
Introduction

Common patterns such as pitted pebbles, stylolites,
truncated fossils, elongated quartz grains, crenulation
cleavage, and crystallization in pressure shadows are
assumed to be caused by dissolution-precipitation creep
DPC (Sorby, 1863; Giles, 1932; Heald, 1956; Trurnit,
1968; Durney, 1972; Gratier et al., 1999; Stöckhert et al.,
1999; Sinha-Roy, 2002). In all these cases, uni-axial stress
is considered to cause local variations of the chemical
potential of the components of the solid in the solution
(e.g., Paterson, 1973; McClay, 1977; Shimizu, 1995).
Assuming local equilibrium the proposed mechanism of
DPC comprises of i) dissolution at sites with high chemical
potential (e.g., the loaded grain-to-grain contacts), ii) trans-
port of dissolved material, and iii) precipitation at sites
with low chemical potential (e.g., the grain-to-pore
contacts or hydrostatically stressed solids within the
systems).

Gibbs (1906) considered the thermodynamics of non-
hydrostatically stressed solids in solutions. For a uni-
axially stressed solid cube with the principal stress axis i =
x, y, z perpendicular to the surfaces of the solid, the molar

chemical potential for the solvate forming the solid in equi-
librium with face i is µi = ui – Tsi + pivi, where the molar
quantities volume, internal energy and entropy refer to the
state of the non-hydrostatically stressed solid. This uni-
axial stressed state can then be compared with the hydro-
statically stressed state (denoted by subscript p) by
µi – µp = ui – up – Tsi + Tsp + pivi – pvp (1).

This equation gives the total work for transferring the
solid from the hydrostatic stress state p to the non-hydro-
static stress state. From this equation it can be inferred
(Gibbs, 1906) that solutions in contact with crystalline
solids subjected to distorting stresses are supersaturated
with respect to the same solid under hydrostatic pressure.

Paterson (1973) rewrote Gibb’s (1906) equations by
stating for the chemical potential of hydrostatically stressed
solids µp = up – Tsp + pvp and for non-hydrostatically
stressed solids µs = us – Tss + σnvs (σn = stress component
normal to the surface). The difference yields:
µs – µp = (us – Tss) – (up – Tsp) + σn(vs – vp) + (σn – p)vp (2).

Paterson pointed out that the influences of all parame-
ters are small in comparison to the last term (unless σn ≈ p).
Thus, Paterson assumed that the thermodynamic driving
force of DPC is dominated by this work term which basi-
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cally represents the reduction in potential energy of the
system.

While Paterson compares the loaded and the free
surfaces of one and the same crystal, Gibbs compares a
non-hydrostatically and a hydrostatically stressed solid.
However, both approaches come to a comparable result.
The non-hydrostatically stressed crystal is in equilibrium
with a more concentrated solution than a crystal stressed
hydrostatically at the same pressure of the liquid. For the
non-hydrostatically stressed crystal, different surfaces may
differ in their chemical potential.

Since transport is part of the process, kinetic factors
(detachment rates, fluxes, and growth rates) are likely to
influence DPC significantly. The presence of fluid within
the interfaces is a prerequisite and transport constraints e.g.
within loaded interfaces may reduce the material flux
considerably. However, the interface morphology as well as
the fluid distribution within the interface are still unclear
and, therefore, kinetic constraints remain a matter of debate
(Weyl, 1959; Rutter, 1976; Raj & Chyung, 1981; Hickman
& Evans, 1991, 1995; Schwarz & Stöckhert, 1996; den
Brok, 1998; Schutjens & Spiers, 1999; Dysthe et al., 2002).

