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Abstract—We present an experimental investigation on the dissolution of uniaxially stressed crystals of
NaClG; in contact with brine. The crystals are immersed in a saturated fluid, stressed vertically by a piston
and monitored constantly in situ with a CCD camera. The experiments are temperature-controlled and uniaxial
shortening of the sample is measured with a high-resolution capacitance analyzer. Once the crystal is stressed
it develops dissolution grooves on its free surface. The grooves are oriented with their long axis perpendicular
to the direction of compressive stress and the initial distance between the parallel grooves is in accordance
with the Asaro-Tiller-Grinfeld instability. We observe a novel, transient evolution of this roughness: The
grooves on the crystal surface migrate upwards (against gravity), grow in size and the inter-groove distance
increases linearly with time. During the coarsening of the pattern this switches from a one-dimensional
geometry of parallel grooves to a two-dimensional geometry with horizontal and vertical grooves. At the end
of the experiment one large groove travels across the crystal and the surface becomes smooth again. Uniaxial
shortening of the crystal by pressure solution creep decays exponentially with time and shows no long term
creep within the range of the resolution of the capacitance analyzer (accuracy of 100nm over a period of 14
days). This indicates that, while active, the fast transient processes on the free surface increase the solution
concentration and thereby significantly slow down or stop pressure solution at the top of the crystal. This novel
feedback mechanism can explain earlier results of cyclic pressure solution creep and demands development
of a more complex theory of pressure-solution creep including processes that act on free su@apgdght

© 2004 Elsevier Ltd

1. INTRODUCTION the free surface of grains where the stressed grains are in
contact with unconfined fluid. Averaged over a large volume
Pressure-solution creep is an important deformation mecha- the fluid is saturated with respect to the grain minerals. On a
nism in the crust of the Earth since it plays a major role in the local scale, however there are differences in chemical potential
compaction of sedimentary basins and deformation in tectonic w at the grain surfaces due to stressémlovitz, 1989:
environments Rutter, 1976; Spiers et al., 1990; Schwartz and
Steckert, 199¢. This deformation mechanism involves the = po— (0, — Y20u8) — yK) (2 (1)
dissolution of material at sites of relatively high stresses, trans-
port in the fluid and precipitation of material at sites of rela-
tively low stressesRenard et al., 1999 Recent research has
questioned the fundamental mechanisms of this solution-medi-
ated deformation, notably dissolution versus healing at grain
contacts Kickman and Evans, 19%2asymmetric dissolution
(Gal and Nur, 1998 dynamics of dissolution in contact®ys-
the et al., 2002pand the importance of free-face dissolution
(den Brok and Morel, 2001; den Brok et al., 2002). The
emerging radical change in our understanding of pressure-
solution creep is driven by new experiments and reevaluation
of the fundamental theory. We will give a short theoretical
background before presenting our experimental evidence of a
new transient process that we will argue may affect the whole
process of pressure-solution creep.
Consider an aggregate of solid grains in a fluid under stress
3, — P, whereX is the overburden or tectonic stress d&hid the
fluid pressure. We can distinguish between two different reac-
tive sites Fig. 1): the contact between grains where there may
be a confined fluid film\(Veyl, 1959; Dysthe et al., 200pand

where u, is the reference chemical potential at the grain sur
face,o is the effective stress at the grain surface perpendicular,
1, and parallel||, to the surfaceg is the strain parallel to the
surface,y is the interfacial tensionk the curvature of the
interface and) the specific atomic volume. The normal stress
o, is equal to the fluid pressure at the free surface and equal to
the disjoining pressure of the confined fluid film in the contact
between grains{ysthe et al., 2009a

Gradients in chemical potential along the grain surface and
between grains drive dissolution, diffusion in the fluid phase
and precipitation. Older literature on pressure solution consid-
ers smooth grains and emphasizes that from a perspective of
linear irreversible thermodynamics only the normal stress part,
o,, of Egn. 1 is significant Weyl, 1959; Paterson, 1973;
Rutter, 1978. However, recent experiments and theoretical
work shows that surface- and elastic energy may also be
important as discussed in the next two sections.

