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Abstract Halite single crystals in saturated solution were
used to study dissolution precipitation creep (DPC) at
conditions where plastic deformation is negligible. Spe-
cifically, the free unloaded surfaces of these crystals were
investigated by a novel Linnik-based phase shift inter-
ference microscope. The method allows observations of
the crystal surface in-situ and with an axial resolution in
the nanometer scale. Transport phenomena in open
systems, temperature gradients, and gradients in strain
energy density were found to cause morphological
changes on the free crystal surface by dissolution/rep-
recipitation. We did not find evidence for DPC by
applying a homogeneous stress field to the crystal as
long as plastic deformation was avoided. These findings
suggest that deformation of rocks by DPC in situations
where dislocation creep is not activated, but is rather
promoted by fluid transport through the rock or
by episodic changes of extensive parameters affecting
solubility than by homogeneous stress alone.

Introduction

Since Sorby (1863a, 1863b, 1865), dissolution precipi-
tation creep (DPC) or pressure solution is considered to
be the predominant mechanism of sediment compaction
and an important deformation mechanism during low to
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intermediate grade metamorphism at stresses insufficient
to activate dislocation creep (e.g., Rutter 1976; McClay
1977), as shown by the microstructural record of meta-
morphic rocks (e.g., Elliott 1973; Rutter 1983; Groshong
1988; Knipe 1989; Schwarz and Stéckhert 1996; Stock-
hert et al. 1999). DPC may also play a considerable role
in the rheological behaviour of rocks containing partial
melts (Hirth and Kohlstedt 1995; Rosenberg 2001).
Based on Gibbs’ (1906) consideration of the thermody-
namics of nonhydrostatically stressed solid bodies, many
authors have suggested theoretical treatments of DPC
(Weyl 1959; Kamb 1961; Paterson 1973; Rutter 1976;
Lehner and Bataille 1984/85; Lehner 1990, 1995; Leroy
and Heidug 1994; Heidug 1995). The common idea is
that the deviatoric stress on solids should drive defor-
mation via a dissolution-precipitation mechanism, i.e.,
dissolution at the loaded grain-to-grain contact, and
diffusional transport out of the contact zone to the
adjacent grain boundaries which are perpendicular to
the extensional component of the deviatoric stress ten-
sor, where the material is supposed to reprecipitate (e.g.,
Paterson 1973; McClay 1977; Shimizu 1995). This pro-
cess is also described as a ‘“‘convergence” of the com-
pressionally stressed counter-surfaces, while the grain
elongates in the perpendicular direction (Heald 1956;
Durney 1976). Lehner and Bataille (1984/85) and Lehner
(1990, 1995) pointed out that such a scenario is not likely
to be appropriately described by concepts of reversible
processes, and discussed DPC in terms of nonequilibri-
um thermodynamics, solute supersaturation, and trans-
port conditions. Another mechanism assumed to drive
DPC has been suggested by Ostapenko (1968) who
supposed that the “contacts between compressed grains
become zones of microgranulation composed of minute
crystalline grains”. Recently, Bos et al. (2000) have
presented the microstructural results of rotary shear
experiments on brine-saturated mixtures of halite and
kaolinite. They attributed the observed frictional-vis-
cous behaviour to the combined effects of pressure
solution and sliding along kaolinite-rich foliation planes.
Based on these experiments, Bos and Spiers (2002)
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developed a “‘microphysical” model, which described the
experimental data on the halite-kaolinite system rea-
sonably well. Den Brok and Morel (2001) addressed the
role of the elastic strain energy, although it is often
assumed not to play a major role in DPC processes.

Apart from micromechanisms, the structure of the
liquid layer separating grains in a solid undergoing DPC
is still a matter of debate. While some authors invoked a
continuous fluid film (Weyl 1959; Rutter 1983; Derja-
guin et al. 1987; Hickman and Evans 1991; Heidug
1995), others expected, and in some cases were able to
demonstrate, an interface structure consisting of fluid
pockets and channels separated by load-bearing islands
displaying a dynamically stable island and channel
structure (Raj and Chyung 1981; Urai et al. 1986; Spiers
and Schutjens 1990; Lehner 1995). Leroy and Heidug
(1994) presented a theory of surface roughness in fluid-
filled tubular pores assuming perturbations and inter-
face-controlled kinetics.