Besides influencing transport, the morphology of the
interface also significantly influences the energy gradients
occurring in stressed crystals. Loaded point contacts in the
interface cause an inhomogeneous distribution of stress
resulting in inhomogeneous elastic energy or even local
zones of plastic deformation. Moreover, even extended and

perfectly flat interfaces give rise to inhomogeneous elastic
energy distribution within stressed solids if differences of
elastic constants across interfaces and friction are present.
Several different models for the morphology of the inter-
face exist. Three should be mentioned briefly.
i) In the fluid-film model, a continuous fluid film is

supposed to extend over the entire contact (Weyl, 1959;
Rutter, 1976; Hickman & Evans, 1991). Gradients in
chemical potential due to inhomogeneous distributions
of stress are assumed to be the driving force for diffu-
sional mass transport within the film (Weyl 1959;
Sheldon et al., 2003).

ii) The island-channel model (Raj & Chyung, 1981; Raj,
1982; Urai et al., 1986; Spiers et al., 1990; Spiers &
Schutjens, 1990; Lehner, 1995) postulates a rough
interface morphology composed of islands and chan-
nels. The islands sustain the contact between the adja-
cent mineral grains. In the fluid filled channels
dissolved material can be transported out of the contact
zone.

iii) In the microgranulation model (Ostapenko, 1968), the
intergrain boundaries of stressed minerals are assumed
to be subject to local plastic deformation and fracture
causing an interface zone which is crushed into random
micro-blocks with increased density of structural
defects. The excess of free energy of these zones causes
dissolution, while the porosity enables transport of the
dissolved material.
Most experiments on DPC were compaction or defor-

mation experiments on granular aggregates (e.g., Cox &
Paterson, 1991; den Brok et al., 1999; Bos et al., 2000; de
Meer et al., 2000). These kinds of experiments can provide
a compaction or deformation rate, but hardly give insights
into the interface morphology under stress. In addition,
some single crystal experiments were performed to
measure the rate of DPC and to investigate the grain-to-
grain or grain-to-pore interface (Hickman & Evans, 1991;
Schutjens & Spiers, 1999; Martin et al., 1999; den Brok &
Morel, 2001; Dysthe et al., 2002; Lohkämper et al., 2003).
However, light microscopy used in many studies barely
enables to quantitatively measure the morphology of the
interface.

Here, we investigated the evolution of the morphology
of halite-SiO2 interfaces under constant load, after
unloading, and during stress cycling. For these investiga-
tions we used a recently developed in-situ phase shift inter-
ference microscope which allows the direct observation of
the loaded interface with an axial resolution in the
nanometer range (Lohkämper et al., 2003). Data on the
morphological evolution of the interface along with data on
the axial convergence of the crystal allow to address the
mechanism and kinetics of dissolution precipitation creep
and allow to assess the efficiency of different thermody-
namic driving forces in fluid assisted deformation.

Experimental

The halite-SiO2 interface has been investigated by a
Linnik type phase shift interference microscope (PSIM).
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Fig. 1. Scheme of the cell. The crystal is pressed against a SiO2-
coated sapphire window (1) by a piston (2) which is loaded with
compressed nitrogen. The outer diameter of the titanium cell (3) is
30 mm, the diameter of the piston is 2 mm. At the cell bottom the
device for measuring the vertical position of piston can be seen (4).
Further parts: temperature sensor (5), inlet (6), outlet (7), nitrogen
supply (8), diaphragm (9), spring (10), sample lever (11), reference
lever (12).



This apparatus enables to analyze the microtopography of
crystal surfaces quantitatively both in air and in liquids and
it provides a quantitative access to the nanotopography of
solid-(liquid-)solid interfaces. The PSIM is described in
detail by Lohkämper et al. (2003). The experiments were
performed in a cell as shown in Fig. 1. The direction of
stress is parallel to the optical axis. Cell and piston are
made of passivated titanium. The cell cover is an SiO2-
coated, 0.5 mm thick sapphire window (MaTeck, Germany;
coating: amorphous SiO2, Ernst Befort Wetzlar, Germany,
Ra ≤ 1 nm with Ra = the average distance of the data points
from the mean plane). The whole cell is embedded in a
copper block with a central bore for the observation of the
loaded crystal surface. The copper block is thermostated by
Peltier elements, which are controlled via two Pt-100 ther-
mosensors, one mounted near a Peltier element, the other
200 µm apart from the sample within the cell wall. In all
experiments, the temperature was either 30 ± 0.05°C or
room temperature. Fluid was fed by syringes pierced
through diaphragms. An additional seal of the diaphragms
by silicone provides a sufficiently closed system. For the
preparation of saturated NaCl-solution reagent-grade NaCl
(Baker, Netherlands) and deionized water (resistivity
18 MΩ cm) were used. The solution was added after the
crystals had been brought into contact with the SiO2-coated
sapphire window. Finally, uni-axial stress was applied to
the crystal by the piston (Fig. 1) using compressed
nitrogen. The advancing piston causes a slight increase of
hydrostatic pressure in the cell. However, due to the low
elastic modulus of the diaphragms the increase in pressure
can be regarded as insignificant.

