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Abstract

After an introduction into the major deformation mechanisms the following applications to

tectonic studies are discussed:

(i) Paleostress estimates based on the extrapolation of experimentally determined flow
laws and based on the size of dynamically recrystallized grains; (ii) the significance of
crystallographic preferred orientation work; and (iii) mechanisms of strain softening lead-

ing to localized deformation in shear zones.

I. Introduction

In discussions with field oriented geologists an experimental
geologist sometimes notes criticism with regard to the
applicability of the results of experimental rock deformation
to the study of naturally deformed rocks. The critics often
point out that the experiments were performed under such
simple conditions (co-axial strain path, constant stress or
strain rate, homogeneous monomineralic rocks) that they
are inadequate to throw light on the more complex processes
in natural environments. However, any laboratory study
must begin with well defined boundary conditions so that the
influence of a great number of variables on rock creep can be
recognized. Also it is necessary to learn as much as possible
about the physics and the mechanisms of rock deformation
in order to avoid erroneous extrapolations from the labora-
tory into the geological situation.

It is the study of the microfabric in both experimentally
and naturally deformed rocks which permits direct com-
parisons to be made between nature and experiment. The
microfabric records the active mechanisms of deformation
and its study therefore helps to close the gap between experi-
ment and field observation.

Some of the complexities of natural tectonic situations can
be modelled much more easily by using analytical or numer-
ical methods or by using readily deformable analogue
materials than by an attempt to perform more complex ex-
periments on natural rock specimens. In this case it is impor-
tant however to know as much as possible about the rheology
of rocks which depends on the active deformation mechan-
isms recorded in the microfabric.

This contribution will specifically discuss some selected
applications to tectonic studies. Thereby some of the goals of

microfabric studies are illustrated within the framework of
tectonic studies in general. In order to do so it was felt necess-
ary first to introduce the non-specialist reader into some
basic concepts of flow laws and deformation mechanisms.

II. Some General Remarks on Flow and Deformation
Mechanisms

A rock loaded under a constant differential stress o (classical
creep test) will immediately shorten elastically. Later it will
undergo a permanent change of shape at a strain rate ¢ = d
e/dr which is dictated primarily by three factors according to
a flow law of the general form:

é=¢e (a,e T)

where the stress difference o (= o, — o3) (informally
referred to as ““stress”), the strain e and the temperature T are
the most important quantities determining the resulting
strain rate. Strictly, such a flow law is only valid as long as
other factors such as confining pressure, water content or
partial pressure, grain size etc. are held constant or can be
assumed to have no major influence on the rheological
properties.

Confining pressure is usually assumed to be of minor im-
portance in the ductile field, once frictional processes
(cataclasis) can be ruled out (Paterson, 1978). Water can
have a “mechanical” effect through the well known pore
pressure effect (Hubbert and Rubey, 1959), again in the
brittle and cataclastic fields, or it may have an influence on
the nature of atomic bonding in silicates, influencing the
resistance to deformation by crystal plasticity, a phenomen
known as hydrolitic weakening (Griggs, 1967). In the latter
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case there is evidence that pressure enhances the solubility of
water in quartz and therefore, that pressure strongly in-
fluences the rock strength outside the cataclastic field as well
(Tullis er al., 1979; Paterson and Kekulawala, 1979). The
influence of grain size will be discussed in more detail in the
next section.

During the first stages of deformation the strain rate
strongly depends on strain (primary creep); after a few per-
cent strain the rate of deformation usually decreases to a
constant value. The rock is then said to deform in steady
state. Ideally, strain has no influence on the strain rate any
more. We will see later that rocks may eventually soften at
high strains causing the strain rate to increase again. At this
point it is important to say that the concept of steady state
is used here to merely imply flow at constant stress and strain
rate.

In the case of a constant strain rate experiment the stress
may rise with increasing strain (strain hardening), it may stay
constant (steady state) thereafter, or it may eventually
decrease with increasing strain (strain softening).

For thermally activated creep one can empirically derive
flow laws from a series of experiments on the same rock,
valid for steady state flow only. They are usually presented
in the form of:

¢ = ésexp —H/RT [(0) (1)

where ¢, is a material dependent constant, H is the apparent
activation energy for creep and R is the Gas Constant. The
stress dependence can adequately be described in most cases
by either:

1 (o) =exp a/o, (exponential creep law)  (2)
or
f(o)=a" (power creep law) (3)

where the constants o, and » determine the stress sensitivity
of the strain rate. Because in most cases the parameter »n is
found to be greater than unity, rocks usually deviate from
linear viscous behaviour.

There is no single flow law for all conditions of stress and
temperature, simply because the deformation mechanism is
a function of stress and temperature as well. Associated with
each of these deformation mechanisms is a different flow
law. It is usual to subdivide the stress-temperature space into
different fields by means of a deformation mechanism map
(Ashby and Verrall, 1978 and Fig. 1). Within each of these
fields a particular mechanism is dominant.

Such deformation mechanism maps are normally cal-
culated from first principles by assuming specific
microdynamical models. Experiments often merely provide
numbers for the various material dependent constants in the
theoretical low laws.

The primary aim of these deformation mechanism maps is
to outline the expected conditions of appearance of given
deformation mechanisms outside the range of ¢-o-T-
conditions accessible to the experimentalist. The main
problem in the application of the laboratory data is the enor-
mous gap between geological strain rates of the order of
10~"%~! to 10~"%s~" (involving time spans of between 30
and 3 million years for 10% shorteningstrain) and the labora-
tory strain rates usually between 10~2 and 10~ 7s~'. As can
be seenin Fig. | one has a high chance of crossing a boundary
between deformation mechanism fields by extrapolating
down to lower strain rates and consequently to lower stresses
at any given temperature. Therefore a flow law observed at
high stresses under laboratory strain rates can only be ex-
trapolated over a limited range of strain rates and stresses. In
order to explore the flow behaviour at low stresses the experi-
mentalist is forced to elevate the temperature beyond the
range of temperatures expected under natural conditions

104 x temperature]'C
i 8 1l 15
T

| |
LOW-TE!l‘a'IP, PLASTICITY

—

M Fa

0 i

|
p o e

CLEAVAGE STRESS 52107

shear 5iress, og/p

shear strass

normaolized

homologous  temperature, 7/ Ty

Fig. 1 Deformation mechanism map for olivine, taken from Ashby

and Verrall (1978, Fig. 14). The map is constructed for a grain size

of 100 pm and for zero confining pressure. The solid lines delineate

deformation mechanism boundaries, superimposed are the constant

strain rate contours. The various symbols indicate the position of
experimental data on this map.