Experimental studies can be subdivided into two
groups: (i) Compaction or deformation experiments on
granular aggregates (e.g., Urai et al. 1986; Spiers and
Schutjens 1990; Spiers et al. 1990; Spiers and Brzesowsky
1993; de Meer and Spiers 1997; den Brok et al. 1999a,
1999b; Bos et al. 2000; Renard et al. 2000, 2001), and (ii)
experiments on single crystals (e.g., Tada and Siever 1986;
Hickman and Evans 1991, 1995; Gratier 1993; Réller et al.
1995; Martin et al. 1999; Schutjens and Spiers 1999; Morel
and den Brok 2001; de Meer et al. 2002). All these
experiments done on analogue model systems showed
that fluid can affect the rheological behaviour of rocks.

The present study is focussed on in-situ observations
of changes in the fine-scale morphology of free surfaces
of single crystals when stress is imposed. The effect of
stress on this surface is then compared to other factors
controlling dissolution or growth. The idea is to use the
processes observed at the free surface as a proxy for the
expected dissolution at the loaded interface of the single
crystal. Based on single crystal experiments, various
authors have reported widely varying convergence rates.
Hickman and Evans (1991, 1995) conducted experiments
with calotte-shaped crystals in contact with planar sur-
faces. Their observed convergence rates for loads up to
14 MPa at halite-silica contacts reached 10-50 nm/day.
In halite-halite experiments no convergence was
observed. The absence of convergence was explained by
“neck growth” driven by gradients in surface curvature
provided that the wetting angle between the two solids is
non-zero (Hickman and Evans 1991). In contrast,
Martin et al. (1999) exposed mm-sized halite crystals in
contact with muscovite, quartz or halite to a homoge-
neous load < 2 MPa and obtained convergence rates of
0.1-2 pm/day independent of the nature of the interface.
Tada and Siever (1986) created plastically deformed
zones at the contact of an indenter and its periphery.
These zones dissolved in a solution saturated with
respect to the unperturbed solid and thus contributed to
DPC by a combination of plastic deformation at the
contact and free surface pressure dissolution in the

periphery of the indenter. Recently, de Meer et al. (2002)
reported widening of loaded annular contacts, which
they observed by conventional optical microscopy.

In order to resolve the contributions of various
parameters to DPC, we used a new optical interference
microscope based on the phase-shifting technique
(Bruning et al. 1974) to observe crystals undergoing
DPC in different stress states in-situ. For the study of
crystal growth and dissolution with unit-cell resolution,
atomic force microscopy (AFM) has become the most
popular in-situ method (e.g., Astilleros et al. 2000;
Jordan et al. 2001; Teng et al. 2001; Jones et al. 2003;
Peskleway et al. 2003). AFM, however, requires close-
distance interaction between the AFM probe and the
sample surface. Therefore, its non-invasive capabilities
are limited, and it utilises a complex setup to scan the tip
with respect to the surface. In contrast to AFM, the
interference microscope unites true non-contact imaging
and high axial resolution by recording a series of
reflected light interferograms from a surface that is
shifted axially with respect to a reference mirror by a
piezo actuator. Comparison of the phase-shifted inter-
ferograms allows a three-dimensional reconstruction of
the surface topography with nm resolution in the axial
direction and conventional optical resolution in the
lateral dimensions. Onuma et al. (1993, 1994) introduced
the phase shift technique to the study of crystal growth
processes using laser light. Commercial white-light and
phase-shift interferometers are widely used in semicon-
ductor and other industries requiring high-resolution
surface characterisation (Sandoz 1996; Hart et al. 1998;
Aziz 1998). These interferometric techniques have been
introduced to earth sciences by Maclnnis and Brantley
(1993) and Liittge et al. (1999, 2003) for ex-situ studies
of mineral dissolution processes. However, the available
instruments mainly use Mirau-interferometers, which
makes it practically impossible to compensate changes in
optical path-lengths between the objective lens and the
object. In in-situ experiments, such changes are
unavoidably caused by the fluid layer on the sample
surface. Therefore we resolved to use the interferometer
setup designed by Linnik (1933).

Experimental

Linnik type phase shift interference microscope (PSIM)

In co-operation with ATOS GmbH (Germany), a Linnik type
phase shift interference microscope was constructed (Fig. 1). In
contrast to a Michelson or Mirau interferometer the Linnik inter-
ferometer splits the beam into a sample-beam path and a reference-
beam path, each beam path equipped with a separate objective lens
(Linnik 1933). Any material (e.g., fluids, cover-windows) between
the sample surface and the lens causes an optical retardation in
the sample-beam path with respect to the reference-beam path. The
PSIM compensates this retardation by extending the length of the
reference-beam path (Fig. 1, left side) or by inserting similar
materials between the reference mirror and the reference lens. With
commercially available instruments like a Mirau interferometer
(e.g., Mirau 1955) the compensation is not possible, unless laser
light is used. However, the long coherence length of laser light
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Fig. 1 Schematic drawing of the phase shift interference micro-
scope (PSIM) based on the Linnik-principle with two coupled
lenses. Topographic analysis of crystal-fluid interfaces through
liquid and glass covers is possible. / Light source, 2 monochromatic
filter, 3 lens and aperture system, 4 beam splitter, 5 50x lenses, 6
sample surface covered with glass and fluid layer, 7 moveable
reference mirror, 8 piezo actuator, 9 Linnik compensation
(moveable), 10 CCD camera