The change in axial length of the crystal was measured
by the change in height difference ∆h between two
sapphire crystals which were mounted on a reference and
a sample glass-ceramics lever as shown in Fig. 1. The
measurement was done by white light interference
microscopy (e.g., Sandoz, 1996). ∆h is approximately
proportional to the movement of the piston ∆h' and, there-
fore, to the change of axial length of the crystal.
Deviations of proportionality depend on the angle between
the two levers and were sufficiently small in our experi-
ments. Temperature fluctuations did not affect the
measurements, because identical sapphire crystals and
levers were used. Moreover, the difference in thermal
expansion between the titanium piston and the mounting
made of glass ceramics is smaller than 10 nm/K.

The sapphire window coated with amorphous SiO2 is
chemically inert in saturated NaCl-solutions and can bear
the applied stress without plastic deformation. The coating
is anti-reflective if its thickness d is chosen as d = λ / 4nf,
where λ is the wave length of the light used (555 ± 25 nm)
and nf is the refractive index of the coating (Fig. 2). The
reflectivity R of the sapphire window is reduced by the
SiO2 thin-film from about 8 % (in air) to 1.2 %. Moreover,
the combination sapphire/SiO2/NaCl-solution approxi-
mately satisfies the condition nf = √ns

————
• ng, with ns and ng

as the refractive indices of the adjacent phase and the cover,
respectively. This condition causes equal amplitudes of
reflected light at each interface. Therefore, the intensity of
the light reflected at the sapphire-SiO2 interface is largely

reduced and only a slight modulation in the amplitude of
the light reflected at the halite-SiO2 interface follows.

Synthetic halite crystals (Korth Kristalle, Germany,
Young’s modulus = 39.98 GPa) were used. The halite crys-
tals (max. size 2.4 × 3.1 × 1.6 mm3) were cleaved with a
scalpel parallel to all sides of {100} exposing fresh
surfaces at the entire crystal immediately before mounting
them into the cell. The cleavage morphology typically
consisted of large cleavage steps (up to 150 nm in height),
asperities, and smooth areas (Ra ≈ 10 nm) with a size of a
few thousands µm2. For some experiments, Vickers inden-
ters were applied to the (100) halite surface with loads of
0.05 N and 0.2 N for ten seconds resulting in indents with
depths of ca. 2.8 µm and 6.3 µm, respectively. Two types of
orientations were used: the square edges of the pyramid
base oriented parallel <100> and <110>.

Results

Morphology of the halite-SiO2 interface

Figure 3 shows the halite-SiO2 interface dry and in satu-
rated NaCl-solution. In both cases, the halite-SiO2 interface
consists of two different regions, a contact area and a non-
contact area. The boundary between these two regions is
marked by the first dark interference fringe, where the
distance between the SiO2 surface and the halite surface
corresponds to λ/4 (≈ 138 nm). The contact area and the
non-contact area together represent the total interface area.
With respect to the total interface area of about 0.2 mm2 in
Fig. 3, the nominal uni-axial stress on the dry and the wet
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Fig. 2. An anti-reflective coating is necessary for the in-situ obser-
vation of the loaded interface. The optimum thickness d of the
coating is a function of the wave length and the refractive indices of
the window ng, coating nf, and sample ns (R = reflectivity).
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Fig. 3. The loaded halite-SiO2

interface shows two different
regions: contact area and non-
contact area. In (a) the dry
interface and in (b) the inter-
face with saturated solution are
shown. Regularly distributed
indents are visible. Within the
non-contact area Newton’s
rings can be seen. The images
are reflected optical micro-
graphs.