(Paterson, 1976). Thus, elevated temperatures are essentially
used as a ““trade off™ for unattainably slow geological strain
rates. Once a flow law has been established at high tem-
peratures and low stresses the geologist has to extrapolate
down to lower temperatures, along a path which is less likely
to cross deformation mechanism boundaries.

There are some problems with the concept of steady state
creep and the associated concept of flow laws and deforma-
tion mechanisms:

(i) Strain may alter the microstructure and this in turn
causes strain hardening or strain softening (see sec-
tion VI). In these cases the situation can no longer be
described in terms of a single deformation mechanism
map which assumes constant microstructure and
steady state creep.

(ii) As will be discussed in the next section, there is a
subtle difference between the deformation mechan-
ism accounting for all or most of the total strain in the
rock and the concept of a rate controlling step which
contributes only a small part of the total strain (such
as dislocation climb in power law creep).

(iii) Strictly a deformation mechanism map only applies
to a particular mineral in a rock and it is rather dif-
ficult to talk about the deformation mechanism of a
polymineralic rock. Many mylonites offer good
examples for crystal plastic flow accompanied with
recrystallization within quartz domains while the
feldspars deform by cataclastic processes.

With these general remarks in mind we shall now review
the major modes of deformation more specifically. This will
allow us to discuss some geological applications such as
paleostress estimates, crystallographic preferred orientation
work and finally strain softening mechanisms.

ITI. Deformation Regimes

Different approaches towards the problem of deformation
mechanisms are possible. The physicist wants to be very
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exact about the processes on an atomic level and it is possible
to theoretically postulate specific microdynamical models.
There is a great number of such models and for a comprehen-
sive review the reader is referred to Poirier (1976).

Here we will follow a more empirical approach. The ex-
perimentalist often derives empirical flow laws from a series
of experiments and it is rarely clear what the exact mechan-
isms of deformation are. In such cases it is useful to talk
about deformation regimes, defined by empirical flow laws
and associated diagnostic microstructural imprints.

A. Cataclastic Flow

The term ‘‘cataclastic” refers to a mode of deformation
where fracture and subsequent loss of cohesion may occur on
all scales. The brittle-ductile transition does not necessarily
coincide with the transition from cataclastic to non-
cataclastic processes. If intra- and intergranular fracture
occurs along a dispersed network of microcracks, the bulk
deformation of the rock may still be ductile in the sense that
considerable amounts of permanent strain can be taken up
without the typical stress drop associated with localized
faulting, characteristic for the brittle field (Paterson, 1969).

Cataclastic flow is made possible by rolling and sliding of
grains and crystal fragments of a cataclastically granulated
rock. Since frictional resistance between the fragments
depends on the magnitude of normal stress across cohesion-
less surfaces, this mechanism is strongly dependent on con-
fining pressure and, in the presence of fluids, on the effective
pressure, i.e. the difference between lithostatic and fluid
pressure (Hubbert and Rubey, 1959).

Because to a first approximation deformation by cataclas-
tic flow is not thermally activated, temperature and strain
rate have little influence on the strength of the rock.

Figure 2 illustrates the microstructure typical for cataclas-
tic flow within an experimentally produced fracture zone:
grain size reduction by cataclastic processes produces a wide
spectrum of angular fragments with a wide range of grain
sizes. This type of grain size reduction should not be con-

fused with the mechanism of grain size reduction by dynamic
recrystallization, typical for mylonites (White et al., 1980).
Since the pioneering work of Carter ef al. (1964) it is clear
that mortar quartz in mylonites is the product of dynamic
recrystallization during power law creep and that mylonites
should not be referred to as cataclastic rocks (Higgins, 1971).

At more elevated temperatures and pressures crystal plas-
tic deformation will successfully compete with fracturing
because elevated temperatures promote the ease of glide
within crystals and because higher pressures prohibit
cataclastic processes associated with volume increases and
frictional processes.

B. Low Temperature Plasticity

Within this regime strain in the rock is largely achieved by the
conservative motion of dislocations through the crystal lat-
tice (i.e. the dislocations propagate strictly within crys-
tallographic planes), or, on a larger scale of observation, by
glide on slip systems defined by slip plane and direction. The
resistance to glide is not controlled by friction and thus in-
dependent of confining pressure. There is a resistance to glide
caused by either the necessity of breaking atomic bonds as a
dislocation moves or by obstacles such as impurities, other
dislocations or grain boundaries (lattice resistance versus
obstacle controlled plasticity, Ashby and Verrall, 1978).

The resistance to dislocation glide is the rate controlling
factor during deformation and usually an exponential stress
dependence of strain rate (equation 2) is observed. The
motion of dislocations is thermally activated, the apparent
activation energy for creep is usually smaller than for the
lattice self-diffusion. Thus, stress, temperature and strain
rate become interrelated in the form of a pseudoviscous flow
law (Fig. 1).

The fact that grain boundaries are obstacles to the free
propagation of slip (and twinning in the case of calcite) into
the neighbouring grain is reflected by the observation that
the yield stress of fine-grained materials is generally higher
than that of coarse-grained materials. This grain size depen-

Fig.2 Grain size reduction by fracturing within a shear fracture zone in experimentally deformed quartzite. Note the angular shape and the
wide spectrum of grain sizes of the crystal fragments.
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Fig.3 ~Broad twin (t), causing inhomogeneous deformation in the form of a deformation band in a neighbouring grain which deforms by glide.
Note bent twin lamellae indicating the strain associated with the deformation band. Carrara marble, experimentally deformed at 700°C,
10~ %~ ", 3kb confining pressure and at 1150 bar differential stress by 13%, shortening. Compression vertical.

dence is known as the Hall-Petch law in materials science
(Nicolas and Poirier, 1976). The hardening effect of a small
grain size is caused by the fact that the shear strain, as
produced by the conservative motion of dislocations or by
twinning within one grain, cannot simply be accommodated
by the neighbouring grains which have different crys-
tallographic orientations. Figure 3 illustrates this for the case
of twinning in calcite. Olsson (1974) showed the Hall-Petch
relationship to hold within a temperature range of 20-300°C
in calcite rocks.

