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Transition between seismic and aseismic deformation in the 
upper crust 

J. P. G R A T I E R  & J. F. G A M O N D  

L. G.1. T., Observatoire de Grenoble, Universite Joseph Fourier, I.R.I. G.M., BP 53X, 
38041 Grenoble, France 

Abstract: Displacement on faults is often accommodated by a succession of two mechanical 
processes: aseismic sliding mass transfer and seismic cataclastic events. Pressure solution is 
attested both by dissolution markers of asperities which prevent sliding on and around the 
fault zone, and by the mechanism of growth of the mineral fibres by aseismic crack-seal in 
cavities opened by sliding. The cataclastie process is attested by observations of broken 
and kinked fibres, and by observations of eubedral crystals in the cavities opened by fault 
sliding. Natural examples are given to recognize and balance the mass transfers. Finally, a 
model is proposed to explain seismic/aseismic transitions on a given fault based on a 
gradual reduction in the cataclastic strength of the fault during sliding by successive 
breaking of asperities, and on the principle of minimum work consumed during the slip 
since the energy needed either for pressure solution sliding or for the cataclastic event may 
vary differently with the progressive sliding. Depending on the limiting processes for 
pressure solution slip, stable aseismic or unstable slip with seismic/aseismic transition is 
predicted. 

The mechanical behaviour of the upper crust is 
commonly considered to be cataclastic. The 
creep strength of rocks is presumed to increase 
with depth, down to a transition zone at about 
15-20  km, where dislocation creep mechanisms 
operate (Brace & Kohtstedt 1980; Kirby 1983; 
Carter & Tsenn 1987). This model is supported 
by two facts. 

(i) The maximum frequency of earthquakes is 
located within the upper 15-20  km of the crust, 
as shown, for example, by depth distribution of 
earthquakes in the continental crust of the 
United States (Sibson 1982), and focal depth of 
intracontinental and intraplate earthquakes 
(Chen & Molnar 1983). 

(ii) The experimental strength of rocks indi- 
cates a transition from frictional slip to plastic 
creep at temperatures and pressures appropriate 
for depths of 15-20 km (Paterson 1978). At  
relatively high strain rate (greater than 10 -s  
s 1), a change from a pressure-sensitive friction 
law (Byerlee 1968), to a strongly temperature- 
dependent plastic law (Poirier 1985) is observed. 

Other natural and experimental data are not, 
however, consistent with this model for distri- 
bution of deformation mechanisms in the crust. 
It is well known that within the upper crust not 
one, but two major deformation mechanisms 
operate: cataclastic deformation and pressure 
solution creep (see Knipe 1989; Cox & 
Etheridge 1989 for recent reviews), with tran- 
sitions in the relative intensities of these two 

observed mechanisms (Hadizadeh & Rutter 
1983). The aim of this paper is to show that 
these two mechanisms may accommodate the 
sliding on the same fault, with transitions be- 
tween seismic (cataclastic) and aseismic (press- 
ure solution) slip, during the sliding period. 

Accommodation of sliding on faults by 

mass transfer 

The question that must be answered is how to 
integrate earthquakes and pressure solution in 
an upper crust deformation model. The problem 
was already discussed, for example by De 
Bremaecker (1987), who proposed a clear dis- 
tinction between two different processes. 

An earthquake is a dynamic process, and at a 
given instant, only part of a long fault (the 
active part) is in motion. This active part sweeps 
the length of the fault at high velocity. 

After the earthquake,  the barriers and as- 
perities that prevented sliding of the fault remain 
under stress and may be gradually (but very 
slowly) dissolved by pressure solution. 

The aim of this paper is to illustrate, by 
natural observations, the succession of these 
two mechanisms on the same fault. Seismic/ 
aseismic transition markers will be described on 
several faults. The observations suggest that the 
progressive dissolution of the asperities reduces 
their strength, breaking them one after the 

From Knipe, R. J. • Rutter, E. H. (eds), 1990, Deformation Mechanisms, Rheology and Tectonics, 
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Fig. 1. Accommodation of sliding on faults by mass 
transfer; (a) internal deformation around fault (with 
volume change between A and B) either by change of 
density or by mass transfer; (b) compressive bridges 
between first generation en-echelon fractures in a 
fault zone (limestones in Languedoc); (e) pressure 
solution phenomena along second generation P 
fractures, associated with domino openings filled with 
quartz (black) (from gneiss in the Oisans Massif); (d) 
calcite domino opening associated with dissolution on 
P fractures and with diffuse dissolution around the 
fault (stylolites, S) (limestones in the Chai'nes 
Subalpines). 

other, leading to general fracturing of the whole 
fault zone i.e. earthquake. To model such 
behaviour the characteristics Of the solution 
features on and around the faults have first to 
be discussed. 

