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[1] We explore the permeability evolution of fractures in carbonate rock that results from
the effects of mechanical stress and nonequilibrium chemistry (pH of fluid). Core plugs of
Capitan limestone are saw cut to form a smooth axial fracture that is subsequently
roughened to simulate a natural fracture with controlled surface topography. Aqueous
solutions of ammonium chloride (pH 5�7) transit these plugs at confining stresses of 3–10
MPa, with flow rates and mineral mass fluxes measured to constrain competing mechanisms
of permeability evolution. The effluent calcium concentrations are always much lower than
equilibrium calcium solubility, resulting in the dissolution-dominant permeability evolution
in our experiments. Depending on the combination of confining stress and fluid pH, the
fracture apertures either gape (permeability increase) or close (permeability reduction). We
quantitatively constrain the transition between gaping (pH< 6.1) and closing (pH> 6.5)
with this transition independent of confining stress up to 10 MPa. A transitional regime
(6.1< pH< 6.5) of invariant aperture represents a balance between the two mechanisms of
free-face dissolution and pressure solution at the bridging asperities. We employ a lumped-
parameter model to interpret the dissolution-dominant evolution of permeability. By
considering different dissolution rate constants between noncontacting asperities and the
stagnant water film at the contacting asperities, this model replicates the principal
characteristics of permeability evolution of the fracture. Observed rates of aperture change
are ill matched when the influent pH is 5–6, since wormhole formation is not
accommodated in the model. These observations offer a promising pathway to index the
switch from aperture gaping to aperture closing for reactive flow as reactivity is reduced
and stress effects become more important.
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1. Introduction

[2] An understanding of the flow and transport character-
istics through rock fracture networks is of critical impor-
tance in many engineering and scientific applications.
These include effective recovery of targeted fluids such as
oil/gas, geothermal, or potable waters, and safe isolation of
hazardous materials. The significant role of mechanical and
nonequilibrium chemical effects on permeability evolution
of fracture networks is clear [Tsang, 1991; Manga et al.,
2012]; however, the interaction of these competing proc-
esses remains poorly understood.

[3] The evolution of fracture permeability is generally
influenced by multiple parameters that include variability
of initial apertures [Hanna and Rajaram, 1998; Durham et
al., 2001; Nemoto et al., 2009], mineral composition of the
fracture surfaces [Gouze et al., 2003; Noiriel et al., 2007],
and advective-diffusive transport of dissolved minerals
[Detwiler et al., 2003; Szymczak and Ladd, 2004; Detwiler
and Rajaram, 2007]. These effects are suggested through
experimental and numerical studies. Additionally, the for-
mation of wormholes, which is widely recognized within
porous system [Panga et al., 2005; Kalia and Balakotaiah,
2009], also exerts a significant impact on the evolution of
fracture permeability [Polak et al., 2004; Liu et al., 2006;
Szymczak and Ladd, 2009].

[4] In order to constrain hydrologic models for fractured
carbonate reservoirs or for natural karst systems, we explore
the evolution of permeability in carbonate fractures in this
work. Fractures in carbonates are particularly influenced by
the mechanical, chemical, and hydrological effects due to
the high relative solubility of calcite. In particular, perme-
ability reduction is driven as bridging asperities are removed
by stress-enhanced dissolution or as secondary minerals are
reprecipitated (i.e., pressure solution). Anomalous reduction
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in permeability has been reported in some instances at mod-
est temperatures (50�C–150�C) [Polak et al., 2003] and low
effective stresses (0.2 MPa) and also with acidic solutions
[Durham et al., 2001]. Conversely, increases in permeability
may be driven by the etching of the fracture void by dissolu-
tion (i.e., free-face dissolution). Permeability increase in nat-
ural fractures has been observed in carbonate reservoirs [Liu
et al., 1997] and in the natural development of karst [Palmer,
1991]. These two opposing behaviors operate concurrently,
with varying strengths, resulting in permeability evolution
that may spontaneously switch in the sense as the dominant
mechanism switches [Polak et al., 2004]. Lumped-parameter
models capable of describing this behavior of spontaneous
switching have been developed [Liu et al., 2006; Yasuhara
et al., 2006a, 2006b].

[5] However, to date a conclusive view of permeability
evolution in carbonate fracture has not evolved to define
response a priori for arbitrary confining stresses and reac-
tive chemistry of the fluid—specifically whether fracture
permeability will increase or decrease under net dissolu-
tion. Without reliable predictions of permeability evolution
in a single fracture, we cannot project the spatial- or tempo-
ral evolution of the fracture network. Thus, the key purpose
of this paper is to define the comprehensive factors that
control the ensemble behavior.

[6] In this study, we focus on the competition between
mechanical and nonequilibrium chemical effects on the
evolution of permeability in fractures. This experimental
and analytical study investigates the change in fluid-flow
characteristics within carbonate fractures, where chemical
effects are significant, for various combinations of confin-
ing stress and pH of the fluid. Measurements of the evolu-
tion of fracture permeability are used to constrain lumped-
parameter models of free-face and pressure-induced disso-
lution that contribute to changes in fracture porosity.

2. Experimental Method

[7] We conduct carefully controlled experiments to mea-
sure flow rate and dissolved mineral mass fluxes in frac-
tured samples permeated by reactive fluid under stress.
Flow rates and dissolved mass fluxes are used to assign in-
dependent constraints to permeability evolution, described
later.

2.1. Sample Preparation

[8] Flow-through experiments are conducted on cylindri-
cal cores (25 mm in diameter and �50 mm in length) of
Capitan massive limestone (from the Guadalupe Mountains
in New Mexico). This limestone is from the Permian Capi-
tan reef [King, 1948] and comprises a fine-grained light-
gray low-porosity (<1%) matrix containing isolated vugs
(<3mm). Here, four different scales of cores were prepared
(Table 1). These cores are prefractured by sectioning the
samples along their cylindrical axis by a rock saw. The pla-
nar fracture surfaces are uniformly roughened with ‘‘60
grit’’ (423 mm) abrasive compound to yield a controlled
fracture roughness. The samples are reabraded after each
experiment to create a statistically repeatable roughness.
The appearances of these fracture surfaces are shown in
Figure 1. In these figures, the black voids on the surfaces
show the locations of isolated vugs originally present

within the rock samples. Scanning electron microscope
(FEI Quanta 200) images (Figure 1e) indicate that the di-
ameter of grains on the fracture surface is between 1 and 10
mm. The abrading is the same for all fractured rock samples
used in our experiments, resulting in similar fracture surfa-
ces. As a result, no distinct differences of fracture surface
topography are observed by the white-light interferometry
at the microscale. Note that surface profiling is not con-
ducted in the present work. These cores are reused in multi-
ple experiments by reabrading their surfaces after each
flow-thorough experiment. The thickness of the layer
removed in each abrading is greater than 200 mm and is
therefore greater than the expected fluid diffusion distance
into the rock matrix (�100 mm) from the prior experiment.
Each core sample is reused up to �10 times but with
largely (statistically) reusable fracture surface topography.