The surface energy term in Eqgn. %k is negligible for
smooth theoretical grains of typical sized00um. However,
real grains are not smooth and recent field and experimental
evidences have shown that grain contacts often have “island-
. channel’-like structures of 0.1-10m (Raj and Chyung, 1981;
(k,g:rt]r:%m;cii.un\i/Yrr:%rir:]Z.ch;Trespondence should ~ be  addressed Spiers et al., 1990, den Brok and Spiers, 1991; Gratz and Bird,

T Present address. Institut fir Geowissenschaften, Tectonophysics, 1993 and that these evolve in timeS¢hutiens and Spiers,
University of Mainz, Germany 1999; Dysthe et al., 2002aTheoretical investigations clearly
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Fig. 1. Different reactive sites in an aggregate of grains under
compression. The aggregate is compressed by the force F applied on
the area A, which results in a stress X. The coordinate axis Z faces
downwards. The close up in the middle shows both reactive sites. One
reactive siteis the contact between grains where pressure solution takes
place and the other is the contact of grains to the pore fluid. P is the
fluid pressure in the pores. The close up on the left hand side shows
the grain-grain contact and the close up on the right hand side the
open face of agrain. o, is the stress perpendicular to the surface and
o) the stress paralle to the surface, A is the wavelength of the ATG-
instability.

show that on this length scale the surface energy term is
important (Asaro and Tiller, 1972; Yang and Srolovitz, 1993;
Ghoussoub and Leroy, 2001). Thisterm is also important in the
healing of agrain contact as opposed to dissolving it (Hickman
and Evans, 1992).

Also the strain energy term in Eqn. 1, ¥20yg seems at first
glance to be negligible. However, stress localization in grooves
may lead to significant amounts of strain energy. Gal and Nur
(1998) showed the importance of strain energy in producing
asymmetric dissolution at contacts. The strain energy term is
also essential in producing stress corrosion cracking through
the Asaro-Tiller-Grinfeld (ATG) instability well known in met-
alurgy (Asaro and Tiller, 1972; Grinfeld, 1986) and epitaxial
thin film growth (Barvosa-Carter et a., 1998; Kim et al., 1999).
The ATG instability is easily explained (see Fig. 1) by the
strain energy concentration at the tips of grooves on the free
surface of crystals. According to linear stability analysis (Srolo-
vitz, 1989; Ga and Nur, 1998) small irregularities on the
surface of a stressed crystal can grow if they are larger than a
critical wavelength, A Perturbations with smaller wavelength
will decay so that the crystal becomes smooth because the
surface energy dominates over elastic energy. In the case of
surface diffusion controlled kinetics the wavelength with the
fastest growing amplitude is a factor 4/3 larger than the critical
wavelength (Srolovitz, 1989):

A _4)\_4wa 5
max_§ 0_3(TH)2, ()

where A, IS the fastest growing wavelength, E the elastic
modulus. To analyze the dynamic evolution of this instability
one hasto treat the full nonlinear problem (Y ang and Srolovitz,
1993; Muller and Grant, 1999; Kassner et al., 2001).

Experiments on rock analog salts in undersaturated solution
(den Brok and Morel, 2001) and on stressed aggregates (Zahid,
2001) have shown groove formation as expected from the ATG
instability. However, no-one has attempted experimental or
theoretical investigation of this phenomenon at fluid saturated
conditions pertaining to pressure-solution creep in the Earth’s
crust. We have therefore performed uniaxial compression ex-
periments on NaClO; single crystals in a saturated agueous
solution to study the dynamic interplay of the free surface
instability with the o, -driven dissolution at the contact of the
crystal with the piston.

2. EXPERIMENTAL APPARATUS AND SET-UP
2.1. Experimental Apparatus

The apparatus used for the experiments is shown in Figure 2 and
consists of four different parts: 1) the inner cell containing the fluid and
the crystal (Fig. 2a); 2) the middle cell holding the inner cell and
containing a parallel spring system to apply aforce on the sample (Fig.
2b), the capacitance analyzer, two thermistors to record the temperature
and a Peltier-element for precise regulation of the temperature during
an experiment (Fig. 2c,d); 3) the outer cell that holds the middle cell
and contains a furnace for an external temperature control (Fig. 2€); 4)
and the optical system to monitor the patterns on the crystal surface in
situ (Fig. 2f).

