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[1] Rock salt offers an attractive host rock for geological storage applications, because of
its naturally low permeability and the ability of excavation-induced cracks to heal by
fluid-assisted diffusive mass transfer. However, while diffusive transport rates in bulk NaCl
solution are rapid and well characterized, such data are not directly applicable to storage
conditions where crack walls are coated with thin adsorbed water films. To reliably predict
healing times in geological storage applications, data on mass transport rates in adsorbed
films are needed. We determined the surface diffusivity in such films for conditions with
absolute humidities (AH) ranging from 1 to 18 g/m3 (relative humidities (RH) of 4%–78%)
by measuring the surface impedance of single NaCl crystals. We use the impedance results
to calculate the effective surface diffusivity S = DdC using the Nernst-Einstein equation.
The S values obtained lie in the range 1� 10�27 m3 s�1 at very dry conditions to 1� 10�19

m3 s�1 for the deliquescence point at 296 K, which is in reasonable agreement with existing
values for grain boundary diffusion under wet conditions. Estimates for the diffusivity D
made assuming a film thickness d of 50–90 nm and no major effects of thickness on the
solubility C lie in the range of 1 � 10�14 to 8 � 10�12 m2 s�1 for the highest humidities
studied (14–18 g/m3 AH, 60%–78% RH). For geological storage systems in rock salt, we
predict S values between 1� 10�22 – 8� 10�18 m3 s�1. These imply crack healing rates 6 to
7 orders of magnitude lower than expected for brine-filled cracks.

Citation: Koelemeijer, P. J., C. J. Peach, and C. J. Spiers (2012), Surface diffusivity of cleaved NaCl crystals as a function of
humidity: Impedance spectroscopy measurements and implications for crack healing in rock salt, J. Geophys. Res., 117, B01205,
doi:10.1029/2011JB008627.

1. Introduction

[2] Rock salt has long been recognized as a highly suitable
medium for geological storage of oil, gas and hazardous
wastes because of its low-permeability, high-ductility, low-
creep strength and capacity for self-healing by plastic flow
and diffusive mass transfer [Langer, 1993; Cosenza and
Ghoreychi, 1999; Ewing, 1999; Langer, 1999; Silberschmidt
and Silberschmidt, 2000; Liang et al. 2007]. At present, the
growing needs to reduce CO2 emissions and to improve
energy security are leading to renewed interest in rock salt as a
geological storage medium. Solution-mined caverns are being
reconsidered for commercial and strategic storage of oil,
(liquid) natural gas and hydrogen fuel. They are also being
considered for storage of energy in the form of compressed air,
as a means of buffering wind, solar and tidal energy supplies
[Hou et al., 2010]. Conventional mines and deep boreholes in

rock salt are still on the agenda as possible sites for disposal of
radioactive waste. In addition, rock salt overlying depleted oil
and gas reservoirs offers a highly favorable caprock for geo-
logical storage of CO2 in such reservoirs, provided that bore-
holes through the salt can be effectively sealed.
[3] In all of the above cases, the sealing capacity of the

storage system is determined by competition between (1)
dilatant (micro)crack damage induced in the salt by its con-
vergence creep response to excavation or drilling, and (2) the
closure, healing and sealing of (micro)cracks. Much work
has been done on mechanical behavior, dilatancy and creep-
induced damage in rock salt [Senseny et al., 1992; Hunsche
and Hampel, 1999; Silberschmidt and Silberschmidt, 2000;
Alkan et al., 2007; Liang et al., 2007]. This has led to a range
of shear stress versus mean stress criteria for damage and
permeability development in salt, allowing mapping of the
dilatant damage zone, or excavation disturbed zone (EDZ),
expected to develop around cavities due to purely mechanical
effects [Cristescu and Hunsche, 1998]. However, much less
is known about the healing of (micro)crack damage in such
zones and how this affects the extent and transport properties
of the EDZ. This is of key importance for assessing the long-
term barrier function of salt, since it is not known how long
(micro)cracks in the EDZ may remain open, notably around
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openings in waste repositories or around boreholes in salt
caprocks overlying CO2 storage reservoirs.

1.1. Crack Healing Mechanisms

[4] In the EDZ, crack healing/sealing and permeability
reduction can occur by three different physical mechanisms
(Figure 1). First, in a regime of increasing mean normal stress,
cracks can close mechanically due to compaction of the bulk
rock by elastic deformation or crystal plasticity [e.g., Chen
et al., 1996; Gavrilenko and Gueguen, 1989; Kim and Lee,
2001]. The second mechanism is crack healing driven by
surface energy reduction. This involves contraction and/or
necking down of cracks, forming tubes and eventually iso-
lated fluid inclusions [Smith and Evans, 1984; Hickman and
Evans, 1987; Brantley et al., 1990; Spiers and Schutjens,
1999; Cinar et al., 2006]. Transport of material occurs by
diffusion through thin water films adsorbed to the solid sur-
face or filling the cracks completely. In this diffusive healing
mechanism, material is dissolved and transported through a
layer of brine to the area where precipitation occurs. The third
mechanism, crack healing by recrystallization, is a process
where grain boundary migration [Peach et al., 2001; ter
Heege et al., 2004, 2005] overgrows a fluid-filled crack,
leaving isolated, spherical fluid inclusions behind.
[5] Mechanical closure effects are expected to dominate

damage and permeability reduction in the early stages of
convergence of backfilled or plugged cavities, as this is when
convergence rates are fastest and therefore when normal
stresses build up most rapidly [Liedtke and Bleich, 1985;
Paraschiv-Munteanu and Cristescu, 2001]. Mass transfer
effects may be very rapid if cracks are filled with brine, since
this allows rapid dissolution, diffusion and precipitation.
However, if cracks are open and the walls only coated with
adsorbed water, healing by grain boundary migration will be

inhibited [Peach et al., 2001] and healing by surface energy
driven diffusion through the thin adsorbed water film might
be very slow, warranting further consideration.

