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EXPERIMENTAL PRESSURE SOLUTION OF HALITE BY AN INDENTER TECHNIQUE
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Abstract. An indenter technique is used to study pressure
solution of halite immersed in brine. Two types of dissolution
features are observed involving dissolution around or under
the indenter: (1) free-face pressure solution driven by elastic
and plastic strain energy; and (2) water-film diffusion
controlled by normal stress. These different types of
dissolution features are related to changes in the initial
saturation of the brine. Free-face pressure solution is only
observed at slightly undersaturated initial conditions. Under
fully saturated conditions, a linear relation of displacement
rate versus stress is obtained confirming that the major driving
force is the normal stress. However, both types of pressure
solution mechanisms (and the associated pressure solution
creep laws) can be expected to occur in natural deformation as
various conditions of temperature, pressure and fluid
composition change during progressive deformation.

Introduction

In addition to cataclastic and plastic deformation, pressure
solution-deposition creep is one of the most important
mechanisms of rock deformation in the upper crust.
Unfortunately, experimental studies of pressure solution are
rare, because the rate of pressure solution creep is very low.
The fastest strain rates estimated for pressure solution creep of
common minerals in the crust (such as quartz and calcite) are
on the order of 10-!" 5! [Rutter, 1983]. Such crustal strain
rates are difficult to monitor in the laboratory because it would
take at least 100 years to obtain a strain of 3%. To achieve an
increase of even two orders of magnitude in strain rate,
experiments on pressure solution creep of these crustal
minerals have had to use either artificial solvents, such as
those used in the hydrothermal production of synthetic
minerals [Gratier and Guiguet, 1986], or both very small
grains and high temperature [Cox and Paterson, 1991].
However, more easily accessible strain rates can be obtained
on very soluble minerals such as NaCl, KCI, and K,CO3.
This has been the approach of most previous studies that have
investigated fundamental pressure solution processes in the
lab. Such studies are important not only for the development
of valid crustal creep laws, but also to obtain more reliable
values of viscosity coefficients for salts, and to understand the
process of diapirism, the movement of large thrust sheets and
mechanisms for slow stress diffusion [Grasso et al., 1992].

Previous Work

Major questions concerning pressure solution are
primarily related to: (1) driving forces for mass transfer; (2)
limiting processes for deformation kinetics; and (3)
mechanisms of mass transfer. Theoretically, the driving force
for mass transfer from the dissolution site to the deposition
site is a function of the differences in normal stress, elastic
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and plastic strain energy, and surface energy between the two
sites [Robin, 1978]. In addition, the strain rate of pressure
solution creep is likely dependent on the kinetics of several
successive processes: kinetics of the solid/fluid reactions for
dissolution and deposition, and rate of mass transfer by either
diffusion or infiltration. If one of these processes is much
slower than the others, the strain rate is controlled by the
slowest process. Various models of solution-deposition creep
have been proposed based on different driving forces and
different rate-limiting processes. Relations between the
displacement rate of a piston (y) indenting a mineral by
pressure solution and various pressure-solution parameters
are derived from theoretical creep laws [Raj, 1982; Rutter,
1983] assuming that the limiting process is either (1) the
kinetics of the reaction rate for dissolution/deposition, or (2)
the diffusion rate of mass transfer:
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where k is the reaction rate; R is the gas constant; T is the
temperature; ¢ is the solubility of solid in solution; w is the
width of transport path; D is the diffusion coefficient for the
rate limiting species; d is the indenter diameter; and Ay is the
difference in chemical potential between the dissolution and
deposition sites and is proportional to either the difference in
normal stress (o) or the difference in elastic and plastic strain
energy (AE) between the two sites. Response to changes in
normal stress requires water-film diffusion within the trapped
fluid under the indenter. In contrast, changes in elastic and
plastic strain energy induced by the indenter may promote
free-face pressure solution around the indenter [Tada and
Siever, 1986].

