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Abstract

The upper crust has been described as being dominated by brittle deformation along faults, or ductile where folds and
cleavage have developed. These two mechanical behaviors are explained by two different mechanisms of deformation: (i)
fracture; and (ii) fluid-enhanced deformation (e.g. pressure solution). These two mechanisms operate at two time scales: fast for
brittle deformation, slow for pressure solution. Natural observations of relationships between pressure solution and fractures in
sandstones, or indented pebbles, and experimental results of pressure solution with an indenter technique indicate that both
mechanisms can interact: fracture development increases the kinetics of the pressure solution process, pressure solution relaxes
the stress between fracturing events. A simple model of brittle-ductile deformation, applied to indented limestone pebbles, shows

that cycles of slow deformation can alternate with short-time fracture. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Earthquakes and fractures which occur in the upper
crust testify to its brittle behavior. However, natural
structures such as folds and cleavage, which also
develop in the entire upper crust, are evidence for a
ductile and viscous behavior. Laboratory experiments
partially explain this paradox by showing that the two
types of behavior do not occur over the same time
scale: dynamic fracturing is favored over very short
time scales, and viscous dissolution precipitation creep
proceeds over much longer time scales. However, these
two deformation mechanisms are very often spatially
associated in the upper crust (Onasch, 1990; Onasch
and Dunne, 1993). Therefore, it is crucial to under-
stand how these two processes interact in order to gain
an improved insight into the complex mechanical
behavior of the upper crust (De Bremaecker, 1987;
Gratier and Gamond, 1990; Shen et al., 1997).
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Subcritical crack growth may act over intermediate
time scales (Atkinson, 1984; Darot et al., 1985); how-
ever, the slowest experimental crack propagation
values (107® m s™') seem to indicate that such a mech-
anism is relatively fast vs pressure solution strain-rate
(see below).

Examples of interactions between fractures and
pressure solution are briefly presented both from
indentation experiments and from natural deformation
in limestone pebbles in a conglomerate and quartz
grains in a sandstone. Thus a new model is proposed
which integrates both the evolution of the geometry of
deformed blocks (grains, pebbles) and the interaction
between fractures and pressure solution. It is suggested
that mechanical modeling of the upper crust (creep
laws) must integrate these complex mechano-chemical
interactions both by developing new modeling concepts
and by acquiring more pertinent experimental data.

2. Experimental approach

The principle of the indenter technique is shown in
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Fig. 1. Experimental results obtained by the indenter technique. (a) Schematic view of experimental device. A cylindrical stainless steel indenter,
mounted under a free moving Teflon piston and loaded by a dead weight, is kept in contact with a crystal of halite, in the presence of its brine
during several months or years. (b) Experimental rates of indentation for crystals of halite: (1) without any fracture in halite; (2) with fracturing
development which increased the rates of indentation. (c) Holes under the indenter: (1) without any fracture on the left (part 1 of curve b); (2)
with radial fractures on the right (part 2 of curve b). (d) Fractures develop channels with high diffusion (within free fluid) decreasing the path
length for slow diffusion under the indenter (radial arrows along solid—trapped fluid—solid interface) and accelerating the rate of indentation.

Fig. 1(a) (Gratier, 1993a): a cylindrical stainless steel
indenter, mounted under a free moving Teflon piston
and loaded by a dead weight, is kept in contact with a
crystal of halite, in presence of its brine. Before the
indenter is put in contact with the sample, the crystal
is immersed in the brine already saturated with halite
powder, in order to trap a saturated fluid phase under
the indenter. Such devices are maintained within a fur-
nace at constant temperature. After long duration ex-
periments (several months, or years) cylindrical holes
are formed by dissolution under stress (Gratier,
1993a,b): mass transfer occurs by diffusion along the
indenter—trapped fluid—crystal interface, from the area
with the highest chemical potential (stressed interface
under the indenter) to the area with the lowest chemi-

cal potential (free-surface of the crystal). This indenter
technique maintains a constant interface area and geo-
metry. The effect of various parameters may be prop-
erly tested such as stress, indenter diameter,
temperature, nature of the solid and the solution, and
other parameters which are presumed to play a crucial
role in pressure solution creep laws (cf. creep laws pro-
posed by Weyl, 1959; Raj and Ashby, 1971; Rutter,
1976; Raj, 1982).

