss,
1997; Hao et al., 2000]. Shales may also limit the flow of
aqueous pore fluids if their permeabilities are sufficiently
low [Bredehoeft and Hanshaw, 1968; Bradley, 1975; Hunt,
1990; Deming, 1994].
[3] Shale permeabilities vary widely (from 10�16 m2 to

10�23 m2) with values well above and below those required
for pressure seals over characteristic geologic and reservoir
production times [Young et al., 1964; Magara, 1971; Lin,
1978; Bredehoeft et al., 1983;Katsube et al., 1991;Dewhurst
et al., 1998, 1999; Kwon et al., 2001]. Permeabilities of
shales depend on porosity, clay mineralogy and content, and
texture [Katsube et al., 1991; Schlomer and Krooss, 1997;
Dewhurst et al., 1998, 1999; Revil and Cathles, 1999; Kwon
et al., 2004], all of which may change with burial [e.g.,
Hower et al., 1976; Lee et al., 1985; Addis and Jones, 1985;
Dzevanshir et al., 1986; Kim et al., 1999].
[4] Permeabilities may also depend on pore fluid com-

position if pore throats available for fluid flow are modified
by local clay swelling and formation of hydrated complexes
at clay-fluid interfaces [Scott and Smith, 1966; Norrish,
1973; Van Olphen, 1977; Sparks, 1995; Sposito et al.,
1999]. Clay aggregates made up of swelling clays exhibit
extremely low permeabilities to the flow of water [Moore et
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al., 1982; Faulkner and Rutter, 2000]. Hydration and
expansion of swelling clays may be affected by changing
fluid composition, as interlayer cations are replaced by
solutes of the pore fluid. Correspondingly, permeabilities
of clay aggregates depend on electrolytes in the pore
fluid [Whitworth and Fritz, 1994; Mesri and Olson, 1971;
Olsen, 1972]. Permeabilities of deeply buried shales, with
abundant illite and little or no smectites, are expected to
show less chemical sensitivity than permeabilities of
shallow mudstones with higher modal swelling clay
contents. Yet, transport properties may continue to depend
on fluid composition if cation exchange occurs at
intergranular clay-fluid interfaces, and pores are affected
by changing dimensions of the diffuse double layer.
[5] Compositions of pore fluids within sedimentary

rocks vary considerably according to their origin, modifi-
cation through reaction with sediments (particularly with
clay minerals), patterns of advection, and thermal history
[e.g., Siever et al., 1965; Fournier and Truesdell, 1973;
Magara, 1974; Morse and Mackenzie, 1990; Harrison and
Summa, 1991; Longstaffe et al., 1992; Bjorlykke and
Gran, 1994; Hanor, 1994]. Interstitial pore fluids of sedi-
ments of the northern Gulf Coast, for example, consist of
brines that vary spatially within individual units, with salt
contents of fluids in Tertiary sediments of Louisiana [Timm
and Maricelli, 1953; Chilingarian et al., 1994] reaching
4.5 times the salinity of standard mean ocean water (SMOW,
35,000 ppm).Major cations of pore fluids of the Gulf Tertiary
section include Na, K, Ca, and Mg [Kharaka et al., 1977;
Morton and Land, 1987; Land and Macpherson, 1992;
Hanor, 1994; Land, 1995]. In analyses of sidewall core
samples from shale sections in the Manchester field, Calca-
sieu Parish, Louisiana, Schmidt [1973] found that Na was the
major cation of interstitial aqueous fluids with lower concen-
trations ofK,Ca, andMg. Surface complexes of clayminerals
in shales may thus involve both monovalent and divalent
cations with potential consequences for the dimensions of
critical pore throats, electrical character of fluid-clay inter-
faces, and the functionally connected porosity.
[6] In this paper, we report on laboratory measurements

of permeability for low-porosity, illite-rich shale specimens
of the Wilcox formation and observed effects of fluid
composition on transport properties. Permeabilities to dis-
tilled water and 1 M (molar) solutions of NaCl, KCl, and
CaCl2 are reported for transport parallel to bedding for
samples saturated over extended times with fluid of a given
composition, as well as samples subjected to sequential
changes in incoming fluid composition. The sources of
chemical effects on fluid transport and connected pore space
are constrained by accompanying bulk expansion measure-
ments of samples saturated with the same pore fluids as
used in the permeability measurements and X-ray diffrac-
tion measurements of clay interlayer dimensions. Perme-
ability across bedding of Wilcox shale and effects of clay
content and loading on permeability are addressed by Kwon
et al. [2004] for 1 M NaCl pore fluid.

2. Experimental Methods

2.1. Specimen Selection and Preparation

[7] Wilcox shale specimens were prepared from the same
core as used in the accompanying paper [Kwon et al., 2004],

selecting horizons of relatively low clay content (40–50%)
from core taken at depths of 3955–3956 m (12,975–12,979
feet). On the basis of X-ray diffraction of dehydrated and
glycerated powder samples [Ibanez and Kronenberg, 1993],
illite is the predominant clay mineral (29%) of this shale,
with lesser quantities of chlorite (14%), kaolinite (10%), and
only a trace of mixed layer illite-smectite (�2%); the
remainder of the shale consists of quartz (37%) and lesser
quantities of pyrite, calcite, feldspar, and organics (8%
combined). Connected porosities determined on the basis
of weight gain following immersion in 1 M NaCl solution
(using a density of 1040 kg/m3) [Wolf et al., 1979] range
from 7 to 8%. Permeabilities measured parallel to bedding
are higher than measured perpendicular to bedding and
microstructural observations suggest that flow parallel to
bedding is enhanced by crack-like bedding-parallel voids
within and adjacent to oriented clays and clay layers [Kwon
et al., 2004]. No special procedures were followed to
preserve the original pore fluid content of the shale; thus
some modification of clays and their surface hydration may
have occurred before we acquired the core.
[8] Oriented rectangular samples were prepared for bulk

expansion measurements of swelling upon exposure to the
same fluids as used in the permeability experiments. Or-
thogonal faces were cut parallel and perpendicular to
bedding with a diamond wafer saw and surfaces ground
square; final dimensions measured �5 mm normal to
bedding and 4 mm � 8.5 mm in the bedding plane. Samples
for powder X-ray diffraction measurements were prepared
by mechanical grinding, mounting powders on glass plates
either dry or in fluid. Right cylindrical specimens (25.4 mm
in length and 12.5 mm in diameter) were prepared for
permeability measurements by diamond coring parallel to
bedding and grinding ends parallel to each other and
perpendicular to their cylindrical axes.
[9] As permeabilities vary considerably among samples

of Wilcox shale due to variations in clay content and
microstructure [Kwon et al., 2004], samples for this study
were selected from individual horizons with nearly identical
lithologies. Geometrical constraints and the shale core
diameter (3.5 inches) limited us to just three specimens
for permeability measurements from any one horizon. Three
specimens were selected from a single horizon designated
76A and permeabilities measured using distilled water and
1 M solutions of NaCl and KCl. Three specimens were
taken from another horizon 76B, just 20 mm above horizon
76A and permeabilities measured using 1 M NaCl and 1 M
CaCl2. Additional specimens for permeability tests with
sequential changes in composition of the incoming fluid
were taken from horizons 76C and 76D, which were 0.20
and 0.50 m, respectively, above horizon 76A.