1.2. Effective Surface Diffusivity

[6] Microphysical models for diffusive crack healing and
other diffusion controlled mass transfer processes occurring
in fluid-saturated rock materials, such as intergranular pres-
sure solution [e.g., Rutter, 1983; Spiers et al., 1990; ter Heege
et al., 2004] or neck growth at grain contacts [e.g., Hickman
and Evans, 1992; Spiers and Schutjens, 1999], all incorpo-
rate a kinetic term that expresses the diffusive properties of the
fluid through which transport occurs. This diffusion product
(the effective surface diffusivity) is generally written as S =
DdC, where D is the diffusion coefficient of the dissolved
solid, C the solubility of the solid in the adsorbed film and d
is the (mean) thickness of the fluid body through which dif-
fusion occurs.
[7] For diffusive healing of a fluid filled, wedge-shaped

crack (Figure 2), or for growth of the neck at a bicrystal
contact, the tight, negative radius of curvature (r) at the crack
tip or neck region leads to a decrease in chemical potential
of the solid at these sites by an amount equal to gVm/r rel-
ative to the potential at the crack wall or at grain wall sites
[Heidug, 1991]. This leads to transport of mass from these
sites to the crack tip or neck region, via a serial process of
dissolution at the free wall sites, diffusion through the fluid
phase and precipitation at the crack tip or neck sites. Since
neck growth and crack tip migration by this process are
geometrically equivalent in two-dimensions, we will refer to
this process henceforth entirely in terms of crack growth.
[8] On the basis of several authors’ work [Smith and

Evans, 1984; Heidug, 1991; Hickman and Evans, 1987;
Hickman and Evans, 1992; Spiers and Schutjens, 1999], it is
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Figure 1. Physical mechanisms by which crack healing/sealing and permeability reduction can occur in
the EDZ. (a) Mechanical closure of cracks in association with compaction of the bulk rock by elastic
deformation or plastic flow. (b) Necking down of cracks and pores to form arrays of disconnected tubular
and spherical inclusions, by means of surface energy driven mass transport facilitated by adsorbed water
films or free pore brine. g denotes the surface energy vectors, q the dihedral angle of the crack and v the
crack migration velocity. Wide cracks can also contract in length by this type of process, rather than or as
well necking down into arrays of inclusions (Figure 2). (c) Crack and pore occlusion through fluid-assisted
grain boundary migration (recrystallization).
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easily shown that the velocity v (m/s) of crack tip (or neck)
migration is given by

v ¼ DCVmg
pRT

l
a

cos q=2ð Þ
r2

; ð1Þ

where in case of brine-filled cracks g is the solid–liquid
interfacial energy, q is the opening angle of the crack, Vm is
the molar volume of the solid phase, a/b is the ratio of the

mean transport distance ar to the mean cross section for
diffusion br, and l = b/2. All symbols and parameter values
used in this paper are listed in Table 1. In the case where
crack walls are coated by a thin adsorbed aqueous film, g is
approximated by the sum of the solid–liquid and vapor–
liquid interfacial energy and l is given by d/r where d is the
thickness of the film.
[9] For brine-filled cracks, the thickness and hence cross

section br of fluid available for diffusion will be much greater
than the thickness d available for diffusion in a thin adsorbed
film. Moreover, D and C may take different values in an
adsorbed aqueous film than in bulk solution, with D being
potentially much lower in the film case [Rutter, 1983; de Meer
et al., 2005]. The rate of diffusion and hence crack tip migra-
tion should therefore be much lower for adsorbed aqueous
films than when liquid brine is present. Very little is known
about the thickness and diffusive properties of such fluid films,
notably under the humidity conditions relevant for damaged
rock salt (i.e., the EDZ) in geological storage systems.

1.3. Present Aims

[10] The objective of this paper is to determine the effec-
tive surface diffusivity S = DdC for cleavage crack surfaces
in NaCl coated with an adsorbed aqueous film, under
humidity conditions ranging from almost perfectly dry to the
deliquescence point. Our approach employs impedance
spectroscopy, whereby the electrical resistance of a thin
adsorbed film on the surface of individual salt crystals is
isolated from the capacitive or inductive circuit/electrode
effects by measuring the total impedance over a wide fre-
quency spectrum. The film resistance values obtained are
related to the effective surface diffusivity using the Nernst-
Einstein equation, described by de Meer et al. [2002].

2. Experimental Methods

[11] In this study, electrical impedance spectroscopy
[MacDonald and Kenan, 1995; Barsoukov and Macdonald,

Table 1. List of Relevant Quantities in the Impedance Spectroscopy Experimenta

Symbol Units Value (if Applicable)

Absolute humidity AH g m�3 -
Solubility of NaCl C m3 m�3 0.165
Diffusivity D m2 s�1 -
Faraday’s constant F C mol�1 96485.3399
Length of square electrode L m 5.0 � 10�3

Gas constant R J K�1 mol�1 8.314472
Relative humidity RH % -
Surface resistance RS W -
Effective surface diffusivity S m3 s�1 -
Temperature T K 296 � 1
Molar volume of solid NaCl Vm m3 mol�1 2.705683796 � 10�5

Complex impedance Z W -
Crack geometry parameter a/b - 1000
Typical crack tip radius r mm 0.5–5
Electrode radii Crystal 1 r1, r2 m 0.105, 0.1589
Spacing between square electrodes w m 3.0 � 10�3

Interfacial energy (dry, wet) g J m�2 0.211, 0.129
Fluid film thickness d m 1–90 � 10�9

Crack opening angle q - ≈ 0
Geometric constant crack (dry, wet) l - d/r, b/2
Geometric constant Crystal 1, 2 x1, x2 - 0.06594, 0.3
Resistivity r W m -
Conductivity s S m�1 -

aIn case no value is given, the quantity is either measured or calculated in the experiments.