As a consequence of intracrystalline slip a crystallographic
preferred orientation will develop (see section V).

Steady state is rarely achieved within this regime and in
cases of work hardening many experimentalists formulate
flow laws referring to an arbitrary level of strain (usually
10%).

C. Power Law Creep

In many materials one observes a transition from an ex-
ponential stress dependence into power law creep (equation
3) with increasing temperature and decreasing stress. At the
same time the apparent activation energies come to lie near
the activation energies for diffusion. Microstructurally, one
observes the formation of cells and subgrains on the TEM-
scale and of optically visible subgrains under the optical
microscope (Fig.4). In a transient region from low tem-
perature plasticity into power law creep core-mantle
microstructures may be observed (Fig. 3), suggesting that
subgrain formation first starts near the grain boundaries
where strain compatibility reasons force the dislocations to
rearrange into subgrain walls.

Asin the domain of low temperature plasticity, dislocation
glide is still the major strain producing mechanism and hence
a crystallographic preferred orientation will develop. How-
ever, the arrangement of dislocations into subgrain walls is
the rate controlling step. Thus, the strain rate at any given
stress level is controlled by the velocity at which dislocations

rearrange. They either have to climb or cross slip in order to
leave the glide planes (Poirier, 1976). There is a great number
of microdynamical models for power law creep (Poirier,
1976) and most of them predict an activation energy near
that of lattice self diffusion, which in the specific case of
dislocation climb creep (Weertmann, 1968) controls the
climb velocity. The power n in the power law for creep (equa-
tion 3) is predicted to be in the range from 3 to 5.

Dynamic recrystallization often accompanies power law
creep and, together with subgrain formation and other
manifestations of a recovery process. helps to keep the dis-
location density sufficiently low to avoid strain hardening. In
section IV specific mechanisms of recrystallization will be
discussed in more detail.

The notion that dislocation density and the sizes of TEM-
subgrains, optical subgrains and recrystallized grains should
be in equilibrium at a given differential stress is only valid
and applicable to paleostress determinations, provided that
the rock deformed in the regime of power law creep (see
discussion in chapter D).

The rheology of materials in the power law creep region is
largely independent of the starting grain size.

A large number of experimentally determined flow laws
have been obtained on rocks deformed within the field of
power law creep (Carter, 1976; Tullis, 1979).

D. Grain Size Sensitive Creep

At even higher temperatures and lower stresses, and/or for
fine-grained materials there exists a number of mechanisms
which are grain size sensitive in the sense that fine-grained
materials are less flow resistant and where:

eod™"? (4)

where ¢ is the grain size and b an exponent in the range 2-3.
The deformation of the polyerystalline aggregate takes place
by either diffusional mass transfer (diffusional flow and
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Fig.4 Optically visible subgrains in Carrara marble, experimentally deformed at 1000°C, 10=%~", 3kb confining pressure and at 132 bar
differential stress by 32% shortening. Compression vertical.

Fig.5 ‘“Core-mantle” structure in Carrara marble experimentally deformed at 700°C. 10~ ', 3kb confining pressure and at 685 bar
differential stress by 12% shortening, compression vertical. Note that equiaxed subgrains are confined to the grain boundary regions, whereas
deformation bands are characteristic for the grain interior.



100 S.M. Schmid

pressure solution) or by sliding along grain boundaries of
essentially rigid crystallites (superplasticity).

Diffusional flow in the solid state via migration of point
defects along a stress gradient is known as Nabarro-Herring
or Coble creep, depending on whether diffusion occurs
through the lattice in the grain interior or near grain boun-
daries. For strain compatibility reasons, sliding at grain
boundaries has to occur but the grain boundary shear
stresses are so low that diffusion remains the rate controlling
step during deformation (Beeré, 1978). The strain rate can be
calculated from first principles by considering the stress
dependence of the equilibrium density of point defects (for a
simple derivation see Poirier, 1976). It has the form:

¢ = C DoyoQ/kTd? (5)

where C is a geometrical constant, D,y is the effective dif-
fusion coefficient, Q is the atomic volume and d is the grain
size. The effective diffusion coefficient is made up of two
components: the lattice diffusion component dominating in
Nabarro-Herring creep and the grain boundary diffusion
component dominating in the Coble creep field. In the latter
case the effective diffusion coefficient is inversely propor-
tional to the grain size and thus the exponent b in equation
4 is equal to 3.

There is as yet no experimental evidence for solid state
diffusional flow in rock materials. Diffusional flow is likely
to occur at very low stresses and high temperatures only.

Pressure solution, involves diffusional mass transport in an
aqueous environment via solution and redeposition of
material (Fig. 6). It is a widespread mode of deformation in
low grade rocks (Durney, 1972) but hard to observe under
laboratory conditions because it is expected to dominate at
low temperatures and stresses and at very slow strain rates
only (Rutter, 1976). Rutter (1976) derived a constitutive
equation for pressure solution on the domain of individual
grains (Fig. 6) whose formalism is analogous to the equation
for Coble creep: instead of a gradient in the equilibrium
concentration of vacancies along the grain boundary there is
a difference in solubility in the fluid films at the grain boun-

daries. The rate of deformation also depends on the grain
boundary diffusivity in the presence of a fluid film.

The situation becomes more complex however if the
solution transfer occurs over much larger distances as, for
example, from a stylolite to a caleite vein (Durney and Ram-
say, 1973). Such a situation can no longer be described in
terms of a microdynamical model.

Another kind of grain size sensitive creep, likely to operate
at low stresses and small grain sizes, is grain boundary sliding
leading to superplastic flow. In this case grain boundary slid-
ing acts as the prime strain producing mechanism and it is
not just a consequence of strain compatibility problems as is
the case during diffusional creep. Also the grains are now free
to rotate and to switch neighbours after high amounts of
strain (Edington et al., 1976). Microdynamical models for
superplastic flow usually assume that the strain rate is not
controlled by the viscous resistance to gliding at grain boun-
daries but by the slowest event during sliding, namely the
minor changes in shape the grains have to undergo in order
to slide past each other. Ball and Hutchinson (1969)
proposed that dislocations pile up at unfavourably oriented
grain boundaries and that these dislocations escape by climb-
ing into the grain boundaries. An alternative model by
Ashby and Verrall (1973) proposes local diffusional mass
transfer along grain boundaries.