Fig. 4. (a) Detail of the contact area (reflected optical micrograph).
The depth of the large pores on the right side is about 1.3 µm. (b)
The PSIM image shows small pores almost uniformly distributed
over the contact area. The dashed line in (b) marks the position of
the profile shown in (c).

Fig. 5. The reflected optical micrographs (a) and (b) show the in-
situ evolution of the loaded halite-SiO2 interface in saturated solu-
tion at 30°C under constant load. The contact area broadens
laterally (arrows). Some sites (dashed circles) show changes of
Newton’s rings from dark to bright and vice versa indicating a
decrease of distance between the glass cover and the halite surface.
(c) and (d) show the evolution of pores within the contact zone
(scale bar = 10 µm).



interface is 19.8 ± 2 MPa and 7 ± 1.8 MPa, respectively.
Since the contact area is ca. 0.08 mm2, the local stresses of
48.9 ± 5.8 MPa and 18.5 ± 6.3 MPa exceed the threshold
for plastic deformation.

The non-contact area is characterized by Newton’s rings
as long as the distance between the SiO2 surface and the
halite surface is in the range of the coherence length of the
light used. Beyond that distance, Newton’s rings can not be
seen. The smooth areas within the contact area have a
roughness Ra of about 1 nm which is identical to the rough-
ness of the SiO2-coating. Therefore, most of this region can
be assumed to be in physical contact. However, from PSIM
measurements it is not possible to determine the actual
interfacial distance in the contact area, i.e., the thickness of
a possible fluid film in the interface. Within the contact
area pores were found. The size of the pores varies from the
detection limit of PSIM (ca. 1 nm in depth and ca. 1 µm2

in size) to a few hundreds of nm in depth and an area of
about several hundreds of µm2 (Fig. 4).

Evolution of the halite-SiO2 interface under constant load

The morphological evolution of the interface under
constant uni-axial load in saturated solution at 30°C is
shown in Fig. 5. In this experiment, the applied uni-axial
stress was 4.8 ± 0.6 MPa and 15.1 ± 0.1 MPa with respect
to the total interface area (4 mm2) and the contact area
(1.26 mm2), respectively. Within the interface, the contact
area increased laterally (Fig. 5a and b) as indicated by
arrows. In Fig. 6 the ratio of the size and initial size A/Ai of
the contact area is plotted versus time for dry experiments

(open symbols) and experiments with saturated solution
(closed symbols). In the presence of fluid, the contact area
increased by more than 50 % whereas dry experiments
showed an increase in contact area of about 10 %. Besides
the increase of contact area, also the non-contact area
showed alterations induced by the applied stress. In Fig. 5a
and b (marked with dashed circles), the interference
patterns changed from dark to bright and vice versa. This
change corresponds to a decrease of the interfacial spacing
of about λ/4 (≈ 138 nm). The decrease can be caused by
plastic deformation, by precipitation within the non-
contact area, or by dissolution within the contact area, i.e.,
the crystal is advancing towards the interface. However, the
axial shape evolution of the entire crystal can be assessed
independently by measuring the height difference between
the levers beneath the cell. In Fig. 7a, the changes in axial
length of a halite crystal is plotted versus time. With
respect to the total interface area the stress was 1.5 ± 0.06
MPa. As opposed to the crystal convergence at dry condi-
tions of about 0.9 µm within 15 days, in presence of satu-
rated solution the convergence was approx. 7 µm within 30
days. When solution was added, the convergence first
increased rapidly and then decelerated with time. Similar
behaviour could be detected in the case of epoxy coated
interfaces at a stress of 1.57 ± 0.1 MPa (Fig. 7b). As a refer-
ence, an experiment using a stack of SiO2-glass plates was
performed with a stress of 2.24 ± 0.1 MPa (Fig. 7c). Here,
no axial convergence could be detected.