Figure 2. Geometric aspects of the single crack healing
model. (a) Schematic drawing of a brine-filled crack. (b) Sche-
matic drawing of a crack whose surface is coated by a thin
water film. Healing and hence crack tip migration velocity v
is driven by the surface curvature difference between the crack
tip or cusp and the flat crack walls. The parameters indicated
appear in equation (1) and are defined in Table 1.
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2005] is used to measure the surface impedance of cleaved
NaCl crystals carrying an adsorbed water film in equilibrium
with a controlled humidity environment. Using this method,
the impedance and phase shift characteristics of the crystal
surfaces are measured as a function of frequency of an
applied sinusoidal voltage, to obtain the resistance (real
component) and capacitance [ten Grotenhuis et al., 2004].
Quantitative information regarding the conductance, dielec-
tric coefficient, capacitance, and dynamic changes in these
quantities due to adsorption or charge-transfer-phenomena,
are obtained by fitting the measured imaginary versus real
impedance components. The phase shift can display a strong
dependence on the angular frequency, which results in one
or more arcs in these complex impedance plots. Character-
istic plots of this type allow analysis of the system in terms
of equivalent circuit elements. However, many equivalent
circuits are possible for a given complex plot, so care must
be taken in analyzing the results.

2.1. Theory and Configuration

[12] In the present experiments, two crystals with different
electrode configurations were used (Figure 3). Crystal 1 was
prepared with a concentric electrode configuration (radii r1
and r2, length 2prn), whereas Crystal 2 was fitted with
multiple square electrodes of effective length L and spacing
w (see Table 1 for a list of all relevant parameters with their
corresponding values). We assumed that in both situations
all electric flux lines directly linked the high- and low-
potential electrodes. Conduction occurred through a thin
water film adsorbed on the surface of the crystals. For very
small thicknesses of this film, we assume that the film

conductivity can be treated as a surface conductivity
[Maryniak et al., 2003], leading to the following expression
for the conductivity of the samples in terms of surface
resistance

s≡
1

r
≅

1

rSd
¼ x

RSd
; ð2Þ

where s is the conductivity, r the resistivity, rS the surface
resistivity, RS the surface resistance and d the thin film
thickness. The geometric constant x is given for Crystal 1
and Crystal 2, respectively, by (Figure 3)

x1 ¼
ln r2=r1ð Þ

2p
ð3Þ

x2 ¼
w

2L
: ð4Þ

We used impedance spectroscopy to obtain the resistance
and hence the conductivity of the salt surface. The conduc-
tivity and diffusivity are related by the Nernst-Einstein
relation, which following the protocol of de Meer et al.
[2002], can be simplified to

s ¼ 2F2DC

RTVm
: ð5Þ

Here F is Faraday’s constant, R the gas constant, T the
absolute temperature, D the diffusion coefficient of the dif-
fusive species in the adsorbed film, C is the solubility of the

Figure 3. General lay-out of the crystal electrode configurations used in the present experiments. Note
that the crystals are nominally 4 mm thick circular discs cleaved from cylindrical cores cut from NaCl
crystals. (a) Plan view of Crystal 1 with the concentric electrode configuration characterized by the radii
of the electrodes r1 and r2. (b) Plan view of Crystal 2 with the square electrode configuration characterized
by the spacing w and active length L of the electrodes. Surface cleavage steps on Crystal 2 are sketched
using bold lines.
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solid in the adsorbed film and Vm is the molar volume of
the solid.
[13] Equations (2) and (5) can now be combined to obtain

the effective surface diffusivity given:

S ¼ DdC ¼ xRTVm

2RSF2
; ð6Þ

which includes all unknown parameters, including C and d.
[14] The values of the constants in (6) and the units of all

important quantities are listed in Table 1.

2.2. Sample Preparation

[15] The samples consisted of circular salt disks (Figure 3),
with a thickness of �4 mm cleaved from 25 mm diameter
cylinders cored from pure, melt-grown halite crystals cored
in the (100) direction. The measured surface was the (100)
cleavage plane. For Crystal 1, conduction was measured
between two concentric gold ring electrodes, with diameters
r1 of 10.50� 0.02 mm and r2 of 15.89� 0.02 mm, sputtered
onto the crystal using a circular mask (Figure 3). Crystal 2
served to measure any anisotropy associated with cleavage
steps developed on the cleaved surface and to check repro-
ducibility. Five square electrodes with a length of 5 mm were
gold-sputtered onto the surface of Crystal 2 with a spacing of
3 mm between them (Figure 3). The center electrode E was
used as the high-potential electrode and either A plus C or B

plus D served as the low-potential electrodes. Major steps run
as indicated in Figure 3. Platinum wires were attached to
gold-sputtered electrodes on the surface of the samples using
conductive graphite paint.

2.3. Apparatus

[16] The sample was placed together with humidity and
temperature sensors inside an earthed aluminum-shielding
cage to reduce interference and noise in the data. This was
placed in a closed flask system used to control humidity
(Figure 4). The impedance measurements were performed
using a Solartron 1260 Impedance Analyzer connected to a
1296A Dielectric Interface, which was in turn connected via
an electrode connector box to the platinum wires of the
sample (Figure 4). The measurements were conducted using
an RMS voltage of 100 mV AC, employing frequency
sweeps covering the range 100 mHz to 1 MHz at 10 fre-
quency steps per decade using a 10-cycle integration to
improve signal-to-noise ratios.

2.4. Humidity Measurement and Control

[17] We used a saturated NaCl solution and dry phos-
phorous pentoxide (P2O5) powder to generate equilibrium
relative humidities (RH) at 296 K of 75 � 1% and 4 � 3%,
respectively, [Paquette, 1995; Lide, 2000], corresponding to
absolute humidities (AH) of 17.3 g/m3 and 1.0 g/m3. These
humidity buffers were located in Flasks 1 and 3 (Figure 4).

Figure 4. Schematic set-up of the experimental apparatus.
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Figure 5
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The humidity was measured in the flask containing the
sample using two Smartec HS07 capacitance sensors with
2% linearity and a sensitivity of 0.6 � 0.05 pF / % RH
connected to the Solartron Analyzer. Both sensors were
calibrated using equilibrium humidity values of the NaCl
saturated solution and the P2O5 powder.
[18] The sensors, located at different positions inside the

shielding cage, responded quickly and consistently to all
changes in humidity. Temperature was constant at 296� 1 K
inside and outside the measurement flask and was measured
using a K-type thermocouple and a mercury thermometer
respectively. We observed no effect of temperature on
humidity.