causes highly disturbing interferences from lateral scattering
speckles and from all reflecting surfaces in the beam path. The
PSIM applies light from a light bulb monochromatized by a filter
[A=(555+25) nm]. The acquisition of a series of interferograms is
performed by scanning the optical path length between the sample
surface (or the reference surface) and the beam splitter by a piezo
actuator in regular steps of a wavelength. The morphology of the
sample is calculated subsequently from the shift of the interference
fringes in these consecutive interferograms. The image acquisition
and the calculation only needs a few seconds. The lateral resolution
of the apparatus (with 50x lenses and the wave length used) is
approximately 0.6 pm. The maximum field of view is 166x124 pm?.

Sample preparation and sample cell

In order to study growth or dissolution on the free surface of a crystal
subject to uniaxial stress, a cell was constructed in which the axis of
compressive stress is perpendicular to the direction of view of the
PSIM. The cell is schematically shown in Fig. 2. The inner volume of
the cell is approx. 700 mm?>; the cell and piston were made of pas-
sivated titanium and are embedded in a copper block thermostated
by Peltier elements. The diameter of the SiO, glass cover is 20 mm
and the thickness is 0.5 mm. The temperature is controlled via two
Pt-100 thermosensors, one mounted near a Peltier element, the other
200 pm apart from the sample within the cell wall. In all experiments,
the temperature was (30 £0.05) °C. Aninfrared camera did not show
any lateral temperature gradient in the cell; thermocouple measure-
ments inside the cell revealed a vertical temperature gradient of 0.006
to 0.01 K/mm. The cell can be operated in two different modes rep-
resenting either a closed or a quasi-open system. The closed system
was achieved by an O-ring seal and additional sealing with viscous
silicone around the glass cover. This seal cannot and need not resist
increasing hydrostatic pressures in the cell. In the closed system an
applied stress of 0.5 MPa causes the piston to advance by 4 mm into
the fluid-filled cell without crystal. The increased hydrostatic pres-
sure causes the glass cover to bulge slightly. In the actual experiments
the intrusion of the piston was only a few microns, so that in fact
the increase in hydrostatic pressure in the cell is insignificant. The
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Fig. 2 Sketch of the cell. The piston of the cell is loaded with
compressed nitrogen and can support pressure of up to 100 MPa
depending on the geometry and size of the crystal. The outer
diameter of the titanium cell is 30 mm and the diameter of the
piston is 3 mm

quasi-open system was achieved by not perfectly tightening the
window O-ring seal without any additional sealing and therefore
creating a capillary-like exit.

Synthetic (Korth Kristall, Germany; Young’s modulus=
39.98 GPa) and natural (unknown origin) halite crystals were used.
X-ray diffraction and energy-dispersive X-ray spectrometer (EDX)
revealed similar structure and chemical composition for both kinds
of crystals. Judging by dissolution etch pit density, the dislocation
density was ca. 3.6x10° m™2 for the artificial crystal and ca.
4.4x10° m™2 for the natural crystal and therefore rather similar. The
crystals were cleaved with a scalpel parallel to (100) immediately
before mounting them into the cell (max. size 5x6x4.7 mm?). For the
preparation of saturated NaCl-solution reagent-grade NaCl (Baker,
Netherlands) and deionized water (18 MQ cm) were used.