The inner cell is a standard glass cuvette with its top cut off so that
it fitsinto the middle cell. It contains the sample crystal surrounded by
brine that is covered with Hexadecane (Fig. 2a). A glass-piston with a
polished contact surface is used to stress the crystal. The middle cell
consists of the main apparatus that is made up of two cylindrical units
that can be screwed together (see Fig. 2c,d). The lower unit containsthe
inner cell, two thermistors, a Peltier-element and one haf of the
capacitance analyzer (Fig. 2d). One thermistor measures the tempera-
ture directly at the Peltier-element and one the temperature next to the
inner cell. The upper unit of the middle cell contains the friction free
force system (Fig. 2c). Thisis made up of a micrometer-screw to apply
adisplacement and two sets of parallel springs, one set to hold a piston
and one set to load that piston. The outer cylinder of the loading system
is stationary and is connected to a moving inner cylinder by two
holding springs (Fig. 2b). A micrometer-screw is used to strain a
second set of springs connected to the inner cylinder and thus load the
system. The applied force on the crystal is proportiona to the elastic
constant of the loading springs and the displacement applied by the
micrometer-screw. The piston is rigidly attached to the inner cylinder
of the loading system and the upper conducting plate of the capacitance
analyzer. The capacitance analyzer consists of two conducting parallel
plates, one on top of the lower unit and one at the bottom of the upper
unit of the middle cell connected to the piston (Fig. 2c,d). If the piston
is moved relative to the lower unit and the crystal, the plates of the
capacitance analyzer get closer or further away from each other respec-
tively and the capacitance (measured with an impedance analyzer)
changes. With the capacitance analyzer we can measure the shortening
of the crystal with a precision of 10 nm and long-term stability of 100
nm. The spring constants are chosen such that the force on the piston
varies less than 1% for a shortening of 10um. This ensures that the
experiments performed are constant force experiments where the sys-
tem is loaded by straining the elastic springs with the micrometer-
screw. The springs themselves then apply a constant force (within 1%)
on the crystal during the whole experiment.

The temperature control is assured in two stages in the same manner
as in the apparatus described by Dysthe et al. (2003). Water from a
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Fig. 2. Experimental apparatus and setup. & The inner cell consists of a cuvette filled with brine and Hexadecane. The
sample crystal is glued on a glass-plate and loaded with a polished glass-piston. b) The upper part of the middie cell makes
up the loading system with two sets of paralel springs. An inner cylinder is fixed with two holding springs to an outer
cylinder that is stationary. A second set of springs is used to load the system. ¢) Upper part of the middie cell with
micrometer-screw, spring-system, piston and half of the capacitance analyzer. d) Lower part of the middle cell with the
lower part of the capacitance analyzer, the inner cell, sapphire windows, a Peltier element and two thermistors to control
temperature. The capacitance analyzer consists of two conducting plates that measure the capacitance and thus distance
between the inner cylinder of the upper part of the middle cell (with the loading piston) and the lower part of the middie
cell containing the sample. €) Outer part of the apparatus with the furnace for temperature control through a thermostated
bath. This part of the apparatusis as well as the apparatus itself cylindrical. f) Schematic drawing showing the optical setup
of the experiments. Monochromatic light from alaser source is used to illuminate the sample. Two linear polarizers and a
rotating half-wave plate are used to produce and analyze polarized light and a CCD-camera is used as detector.

thermostated bath is circulated through the outer shell of the apparatus
(Fig. 2€). This shell has good thermal contact with the bottom part of
the middle cell. The heat flow between the outer shell and theinner cell
containing the crystal and solution passes through a Peltier element.
The design is symmetric to avoid gradients in temperature. The tem-
perature measured by the thermistor at the Peltier element is used as
input to a feedback control of the temperature in the inner cell (Johan-
sen et al., 1986). The temperature that was measured 1mm from the
inner cell is kept constant with a standard deviation of 0.001°C.
Because there are windows in the system (Fig. 2d,€) there will be heat
loss that we have not yet characterized. We estimate that this will
increase the temperature fluctuation inside the sample cell by no more
than a factor of ten.

Finaly, we use a Charge Coupled Device (CCD) camera (Photo-
metrix CH250) with 12bit dynamic range and 1200 X 2000 pixels

spatial resolution to monitor the experiment in situ. The camera takes
a picture every 30 to 240 min depending on the desired resolution in
time. The crystal is illuminated by a collimated beam of transmitted
light, using a laser source, two linear polarizers and a rotating half-
wave plate (Fig. 2f). Surface irregularities refract the transmitted light
causing bright and dark fields in the image. By analyzing the image the
position of grooves on the crystal surface can be identified, but the
amplitude of the roughness perpendicular to the surface cannot be mea
sured quantitatively. To obtain this information as well we are planning
experiments with white light interferometer and atomic force microscope.

2.2. Experimental Setup

In the inner cell we place a3 to 4 mm high, 2 to 3 mm wide and 2
mm thick crystal of NaClO5. We use this salt because it reacts very fast
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so that the time scales of the processes are short and because at the
conditions investigated it behaves elastic and brittle so that we can
eliminate any effects of plasticity. The crystals were grown slowly out
of asolution at the University of Odlo resulting in crystals with almost
only facets on {100} . We glue the bottom of the crystal to asmall glass
plate to have a crystal that stands upright (Fig. 2a). After lowering the
crystal into the cuvette we fill the cuvette with distilled water saturated
with NaClO4 at room temperature and cover the water with hexadecane
to seal the cell and prevent evaporation.