2.5. Experimental Procedure and Open Cell
Measurements

[19] The impedance of each sample was first measured at
normal atmospheric reference conditions in Flask 2 with all
valves closed (9 g/m3 AH, 39% RH). The sample was sub-
sequently exposed to different humidities by connecting
Flask 1 or 3 to Flask 2, or by placing the sample in Flasks 1
or 3 to achieve extreme humidities. After each change in
humidity, the sample was left to re-equilibrate until the
humidity was constant. The impedance across the surface of
the sample was then measured in multiple frequency sweeps.
The humidity was continuously measured before and after
each impedance run.
[20] For Crystal 1, the humidity was varied between the

maximum and minimum values accessible, in two full up-
down cycles. For Crystal 2, one humidity cycle was per-
formed. At each humidity investigated, the impedance
across electrode directions AC-E and BD-E was measured.
[21] To check for unexpected apparatus effects, we mea-

sured the impedance of the system without the sample
present (open cell) at a range of different humidities. The
wire configuration with the lowest open cell capacitance
(largest separation between the platinum wires at the con-
nector box to the Solartron system) was used for sample
measurements. The corresponding open cell capacitance was
0.44 pF, which lies at the limit of the apparatus.
[22] Open cell impedance runs at different humidities

showed that the open cell capacitance changed only slightly
and had an average value of 1.5 pF. The phase angle was
generally close to 90°, suggesting that the open cell behaved
as a pure capacitor, although at very low frequencies (below
1 Hz), the phase angle decreased to approach 0° under humid
conditions. This behavior seen at low frequencies is believed to
be related to the effects of percolation phenomena influencing
the connectivity of water adsorbed on the cables connection the
sample to the Solartron [Enapu and Jonscher, 1987].

3. Results

[23] Eighty-seven impedance runs were conducted on
Crystal 1 and five on Crystal 2 at varying humidity condi-
tions. Figure 5 shows representative complex impedance
plots of these runs, grouped according to their corresponding
humidity value. Characteristic values are given in Table 2.

3.1. Crystal 1

[24] From Table 2 and Figure 5, it is seen that the imped-
ance decreases with increasing humidity. At the lowest
humidities measured (�3 g/m3 AH or 13% RH), the
impedance shows pure capacitive behavior characterized by
vertical lines with impedance magnitude reaching around
8 � 1011 W at low frequencies (Figure 5a). This indicates
a very minor dielectric loss and any real (conductive)
impedance is well in excess of 1013 W (to beyond the
capabilities of the impedance analyzer). Due to this purely
capacitive behavior, these measurements reflect insulative
behavior of the experimental cell where no surface con-
duction occurs, comparable to testing of a standard material.
With increasing humidity, the vertical lines evolve into arcs
with increasing curvature and impedance magnitudes of 5 �
1010 W (Figure 5b). These arcs become fully developed at
�16 g/m3 AH (69% RH) and approach the real axis at
values of 2–4 � 108 W. At the maximum humidity inves-
tigated of 17.9 g/m3 AH (77.5% RH), the deliquescence
point of NaCl, the full arcs cut the real axis at 2–4 �106 W
(Figure 5c), and they display the beginnings of a second arc
or line [Roberts and Tyburczy, 1993].
[25] The values obtained under decreasing and increasing

humidity conditions are very similar in these runs, showing
that the adsorption process is reversible. In addition, the
experiment reproducibility is good as runs performed in the
second humidity cycle yielded similar results to the first
(compare run C1-HC2-R08 and C1-HC1-R21 in Figure 5c).
[26] The most remarkable feature of the results is the large

difference in impedance magnitude between the plots. This
changes by 6 orders of magnitude across a humidity range of
around 4 g/m3 to 18 g/m3 absolute humidity (12%–78%
relative humidity at 296 K), demonstrating that increasing
conduction occurs in the system toward high humidities.

3.2. Crystal 2

[27] The results for Crystal 2 show similar impedance
magnitudes to Crystal 1 with impedance values decreasing
consistently with increasing humidity (Figure 5). For inter-
mediate humidity conditions (Figure 5d), almost full arcs are
observed, approaching the real axis at approximately 1010 W.
For higher humidities (Figure 5e), the impedance amplitude

Figure 5. Complex impedance plots obtained at varying humidity conditions indicated by the humidity cycle (HC) and run
number (R). AH indicates the absolute humidity value (g/m3) and RH the relative humidity value (%). Dec or Inc denotes
increasing or decreasing humidity for Crystal 1 and AC-E and BD-E indicate the direction of measurement for Crystal 2.
Surface resistance data for Crystal 1 for (a) the lowest humidities of 1–8 g/m3 AH (4%–35% RH); (b) intermediate humid-
ities of 8–14 g/m3 AH (35%–60% RH) and (c) the highest humidities of 14–18 g/m3 AH (60%–78% RH). Total surface
resistance data for the parallel electrodes of Crystal 2 for in (d) intermediate humidities of 12.78 g/m3 AH (55.5% RH)
and (e) high humidities of 16–17 g/m3 AH (68%–74% RH). (f) Complex impedance plot for Crystal 1 showing the fit of
the equivalent circuit to the data. Note the change in impedance behavior from a pure imaginary capacitive component at
low humidities to the development of clear arcs (implying a mixed capacitive and resistive behavior) at intermediate humid-
ities, and ultimately to fully developed arcs with the development of second arcs at high humidities.
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is �107 W with no significant difference between the two
directions measured. Second arcs or lines also appear. For all
humidities, it should be noted that the values obtained for
direction BD-E are lower than for direction AC-E by a factor
of 2. The points where the arcs approach the real axis (the
resistance values) are slightly higher for Crystal 2 than
Crystal 1. Note, however, that the resistance values cannot
be directly compared because they are related to different
electrode configurations and that the values plotted are the
total measured parallel resistance instead of the individual
surface resistance of the two parallel electrode paths.

3.3. Other System Characteristics

[28] In Figure 6 we show the relative permittivity for
intermediate and high-humidity conditions. The relative
permittivity was related to the capacitive components in the
electrical impedance analysis. The relative permittivity was
constant within 1 order of magnitude except at high-humidity
runs where it changed by approximately 4 orders of magni-
tude at frequencies between 100 mHz and 100 Hz. This
behavior is likely to be due to the charging of the electrodes
by the formation of a capacitive Gouy-Chapman type double
layer of water molecules and ions [Roberts and Tyburczy,
1993; Orazem and Tribollet, 2008].