In contrast to diffusional creep and pressure solution, a
non-linear strain rate vs. stress relationship is observed, but
the value of the exponent » in equation 3 is always smaller
than 3. The grain size exponent b in equation 4 is usually
found to lie between 2 and 3.

There is some ambiguity about the term superplasticity. In
a wider sense, the notion of superplastic flow is a
phenomenological one and just implies extreme ductility
during an extension experiment, a common mode of testing
metals. Ductility is a measure of resistance to necking in a
tensile test and not directly related to a specific mechanism.
In geology, the term superplastic in this wide sense can be
used for any rock which is highly strained, such as any
mylonite.

Fig.6 Pressure solution on the scale of individual grains in a crinoidal limestone. Solution took place along horizontally oriented stylolites,
the white redeposition areas grow in crystallographic continuity over the dark grey impure original single crystals of calcite.
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High ductility and resistance to necking are however
related to the deformation mechanism indirectly through the
value of the parameter n in equation 3. If n = 1 necks do not
propagate (Gittus, 1978) and therefore materials deforming
by diffusional creep can be referred to as being superplastic
too in this wide sense.

In a more restricted sense however superplasticity implies
that:

(i) grain boundary sliding is the major strain-producing
mechanism,

(ii) that the microstructure remains stable, i.e. that the
grains remain equiaxed even after large amounts of
strain and

(iii) that the stress sensitivity of strain rate in terms of the
parameter in equation 3 is between 1 and 3.

All these criteria do not apply in the case of diffusional creep,
s0 here the term superplasticity will be used in this narrow
sense.

Superplastic flow in rock materials has only recently been
reported (Bouiller and Gueguen, 1975; Schmid er al., 1977).
It is difficult however to find direct evidence for grain boun-
dary sliding in naturally deformed rocks and a stable
microstructure can also be explained by dynamic recrystal-
lization during power law creep. It is only the absence of a
strong crystallographic preferred orientation which can in-
dicate that grain boundary sliding may be the dominant
strain producing mechanism.

1V. Paleostress Estimates
A. Estimates Based on the Extrapolation of Flow Laws

Ideally, the magnitude of differential stress can be estimated
by extrapolation of laboratory determined flow laws into
geological conditions on the basis of a deformation mechan-
ism map, provided that there are independent estimates of
strain rate and temperature. These extrapolations heavily
rely on the accuracy of the deformation mechanism maps
used, and thus also on the reliability of the theoretically
calculated flow laws for regimes outside the range of experi-
mental conditions accessible to the experimentalist.

Most of the experimentally determined flow laws apply to
the mechanisms of low temperature plasticity and power law
creep (for reviews see Carter, 1976; Tullis, 1979). Stresses
operating during brittle fracture and cataclastic flow can be
estimated through the well known Mohr-Coulomb criterion.
Flow laws for grain size sensitive creep are available only for
superplastically deformed calcite and olivine (Schmid et al.,
1977; Twiss, 1977 on the basis of data by Post, 1973, 1977).

Figure 7 is a graphical synopsis of some of the laboratory
derived flow laws on various monomineralic rocks in the
coordinates of a deformation mechanism map (compare
Fig. 7). Possible transitions into cataclastic flow at high
stresses (depending on confining pressure) and into grain size
sensitive creep laws at low stresses are not considered in this
figure because of the lack of experimental data (except for
fine-grained limestone, deforming superplastically at low
stresses). The curves are drawn for geologically realistic
strain rates by simple extrapolations of empirical flow laws
and they exhibit a more or less drastic drop in strength at
vastly different temperatures. The relative strength of these
materials corresponds nicely to the relative competence of
these rocks in the field.

The slope at constant strain rate. as derived from a power
law relationship (equation 3) is given by:

H
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Fig.7 Syno{xlic diagrams for constant strain rates of 10~ "%~ (a)
and 10~ 4~ (b) illustrating the relative strength of different rock
types as a function of temperature. The constant strain rate contours
are based on experimentally determined flow laws for polycrystalline
aggregates of halite (Heard. 1972), anhydrite (Miiller and Briegel,
1980). fine-grained limestone (Schmid e al., 1977), coarse-grained
marble (Schmid er al., 1980), wet and dry quartz (Parrish et al..
1976), dolomite (Heard. 1976) and dunite (Post, 1977).

and depends not only on the apparent activation energy for
creep but also on the value of the stress exponent n,

It is readily seen that accurate stress estimates are difficult
because temperature estimates are usually not too precise.
Also there are dependencies on water content in the case of
the silicates and the limestone data emphasize the impor-
tance of grain size (note the reversal in relative strength of the
two calcite rocks from the high stress area into the low stress
area). On top of these difficulties come some of the problems
discussed in the previous chapters.

Figure 7 however illustrates the vast differences in flow
stress to be expected between different materials under con-
ditions of constant strain rate. In reality, these differences are
relaxed by inhomogeneous deformation and salt, anhydrite
and limestone in particular are good decollement horizons at
moderate temperatures, where dolomite and the silicates
remain essentially brittle. Miiller and Hsii (1980) showed by
numerical modelling that the decollement of the Swiss Jura
mountains including the Swiss molasse basin is compatible
with the experimentally determined flow laws for anhydrite
(Miiller et al., 1981), a major constituent within the Triassic
evaporites.

At somewhat more elevated temperatures calcite may
become an important decollement horizon provided that it
deforms by superplastic flow. Based on the flow law for
superplastically deformed limestone, the flow stress at the
base of the Glarus overthrust and within a thin calc-mylonite
layer (Schmid, 1975) can be estimated to be lower than
100 bar at the estimated temperatures and strain rates. New
microfabric work on this mylonite horizon produced
evidence that grain boundary sliding is the operative
deformation mechanism (Schmid et al., 1981).