2.2. Experimental System and Procedure for Flow-
Through Experiment

[9] The arrangement for the flow-through system is
shown in Figure 2. The upper and lower halves of the rock
samples are mated and set between end platens. This as-
sembly is placed within a latex sleeve and confined inside a
triaxial pressure cell. The stainless steel platens are pierced
by fluid supply lines and enable fluid transmission along
the length of the core. An aqueous solution of ammonium
chloride is used as the flowing fluid. The ammonium chlo-
ride controls the pH of the fluid according to the following
reactions:

NH 4Cl! NH þ4 þ Cl �; ð1Þ

NH þ4 þ H 2O! NH 3 þ H 3Oþ; ð2Þ

and the relationship between the theoretical pH value and
the molarity of ammonium chloride is given by

pH ¼� log10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CNH 4 Cl �

Kw

Kb

� �s
; ð3Þ

[10] where Kw is the ionization constant of water (1.0 �
10�8 mol2 m�6), Kb is the base ionization constant of am-
monia (1.74 � 10�2 mol m�3), and CNH 4Cl is molarity of
ammonium chloride [ML�3]. The molarity is straightfor-
wardly converted into the mass concentration by using the
molar mass (5.35 � 10�2 kg m�3 for ammonium chloride).
In this study, we prepare six different fluids with theoretical
pH values of 5.0, 6.0, 6.1, 6.3, 6.5, and 7.0 by adjusting
mass concentrations of ammonium chlorides shown in Ta-
ble 2. Degassing is not conducted for these fluids. The pH
values of these fluids are preliminarily measured by a pH
meter beside the flow-through experiments (Table 2).

Table 1. Sample Sizes Used in the Experiments

Sample
Number

Diameter
(mm)

Length
(mm)

TD 01 25 51
TD 02 25 51
TD 03 25 40
TD 04 25 50

ISHIBASHI ET AL.: PERMEABILITY EVOLUTION IN CARBONATE FRACTURES

2829



Measured pH values are slightly different from the theoreti-
cal pH values, but are of the correct order. Note that the net
rate of calcite dissolution is strongly affected by the pH of
the contacting fluid [Plummer et al., 1978; Chou et al.,
1989]. Confining stress across the sample and differential
fluid pressure along the sample fracture are established by
gas drive controlled by a nitrogen tank. Flow along the
sample is from an upstream reservoir to a downstream res-
ervoir. Backpressure for the flow is prescribed at 600 kPa
by a pressure regulator located with downstream reservoir.
The inlet pressure of the upstream reservoir is set to 700,
800, or 900 kPa, resulting in a differential pressure of 100,

200, or 300 kPa. These differential pressures are measured
by analog pressure gauges, which have a scale resolution of
20 kPa, during the flow-through experiments. A total of 18
experiments are run with constant inlet pH and for confin-
ing stresses of 3, 5, and 10 MPa. With the confining and
differential pressure prescribed, fluid-flow rate through the
fracture is measured every 20 min by weighing the effluent
reservoir on an electronic balance at room temperature
(298 K).

[11] Hydraulic aperture of the fracture averaged over 20
min of the experiment is recovered from the flow-rate
measurements via the cubic law assumption [Nemoto et al.,

Figure 1. Surface topographies for artificial fractures in limestone for samples (a) TD01, (b) TD02, (c)
TD03, and (d) TD04, and (e) SEM image for the fracture surface. Fluid is injected from ‘‘top’’ to ‘‘bot-
tom’’ in the present study.
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2009; Watanabe et al., 2009]. The hydraulic aperture of
the single fracture in the sample is evaluated as

eh ¼ � 12�LQ

W�P

� �1=3

; ð4Þ

[12] where eh is hydraulic aperture [L)], Q is the flow
rate [L3T�1)], �P is the differential pressure [MT�2L�1], m
is the viscosity of the injected fluid [ML�1T�1], and L and
W are, respectively, apparent length of the fracture in the
directions parallel and perpendicular to the macroscopic
flow direction [L].

2.3. Chemical Analysis

[13] Fluid at prescribed pH is flowed throughout the
experiment and the effluent fluid sampled at suitable inter-
vals. Dissolution of calcite advances according to the fol-
lowing reactions [Wigley and Plummer, 1976; Plummer et
al., 1978; Chou et al., 1989]:

CaCO3 þ Hþ ! Ca2þ þ 2HCO �3 ; ð5Þ

CaCO3 þ H2CO 3 ! Ca2þ þ 2HCO �3 ; ð6Þ

CaCO3 þ H2O! Ca 2þ þ HCO �3 þ OH �: ð7Þ

[14] The dominant reaction within these three reactions
depends on the pH of the flowing fluid.

[15] In these reactions, the principal component in the so-
lution is Ca, derived from dissolution from both contacting
and noncontacting asperities of the fracture surface. Effluent
concentration of the calcium is obtained by assaying the
samples with inductively coupled plasma emission spec-
trometry (ICP-AES via Perkin-Elmer Optima 5300DV), and
includes an estimated relative error of 65%. The total mass
transfer rate of calcite from both contacting and noncontact-
ing asperities of the fracture surface is determined from the
following equation [Polak et al., 2003, 2004]:

dM

dt

� �
total

¼ WCaCO 3

WCa
� Q � CCa ; ð8Þ

[16] where dM
dt

� �
total

is the total mass transfer rate
[MT�1], WCaCO3 and WCa are, respectively, molar weight of
calcite and calcium [ML�3], Q is the flow rate [L3T�1], and
CCa is effluent Ca concentration [ML�3]. Note that the cor-
responding uncertainty in the estimate of the mass transfer
rate is also 65%. Total mass fluxes are defined by normal-
izing the total mass transfer rates with the corresponding
surface areas (product of diameter and length of core) of
fractures shown in Table 1. The real reactive surface areas
are larger than these nominal surface areas but will be cor-
related with the nominal magnitudes. In the present flow-
through experiments the pH of the effluent is not measured.