4. Data Analysis

[29] The effective surface diffusivity for conduction on the
salt surface can be obtained using equation (6) plus the mea-
sured value of circuit resistance. To obtain this from the
complex impedance plots, we interpreted the high-frequency
arcs observed in the complex plane as resulting from an elec-
tric circuit consisting of a parallel resistor and capacitor. This
single arc fitting is justified as the appearance of the second
arcs toward low frequencies under high-humidity conditions is
also accompanied by rapid increases in frequency-dependent
capacitance causing some arc depression and signs of low-
frequency dispersion as described by Jonscher [1991]. The
high-frequency arcs exhibit good semicircular form with fre-
quency-independent capacitance over the complete humidity
range. Hence, these arcs are interpreted to be purely the effect
of surface conduction in parallel with a constant capacitance.
[30] All impedance results were fitted to the above circuit

model to yield the surface resistance for each run. To account
for arc distortion at low frequencies we only fitted the high-
frequency arcs for which the permittivity was constant within
1 order of magnitude. In Figure 5f we show a typical fit of the
equivalent circuit to the complex impedance data for Crystal
1 at 15.4 g/m3 AH. The corresponding relative permittivity
for this run is shown in Figure 6b where we indicated the
frequency range included in the fit. In addition, we neglected

the open cell contribution, as those impedance values were 6
orders of magnitude higher than those of the crystals.

4.1. Surface Resistance

[31] The combined results of the arc fitting procedure for
Crystals 1 and 2 are presented in Table 2 and Figure 7, where
the log of surface resistance is plotted versus humidity. Error
bars for humidity are plotted, reflecting errors in the cali-
bration, which range from 3 g/m3 at low humidities to
0.9 g/m3 at high humidities. Errors in resistance resulting
from the fitting procedure were generally < 0.5% of the
corresponding value.
[32] Two regimes are visible in the resistance plot. At low

humidities (1–5 g/m3 AH, 4–25% RH), the log of the
resistance is more or less constant under decreasing humid-
ity conditions reflecting a resistance of �1013–14 W. At

Figure 6. Plots of relative permittivity magnitude versus
frequency obtained at (a) intermediate humidity conditions
of �10 g/m3 AH (41%–44% RH) and (b) high humidities
of �16 g/m3 AH (68%–71% RH). The measurements are
identified as indicated by the humidity cycle number HC
and run number R as in Figure 5. For intermediate humidi-
ties, the permittivity values fall within 1 order of magnitude
whereas for higher humidities, the permittivity diverges sig-
nificantly at low frequencies. Dashed lines indicate the fre-
quency range used in the fit for Figure 5f, e.g., where the
permittivity changes less than 1 order.

Table 2. Overview of the Most Important Quantities Measureda

Absolute Humidity 1–8 (g/m3) Absolute Humidity 8–14 (g/m3) Absolute Humidity 14–18 (g/m3)

Relative humidity (%) 4–35 35–60 60–78
Typical impedance amplitude (W) 8 � 1011 5 � 1010 8 � 106

Surface resistance (W) 2 � 1014–1 � 1013 2 � 1013–9 � 109 2 � 109–2 � 106

Effective surface diffusivity (m3 s�1) 1 � 10�27–3 � 10�26 1 � 10�26–3 � 10�23 1 � 10�22–1 � 10�19

Assumed thickness (nm) 1–10 10–50 50–90
Diffusivity (m2 s�1) 1 � 10�18–1 � 10�17 2 � 10�17–4 � 10�15 1 � 10�14–8 � 10�12

aThe results are grouped into three humidity ranges and typical values are given to demonstrate the general trends.
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humidities above �8 g/m3 AH (26%–35% RH), however,
the log of resistance decreases steadily implying absolute
resistances around 2 � 106 W for humidities near the deli-
quescence point at 18 g/m3 AH (78% RH). Overall, the
resistance changes by 8 orders of magnitude across the
humidity range investigated.
[33] Note that the measurements for increasing and

decreasing humidity conditions plot as different parallel
trends with a small offset relative to each other of about 1
order of magnitude. The difference in values between the two
crystals is also relatively small. At the intermediate humidi-
ties, the resistances measured for Crystal 2 are twice as large
for direction BD-E compared to direction AC-E, suggesting
more conduction parallel to the cleavage steps. However,
there is no significant difference for the two directions at
higher humidities. The scatter observed in the data is inde-
pendent of the measurement uncertainties, but merely reflects
the variability in resistance due to the dynamics of the salt
surface.

4.2. Effective Surface Diffusivity

[34] The effective surface diffusivity S was obtained using
equation (6). The resulting data is plotted versus humidity in
Figure 8. Characteristic values are given in Table 2 for three
humidity ranges. The errors in the effective surface diffusivity
have been determined using standard error propagation theory
[Lindberg, 2000], considering the errors in S to be caused by

errors in three independent variables: the geometric constants
of the samples, the temperature T and the resistance value RS.
This resulted in errors in S of � 3.1 �10�29 m3 s�1 at low
humidities up to � 4.2 � 10�21 m3 s�1 for high humidities,
i.e., less than � 4% of the corresponding value.
[35] At humidities lower than 8 g/m3 (35% RH), the

effective surface diffusivity has an average value of �1 �
10�27 m3 s�1 and it increases up to 1 � 10�19 m3 s�1 for
absolute humidities of 18 g/m3 (78% RH). The values for
Crystal 2 are slightly larger than those for Crystal 1. How-
ever, these differences are small compared to the total
change with humidity, which increases our confidence that
the values obtained for diffusion over the (100) salt surface
are not significantly dependent on the electrode configura-
tion used.