Stress was applied to the crystal via a piston loaded with
compressed nitrogen. Different pistons were used to apply different
stress states A, B and C (Fig. 3). The stress states A and B are used
to introduce gradients in elastic strain energy density. The distri-
bution of elastic strain energy density is calculated by finite ele-
ments method (FEM). In the case of a cylindrical piston (stress
state A), the elastic strain energy density is the highest at the
contact area. At the unloaded surfaces, the elastic strain energy
density is smallest in the region close to the piston and higher in the
opposite region. If a rectangular piston is pressed at the crystal in a
way that one side of the piston extends beyond the crystal surface
(stress state B), the elastic strain energy density on the free surface
is highest close to the piston and less in the opposite region close to
the cell wall. In contrast to the inhomogeneous stress states A and
B, stress state C represents a near homogeneous distribution of
elastic strain energy density. In all three stress states, friction occurs
along the contacts in the same order of magnitude. Our compar-
ative FEM calculations confirm that in all three stress states fric-
tion causes negligible gradients in elastic strain energy density at
the free surface compared to the gradients caused by piston
geometry in the cases A and B. The values of the applied stress
given here refer to the force exerted by the nitrogen divided by the
nominal contact area between (1) piston and crystal and (2) crystal
and the counter bearing cell wall. In the stress states A and B, the
crystal-cell wall contact area was larger than the piston-crystal
contact area causing less stress at the crystal to cell wall contact
area. In the experiments, the stress at the crystal to cell wall contact
was limited to < 1 MPa (Table 1) and, therefore, can be assumed
to be below the elastic limit of halite which is in air between 0.85
and 1.5 MPa (Wimmer et al. 1963). In experiments according to
stress states A and B, piston and cell wall were made of passivated
titanium (surface roughness R,~0.5 um characterized by PSIM, R,
is the average distance of the data points from the mean plane). For
the stress state C, two SiO, glass plates with R, < 1 nm were used.
However, we note that asperities and steps on the (100) halite
surface can cause local contacts, where the load can exceed the
threshold for plastic deformation.
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Fig. 3 Experimental setups for creating different kinds of stresses.
Cylindrical piston for inhomogeneous stress (stress state A),
rectangular piston for inhomogeneous stress, where the highest
amount of elastic strain energy is below the piston and on the
surface near the piston (stress state B) and rectangular pistons for
producing a nearly homogeneous state of stress in the crystal (stress
state C). The distribution of elastic strain energy density in a halite
crystal is calculated by finite elements method for all three stress
states and is shown qualitatively for the stress state A in y-z cross
section and quantitatively for the stress states B and C (in x-y cross
section). The calculations are based on a linear elastic and isotropic
case without friction at 1 MPa at the contact crystal-cell wall with
elastic modulusy,iie =23 GPa and Poisson’s ratio v=0.16

Results

Surface morphology induced by adding solution to the
crystal

The typical morphology of a freshly cleaved halite (100)
surface in air is shown in Fig. 4a. The surface consists of

Table 1 Experimental conditions and results. The nominal size of the contact area is wxh
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Fig. 4 a Typical topography of a freshly cleaved (100) halite surface
measured in air by PSIM. b Halite (100) surface at 30 °C after
preheated (approx. 29-30 °C), saturated NaCl-solution has been
added. The image was acquired in-situ through a glass cover and
saturated solution. ¢ In-situ measurement of halite (100) surface;
surface roughening and etch pits were caused by heating-up from
room temperature to 30 °C

smooth terraces and cleavage steps of up to few tens of nm
in height; larger cleavage steps were infrequent. The
average roughness of the surface shown in Fig. 4a is
R,=9.5 nm. After the crystals had been mounted into the
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cell, the dry cell was heated up to (30+0.05) °C. Then,
preheated (approx. 29-30 °C), saturated NaCl-solution
was added. Figure 4b shows the characteristic surface
topography after the solution had been added. The sur-
face morphology extensively changes until all parts of the
system have equilibrated. An equilibrium in the strict
sense cannot be reached due to the small thermal gradients
(see below). At this stage, the roughness increased to
R,~43 nm. In accordance to the cell dimensions and the
diffusion velocity of Na™ and CI, this quasi-equilibrium
was reached within a few hours in the closed system
(experiments E 3, E 4.1, E 5; see Table 1).

If the cell was loaded with the crystal and the solution
together at room temperature and subsequently heated
up to 30 °C (experiments E 1, E 6, E 7; see Table 1),
dissolution preferentially took place on the surface by
the development of etch pits and by dissolution at
crystal edges (Fig. 4c). In this case the average rough-
ness of the surface was R,~145 nm. The depth of the
etch pits reached up to 600 nm.

Quasi-equilibrium without applied stress (closed system)

After the quasi-equilibrium between the crystal and the
solution was achieved at 30 °C, the halite crystals
showed growth at the surface facing the optical window
(Fig. 5a and b; experiments E 2, E 4.1; see Table 1).
The preferential deposition of material occurred at
surface steps with a height of one to two microns. The
step velocities varied between (7.2+3) and (84 +3) um/
day. Other steps, even close to these advancing steps,
showed neither growth nor dissolution within the res-
olution limits of PSIM (Fig. 5¢c and d). In experiment E
2 the temperature was reduced from 30 °C to room
temperature. The resulting supersaturation led to an
increase in step growth of up to 200 um/day within the
next few hours. After a new quasi-equilibrium was at-
tained at room temperature, the steps were observed
during 5 hours, while room temperature varied between
21.9 and 22.0 °C within this time period. At the level of
accuracy achieved by the optical measurement, there
was no evidence for step movement on the entire sur-
face.