To accommodate a relatively large fault dis- 
placement, various types of internal defor- 
mation of the rocks are needed to accommodate 
volume changes near or along the fault (Fig. 1): 
such internal deformation is always needed near 
the termination of faults (Fig. la).  If a fault 

consists of an array of en echelon fractures 
(Fig. lb),  first generation fractures define com- 
pressive or tensile bridges (Gamond & Giraud 
1982), and internal deformation is also needed 
within these bridges (Segall & Pollard 1980, 
Rispoli 1981, Sibson 1989). Finally, if the fault 
surface is irregular (Fig. lc),  asperities prevent- 
ing fault movement must also change shape 
(Elliot 1976), either by dissolution on the surface 
(Fig. lc),  or dissolution around the fault (Fig. 
ld) ,  to accommodate the displacement. 

The knowledge of the mechanisms of such a 
volume change is of major interest for under- 
standing the kinematics of sliding on faults. 
There are two mechanisms of volume change. 
As elastic strains probably never exceed 1% 
(Molnar 1983), a difference in internal defor- 
mation, with a volume change of more than 
10% between parts A & B (Fig. la) ,  and linked 
to the displacement on the fault, must be ac- 
commodated either by a change in density or by 
mass transfer. The change in density may be 
associated with cataclastic deformation and then 
with fast displacement during an earthquake, 
whereas mass transfer by pressure solution im- 
plies a very slow displacement which cannot be 
associated with the dynamic motion of an earth- 
quake. The partitioning between these two 
mechanisms will be discussed on several natural 
examples. 

Mass transfer around faults 
For various natural examples of faults (from 
decimetre to kilometre in length) it is possible 
to show that the total displacement along a fault 
may be accommodated only (or at least mostly) 
by mass transfer, (e.g. dissolution of asperities 
or barriers). 

Mass transfer may be demonstrated by a vari- 
ation of chemical content and density of rocks 
across a heterogeneously deformed zone. When 
two portions in an initially homogeneous rock 
subjected to heterogeneous stress are deformed 
by pressure solution, they reveal a difference 
in chemical composition. For example, such 
chemical composition differences are observed 
(Fig. 2b) in layer composed of both soluble and 
insoluble species and cut by a fault (Fig. 2a). 
This behaviour may be explained as follows. 
Before faulting, the chemical composition and 
density of zones A & B were the same. During 
the slow displacement of the fault, soluble 
species were removed from the B zone leading 
to a concentration of insoluble species in this 
zone and thus to a difference in chemical com- 
position between the two zones A & B. The 
sector with dissolution has been called the 
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Fig. 2. Balance of mass transfers around faults. (a) 
Layer (slates) composed of both soluble and insoluble 
species, initially homogeneous, and cut by a fault. A 
difference in mineral content appears between parts 
A and B (b), giving a means of estimating the mass 
decrease from A to B (-22%). This value, which may 
be considered the same as the change in thickness 
(-23%, without change in density), indicates that the 
displacement on the fault occurred at a very low 
(aseismic) rate. (e) Shear zone (sandstones), with 
solution cleavage (s) and tension gashes (t). (d) 
estimated mass transfer between a reference zone (1) 
and some strips parallel to the displacement (2,3,4,5) 
by chemical (dots) and geometric (lines) analysis, 
indicating that each strip may be considered as a 
closed system. (e) Schematic shear zone model with 
mass transfer from dissolution (concentration of dots) 
to deposition (white veins), but in natural 
deformation the spacing of the zones of dissolution is 
smaller than those of the zones of deposition. (f) A 
26% volume decrease (estimated by geometric 
analysis of various markers), within a 100 m wide 
compressive bridge between en-echelon faults, 
indicating a large open system for mass transfer 
(greater than I00 m), with deposition in a tensile 
bridge (from Morrocan marbles). 

'exposed zone' and the zone either with de- 
position (closed system) or with the initial 
homogeneous composition (open system) has 
been called the 'protected zone' (Gratier 1983). 
The mass decrease of the exposed zone com- 
pared with the protected zone is defined as 
follows: 

A M I M 0  = ( / p i l e )  - I ,  

where  Ip and I~ are the to ta l  percentages o f  al l  
inso lub le  minera ls  in  the exposed zone ( I~) ,  and 
in the protected zone (Ip), AM -- change in 
mass, Mo = initial mass. 

This difference in composition is used to 
calculate the decrease in mass from A to B, and 
to compare this value with that for the change 
in thickness (Gratier 1983). In the example 
given here (Fig. 2a, b) these two values may be 
considered as the same: - 22% (mass) and 
- 2 3 %  (thickness), and this without any change 
in density between A and B. This demonstrates 
that the entire displacement along the fault was 
accommodated, at a very slow rate, only by 
mass transfer. If the volume of redeposited 
matter can be estimated in the protected zone, 
this method can also be used to establish the 
size of the closed system for mass transfer (size 
for which the dissolved mass is equal to the 
redeposited mass). 