5. Discussion

5.1. Comparison With Previous Work

[36] The values for resistance (1014 to 2 � 106 W) that we
obtained in this study using impedance measurements on
single salt crystals at humidities ranging from 1 to 18 g/m3

absolute humidity (4%–78% RH, given in Table 2) are in
reasonable agreement with those derived from scanning
polarizing force microscopy, pressure solution creep experi-
ments on NaCl aggregates and single contact pressure solu-
tion experiments. Conductivity experiments performed by

Figure 7. Plot of the log of resistance versus absolute and relative humidity (at 296 K) for Crystal 1
(circles) and Crystal 2 (triangles). The values for increasing (light circles) and decreasing (dark circles)
humidity conditions are shown for Crystal 1. For Crystal 2, the total parallel surface resistance data are
displayed separately for directions AC-E (light triangles) and BD-E (dark triangles). Errors in humidity
are represented by the bars shown. Errors in resistance are less than 0.5% of the corresponding value, i.e.,
smaller than the data points plotted. The resistance is roughly constant up to 8 g/m3 AH (35% RH) before
rapidly decreasing by 7 to 8 orders of magnitude. Note the similarity of the results for both crystals.
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Simkovich [1963] (along cleaved halite rods) and Hucher
et al. [1967] (across cleaved halite cubes), using similarly
dimensioned electrode configurations show very similar resis-
tances with values in the range 1011–108 W and 1014–106 W,
respectively, for similar, but unspecified, humidity values.
Using a scanning polarizing force microscopy method,
Luna et al. [1998] obtained resistance values of 2 � 1012 to
2 � 108 W for humidities of 33% to 60% RH, which are also
consistent with the values measured in the present study.
[37] The values of the effective surface diffusivity S (DdC)

derived in the present experiments (1 � 10�27 m3 s�1 to 1 �
10�19 m3 s�1) span a large range as a function of humidity.
As far as we are aware, it is the first time that S values have
been derived for adsorbed films in the absence of liquid brine.
Therefore, we can only compare our values measured at high
humidities, i.e., the deliquescence point around 18 g/m3 AH
(78% RH) (1 � 10�20 m3 s�1 to 1 � 10�19 m3 s�1), with
previous determinations performed by means of experiments
on wet NaCl. Spiers et al. [1990] obtained values of S in the
range 6 � 10�20 m3 s�1 to 2 � 10�19 m3 s�1 for thin inter-
granular brine films at a temperature of 297 K in pressure
solution creep experiments on granular NaCl aggregates.
From diffusion controlled pressure solution occurring in
brine-wetted glass-halite contacts, Hickman and Evans [1995]
inferred values for S in a similar range (4 � 10�20 m3 s�1 to
2 � 10�19 m3 s�1). Spiers and Schutjens [1999] obtained
values for the effective grain boundary diffusivity between 5�
10�20 m3 s�1 to 5 � 10�19 m3 s�1 using similar contact dis-
solution experiments on single halite-halite and halite-glass

contacts. In more recent experiments [de Meer et al., 2002]
radial resistance was measured for halite-glass contacts
undergoing active pressure solution, yielding values of S in the
range 3 � 10�20 – 5 � 10�19 m3 s�1 for brine filled grain
boundaries. By contrast, de Meer et al. [2005] obtained values
between 1� 10�18 m3 s�1 to 3� 10�18 m3 s�1 for NaCl-CaF2
contacts undergoing active pressure solution of the NaCl.
These values are 1 order of magnitude higher than most
experiments including our own. This probably reflects the
development of thick fluid films on the charged (111) NaCl
surface dissolved in those experiments.
[38] Overall, the values of our calculated effective surface

diffusivity for the high humidities lie in the same range as
those given previously for the effective diffusivity of fully
wetted grain boundaries. This suggests that our samples
behaved as if they were coated with a saturated brine film
of similar thickness to that present in grain boundaries
undergoing pressure solution. At lower humidities, however,
effective surface diffusivities are clearly much lower, imply-
ing lower values, not only of film thickness but also possibly
lower values of D or even C. This has important implications
for diffusive transport in salt under dry geological storage
conditions.

5.2. Structure and Thickness of the Adsorbed
Fluid Film

[39] Several studies have focused on the structure of
adsorbed water films on the surface of NaCl. These studies,
which include theoretical considerations [Barraclough and

Figure 8. Plot of the log of effective surface diffusivity S (DdC) versus absolute humidity and relative
humidity at 296 K. Symbols and error bars are as in Figure 7 with errors in S less than 4% of the corre-
sponding value. The effective surface diffusivity starts to rise quickly beyond an absolute humidity of
8 g/m3 (35%–40% RH).
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Hall, 1974; Shinto et al., 1998; Foster and Ewing, 2000],
scanning probe microscopy measurements [Dai et al., 1997;
Luna et al., 1998], electron spectroscopy experiments
[Fölsch and Henzler, 1991], and infrared measurements
[Barraclough and Hall, 1974; Peters and Ewing, 1997a,
1997b; Foster and Ewing, 1999; Foster and Ewing, 2000]
show the following three-stage picture. At low humidities,
isolated, monolayered patches of water molecules develop on
the surface. Slow, linear growth of coverage with humidity
causes these to become progressively more linked, leading to
the development of two-dimensional (2-D) network struc-
tures, the conductivity of which is governed by percolation
phenomena. At higher humidities, ongoing adsorption forms
3-D networks of hydrogen-bonded water molecules config-
ured in a tetrahedral arrangement [Ewing, 2005, 2006]. The
humidity at which the transition from two-dimensional cov-
erage to three-dimensional coverage has been inferred to
occur, varies from 28% RH [Peters and Ewing, 1997a,
1997b] to 35% RH [Barraclough and Hall, 1974; Dai et al.,
1997] to 46% RH [Luna et al., 1998] and corresponds to a
sharp increase in water coverage with humidity [Foster and
Ewing, 1999]. At high humidities, i.e., beyond 60% RH,
coverage increases more slowly again with humidity. In this
regime, it is believed that the hydrogen-bonded network
assumes a structure resembling that of liquid water, and that
the fluid film behaves increasingly like a saturated NaCl
solution [Foster and Ewing, 2000].
[40] Comparison of these reported trends with our mea-

