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Abstract

Diffusion through ‘wetted’ grain boundaries is often the rate limiting process during rock deformation by
intergranular pressure solution. However, the underlying processes operative within such boundaries are poorly
understood. In this contribution we have studied the diffusive properties of wetted grain boundaries by measuring the
electrical resistivity of single, annular halite—glass contacts undergoing active pressure solution. Optical observation
shows continuous growth (i.e. widening) of the annular contacts by pressure solution. From the resistivity
measurements and making use of the Nernst-Einstein equation, it was possible to calculate the apparent grain
boundary diffusion coefficient Z= DJC (i.e. the product of grain boundary diffusion coefficient D, grain boundary
film thickness & and the solubility C of the diffusing species in the grain boundary fluid) during the pressure solution
process. The Z-values obtained lie in the range 3 X 1072°—2x 107 !® m?%/s, show an inverse dependence on normal stress
(0,) and agree well with values inferred previously from single contact and polycrystalline compaction
experiments. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Weakening of rock by water has been demon-
strated in numerous field and laboratory studies.
One of the principle effects is the role of water
present in grain boundaries. Grain boundary
water supports a fast intergranular diffusion
path, which allows stress-driven mass transport,
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resulting in permanent, time-dependent deforma-
tion [1-11]. This process of dissolution—precipita-
tion creep or pressure solution is an important
mechanism of compaction in sedimentary rocks
[12], of healing, sealing and strength recovery
in active fault zones [13-18], of deformation
under low temperature metamorphic conditions
[4,19,20], and of evaporite flow [10,21,22]. It in-
volves dissolution of material at grain contacts
under high normal stress, diffusion through the
grain boundary fluid phase, and precipitation at
grain contacts under low normal stress or on free
pore walls [4,7,21,23,24].
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Since interfacial reactions and diffusion occur
serially during pressure solution creep, either the
grain boundary diffusive properties or interface
reaction kinetics control the rate of the process.
However, the elementary diffusive and interfacial
processes operative within wetted grain bound-
aries are poorly understood, preventing adequate
quantification of pressure solution rates in rock
materials. In particular, the structure and diffusive
properties of water-bearing grain boundaries have
been a subject of debate for decades. It has been
argued that water may be present in the form of
(1) strongly adsorbed thin films [3,4,25-29], (ii)
isolated inclusion or connected crack arrays
[30,31], (iii)) non-equilibrium or dynamically wet-
ting channel networks or films ([7,19,23,32,33]; cf.
[34]), or as (iv) a hydrated gel layer (Guéguen,
pers. commun.).

Most experimental studies of pressure solution
creep in crustal rocks have focussed on compac-
tion of granular quartz [35-38]. However, the pro-
cess is too slow in this and other rock-forming
minerals to adequately determine even the bulk
kinetics or the rate controlling mechanism, and
the issues of grain boundary structure and proper-
ties remain a matter of speculation. A method of
studying pressure solution within more practical
time scales is to make use of highly soluble salts
as model or ‘rock analogue’ materials. NaCl is a
suitable material in which pressure solution phe-
nomena are known to be rapid under ambient
conditions [9,21] and the behaviour of which is
directly relevant to salt tectonics [22]. Its pressure
solution behaviour is relatively well understood
on the basis of compaction, deformation and sin-
gle grain contact experiments and appears to be
diffusion controlled [9,21,26,27,33]. However, the
internal structure, properties and wettability of
the grain boundaries during pressure solution in
NaCl remain controversial, principally because
grain boundaries can be observed only after de-
formation (‘post mortem’ examination). Clearly
then, progress in understanding and quantifying
pressure solution creep in wet crustal rocks means
that new techniques are needed to obtain basic
data on the structure and properties of wet grain
boundaries.

In an attempt to gain deeper insight into grain

boundary properties and processes during pres-
sure solution, we have performed electrical resis-
tivity measurements on individual halite-glass
contacts undergoing active, diffusion controlled
pressure solution. Making use of the Nernst—Ein-
stein relation, the resistivity data obtained are
used to calculate the effective grain boundary dif-
fusivity, Z=DSC (m3/s), where D is the solute
diffusion coefficient in the grain boundary fluid
(m?/s), §is the average grain boundary fluid thick-
ness (m) and C (m*/m?) the solubility of the dif-
fusing species.