2.2. Specimen Saturation and Expansion Measurement

[10] Upon acquisition of the core, the shale used in this
study had a water content of 2.1% (based on weight loss
upon heating to 210�C), with much of the open pore space
(8%) free of the original pore fluid. Specimens selected for
expansion and permeability measurements were immersed
and their pore space saturated, either by distilled water or
1 M solutions of NaCl, KCl, or CaCl2. The 1 M brine
solutions were prepared by dissolving weighed quantities of
reagent grade salts in distilled water. Fluids of each com-
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position were introduced into specimen pores using multiple
vacuum impregnation procedures. Samples were immersed
in fluid within a vacuum chamber and air within pores
removed by sequentially applying a vacuum to the im-
mersed sample for 30 min and bleeding atmospheric pres-
sure back into the chamber. Upon initial application of
vacuum, bubbles were vigorously expelled from the sample
and fluid. This sequential application of vacuum and bleed-
ing was repeated >10 times (over 2–3 days) until bubbles
ceased to emerge from the sample. Rectangular specimens
for bulk expansion measurements remained in fluid for an
extended time (>3 weeks) before their dimensions were
remeasured, changing the solutions occasionally to maintain
constant composition and subjecting the samples to another
cycle of vacuum impregnation. Cylindrical specimens for
permeability measurements were stored, immersed in fluid
of the desired composition until their jackets were sealed to
end closures, pressurized, and pore pressure equilibrium
achieved.
[11] During immersion, fluids had access to all six sides

of the rectangular specimens used to measure bulk expan-
sion while they had access to only the ends of cylindrical
specimens used in permeability measurements. Prior to
immersion, specimens for permeability tests were placed
in heat shrinkable polyolefin jackets with a thin coat of RTV
silicone applied to their cylindrical walls to form a seal
between the specimen and jacket. Saturation of cylindrical
specimens used in permeability tests was assured by later
pressure injection procedures as specimens were subjected
to increased confining and pore pressures. These specimens
were sealed to end closures with pore pressure ports at both
ends, inserting a layer of glass fiber felt (Fiberfrax, Carbo-
rundum Corp.) at each end to provide uniform fluid access.
The seal between the end closures and jacket was accom-
plished by way of Nichrome wires, tied over grooves
machined in each closure.
[12] Once specimens used in the permeability measure-

ments were sealed, they were placed in the pressure vessel
of an apparatus (LSR, J. Handin Rock Deformation Labo-
ratory) capable of applying a confining pressure to the
jacketed specimen walls and imposing a gradient in pore
fluid pressure across the specimen. The portion of the pore
pressure system that required disassembly between experi-
ments was placed under a vacuum for 30 min (to remove
trapped air) and then filled with either distilled water or one
of the 1M brine solutions. Specimens were first subjected to
a confining pressure Pc of 3 MPa, and then to an internal
fluid pressure Pf of 2 MPa. Fluid in contact with both
specimen ends was pressurized, holding Pc constant, and
bled repeatedly to ensure complete filling of the pore
pressure system by the fluid. Samples were judged to be
saturated by a marked increase in sensitivity of Pf to
confining pressure Pc perturbations [Green and Wang,
1986]. Once Pf remained constant over 4–5 hours, it was
considered at equilibrium with the internal pore pressure Pp

of the sample. The amount of pore fluid added to samples
by increasing fluid pressure was small compared with
quantities previously added by vacuum impregnation
(�3% of that added by vacuum treatment).
[13] The dimensions of rectangular specimens (x and y in

the bedding plane and z normal to bedding) were measured
before and after saturation using a micrometer with a

resolution of ±0.004 mm. Length changes and volumetric
expansions were determined, averaging results for five
specimens saturated by distilled water, 10 specimens satu-
rated by 1 M NaCl, five specimens saturated by 1 M KCl,
and 10 specimens saturated by 1 M CaCl2. Swelling of the
clay minerals was tested by X-ray diffraction of powder
samples immersed in the same fluids as used in the bulk
expansion and permeability tests, measuring peak heights
and widths (at their half height intensities) of basal clay
mineral diffractions. Peak intensities at d spacings of
14.2 Å (chlorite and potentially a swelling clay) and 7.1 Å
(predominantly kaolinite) were compared, normalizing by
the peak intensity at 9.9 Å (of nonswelling illite).

2.3. Permeability Measurements

[14] Permeabilities for flow of distilled water and 1 M
solutions of NaCl, KCl, and CaCl2 were measured parallel
to bedding by the same transient pulse method as used in the
accompanying paper on Wilcox shale flow properties
[Kwon et al., 2004]. Confining and pore pressures were
increased from Pc = 3 MPa and Pp = 2 MPa to the desired
experimental conditions (Pc = 13, 15, 18 MPa, Pp = 10 MPa)
in a slow, stepwise manner (to permit internal pore pressure
Pp to keep up with the applied fluid pressure Pf of the pore
pressure system). Throughout this pressurization procedure,
the difference in pressures (Pc � Pp) was not permitted to
exceed the effective pressure (Pe = 3, 5, 8 MPa) at which
permeability was to be measured. Permeabilities for indi-
vidual specimens saturated by pore fluid of a given com-
position were determined by imposing a step in fluid
pressure at one specimen end (increasing Pf by �15% of
the initial Pp) and measuring the decay in fluid pressure
difference (Pup � Pdn) associated with flow along the length
of the cylindrical specimen, where Pup is the higher,
upstream fluid pressure and Pdn is the lower, downstream
fluid pressure [Brace et al., 1968; Sutherland and Cave,
1980; Trimmer, 1981; Kwon et al., 2004]. In all reported
experiments, the difference in fluid pressure across the
specimen followed the expression