During lateral spreading of the contact area in solution,
regions of the non-contact area can be enclosed by solid
material creating fluid inclusions, some of which decreased
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Fig. 6. Ratio of the size A and the initial size Ai of the
contact area plotted versus time (σi = initial stress, σf =
final stress).
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in size and depth subsequently (Fig. 5c and d). Initially
existing small pores within the contact area with lateral
dimensions of several µm2 evolved in contrary ways.
Quantitative evaluation of the time-dependence of the
depth of the pores showed a decrease in depth of up to 2 ±

0.3 nm/day for 59 % of the investigated pores. About 25 %
of the pores showed a decrease in depth of even up to 6.6 ±
0.4 nm/day. In contrast, the depth of nearly 10 % of the
pores increased up to 2 ± 0.5 nm/day and ca. 6 % showed
an increase of even up to 12 ± 0.6 nm/day.

In order to study the evolution of defined pores, Vickers
indents were made on the (100) halite surface. At dry
conditions, the indents did not show any significant change
in size and depth when stress (up to 25 MPa) was applied.
Figure 8a shows the interferogram of an indent in air on a
free surface. The square edges of the indent were oriented
parallel to <110> as the square edges of the Vickers
pyramid base have been. In close proximity to the indent,
bulges with a height of up to 400 nm were visible. Cracks
could not be detected within the resolution limits. Adding
saturated NaCl-solution caused dissolution of these plasti-
cally deformed regions of the indent. Within 30 minutes an
etch pit was formed. However, the resulting square etch pit
was oriented parallel to <100> in contrast to the original
<110> indent (Fig. 8b). It further needs to be noted that the
<100> orientation of etch pits was independent of the
previous orientation of the indent. As expected, the indents
within the non-contact area showed the same behaviour as
on free surfaces. The plastically deformed regions of these
indents dissolved forming etch pits as shown in Fig. 9. This
was also the case for those indents, which were located
within the contact area but temporarily had a clearly
discernible connection to the bulk solution. However, the
indents without any obvious contact to bulk solution did
not form <100> etch pits, but were slowly filled with small
crystals (Fig. 10). During the experiment, the apparent size
of the indents successively decreased. Although six days
later the indents became undetectable by in-situ
microscopy (Fig. 10b to e), ex-situ investigations revealed
that the indents still existed (Fig. 10f and g). The pyramidal
pits were filled up with small crystals. Judging by their
morphology, the new small crystals have a structural rela-
tion to the parental crystal but obviously did not directly
grow at the indent walls which became irregular in shape.
The length of the diagonal of the initial indent (approx.
19 µm) was found to be unchanged during the experiment.
Important to note, the minimum distance between the
indents filled with secondary crystals and the non-contact
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Fig. 7. Axial convergence h’ of halite crystals with (a) uncoated
interfaces and (b) epoxy coated interfaces. When saturated solution
is added, the crystal length decreases. (c) shows a reference exper-
iment using a stack of SiO2-glass plates.

Fig. 8. (a) Interferogram of an indent
on a halite surface. The edges of the
square area are parallel <110>. The
bulges surrounding the indent are
clearly visible. Cracks can not be
seen. The applied force was 0.2 N
and the depth of the indent is ca. 6.3
µm. (b) In-situ interferogram after
saturated solution has been added.
The plastically deformed regions
within and around the indent
dissolved during 30 minutes. Now,
the edges of the etch pit are parallel
<100>. The dashed square marks the
former position of the indent.



area was ca. 10 µm. Indents closer to the non-contact area
behave like indents within the non-contact area.