Another  example is given in Fig. 2c, where 
the internal deformation around an irregular 
fault is accommodated by mass transfer from 
solution cleavage seams to tension gashes in a 
shear zone within a smalI closed system. In such 
a case, the balance of mass transfer may also be 
determined by comparative chemical analyses. 
For example, in Fig: 2d, the chemical analysis 
of strips of rock (sandstone) parallel to the 
shear zone displacement were compared with 
the mineral composition of a reference zone 
(this reference being away from the zone with 
curvature of the cleavage and tension gashes). 
Using the relation given above, the calculation 
of the volume change of each strip versus the 
reference zone (Fig. 2d), shows that no mass 
transfer occurs between these strips. The 
development of the tension gashes filled with 
quartz and calcite thus compensates for dis- 
solution of these minerals along the solution 
cleavage surfaces between the veins, (see also 
Beach 1974). Such a closed system• is confirmed 
by the geometric analysis of the angles between 
cleavage (S), veins (T) and the shear zone (Fig. 
2d) suggested by Ramsay (1981). A schematic 
model is given for such behaviour (Fig. 2e), but 
in natural deformation the spacing of the zones 
of dissolution is always smaller than those of the 
zones of deposition (Gratier 1987). 
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These measurements clearly show that sliding 
on a fault may be accommodated by solution/ 
deposition with closed mass transfer systems 
varying from few millimetres to several deci- 
metres. In such a case, the mass transfer must 
take place by diffusion along paths with high 
fluid content since the temperature of defor- 
mation, deduced from fluid inclusion studies 
remains below 350°C (Gratier & Vialon 1980). 
This mass transfer mechanism is attested by 
other studies using stable isotope and fluid in- 
clusion measurements (Kerrich et al. 1978). 
Various other examples confirm this mechanism 
for sliding (Carrio-Schaffhauser & Chenevas- 
Paule 1989), but the calculation of mass transfer 
using the difference in chemical composition is 
limited to samples of faults of several decimetres 
to one metre in size. 

To investigate the volume change of rocks 
along fault systems with much larger closed 
systems, a method based on the geometric 
analysis of deformation markers (Ramsay & 
Huber 1983), is necessary. The geometric 
analysis of several deformation markers: 
stylolites, veins, deformed brachiopods in some 
Morrocan marble quarries (Fig. 2f) indicates a 
volume decrease of 26%, estimated to be a 
mean value for several hundred metres in size 
(Gratier 1976). On the contrary, rocks from 
other quarries, several hundred metres away 
show an increase in volume that is more de- 
position than dissolution. These two kinds of 
quarries are situated along a large strike alip 
fault, at the position of compressive and tensile 
bridge structures respectively. This means that 
mass transfer may also accommodate very slow 
displacement on large fault zones (dissolution 
and/or deposition within bridge structures 
several hundred metres wide). In this case, fluid 
displacement must take place by infiltration 
(Etheridge et al. 1984). Such a large displace- 
ment of fluids in tectonic or metamorphic 
regimes is attested by various types of measure- 
ments: fluid inclusion studies (Mullis 1983), 
carbon and oxygen isotope data (Dietrich et at. 
1983; Rye & Bradbury 1988). 
As a conclusion the observations of natural 
examples show two types of result. 

Closed systems vary in size from few milli- 
metres to several decimetres, with mass transfer 
occurring by diffusion in the shear zone or 
around a single fault, or, the open system is 
greater than 100 m in large regional fault zones 
with extensive area of volume change by dis- 
solution or deposition, and with mass transfer 
occurring by infiltration. 

It is now necessary to discover whether the 
displacement markers on the fault surfaces, e.g. 

the striae, also indicate such a very slow rate of 
sliding. 