Surface morphology induced by applied stress
(closed system)

In experiment E 4.2, stress was applied to the crystal
(Fig. 3, stress state A), but did not lead to significant
changes in the advance of steps observed in the quasi-
equilibrium state. In Fig. 6, step movement is plotted
versus time. For the data points taken in the stress-free
quasi-equilibrium state (exp. E 4.1) open symbols are
used, while data points in the stressed state (exp. E 4.2) are
marked with closed symbols. The application of stress did
not significantly enhance the step advance. The average
step velocity even decreased slightly. The immobile steps
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Fig. 5 The images a and b
(reflected optical micrographs,
grey scales do not represent
surface heights) show a
macroscopic step with a step
growth velocity of approx.

8 um/day and a height of

1-2 pm. The dashed line in

b indicates the former step
position in image a. Despite the
growth at this step, no growth
or dissolution could be seen at
locations close to this
advancing step within the
resolution limits of PSIM
(images ¢ and d)

observed in the quasi-equilibrium state remained immo-
bile while stress was applied to the crystal.

In order to investigate the expected convergence of the
compressionally stressed counter-surfaces of the crystal,
we observed the edge of the free surface facing the cell
wall. As shown in Fig. 3, stress state A, possible dissolu-
tion at the stressed surface by DPC can only be detected at
this edge of the crystal. At the opposite stressed surface,
dissolution by DPC should be limited to the contact area
to the piston. This contact area cannot be imaged with our
experimental setup. Moreover, the accessible edge of the
crystal atop the piston-contact area is insignificantly
stressed and shows negligible elastic strain energy density.

Step movement

800
g
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4 S o
é 400 ot e
et ,r"'/’
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(o et
D
10 20 30 40

time [days]

Fig. 6 Step advance induced by a temperature gradient of 0.006—
0.01 K/mm during quasi-equilibrium (open symbols) and while
applying inhomogeneous stress (closed symbols) according to the
stress state A (Fig. 3). Although the applied stress should drive
DPC, the step advance does not increase, in some cases it even
decreases slightly

16 days
later

Figure 7a shows the free surface directly at the cell wall in
the quasi-equilibrium state (exp. E 4.1). The distance be-
tween the edge of the crystal and the cell wall is in the range
of the lateral optical resolution limit (~0.5 pwm) or smaller.
The dark speckled area at the right side in the topographic

: 100 nm

topview

0 nm

1 MPa

10 pm

Fig. 7 a Halite (100) surface in a quasi-equilibrium state without
applied stress. b The same surface area after 14 days without
applied stress and at the instant when stress is applied for the first
time. ¢ The same surface area after 17 days with uniaxial stress of
1 MPa. The black line in ¢ is an image artefact. The dashed line in
b shows the rim position of the (100) surface in ¢. The arrows in
¢ mark the direction of dissolution. The rim retreat velocity is
100 nm/day. The scale is valid for all images (a—c)
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Fig. 8 Experiment with inhomogeneous elastic strain energy
density (stress state B, Fig. 3). The profiles al, a2, b1 and b2 from
the interferograms a and b are shown in ¢. The displacement of the
steps from the left to the right and the enlargement of the etch pit
(see arrows in a and b) reflects progressive dissolution on the free
surface of the crystal

image represents an object that cannot be measured to-
gether with the free surface. This object can be either the
cell wall or a strongly inclined surface area at the crystal
edge. Figure 7b was taken immediately after stress had
been applied to the crystal. The comparison of Fig. 7a and
b reveals neither changes in surface morphology nor any
retreat of the perpendicular oriented contact face.
Figure 7c shows the same surface area under uniaxial
stress (stress state A) 17 days later (exp. E 4.2). The two
prominent pits visible in the middle and at the top-right of
Fig. 7c are clearly closer to the dark area by approx.
1.7 pm than in Fig. 7b. As mentioned above, PSIM
unfortunately does not allow one to precisely distinguish
between the cell wall and strongly inclined facets at the

Fig. 9 The application of
nearly homogeneous stress
gives no change in the contact
area halite-cell wall within