surements suggests that the change in slope observed near an
absolute humidity of �8 g/m3 (39% RH at 296 K)
(Figures 7 and 8) is related to the change in the nature of
water adsorbance from 2-D networks to 3-D tetrahedral
arrangements. Noting the log linear nature of Figure 8, our
high-conductance values in the range 14–18 g/m3 AH
(60%–78% RH) can be explained by the fluid film pro-
gressively acquiring the properties of a saturated solution, as
proposed by Foster and Ewing [2000] and Barraclough and
Hall [1974]. The possibility exists that conduction along
cleavage steps, where the fluid film thickness may be larger
[Luna et al., 1998], influences our results. However, the
measurements on Crystal 2 suggest that anisotropy is only
significant at low humidities, presumably due to preferential
water adsorption at steps and edges [Dai et al., 1997; Luna
et al., 1998], whereas at higher humidities water coverage
is sufficient to allow isotropic conduction.
[41] Estimates of the thickness of the adsorbed water film

have been made from atomic force microscopy observations
[Dai et al., 1997] and infrared spectroscopy measurements
[de Meer et al., 2005]. These yield mean values of 10–50 nm
at an RH of 35%–60% [Dai et al., 1997] versus values of
85–185 nm at high humidities where liquid brine is present
[de Meer et al., 2005]. Values in the range of 0.1–0.5 nm
have been inferred for very low humidities [Ewing, 2006].

5.3. Diffusivity in Thin Fluid Films

[42] To gain insight into the thickness and humidity
dependence of the intrinsic diffusivity D of the fluid film, we
now calculate D from S = DdC, assuming a constant solu-
bility C and a humidity-dependent thickness d based on the
above literature values. This approach is expected to be valid
at least for humidities > 14 g/m3 (>60% RH), where a 3-D

liquid-like water structure is present. Since the adsorption
behavior of water on NaCl does not obey a classical
adsorption isotherm or coverage-humidity function [Foster
and Ewing, 2000], we assume three different (piecewise
linear) ranges for the thickness d of the fluid film in the three
inferred humidity/structure regimes (Table 2 and Figure 9a).
For low absolute humidities of 1–8 g/m3 (4%–35% RH), a
thickness of 1–10 nm is assumed in line with the study of
Ewing [2006] and Dai et al. [1997]. At intermediate
humidities (8–14 g/m3 AH or 35%–60% RH), we assume a
water layer thickness of 10–50 nm consistent with the work
of Dai et al. [1997] and Watanabe and Peach [2002]. For
high-absolute humidities (higher than 14 g/m3 AH or 60%
RH), where a hydrogen-bonded structure similar to liquid
water is believed to be present, we assume a thickness of 50–
90 nm [c.f. Dai et al., 1997; de Meer et al., 2005].
[43] Values computed for the diffusivity D, assuming the

film thickness values above (Figure 9a) along with a solu-
bility C of NaCl of 0.165 m3 m�3 appropriate for bulk NaCl
solution at room temperature [de Meer et al., 2005], are
presented in Figure 9b. Sensitivity analysis has shown that
the results are barely affected by choosing either an expo-
nential or power law fit to the thickness-humidity con-
straints upon which our piecewise linear description of
Figure 9a is based. The values obtained for D vary between
1 � 10�18 m2 s�1 and 8 � 10�12 m2 s�1 (Table 2). Using
electrical impedance measurements on recrystallized polycrys-
talline samples containing 30 ppm water,Watanabe and Peach
[2002] calculated values for D of 8 � 10�(14 to 12) m2 s�1.
de Meer et al. [2002] obtained diffusivities of 8.7 � 10�11 –
1.0 � 10�10 m2 s�1 for NaCl-glass contacts undergoing
pressure solution of NaCl. Both are in reasonable agreement
with our values for the diffusivity at high humidities, i.e.,
14–18 g/m3 AH (60%–78% RH as given in Table 2).
However, even the highest diffusivities that we obtained are
2 orders of magnitude lower than documented values for the
diffusivity in bulk solution (�1 � 10�9 m2 s�1 for Na+

and Cl- [Lide, 2000]) and 5 orders lower at 14 g/m3 AH
(60% RH). This strongly supports the idea that the diffusivity
in thin water film is reduced by several orders of magnitude
[Rutter, 1983; Nakashima, 1995]. No previous data are
available for comparison with our results for D at lower
humidities, as our study if the first to report effective diffu-
sivities at such humidity values. Moreover, at humidities
below 14 g/m3 AH (60% RH), it is questionable whether the
adsorbed film has sufficiently liquid-like properties, whether
our assumed value of C is valid, whether the film thickness
is well-enough constrained, and whether the 3-D or 2-D
connectivity of the film is sufficient, for our calculated D
values (Figure 9b) to be quantitatively meaningful.
[44] Even at high humidities, i.e., 14–18 g/m3 AH

(60%–78% RH), where liquid-like (water/brine) films exist,
uncertainties in our results for D arise from the assumed fluid
film thicknesses and solubility value. However, it is highly
unlikely that these could lead to more than 1 order of mag-
nitude error in D. The anisotropy in the system due to the
influence of cleavage steps could affect the values obtained
but in our study this effect is less than a factor of two. Future
research should aim to provide more robust constraints on the
thickness of the fluid film and on the influence of cleavage
steps. In the meantime, the values of effective surface
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diffusivity (S = DdC) measured here are all that is needed to
evaluate diffusive mass transport rates in thin adsorbed films
as a function of humidity.