Working on salt aggregates, several authors were able to
obtain a linear relation between strain rate and stress, as
predicted if the difference in normal stress is the driving force
for mass transfer [Raj, 1982; Rutter, 1983; Pharr and Ashby,
1983; Urai et al., 1986; Spiers and Schutjens, 1990]. Several
problems remain, however, with such approaches: (1) Grain
geometry varies during deformation [Pharr and Ashby,
1983]. This changes the creep relation and leads to significant
changes in stresses at grain boundaries. (2) Porosity of the
aggregate changes during compaction associated with the
deformation [Spiers and Schutjens, 1990]. This leads to a
variation in diffusion paths, from free fluids to trapped fluid
films, and corresponding changes in mean diffusion values
[Rutter, 1983; Gratier and Guiguet, 1986]. (3) Rate-limiting
processes are difficult to determine. Either the reaction rate
[Raj, 1982], or the diffusion rate [Gratier and Guiguet, 1986;
Spiers and Schutjens, 1990] has been variously identified as
controlling the process of aggregate deformation. (4) Several
parameters (stress, geometry, diffusion cocfficients) change
during deformation. Thus, more complex creep laws that
involve variations in both driving forces and rate-limiting
processes may be more appropriate.

To develop such complex pressure-solution creep laws
appropriate for natural polycrystalline aggregates, the physical
process of pressure solution needs to be understood at the
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scale of the fluid/solid interface [Hickman and Evans, 1991].
To address this issue, recent experiments have been
performed on mineral single crystals. Bosworth [1981] has
shown that dissolution of halite could be linked to localized
plastic deformation, supporting a strain-induced dissolution
effect. Tada and Siever [1986] performed pressure solution
experiments on a single crystal of halite by a quartz indenter.
They observed a moat of dissolution around the indenter. The
driving force for pressure solution was thus assumed to be
linked to the difference in elastic and plastic strain energy
induced by the indenter along the free surface of the crystal
(free-face pressure solution). The associated small displace-
ment of the indenter was interpreted as a discontinuous
process of crystal collapse undercut by dissolution around the
indenter. Our indentation experiments on halite yield some-
what different results.

Experimental Method

A sketch of the experimental set-up is shown in Figure 1.
A stainless steel cylindrical indenter is mounted under a free-
moving Teflon piston and put in contact with crystals of halite
immersed in brine. Dead weights placed on the piston main-
tain constant stress on the samples. Several devices are placed
in sealed vessels within a furnace. Before starting the
experiment, the brine is first saturated with halite powder at
the pressure and temperature of the experiment (see below)

The indenter technique enables a constant dissolution
contact geometry to be maintained. The behavior is therefore
expected to be more steady-state than with aggregate
compaction. The effect of various parameters may be tested,
including stress, indenter diameter, temperature, nature of the
indenter, crystalline orientation of the sample, and geometry
of the fluid/solid contact (smooth or rough). This technique
may also be used to explore the transition between pressure
solution creep and the other mechanisms of deformation.

Results

Two kinds of results are presented: (1) the various shapes
of the holes induced by stress dissolution under the indenter
and (2) the observed relation between stress and displacement
rate. Pieces of the same initial synthetic sample were used,
with the same crystalline orientation relative to the indenters.
Experiments performed without brine around the sample
showed no deformation. For the experiments with brine, two
different methods were used to prepare the starting brine: in

Fig. 1. Sketch of experimental devices: free-moving Teflon
piston and frame (dotted): stainless steel indenter (vertical
black needle); halite sample (black) immersed in brine; dead
weight (hatched) maintains constant stress on the sample.

Fig. 2. Various types of dissolution features obtained by the
indenter technique. Optical photographs show cross section
(left, with indenter diameter), and free surface of the samples
(right). (a) Dissolution grooves around the indenter, stress

1 MPa at 30°C for 30 days, with slightly undersaturated initial
brine. (b) Dissolution both around the indenter (site B) and
under the indenter (site A), stress = 2.5 MPa, 40°C, 86 days,
with slightly undersaturated initial brine. (c) Dissolution only
under the indenter (cylindrical hole), stre: 10.3 MPa,
30°C, 268 days, with fully saturated initial brine.

the first method (Figure 2a and b), the brine was saturated at
the temperature of the experiment for several days; in the
second case (Figure 2c), the brine was first heated to a higher
temperature than the planned temperature for one day (thus
oversaturated), then lowered to the planned temperature and
maintained for several days. The two methods led to
recognizable differences in the initial concentrations of the
brine, for example: 26.6% and 26.9% by weight after 2-3
days at room temperature for the first and the second
methods, respectively. Thus, the first method produced
slightly undersaturated initial solutions, while only the second
method allowed us to perform experiments at fully saturated
conditions during the entire duration of the runs.