2. Theoretical considerations
2.1. Principle of the present experiments

In the present experiments, the diffusive proper-
ties of a single, annular, NaCl-glass contact
undergoing active pressure solution of the NaCl,
in a sealed, miniature loading cell, are studied by
measuring the electrical resistivity of the wetted
contact (Fig. 1). Within the cell, a cleaved NaCl
disc with a central conical hole is pressed co-
axially onto a conical lens in the presence of sa-
turated NaCl brine, so that a circular pressure
solution contact is formed (Fig. 1). This circular
contact, with mean radius r and width w, forms
the only conduction path between a pair of circu-
lar platinum electrodes positioned in the free
brine on opposite sides of the contact. Using the
Nernst-Einstein equation, we relate the radial
contact resistance to the quantity Z = DJC within
the dissolving contact.

2.2. Nernst-Einstein equation applied to the
present configuration

The Nernst-Einstein equation relates the limit-
ing molar conductivity (A%, in Sm?/mol) of an
electrolyte solution to the diffusion coefficient of
the dissolved charge carrying ions and is written:

2

o F
A m — ﬁ(V+Zi_D+ —+ V_ZZ_D_) (1)

where F is Faraday’s constant, R is the gas con-
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Fig. 1. Schematic diagram of the experimental configuration. (A) Experimental cell: axial section through the flat cylindrical
body. At t=0, the NaCl disc (diameter 25 mm) just touches the conical lens forming an annular contact. (B) Close-up section of
NaCl-lens contact after the start of the experiment (z>0): an NaCl-glass contact is formed by pressure solution under normal
stress 0, with progressively increasing width w and average fluid thickness 8. Note that the only path for conduction between the
two platinum electrodes is through the NaCl-glass contact, i.e. through the diffusion path for pressure solution. (C) Vertical view
of contact through lens at >0, where w,, is the horizontal projection of contact width w. (D) Three-dimensional form of the dis-
solving contact at any time ¢ >0, where r is the radius from the lens axis to the contact at w/2.

stant, T is the absolute temperature, v, and v_
are the numbers of cations and anions per formu-
la unit of electrolyte, z, and z_ are the charge
numbers of the cations and anions, and D, and
D_ are their diffusion coefficients. In the case of a
concentrated NaCl solution, since we are dealing
with a strong electrolyte which is almost com-
pletely dissociated, we can write A°y = Ap = &/
Cn, where x is the conductivity of the solution

(Sm™!), C, is the concentration of NaCl in solu-
tion (mol/m?) and where D, and D_ now take the
significance of the effective diffusion coefficients of
the sodium and chlorine ions with their associ-
ated hydration spheres [39]. Further we have
vi=v_=1,z,=z_=1and D, =D_ for sodium
and chlorine ions. Moreover, if the solution is
saturated then C,, =(C/Vy,), where Vi, is the mo-
lar volume of NaCl (m?*/mol) and C is the solu-
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bility of NaCl in m?/m>. Hence the conductivity
of a near saturated brine phase in a grain contact
undergoing pressure solution can be written
k=2F’DC,/RT. For our experimental configura-
tion, the resistance (£2) of the narrow annular
contact (Fig. 1) to radial current flow by ionic
conduction through the grain boundary fluid
phase is given:

w
T2k (2)

where ¢ is the average thickness of fluid in the
grain contact, assuming negligible tortuosity in
the internal conduction path, and w and r are
the width and radius of the circular contact re-
spectively (Fig. 1). Combining this with Eq. 1
yields for Z=DJ&C (the product of the grain
boundary diffusion coefficient, grain boundary
thickness and concentration of ions in the grain
boundary fluid) the expression:

VaRT w 1

A7F? r Q 3)
where Vi, RT/4mF? is a constant at constant tem-
perature. Since the resistance of the open solution
between electrodes and contact is negligible com-
pared with the contact resistance, we can easily
measure 2 and hence Z. Note here that even at
constant temperature Z = DJC is not necessarily a
constant. Several authors have pointed out that
mean intergranular fluid thickness 6 may be stress
dependent [3,4,27,28] and that both D and C may
be (causally) related to 6 (and perhaps even o)
when the grain boundary fluid is thin enough for
surface forces to play a role [3,4].