6 days
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interference
fringes

A

cell wall

Fig. 10 The interferograms show the halite (100) surface area close
to the cell wall in the quasi-open system. The interferogram a shows
the surface at the beginning of the experimental run (E 7) and is
composed of two individual images. The interferogram b shows the
surface after 7 days at an applied stress of 0.4 MPa. The white line
in a marks the rim position in b. Interference fringes are visible to
the right of the rim at the halite edge indicating a facet inclined
towards the cell wall. The estimated distance between the cell wall
and the rim at the edge of the halite is ca. 60 pm

crystal edge. Therefore, within the range of precision
necessary in this case, we cannot distinguish between true
convergence at the entire contact face or local dissolution

110 nm

e
6 days later
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Fig. 11 Plot of the rim position on the free surface versus time in
experiment E 6 with an inhomogeneous stress (stress state A)
applied to the crystal in a quasi-open system. The retreat rate R, is
independent of the applied stress

at the crystal edge by the formation of strongly inclined
facets, 1. e., by retreat of the rim of the free surface.
Regardless of edge dissolution or crystal convergence,
quantitative evaluation of Fig. 7 yields a retreat velocity
of approximately 100 nm/day (see arrows in Fig. 7c¢).

In order to evaluate the role of a high amount of elastic
strain energy density and stress at the accessible free sur-
face, experiment E 3 (Table 1) has been performed using
stress state B (Fig. 3). The interferograms of Fig. 8a, b
show a detail of the free surface next to the rectangular
piston while stress is applied to the crystal. In Fig. 8c the
profilesal, a2, bl and b2 from Fig. 8a, b are shown. It can
be seen that the steps on the free surface of the crystal
retreat and an etch-pit-like structure expands in size (see
arrows in Fig. 8a, b)—clearly showing dissolution on the
surface next to the piston. However, the left edge of the
crystal (i.e., the rim of the free surface at the contact with
the piston), where the observable surface ends, did not
show any retreat or removal of material.

To study the effect of a near homogeneous state of
stress combined with low elastic strain energy density,
experiment E 5 (Table 1) was performed using stress
state C (Fig. 3). In this setup the applied stress was
0.3 MPa. In Fig. 9, a surface area close to the cell wall is
shown. Within six days of applied near homogeneous
stress neither changes on the surface nor dissolution at
the edge could be found.

Surface morphology in a quasi-open system

Experiments E 6 and E 7 (Table 1) were performed in a
quasi-open system using stress state A. Figure 10 shows
the interferograms of areas of the free surface close to
the cell wall at the beginning (a) and at the end (b) of the
experimental run E 7. During the experiments, the
crystal dissolved continuously at the edge forming a
retreating rim (see sketch in Fig. 10b), while the free
surface did not show any growth or dissolution. The
retreat rates of the rim in the experiments E 6 and E 7
were 2.5 and 13.5 pm/day, respectively. In Fig. 11, the

rim position is plotted versus time for experiment E 6
with stress successively reduced in periods of several
days. The data show that the rim retreat rate was inde-
pendent of the applied stress and did even persist after
the applied uniaxial stress had been taken off. As can be
seen in Fig. 10b, extended dissolution at the crystal edge
caused the interferometrically inaccessible surface area
to increase in size. In the image a facet inclined towards
the cell wall can be seen which was formed by the
retreating rim. Although, as mentioned above, it is not
possible to precisely locate the contact between the cell
wall and the lower area of the inclined facet, it is still
possible to determine this position within an accuracy of
a few microns. For the experiment E 7 shown in
Fig. 10b, the distance between cell wall and rim is about
60 um. Comparison of this distance with the original
distance of 94 um (Fig. 10a) leads to a maximum con-
vergence rate of ca. 7 um/day. It should be noted that
this kind of experiment requires at least some stress to
avoid the opening of a gap between the crystal and
the cell wall. In all experiments in the quasi-open sys-
tem very small crystals of halite were formed outside of
the cell, indicating transport of material out of the
system.

Discussion

Our experiments reveal the fine-scale response of surface
morphology to changes in thermodynamic conditions
applied to a halite crystal in contact to aqueous solution.
These experiments on halite, as a model material, can
provide insights into some principal processes involved
in the deformation of rocks by dissolution precipitation
creep. In the following, we first discuss the effect of
temperature observed in our experiments, then the effect
of stress states, and finally the markedly different re-
sponse in an open system compared to a closed system.