Evolution of the halite-SiO2 interface after unloading

In Fig. 11a, the halite-SiO2 interface is shown under an
uni-axial stress of approx. 15 MPa (with respect to the
contact area of ca. 1.3 mm2) applied for 8 days. Within this
time frame, the typical evolution of the interface could be
observed as described above. Unloading this interface
caused a markedly different evolution of the interface. The
reduction of stress to zero led to a lateral shift of the first
Newton’s ring (indicated in Fig. 11b) which is correspon-
dent to a decrease in contact area and to an increase of the
interfacial distance in the non-contact area. The measure-
ments do not unequivocally reveal whether the previous
contact areas are still in physical contact or if there is an
interfacial gap smaller than λ/4 (≈ 138 nm). Nevertheless,
during one day new pores evolve (dark areas in Fig. 11b)
which clearly show that dissolution has occurred within the
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Fig. 9. Reflected light optical micrograph showing the interface of
Fig. 3b ca. 3 hours later. The indents with a depth of ca. 2.8 µm
within the non-contact area dissolved. Precipitation of material
within indents of the contact area can be seen.

Fig. 10. (a) - (e) Evolution of an indent located within the contact
area. (b) Precipitation of crystals becomes visible within the first
hour. (c) Five hours later, a circle-like pore remains. (d) One day
later, the diameter of the pore becomes smaller than 5 µm. (e) Six
days later, the indent is no longer visible. (f) Ex-situ optical investi-
gation after removing the cell cover reveals that the indent has been
filled. (a) - (f) are reflected optical micrographs (scale bar = 5 µm).
(g) SEM image of the filled indent.

Fig. 11. Reflected optical micrographs of the halite-SiO2 interface
shown in Fig. 5. Unloading of the interface causes a decreasing size
of the contact area and an increasing halite-SiO2 distance in the
non-contact area (see the new position of the first Newton’s ring in
11b).
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contact area. Furthermore during this time frame, precipi-
tation around the contact area occurred 200-300 µm away
from the locations of dissolution.

Evolution of the halite-SiO2 interface during stress cycling

Figure 12 shows the evolution of the interface when the
applied stress is episodically changed from ca. 100 MPa to
ca. 10 MPa. In Fig. 12a, the halite-SiO2 interface is shown
as the stress has been reduced to 10 MPa for the second
time. In Fig. 12b, the stress again has been increased to 100
MPa. The comparison of Fig. 12a and b shows, that the
contact area increases probably due to plastic deformation
of the halite crystal. Also, the crystal edge becomes frayed.
After the stress again has been decreased to 10 MPa, within
a few seconds rapid dissolution along the edge occurred
forming a heavily pitted area (dark sites in Fig. 12c).
Within the next hours, this pitted area slowly becomes
removed and a new straight edge was formed (Fig. 12d to
e). This new edge marks a smaller contact area due to
dissolution of the plastically stressed material. In the
course of the next few days, dissolution of the plastically
deformed material continued by forming crevices into the
contact area as shown in Fig. 12e and f. Figure 13 shows
topographic details of the tip of a crevice protruding within
the transition zone of non-contact to contact area. The
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Fig 12. (a) Edge area of the halite-SiO2

interface (reflected optical micro-
graph). (b) Increasing the stress to ~
100 MPa led to spontaneous lateral
broadening of the contact area. (c)
After stress has again been reduced to ~
10 MPa, dissolution started immedi-
ately. (d - f) Dissolution continued. (f)
New crevices became visible.

Fig. 13. PSIM image of the halite-SiO2 interface after stress reduc-
tion to ~ 10 MPa showing depressions and crevices.



crevice in the image center has a depth of 1.5-3.5 nm, the
depressions are about 2 nm deep as indicated by the dark
areas on the left and right side.

Discussion

Dry stage

In the dry stage, a slow increase of the contact area and
a slow axial convergence of the crystal can be detected
under stress (Fig. 7a). The most likely process for this
shape evolution is plastic deformation, e.g. by dislocation
creep. According to Strumane & Dekeyser (1959), low
temperature creep under constant load is activated at
2.5 MPa at 35°C and according to Wimmer et al. (1963)
the critical resolved shear stress (CRSS) in air for freshly
polished halite crystals is between 0.85 and 1.5 MPa at
room temperature. Besides plastic deformation, dissolu-
tion-precipitation within capillary films might be
involved.