Z=DéC=

3. Experimental method

As already indicated, our experimental cell
(Fig. 1A) consists of two mutually isolated fluid
reservoirs, one above and one below the disc-
shaped NaCl crystal, with a circular platinum
electrode located close to the crystal-lens contact
in each reservoir. The annular NaCl-lens contact
thus forms the only conduction path between the
two electrodes. Force is applied to the contact by
means of three adjustable springs, calibrated by

replacing the lens with a push-rod linked to an
electronic balance. The spring constants were
chosen such that the applied load would remain
constant within 2-4% during the duration of in-
dividual experiments, i.e. for the expected dis-
placement of 100-200 um due to pressure solution
of the contact. Temperature is measured using a
type K thermocouple positioned close to the
NaCl-glass contact (not shown in Fig. 1A). The
NaCl crystals used in our experiments were
cleaved from cylindrical mother crystals, mechan-
ically cored and ground to produce the conical
central hole (1-2 mm diameter at the contact)
and finally annealed at 700°C for 20 h to remove
dislocation damage. The platinum electrodes were
coated with platinum black to minimize polariza-
tion effects. Resistivity of the conduction path be-
tween the electrodes was measured using the setup
illustrated in Fig. 2.

In setting up individual experiments, the appa-
ratus is first assembled with the crystal sufficiently
retracted to avoid contact with the lens. The
springs are then engaged and the contact between
crystal and lens is pre-loaded (dry) at the desired
load for wet testing (1-5 N). It is subsequently
unloaded so that the contact is fully re-opened.
The cell is then filled completely with saturated
brine via the lower reservoir, and the fluid in-
and outlets closed. Spring loading is then reap-
plied with the result that the brine within the cell
becomes pressurized. The conical lens and the rim
of the central hole in the crystal are then brought
into contact at the required load by bleeding out
the excess brine from the cell, under the action of
the springs. At this point, and then repeatedly
after an interval of 1000 s, a programmable digital
signal generator is activated, sending one 1 kHz
sine wave burst to the platinum electrodes that has
3 s duration and 100 mV root mean square (RMS)
amplitude. The alternating current (AC) flows via
a ‘current sense resistor’, Ry, of 100 kQ. The AC
voltage drops, across this resistor, Vy, and cell,
Ve, are amplified and measured, via RMS to di-
rect current (DC) converters, to give simulta-
neously logged values of voltage and current
from which the resistance of the cell, Rc, may
be calculated using Ohm’s law, (Rc=VcXRy/
V). An oscilloscope, in X/Y mode, is attached
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Fig. 2. Schematic diagram of experimental setup used to measure the resistivity of the conduction path between the two platinum

electrodes.

to the AC signals, V¢ to X and V7 to Y, to pro-
vide a visual indication of any electrical reactance.
Any phase shift due to electrode capacitance or
polarization will show as a departure from a line
at 45° to the X-axis giving an elliptical Lissajous
figure. Phase shifts were never greater than 5° us-
ing 1 kHz and ‘platinum-blacked’ electrodes. The
frequency of 1 kHz was chosen after first checking
the cell’s frequency response with a Solartron
1260A impedance analyser. This showed purely
resistive behaviour at 1 kHz. All voltages, includ-
ing that from a conditioned type K thermocouple
representing the cell temperature, were logged
every 1000 s, to 16 bit precision by a multiplexed
analogue to digital converter and microcomputer.
The low excitation voltage of 100 mV and 3 s
burst measurement every 1000 s were chosen to
avoid minor contact heating effects inferred to
occur at excitations =0.5 V. Widening of the
loaded contact due to pressure solution is fol-
lowed using an optical microscope and digital

camera, enabling us to measure contact width
(w) and radius (r) incrementally as a function of
time, correcting for refractive index effects. The
tests lasted typically up to 12 days, and were per-
formed in a controlled climate room at a constant
temperature of ~28°C. Normal stresses acting on
the contact ranged from 1.5 to 20 MPa, though
higher values must have been reached during ini-
tial contact formation when the contact width was
too narrow to be reliably resolved. We report four
experiments here, performed at applied forces of
I, 3 and 5 N. Note that no attempt was made to
calculate pressure solution rates in these experi-
ments, since the displacement of the crystal rela-
tive to the lens could not be sufficiently accurately
measured in the cell used. Also, we made no at-
tempt to investigate the surface structure of the
dissolved contact after the experiments since the
integrity of the surface could not be guaranteed
when extracting the crystal from the cell (corrup-
tion by evaporation).
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]

Fig. 3. Photographs illustrating contact development with time of experiment performed with applied force of 1 N at a tempera-
ture of 28°C. (a) Start of the experiment after the brine has been added and the conical lens is brought into contact with the
NacCl again; (b) contact after ~ 1.8 days; (c) after ~4 days; and (d) after ~8 days. ‘0’ in ¢ and d indicate overgrowths.