Mass transfer along the faul t  surface 

Two completely different types of striae must 
be distinguished. One kind of striation is 
a mechanical in origin comparable to a 
mechanical scratch (Goguel 1948; Petit 1987), 
which may be associated with fast displacement 
during seismic slip. This kind of striation is well 
known on natural fault surfaces developed 
during earthquakes, and it can be reproduced 
easily in the laboratory when fracturing rocks at 
high stress level, high strain rate and low tem- 
perature (Paterson 1978). Other kinds of striae 
which are also very common on naturally formed 
faults (Durney & Ramsay 1973; Means 1987), 
are not scratches at all, but are rather crystal 
fibres, (Figs. 3 & 4). The development of such 
fibres may be explained as follows (Elliott t976). 
If two rock parts are separated by an irregular 
fault surface, a slow displacement of one part of 
the rock may be accommodated by the dis- 
solution of the asperities that prevent the dis- 
placement. At the same time, deposition may 
occur in the cavities created by the displacement 
on the fault. The crystals growing within these 
cavities sometimes have a typical fabric (fibre 
minerals), first described by Ramsay (1980) and 
explained by him as linked to a succession 
of microcrack openings followed by their 
immediate sealing. The redeposited crystalline 
material is derived by pressure solution from 
the rocks matrix (see Figs 1 & 2). On the 
natural example given, Fig. 3a, the mean width 
of each crack opening is about 10 to 50/tin and, 
as each crack is limited to one or two crystals, 
several thousand crack-events would be re- 
quired to achieve a 1 cm displacement. The 
length of such crystal fibres may reach 20 cm on 
other examples (Fig. 4). 

Another  interesting feature is shown in 
Fig. 3a. Pressure solut ion-deposi t ion slip on 
this fault is attested by crystal fibres of quartz 
and feldspars but some of these fibres are clearly 
kinked or broken and cut by cataclastic 
scratching faults. This means that cataclastic 
deformation may be found, on the same fault, 
associated with pressure solution markers. The 
presumed displacement rate on this fault has 
been plotted Fig. 3a with two successive 
processes: a very slow pressure solution slip 
then a fast cataclastic event. 

A major problem has to be overcome. When 
considering microcracks within crystal fibres 
on a given fault, should these microcracks be 
thought of as part of a seismic rupture process 
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Fig. 3. Transition markers between seismic/aseismic sliding on the same fault; (a) Mineral fibres (aseismic 
slip), cut by small fractures (cataclastic event). Black area (1), cataclastic material; white area (2), crack-scaled 
quartz fibres; hatched area, gneiss, with general setting (top), and details of the fibres (bottom). The cavity 
opened by sliding is filled by mineral fibres indicating the displacement direction (D). The mechanism of such a 
sealing process is by successive microcracks opening (10 to 50 ttm wide) immediately sealed (see Ramsay 
1980; Cox & Etheridge 1983). Each microcrack is limited to only one or two crystals, each centimetre of 
displacement implies at least 10 000 microcrack events, during aseismic sliding with the rate limited by the 
solution-deposition rate (sample from gneiss in the Oisans massif). The diagram below the drawing gives the 
presumed sliding rate to time relation with successivcly pressure solution aseismic slip (ps-as) then cataclastic 
seismic slip (c-ss). (b) Euhedral radial crystals in a cavity opened by fault sliding indicate fast (wide) opening 
(seismic event). (e) Mineral fibres indicate slow (aseismic) slip. (d) Association of these two types of growth 
indicates aseismic to seismic transition. 
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Fig, 4. (a) Various geometric relations between R and P fractures, displacemcnt direction (D) and mean 
orientation of fault (S), illustrating various mass transfer systems: open systems with deposition (top) or with 
dissolution (middle) and closed systems (bottom). (b,e,d) Various natural geometric features in closed systems, 
measured on three different faults in the Chaines Subalpines, on the same limestones (Upper Jurassic). White 
area, fibres; dotted area, limestones. On the faults (c) (5 fibres) and (d) (17 fibres) the length of the fibres which 
indicates the displacement accommodatcd by pressure solution, vary along the fault surface; (dotted part, 
limestones; white part, tectonic calcite fibres). 
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which occurred on this fault? According to the 
approach described here, the answer is no. The 
difference between seismic and aseismic defor- 
mation must be determined with reference to a 
ratio between displacement of an event and size 
of the asperities along the fault. If an event 
breaks several asperities, it is a cataclastic- 
seismic event for the fault, if an event only 
occurs within an asperity without significant 
associated displacement, it is not. This process 
of successive microcracks with immediate 
sealing, associated with dissolution, must then 
be considered as an aseismic slip. Of  course 
some of these microcracks may be induced by 
the regional seismicity but the seismic/aseismic 
transition must be defined for a given fault. 

Another  indicator of such a transition be- 
tween seismic and aseismic deformation is the 
observation of the change in the type of crystal 
growth within the cavities opened by sliding. If 
sliding occurs at very low rate, successive micro- 
cracks affecting only some grains may be 
immediately sealed with the typical fabric de- 
scribed above (Fig. 3c). On the contrary, if a 
relatively large displacement occurs, large 
cavities are opened and filled after their 
opening, by euhedral crystals with radial growth 
(Fig. 3b). An association of the two types of 
growth may be observed, attesting to a aseismic 
to seismic transition (Fig. 3d). 