Solution addition

When solution is added, deformation of the crystal is
largely enhanced. If dissolution at the interface followed
by transport of material out of the contact area was
responsible for this deformation, both the top and the
bottom interface of the crystal would contribute.
Assuming similar behavior for both interfaces, the axial
retreat within the experimental time frame is exceeding
the depth of indents. The indents should have dissolved
totally, but this was not the case. Therefore, we can infer
that dissolution at the loaded surfaces does not domi-
nantly contribute to the observed axial deformation. This
finding is supported by the experiment employing epoxy-
coated interfaces. Although in this experiment dissolution
on the loaded surfaces can be neglected, the observed
axial convergence was similar to the convergence in
uncoated experiments. Thus when solution is added,
deformation is not dominated by dissolution-precipitation
processes but rather by accelerated dislocation creep. In
solution, the strain rate of this deformation mechanism is
well known to be increased and eventually results in an
increased plasticity (Joffé et al., 1924; Smekal, 1928;
Günther & Erdmann-Jesnitzer, 1956). In accordance to
those authors, the period of increased deformation rate
was finally followed by a rapidly abating axial conver-
gence (Fig. 7).

The observed evolution of the contact area size with
time is less clearly pronounced than the convergence. One
reason is the larger experimental uncertainty in measuring
the area size. Moreover temperature gradients, surface
energy gradients or surface faceting can affect the contact
area size in the presence of solution additionally to fluid-
enhanced plastic deformation. Nevertheless, the observed
data show analogous trends: during dry periods a slight
increase in contact area size is followed by a more distinct
increase when solution is added which finally decelerates
again.

Indents and pores

Within the contact area, the shape evolution of initially
existing pores is non-uniform. One important parameter
here is the amount of plastically deformed material within
the effective range of mass transport. Pores with constant
shape may simply lack plastically deformed material
within the range of transport. Another parameter in pore
shape evolution is pore size. The saturation required for
crystallization in pores with a size of about 1 µm is higher
than for pores with a size of 100 µm (Putnis et al., 1995,
Putnis & Mauthe, 2001).

However, the trend of the contact area towards gaining
stability is also supported by the persistent existence and
shape of the indents within the contact area, which just
become filled by crystals. Unlike the indents in the non-
contact area, the indents in the contact area do not change,
i.e., plastically deformed material within the indents is not
removed and transported out of the interface. This
hampered transport can also be perceived by the behaviour
of interfaces under episodically changed loads. Fast trans-
port of material, which was deformed within the contact
area by the anterior high-load-stage, is activated by
decreasing the load (see Fig. 12). Unfortunately, PSIM is
not able to exactly determine the equilibrium distance
within the contact area of the two solids under the reduced
load. A detailed evaluation of the transport conditions
within the interface under reduced load therefore still
remains open. However, the typical distance of transport
can be estimated from the behavior of indents depending
on their distance to the non-contact area. Indents, which
have discernible connection to bulk fluid or which lie
within a distance of 10 µm to the non-contact area, dissolve
until they obtain <100> etch pit morphology. Indents do
not convert into etch pits when their distance to obvious
non-contact areas exceeds about 10 µm. For the contact
area we therefore can infer that within the experimental
time frame mass transport over distances exceeding 10 µm
is not effective.

Because of this limited effective range of mass trans-
port within the contact area, the material sources for the
new crystals within the indents are most likely the bulges
of plastically deformed material around the indents. The
indents can therefore be considered as micro-systems for
an evaluation of the processes involved in DPC.
Advantageous in using these micro-systems is the short
path length of material transport from areas with a higher
chemical potential of the constituent components in the
solution (here: the loaded interface containing plastically
deformed material at the indent) to areas with lower chem-
ical potential. This short path length ensures that kinetic
restraints by mass transport are less important within the
experimental time frame. Detailed inspection of the filled
indents shows that the crystals have a crystallographic rela-
tion to the parental crystal but the crystals do not grow at
the walls of the indent, they rather grow towards the wall.
This shows that material which is dissolved at the stressed
parental crystal prefers to grow at new nuclei within the
indent rather than at the free surfaces of the stressed indent
wall. The topotactic relation between the parental crystal

Dissolution-precipitation processes within interfaces 407



G. Jordan, T.  Lohkämper, M. Schellewald, W. W. Schmahl

and the new small crystals points towards a nucleation at a
few sites of the parental crystal which offer energetically
favorite conditions. Elsewhere at the indent wall, the condi-
tions for growth are energetically less favorable than on the
surface of the nucleated new crystals. The indent wall
merely shows some faceting to minimize surface energy
and the dislocation-related internal energy - the indent
diameter does not decrease significantly.