We present three different experiments (More experiments at the
same conditions with slight changes in crystal shape and with no glue
have been performed giving consistent results with the presented ex-
periments). All experiments are performed with NaClO; crystals of
height 3—4mm, width 2-3mm and thickness 2mm in a saturated solu-
tion of NaClO4 at room temperature, 22 = 00.1°C, to minimize heat
loss through the windows. Experiment one takes place at the highest
stress of ~8 MPa with a crystal that has two notches on the sides.
Experiment two takes place at a lower stress of ~4 MPa and experi-
ment three takes place without stress. Experiments one and two are
constant force experiments where a displacement is applied with the
micrometer-screw to strain the elastic springs in the apparatus, which
then apply a force on the crystal. We calibrated the spring system in
advance to be able to calculate the force and thus the stress applied on
the top of the crystal. The experiments take one to two weeks. Images
showing the evolution of the surface structures are presented in Figure
3. Because the structures discussed are difficult to see in print the main
features of the evolution in the three experiments have been summa-
rized in Figure 4.

3. EXPERIMENTS
3.1. High Stress Experiment

During experiment one, pictures were taken every 2.5 h for the first
50 h and every 4.5 h for the rest, the whole experiment ran for 306.5
h. The evolution of the surface structures is illustrated in Figure 3. In
the experiment we lower the crystal in the saturated solution and leave
it unstressed for 24 h so that it isin equilibrium with the fluid. During
these first 24 h we can observe minor smoothening of the edges of the
crystal. This effect (due to surface tension) has a relatively short
time-scale of 30 min to 2 h. After the first two hours the crystal surface
does not change significantly. No detectable, “ systematic” roughnessis
observed on the crystal surface.

After 24 h (time 0.0h in Fig. 3) the crystal is loaded vertically with
8 = 00.5 MPa where upon surface patterns start to evolve. The
evolution of patterns on the crystal surface takes place in three different
stages. 1) The onset of an instability with the first development of
mostly parallel and horizontal grooves on the crystal surface. 2) Up-
wards travel of grooves on the crystal surface and coarsening of the
pattern. 3) One large groove travels upwards across the crystal surface
leaving the surface flat again.

3.1.1. Onset of instability

Grooves on the crystal surface appear within the first 2.5 h of the
experiment (see Fig. 3b). The grooves run mostly perpendicular to the
principal stress direction and parallel to each other but show some
braided geometries where grooves divert and rejoin. The average
distance between centers of groovesis ~50um. The formation of these
grooves is well explained as the onset of the ATG instability: Stress
concentration at the tips of microscopic imperfections in the crystal
surface drives dissolution and thereby the formation of grooves per-
pendicular to the principal stress (Asaro and Tiller, 1972; Grinfeld,
1986). The distance between the grooves depends on the stress and
material properties.

Using Egn. 2 we can estimate the critical wavelength from linear
stability analysis of the ATG instability. The surface energy is esti-
mated using the empirical correlation of Nielsen and Sohnel (1971)
with a solubility of 9.4mol/L (Ristic et a., 1993): y = 0.012 = 00.01
Jm~2, and the elastic modulus is E=49GPa (Viswanathan, 1966). The
fastest growing wavelength is then 38 = 32um. The observed wave-
length of 50 wm at the onset of the instability is thus in agreement with
the mean value of the theoretical prediction of 38 um. Note that the

large error in the theoretical prediction of the wavelength (32 um)
arises from uncertainties in vy.

Around the notch on theright hand side of the crystal the groovesare
not very regular and develop rhomb shapes (Fig. 3b—g), which indi-
cates stress concentrations at the notch. Stress concentration at the
notch on the right hand side deflects the direction of the maximum
compressive stress towards the notch and grooves tend to develop
circular shapes around the notch. This produces a rhomb pattern of
groovesin the proximity of that notch and also a slight curvature of the
parallel grooves towards the lower right hand corner of the crystal. One
also observes that the lower right hand corner of the crysta is flat
without grooves. This might be the result of a stress shadow below the
notch that will prevent development of grooves.