The relative strength of decollement horizons and thrust
blocks also has a major influence on the questions of gravity
spreading versus active tectonic push at the rear of a thrust
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block. This is illustrated in Fig.8 based on the following
formula derived by Chapple (1978):

o) X
v 2KG—6)
pgz

which expresses the surface slope « of a thrust wedge as a
function of the yield stress K within the thrust block, the ratio
y of the shear stress in the basal layer over the yield stress K,
the basal slope @ of the thrust block away from the foreland
and the overburden pressure pgz. The surface slope « in
Chapple’s model is a consequence of plastic yield throughout
the thrust wedge and has to be positive with a slope towards
the foreland in order to produce a component of gravity
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Fig. § Graphical representation of equation 6 discussed in the text
(Chapple, 1978, equation 36). This graph illustrates the dependence
of the surface slope o on the absolute value of the basal shear stress
in decollement or mylonite horizon. Two sets of contours are given
fora 0, 10" and 15" slope 8 of the basal decollement horizon away
from the foreland: the solid and broken lines assume a yield stress K
of 1000 bar and 500 bar respectively. The top figure (a) refers to a
thickness of the overthrust block of 6 km. the bottom figure (b)
assumes 10 km overburden, Notice that positive surface slopes. and
consequently a component of gravity spreading are only obtained
for relatively strong decollement horizons (far in excess of 100 bars
considered to be the maximum shear strength of a mylonite such as
the Lochseiten mylonite at the Glarus overthrust).

spreading in the driving force. Figure8 illustrates that for
basal shear stresses of less than 100 bars, expected for
decollement horizons such as evaporites and limestones, the
resulting surface slope zis negative and thus gravity spread-
ing must be ruled out in such cases.

Because negative surface slopes away from the foreland
are geologically unrealistic, Chapple’s assumption ol per-
vasive yield within thrust wedges has to be relaxed if the basal
shear stress is very much lower than the yield stress within the
thrust wedge. It can be shown in the case of the Helvetic
nappes of eastern Switzerland that internal deformation
within the Helvetic thrust block predates the final phase of
thrusting (Schmid, 1975; Milnes and Pfiffner, 1977). The
gravity spreading concept and Chapple’s model however cer-
tainly apply for cases where there is a more homogeneous
stress distribution in basal decollement horizon and thrust
wedge.

B. Paleostress Determinations Based on Microstructural
Information

1. Stress directions

The classic methods for the derivation of stress directions
based on twinning in calcite and dolomite (Turner and
Weiss, 1963) have been further developed by Spang (1972)
and they have been applied for mapping of principal stress
directions in cross-sections through the Rocky Mountains
(Spang and Brown, 1981). These methods rely on the fact
that twinning in calcite and dolomite can only be operated in
a unique shear sense relative to the crystallography, contrary
to slip systems which generally have no prescribed sense of
shear. This method however only works for moderately
strained rocks where twinning did not go to near-
completion.

Other, similar, methods which can only be applied in the
brittle field rely on fracture patterns, slickensided faults and
fault plane solutions.

2. Stress magnitude

There is a number of methods to determine the paleostress
from microstructural data and these methods have received
a lot of attention during the last few years. The dislocation
density of free dislocations, the size of subgrains and the size
of dynamically recrystallized grains have been used to infer
paleostress. The equations relating these microstructural
parameters to differential stress are partly based on theoret-
ical considerations and partly on the empirical laboratory
calibrations which are available for a number of minerals
(for reviews see Nicolas and Poirier, 1976; Mercier et al.,
1977; Twiss, 1977, White, 1979).

There are a number of difficulties associated with these
methods:

1. All of these methods assume a steady state microstruc-
ture which developed under dynamical conditions
during power law creep. They are not valid for all the
other deformation regimes and in situations of strain
hardening or strain softening their use becomes, at the
very least, problematic.

()

The microstructural imprint of the main phase of
steady state deformation in which the geologist is
interested may be overprinted by the later geological
history. Dislocation density in particular is very
susceptible to late overprints associated with small
amounts of strain. The most stable paleostress in-
dicator is probably the recrystallized grain size and the
discussion will focus on some of the problems
associated with this particular method.
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The recrystallized grain size d is related to differential stress
through:

a/l" = K(d/b)~" (8)

where I' (an elastic modulus related to the shear modulus and
Poissons ratio) and b (the Burgers vector) are used to nor-
malize stress and grain size into dimensionless quantities and
K and p are constants (see Twiss, 1977).

Figure 9 summarizes the data available for various
minerals. The scatter in Fig. 9a becomes somewhat reduced
by normalizing stress and grain size according to the equa-
tion given above (Fig.9b); the slope p however still varies
between values of 0:67 and 1:43 (for the same mineral,
olivine).Using theoretical arguments, Twiss (1977) predicted
slopes of 1:0 and 0-7 for subgrains and recrystallized grains
respectively.

The large scatter suggests that these calibrations should be
applied to geological situations with caution and that
paleostress determinations are only order-of-magnitude
estimates. The scatter may have several reasons:

1. There are problems with the technical determination of
grain size (for a discussion of the methods, see
Etheridge and Wilkie, 1981).

2. Other factors such as temperature, water content, im-
purities and second phase minerals may also have an
influence on the final grain size. Static thermal treat-
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Fig.9 Experimentally determined curves of differential stress vs.

the size of dynamically recrystallized grains for various rock

materials (a) and normalized according to equation 7 described in
the text (b).

ment after the experiment may lead to grain growth
(annealing recrystallizaton). Water demonstrably has
an effect on the grain size (Fig. 9), whilst impurities and
second phase minerals may pin the grain boundaries.

3. There are several mechanisms of recrystallization
which may lead to different grain sizes. Apart from
annealing recrystallization, not related to stress, there
are the following categories of mechanisms during
dynamic ( = syntectonic) recrystallization: the rotation
mechanism involves the relative rotation of subgrains
as a consequence of adding more dislocations on the
same sign into a subgrain boundary (Hobbs, 1969;
Nicolas and Poirier, 1976). This mechanism is
sometimes referred to as “in situ’ recrystallization and
it is a mere extension of recovery processes (Sellars,
1977). The migration mechanism keeps the dislocation
density low by the movement or migration of high angle
boundaries from grains with a low dislocation density
into neighbouring grains with a higher density (Poirier
and Guillopé, 1979). Finally Mercier et al. (1977) in-
voked models of nucleation and growth of new grains
from preformed “nuclei” such as subgrains, deforma-
tion bands and grain boundary bulges.

Guillopé and Poirier (1979) have demonstrated that,
in the case of halite, the grain size for grains recrystal-
lized by migration is larger than the grain size produced
by the rotation mechanism (Fig. 9). In this case the two
mechanisms operate simultaneously above a critical
temperature, an observation made for the case of cal-
cite as well (Schmid et al., 1980). For quartz and olivine
however the mechanisms of recrystallization are not
known or specified in the literature. While Hobbs
(1969) and Poirier and Nicolas (1975) infer rotation
mechanisms for quartz and olivine respectively, Mer-
ciereral. (1977)and Ross et al. (1980) prefer the nuclea-
tion and growth model. Kirby and Green (1980), in a
study of dunite xenoliths, observe recrystallization by
a migration mechanism.