Driving forces

DPC is assumed to be driven by potential energy via the
work term in Eqn. 2 exclusively. However, plastic defor-
mation of material causes a considerable increase in
internal energy. The indents as DPC-micro-systems show
that this increased internal energy increases the chemical
potential and the supersaturation with respect to the hydro-
static state. However, the resulting deformation still
strongly depends on the effective kinetic constraints and on
energy gradients both within individual crystals and within
the accessible system.

Remarkably different to DPC in steady state systems as
described above is the situation when the chemical poten-
tial has an even small contribution of a permanently
increased internal energy (e.g. by plastic deformation) and
temporarily reduced transport constraints (e.g. by periods
of reduced load). Thus, unlike the work term any perma-
nent increase in internal energy can take advantage of the
increased transport capability during periods of decreased
load. Temporary reduction of anisotropic stress can there-
fore provide an efficient way to drive transport in DPC. In
this way, small contributions to internal energy can by far
outrange the effect of the work term on DPC and thus may
be a very important factor for deformation in natural
systems.

Interface morphology

Hickman & Evans (1991) reported no evidence for an
island-channel morphology at optical resolution and
provided the model of a continuous fluid film with a
maximum thickness of about 30 nm, because the loads in
their experiments were sufficient to cause fully plastic
deformation of the contact zone. In contrast, Schutjens &
Spiers (1999) reported that initial application of normal
stress induces instantaneous formation of a rough contact
morphology composed of islands and channels in a length
scale of several micrometers. This initial roughness was
reported to evolve into an optically flat region while short-
ening of the crystal continued. However as can be seen by
the behaviour of pores and indents within the contact area
in our experiments, nano-scale voids or cavities remain
stable and therefore favor an interface morphology that will
not become perfectly smooth and may rather be described
by the island-channel model. Since the size of the contact
area in an island-channel interface morphology is always
smaller than the entire interface area, this type of interface
morphology may also be conducive to small but recurring
contributions of plastic deformation to the internal energy
of the anisotropically stressed crystal.

Conclusions

The deformation rate of halite is significantly increased
by the addition of aqueous solution compared to dry condi-
tions. The dominant mechanism is plastic deformation
rather than convergence by dissolution-retreat of loaded
faces.

Dissolution occurs rapidly where material is subject to
local plastic deformation at point contacts (and at concen-
trations of elastic energy). The dissolved material preferen-
tially reprecipitates in larger pores and voids in hydrostatic
conditions. According to Gibbs, the reprecipitation in
hydrostatic conditions is the thermodynamic optimum.
Competing sinks such as growth at grain-to-pore interfaces
of the stressed crystal will be significant only in the case of
an inaccessible thermodynamic optimum.

Within the loaded contacts in grain-to-grain interfaces,
the range of transport of dissolved material is limited
depending on the time scale. After the directly accessible
space for hydrostatic precipitation has been exhausted in
geological systems, dissolution-precipitation processes
driven by (σn – p)vp alone will be subjected to increasing
transport constraints. A possible mechanism for sustained
dissolution-precipitation creep is the cyclic variation of
external parameters like stress. In the phase of stress relax-
ation the transport capabilities can be increased and further
space for hydrostatic precipitation is generated. Thus,
cyclic or recurrent loading can assist to dissipate supersat-
urated solutions caused by remanent energy contributions
such as increased internal energy due to plastic deforma-
tion during high stress episodes. Dissolution-precipitation
creep has commonly been assumed to be a steady state
process so far. From our investigations we can infer that
cyclic build up and release of stress as evident in seismic
activities can become a key factor for fluid assisted defor-
mation of rocks.
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