3.1.2. Travel and coarsening of grooves

After 5 h the grooves start to travel upwards against gravity (see Fig.
3 cf). At the same time the wavelength of the roughness increases and
the grooves become larger and deeper. Note that this behavior is
beyond the ATG-instability, which can only be applied to the initial
development of the grooves. The coarsening of the roughness on the
crystal surface is aready evident after 5 h especialy in the rhomb
patterns next to the notch on the right hand side of the crystal. During
this coarsening the pattern switches from mostly horizontal and parallel
grooves to more rhomb-like shapes with horizontal and vertical
grooves. This is probably due to the stress field not being uniaxial.
Similar two-dimensional patterns have been obtained in simulations of
a biaxially stressed solid in contact with its melt (MUller and Grant,
1999).

The coarsening of the wavelength of the roughness or distance
between neighboring parallel grooves on the crystal surface is recorded
for the first 90 h of the experiment and shown in Figure 5. During this
time the pattern coarsens progressively with an increase in wavelength
of 9.1 = 00.4 wm/h. After the first 90 h of the experiment the pattern
becomes too coarse to perform the same measure. We note, however
that a coarsening with the same velocity would lead to the wavelength
spanning the crystal (3mm) after 300 h. This fits well with the final
evolution of the crystal surface (see below). The grooves aso travel
upwards with a velocity of ~20 um/h and they merge and disappear
during the coarsening process.

Systems similar to our experiment but without diffusion in the fluid
phase or gravity parallel to the main stress direction have recently been
modeled with full nonlinear equations (Muller and Grant, 1999; Kass-
ner et al., 2001). Muller and Grant (1999) show that in their model the
wavelength of the surface instabilities grows with the square root of
time. This is clearly not the case in our experiment where the wave-
length grows linearly with time (Fig. 5). Kassner et a. (2001) modeled
the same system and demonstrated that the coarsening (or imperfect
period doubling) is due to stress shadowing where the deeper groove
accelerates into the crystal whereas the smaller grooves get less
stressed and vanish due to surface tension. In their system the grooves
do not move parallel to the surface as they do in our experiments. The
gravity and diffusion in our experiments thus change both the coars-
ening mechanism and scaling with time relative to the mentioned
model (see section 4.1 in the “Discussion”).

3.1.3. Superstructure

After ~25 h alarge “groove’ starts to develop at the bottom of the
crystal (see Fig. 3 f-i). We term this “groove” a superstructure after
Kassner et a. (2001). The superstructure first increases its depth and
width for another 20 h and then starts to move upwards. The crystal
surface below the large groove has almost perfect crystal facets and the
notches go from being rounded to developing straight surfaces parallel
tolow Miller index crystal facets when the groove has gone past. While
the superstructure moves upwards it overtakes the smaller grooves that
still remained on the crystal surface. Grooves that lie in front of the
superstructure are not stable but break up into rhomb structures. At the
end of the experiment the crystal develops an almost perfect shape with
flat facets.

Figure 6 shows a plot of the velocity of the superstructure in
experiment one versus time. The large groove travels upwards with a
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Fig. 3. Images of the crystal surface during the three experiments. Experiment one is shown in picture ato i, experiment
two in picture j to | and experiment three in picture m. The height of the crystal in experiment 1 and 2 is 3mm and in
experiment 3 is 4mm. The images captured at different instants show the evolution of patterns on the crystal surfaces
including surface energy effects and stress effects that lead to a roughening of the surface, the coarsening of the pattern and

the progress towards smooth crystal surfaces again.

mean velocity of 20um/h. At 120 h when it crosses the notches on the
crystal the groove moves 3 times faster. The sudden increase in velocity
may be related to stress concentrations between the notches, however
further theoretical work is needed to fully understand the traveling of
grooves.

After 310 h the stress is released on the crystal and it starts to grow
but keeps its faceted surfaces. Growth of the crystal after stress release
indicates that the fluid is oversaturated. The crystal grows because in

the stressed state the chemical potential of the crystal was increased
with respect to the fluid. The crystal therefore dissolved and the
NaClO; concentration in the fluid increased. This leads to an oversatu-
ration of the fluid once the stress is released and the crystal grows. The
volume of solid dissolved (and reprecipitated once the stress is re-
leased) should be proportional to the fluid volume in the experiment.
However, since we only observe the crystal growth in the image plane
we cannot estimate the volume change of the crystal. In future exper-
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Fig. 4. Summary of transient patterns on crystals at three different stress conditions through time. The first row shows
the effects of the surface energy. The second and third row show coupled surface energy and stress effects. The surface
develops a roughness that goes through a coarsening, develops a superstructure and becomes flat again.

iments we will attempt to measure the solution concentration in situ by
interferometry.