The solubility of NaCl in water depends on temper-
ature. As shown in Fig. 4 changes in temperature can
cause strong changes in the morphology of the halite
surface in solution, if the volume ratio of liquid to solid
is large. Here, the volume ratio of liquid to solid is
approximately ten. Experiments without temperature
control at room temperature do not cause significant
alterations of the surface morphology within a few
hours, reflecting the insignificant variations of room
temperature within such a time frame. Nonetheless, in
all other experiments presented here, temperature vari-
ations were further reduced by controlling the cell tem-
perature at (30£0.05) °C. Inevitably, the temperature
difference between the interior and exterior of the cell
and the presence of the optical window causes a tem-
perature gradient in the cell, which leads to a noticeable
effect in our experiments. The vertical temperature gra-
dient of about 0.006-0.01 K/mm implies a temperature
difference of up to 0.05 K between the bottom and the
top of the crystal. The measured step kinematics of
experiments E 2 and 4.1 on the colder surface gives a



deposition rate of 0.006 mm?>/day. Taking the solubility
data from Farelo et al. (1993) and assuming a simple
diffusion  controlled transport model (Dnaci=
1.59x107" m?/s, Vitagliamo and Lyons 1956) with a
cross-sectional area of 74 mm? along a diffusion path of
5 mm between top and bottom of the crystal, we obtain
a mass transport equivalent of ca. 0.011 mm® solid NaCl
per day, which is in reasonable agreement to the rate
based on the measured step kinematics.

Application of inhomogeneous stress (stress state A,
Fig. 3) in a closed system as shown in Fig. 7 causes a
retreat rate at the edge of the surface of 100 nm/day.
Assuming this retreat rate to be true convergence
exclusively and assuming further that the material de-
tached from the converging surfaces is deposited on all
free surfaces equally, we would expect to see an ad-
vance of steps on the observed free surface when stress
is applied. From a large number of micrographs taken
on the entire free surface we estimated the total length
of the growing steps on the 4x4 mm® surface to be
between 17 and 35 mm. Taking this range of step
length and the observed range of step heights, a con-
vergence rate of 100 nm/day of both compressed sur-
faces with a total contact area of approx. 28 mm?
should give rise to a step advance of 10-30 um/day. In
the quasi-equilibrium state, step advance rates up to
84 um/day were measured (Fig. 6). Therefore, if the
dissolution occurred across the whole area of the loa-
ded faces by convergence, the advance rate should
increase by up to 30 pm/day compared to quasi-equi-
librium. Fig. 6 clearly gives no indication for an
increased advance in this inferred magnitude when
stress is applied. This indicates that the observed dis-
solution at the crystal edge may have contributions
from a facet-like retreat which reduces the calculated
amount of detached material and reduces the upper
limit of the possible convergence rate.