Pup � Pdn

� �
¼ DPie

�qt ð1aÞ

within experimental error, where DPi is the initial fluid
pressure difference at time t = 0, and the decay constant q is
given by

q ¼ kA=hbLð Þ 1=Vup þ 1=Vdn

� �
; ð1bÞ

where permeability k can be calculated for known values of
the specimen cross-sectional area A and length L, the fluid’s
dynamic viscosity h and compressibility b, and the volumes
Vup and Vdn, respectively, of the upstream and downstream
portions of the pore pressure system. Fluid viscosities used
in the analysis come from values tabulated by Wolf et
al. [1979]; h = 0.99 � 10�9 MPa	s for distilled water and
h = 1.1 � 10�9 MPa s, 0.99 � 10�9 MPa s, and 1.36 �
10�9 MPa s for 1 M solutions of NaCl, KCl, and CaCl2,
respectively. Because of uncertainties in compressibilities of
the 1 M KCl and CaCl2 solutions at experimental
conditions, we used a single value of b for all the
fluids used, equivalent to that of distilled water (4.56 �
10�4 MPa�1, taken from ASME steam tables) [Meyer et al.,
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1979]. Volumes of upstream and downstream reservoirs of
the fluid pressure system (Vup = 15.1 mL, Vdn = 24.4 mL)
were determined from their effective compressibilities,
isolating each reservoir, and imposing steps in pressure
much like those in the permeability experiments.
[15] Instrumental errors in fluid pressure measurements

(±0.02 MPa) and our ability to determine q over the decay
times of the tests led to an uncertainty in permeability k of
only 1–3%. However, tests of reproducibility, measuring
permeability for the same sample at the same effective
pressure, indicate an uncertainty in k of 10% and samples
taken from different lithologic horizons may show much
greater variation (±70%) associated with real differences in
lithology, pore structure, and the inelastic response of pore
space to Pe. Permeabilities to pore fluids of different
compositions were thus compared only for specimens taken
from the same horizon. Errors in absolute k values could be
introduced by errors in our upstream and downstream
reservoir volume determinations or any departures in fluid
viscosity h or compressibility b from the values we used.
On the basis of compressibilities reported for distilled water
and 1 M NaCl [Lide, 1997], real differences in b for the
different fluids could lead to errors in permeability of
�10%. Confining pressures Pc during the transient pulse
measurements of k were controlled to within ±0.2 MPa and
measured within ±0.06 MPa, leading to an uncertainty in
reported values of (Pc � Pp) of ±0.07 MPa just before the
upstream fluid pressure Pup was increased to impose a fluid
pressure gradient. Once the upstream pressure Pup was
increased, true effective pressures within the specimen
varied spatially as well as temporally. For consistency, we
report Pe = (Pc � Pp) just before any pore pressure gradients
were imposed; any offset in k associated with Pe variations
should not affect relative comparisons of k, at a given set of
Pc, Pp conditions, for fluids of different compositions.
[16] The sensitivity of permeability k to effective pressure

Pe was tested by applying sequentially higher confining
pressures to individual specimens, so as to eliminate sam-
ple-to-sample variations, while maintaining a constant pore
pressure. Much as found earlier for 1 M NaCl in Wilcox
shale [Kwon et al., 2001, 2004], permeability k varies with
Pe by a cubic law of the form

k ¼ k0 1� Pe=P1ð Þm½ �3; ð2Þ

where k0 is a reference state permeability (at Pe = 0) and
parameters m and P1 describe the geometry and properties
of the conductive pore space [Gangi, 1978]. Parameters k0,
m, and P1 were determined by iterative forward modeling
and compared for different pore fluids using results of
samples taken from the same lithologic horizon.

[17] Despite our strategy to isolate variations in perme-
ability due to sample lithology and pore structure from those
due to fluid composition and fluid-mineral interactions,
variations of ±10% indicate that lithologic variations in
Wilcox shale occur even within the same horizon. We
therefore performed an additional series of permeability
experiments using individual samples and measuring k
following sequential changes in incoming pore fluid com-
position (all at the same Pe = 3 MPa, Pp = 10 MPa). Two
sets of fluid exchange experiments were conducted on
individual specimens. The first set of experiments was
conducted changing pore fluids from distilled water, to a
1 M NaCl solution, and then back to distilled water. The
second set was conducted changing pore fluids from a 1 M
NaCl solution, to a 1 M CaCl2 solution, and then to a 1 M
NaCl solution.
[18] Between each permeability measurement of these

experiments, the sample was carefully removed from the
apparatus, immersed in the new fluid, and subjected to
vacuum impregnation procedures for 3 days, changing the
solution several times to maintain a nearly constant fluid
composition during ion exchange with the specimen. Once
the sample was placed back into the apparatus, the pore
pressure system was filled with the new fluid and Pc was
increased to 3 MPa. Two equivalent pore volumes of fluid
were flushed through the specimen by increasing the fluid
pressure in the downstream reservoir to 2.5 MPa while
the upstream reservoir was left open to atmosphere. After
the pore fluid was flushed through the sample, fluid in the
upstream reservoir was replaced by fluid of the new
composition. After this procedure, Pc and Pp were stepwise
raised as before to the same conditions (Pc = 13 MPa, Pp =
10 MPa) and permeability remeasured. While sample-to-
sample variations in pore structure were eliminated in these
experiments, we encountered permanent changes in perme-
ability with sequential changes in fluid composition that we
attribute to nonrecoverable cation exchange at clay-fluid
interfaces.

3. Experimental Results

[19] Wilcox shale expansion and powder X-ray diffrac-
tion results are listed in Tables 1 and 2, respectively, and are
illustrated in Figures 1 and 2 for samples immersed in
distilled water and 1 M solutions of NaCl, KCl, and CaCl2.
Increases in dimension of rectangular samples upon fluid
saturation are tabulated (in % elongation) in two orthogonal
directions (x and y) within bedding and one (z) perpendic-
ular to bedding. X-ray peak heights of 14.2 Å and 7.1 Å
diffractions are listed, normalized by the 9.9 Å peak height,

Table 1. Expansion of Wilcox Shale Upon Saturation

Fluid

Length Changes in Percent Elongation

Parallel to
Bedding (x)

Parallel to
Bedding (y)

Perpendicular to
Bedding (z)

H2O, distilled 0.33 0.32 0.90
1 M NaCl 0.33 0.30 0.97
1 M KCl 0.16 0.14 0.47
1 M CaCl2 0.45 0.44 1.29