5.4. Implications for Geological Storage

[45] Our results for the effective surface diffusivity S have
been obtained at room temperature (296 � 1 K) and absolute
humidities up to 18 g/m3, i.e., up to 78% relative humidity. In
rock salt–based geological storage systems at depths up to a
few km, it is expected that small quantities of brine naturally
present in the salt will buffer the humidity to maximum values

relatively close to the deliquescence point (78% RH). On the
basis of our findings, we estimate that the most likely range for
S in such environments is 1 � 10�22 – 8 � 10�18 m3 s�1,
spanning the range from humidities of 14 g/m3 AH (60% RH)
to the bulk solution equivalent taken from the literature. This
would correspond to values of 1 � 10�14 – 1 � 10�9 m2 s�1

for the diffusivity D, assuming that C is 0.165 m3 m�3 and
taking d as 50–90 nm for the high-humidity data, as shown in
Figure 9a.
[46] Our findings accordingly suggest that the diffusion

coefficient can be as high as the bulk solution value when

Figure 9. (a) Assumed fluid film thickness and (b) resulting log diffusivity versus humidity plots at
296 K, constructed assuming piecewise linear thicknesses of the adsorbed fluid film in three regions.
Symbols and error bars are given as in Figure 7. Uncertainties in assumed thicknesses and solubility
are up to 1 order of magnitude, which is small compared to the total variation of diffusivity of �7 orders
of magnitude over the full humidity range.
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fully buffered by free brine, but may be 2 to 5 orders of
magnitude lower for open cracks with thin adsorbed water
films under drier conditions. To estimate crack tip migration
velocities v for a brine-filled crack at room temperature we
will now apply equation (1). We assume a near-parallel
crack-wall-geometry defined in terms of cos(q/2) ≈ 1 and a
typical crack width for dilated salt of 1–10 mm [Peach and
Spiers, 1996], i.e., a crack tip radius of 0.5 to 5 mm. For
such a crack geometry, assuming that the crack length will
be of the order of the grain size d (typically 2–20 mm for
natural salt), then the characteristic transport distance ar
will be roughly d/2 while the cross section for diffusion br
will be approximately equal to 2r. The ratio a/b = d/4r will
accordingly be of the order of 1000 for a given crack
porosity [Peach and Spiers, 1996] with a = d/2r = 2000 and
b = 2. Further, we take g = 0.129 J m�2, calculated following
Israelachvili [1992] using the data for NaCl given by
Benson and Yun [1967] and Gel’perin et al. [1969].
Equation (1) then predicts a crack tip migration velocity v of
1.5 � 10�5 – 1.5 � 10�7 m s�1 for crack tip radii of 0.5 and
5 mm, respectively, using a bulk solution value for D of 1 �
10�9 m2 s�1 [e.g., Nakashima, 1995].
[47] For a crack whose walls are coated with a 50 nm thick

adsorbed aqueous film (d = 50 nm), again taking a = 2000
(in line with a/b = d/4r = 1000) and g = 0.211 J m�2

(the sum of the fluid-vapor and solid-vapor surface energies
[Ozdemir et al., 2009]), equation (1) together with our
data for DdC lead to a migration velocity range of 2.4 �
10�11 – 2.4 10�14 m s�1 for a diffusivity value of 1 �
10�14 m2 s�1. The implication is that the time taken for
cracks in rock salt to shrink to the point at which they start
to disconnect or neck down, and therefore render the salt
impermeable, will likely scale by similar amounts. For
example, if we consider grain boundary cracks in rock salt
with grain size 5–10 mm, then a contraction of 0.5–2.0 mm
should be sufficient to disconnect most cracks. Applying
our model for brine filled cracks, this would take only 34 s
to 3 h 44 min at room temperature. However, for cracks
coated with adsorbed water, this time would be increased
to 0.7 to 2600 years. If in situ humidities are lower than
14 g/m3 (60% RH at room temperature), crack disconnection
would take even longer. Future modeling studies should
incorporate our values of S as a function of humidity
(Figure 7) to more rigorously evaluate healing times in EDZ’s
associated with geological storage systems in rock salt.

6. Conclusions

[48] We have conducted electrical impedance measure-
ments on the (100) surface of synthetic NaCl crystals under
conditions of varying humidity, using a concentric electrode
configuration and a regular array of square electrodes.
Values for the surface resistance were obtained by fitting
arcs to data observed in complex impedance plots. Using the
Nernst-Einstein equation, these were related to the effective
surface diffusivity S, defined as the product of the diffusivity
D of NaCl in the water film adsorbed to the crystal surfaces,
the surface film thickness d and the solubility C of NaCl in
the surface film. Diffusivity values were estimated assuming
a solubility equal to that in bulk solution and values for d

consistent with previous work on water adsorption of NaCl.
The following conclusions can be drawn:
[49] 1. Values for S range from 1 � 10�27 m3 s�1 at very

dry conditions (1 g/m3 AH or 4% RH) to 1 � 10�19 m3 s�1

for absolute humidities of 18 g/m3 (78% RH). The values
obtained at high humidities are in reasonable agreement with
existing values for the effective diffusivity of NaCl in grain
boundary brine films suggesting the system behaves as
if saturated brine is present. A change in slope is observed
around 8 g/m3 absolute humidity (35%–40% RH), which can
be explained by water adsorption models that describe a
change in water structure from two-dimensional networks
to three-dimensional hydrogen-bonded layers. In addition,
measured anisotropy might be related to diffusion along
surface cleavage steps.
[50] 2. Assuming a constant solubility of 0.165 m3 m�3

and a mean adsorbed film thickness of 50–90 nm, our results
imply values for the diffusivity in the range from 1 � 10�14

to 8 � 10�12 m2 s�1 for the highest humidities investigated
(14–18 g/m3 AH, 60%–78% RH), i.e., where the structure of
the adsorbed film is believed to resemble liquid water. These
values are consistent with previous studies of diffusivity
in intergranular brine films during pressure solution but are
2 to 5 orders of magnitude lower than bulk solution values.
It is important to obtain better estimates for the thickness of
the adsorbed fluid film in order to quantify the diffusivity
more accurately.
[51] 3. In geological storage systems in rock salt, where

humidities are expected to lie between 14 g/m3 AH (60%
RH at room temperature) and the deliquescence point, we
predict values for the effective surface diffusivity in the
range 1 � 10�22 – 8 � 10�18 m3 s�1. This implies that
crack healing rates might be 6 to 7 orders of magnitude
slower than expected for brine-filled cracks, and that cracks
in dilated salt may take periods of the order of 1000 years to
disconnect under storage system conditions. In future
modeling studies of surface-energy driven diffusive crack
healing in the EDZ surrounding openings or boreholes in
salt, the present effective diffusivity values should be taken
into account to ensure reliable estimates of the time needed
for healing, i.e., for the salt to recover its natural, low
permeability.
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