3. Experimental Results and Analyses

[17] We examine the evolution of permeability within
the fracture due to the redistribution of mineral mass within
the fracture. This is due to dissolution and reprecipitation
[Yasuhara et al., 2006a, 2006b; Detwiler and Rajaram,
2007] and also due to pressure solution [Rutter, 1976; Ste-
phenson et al., 1992; Revil, 1999; Taron and Elsworth,
2010]. These effects operate in different polarities : free-
face dissolution increases net aperture and permeability
[Polak et al., 2004; Yasuhara et al., 2006b] while repreci-
pitation and pressure dissolution at the contacting asperities
decrease the aperture and permeability [Yasuhara et al.,
2006b; Taron and Elsworth, 2010]. These experiments are

Figure 2. Schematic illustration of experimental arrangement for the flow-through experiments.

Table 2. Characteristics of Flowing Fluid Used in the
Experiments

Number of
Flowing Fluid

Concentration of
Ammonium

Chloride (kg/m3)
Theoretical
Value of pH

Measured
Value of pH

1 9.31 5.00 5.20
2 9.31 � 10�2 6.00 5.61
3 5.89 � 10�2 6.10 5.82
4 2.34 � 10�2 6.30 6.06
5 9.31 � 10�3 6.50 6.25
6 0 (distilled water) 7.00 6.54
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completed at sufficiently high flow rates that the flowing
fluid remains chemically undersaturated and reprecipitation
is not favored. These dynamic processes are constrained
from concurrent measurements of instantaneous fluid flow
rates (constraining permeability) and calcium ion concen-
trations in the effluent fluid (constraining change in volume
of void within fracture). These measurements are independ-
ent but complementary in that they allow each constraint of
changes in hydraulic aperture over time, which in turn con-
tributes to permeability evolution.

[18] The extensive suite of experiments map regimes of
permeability change including regimes of both increasing
and decreasing fracture permeability for the controlled pa-
rameters of reactivity (pH) of influent fluid and ambient
confining stress.

3.1. Evolution in Fracture Aperture

[19] The present study uses four limestone samples
(TD01, TD02, TD03, and TD04) for multiple repeats of
experiments after regrinding. The sequence of experimental
conditions is documented in Table 3 defining the specific
surface dimensions for each experiment. Note that we
report the experimental results in terms of the theoretical
values. This is because the measured pH values have dis-
persion for the fluid with an arbitrary concentration of am-
monium chloride. We do not independently measure the
dispersion in the present study.

[20] The evolution of measured flow rate for the experi-
ments performed in this study are shown in Figure 3, and
the corresponding changes in hydraulic aperture are
depicted in Figure 4. The hydraulic aperture is evaluated
from the recorded flow rates and prescribed differential
pressure via the cubic law (i.e., equation (4)). To isolate the
influence of influent pH, we first show the evolutions of
flow rate and calculated hydraulic aperture at invariant con-
fining stresses of 3, 5, and 10 MPa. By using the flow rates
and hydraulic apertures provided in Figures 3 and 4, the res-
idence time of fluid within the fracture is calculated to be of

the order of a few tenths of a second. In this range of confin-
ing stresses, the hydraulic aperture increases monotonically
when the influent pH is less than 6.1 and decreases when
the influent pH is greater than 6.5. The switch from aperture
gaping to closing corresponds to a reactivity of influent fluid
in the transitional range pH �6.1–6.5.

[21] For the experiments where the influent pH is less
than 6.1, monotonic increase in the fracture aperture may
be attributed to the relative dominance of free-face dissolu-
tion over the shortening of the fracture bridging asperities.
Conversely, for the experiments where the influent pH is
more than 6.5, reduction in fracture aperture is attributed to
the relative dominance of dissolution at the contacting
asperities of the fractures. Moreover, for the experiments in
the transitional regime (6.1< pH< 6.5), the invariant flow
rate and related hydraulic aperture represent a balance
between the two mechanisms of free-face dissolution and
shortening of the bridging asperities. Importantly, this bal-
ance does not necessarily represent a balance in the masses
removed by each mechanism, as these mass fluxes must
scale with the ratios of the free-face and asperity contact
areas [Yasuhara et al., 2006a, 2006b; Elsworth and Yasu-
hara, 2006].

[22] Subsequently, the influence of confining stress on
the time-evolving hydraulic aperture is examined in Figure
5, where fluid flows at invariant influent pH value (theoreti-
cally adjusted) of 5.0, 6.0, 6.1, 6.3, 6.5, and 7.0. The time-
evolving hydraulic aperture (proxy for permeability evolu-
tion) is approximated by a straight line, and the slope of
this line (change in hydraulic aperture over time) is the rate
of aperture change (positive for aperture gaping). Calcu-
lated rates of aperture change from Figure 5 are shown in
Table 3 for various combinations of influent pH and confin-
ing stress. The rate of aperture closing is less than 1.04 mm/
hr at confining stresses of 3–10 MPa and is relatively small
compared to the rate of aperture gaping (see Table 3). De-
spite this small rate, the measurement is robust as it is
recovered from a calculated change in permeability where
the respective flow rate is accumulated over a period of

Table 3. Summary of Experimental Observation for Various Combinations of Confining Stress and Influent pH

Confining
Stress (MPa)

Theoretical
pH Value of

Flowing Fluid
Differential

Pressure (kPa)
Sample
Number

Total Volume
of Flowing
Fluid (m3)

Change in
Hydraulic

Aperture Over
Time (mm/h)

Mass Flux
(kg m�2 s�1)

3.0 5.0 100 TD 04 2.5 � 10�3 40.77 5.65 � 10�5

6.0 100 TD 03 3.8 � 10�3 14.85 6.40 � 10�6

6.1 100 TD 01 3.5 � 10�3 3.28 4.10 � 10�6

6.3 100 TD 03 6.0 � 10�3 �0.57 1.12 � 10�6

6.5 100 TD 01 5.4 � 10�3 �0.20 1.12 � 10�6

7.0 100 TD 04 3.7 � 10�3 �0.71 5.58 � 10�7

5.0 5.0 100 TD 04 3.4 � 10�3 29.17 5.44 � 10�5

6.0 100 TD 04 3.4 � 10�3 11.66 7.98 � 10�6

6.1 100 TD 01 3.8 � 10�3 0.98 3.11 � 10�6

6.3 100 TD 03 3.3 � 10�3 �0.41 1.52 � 10�6

6.5 100 TD 01 4.1 � 10�3 �0.70 8.20 � 10�7

7.0 100 TD 04 3.8 � 10�3 �1.04 5.87 � 10�7

10.0 5.0 100 TD 02 3.4 � 10�3 28.50 5.80 � 10�5

6.0 300 TD 02 3.0 � 10�3 4.16 4.12 � 10�6

6.1 300 TD 02 3.0 � 10�3 �0.51 1.90 � 10�6

6.3 200 TD 02 4.5 � 10�3 0.31 9.41 � 10�7

6.5 200 TD 02 5.5 � 10�3 �0.32 5.66 � 10�7

7.0 200 TD 04 2.6 � 10�3 �0.94 5.58 � 10�7

ISHIBASHI ET AL.: PERMEABILITY EVOLUTION IN CARBONATE FRACTURES

2832



20 min. This accumulated flux is then weighed with differ-
ences of the order of �10 g identifying the change in mass
flow rate and therefore an unequivocal and measurable
decrease in permeability (and related aperture).