Table 2. Powder X-Ray Diffraction of Wilcox Shale

Coexisting Fluid

Relative Peak
Intensitya Peak Width,b deg

14.2 Å 7.1 Å 14.2 Å 9.9 Å 7.1 Å

H2O, distilled 0.20 0.85 0.30 0.22 0.33
1 M NaCl 0.25 1.35 0.15 0.22 0.33
1 M KCl 0.20 1.05 0.35 0.21 0.33
1 M CaCl2 0.20 0.95 0.20 0.20 0.34

aNormalized by peak intensity measured at 2q = 8.84� due to 9.9 Å Illite
basal diffraction.

bWidth of diffraction determined at half the peak height.
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and widths of diffractions represent widths measured at half
the peak height. Permeabilities measured parallel to bedding
are organized in Tables 3 and 4 by sampling horizon (e.g.,
horizon 76A), specimen number (e.g., WS22.6) and mea-
surement sequence (e.g., WS22.6-1, WS22.6-2, and
WS22.6-3) for that specimen. Transient pulse data and
permeability determinations at sequentially increased effec-
tive pressures are shown in Figures 3 and 4, respectively, for
samples saturated by distilled water or one of the 1 M
brines. Transient pulse data illustrating changes in the rate
of (Pup � Pdn) decay (and thus permeability k) with fluid

composition are shown in Figures 5 and 6 for individual
samples subjected to fluid exchange between transient pulse
tests.

3.1. Volumetric Expansion

[20] Changes in rectangular specimen dimensions upon
fluid saturation indicate that Wilcox shale is transversely
isotropic with expansion perpendicular to bedding (z) greater
than expansions parallel to bedding (in either x or y
directions, Figure 1). Specimens saturated by 1 M CaCl2
solution show the largest increase in volume (with strains in
x, y, and z directions summing to 2.19%). Specimens
saturated by 1 M KCl solution show the smallest volumetric
expansion (of 0.77%), and specimens saturated by distilled
water and 1 M NaCl show comparable, intermediate volu-
metric expansions (of 1.56% and 1.61%, respectively).
[21] Despite the macroscopic swelling measured for rect-

angular samples, X-ray diffraction patterns of powder
samples in H2O, and 1 M solutions of NaCl, KCl, and
CaCl2 show little change in clay basal plane spacings
(Figure 2). Diffraction peaks due to (001) planes of kaolinite
(7.1 Å), chlorite and smectites (14.2 Å), and illite (9.9 Å)
show little variation in position, relative intensity, or width
beyond variations associated with modal heterogeneity and

Table 3. Permeability of Wilcox Shale to Fluids of Varying

Composition

Sample
Pc,
MPa

Pp,
MPa

Pe,
MPa

Permeability,
�10�21 m2 Pore Fluid

Samples From Horizon 76A
WS22.6-1 13 10 3 219.3 (±2.6) H2O, distilled
WS22.6-2 15 10 5 97.4 (±0.6) H2O, distilled
WS22.6-3 18 10 8 43.3 (±0.4) H2O, distilled
WS22.5-1 13 10 3 267.8 (±1.2) 1 M NaCl
WS22.5-2 15 10 5 89.9 (±0.8) 1 M NaCl
WS22.5-3 18 10 8 29.6 (±0.2) 1 M NaCl
WS22.4-1 13 10 3 185.3 (±2.2) 1 M KCl
WS22.4-2 15 10 5 83.4 (±1.3) 1 M KCl
WS22.4-3 18 10 8 30.1 (±0.3) 1 M KCl

Samples From Horizon 76B
WS22.7-1 13 10 3 218.3 (±3.2) 1 M NaCl
WS22.7-2 15 10 5 101.4 (±1.9) 1 M NaCl
WS22.7-3 18 10 8 55.9 (±0.7) 1 M NaCl
WS22.8-1 13 10 3 1043.7 (±20) 1 M CaCl2
WS22.8-2 15 10 5 543.9 (±5.8) 1 M CaCl2
WS22.8-3 18 10 8 224.1 (±2.2) 1 M CaCl2
WS22.9-1 13 10 3 848.1 (±5.8) 1 M CaCl2
WS22.9-2 15 10 5 355 (±3.9) 1 M CaCl2
WS22.9-3 18 10 8 138.2 (±0.8) 1 M CaCl2

Table 4. Permeability of Wilcox Shale Upon Pore Fluid Exchange

Sample
Pc,
MPa

Pp,
MPa

Pe,
MPa

Permeability,
�10�21 m2 Pore Fluid

Sample From Horizon 76C
WS22.25-1 13 10 3 288.2 (±2.8) 1 M NaCl
WS22.25-2 13 10 3 684.6 (±5.1) 1 M CaCl2
WS22.25-3 13 10 3 614.3 (±4.9) 1 M NaCl

Sample From Horizon 76D
WS22.68.1-1 13 10 3 83.7 (±1.8) H2O, distilled
WS22.68.1-2 13 10 3 86.3 (±0.9) 1 M NaCl
WS22.68.1-3 13 10 3 56.6 (±0.9) H2O, distilled

Figure 1. Dimensional expansion results for Wilcox shale
specimens immersed in distilled water, 1 M NaCl, 1 M KCl,
and 1 M CaCl2 and measured in orthogonal directions x and
y within bedding and in the direction z perpendicular to
bedding. Volumetric strains, obtained by summing the three
orthogonal strain determinations, are shown as dots and
labeled DV.

Figure 2. X-ray diffraction results for Wilcox shale
powder samples immersed in distilled water, 1 M NaCl,
1 M KCl, and 1 M CaCl2. Clay mineral diffraction peaks are
apparent at 14.2 Å, 9.9 Å, and 7.1 Å due to (001)
diffractions of chlorite, illite, and kaolinite, respectively,
with little or no evidence for volumetric swelling of
smectites.

B10206 KWON ET AL.: SHALE PERMEABILITY AND FLUID CHEMISTRY

5 of 13

B10206



nonuniform clay orientations. In the absence of any shift or
growth in the diffraction at 14.2 Å, we assign this peak to
chlorite and conclude that smectites and mixed layer clays
have negligible concentrations. The lack of evidence for
clay swelling suggests that the macroscopic volume changes

measured upon saturation represent intergranular expansion
processes.