Volume transfer balance along faults may 
also be discussed through a simple geometrical 
plane-strain model in which volume loss is 
assumed to combine with sliding on the first and 
second-generation fractures (Gamond 1987). 
Left-lateral discontinuity (Fig. 4a) is considered 
to have two types of en echelon fractures, P & 
R, with respectively compressive and tensile 
behaviour. The volume transfer balance can be 
determined between the volume dissolved under 
transpression (on P fracture) and the volume 
deposited in the gaps (on R fracture) opened by 
sliding on the fault. On a section perpendicular 
to the fault surface, the change in area depends 
upon the geometry (P and R) of the asperities 
and their spacing, and upon the angle between 
the displacement (D indicated by the fibres) 
and the mean surface of the fault (F). Simple 
theoretical examples are given on Fig. 4a: open 
system with only dissolution (D parallel to R), 
or only deposition (D parallel to P), and closed 
system (D parallel to F). 

In the case of closed systems (fibres parallel 
to the major discontinuity) various measure- 
ments were performed on natural faults, using a 
shape tracer in order to determine typical 
geometric features of the asperities. Measure- 
ments on a same fault surface in limestones, for 

example Fig. 4d, show that the length of the 
asperities (A) varies from 5 -  30 cm, as the length 
of the fibres (F) varies from 1 .5-20  em. The F/ 
A ratio expresses the portion of the asperity 
dissolved during aseismic slip. Its mean value is 
0.4, most values being between 0.5 and 0.35, 
with extreme values of 0.7 and 0.25. Measure- 
ments on other faults (Fig. 4b & c) in the same 
limestones (Upper  Jurassic), but in different 
areas, show lower range of values for the 
asperity and fibre length, with lower F / A  ratio 
(0.3). The spacing between the asperities is 
more difficult to estimate, but is probably of the 
same order of magnitude as the size of the 
asperities. The angle between dissolution sur- 
face and mean displacement on fault remains 
low, with a narrow range (from 5 to 15°). 
Conversely, the angle between the deposition 
surface and the fault varies more widely from 30 
to 80 ° . On the given examples the change of 
length of the fibres along each fault surface is 
either random (Fig. 4c & 4d) or constant 
(Fig. 4b). Other  measurements (Gamond 1983) 
indicated progressive decrease in the length of 
the fibres near the termination of a fault. 

These features may be explained as follows. 
The variation in asperity size is linked to the 
geometry of the first and second-generation 
fractures along the fault zone and will be dis- 
cussed later. A variation in fibre length may be 
due to different processes: 
(i) some cavities may begin to form while 

sliding is still active, within bridge zones 
which were undergoing internal defor- 
mation (Fig. 5a) 

(ii) some asperities may break during the 
sliding (Fig. 5b) 

(iii) a decrease in displacement along the fault 
always appears near the end of the fault 
(Fig. 5c), associated with a heterogeneous 
volume change in the vicinity (see Fig. la).  

From these observations, a model is derived 
which predicts why cataclasis versus pressure 
solution takes place, and the factors which affect 
or control these deformation processes can be 
determined. 

Change in sliding mechanisms with time 

The cataclastic shear fault strength is considered 
to be the yield stress needed to fracture a large 
part of the fault (earthquake).  This cataclastic 
shear strength is proportional to the total length 
of the asperities along the fault. Progressive 
breaking of some asperities during aseismic slip 
(Fig. 5b), will lead to progressive decrease in 
this shear seismic strength. 
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Fig. 5. Some explanations of the variation in the fibre 
length which can be observed on a given fault (see 
Fig. 4d). (a) Development of a new cavity in an 
internal deformation zone, while sliding is going on. 
(b) Breaking of an asperity during sliding. (c) 
Progressive decrease in displacement near the end of 
the fault (see Figs la and 2a). 

Since the total length of the asperities array 
also decreases by progressive dissolution, this 
cataclastic shear strength value is also linked to 
the dependence of the two sliding mechanisms 
(cataclastic or pressure solution) on the asperity 
geometry. To study this effect, a simple model 
of sliding by pressure solution may be con- 
structed for asperities of very simple shape. 
Pressure solution is a mechanism which implies 
successive processes: dissolution, transfer (by 
diffusion or infiltration), and deposition. A 
variety of thoeretical pressure solution creep 
laws have been established in which the overall 
rate is controlled by the slowest process (Raj & 
Ashby 1971; Rutter 1976 & 1983; Elliott 1976; 
Raj 1982; Etheridge et al. 1984; Gratier & 
Guiguet 1986; Gratier 1987). The same analysis 
was used to establish a theoretical pressure 
solution sliding law (Rutter & Mainprice 1979). 
With the different types of limiting processes, 
the sliding rates ())  are as follows: 
when infiltration rate is the limiting process: 

(I) :  ~ ~ Kic 

when kinetics of reaction is the limiting process: 

(R): ~, ~ k~:a,,v/RT 

when diffusion rate is the limiting process: 

(D): ~, ~ Dconw/RThdo~ 

where kc = kinetics of reaction; v = molar 
volume; R = gas constant; T = temperature 
(K); c = concentration of soluble component;  
on = difference in normal stress between dis- 
solution and deposition sites; K = permeability 
coefficient; i = pressure gradient; w -- width of 

path transfer; D = diffusion coefficient; h = 
asperity height; d = asperity length, o~ = 
numerical coefficient. 