[23] The rates of aperture change are shown in Figure 6,
indicating that the permeability increases monotonically
when the influent pH is less than 6.1 and decreases when
the influent pH is greater than 6.5. This map shows that the
rate of aperture change decreases with an increase in influ-
ent pH for invariant confining stresses of 3, 5, and 10 MPa.
This map of permeability evolution includes a transitional
regime linking aperture gaping to aperture closing
(6.1< pH< 6.5). Figure 6 also suggests that the rate of
aperture change (gaping) decreases with an increase in the
confining stress when the influent pH is 5.0, 6.0, or 6.1.
Conversely, a clear trend for the rate of aperture change
(closing) with an increase in confining stress cannot be
observed when the influent pH is 6.3, 6.5, and 7.0.

3.2. Surface Dissolution

[24] The effluent concentration of calcium is monitored
throughout the flow-through experiments with no particu-
late matter apparent in the effluent fluid. Measured concen-
trations are always lower than equilibrium calcium
solubilities due to the short residence time of the fluid
within the fracture (about a few 10ths of a second). This

implies that the effect of precipitation on permeability evo-
lution can be ignored for these particular experimental con-
ditions. Figure 7 shows the change in the mass flux of
calcite with elapsed time for the experiments at invariant
confining stresses of 3, 5, and 10 MPa. The change in mass
flux of calcite with respect to time is small. Average magni-
tudes of the mass flux of calcite over the test duration are
calculated for various combinations of the confining stress
and influent pH (Table 3) and are included in Figure 8.

[25] Figure 8 shows that the mass flux of calcite from the
fracture surface, which is calculated by using the measured
Ca concentration of effluent, is clearly pH dependent. At
confining stresses of 3–10 MPa, a decrease in the pH of the
influent fluid enhances the mass transfer rate. A notable
finding is that a significant change in the mass flux is
observed for a theoretical pH value in the range 5.0–6.0.
Chou et al. [1989] have reported that the net rate of calcite
dissolution changed dramatically over almost the same pH
region of contacting fluid (5.0–6.0), and this characteristic
of calcite dissolution conforms to our experimental results.

[26] Subsequently, the dependency of calcite mass flux
on confining stress is examined for invariant influent pH
values of 5.0, 6.0, 6.1, 6.3, 6.5, and 7.0. No clear trend for
calcite mass flux with an increase in confining stress can be
observed at any influent pH values. At confining stresses
between 3 and 10 MPa the mass flux of calcite assumes

Figure 3. Evolution of flow rate during flow-through experiments at theoretical pH of the influent fluid
of 5–7 and at confining stresses of (a) 3 MPa, (b) 5 MPa, and (c) 10 MPa.
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almost the same value for a particular influent pH, and any
small difference in the mass flux for a particular influent
pH is due to the difference in original void distribution on
the face of the fracture surface (see Figure 1).

4. Interpretation by Lumped Parameter Model

[27] Permeability evolution of these carbonate fractures
is evaluated for various combinations of confining stress (3,
5, and 10 MPa) and influent pH (5.0, 6.0, 6.1, 6.3, 6.5, and
7.0). Experimental results suggest the following: (1) up to
a confining stress of 10 MPa, hydraulic aperture (perme-
ability) increases monotonically when the influent pH is
less than �6.1 and then decreases when the influent pH is
greater than �6.5 and (2) the transitional pH regime of
invariant hydraulic aperture is between 6.1 and 6.5.

[28] In examining our experimental results, it should be
noted that the dissolution rate constant for calcite is rela-
tively high (e.g., 2.51 � 10�9 mol m�2 s�1 for quartz sand
at 150�C, and 1.25 � 10�6 mol m�2 s�1 for calcite at 20�C
(neutral pH condition)) [Plummer et al., 1978; Chou et al.,
1989; Dove and Crerar, 1990]. This means that the effect
of pressure solution for carbonate fractures can be observed
at room temperature. Additionally, in our experiments, no
particulate matter is observed in the effluent fluid, which
suggests that a concept of particle-detachment might be
inappropriate as an explanation for aperture reduction.

Therefore, one of the most likely mechanisms is pressure
solution as observed elsewhere [Polak et al., 2004; Els-
worth and Yasuhara, 2006; Yasuhara et al., 2006b].

[29] A monotonic increase in fracture aperture (and cor-
responding permeability) when the influent pH is less than
6.1 can be explained by the relative dominance of free-face
dissolution at noncontacting asperities (fracture void) over
pressure solution at contacting asperities [Polak et al.,
2004; Yasuhara et al., 2006b]. In contrast to this, mono-
tonic reduction in hydraulic aperture when the influent pH
is more than 6.5 can be explained by the relative domi-
nance of pressure solution at contacting asperities [Yasu-
hara et al., 2004; Taron and Elsworth, 2010]. As a result,
we employ a lumped-parameter model to interpret the dis-
solution-dominant evolution of fracture permeability in the
following. In our model, permeability evolution is con-
trolled by the competition between two mechanisms: pres-
sure solution at contacting asperities and dissolution at the
free-face surfaces of fractures [Elsworth and Yasuhara,
2006; Yasuhara et al., 2006a, 2006b]. The details of this
lumped parameter model are as follows.