4. Results
4.1. Optical observations

At the start of each experiment, a narrow dark
ring, of irregular width, appears immediately after
the lens is brought into contact with the NaCl crys-
tal. This disappears typically after about 2 h, then
reappears after a further 20-24 h, growing contin-
uously during the remainder of the experiment
with remarkably uniform width. Fig. 3 illustrates
this development in our 1 N experiment. Normal
stresses at the contact range from ~5 MPa imme-
diately after the start of this experiment to 1.8 MPa
towards the end. Fig. 3a clearly shows the narrow,

dark contact ring, observed at the start of the ex-
periments, while in Fig. 3b—d the broadening of the
re-formed contact with time is clearly visible. Idi-
omorphic overgrowths can be observed on the free
surfaces near the crystal-lens contact (‘o’ in Fig.
3c,d) and on the (001) top surface of the crystal.
Note that the concentric optical modulations, seen
within (and outside) the dark contact ring (Fig. 3)
are roughness developed on the machined conical
surface of the NaCl crystal below the focal plane
(refer Fig. 1) and not within the contact itself. This
is verified by the fact that these features become
increasingly out of focus, moving away from the
contact. No optical structure could be observed
within the circular contact.
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4.2. Resistance data

Fig. 4a shows the contact resistance versus time
curves obtained for all experiments reported.
Note the marked differences between the curves.
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Fig. 4. (a) The contact resistance versus time curves for the
present experiments. Applied forces (F,) and initial radius of
the contact (ry) as indicated. Crosses (X) on the curves indi-
cate points in time where optical photographs have been tak-
en to measure contact width w and radius r. Note that Expt.
¢ has a maximum around 1200 kQ. (b) Contact resistance
versus w/r. Note that the pre-peak data are not included be-
cause w could not be measured reliably.

The contact resistance increases from zero at
varying rates in the beginning, reaching either a
very sharp resistance peak after 1-1.5 days (Expts.
c and d) or a broader maximum after 2-4 days
(Expts. a and b). The resistance then falls towards
a plateau value held for the remaining duration of
the experiments.

The resistance data are plotted against normal-
ized contact width (w/r) in Fig. 4b; the pre-peak
data are not included as w could not be measured
reliably. Note that the linear relation predicted by
Eq. 2 is not obtained. Rather, the resistance is
almost independent of w/r in the post-peak stage.
Using Eq. 3 and the contact radius and width
data obtained from the optical micrographs as a
function of time, the resistance data have been
reworked to compute (apparent) Z-values versus
contact width w (Fig. 5a) and normal stress o,
acting across the contact (Fig. 5b). Here too, val-
ues of Z are determined for points measured after
the peak in the resistance vs. time plot (Fig. 4a),
since these data fell within the phase of continu-
ous growth of the re-formed contact and because
the width was too small to be accurately mea-
sured in the first 1-2 days of the experiments.
Fig. 5a shows that with increasing contact width
Z also increases, suggesting a correlation between
Z=D6C and o,. This is illustrated in Fig. 5b
which suggests that for normal stresses in the
range 2 to 10 or 20 MPa, Z is inversely propor-
tional to o,, though Expt. ¢ shows a sharp drop
in Z-values at stresses approaching the peak in
resistance of 1200 kQ (refer Fig. 4a).