Details of these laws will not be discussed 
here. For the purpose of the work, the most 
interesting relation is that between the sliding 
rate and the asperity length (d). In the first two 
relations (I and R), the sliding rate is not 
dependent on the asperity length. In the third 
one (D) the sliding rate depends upon the 
distance of mass transfer from dissolution to 
deposition, more or less linked to the asperity 
length. Variations in distance of mass transfer 
during the sliding also depends on the crystal 
growth mechanism and on the distribution of 
dissolution between the two parts of the fault 
(hatched upper part and shaded lower part, 
Fig. 6). If only one part of the fault is dissolved 
e.g. the upper part (Fig. 6), the distance of mass 
transfer decreases with the progressive sliding if 
each successive growth increment occurs at the 
fibres/upper part limit, and this distance remains 
constant if each growth increment occurs at the 
fibres/lower part limit (Fig. 6). In these cases, 
the numerical coefficient cr varies from l / d  to 1, 
d being the length of the asperities on the upper 
part of the fault. The variation in the distance of 
mass transfer with the progressive sliding is 
more complex if dissolution occurs on both 
parts of the fault, and/or if fibres grow by the 
syntaxial mechanism (each new increment 
located in the median part of the fibres, see 
Durney & Ramsay 1969). 

Assuming a linear relation between stress (or 
pressure gradient) and sliding rate (Rutter 1976; 
Urai et at. 1986), the stress values needed to 
drive a constant sliding rate may or may not 
change during the progressive sliding, de- 
pending on the sliding laws. As the strain energy 
consumed during pressure solution sliding 
depends on this stress value (Elliott 1976), at 
constant sliding rate, the change in rate of work 
with time differs depending on the laws con- 
sidered. The energy needed to break the as- 
perities, however, is always dependent upon 
the asperity length. 

The energy values needed to accommodate 
either cataclastic or pressure solution sliding 
may be compared. When the two energy values 
vary in a similar manner  during the progressive 
sliding, stable sliding is expected (e.g. pressure 
solution aseismic sliding Fig. 6), whereas, 
when the two energy values vary in a different 
manner,  an unstable process is expected 
(Fig. 6), with successive mechanisms using 
minimum energy (aseismic/seismic slip during 
the progressive sliding). 

The geometry of the asperities and fibres 
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Fig. 6. Theoretical model of pressure solution sliding with two types of change. Stable aseismic sliding (total 
dissolution of the asperity), when the energy needed for pressure solution (dotted line) or breaking (solid line) 
of the asperity is the same during progressive sliding (bottom diagram), or unstable sliding (aseismic/seismic 
transition at S point), when the energy needed for pressure solution (dotted line) is not dependent upon 
asperity length and when the energy for breaking the asperity (solid line) becomes lower than the energy 
needed for pressure solution (top diagram). 

measured on several faults may be used to 
estimate the ratio between displacement by 
pressure solution (length of fibres) and total 
(initial) length of asperities (0.3 to 0.4, Fig. 4). 

Change in sliding mechanisms with depth 

By way of example, we wilt examine the results 
of deformation in the upper crust through a 
large crustal thrusted region, such as the Alpine 
chain (Fig. 7), where significant internal de- 
formation was associated with thrust motion. In 
this example, horizontal contraction of the Sub- 
alpine sedimentary cover varies from 5% to 
30% when homogeneous deformation (folds 
and minor faults) of large elements (15 x 15 km 
of initial horizontal extent) is considered 
(Gratier et al. 1989). Cataclasis (zones where 
rocks are broken into lithic fragments) is fairly 
rare, and is generally located near fault zones. 
This mechanism alone cannot account for the 
whole internal deformation of the 15 x 15 km 
elements of the upper crust. Large diffuse de- 
formation associated with folds, shear zones or 
faults is accommodated by pressure solution. 
The markers of this mass transfer deformation 
are pitted pebbles in molassic basins (McEwen 
1981), stylolites in limestones, or solution 
cleavage in slates, metamorphic rocks and 
granites (Gratier & Vialon 1980). These dis- 
solution markers are always associated with 
veins (deposition), and the study of the fluid 
inclusions trapped in these veins (Bernard et al. 
1977; Jenatton 1981) indicates the depth of 
deformation from 1 to 10 km (Fig. 1). 