Such experiments also show how the development of
fractures accelerates the pressure solution process, with
only this aspect being presented here. The displace-
ment-rate of the indenter is found to be limited by the
slow diffusive mass transfer out of the indenter/
trapped fluid/crystal interface. This is shown by the
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fact that the displacement rate is inversely proportional
to the diameter of the indenter (Gratier, 1993a). A dis-
placement rate vs stress relation is observed (Fig. 1b)
which is clearly non-linear as predicted by theoretical
approaches (Lehner and Bataille, 1985; Ortoleva, 1994)
but this aspect will not be discussed here. Above a
yield stress value (90 MPa in Fig. 1b), the displacement
rate is drastically increased; this behavior is systemati-
cally associated with the development of radial frac-
tures under the indenter (Fig. lc, hole on the right).
The fast displacement rates plotted on Fig. 1(b), for
stress values above 90 MPa, are minimum values since
the indenters were found blocked at their maximum
possible displacement (the length of these indenters).
The width of the radial fractures remains very low
from the top to the bottom, and is approximately sev-
eral microns. No deformation or dissolution, within or
around these fractures, can explain the increase of the
displacement rate. No evidence of plastic deformation
is found. Plastic deformation should appear either by
the development of a moat of dissolution around the
indenter as observed by Tada and Siever (1986) and
Gratier (1993a, when using undersaturated solution) or
by upswelling of the crystal around the hole to account
for constant volume accommodation of plastic flow.
Explanations of such a drastic increase of dissolution
rate are more likely to be linked to the change of path
length of mass transfer induced by fracturing.

At low stress (below 90 MPa), the slow diffusive
process along the trapped fluid, which is the limiting
process, occurs through the whole diameter of the
indenter (Fig. 1d, left part). In this case, using the
stress vs displacement-rate relation given in Fig. 1(b),
the total product D x w (m®s™') may be estimated,
where D is the diffusion coefficient of aqueous species
under the indenter and w the thickness of the trapped
fluid film. This value is about 2 x 107"’ m? s™! at 25°C
(Gratier, 1993a,b).

At high stress (above 90 MPa), the development of
radial fractures, the length of which being larger than
the diameter of the indenter, open the possibility of
fast mass transfer out of the indenter contact since this
transfer occurs within the free fluid which fills the frac-
tures. In this case the product of the diffusion coeffi-
cient (2 x 107" m?s™", see Applin, 1987) and the width
of the path of mass transfer (2 x 107° m measured on
the sample) may be estimated to be 4 x 10~ m?s~'.
Consequently, the initial interface with a slow diffusive
path (2 x 107 m*s™") is partitioned into several
small areas with the same slow diffusive paths, separ-
ated by channels with fast diffusive paths
(4 x 107 m?®s™"). The displacement rate of the inden-
ter is limited by the slow diffusive mass transfer out of
the slow diffusive interface domains. As the displace-
ment rate is inversely proportional to the square of the
distance of mass transfer out of these slow diffusive

interfaces (Gratier, 1993a) this displacement rate is
drastically increased by the development of the frac-
tures. In this case the displacement rate is inversely
proportional to the mean diameter of the slow diffu-
sive interface and not to the whole diameter of the
indenter. For example, when a set of two perpendicu-
lar fractures divides the initial diameter of the area
with slow diffusive path by two, the displacement rate
is multiplied by four (Fig. 1d, right part).

A significant increase of pressure solution rate has
been assumed to be associated with subcritical micro-
crack growth during pressure solution as determined
from natural and experimental observations, respect-
ively (Gratz, 1991; den Brok, 1998). The main differ-
ence with our model is that in the so-called Gratz’s
model, microcracks develop at the grain boundary
scale. Channels are located where finely spaced micro-
cracks intersect the boundary. These channels continu-
ously change position in a dynamic channel-island
grain boundary model. Consequently, in the Gratz’s
model, the microcrack effect is integrated in a stable
pressure solution process (as perhaps, the observed
behavior below 90 MPa).

3. Natural observations

Observations of natural structures, such as pitted
pebbles in compressional basins, or quartz grains in
sandstones (Onasch, 1993; Milliken, 1994), show as
well the crucial effect of the development of fractures
to promote and activate pressure solution. Indented
pebbles have been recognized for a long time (Sorby,
1865; McEwen, 1978). Figure 2(a) shows a limestone
pebble from Miocene conglomerate near Grenoble
(France) where indentation by another pebble has
occurred on the top. At the contact, stylolites indicate
the presence of dissolution. The geometry of radial
fractures around the dissolution interfaces indicates
that fractures develop during the dissolution process
(McEwen, 1978). These fractures are sealed with cal-
cite. The burial depth of this pebble is estimated to be
less than 2 km and the total tectonic deformation (by
horizontal shortening) encountered by the pebble has
not lasted more than a few million years (Gratier and
Gamond, 1990).