5. Discussion
5.1. Resistance data and optical observations

Focussing on the resistance data, we have seen
that during the first 1-2 days of the tests the con-
tact resistance increases at widely varying rates
from an initial value close to zero (Fig. 4a). In
addition, during the first day, the initially present
narrow dark ring disappears and then reappears
as a continuously growing contact (Fig. 3), which
we infer is undergoing pressure solution as ex-
pected. Our interpretation is that the initial dark
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ring is simply an image of the rim of the hole in
the upper surface of the crystal, with so few true
contact points between rim and lens that the cir-
cular contact zone offers no resistance. Any plas-
tic deformation of the contact points, which must
occur under the action of the high contact stresses
at the start of the tests [9], would already have
occurred at this stage of the experiments. We pro-
pose that disappearance of the initial dark ring
results from dissolution of the contact points
and marks the formation of a more or less con-
tinuous contact, which is too narrow to be opti-
cally visible, but nonetheless causes substantial
increase in resistance. We suggest that the increase
in resistance varies from experiment to experi-
ment, because of differing evolution of the com-
pleteness and degree of wetting of the contact. As
the contact grows and becomes optically visible,
resistance increases towards a sharp peak or
broader maximum. We propose that in samples
where the contact is wetted it grows continuously
by pressure solution, forming the visible contact
seen after the first 24 h of the experiment. This
would explain the behaviour of samples a, b and
d. In these experiments, the maximum and subse-
quent decrease in resistance may result from the
effect on contact resistance of competition be-
tween increasing contact width w and decreasing
normal stress o,, bringing about increasing Z
through increasing average fluid thickness ¢ and/
or diffusion coefficient D. This would be consis-
tent with the fact that contact resistance does not
increase linearly with w/r, as expected from Eq. 2
assuming & and D are constant (Fig. 4b), but is
almost independent of w/r. A possible explanation
for sample ¢, which shows the large resistance
peak (Fig. 4a), is that the grain boundary fluid
is drastically thinned or entirely expelled during
initial formation of the continuous (invisible) con-
tact. The subsequent drop in resistance and simul-
taneous development of the continuously growing
contact observed in Expt. ¢ may be the result of
some kind of marginal dissolution process [4,
6,9,12] allowing re-wetting of the boundary fol-
lowed by grain boundary diffusional pressure so-
lution. This interpretation of the peak resistance
in Expt. ¢ is supported by the fact that the appar-
ent Z-values calculated immediately following the
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Fig. 5. (a) DOC versus contact width (w); (b) DSC versus
normal stress across the contact (o0,). Data plotted for the
phase of continuous growth of the re-formed contact.

peak do not lie on the same trend as our other Z
versus o, data (Fig. 5b).

At present, it is unclear whether the near linear
dependence of apparent Z-values on contact
width and inverse dependence on normal stress
(on) in the post-peak phase of the experiments
(Fig. 5a,b) is caused by changes of grain bound-
ary fluid thickness (9) and diffusivity with o, and/
or time, a combined change of D, d and C, and/or
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a change of grain contact structure. It is evident
from Fig. S5a,b, however, that initial load may
also play a role in determining Z. This suggests
a possible influence of initial contact stress or as-
sociated plastic deformation on subsequent grain
boundary structure and properties.

As described in our optical observations, the
machined conical surface of the hole in the
NaCl crystals used shows idiomorphic overgrowth
and concentric roughening which becomes more
pronounced with time. The overgrowths are pre-
sumably at least partly due to the precipitation of
NaCl removed from the contact by pressure solu-
tion. Local transport driven by the anisotropic
surface energy of NaCl is believed to be respon-
sible for the roughening, as the machined NaCl
surface strives to minimize its surface energy
through the formation of crystal ledges by short
range diffusion (cf. [27]). As already indicated, we
made no attempt to investigate the structure of
the contact after the experiments, because there
is no guarantee that the active contact structure
is preserved during disassembly of the experiment.
However, from the fact that no structures were
optically visible within the contact during pressure
solution, any internal roughness during pressure
solution must have been less than 0.5-1 pm.

5.2. Comparison with previous work

The values for Z determined in the present
study 3% 1072 m?/s<Z=DSC<2x107'18 m’/
s) by measuring the radial resistance of an actively
pressure dissolving halite-glass contact, are in rea-
sonable agreement with (though somewhat higher
than) values for Z inferred from granular halite
compaction experiments and previous experi-
ments on halite-halite and halite-glass contacts
at similar contact stresses and temperatures.