Shape of the holes: Three types of shape were found to be
associated with various deformation conditions (Figure 2).
a) A moat of dissolution was observed around the indenters,
similar to the observations made by Tada and Siever [1986].
Moreover, no hole formed under the indenters (Figure 2a).
This behavior was associated with additional traces of
dissolution of the free surface beyond the moat.
b) A similar dissolution moat was observed around the
indenters, in addition to cylindrical holes that formed with the
same diameter as the indenters (sites A and B, Figure 2b).
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) Finally, only cylindrical holes were observed of diameter
equal to the indenter over their entire depth (Figure 2¢). This
behavior occurred without any significant evidence of
additional dissolution of the free surface of the samples.
Stress to displacement rate relation: For cylindrical holes
obtained during two runs of different duration at fully
saturated conditions, the relation between stress on the
indenter and the mean displacement rate of the indenter was
determined (Figure 3). The stress value is the ratio between
the dead weight and the surface area of the indenter. The
displacement rate is estimated by dividing the depth of the
hole by the duration of the experiment. A near linear relation
is obtained (except for the most stressed sample at 80 MPa).

Discussion

Driving forces: The observed moat of dissolution around
the piston (Figures 2a and b) confirms that one possible
mechanism is related to the elastic and plastic strain-induced
effect of free-face pressure solution, as already observed by
Bosworth [1981] and Tada and Siever [1986]. However, the
holes with cylindrical shape cannot be explained by this
effect. Even in the case of dissolution both around and under
the indenter (Figure 2b), elastic and plastic strain-induced
effects (free-face pressure solution), plus the collapse of the
sample under the indenter by lateral dissolution [Tada and
Siever, 1986], cannot explain why, in all cases, the
cylindrical part is deeper than the conical part of the hole. The
lindrical part of the hole must be associated with water-film
diffusion, driven by the difference in normal stress between
the indenter/halite contact and the free surface of the halite.

Different diameters of the indenters were used to obtained
the deepest possible holes and to extend the range and
accuracy of the stress/displacement-rate relation. This change
is not expected to have any significant effect on the driving
force because the stress values are in the same range of
magnitude for the different experiments (1 to 65 MPa). The
temperature was the same for the two experiments shown in
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Fig. 3. Relation between displacement rate and applied stress
on the indenter; same conditions as in Figure 2c with different
durations: 268 days (solid squares) and 165 days (solid dots).

1649

Figure 2a and 2c, although the mechanisms of pressure
solution appeared to be different.

The only parameter that seems to control the change in the
observed dissolution features is the initial saturation of the
brine. Dissolution is enhanced by high dislocation density,
which controls both the bulk thermodynamic effect of the
elastic and plastic strain energy, and the number of available
reaction surface sites with localized high strain energy. The
latter effect was found to be the most important for increasing
the rate of dissolution of strained calcite [Schott et al., 1989].
However, the rate of formation of dislocation pits in quartz is
significantly reduced as the saturation state of the starting
solution approaches equilibrium [Brantley et al., 1986]. This
does not mean that the effect of the strain energy disappears
near cquilibrium, but simply that its associated dissolution rate
becomes so slow that it cannot be observed. Our results are
consistent with this interpretation.

Under fully saturated brine conditions (i.e. oversaturating
then allowing the solution to equilibrate at run temperature),
the observations that moat formation did not occur during the
indenting of halite [Hickman, 1989; Hickman and Evans,
19911, even though the contact stre: were sufficiently high
50 as to produce high dislocation densities exposed to the free
brine, are also consistent with this interpretation.