Cataclasis and pressure solution are clearly 
associated in thrust sheet motion (e.g. lime- 

stones in the Cha~nes Subalpines; Fig 8b), and 
in other orogenic belts (see for example Geiser 
1988). Cataclasis is located near the ramp of 
the basal discontinuity whereas the deformation 
of the sheet moving over this ramp is accommo- 
dated by pressure solution (stylolites, solution 
cleavage and veins). As this internal defor- 
mation of the sheet is always necessary to 
accommodate its displacement this means that 
the sheet motion was slow enough and con- 
tinuous to be associated with a diffuse creep 
process at depths lower than 5 kin. In slates of 
the sedimentary cover of the Oisans massif the 
amount of strain accommodated by pressure 
solution over a large region (several kin) may 
reach high values such as 0.4 (contraction) 
× 2.5 (extension), at depth from 5 to 10 km 
(deduced from fluid inclusion studies as for the 
preceding example, Gratier & Vialon 1980). 
Following the finite strain/time relations given 
by Pfiffner & Ramsay (1982), and taking into 
account the regional geological constraints, such 
deformation could takeplace  over 3 x 106 years 
at a strain rate of 10 14s ~. Other  examples in 
the Alps indicate pressure solution creep at 
depths up to 15-20  kin. 

Using the theoretical sliding laws, and both 
natural observations and experimental results 
(see also Cox & Etheridge 1989), the order 
of magnitude of the pressure solution shear 
strength of rocks may be estimated through a 
typical section (sediments with high porosity, 
limestones, slates, metamorphic rocks (gneiss 
then schists), then granitic rocks), for a strain 

14 1 rate of 10 s . Classical values were used for 
transfer coefficients (Rutter 1976), with values 
of the size of the closed system for mass transfer 
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Fig. 7. Internal deformation of a thrust domain in the Alpine Chain; cross section from thrusting basement 
(dotted area, Oisans) to deformed sedimentary cover (shaded area, Chaines Subalpines) near the passive 
margin. The diffuse deformation associated with folds (a,b,d), shear zones (e), and fault (c), is accommodated 
by pressure solution, attested by pitted pebbles (a, molassic basins), stylolites (b, limestones), solution cleavage 
(d,c, slates, metamorphic and granitic rocks), and deposition in tectonic veins. The process occurs at all scales 
from macro (bottom) to micro (top) scale. The thickness of the cover during the deformation was deduced from 
fluid inclusion studies (in tectonic veins). 

f rom 0 . 1 - 1 0  m m  (increasing values f rom 
granite-gneiss to sediments ,  shales, and lime- 
s tones) .  A wide range of values was obta ined ,  
with zones of very  low strength (which may be 
associated with flat shear  zones e i ther  in exten- 
sive or  compressive de fo rmat ion) ,  and with a 
m e a n  value more  than one o rder  of magn i tude  
be low the cataclastic shear  s t rength (Molnar  & 
T a p p o n n i e r  1981; Sibson 1982). Fol lowing this 
approach ,  pressure  solut ion creep is equivalent  
to a Newton ian  fluid with orders  of magn i tude  
of viscosity from 10 iv to 102~ Pa s, with at least  
one  or  two orders  of  magn i tude  of  uncer ta in ty  
l inked to the meagre  knowledge  of the  
behav iour  of a fluid phase  t rapped  be tween  two 
stressed solids. For  example ,  f rom exper imenta l  

results (Gra t ie r  & Guigue t  1986) a value of 
10 t7 Pa s has been  ex t rapola ted  for de fo rmat ion  
of a f ine-grained quartz  aggregate  in water  at 
about  350°C. The  two profiles (pressure solut ion 
and cataclastic shear  s t rength)  are  d rawn on 
Fig. 8. The  strength of the upper  crust is prob- 
ably be tween  these two profiles: this s t rength 
may change  bo th  with t ime and with space 
depend ing  on the  fluid content  and on the m e a n  
strain rate of the upper  crust. 

C o n c l u s i o n s  

A single fault surface of ten displays ev idence  of 
coupled  seismic and aseismic slip processes.  

For  a given fault zone,  the observat ions 
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Fig. 8. Strength profile through the upper crust 
taking into account the two (observed) deformation 
mechanisms: cataclastic deformation (law derived 
from Mohr-Coulomb behaviour, triangles), and 
pressure solution creep (laws derived from 
theoretical, experimental and natural observations, 
circles), at geological strain-rate: 10 14 s i 
(equivalent to a change in length of 3 mm a 1 for an 
element of 10 km size). Dislocation creep 
mechanisms (squares) operate within the lower crust. 
The model of the typical crustal section is composed 
of different rocks, (see Fig. 7): from top to bottom, 
sediments with high porosity (l), limestones, slates 
(2), metamorphic rocks (gneisses then schists (3)), 
granitic rocks. The strength values vary considerably 
with depth, depending on various parameters 
(possibility of mass transfer, solubility of solid in 
fluid, mean displacement rate at the boundaries of the 
system, etc.). 

suggest the following sequence  which integrates 
ear thquakes  and pressure solution mechanisms 
in an upper  crust deformat ion  model .  