4.1. Evolution of Hydraulic Aperture (Gaping or
Closing)

[30] A representative elemental volume (REV) of the
fracture is shown in Figure 9. The pore space is filled with
the permeant and defined by local hydraulic aperture, eh. It

Figure 4. Evolution of permeability-derived hydraulic aperture of the fractures in carbonate during
flow-through experiments at theoretical pH of the influent fluid of 5–7 and at confining stresses of (a) 3
MPa, (b) 5 MPa, and (c) 10 MPa.
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is generally accepted that contacting asperities are coated
with water films. The thickness of these water films is
assumed to be of the order of nanometers [Heidug, 1995;
Tokunaga, 2011; Abe et al., 2012] and is much smaller
than the apertures at noncontacting asperities. In the present
model, the permeant is in contact with both upper and
lower free-face surfaces of the fracture. The time-depend-
ent change in contact area is not measured in our experi-
ments, but experimental results indicate that the time-
evolving hydraulic aperture is approximated by a straight
line during the test duration (see Figure 5). This fact sup-
ports the time-independent contact area, which means that
contact area is expressed as a function of confining stress
only.

[31] Considering a single contacting asperity, the mass
transfer rate derived from pressure solution at contacting

asperities,
dMps

diss

dt , is given as [Rutter, 1976; Yasuhara et al.,
2004]

dMps
diss

dt
¼

3V 2
m � �g � Alocal � Rc

RT

�conf

Rc
� �crit

� �
� k1; ð9Þ

[32] where Vm is molar volume of the solid (3.69 � 10�5

m3mol�1 for calcite), �conf is confining stress, 1 is the disso-
lution rate constant of the solid at the contacting asperities,
�g is the grain density (2710 kg m�3 for calcite), Alocal is
the fracture area within the representative volume, Rc is the

Figure 5. Evolution of permeability-derived hydraulic aperture of fractures in carbonate during flow-
through experiments at confining stresses from 3 to 10 MPa, where the theoretical pH of the influent fluid
is (a) 5.0, (b) 6.0, (c) 6.1, (d) 6.3, (e) 6.5, and (f) 7.0.
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contact-area ratio, R is the gas constant, T is the absolute
temperature of the system (298 K in our study), and �crit is
the critical stress [Yasuhara et al., 2004; Taron and Els-
worth, 2010]. This critical stress defines a stress state where
the compaction at contacting asperities will effectively
halt. This stress is determined by considering the energy

balance under applied stress and temperature conditions,
given as (Revil [1999], modified from Stephenson et al.
[1992])

�crit ¼
Em 1� T

Tm

� �
4Vm

; ð10Þ

[33] where Em and Tm are the heat and temperature of
fusion, respectively (Em¼ 36 kJ mol�1, Tm¼ 1603 K for
calcite). The calculated critical stress (�200 MPa) is modi-
fied after Yasuhara et al. [2006b] so that a large decrease in
hydraulic aperture (�8 mm) can be predicted. We need
more data to support this modification, as we have no such
an independent observation in this work.

[34] The mass transfer rate derived from dissolution at

the free-fracture surfaces,
dMff

diss

dt , is given by

dM ff
diss

dt
¼ 2 � k2 � Alocal � 1� Rcð Þ � �g � Vm 1� Cpore

Ceq

� �
; ð11Þ

[35] where k2 is the dissolution rate constant of the solid
at the fracture free face, Cpore is the solute concentration in
the pore space, and Ceq is the equilibrium solubility of the
dissolved mineral [Palmer, 1991; Yasuhara et al., 2004,

Figure 6. The rate of aperture change recovered from the
evolution in fracture permeability for various combinations
of influent pH and confining stress.

Figure 7. Change in the mass flux of calcite during the flow-through experiment with the theoretical
pH of the influent fluid from 5.0 to �7.0 at confining stress of (a) 3 MPa, (b) 5 MPa, and (c) 10 MPa.
Error bars are created for a relative error of 5%.
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2006a, 2006b]. Note that the factor of 2 in equation (11) is
derived from free-face dissolution for both upper and lower
fracture surfaces in Figure 9. As described earlier, meas-
ured magnitudes of Cpore are much lower than those of Ceq

in the present study, allowing Cpore/Ceq be approximated as
zero.

[36] Throughout the fluid-flow experiment, fresh influent
fluid of specified pH is constantly supplied to the pore
space with fluid (i.e., water film) considered stagnant at the
contacting asperities of the fracture. This is because the
thickness of the water film is much smaller than that of

apertures at noncontacting asperities (Figure 9), and fluid
would flow around contacting asperities. Such a circulating
flow within a fracture is also suggested by Watanabe et al.
[2009]. For minimally reactive materials such as quartz, the
dissolution rate constant shows an Arrhenius-type depend-
ence on temperature [Dove and Crerar, 1990; Yasuhara et
al., 2004], and the pH of the contacting fluid has little or no
influence on the dissolution rate constant. As a result, the
dissolution rate constant at the contacting asperities (k1) is
generally assumed to be the same as that at the free-fracture
surfaces (k2), although some degree of discrepancy between
experiments and predictions under this assumption might
be confirmed [Noort and Spiers, 2009]. In contrast, for
highly reactive materials such as carbonate, not only tem-
perature but also the pH of the contacting fluid has a signifi-
cant influence on the net dissolution constant of the
materials [Plummer et al., 1978; Chou et al., 1989]. There-
fore, it is of critical importance to incorporate the influence
of pH at both contacting asperities and at the free-fracture
surfaces. In the case of our lumped parameter model, hy-
dronium ions are consumed for carbonate dissolution by
the stagnant water films due to the high dissolution rate of
calcite, resulting in a pH increase at the contacting asper-
ities. When the pH of the influent fluid is lower than the pH
at the contacting asperities, the hydronium ions would cer-
tainly diffuse along the water films. However, these hydro-
nium ions are immediately consumed due to the pH
decrease (or increase in dissolution rate) at the contacting
asperities. Considering these mechanisms, the pH at the
contacting asperities is expected to be equal to or greater
than the influent pH. Consequently, k1 is equal to k2 in the
former case, while k1 is lower than k2 in the latter case.
These two conjectures are explored in the subsequent sec-
tion, since our experimental results cannot constrain the pH
value at contacting asperities.

Figure 8. Average values for the mass flux of calcite
over the test duration for various combinations of theoreti-
cal pH of the influent fluid and confining stress. Error bars
are created for a relative error of 5%.

Figure 9. Schematic illustration of the REV in the immediate vicinity of the fracture. Contacting
asperities are assumed to be coated with water film of some nanometers. Pressure solution at the contact-
ing asperities and dissolution at the free surfaces of the fracture each contribute to a change in fracture
aperture.