Other single crystal experiments on DPC were
reported by Hickman and Evans (1991, 1992, 1995),
Roller et al. (1995), Martin et al. (1999) and Schutjens
and Spiers (1999). The macroscopic experiments of
Roéller et al. (1995) and Martin et al. (1999) were per-
formed on similarly sized crystals in contact with
another crystal (halite, quartz or mica) and the piston.
The stresses applied by these authors were between 0.1
and 2 MPa and an axial convergence was reported to be
in the order of 0.1 to 2 pm/day. Their lower limit of
0.1 um/day might be consistent with our results. Their
upper limit of 2 um/day is equivalent to the diffusive
mass transport of 2.2x107'" mol/s. This upper limit
would correspond to an increase in step advance velocity
in our experiment of 200 to 540 pm/day, depending on
step height and total step length on the free surface. This
discrepancy and the reported lack of correlation between
convergence rate and magnitude of stress possibly point
towards transport effects in a quasi-open system in the
experiments of Roller et al. (1995) and Martin et al.
(1999) as discussed below.
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Hickman and Evans (1991, 1995) reported conver-
gence rates of 10-50 nm/day using calotte-shaped
crystals in contact with flat surfaces. This experimental
setup is associated with large stress inhomogeneities at
the loaded surfaces in contact with the solution. Thus,
their experimental conditions better can be compared to
our experiments with stress state B than to those with
stress state A (Fig. 3). In experiment E 3 conducted
according to stress state B (Fig. 3), we found no evidence
for the retreat of the rim facing the piston, despite the
applied stress of 1.9 MPa. In their experiments, Hickman
and Evans (1991, 1995) applied loads of up to 14 MPa,
which could have enhanced dissolution/reprecipitation
rates due to rapid dissolution of plastically deformed
zones of the material. Moreover, in the experiments of
Hickman and Evans (1991, 1995) the shape of the cap-
illary gap widening at the rim of the contact zone intro-
duced gradients in capillary forces, which will further
create driving forces for dissolution/reprecipitation.
When inhomogeneous stress was applied in our experi-
ment, we clearly observed dissolution on the free surface,
while we observed no retreat or dissolution of the loaded
contact area. In both types of experiments (stress states A
and B), the inhomogeneous stress causes a significant
inhomogeneity elastic or plastic strain energy density.
Locally increased strain energy density causes a local
increase of the solubility. Recently den Brok and Morel
(2001) suggested that elastic strain energy fields are the
origin of microstructural patterns forming on the free
surfaces of stressed minerals in contact with aqueous
solution. As Bathurst (1958) put it in other words: “in
any sediment made of grains and water each crystal lat-
tice (grain) is always elastically strained in the vicinity of
an intergranular boundary and this strain is enormously
increased by the weight of an overburden”. This implies
an increased local solubility at these point contacts. Our
experiments with inhomogeneously stressed crystals
show that the crystals always dissolve at the sites with
increased elastic or plastic strain energy density. Nomi-
nally homogeneous elastic strain according to stress state
C has not caused any visible effects in our experiments,
neither growth nor dissolution. Bos et al. (2000) have
presented the microstructural results of experiments on
poly-phase aggregates, where mixtures of halite and ka-
olinite in NaCl solution were exposed to continuous
shear-deformation. With sliding velocities of up to 10 pum
per second (ca. 10° nm per day) they built up overall
macroscopic shear stresses of up to 8 MPa. At point
contacts in aggregates the stress can exceed the macro-
scopic value by far. We suspect that in this way local
plastic deformation and cataclasis was forced, and the
local build-up of internal energy was relaxed by rapid
dissolution of the deformed zones and subsequent rep-
recipitation. These experiments clearly proved that such
wet aggregates deform by DPC rather than by disloca-
tion creep. In our experiments, the strain rates were at
least 10° times lower than in the experiments of Bos et al.
(2000).
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The observed shape evolution of a single crystal
during a day varies from the nanometer range in a
closed system to the micron range in a quasi-open
system. De Meer and Spiers (1997) reported that the
rate of compaction creep of wet gypsum with through-
flowing solution in an open-system is increased by a
factor of 10 to 30 compared to experiments in a closed
system. They concluded that precipitation was the rate-
controlling step. In our experiments E 6 and E 7, the
independence of the dissolution rate on the applied
stress, as also observed by Martin et al. (1999), indicates
that the dissolution of the crystal in the quasi-open
system is not governed alone by stress, but by transport
of NaCl out of the cell. In accordance with the results
of de Meer and Spiers (1997), this could mean that a
quasi-open system can promote DPC processes. Nota-
bly, a marked volumetric strain has been recognised for
natural rocks deformed by dissolution precipitation
creep (e.g., Ring and Brandon 1999), implying an open
system. In the case of net dissolution of material and
transport out of the system, the orientation of the
principle stress axes will control the orientiation of the
(finite) strain axes and the microfabric of the rock
deformed by DPC.

Conclusions

Most previous studies suppose that rock deformation by
DPC can proceed in a closed system and is exclusively
driven by a homogeneous stress field on the grain scale. In
this scenario, diffusional transport is caused by purely
deviatoric stress-induced chemical potential gradients,
supposedly related to the different orientation of inter-
faces with respect to the principle stress axes. However, in
our high-resolution experiments, we obtained the least
shape evolution—if any—when the crystal was exclu-
sively subject to practically homogeneous uniaxial stress.
We found that additional factors causing local or tem-
poral variations in solubility enhance DPC. In our
experiments the significance of factors promoting DPC
can be ranked as follows. First, the disturbance of equi-
librium by changes in extensive parameters such as tem-
perature has the most pronounced effect of all, and even
small temperature gradients (0.01 K/mm in our experi-
ment) give rise to significant continuous DPC on the
laboratory time scale. Second, the migration of super- or
undersaturated fluids in an open system is effectively
promoting DPC. Third, small but measurable morpho-
logical changes are caused by gradients in elastic (or
plastic) strain energy density as caused by point contacts.

Thus it appears that DPC in nature is promoted by
reasons other than just pure homogeneous stress. Our
findings suggest that open systems with percolation of
fluids through the rock, e.g., by fluid flow along
gradients in temperature or across compositional
boundaries, or by episodic changes of extensive
parameters affecting solubility, in particular pore fluid
pressure, could be prerequisite for rapid deformation

by DPC. As such, on geological time scales, solubility
variations caused by pore pressure fluctuations
related to seismicity, or even to Earth tides, may
provide an appropriate acceleration mechanism. In
sediments with a large pore volume, point-like grain
contacts inducing gradients in elastic strain energy on
the grain scale are the rule rather than the exception,
and they will enhance DPC during compaction. DPC
may be least efficient in a purely homogeneous stres-
sed and closed system with transport restricted to the
grain scale.
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