Fig. 2(b) and (c) shows microphotographs of
Miocene sandstone from the sub-andean zone of
southern Bolivia (Moretti et al., 1996). The sandstone
is coarse grained (grain size up to 0.3—-0.4 mm), highly
porous (15-20%) and uncemented. Quartz grains are
the most abundant lithology and show typical round-
ness of original detritial grains. Quartz grains show
mainly point contacts, but grain indentation along
concavo—convex contacts (Tucker, 1981) are also fre-
quent. There is no visible microbrecciation or plastic
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Fig. 2. Natural examples of ductile-fragile interactions. (a) Photograph (right) and schematic representation (left) of a cross-section in a lime-
stone pebble from the Miocene of the area of Grenoble (France). On the dissolution surface area, the stress reached values higher than the yield
strength of the pebble and fractures (now calcic veins) have occurred. (b—c) Miocene sandstone from the sub-andean zone of southern Bolivia
showing (i) quartz grain indentation along concavo—convex contacts, resulting from pressure solution; and (ii) intragranular extensional fractures
originating at indented contacts; microphotographs in reflected light. The large light gray grains are quartz. Dark gray between grains is epoxy
resin filling porosity. Scale bar=0.1 mm.
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deformation (no undulose extinction) associated with
the indentation contacts. Therefore, grain indentation
is thought to result from pressure solution at grain
contacts (Houseknecht, 1988). The indented grains
show frequently one or several intragranular frac-
ture(s) which originate(s) at the contact zone.
Although their detailed geometry may be complex, the
fractures are at high angle to the contact and their
overall geometry is linear or smoothly curved. They
cross the entire grain or nearly so. These geometries
suggest that they are extensional (mode I) fractures.
They are not sealed or healed, and may show opening
of a few microns. The geometrical relationships of the
grain indentation and intragranular fractures show
that both types of structures were formed in a similar
stress regime with shortening sub-perpendicular to the
indented grain contacts and sub-parallel to the frac-
tures. At the scale of the thin section, the shortening
direction is sub-perpendicular to bedding, i.e. it corre-
sponds to burial compaction. According to the geo-
logical context (Moretti et al., 1996), the sediment was
submitted successively to: (1) sedimentary burial in the
foreland basin (probably <1000 m for the sample
shown); (2) tectonic burial under a thrust sheet (prob-
ably up to 3000 m); and (3) uplift and erosion. The
whole cycle occurred during the Mio-Pliocene. The
lack of fracture sealing and of diagenetic quartz over-
growth at the periphery of the grains suggests that the
quartz dissolved at grain contacts was drained, i.e. the
pressure-solution process took place in an open hydro-
logic system.

4. Modeling pressure solution interaction with fractures

A creep law for pressure solution has the form:
e=a/n (1

where ¢ is strain rate (s~'), o is the difference between
the normal stress acting on the interface of dissolution
and the normal stress acting on the surface of depo-
sition (often assumed to be equal to the pore fluid
pressure), n is a viscosity coefficient. A linear stress vs
strain-rate relation is used for simplification.

According to Raj and Ashby (1971), Rutter (1976),
and Raj (1982), this viscosity coefficient is a function
of various parameters and the relation may be
expressed as:

¢ = [aoDweV /[RTd] )

where o is a numerical coefficient, D is the diffusion
coefficient for the rate limiting species, w is the width
of the transport path in the zone of dissolution, ¢ is
the solubility of the solid in solution, R is the gas con-
stant, 7T is the temperature, V is the molar volume of

the solid, and d is the grain diameter (assumed to be
both the diameter of the surface of dissolution and the
size of the closed system for mass transfer).

Constant displacement rate (ms~') may be assumed
for the modeling of tectonic deformation. This
assumption is not appropriate for the compaction pro-
cess where pressure solution—fracture interaction is
probably associated with the progressive increase of
stress with depth. For simplicity, only constant displa-
cement rate assumption has been tested in this prelimi-
nary study. Assuming such a constant displacement
rate between two grains or pebbles as a boundary con-
dition, the evolution of stress with time may be esti-
mated for the case of fractures developing during
progressive indentation by pressure solution (Fig. 3a).
When considering pressure solution of grains, or peb-
bles, or any porous (or fractured) aggregate, porosity
reduction during the progressive deformation is associ-
ated with an increase in the surface of dissolution.
Taking into account the stress vs diameter of dissol-
ution ratio (¢/d%), and without any fracture, the stress
value must increase during such a progressive defor-
mation in order to keep the displacement rate constant
(stage 1 to 2, Fig. 3a). However, increase of the stress
value cannot be infinite since the grains, or pebbles,
will necessarily fracture. When stress value reaches the
fracture strength of the grains or pebbles (stage 3, Fig.
3a), fractures occur which partition the surface of dis-
solution into several smaller parts. A new cycle devel-
ops (stage 3 to 5, Fig. 3a). According to the indenter
experimental results (Fig. 1b, ¢ and d), this fracturing
process develops fast diffusive paths of mass transfer
and reduces the mean distance of slow diffusive mass
transfer (d) along the surface of dissolution.
Consequently, the stress value which is needed to
maintain constant displacement rate is reduced. An un-
stable viscous process is predicted which is periodically
activated by fracture development.