ISHIBASHI ET AL.: PERMEABILITY EVOLUTION IN CARBONATE FRACTURES

2837



[37] At a given time, t, the pore volume within the REV,
Vpore(t), is given by

Vpore tð Þ ¼ Alocal � eh tð Þ; ð12Þ

[38] where eh(t) is the hydraulic aperture of the fracture.
The pore volume evolves due to the effects of both pressure
solution at the contacting asperities (reducing volume) and
a result of free-face dissolution (increasing volume). As
represented in Figure 9, the pore volume after the time step
�t, Vpore(tþ�t), is given by

Vpore t þ�tð Þ ¼ Vpore tð Þ � dMps
diss

dt
� 1

�g

��t � 1� Rc

Rc
þ dM ff

diss

dt

� 1

�g

��t

¼ Alocal � eh t þ�tð Þ;
ð13Þ

[39] where eh(tþ�t) is the hydraulic aperture of the frac-
ture after a time step �t. The rate of change in hydraulic
aperture (gaping or closing), deh/dt, is defined as

deh

dt
¼ eh t þ�tð Þ � eh tð Þ

�t

¼ 1

Alocal � �g

� � dMps
diss

dt
� 1� Rc

Rc
þ dM ff

diss

dt

� �
: ð14Þ

[40] Substituting equations (9) and (11) into equation
(14) enables deh/dt to be rearranged to yield

deh

dt
¼�3V 2

m

RT
� 1�Rcð Þ � �conf

Rc
� �crif

� �
� k1 þ 2 � 1�Rcð Þ �Vm � k2

ð15Þ

[41] This represents the rate of change of the fracture
aperture within the REV due to the dual action of free-face
dissolution and pressure solution. Additionally, the mass
transfer rate from the entire fracture surface comprises

components from both pressure solution
dMps

diss

dt

� �
total

and

free-face dissolution
dMff

diss

dt

� �
total

, and is defined as

dM

dt

� �
total

¼ dMps
diss

dt

� �
total

þ dM ff
diss

dt

� �
total

ffi
3V 2

m � �g � Atotal � Rc

RT

�conf

Rc
� �cirt

� �
� k1

þ2 � k2 � Atotal � 1� Rcð Þ � �g � Vm;

ð16Þ

[42] where Atotal is the total area of the fracture surface.
The corresponding total mass flux is defined by normaliz-
ing the total mass transfer rate with the total surface area of
the fracture, Atotal.

4.2. Controlling Parameters

[43] This model is applied to quantify the permeability
evolution in fractures in carbonate observed in flow-through
experiments at constant temperature (�298 K). The rate of
change of the hydraulic aperture and mass transfer rate are
evaluated by equations (15) and (16), respectively. However,
parameters of dissolution rate constant (k1, k2) have not been

directly determined as it is difficult to constrain an accurate
value of contact-area ratio (Rc).

[44] The mass of calcite removed is the primary component
contributing to the observed change in hydraulic aperture. In
the present experiments, six different fluids with various pH
values are used as the flowing fluid, and it has been widely rec-
ognized that the pH of the contacting fluid has an influence on
the dissolution rate of calcite. The net rate of calcite dissolu-
tion, r, is well known from the Plummer-Wigley-Parkhurst
(PWP) equation [Plummer et al., 1978]:

r ¼ kþ;1 aHþð Þ; kþ;2 aH2COð Þ; kþ;3 aH2Oð Þ � k� aCa2þð Þ aHCO3

� �
;

ð17Þ

[45] where kþ,1, kþ,2, kþ,3 are first-order dissolution rate
constants dependent on temperature, k� is the precipitation
rate constant dependent on temperature and partial pressure
of carbon dioxide (pCO2). ai represents the activity for the
component of i. The first two terms in this equation are func-
tions of the bulk fluid activity of Hþ and the pCO2, respec-
tively. The dissolution rate constants (kþ,1, kþ,2, kþ,3, and
k�) are reevaluated at room temperature (298 K) [Chou et
al., 1989], and the net rate of calcite dissolution, r, is
obtained for various pH conditions. Here, pCO2 is approxi-
mately equal to the partial pressure of carbon dioxide in the
atmosphere (10�3.5 atm) in the present experiments. The
relationship between pH value of the contacting fluid and
net rate of calcite dissolution is plotted in Figure 10 with the
values of net dissolution rate at specific pH conditions in the
experiments also summarized in Table 4. The dissolution
rate constant at the free-fracture surface, k2, is set equivalent
to the values shown in Table 4 for each pH condition.

[46] Then, the pH value at the contacting asperities is
examined. When the pH at the contacting asperities is the
same as the influent pH, equation (14) can be rewritten as

deh

dt
¼ 2Vm �

3V 2
m

RT

�conf

Rc
� �crit

� �	 

� 1� Rcð Þ � k1

¼ � �conf ;Rcð Þ � 1� Rcð Þ � k1: ð18Þ

Figure 10. Log rate of calcite dissolution as a function of
fluid pH at 298 K. These values are calculated based on
Chou et al. [1989] by using PWP equation.
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[47] The magnitude of the constant �(�conf,Rc) in this
equation is uniquely determined by specifying confining
stress. The net rate of calcite dissolution decreases with an
increase in pH as shown in Figure 10. In order to reproduce
the experimental results in that the rate of change in hy-
draulic aperture decreases with an increase in fluid pH, the
parameter �(�conf,Rc) must be positive in equation (18).
However, experimental results further include the transition
between aperture gaping and closing at arbitrary confining
stress, and this characteristic cannot be reproduced by
equation (18). Because of this observation, it is not reason-
able to assume that the pH at the contacting asperities is
equivalent to the influent pH—therefore, the pH at the con-
tacting asperities is assumed higher than the influent pH in
the following analysis.

[48] One limitation of our current experimental measure-
ments is that it is not possible to determine the exact pH
value at the contacting asperities. Thus, we focus on the ob-
servation that the change in net rate of calcite dissolution is
not significant when the pH value of the contacting fluid is
more than �6.0 (up to �8.0) [Plummer et al., 1978; Chou
et al., 1989]. Considering the relatively high reactivity of
calcite, it is not surprising that the pH at contacting asper-
ities would be more than �6.0. Therefore, representing the
pH at contacting asperities as �7.0 (near neutral) is one
practical way to constrain response. This means that the
dissolution rate constant, k1, is set equivalent to 7.39 �
10�7 mol/m2/sec in the present study (see Table 4).