3.2. Permeability

[22] Permeabilities determined for samples selected from
each of two horizons (76A and 76B, chosen for lithologic
similarity) and saturated by different pore fluids indicate
that bedding-parallel fluid transport depends on fluid com-
position. The largest permeabilities were measured for two
samples (from 76B) saturated by 1 M CaCl2 and the small-
est values of k were measured for a sample (from 76A)
saturated by 1 M KCl (Table 3).
[23] In all transient pulse experiments reported, fluid

pressure differences (Pup � Pdn) imposed across the ends
of a cylindrical specimen at the beginning of each experi-
ment were observed to decay according to equation (1),
yielding a slope (= �q/2.303) in log (Pup � Pdn) versus time
that is linearly related to permeability k. At a given pressure,
transient pulse experiments for samples saturated by 1 M
CaCl2 exhibit the most rapid decay in (Pup � Pdn), with k
values that are greater, by factors of 3–5, than k of a
comparable sample (from the same horizon, 76B) saturated
by 1 M NaCl (Figure 3). While some variability in perme-
ability was noted for samples (from a single horizon, 76A)
saturated by distilled water, 1 M NaCl, and 1 M KCl, values
of k for transport of these fluids through Wilcox shale differ
by only �20%. Similar variation in permeability is apparent
between specimens WS22.5 and WS22.7 taken from the
two horizons (76A and 76B, respectively) and saturated by
the same fluid (1 M NaCl).

 

 

 

Figure 3. Results of transient pulse experiments per-
formed on Wilcox shale specimens saturated by distilled
water (WS22.6 from horizon 76A), 1 M NaCl (WS22.7
from horizon 76B), and 1 M CaCl2 (WS22.9 from horizon
76B). The decay of the fluid pressure difference (Pup � Pdn)
across the specimen length, plotted as log (Pup � Pdn)
versus time yields permeability k by way of the slope (�q/
2.303) and equation (1). Specimens saturated by 1 M CaCl2
exhibit higher (Pup � Pdn) decay rates than do specimens
saturated by the other fluids with a steeper negative slope
corresponding to higher permeability.

 

 

 

 

 

 

Figure 4. Bedding-parallel permeabilities k of Wilcox shale specimens saturated by distilled water, 1 M
NaCl, 1 M KCl, and 1 M CaCl2 and subjected to systematically increasing effective pressure Pe.
(a) Specimens taken from the same lithologic horizon (76A) and saturated by distilled water and 1 M
NaCl and KCl solutions show similar reductions in permeability with increasing effective pressure; all
can be fit satisfactorily by a single cubic law (equation (2)) where k0 = 13.2 � 10�18 m2, m = 0.166 and
P1 = 18.4 MPa. (b) Specimens taken from horizon 76B and saturated by 1 M NaCl and 1 M CaCl2
show that permeability depends on fluid composition with significantly higher k for the transport of 1 M
CaCl2 than k for transport of the other fluids. The results for 1 M CaCl2, best fit to the cubic k-Pe law
(equation (2)), yields a reference k0 = 40 � 10�18 m2, much higher than k0 determined for the other
fluids, and parameters m = 0.161 and P1 = 24.2 MPa that are comparable to m and P1 determined for the
other fluids.
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[24] Sequential measurements of bedding-parallel k with
increasing effective pressure reveal nonlinear k-Pe relation-
ships (Figure 4) that can be fit satisfactorily by the cubic
law, equation (2) for transport of all pore fluids tested.
Given that permeabilities measured for transport of distilled
water and 1 M KCl are similar to those for 1 M NaCl, we
adopt the best fit values

m ¼ 0:166

P1 ¼ 18:4 MPa

determined for the larger data set of Kwon et al. [2004] for
bedding-parallel flow of 1 M NaCl in low clay content
specimens, and find a mean value of

k0 ¼ 13:2 �2:4ð Þ � 10�18m2

for transport of water, 1 M KCl and 1 M NaCl in these
experiments (Figure 4a). This value is somewhat larger than
the reference permeability k0 = 11.8 � 10�18 m2 determined

by Kwon et al. [2004] for the 1 M NaCl transport data, but it
falls well within the standard deviation (±3.4 � 10�18 m2)
determined for similar, low clay content Wilcox shale
samples. In contrast, permeabilities measured for the
transport of 1 M CaCl2 at any given pressure are
significantly higher than for 1 M NaCl (Figure 4b), and
independent regressions to the 1 M CaCl2 data yield

k0 ¼ 40 �8ð Þ � 10�18m2;

m ¼ 0:161 �0:004ð Þ;

P1 ¼ 24:2 �6ð ÞMPa:

The value of m determined for 1 M CaCl2 is indistinguish-
able from that determined for bedding-parallel flow of 1 M
NaCl through low clay content samples and P1 is only
slightly larger than the best fit value for 1 M NaCl transport.
Higher values of k for 1 M CaCl2 transport can largely be
accounted for by the value of k0, which is four times larger

 

Figure 5. Results of sequential transient pulse experiments performed on Wilcox shale specimen
WS22.68.1, saturated first by distilled water, then by 1 M NaCl, and again by distilled water.
Permeabilities determined from the slopes in log (Pup � Pdn) versus time in the first two experiments are
the same within error, yet the permeability determined in the third experiment (for the same sample,
returned to distilled water) is significantly lower than determined in the first two experiments.

 

Figure 6. Results of sequential transient pulse experiments performed on Wilcox shale specimen
WS22.25, saturated first by 1 M NaCl, then by 1 M CaCl2, and again by 1 M NaCl. Permeabilities
determined from the slopes in log (Pup � Pdn) versus time exhibit a significant increase in k for this
sample when the NaCl solution is replaced by the CaCl2 solution, yet permeability does not return to the
original value when the sample is again saturated by the NaCl solution.
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than the reference permeability determined for 1 M NaCl
transport.
[25] Given the small differences in k for distilled water

and 1 M solutions of NaCl and KCl, and the sample-to-
sample variations noted for Wilcox shale, even for samples
taken from the same stratigraphic horizon, we decided to do
multiple permeability experiments on individual specimens,
changing the fluid composition between transient pulse
tests. However, these experiments were not successful in
resolving differences in k for bedding-parallel flow of water,
1 M NaCl, and 1 M KCl. Instead, they reveal irreversible
changes in permeability related to the specimen’s prior
exposure to fluids of differing composition.
[26] Sequential transient pulse experiments performed on

sample WS22.68.1, saturated first with distilled water, then
with 1 M NaCl, and again with distilled water exhibit
similar (Pup � Pdn) decay rates in the first two experiments
and a significantly lower decay rate in the final experiment
(Figure 5). Permeabilities for distilled H2O and 1 M NaCl in
the first two experiments (k = 83.7 � 10�21 m2 and 86.3 �
10�21 m2, respectively) are indistinguishable at the 10%
level, yet the permeability for H2O in the final experiment
(k = 56.6 � 10�21 m2) appears to have been lowered
significantly by the specimen’s prior exposure to the NaCl
solution.
[27] Sequential transient pulse experiments performed on