This model assumes that pressure solution and frac-
ture interactions can be applied to the limestone peb-
bles of Fig. 2(a). The surface of contact between two
spherical limestone pebbles deforms by a three-step
pressure solution mechanism: (1) dissolution occurs
inside the contact between the two pebbles where stress
is high; (2) matter diffuses along the interface, inside a
fluid film (Renard and Ortoleva, 1997) to the pore
space where (3) it can precipitate. The deformation
rate ¢ (s~') is related to the rate of indentation Ging
(m s~ through

Ging
d

& =

A3)

where d is the size of the pebble (Fig. 3a).
It is assumed that diffusion is the slowest step and
controls the overall rate of deformation (Renard et al.,
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Fig. 3. Pressure solution on two spherical pebbles (or grains) with progressive deformation at constant indentation-rate. It is assumed that frac-
tures develop when the stress on the surface of contact reaches the yield strength of the pebble (or the grains) and cuts the surface of dissolution
Agigr Into two parts. (a) During deformation, the circular contact between the two spherical pebbles increases (step 1 to 2 and step 3 to 4). When
fractures occur (step 3 and step 5), each solid—trapped fluid—solid interface is divided by two, consequently the mean distance of slow diffusion is
reduced since it is assumed that fractures provide a (relatively) fast path for solute diffusion. (b) Evolution of the normal to the dissolution con-
tact stress values with time. Stress is computed through Eq. (4) where the rate of indentation is constant. The strain rate is fixed to be 10745
The initial diameter of each pebble, d, is 10 cm. The upper limit is the yield stress of a limestone (50 MPa). Physico-chemical conditions corre-
spond to a depth of 1km (7 = 303 K and P, =10 MPa). Molar volume of calcium is 37 cm3/m01. The concentration of calcium in the free
pore fluid is 1.4 x 107 mol/l. The concentration of calcium is greater in the contact due to the effect of stress on the chemical potential of car-
bonate. The coefficient of diffusion along the contact is taken to be an order of magnitude less than for diffusion in bulk water. The water-film
thickness exponentially decreases with stress down to a minimum value of 0.5 nm at 26 MPa of effective stress. The non-linear stress vs time re-
lation is due to the non-linear relations between stress, solubility and water-film thickness (see text).
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1997). Thus, the rate of indentation of one pebble into another Gj,q is equal to:

Ging = —

2aD(T Y)W(Peon(time) — Pr)[ccont(Peont, T5time) — Cpore (P, TV cate

= constant 4)

Agigr(time)

where w (m), the thickness of the trapped water film, is
an exponential function of (Peone — Pr) Where Peone 1
the stress across the contact and P; the pore fluid
pressure (Renard and Ortoleva, 1997). D(T') with units
of m?>s™! is the temperature-dependent coefficient of
diffusion of calcium inside this fluid film. The concen-
trations of calcium carbonate inside the contact, ccont
and in the pore cpore (Mol m~—>) depends on tempera-
ture and on the stress inside the contact P, and the
pore pressure Py (MPa), respectively (Gibbs, 1877;
Stumm and Morgan, 1981). V.. is the molar volume
of calcium carbonate and Agr (m?) is the surface area
of the contact along which diffusion occurs (Fig. 3a).
In the model it is assumed that the rate of indentation
Ginq 1s constant and time independent. If the tempera-
ture and the pore pressure are known, it is possible to
calculate the pressure across the contact, Peons,
through Eq. (4). The pebble accommodates the rate of
indentation by pressure solution, but, as the surface of
contact between the pebbles, Ag;y, increases with time
(Dewers and Ortoleva, 1990; Onasch, 1993), the stress
on it, P..,, increases as well (see Eq. 4), until the yield
stress of the pebble is reached and fracture occurs.
After fracture, for simplification, the geometry and the
location of the fractures are chosen such that the sur-
face for diffusion is divided by two. Consequently,
pressure solution is more efficient and can accommo-
date the constant rate of displacement. Therefore, the
stress on the contact decreases under the yield stress
limit. In the model, it is assumed that, even if fractures
partially heal by precipitation of the dissolved ma-
terial, they stay a favored path for solute diffusion and
the coefficient of diffusion of calcium in the fractures is
greater than along the pebble interface.