[49] The dissolution rate constant for both contacting
asperities (k1) and free-fracture surface (k2) are now deter-
mined, and the only remaining unknown parameter is the
contact-area ratio (Rc) in equations (15) and (16). There is
no additional information to constrain the value of Rc. There-
fore, for the different confining stress conditions (3, 5, and
10MPa), the contact-area ratio, Rc, is determined as a fitting
parameter. By adjusting Rc, the specific pH corresponding to
the transit from fracture gaping to closing varies, while no
drastic change is observed in the mass flux, which is
obtained by normalizing equation (16) with Atotal, for the
specified combination of influent pH and confining stress
(Figure 11). As a result, Rc is selected for respective confin-
ing stress conditions so that the transition pH in the present
model may be matched with the transitional pH defined
from the experimental observations. The match with experi-
ments is the best at a contact-area ratio of 3.3% (Rc¼ 0.033),
5.5% (Rc¼ 0.055), and 11.8% (Rc¼ 0.118) when the confin-
ing stress is 3, 5, and 10 MPa, respectively. This suggests
that fracture contact area increases with increased stress—a
reasonable, but unmeasured, expectation.

4.3. Predicted Versus Observed Behavior

[50] By substituting these selected parameters into equa-
tions (15) and (16), the rate of aperture change and total
mass transfer rate from both pressure solution and free-face
dissolution is calculated for various combinations of influ-
ent pH and confining stress. For these selected parameters,
a comparison of results of total mass flux (derived by nor-
malizing the mass transfer rate with the fracture surface
area) and rate of aperture change between experiments and
model are shown in Figures 12 and 13 with thin lines,
respectively. For this consistent suite of parameters, the
model is capable of following the transit from aperture gap-
ing to aperture closing at the specific influent pH for vari-
ous confining stress conditions. However, regarding
absolute amounts for both the rate of aperture change and
total mass flux, the predicted values are approximately 10
times smaller than the measured values. As shown in Fig-
ure 11, for a specified combination of influent pH and con-
fining stress, the total mass flux is nearly invariant with the
change in contact area. This means that changing the con-
tact-area ratio is not the solution to these discrepancies in
the present model.

[51] In order to closely match the rate of aperture change
and total mass flux in the experiments, the significant pa-
rameters of reaction rate constants for pressure solution
(k1) and free-face dissolution (k2) in equations (15) and
(16) are increased by a factor of 10. Here, we should note
that the adjustment of reactive surface area does not influ-
ence the rate of aperture change in the present model (equa-
tion (15)). The reason for the adjustment of the reaction
rate constants is to accommodate the diversity of properties
for calcite (grain size, crystallinity, impurities, and defect
density), which closely relates to the variation in the disso-
lution rate. The calcite evaluated in the previous study of
Chou et al. [1989] is not the same as that in the present
study, and significant uncertainty in the absolute value of
calcite dissolution rate constants is reported in Arvidson et
al. [2003]. They show that although the dependency of the

Table 4. Net Rate of Calcite Dissolution for Different pH Values
(Based on Chou et al. [1989])

Theoretical
Value of pH

Net Rate of Calcite
Dissolution (mol m�2 s�1)

5.0 9.55 � 10�6

6.0 1.54 � 10�6

6.1 1.36 � 10�6

6.3 1.10 � 10�6

6.5 9.32 � 10�7

7.0 (distilled water) 7.39 � 10�7

Figure 11. Change in mass flux of calcite, which is calcu-
lated by the present lumped-parameter model, on the con-
tact-area ratio for various combination of confining stress
and influent pH.
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dissolution rate on fluid pH is consistent for results from a
given laboratory, the absolute rates vary by greater than an
order of magnitude. For these modified parameters of k1

and k2, total mass flux and the rate of aperture change are
recalculated for various combinations of influent pH and
confining stress, and the comparison between experiments
and models are shown in Figures 12 and 13, respectively.
Mass fluxes and rates of aperture change calculated with
the original values of k1 and k2 and with the modified val-
ues are summarized in Table 5. As shown in Figures 12 and
13, absolute amounts for the rate of aperture change and

mass flux match observations when using modified values
of k1 and k2.

[52] In the present lumped-parameter model, no clear de-
pendency of mass flux on confining stress could be
observed at any influent pH values although mass flux
decreases with an increase in influent pH value at any con-
fining stress (Figure 12). These characteristics correspond
to experimental observations. For the present model, mass
transfer rate derived from pressure solution at contacting
asperities and mass transfer rate derived from dissolution at
the free-fracture surface are separately calculated (Table
5). Mass transfer rate derived from free-face dissolution
clearly dominates (more than 83% of total mass flux) at
confining stresses between 3 and 10 MPa. Although mass
transfer rate derived from pressure solution would show a
dependency on confining stress, its contribution to the total
mass transfer rate is very small. Thus, the total mass trans-
fer rate shows no stress dependency, and the resulting total
mass flux is almost the same for various confining stresses.
Moreover, the difference of mass flux between observations
and models seems to be greater when influent pH is lower
(�5), and this difference is possibly due to the fact that dis-
solution in the rock matrix or along the edges of the cylin-
drical sample occurs in our flow-thorough experiments.

[53] With respect to the rate of aperture change, a signifi-
cant difference between predicted and observed values is
apparent for influent pH values in the range 5.0–6.0. This
discrepancy is mainly due to the fact that the formation of
wormholes within the fracture [Polak et al., 2004] is not
considered in the present model. It is well known that frac-
ture permeability increases abruptly with wormhole forma-
tion because the flowing fluid focuses into a preferential
flow path. The present model reproduces the experimental
characteristics in that the rate of aperture change decreases
with an increase in the influent pH value and transits from
aperture gaping to closing at any confining stress. However,
no drastic dependency in the rate of aperture change on
confining stress could be observed at any influent pH values
(Figure 13). This characteristic is incongruous with the ex-
perimental observation particularly in that the observed
rate of aperture change shows a clear reduction with an
increase in confining stress for influent pH values of 5.0–
6.0. Considering that the discrepancy between model and
observation is clear only when the pH of the influent fluid
is relatively low then the observed stress dependency of the
rate of aperture change is caused principally by the forma-
tion of a wormhole. Extrapolating this observation with ex-
perimental results suggests that the ability to create
wormholes decreases with an increase in the confining
stress (i.e., increase in the contact-are ratio [Nemoto et al.,
2009; Watanabe et al., 2009]).

[54] This lumped-parameter modeling provides a poten-
tial process-based explanation of permeability evolution
within fractures, resulting from the combined action of
stress and dissolution. This evolution in permeability is
characterized by three different regimes of aperture gaping,
aperture closing, and transition from aperture gaping to
closing depending on the combination of confining stress
and fluid pH. This characteristic is principally due to the
relatively high dissolution rate of calcite and its depend-
ence on fluid pH. In order to reproduce the transition from
aperture gaping to closing, the pH (in the model) at

Figure 12. Comparison of the mass flux either measured
experimentally or recovered from the lumped-parameter
modeling for various combinations of the theoretical pH of
the influent fluid and confining stress. Thin lines and bold
lines represent the predictions using original parameters
and modified parameters, respectively.