sample WS22.25, saturated first with 1 M NaCl, then with
1 M CaCl2, and again with 1 M NaCl show remarkable
changes in permeability that are irreversible. Permeability of
this specimen increased markedly upon saturation by 1 M
CaCl2 (with k increasing from 288 � 10�21 m2 in the first
1 M NaCl experiment to 685 � 10�21 m2 after the same
sample was saturated by 1M CaCl2) and remained high (k =
614 � 10�21 m2) when the sample was saturated again by
1 M NaCl (Figure 6). Despite our best efforts to exchange
pore fluids of these specimens with a new fluid of differing
composition between sequential transient pulse experi-
ments, permeabilities appear to depend on the specimen’s
history of fluid saturation and exposure to different cations.

4. Discussion

[28] Wilcox shale specimens exhibit volumetric expan-
sion and transport properties that depend on fluid compo-
sition along similar trends. The largest volumetric
expansions are observed for specimens immersed in 1 M
CaCl2, with volume change dominated by expansion per-
pendicular to bedding (Figure 1). Similarly, the largest
bedding-parallel permeabilities at a given Pe are measured
for 1 M CaCl2 (Figure 4). Volumetric expansions and
permeabilities of specimens saturated by 1 M NaCl and
distilled water are comparable, while volumetric expansions
of specimens saturated by 1 M KCl are small and perme-
abilities for 1 M KCl are arguably smaller than permeabil-
ities measured for the other fluids.

4.1. Influence of Fluid Chemistry on Expansion

[29] Argillaceous rocks and clay aggregates are commonly
observed to expand when immersed in aqueous fluids or
exposed to humidity at ambient pressure [e.g., Henkel, 1959;
Chugh et al., 1981; Huang et al., 1986a; Harrington et al.,
2001]. When volume is held constant, fluid saturation may

generate swelling pressures [Huang et al., 1986b; Steiger,
1993], with swelling potential attributed to clay mineralogy
[Madsen and Muller-Vonmoos, 1985] and swelling of clays
with variable basal (001) dimensions [Van Olphen and
Fripiat, 1979]. In the absence of X-ray diffraction results,
the bulk expansions measured for Wilcox shale specimens
immersed in distilled water and the three brines could be
explained by clay swelling. Anisotropy in expansion could be
explained by the preferred orientation of clay platelets
parallel to bedding, and differences in volumetric expansion
for the different fluids could be explained by cation exchange
between the fluid and clay mineral interlayers and conse-
quent changes in swelling potential. However, X-ray diffrac-
tion measurements (Figure 2) show no shifts in basal
diffraction peaks of the clay minerals or any diffraction
broadening. Thus the concentrations of smectites and mixed
layer clays must be small, and intracrystalline swelling of
clay minerals is negligible.
[30] Alternatively, swelling of Wilcox shale may be due

to dimensional changes in the clay mineral-fluid interface.
Exchange of cations between clays and the fluid may alter
the inner sphere complexes of clay surfaces and the adjacent
diffuse ion layer of the fluid [Sposito et al., 1999] leaving
interlayer complexes unchanged. Much of the anisotropic
swelling of Opalinus clay [Harrington et al., 2001] has been
associated with opening of oriented cracks. Given our bulk
expansion and X-ray diffraction results, we suspect that
Wilcox shale expands by similar dilatant, intergranular
processes. If so, anisotropy in bulk expansion measurements
may be explained by opening crack-like voids (type I and II)
[Kwon et al., 2004] which are preferentially aligned with
bedding.

4.2. Influence of Fluid Chemistry on Permeability

[31] Permeabilities of Wilcox shale for bedding-parallel
flow of 1 M CaCl2 are 3–5 times greater than those
measured for the other fluids. Previous studies of transport
properties of clay aggregates and clay-bearing sandstones
have shown that permeabilities are higher for CaCl2
solutions than for electrolyte solutions with monovalent
cations or for water [Mesri and Olson, 1971; Olsen, 1972;
Lever and Dawe, 1984]. However, in contrast with our
permeability results for distilled water and 1 M NaCl and
KCl solutions in shale, studies of swelling clay aggregates
and clay-bearing sandstones saturated by water and NaCl
solutions of varying concentration have shown that
permeability depends on ionic strength. Swelling clays
and clay-bearing sandstones initially saturated by a NaCl
solution and then exposed to an influx of distilled water
exhibit reductions in permeability with cumulative flow of
distilled water [Mungan, 1965; Moore et al., 1982].
Similarly, permeabilities of clay-bearing Berea sandstone
decrease as the concentration of NaCl is decreased below a
threshold concentration [Jones, 1964; Khilar and Fogler,
1983].
[32] Permeability reductions of swelling clay aggregates

exposed to distilled water have been attributed to clay
mineral expansion and resulting pore aperture reductions
[Mesri and Olson, 1971; Olsen, 1972; Van Olphen, 1977;
Moore et al., 1982; Whitworth and Fritz, 1994]. However,
this mechanism seems unlikely for Wilcox shale given the
absence of significant clay swelling. Permeability reduc-
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tions of clay-bearing sandstones exposed to water have been
attributed to clay mineral expansion, dispersion of fine clays
within the pore fluid by repulsive surface forces, and
blockage of pore throats by clays that are redistributed by
pore fluid flow [Hewitt, 1963; Jones, 1964; Mungan, 1965,
1968; Gray and Rex, 1966; Khilar and Fogler, 1981, 1983;
Kia et al., 1987]. Compared with the dimensions of pores in
sandstones (i.e., �150 mm for Berea sandstone) [Weinbrandt
and Fatt, 1970], voids observed in Wilcox shale are
extremely small, with minimum dimensions of crack-like
and irregular voids (from 1 nm to 3 mm) that are comparable
to the dimensions of clay platelets themselves [Kwon et al.,
2004]. As a result, clays cannot become suspended and
move within the pore space, as they can in clay-bearing
sandstones. We conclude that the mechanisms by which
permeability depends on pore fluid composition in Wilcox
shale differs from those in aggregates of swelling clays and
clay-bearing sandstones.
[33] In studies of Wilcox shale permeability using a 1 M