(a) The  deve lopmen t  of first genera t ion  frac- 
tures generally leads to arrays of en-echelon 
fractures, e i ther  P or R fractures, depend ing  on 
the  deformat ion  condit ions,  (Fig. 9a). 

(b) Second genera t ion  fractures appear  in the 
bridges be tween  the previous ones. These 
second generat ion fractures generally only need  
an incremental  d isplacement  to achieve the con- 
nect ion with the first ones  (Fig. 9b). 

(c) As the rate of d isplacement  is generally 
imposed at the boundar ies  of the system, the  
behaviour  of the zone depends  on various par- 
ameters  classified by order  of importance:  fluid 
content ,  solubility of certain minerals of the  
rocks in this fluid, geomet ry  of mass transfer 
path and value of the coefficient of mass transfer 
(by diffusion or infiltration), size of the  closed 
system, type of limiting process (react ion 
kinetics, mass transfer rate),  stress level,  
t empera ture  and pressure conditions.  If 
d i s so lu t ion -depos i t ion  mechanism can ac- 
commoda te  the imposed  d isp lacement  rate, the 
mot ion  on the fault is l imited by the rate limiting 
solut ion-deposi t ion process (Fig. 9c). If ac- 
commoda t ion  by mass transfer is not  sufficient, 
the stress level increases and an ear thquake  is 
likely to occur (Fig. 9c'). 

(d) Dur ing this very slow sliding, local 
fracturing of some asperities may occur wi thout  
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Fig. 9. Seismic/aseismic transition on two fault zones. (a) First generation fractures, either R (left) or P (right) 
fractures. (b) Second generation fractures (within compressive or tensile bridges), leading to an irregular fault 
surface. (c) Pressure solution sliding, with eventually local (aseismic) breaking of some asperities (d). (e) 
General fracturing of a large part of the fault (cataclastic displacement greater than asperity length, 
earthquake). If the two parts of the rock remain imbricated after seismic displacement, pressure solution 
sliding may be reactivated (b). An earthquake may occur (c') at any time, if pressure solution sliding is not able 
to reduce the stress level linked to the constant displacement rate at the boundaries of the system. 
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general fracturing (Fig. 9d) but this local 
fracturing gradually lowers the cataclastic shear 
strength of the fault zone. 

(e) The system behaviour depends on the 
variation in energy needed either to dissolve the 
asperities or to break them. As this energy 
change does not always have the same depen- 
dence on the geometry of the asperities (Fig. 6), 
the system may behave either as a stable system 
(dissolution of all the asperities) or as an un- 
stable system (general breaking of a large part 
of the fault, earthquake, Fig. 9e). This cata- 
clastic deformation may be followed by a new 
imbrication of the two parts of the fault, the 
process being reinitialised at the step corre- 
sponding to Fig. 9b. 

The model implies alternately fast, localized 
processes (seismic-cataclasis) and large slow 
creep processes (aseismic-pressure solution). 
The same cataclastie/pressure solution coupled 
processes may occur to accommodate the defor- 
mation around the fault. Successive aseismic/ 
seismic slip cycles probably lead to softening of 
the fault, since the size and strength of the 
asperities decrease. As the deformation of rocks 
by pressure solution is always associated with 
the development  of a tectonic differentiation 
(Gratier 1987), softened and hardened bands 
are developed which may change the location of 
sliding deformation. 

Finally, one of the major problems about 
earthquakes is to know whether such a phenom- 
enon can be avoided. This study shows that 
natural sliding on faults is often accommodated 
by an aseismic mechanism. The question is: is it 
possible to increase this aseismic rate of sliding 
artificially in order to release the stress concen- 
tration? Following experimental results on pres- 
sure solution, the best strain rate activation is 
obtained when using a very good solvent, either 
water with salts (Rutter 1976; Raj 1982; Pharr 
& Ashby 1983) or NaOH and NH4CI solutions 
with quartz or calcite respectively (Grafter & 
Guiguet 1986). One method of preventing earth- 
quakes could be to inject such good solvents of 
at least one of the minerals of the rocks, through 
a fault zone (at very low pressure of course to 
avoid hydraulic fracturing). 

We thank D. Prior, A. McCaig, P, Molnar and an 
anonymous reviewer for their careful revision of this 
paper. 
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