3.1.4. Shortening by pressure solution creep

Figure 7 shows the vertical shortening of the crystal versus time as
measured with the capacitance analyzer during experiment one. The
first 6 h the crystal is shortened by pressure solution creep at the contact
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Fig. 5. Distance, A between neighboring parallel grooves or wave-
length of the roughness versus time. The wavelength increases during
the experiment, which indicates that the pattern coarsens. The coars-
ening is linear within the first 90 h of the experiment with avelocity of
~9.1 + 00.4 pm/h.

to the piston. The creep decays exponentially with time with a time
constant of ~1h. The exponential decay is unexpected because accord-
ing to ordinary theory of pressure solution creep (Rutter, 1976) the
shortening should after a short time reach a steady state velocity, not
decay to zero velocity. At ~6 h thereisajump of 7 um in the crystal
height, which is probably due to crushing of asmall contact. Thisjump
reinitiates the decay rate (such re-initiation has been thoroughly doc-
umented for NaCl, Dysthe et al., 2003) that again decays exponentially
with atime constant of 1h. Note that the jump does not change the force
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Fig. 6. Velocity of the movement of the superstructure in experiment
1 across the crystal against time. The mean velocity is 20um/h. Note
that the groove accelerates once it crosses the two notches.
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Fig. 7. Vertica shortening versus time for as measured with the
capacitance analyzer during experiment one. Thefirst 6 h the crystal is
shortened by pressure solution creep. The creep decays exponentially
with atime constant of ~1h. Then thereisajump of 7umin the crystal
height, probably due to crushing of a small contact. This jump reini-
tiates the decay rate that again decays exponentialy with a time
constant of 1h. The inset shows that there is no long time creep, the
crystal is not shortening due to pressure solution at the contact to the
piston within the timescale of the experiment (300 h). The fluctuations
have a standard deviation of 20nm.

applied by the piston. For the last 250 h we observe no more creep with
the high-resolution analyzer (resolution of 100nm).

3.2. Low Stress Experiment

In experiment two we use a crystal without notches and reduce the
stress to 4MPa. As can be seen from Figure 3 j- the genera evolution
of patterns in experiment one and two are similar. Once the crystal is
stressed it develops a roughness, grooves travel upwards and coarsen
until a superstructure runs across the crystal and it becomes flat again.
Since the crystal in experiment two contains no notches it can develop
perfect crystal facets on its front and sides. Similar to experiment one
the crystal develops edges on its upper surface towards the piston that
have an orientation of ~45° relative to the top and sides. The main
difference of the pattern in experiment one to experiment two isthat in
experiment two grooves on the crystal surface are not as pronounced as
in experiment one and start out with a larger wavelength. The crystal
seems to develop two different wavelengths at the same time (see Fig.
4). The shorter wavelength (A,): small grooves on the crystal surface
with aninitial wavelength of 180 wm. The grooves travel upwards with
a velocity of 20 um/h and go through a similar coarsening as in
experiment one. The second wavelength (\,) seemsto be aslarge asthe
crystal so that the upper part of the crystal dissolves and forms the
valley of the wave and the lower part of the crystal forms the hill. This
wave merges with the superstructure after 50 h and then travels up-
wards with a maximum velocity of ~20 wm/h.

Theinitial, smaller wavelength of 180 um isin good agreement with
the fastest growing wavelength A, = 150 = 130 um from Egn. 2.
The grooves in experiment two develop later than the grooves in
experiment one. This result is also in agreement with linear stability
analysis that indicates that grooves on the surface of higher stressed
crystals will grow faster and thus can develop earlier in the experiment
(Srolovitz, 1989; Gal and Nur, 1998).

3.3. Experiment with No Stress

Experiment three was performed with no stress on the crystdl. In this
experiment we wanted to study possible long-term effects of the
surface energy. In experiment three we observe the same short-term
effects as in the other two experiments. The surface energy will
smoothen the edges of the crystal relatively fast within tens of minutes
to hours. However after a few days we observe that small waves or
growth-fronts travel upwards on the crystal until it develops crystal
facets. These small waves corresponding to the formation of the su-

perstructure in the other two experiments must be a long-term effect of
the surface energy on the crystal. Note that the waves or growth-fronts
on the unstressed crystal are very small compared to the stress-induced
grooves (1:5 to 1:100).