From wet halite compaction experiments,
which showed good agreement with theoretical
models for diffusion controlled pressure solution,
Spiers and co-workers [9,21,33] obtained Z-values
in the range 3X107*-3x107" m?s at room
temperature, for grain contact stresses of 1-20
MPa. Inferring diffusion controlled pressure solu-
tion involving a thin grain boundary fluid film
maintained by surface forces (disjoining pressure)

in their halite—quartz glass contact experiments at
50°C, Hickman and Evans [27] calculated values
for Z in the range 4X107°-2x 107" m¥/s, for
contact stresses of 0.5-12 MPa. Moreover, the
inverse dependence of Z on o, observed in the
present experiments was also observed by Hick-
man and Evans [27] (see Fig. 5b), who attributed
this to the effect of o, on equilibrium film thick-
ness as determined by surface forces. Shifting
the 50°C Z-values obtained by Hickman and
Evans [27] to the temperature of the experiments
reported here, using the activation energy for Z
of AH=24.5 kJ/mol obtained from experiments
on polycrystalline NaCl aggregates by Spiers
et al. [21], lowers the Hickman and Evans Z-
values by half an order of magnitude. On the
basis of halite-halite contact experiments at
room temperature and with contact stresses of
1-7.5 MPa, Schutjens and Spiers [40] obtained
Z-values in the range 5X10720-5x107" m¥/s
for dissolving contacts showing little or no optical
structure.

Our present Z-values therefore overlap with
much of the previous data for Z, but are on aver-
age about one order of magnitude higher. We
suggest that this discrepancy may be due to crys-
tallographically controlled, periodic variations in
grain boundary roughness, mean fluid thickness
and/or fluid film structure/diffusivity around the
circular contact, yielding a (high) composite value
of Z. We have no direct evidence for this but
consider it likely since the contact surface cuts
all crystallographic directions at an angle of 45°
to [001], producing a periodic variation in contact
orientation. The effect of initial load on the Z
versus o0, data seen in our experiments may indi-
cate that in our tests surface roughness, related to
initial contact stress and plastic strain, played a
role. As in previous work, the experiments re-
ported here do not enable us to resolve the struc-
ture of the grain contact during pressure solution,
or to separate values of D, §, and C. However, we
are presently performing Fourier transform infra-
red (FTIR) microanalysis experiments to deter-
mine independently the thickness of grain bound-
ary fluid within actively pressure-dissolving
halite—glass contacts. We are also extending our
resistivity technique to determine Z=DJC for
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quartz—quartz contacts undergoing pressure solu-
tion in a hydrothermal cell.

A noteworthy implication of the inverse linear
dependence of Z = DSC on normal stress (oy) seen
in the experiments reported here and in those of
Hickman and Evans [27], is that the pressure so-
lution creep rate is predicted to become indepen-
dent of stress, when this dependence is inserted
into a classical rate model for pressure solution
creep [4,7,33,41]. This is not the case in polycrys-
talline NaCl which shows a near linear strain rate
versus stress relation during creep by pressure so-
lution [9,21,22,33]. However, in the experiments
reported here and by Hickman and Evans [27],
the contacts are NaCl-glass contacts, whereas in
experiments on polycrystalline aggregates, grain
boundaries are formed by NaCl-NaCl contacts.
This suggests that the observed inverse depen-
dence of Z=DJ6C on o0, may be a property of
wetted halite—glass contacts only, reflecting the
interaction of surface forces such as electrical
double layer forces, hydration forces and Van
der Waals forces [27]. Using FTIR microanalysis,
we are expecting to be able to determine the fluid
content and structure of both NaCl-glass and
NaCl-NaCl contacts independently.

6. Conclusions

In the experiments presented here, loading the
annular halite-glass contact probably led to plas-
tic deformation and subsequent dissolution of
contact points, sooner or later followed by growth
of a continuous contact by steady grain boundary
diffusional pressure solution. We have succeeded
in measuring the electrical resistance of these con-
tinuous contacts during the active pressure solu-
tion stage of the tests. From these measurements
and by making use of the Nernst-Einstein equa-
tion we have been able to calculate the magnitude
of Z=D6C after continuous contact formation,
obtaining values in the range 3x1072° m?¥/
s<DSC<2x107'8 md/s. These values overlap
with, though are typically one order of magnitude
higher than, values reported in the literature for
halite-halite and halite—glass contact experiments
and obtained in granular halite compaction ex-

periments. We have also found an inverse stress
dependence of Z similar to that reported by Hick-
man and Evans [27]. The tests reported here do
not enable us to elaborate on the internal struc-
ture of the actively dissolving contact or to eval-
uate D, 6, and C independently./RV]
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