Rate-limiting proct s: The different driving forces
discussed above are associated with two different paths of
mass transfer: diffusion through a free fluid (for strain-energy
controlled pressure solution) and diffusion through a trapped
fluid film (for normal stress controlled pressure solution). The
diffusion coefficients in free fluids are several orders of
magnitude higher than in trapped fluids. They typically range,
for example, from 10~ m?/s for silica in a free fluid [Rutter,
1983] to 10-13 m?/s for water-film diffusion [Gratier and
Guiguet, 1986] at 350°C. Consequently, rates of free-face
pressure solution are often found to be controlled by the
kinetics of reaction limiting processes [Gratier and Jenatton,
1984; Tada and Siever, 1986]; whereas water-film diffusion
is controlled by a diffusion-limiting process [Rutter, 1983;
Gratier and Guiguet, 1986]. Theoretically, the limiting
process of the deformation is indicated by the relation between
the displacement rate and the indenter diameter (d), with
displacement rate independent of d for reaction-limiting cz
and a dependence of 1/d2 for diffusion-limiting cases
[Hickman, 1989]. In our experiment, water-film dlffuslon
only appeared with the lower values of indenter diameter,
whereas free-face pressure solution appeared to be diameter
independent (Figure 2). This is compatible with the coupling
between specific driving forces and rate-limiting processes
suggested above.

From the present results, it appears that the degree of
solution saturation may change the relative importance of
different mechanisms for mass transfer by pressure solution.
Thus, creep laws may change during deformation. This was
probably the casé in the second experiment (Figure 2b),
where two types of deformation features (and their inferred
rate-limiting processes) were observed. Under natural
deformation, changes in the degree of saturation could easily
occur if a saturated system in chemical equilibrium is flooded
by the arrival of a new fluid through fault-valve behavior
[Sibson, 1981], or if increased solid/fluid reactions interact
with infiltration mass transport [Dewers and Ortoleva, 1990].

Displacement rate versus stress relation: The near linear
relation obtained between displacement rate and stress values
(Figure 3) under fully saturated conditions is compatible with
a driving force related to the difference in normal stress
between the indenter-halite contact and the free-face of the
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halite. The scattering of values may be related to possible
friction effects of some pistons along their supports, or to the
effect of the roughness of the indenter base. When pressing
together halite and fused silica lenses, Hickman [1989]
obtained convergence rates that were linear with normal stress
but no convergence was observed when pressing together
halite and halite because of a sealing effect that changed the
geometry of the contact. Difference in geometry of the
contacts can also have affected our pressure solution rate.

The experiment performed at the highest stress value (80
MPa) does not fit the observed linear relation for lower stress.
The deformation mechanism may be different, such as plastic
deformation, or a process of dissolution drastically increased
by the development of microcrack: -adial microcracks are
visible in the vicinity of the hole for the most stressed sample.
This behavior was not investigated further.

Conclusion

An indenter technique is used to perform experiments on
pressure solution of halite in the presence of brine. Two
deformation mechanisms are inferred with the development of
pressure solution either around or under the indenters:

(1) Free-face pressure solution driven by the difference in
elastic and plastic strain energy between dissolution and
deposition sites is indicated by dissolution around the
indenters (conical-shaped grooves, with internal diameter
equal to the indenter diameter). This effect is only observed
when the initial brine solution is slightly undersaturated, is
independent of indenter diameter, and is probably associated
with reaction-limiting processes of dissolution or deposition.

(2) Water-film diffusion controlled by the difference in normal
stress between dissolution and deposition sites is indicated by
dissolution under the indenters (cylindrical-shaped hole with
diameter equal to the indenter diameter). Displacement rate is
found to be inversely proportional to the indenter diameter and
is probably associated with a diffusion-rate limiting process.

Under fully saturated conditions, the near linear relation
observed between displacement rate and stress values
confirms that, in this case, the major driving force is the
difference in normal stress between dissolution and deposition
sites.

From these results, both: the driving force and the rate-
limiting process of pressure solution-deposition creep may
change during deformation if pressure, temperature, or fluid
saturation vary, as may be expected with fluid flow
accompanying faulting [Sibson, 1981] or compaction
[Dewers and Ortoleva, 1990].
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