4. DISCUSSION

4.1. Traveling and Coarsening of Grooves

The persistent traveling of grooves upwards along the sur-
face of the crystals while the distance between surviving
grooves increases (coarsening) is a phenomenon that, to our
knowledge, has not been reported before. den Brok et al. (2002)
did observe grooves moving freely on the surface of a stressed
K-alum crystal. They used an undersaturated solution and they
did not observe persistent coarsening. Therefore they termed
the grooves dynamically stable. From nonlinear simulations of
similar systems, however it is expected that the structure coars-
ens. The stress concentration at the deepest groove tip will
relieve the stress at neighboring, shallower grooves and thus
cause a coarsening.

There are two important differences between our observa
tions and predictions from modeling. We observe traveling
grooves, not stationary grooves that become deeper or vanish
and we observe a different time dependence of the coarsening.

As already mentioned the difference between our experiments
and smulations based on the nonlinear equations of the ATG
instability (Muller and Grant, 1999; Kassner et al., 2001) is the
gravity dong the principal stress direction and diffusion of dis-
solved materia in the fluid phase. During the initial development
of the ATG ingtability diffusion is not important in our experi-
ments as long as the fluid is undersaturated (once the crystd is
stressed). However, traveling of grooves and coarsening of the
patterns involve diffusion of materia in the fluid, for example
from the upper edge of atraveling groove towards its lower edge.
The gravity breaks the symmetry and introduces a direction in the
experiments and diffusion introduces a new time scale. The new
time scale introduced by the fluid phase diffusion may explain the
growth of the wavelength proportiona to time as opposed to
proportional to squareroot of timein the smulations of Mller and
Grant (1999) who modelled a solid in contact with its melt where
no diffusion takes place.

The traveling of grooves is probably due to concentration
gradients in the fluid that develop as an effect of gravity
(possibly enhanced by convection) causing higher concentra-
tion (and density) at the bottom of the cell. The upper edge of
a groove on the crystal surface will therefore tend to dissolve
and the lower edge will tend to grow (see Fig. 8). This effect
will result in a traveling of grooves aong the concentration
gradient in the fluid towards the top of the crystal. Concentra-
tion gradients in the fluid can also explain the small traveling
waves or growth fronts on the unstressed crystal. The un-
stressed crystal isinitialy in equilibrium with the fluid but isin
local disequilibrium once concentration gradients develop. We
are currently working on modeling the experimental system to
evaluate these effects quantitatively.

4.2. Superstructure and Phase-Transition

In all three experiments one can observe short-term surface
energy effects that round the crystal edges and long-term sur-
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Fig. 8. How different orientations of grooves relative to a concen-
tration gradient in the fluid produce different behavior. In case a) the
concentration gradient induces an upward velocity and in case b) it
stops the amplitude growth of the groove.

face energy effects (probably induced by concentration gradi-
ents in the fluid) where waves or growth fronts travel up the
crystal and the crystal becomes flat. These surface energy
effects interact with the stress-induced roughness in two ways.
The initial rounding of edges of the crystal may help to induce
the ATG-instability since it is harder to break perfect crystal
facets. The long-term effect of the surface energy seems to
couple with the stress induced grooves once the roughness has
coarsened up to the same scale as the surface energy waves.
This scale is probably identical to or in the same range as the
height of the crystal. The system then develops the so termed
superstructure that is most pronounced in experiment one.
Below this large groove the surface energy produces perfect
crystal facets. No new grooves will develop below the super-
structure because the wavelength of the roughnessislarger than
the crystal. After the crystal has developed a flat shape it has
reached a new equilibrium under stress and no new grooves
will develop. No gradients in elastic- or surface energy exist
along the flat surface, which makes the crystal very stable. This
new, stable phase of the crystal demands a thorough, theoretical
explanation, we will only discuss it in qualitative terms.

The developing patterns on the crystal surface seem to be a
trangition towards a new equilibrium of the system under stress.
The patterns are more pronounced if the system is driven further
out of equilibrium i.e, if the stress on the crysta is higher. The
transition of the rough crystal surface to asmooth oneissimilar to
afirgt order phase trangition. This is also supported by the obser-
vation that the stressed crystal does not develop new patterns (like
grooves) when the stressis released; it grows but remains smooth.
The stress-roughening process is not easily reversible which is
typical for first order phase transitions.

The stability of the new, flat crystal surface suggests that it
is in equilibrium with the fluid. One possibility is that a new,
solid unstrained layer without stresses has grown on the crystal.
Such an unstrained layer will evidently be in equilibrium with
a saturated solution. The other possibility is that the fluid
becomes supersaturated by the stressed crystal. This is sup-
ported by the fact that the crystal grows significantly once the
stress is removed and by the slowing down of the pressure
solution. It remains to be shown, however, that a bulk liquid
can be driven into a thermodynamically unstable state by such
a surface process. We are therefore planning to measure the

solution concentration in situ by interferometry during the
experiments.