NaCl solution [Kwon et al., 2001, 2004], we found that
reductions in k with increasing effective pressure Pe can be
described by a modified cubic law (2) where values of the
reference permeability k0 depend on flow direction and clay
content, values of the exponent m depend on flow direction,
and values of P1 are nearly the same for different flow
directions and clay contents. Best fits of the 1 M CaCl2
permeability data of this study to (2) indicate that high
permeabilities for this pore fluid are associated with a
reference permeability (k0 = 40 � 10�18 m2) that is large
compared with k0 for bedding-parallel flow of the other
fluids (k0 = 13.2 � 10�18 m2, determined as an average
value for distilled water and 1 M solutions of NaCl
and KCl). Remarkably, values of m (= 0.161) and P1

(= 24.2 MPa) determined for 1 M CaCl2 are indistinguish-
able from those (m = 0.166, P1 = 18.4 MPa) used to fit the
1 M NaCl, 1 M KCl, and distilled water results.
[34] For a given fluid, the fit of permeabilities at elevated

Pe to the cubic law can be explained if fluid conduits are
crack-like in their dimensions and properties. On the basis
of the physical model used to derive equation (2), k0
depends on the extent, geometry, and connectedness of
the pore space at the reference state (Pe = 0), while
parameters m and P1 depend on pore geometries and
properties that describe the response of pores to increasing
effective pressure Pe. The dependence of k0 on fluid
composition therefore corresponds to changes in the pore
network capable of carrying fluid parallel to bedding.
[35] Parameters m and P1 are insensitive to fluid chem-

istry, consistent with their physical interpretation as terms
describing the geometry and properties of solid asperities of
conduit surfaces; m is related to the height distribution of
asperities and P1 is an effective modulus of those asperities.
The similarity of parameters m and P1 for 1M CaCl2 and for
the other fluids indicate that conduit characteristics are little
affected by pore fluid. Processes of clay mineral dispersion
and redistribution within the connected pore space, as
observed in clay-bearing sandstones, would likely alter
conduit asperity geometries where clays are removed and
deposited. Thus these processes are ruled out.
[36] We conclude that the dependence of permeability on

fluid chemistry results from changes in the fluid-clay
interface and consequences for the capacity of the

connected pore space to transmit fluid. These changes could
involve dimensional changes or electro-osmotic coupling.
[37] Faulkner and Rutter [2000] explained differences in

permeability of clay-bearing fault gouge to flow of water
and argon by way of dimensional changes in pores. X-ray
diffraction results for fault gouge from the Carboneras fault
zone (Spain) showed little evidence of clay swelling upon
saturation by water, with layer silicates consisting of mus-
covite/illite and chlorite. Despite the absence of smectites or
mixed layer clays, Faulkner and Rutter [2000] found that
permeabilities for water are an order of magnitude smaller
than permeabilities for argon. They argued that the effective
apertures of pores for fluid flow are smaller when aqueous
fluids interact with the solid to form static nanometer
dimension interfacial layers of structured water between
solid conduit walls. Likewise, our specimens saturated by
aqueous fluids fail to show clay mineral swelling; yet, we
observe bulk expansions and permeabilities that are larger
for specimens saturated by 1 M CaCl2 solution than for
specimens saturated by distilled water or 1 M solutions of
NaCl and KCl.
[38] Basal surfaces of clay minerals in contact with fluids

of circumneutral pH carry a net negative charge as a result
of isomorphic substitutions of cations of high valence by
cations of lower valence [Van Olphen, 1977; Sposito, 1984;
McBride, 1989; Sparks, 1995]. The net negative layer
charge is compensated by counterions, which are electro-
statically attracted to the charged surface layer, within the
adjacent liquid. These compensating cations occupy a
diffuse surface layer outside of the inner surface layer,
extending into the solution. The inner charged interface
and part of the outer diffuse layer is static and can be
distinguished from the free fluid phase. On the basis of
diffuse double-layer theory, we expect that low counterion
valences, low electrolyte concentrations, or a high dielectric
constant of the solvent can increase the thickness of the
electric double layer, as well as the static, immobile water at
clay-fluid interfaces [Van Olphen, 1977; Sposito, 1984;
Singh and Uehara, 1986; McBride, 1989; Sparks, 1995].
When adjacent clay surfaces are very close to each other,
the fluid film between the crystalline solids may take on
an ordered structure [Pashley and Israelachvili, 1984;
Israelachvili, 1992] and exhibit a plastic threshold to flow
[Israelachvili, 1986; Israelachvili and Kott, 1989; Gee et
al., 1990] unlike the viscous response of the same pore
fluid far from solid-fluid interfaces.
[39] Our permeability results for fluids of varying com-

position in Wilcox shale may thus be explained qualitatively
by changes in effective aperture of fluid conduits associated
with dimensional changes in fluid-clay mineral interfaces.
However, estimates of double-layer thickness for the high-
salinity brines used in this study are much smaller than even
the finest pores imaged (1–10 nm). Following Sparks
[1995], a double-layer thickness of �0.18 nm is predicted
for the 1 M CaCl2 solution as opposed to �0.3 nm for the
1 M NaCl solution and the static, immobile fluid layer will
be even thinner. Effective dimensions for fluid flow through
pores 
�10 nm are therefore expected to be similar for the
CaCl2 and NaCl solutions.
[40] The influence of fluid composition may instead be

explained by differing surface charge effects on fluid flow
for the different pore fluids. Revil and Leroy [2004] have
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developed a model of ionic transport in shale which takes
into account coupling between ionic fluxes, electrical cur-
rent, heat flow, and fluid flow and their thermodynamic
driving potentials. On the basis of this model, electro-
osmotic coupling may influence fluid flow. High perme-
abilities for 1 M CaCl2 relative to those measured for 1 M
NaCl and 1 M KCl solutions can be explained by weaker
electro-osmotic coupling for the 1 M CaCl2 and less
resistance to its flow than for the other pore fluids.
[41] In argillaceous rocks with swelling clays, intracrys-

talline expansions may be more important than they are in
Wilcox shale, yet changes in the surficial double layer have
been called upon to explain permeabilities of electrolyte
solutions in smectite aggregates as well [Whitworth and
Fritz, 1994]. We expect that the results obtained here
represent an end-member with effects of fluid composition
on the functionally connected pore space due solely to
cation exchange at clay-fluid interfaces. The influence of
fluid chemistry determined here should also hold for other
shales and mudstones, but other processes may also become
important if swelling clays are present. Multiple mecha-
nisms may be responsible for changes in connected porosity
if cation exchange occurs between the pore fluid, surficial
clay double layers, and the clay mineral interlayers [Mesri
and Olson, 1971; Olsen, 1972; Moore et al., 1982;
Whitworth and Fritz, 1994; Sposito et al., 1999].