Comments on the stress vs time curve may be sum-
marized as follows. A viscous—brittle cycle can develop
through geological times with ductile-pressure solution
on long time scales associated with brittle-fracturing
on short time scales (Fig. 3b). The constant yield stress
associated with fracture is due to the simplicity of the
assumptions for fracture development. In natural de-
formation the process must be much more unstable
due to the hazard development and spacing of the
fracture network which plays a crucial role in the
model. The progressive change of the mean slope of
the stress vs time curve with time and the progressive
increase of the duration of the cycles are linked. This
happens because of the assumption of constant displa-
cement rate occurring on a spherical pebble: for the

same thickness of removed species, increase of the con-
tact area is the fastest at the beginning of the process.
The non-linear aspect of the curve emerges from the
non-linear relationships between stress and water film
thickness. Between 0 and 26 MPa deviatoric stress the
water film thickness decreases exponentially with stress
(Renard and Ortoleva, 1997). Above 26 MPa the water
film stays almost constant (around 0.5 nm) and corre-
sponds to a couple of layers of molecules adsorbed
within the grain contact. This transition between a
decreasing thickness and a constant thickness explains
the sudden change of slope at around 36 MPa.

Without fracture the pressure solution strain rate
involving an indented pebble (thus increase of the area
of dissolution) should progressively decrease down to
very low values. The model explains the significant
strain-rate values observed for alpine molassic con-
glomerates: 107"#-107""s™! (McEwen, 1978; Gratier
and Gamond, 1990). However, the model is also perti-
nent for the deformation of non-porous rocks when
the dissolution area progressively grows as the solution
surface propagates: Cosgrove (1976, solution cleavage),
Fletcher and Polard (1981, anticrack model). Due to
the strain-rate inverse dependence on the diameter of
the surface of dissolution (Eq. 2) most applications of
pressure solution laws have been proposed with small
distances of mass transfer (i.e. deformation maps of
Rutter, 1976, mass transfer at the grain scale: 100 um).
However, stylolites, or solution cleavages, which are
very common markers of pressure solution develop in
limestones, or in granitic rocks, at millimetric or centi-
metric scales. In this case it is often observed that frac-
tures develop perpendicular to the solution surfaces in
order to reduce the mean distance of mass transfer
(Gratier et al., 1993, figs. 3 and 5) and in order to
allow the deformation to be accommodated by press-
ure solution at significant strain rates.

The modeled stress vs time relation including frac-
ture processes in pressure solution laws (Fig. 3b)
gives an order of magnitude of the viscosity coeffi-
cient for pressure solution creep. The mean stress
value needed to maintain the constant strain rate is
about 32.5MPa. Using Eq. (1), ¢ being equal to
107"s7!, an approximate value of 3 x 10*' Pas is
found for the pressure solution creep viscosity coeffi-
cient. By mechanical modeling at the crustal scale,
Nino et al. (1998) found the same order of magnitude
for the viscosity of sediments (Ventura basin,
California): 10*°-10%! Pas.
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5. Conclusions

The kinetics of pressure solution creep is inversely
proportional to the diameter of the surface of dissol-
ution. When dissolution areas increase during pro-
gressive deformation, either the pressure solution
strain rate should decrease with time or the stress
values should increase in order to maintain significant
strain rate.

Both experimental and natural observations show
that fracture processes occur during pressure solution
creep to regulate this evolution with time. For
example, at constant strain rate, pressure solution may
be associated with an increase of stress values leading
to fracture development. Fractures develop channels
perpendicular to the dissolution interface and partition
it into small domains of trapped fluid, increasing the
pressure solution strain rate.

A numerical model is given which shows this com-
plex interaction between pressure solution and fractur-
ing processes and explains how these two mechanisms
are so often associated in natural deformation. At con-
stant displacement rate, a stress vs time cyclic process
is calculated. A mean value of viscosity of
3 x 10 Pas is derived from the numerical model
applied to conglomerate of indented pebbles.

The mechanical behavior of the crust appears to be
much more complex than thought before, integrating
successive brittle (fast) incremental events and viscous
(slow) deformation which are not independent. It is
suggested that geologic modeling of the upper crust
(creep laws) must integrate this complex mechano-
chemical interaction both by developing new modeling
concepts and by deriving constitutive equations based
on experimental data.
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