4.3. Coupling to Pressure Solution Creep

Another important question concerns the comparability of
our experiments to compacting aggregates of grainsin common
rock-forming systems. Will an aggregate of calcite or quartz
grains behavein asimilar way as the single crystals of NaClO4
in our experiments? The main differences between our exper-
imental setup and a natural system (for example a porous
sandstone) are that we have a larger fluid volume and that our
system is loaded suddenly. Especiadly the sudden input of
energy may trigger the ATG instability. However natura sys-
tems may aso go through sudden changes of stresses for
example during earthquake or fault movement. In compacting
systems without change in external stress one expects rear-
rangement of the local stress network in the aggregate due to
grain sliding. Experiments in progress show such measurable,
sudden changes in stress during compaction. Thiswill probably
be sufficient to trigger instabilities both at free surfaces and in
contacts (Dysthe et al., 2003). Transient processes acting on
free surfaces may be very important in these cases.

From the capacitance curve in Figure 7 one can observe that
in experiment one the shortening of the crystal after 20 h is of
the order 0.5 nm/h (strain rate of 3.8 X 10~ ** s—1) after a
period of transient creep. Dysthe et a. (2002b) measured pres-
sure solution creep rates of NaCl at 4AMPa and 20 °C to be 170
nm/h after 10 h. Because NaCl O, is more soluble and the stress
used here is larger one would expect the rate of shortening of
NaClO; to be almost 3 orders of magnitude larger. Dysthe et al.
(2002b) also showed that for NaCl the transient creep can be
related to a structural change of the contact surface in an
experiment where an indentor is pushed onto a crystal surface.
In a similar manner to the transient free surface structures in
our experiments the confined surface of the NaCl-crystals
evolves from a rough island-channel geometry towards a
smooth surface. Stress and temperature fluctuations can reini-
tiate the structural change and thus the period of transient creep
(Dysthe et al., 2003), which probably happened in our exper-
iments after the sudden jump in the capacitance curve (Fig. 7).
The processes that take place on the free surface of the crystal
are obviously faster and more important than pressure solution
at the contact of the piston to the crystal. This observation does
not easily fit into existing models of pressure solution where the
crystal is supposed to dissolve at the contact with the piston and
precipitate on the sides. In our experiment pressure solution at
the piston is either very dow compared to processes on the surface
or isdowed down or even stopped by the processes on the surface.
Both processes can interact through the fluid. The processes at the
free surface are faster because the diffusion is faster in the free
fluid than in the confined fluid in the contact. Our interpretation is
that the fast process on the surface over-saturates the fluid at the
beginning of the experiment which will temporarily stop pressure
solution at the contact with the piston.

We are of the opinion that in natural systems at least in some
situations, processes on free surfaces will interact with pressure
solution creep at confined contacts in a manner similar to our
experiments. However, further experimental studiesin this area
are needed.
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Finaly our experimental results might shed light on the
experiments of Martins et a. (1999) who found cyclic behavior
in compaction rates of single crystals of halite. If the system
switches between processes happening on the free surface that
slow down shortening and processes on the confined surface
that induce shortening it might show a cyclic behavior. In that
case our experiments show an extreme case where only pro-
cesses on the free surface are important and the crystal stops
shortening after a short period of time.

5. CONCLUSIONS

Experimental measurements on stressed crystals of NaClO; in
a saturated solution have shown that transient patterns develop on
the crystal surface. These structures can be subdivided into an
initial roughening of the crystal surface, a coarsening process and
a phase-trangition towards a flat surface. The initial roughness is
made up of paralel grooves perpendicular to the compressive
stress with an initial distance from each other that is in agreement
with linear stability analysis of the ATG ingtability. We have
measured quantitatively a new mode of coarsening of the structure
with the wavelength growing linearly with time and the grooves
traveling upwards along the crystal surface. At the end of the
coarsening event one large groove or superstructure travels along
the crystal and leaves a flat faceted crystal surface behind. Slow
surface energy waves on the crystal and the grooves due to stress
are coupled together once they reach a common wavelength and
form the superstructure. The pressure solution creep at the contact
of the crystal to the piston dows down to below 0.5 nm/h, which
is the accuracy of the high-resolution capacitance analyzer used.
We argue that thisis the result of the transient processes at the free
surface that increase the solution concentration. This novel feed-
back mechanism can explain earlier results of cyclic pressure
solution creep and demands the development of a more complex
theory of pressure-solution creep.
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