4.3. Nonrecoverable Cation Exchange

[42] Our original motivation for making multiple perme-
ability measurements on specimens subjected to sequential
changes in pore fluid composition was to eliminate sample-
to-sample variations from our comparisons of k for different
pore fluids. Instead, they serve to demonstrate that perme-
abilities change irreversibly with changes in fluid chemistry.
Specimen WS22.68.1 subjected to the sequential flow of
distilled H2O, 1 M NaCl solution, and distilled H2O
exhibited nearly identical permeabilities in the first two
experiments with distilled water and 1 M NaCl, but then
showed a decrease in k when distilled water was reintro-
duced following saturation by 1 M NaCl (Figure 5).
Specimen WS22.25 subjected to sequential flow of 1 M
NaCl, 1 M CaCl2, and 1 M NaCl exhibited an increase in
permeability when 1 M CaCl2 replaced the 1 M NaCl
solution, but k remained constant when CaCl2 pore fluid
was replaced by inflowing 1 M NaCl solution (Figure 6).
[43] Complex variations in permeability associated with

changes in incoming fluid composition have also been
observed for clay aggregates and clay-bearing sandstones.
While the processes by which fluid composition influences
permeability of these materials may differ, the nonrecover-
able changes that have been observed are generally consis-
tent with results of our fluid exchange experiments.
Significant decreases in k have been observed for swelling
clay aggregates [Moore et al., 1982] when pore fluids
consisting of NaCl solution are displaced by incoming
distilled water. Reductions in permeability have likewise
been observed for clay-bearing sandstones subjected to an
influx of distilled water following saturation by NaCl and
KCl solutions [Gray and Rex, 1966; Mungan, 1965, 1968;
Khilar and Folger, 1983; Lever and Dawe, 1984]. In fluid
exchange experiments performed on Berea sandstone,
Mungan [1968] reversed the sequence of incoming fluid

composition, beginning with distilled water, followed by a
brine, and then reintroducing distilled water. In these experi-
ments, Mungan [1968] found that permeability is un-
changed when distilled water is replaced by a NaCl
solution, much as we observe for Wilcox shale, but that
permeability drops when the inflowing fluid is changed
back to distilled water. Mungan [1968] went further to show
that the same path-dependent effects can be observed when
pore water is replaced by KCl or NaBr solutions and the
incoming fluid is changed back to distilled water. However,
when fully reversed fluid exchange experiments were done
with distilled water, followed by a CaCl2 or AlCl3 solution,
and then followed by distilled water, no changes in perme-
ability were noted.
[44] When ions of different valence are present in solu-

tion, the diffuse double-layer of clays may exhibit differen-
tial adsorption properties and ion selectivity [Bolt, 1955;
Jones, 1964; Grim, 1968; Kharaka and Berry, 1973;
Sposito, 1984]. Nonrecoverable changes in permeability of
Wilcox shale during our sequential flow experiments can be
explained by preferential adsorption of high valence cations
to clay surfaces. Divalent ions are concentrated in the
double layer to a greater extent relative to the bulk fluid
composition than are monovalent ions [Singh and Uehara,
1986].
[45] Despite our attempts to exchange several pore vol-

umes of fluid with these shale specimens, the path-depen-
dent changes in permeability suggest that cation exchange
was not reversed. Differences in cation adsorption to clay
mineral surfaces may lead to differences in cation mobility
relative to the advective flow of pore fluid [Kharaka and
Berry, 1973] with mobilities of Li and Na in solution that
are higher than determined for K ions in a number of
different types of clays, and lower mobilities determined
for Ca and other divalent cations. If clays of Wilcox shale
have substantial quantities of K, and potentially smaller
quantities of Na, adsorbed at their surfaces, influx of
distilled water in the first series of fluid exchange experi-
ments, performed on sample WS22.68.1 (Figure 5), may not
readily strip these ions from clay mineral surfaces. Upon
saturation by the NaCl solution, exchange of K and Na may
have occurred at clay-fluid interfaces without altering
the electrical character of the interfaces. However, upon
reintroduction of distilled water, Na ions may enter the
mobile pore fluid and change the clay interface chemistry.
[46] The irreversible increase in permeability with the

introduction of 1 M CaCl2 in the second series of fluid
exchange experiments, performed on sample WS22.25
(Figure 6), may be explained if monovalent Na cations
are replaced by divalent Ca ions, leading either to a
reduction in double-layer thickness or to a reduction in
electro-osmotic coupling. Given that Ca ions are strongly
adsorbed to clay surfaces, exchange of Ca and Na at clay
surfaces may have been limited when NaCl solution was
reintroduced, leaving fluid transport properties unchanged.

5. Conclusions

[47] Experimental measurements of permeability, bulk
expansion, and X-ray diffraction on Wilcox shale specimens
saturated by distilled water and 1 M solutions of NaCl, KCl,
and CaCl2 lead to the following conclusions:
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[48] 1. Bedding-parallel permeabilities for flow of 1 M
CaCl2 are 3–5 times greater than measured for the transport
of distilled water or 1 M solutions of NaCl or KCl.
[49] 2. Permeabilities determined for all of the pore fluids

tested depend on effective pressure Pe by a modified cubic
law k = k0 [1 � (Pe/P1)

m]3, where k0 depends on fluid
chemistry (k0 = 40 � 10�18 m2 for 1 M CaCl2 while k0 =
�13 � 10�18 m2 for distilled water, 1 M NaCl, and 1 M
KCl) and m and P1 are insensitive to pore fluid composition
(0.161 � m � 0.166; 18 � P1 � 24 MPa), depending
instead on fluid conduit geometry and properties.
[50] 3. Bulk expansion of Wilcox shale upon fluid satu-

ration depends on the composition of the fluid, with changes
in volume dominated by expansion perpendicular to bed-
ding. The largest volumetric expansions are observed for
specimens saturated by 1 M CaCl2, while comparable
expansions are observed for distilled water and 1 M NaCl,
and the lowest expansions are observed for 1 M KCl.
[51] 4. The reference permeability k0 appears to depend

on fluid composition through cation exchange at clay-fluid
interfaces, particularly when divalent cations replace
adsorbed monovalent cations, and alter the electrical double
layer.
[52] 5. Permeability changes with changing fluid chem-

istry are path-dependent and appear to be due to differential
adsorption and cation selectivity of clay surfaces.
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