This discussion on recrystallization mechanisms indicates
that a better understanding of the mechanisms of recrystal-
lization is needed for more accurate stress determinations. In
the case of quartz, there are some data available now for
naturally deformed rocks (see review by Etheridge and
Wilkie, 1981). The magnitudes of differential stress all vary
between a few hundreds of bars up to the order of 1kbar.
These estimates are probably relatively reliable because no
great extrapolations from laboratory stresses down to the
estimated geological stresses are involved. In olivine, the
situation is different in that the stress estimates for the upper
mantle (below 100 bars, Ave Lallemant er al., 1980) involve
an extrapolation of about an order of magnitude in differen-
tial stress (most experiments were performed at stresses
above 1 kb in solid medium equipment).

In spite of all these difficulties, the paleostress determina-
tions have given us direct information on the order of mag-
nitude of differential stresses active during power law creep
in naturally deformed rocks. Even lower stresses should not
be excluded, however, for the case of grain size sensitive
creep.

V. Crystallographic Preferred Orientation (Texture)

This topic offers a particularly good example of the progress
made over the past few years through a combined effort from
both the experimental approach and from attempts to
simulate the development of crystallographic preferred
orientation (which will be referred to as texture here, follow-
ing the materials science terminology) by using computer
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based numerical models. There is a vast amount of texture
data in the geological literature, but in many cases interpreta-
tions of the pole figures have remained highly speculative
and sometimes nebulous.

The work of Lister and co-authors (Lister et al., 1978:
Lister and Paterson, 1979; Lister and Hobbs, 1980) in par-
ticular made it very clear that texture development is gover-
ned by three main factors:

1. The particular set of glide systems active during deforma-
tion. This produces characteristic patterns from which
we can learn about the stress, strain rate and tem-
perature conditions during deformation (Lister and
Paterson, 1979). Experimental work on single crystals
provides important input parameters for these numer-
ical models in providing information on the relative
magnitudes of the critical resolved shear stresses
needed to operate particular glide systems as a function
of the environmental parameters.

]

. Finite strain. With the same set of active glide systems
the type of finite strain (flattening. constriction, plane
strain etc.) produces different pole figure patterns (Lis-
ter and Hobbs, 1980). In the case of texture develop-
ment through glide-induced lattice rotations, as
modelled by Lister and co-authors, it is difficult to
estimate the magnitude of strain. For an alternative
mechanism, such as the passive rotation of sheet
silicates in a ductile matrix, attempts have been made to
relate the strength of the texture to the strain magnitude
(March, 1932).

3. The strain path or the kinematic framework. The in-
fluence of these on the final texture pattern has been
studied by Lister and Hobbs (1980) and Etchecopar
(1977). Starting with a random texture and excluding
complex multiphase strain histories, an asymmetry of
the pole figures in respect to the macroscopic [abric
axes (foliation, lineation) is indicative for a non-coaxial
strain path with a large component of simple shear and
the sense of the asymmetry reflects the sense of shear.

It is still not clear how much and in exactly which way
intracrystalline slip occurring in low temperature plas-
ticity and power law creep determines the lattice rota-
tions of individual grains. Many rocks with a strong
texture are dynamically recrystallized and dynamic
recrystallization was not considered by the model work
of Etchecopar (1977) and Lister et al. (1978).

Figure 10, taken from Casey et al. 1978, is a good example
for how the deformation mechanisms and the set of active
glide systems influence the texture in the case of calcite. The
type 1 textures (Fig. 11) are indicative of twinning, known to
be the easiest glide system at low temperatures. The type 2
textures occur in the absence of twinning and Lister (1978)
simulated this texture remarkably well by activating slip
mainly on the rhombs r and f. The type 3 textures are com-
paratively weak and the transition from type 2 into type 3
exactly coincides with the change in deformation mechanism
form power law creep into superplastic flow (Schmid et al..
1977; Casey et al., 1978). The fact that a weak texture does
develop indicates that some intracrystalline slip takes place
during grain boundary sliding.

Usually the laboratory experiments produce uniaxially
deformed specimens and, as a consequence of this, the pole
figures exhibit rotational symmetry around the compression
axis (this is the reason for using inverse pole figures for
details; see Bunge, 1969). The experimental work of Kern
(1971) is the only example of a more complex type of coaxial
strain and he experimentally demonstrated how the type of
strain influences the texture.

Experiments in simple shear are very difficult to perform
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and here we rely on model work and on the interpretation of
textures in naturally deformed rocks. Nature provides in-
dependent evidence for shearing deformation and for the
sense of shear in many shear zones (Ramsay, 1980; Simpson,
1980).Figure 11 illustrates the texture of a quartz mylonite
within such a shear zone. X-ray texture goniometry allows
the determination of a set of pole figures and we do not rely
only on the pole figure for the c-axis in quartz, as is the case
in optical U-stage measurements (Schmid er al., 1981b). In
addition, the calculation of the orientation distribution func-
tion (Bunge, 1969), Bunge and Wenk. 1977; Casey, 1981)
allows ideal crystal orientations in terms of all crys-
tallographic axes to be determined from a set ol pole figures
for different crystallographic directions. Figure 12 plots the

Fig. 11 X-ray determined pole figures for the quartz c-axis and the
a-direction (1120} in quartzite taken from a shear zone (Schmid er
al.. 1981b). The countours are given in multiples of a uniform
distribution. The orientation of foliation (F) and lineation (L) are
labelled together with the shear zone boundary (S). The arrows
indicate the sense of shear inferred from the shear zone geometry.
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most likely orientation of a quartz grain in case of the
specimen presented in Fig. 11. The a-direction (normal to the
second order prism in quartz), an important glide direction,
is aligned with the inferred shear direction within the shear
zone. In addition, the position of the c-axis suggests that the
positive rhombs prefer to be aligned with the shear zone
boundary and this is confirmed in Fig. 12. This is a stable
orientation for easy glide on the rhomb planes and in the
following chapter the rheological consequences of such a
stable end-orientation will be discussed.