Figure 13. Comparison of the rate of aperture change
(gaping or closing) recovered from experimental observa-
tions or from lumped-parameter modeling for various com-
binations of the theoretical pH of the influent fluid and
confining stress. Thin lines and bold lines represent the pre-
dictions using original parameters and modified parame-
ters, respectively.
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contacting asperities must be set higher than the pH at non-
contacting asperities. This enables observations to be repro-
duced from the model.

5. Conclusions

[55] We have described a systematic study of the interac-
tion between mechanical and nonequilibrium chemical
effects on the evolution of permeability in fractures in car-
bonate, where chemical effects are significant. Experimen-
tal measurements of permeability evolution in a fracture
are used to constrain models for the competition between
free-face dissolution and pressure solution. These effects
operate in different polarities: free-face dissolution
increases aperture and permeability and pressure solution
at the contacting asperities decreases aperture and
permeability.

[56] Experimental measurements have indicated that the
permeability increases monotonically when the influent pH
is less than �6.1 and decreases when the influent pH is
greater than �6.5 at confining stresses to 10 MPa. The for-
mer is attributed to the relative dominance of free-face dis-
solution over the shortening of the fracture-bridging
asperities (i.e., pressure solution), while the latter is attrib-
uted to the relative dominance of pressure solution over
free-face dissolution. In the transition regime
(6.1< pH< 6.5), the invariant permeability represents a
balance between these two mechanisms. Importantly, this
balance does not necessarily represent a balance in the
masses removed by each mechanism as closing is modu-
lated by the relatively small contact area that props the
fracture open. A series of flow-through experiments has
suggested that the effect of nonequilibrium chemistry is
dominant over mechanics in the evolution of permeability
in carbonate fractures up to a confining stress of 10 MPa.

[57] A lumped-parameter model has been applied to con-
strain processes inferred from the experimental observa-
tions—that fracture permeability increases or decreases

depending on the combination of confining stress and influ-
ent pH value. In order to explain the diversity of modes of
permeability evolution, we have considered competition
between free-face dissolution and pressure solution at con-
tacting asperities [Yasuhara et al., 2006a, 2006b]. By
allowing pH at the contacting asperities to be buffered, the
model potentially follows the switch from aperture gaping
to aperture closing for any prescribed influent pH—as
observed in the flow-through experiments. We can find a
significant difference in the rate of aperture change
between predicted and observed values when the influent
pH is between 5.0 and 6.0. This difference is mainly due to
the fact that wormhole formation [Polak et al., 2004] has
not been accommodated in the present model. Our results
are restricted to the range before such conduits develop.

[58] In summary, we map regimes of permeability evolu-
tion for the various combinations of confining stress and
fluid pH (i.e., fluid reactivity). This map illustrates a diver-
sity of permeability evolution, and is of critical importance
in understanding processes such as acidization response in
carbonate reservoirs or subsurface CO2 sequestration. The
two competing roles of stress and nonequilibrium chemis-
try have a significant influence on long-term permeability
evolution within carbonate reservoirs. Thus, the permeabil-
ity of fractured carbonate reservoirs would be anticipated
to decrease with time when natural fluid close to equilib-
rium (near neutral pH) is flowing. In contrast, permeability
will increase with time when an artificially acidic fluid is
introduced and flows. Acidization in carbonate reservoir is
considered to be highly effective because the effect of pres-
sure solution is very small at the corresponding pH condi-
tion of the fluid. Further detailed investigations are
required to extend understanding into the evolution in frac-
ture permeability mediated by coupled thermal, hydraulic,
mechanical, and chemical processes.

[59] Acknowledgments. The authors thank Hideaki Yasuhara (Ehime
University, Japan) for his advice in modeling and Atsushi Okamoto

Table 5. Summary of Lumped-Parameter Modeling for Various Combinations of the Confining Stress and the Influent pH

Calculation Condition Before Modification After Modification
Ratio of Predicted Mass-Transfer

Rate

Confining
Stress (MPa)

Theoretical
pH Value of

Flowing Fluid
Change in Hydraulic

Aperture (mm/h)
Total Mass

Flux (kg m�2 s�1)

Change in
Hydraulic

Aperture (mm/h)
Total Mass

Flux (kg m�2 s�1)
Pressure Solution

Derived (%)

Free-Face
Dissolution
Derived (%)

3.0 5.0 2.15 1.85 � 10�6 21.47 1.85 � 10�5 0.4 99.6
6.0 0.09 3.06 � 10�7 0.90 3.06 � 10�6 2.6 97.4
6.1 0.04 2.70 � 10�7 0.42 2.70 � 10�6 2.9 97.1
6.3 �0.02 2.20 � 10�7 �0.25 2.20 � 10�6 3.6 96.4
6.5 �0.07 1.88 � 10�7 �0.67 1.88 � 10�6 4.2 95.8
7.0 �0.12 1.51 � 10�7 �1.16 1.51 � 10�6 5.2 94.8

5.0 5.0 2.10 1.82 � 10�6 20.99 1.82 � 10�5 0.7 99.3
6.0 0.09 3.04 � 10�7 0.88 3.04 � 10�6 4.3 95.7
6.1 0.04 2.69 � 10�7 0.41 2.69 � 10�6 4.9 95.1
6.3 �0.02 2.20 � 10�7 �0.24 2.20 � 10�6 6.0 94.0
6.5 �0.07 1.89 � 10�7 �0.66 1.89 � 10�6 6.9 93.1
7.0 �0.11 1.53 � 10�7 �1.14 1.53 � 10�6 8.6 91.4

10.0 5.0 1.98 1.71 � 10�6 19.83 1.71 � 10�5 1.5 98.5
6.0 0.11 2.97 � 10�7 1.06 2.97 � 10�6 8.6 91.4
6.1 0.06 2.65 � 10�7 0.63 2.65 � 10�6 9.7 90.3
6.3 0.00 2.19 � 10�7 0.02 2.19 � 10�6 11.7 88.3
6.5 �0.04 1.90 � 10�7 �0.37 1.90 � 10�6 13.5 86.5
7.0 �0.08 1.56 � 10�7 �0.82 1.56 � 10�6 16.4 83.6
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