Figure 13 illustrates that this same specimen dynamically
recrystallized, probably by a rotation mechanism. Dynamic
recrystallization did not destroy the texture, which can still
be readily interpreted in terms of intracrystalline slip. There
is thus no need to invoke separate models of texture develop-
ment for dynamically recrystallized grains, such as the Kamb
model (see discussion in Nicolas and Poirier, 1976).

An immediate application of such asymmetries lies in the
determination of shear sense, not known in many geological
settings, and in kinematic interpretation of lineations in
terms of a- and b-lineations following Sanders terminology.
In our case, the lineation is at a small angle to the shear
direction and therefore represents a stretching lineation sub-
parallel to the relative displacement of the shear zone boun-
daries (a-lineation). There are now numerous examples of
the determination of shear sense using this principle (Eis-
bacher, 1970; Boucher, 1978; Burg and Laurent, 1978;
Bouchez and Pecher, 1981). Systematic regional studies on
the significance of lineations for inferring the direction of
relative displacement of nappes or during internal deforma-
tion of gneissic bodies will certainly be of major geotectonic
importance in the future.

VI. Strain Softening Mechanisms

Localized deformation in shear zones is an important mode
of deformation in basement rocks (Ramsay, 1980) and duc-
tile flow in mylonite layers accounts for large nappe transla-
tions. The formation of shear zones and mylonite horizons
is a consequence of local shear instabilities. There is a variety

Fig. 12 Favoured crystal orientation for the specimen presented in

Fig. 11. The c-axis position labelled ¢, and ¢, correspond to the

positions of the c-axis maxima in Fig. 11, the positions of the poles

to (1120) are labelled a (second order prisms). the positions of the

poles to (10T1) and (0171) are labelled r and z (positive and negative
rhombs respectively).

of possible mechanisms which can lead to strain softening
(see reviews by Poirier, 1980 and White er al., 1980) and
hence to shear instabilities. Although shear heating (Brun
and Cobbold, 1980; Fleitout and Froidevaux, 1980) prob-
ably is the most popular softening mechanism, we will only
discuss two other possible mechanisms, because they relate
closely to the topics discussed so far:

(1) Geometrical softening caused by the rotation of easy
glide systems into orientations of high resolved shear
stresses during texture formation and

(2) softening as a consequence of a change in deformation
mechanism from power law creep into grain size sensitive

oS

Fig. 13 Microstructure of the dynamically recrystallized quartzite specimen referred to in Fig. 11.
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creep. The latter process can be induced by dynamic
recrystallization.

Both these mechanisms rely on two aspects of the
microfabric which are typical for mylonites: a strong crys-
tallographic preferred orientation and dynamic recrystalliza-
tion towards small grain sizes.

A. Geometrical Softening

In the previous chapter, the development of textures in shear-
ing situations was discussed and it was demonstrated that a
type of texture may develop which increases the average
resolved shear stress on one or, in many other cases, on a few
of the slip systems. In the case of quartz, a good alignment
of the a-directions with the shear direction is observed in
many cases (Bouchez. 1978; Schmid et al., 1981).

In such a situation, the flow stress for intracrystalline slip
will eventually drop to a minimum. Both Etchecopar (1977)
and Lister and Hobbs (1980) simulated the development of
such end-orientations in their models.

Experimental data by Burrows er al. (1979) suggests that
the reorientation of the lattice may be assisted by dynamic
recrystallization and many mylonites with a strong texture
are dynamically recrystallized. The mechanism of grain
boundary migration in particular offers a good empirical
explanation for the enhancement of the rate of reorientation
of the crystal lattice towards an end-orientation for easy
glide. Those grains which are unsuitably oriented for easy
glide will accumulate high levels of internal elastic strain
energy through a high dislocation density and lattice distor-
tions in the form of undulouse extinction, kink bands,
deformation bands ete. Grains oriented for easy glide on the
other hand have a lower dislocation density and because they
deform in compatibility with the bulk aggregate they store
less elastic strain energy. This promotes the consumption of
unsuitably oriented grains and hence strengthens the texture.

B. Softening by a Strain Induced Change in
Deformation Mechanism

Dynamic recrystallization during power law creep effectively
changes the grain size of the starting inaterial as illustrated
in Fig.5 for experimentally deformed calcite. The same
process of grain size reduction in the case of the calc-mylonite
along the Glarus overthrust in the Helvetic nappes of Swit-
zerland is illustrated in Figs 14, 15, 16. For Fig. 16 it is par-
ticularly obvious that the mechanism of dynamic recrystal-
lization by subgrain rotation induces the change in grain size.
The new recrystallized grain size has been determined to be
around 6-7pm and according to the stress vs. grain size
relationship of Fig.9 this indicates paleostresses of around
700 bar during subgrain formation and recrystallization in
power law creep. As the initial grain size is reduced, grain size
sensitive creep may or may not take over depending on the
size of the new grains and the position of the mechanism
boundary between power law creep and grain size sensitive
creep. This will now be discussed in some detail on the basis
of Fig. 17, which shows a deformation regime map with grain
size as a variable at constant temperatures. This graph was
constructed for calcite aggregates by combining the con-
stitutive equations for exponential and power law creep as
observed in Carrara marble (Schmid er al., 1980) with those
for superplastic flow observed in Solnhofen limestone
(Schmid et al., 1977). Because superplastic flow is grain size
dependent. the resulting deformation regime boundary is
grain size dependent as well and separates a high stress —
large grain size area of predominantly power law creep from
a low stress — small grain size area of superplastic flow.
Superimposed on this deformation regime map is the
curve of stress vs. the size of new grains recrystallizing by a
rotation mechanism of dynamic recrystallization (see Fig. 9).
Strictly speaking this curve should fall within the power law
field because this recrystallization by subgrain rotation can
only be brought about by power law creep and the notion of
an “‘equilibrium grain size” is meaningless in the domain of

alf 1L

Fig. 14 Recrystallization concemrdled along grain boundaries at the begmmng stage of progressive mylonitization. Lochseiten mylonite,
Glarus.
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. & b
Fig. 15 Recrystallization to a new fine-grained aggregate in the matrix. Old grains (porphyroclasts) are heavily twinned. Lochseiten mylonite,
Glarus.

superplastic flow (Etheridge and Wilkie, 1979). The stress vs.
grain size curve however is superimposed on the deformation
mechanism map solely for the purpose of demonstrating the
following evolution with increasing strain:

A calcite aggregate deforms by a strain rate and under a
stress indicated by the position of point A in Fig. 17. The
position of this point A indicates that the material has a grain

. ,".

size which is larger than the size of the subgrains and recrys-
tallized grains expected to form with increasing strain. The
material deforming by dislocation creep at point A will
eventually recrystallize to a grain size along a curve which
comes to lie within the field of superplasticity. The paths to
point B and C indicated in Fig. 17 indicate two extreme
possibilities of what can hypothetically occur if the produc-
tion of a new grain size by rotation recrystallization would

Fig. 16 Recrystallization went almost to completion. The new grains are free of optical strain features, the grain boundaries are well
equilibrated (compare Fig. 18). Lochseiten mylonite, Glarus.
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Fig. 17 Deformation regime map for calcite at a temperature of
400°C presented in differential stress vs. grain size coordinates. The
strain rate contours are labelled with the negalive exponent of the
strain rate in s~ The map is based on experimentally determined
flow laws of calcite. In the superplastic regime the equation for grain
size sensitive creep of Solnhofen limestone was used (equation 2 in
Schmid et al.. 1977). The flow laws for the exponential and power
law regimes are taken from data on Carrara marble (Rutter, 1974;
Schmid ez al., 1980, stress relaxation data),

Superimposed on this deformation regime map is the curve
labelled recrystallized grain size taken from the calcite data presen-
ted in Fig. 9. For a discussion of this graph and the explanation of

the points labelled A, B and C, see text.

be instantaneous. The case B illustrates that under boundary
conditions of constant stress an acceleration of strain rate
over several orders of magnitude will occur as a consequence
of the change in grain size. The case C alternatively illustrates
a stress drop under the extreme opposite boundary con-
ditions of constant strain rate. This change in rheological

behaviour can only occur if the position of the equilibrium
grain size curve is inside the superplastic field. It is em-
phasized again that once the change in mechanism has
occurred, the curve of recrystallized grain size vs. stress
becomes meaningless.

However, it is obvious that instantaneous recrystallization is
a very unreasonable assumption for what may occur in
nature. As observed in the experiments on Carrara marble
and also in many mylonitic rocks the evolution of an
equiaxed fine-grained aggregate of recrystallized grains will
lead to a bimodal grain size distribution. Some fabric
domains will be fully recrystallized while the original grain
size will be preserved in other domains. This may lead to a
situation where both power law creep and superplasticity
occur simultaneously in different fabric domains. Such a
situation can no longer be described by a single point in the
diagram of Fig. 17. Initially the fully recrystallized domains
will be isolated and will make up a small volume fraction of
the rock. Thus, flow will remain stable and can still be
defined by the position of point A in Fig. 17. As the volume
fraction of fully recrystallized material grows, the bulk strain
rate of the rock will increase and/or the bulk stress will drop
due to the contribution of the superplastically deforming
domains to the overall deformation in the rock. The rheology
of the bulk rock can then be thought to be given by the
position of a point somewhere along the path between A and
B or A and C.

In conclusion, dynamic recrystallization will induce a
change in microstructure which in turn induces a change in
deformation mechanism leading to work softening.

This conclusion apparently contradicts the fact that
during experimental deformation of Carrara marble no work
softening was observed as a consequence of dynamic recrys-
tallization, even after more than 30%, shortening (Schmid et
al., 1981). However, when a similar deformation regime map
is constructed for the 900-1050°C temperature region (the
temperatures at which recrystallization occurred in these ex-
periments) one ends up with a different position of the

Fig. 18 Microstructure, typical for superplastic flow in Solnhofen limestone, experimentally deformed at 900°C, 7 x 10~ %=, 3kb confining
pressure and at 280 bar differential stress by 36%, shortening. Note the well equilibrated grain boundaries and the absence of grain flattening
in spite of the large amount of strain,
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mechanism boundary in stress vs. grain size coordinates due
to the different activation energies for creep in dislocation
creep and superplastic flow respectively. The mechanism
boundary now almost coincides with the position of the
equilibrium grain size curve or comes to lie inside the disloca-
tion creep field. In other words, the new grain size produced
by recrystallization does not fall inside the area of dominant-
ly superplastic flow at the high temperatures and therefore
no work softening is expected. The mechanism of work
softening proposed here is thus expected to be important at
relatively low temperatures.

In the case of the calc-mylonite mentioned earlier it is very
likely that the stress estimate of 700 bars is only valid for the
initial deformation within the power law creep field. The
similarity between the final microstructure of this mylonite,
after recrystallization is almost complete (Fig. 16), and the
microstructure of superplastically deformed Solnhofen
limestone (Fig. 18) is striking. The texture of totally recrys-
tallized specimens of this mylonite is very weak (Schmid er al.,
[981a). This suggests that a change in mechanism into
superplastic flow has occurred and thus the paleostress
estimate of 700 bar is no more valid for the final phase of
thrusting.

The same mechanism of work softening presented here
may also apply for other rock types. Bouiller and Gueguen
(1975) describe superplastic mylonites in peridotites and
Twiss (1976) interpreted ductile show zones in the experi-
ments of Post (1973) in terms of a mechanism change induced
by dynamic recrystallization.

Above, work softening as a consequence of a change in
deformation mechanism towards grain boundary sliding
(superplasticity) was discussed. A similar weakening effect as
a consequence of grain size reduction can of course be pos-
tulated for transitions into other grain size sensitive deforma-
tion mechanisms such as pressure solution or diffusional
creep.

Discussion

There is no doubt that the concept of plate tectonics leads to
a better understanding of the process of mountain building
in terms of unifying many aspects of geoscience into a
coherent framework. The problem of identifying the driving
forces in mountain building however, is still largely unresol-
ved. The choice between alternative models such as the grav-
ity spreading model versus active tectonic push on the scale
of individual nappes can only rarely be made on the basis of
geometrical considerations and it was demonstrated that
knowledge about the relative rock strength may provide
additional constraints. On a larger scale, the question after
the driving forces of plates has to be answered and here again
critical information on the rheology of lithosphere and
asthenosphere can be provided by laboratory investigations.

The specific applications discussed showed that labora-
tory studies have already had a considerable impact on our
understanding of deformation processes in geological en-
vironments via microfabric studies. If this dicussion helps to
stimulate further work in terms of a combined effort from the
field geological, modelling and experimental sides the main
purpose of this contribution is met.
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