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ABSTRACT

First, the major deformation mechanisms and associated
flow laws will be discussed. Great importance is attributed to the
grain size which can have a profound effect on the rheological
behaviour of a rock: at high stresses small grain sizes have a
hardening effect, at low stresses they have a weakening effect.
The microstructures and crystallographic preferred orientations
(textures) of experimentally deformed rocks will be presented as
a basis of comparison with naturally deformed rocks.

The microfabric of some calcite tectonites from the
Helvetic nappes of Switzerland will be analysed and attempts are
made to interpret the deformation mechanisms operative in these
rocks. It is argued that the flow stresses operative may be re-
latively large in some environments (_>1000bar) and extremely low
in other cases, such as the Lochseiten mylonite (< 100bar).

The strain softening mechanism operative in the calc-
mylonites is interpreted to be the result of grain size reduction
by dynamic recrystallization inducing a change in deformation me-
chanism towards superplastic flow.

The mechanics of overthrusting in the case of the
Glarus overthrust will be re-discussed in the Tight of the more
recent Taboratory results. As a consequence of the very low
relative strength of the mylonite as compared to the thrust block,
strain is Tocalized within the mylonite layer during the final
phase of thrusting. Models of gravity spreading, always based on
the assumption of a yielding thrust block, are rejected for this
final phase of thrusting.



ZUSAMMENFASSUNG

Zuerst werden die wichtigsten Verformungsmechanismen und
die damit verbundenen Fliessgesetze diskutiert. Der Korngrosse
wird grosse Bedeutung beigemessen in Bezug auf das rheologische
Verhalten des Gesteins: unter hohen Spannungen erhdht eine kleine
Korngrosse die Festigkeit, unter niedrigen Spannungen ist die
Fliessgrenze herabgesetzt in feinkdrnigen Gefligen. Die Mikro-
strukturen und die kristallographisch bevorzugte Einregelung
(Textur) experimenteller Proben werden beschrieben in Hinsicht
auf einen Vergleich mit natiirlich verformten Gesteinen.

Das Geflige einiger Kalk-Tektonite aus den helvetischen
Decken der Schweiz wird analysiert und es wird versucht, die
aktiven Verformungsmechanismen zu interpretieren. Die Fliess-
spannungen werden als relativ hoch eingeschdtzt in einigen Fdllen
(>T1000bar), wahrenddem in anderen Fallen (so im Lochseitenkalk)
extrem niedrige Fliesspannungen abgeleitet werden (< 100bar).

Der Mechanismus der Herabsetzung der Fliesspannung
in den Kalk-Myloniten wird als das Resultat dynamischer Rekri-
stallisation gedeuted, einer Korngrossenreduktion, welche einen
Wechsel im Verformungsmechanismus zu superplastischem Fliessen
herbeifihrt.

Die Mechanik im Falle der Glarner Hauptiiberschiebung
wird erneut diskutiert im Lichte neuer Laboruntersuchungen. In
Folge der sehr niedrigen relativen Fliesspannung im Mylonit, ver-
glichen mit der Festigkeit im Ueberschiebungsblock, wird die Ver-
formung beschrankt auf den Mylonithorizont wdahrend der finalen
Phase der Ueberschiebung. "Gravity spreading"-Modelle, welche
immer auf der Annahme eines Ueberschiebungsblockes oberhalb der
Fliessgrenze basieren, werden abgelehnt fir diese finale Ueber-

schiebungsphase.



I. INTRODUCTION

In discussions with field oriented structural geologists
an experimental geologist often notes criticism in regard to the
applicability of experimental results in the study of naturally de-
formed rocks. The critics often point out that the Taboratory
experiments which have to be performed under controlled and there-
fore necessarily simple conditions are unadequate to throw light
on the more complex processes in geological environments. In another
branch of earth sciences however, namely petrology, experimental results
are more widely applied and no geologist would question the great im-
pact experimental petrology has had on the interpretation of field
petrological data.

It is not the aim of this study to analyse the reasons for
the relatively modest impact experimental rock deformation has had
in structural geology but it may be mentionned that this state of
affairs has certainly to do with (i) the great difficulty in perfor-
ming geologically relevant deformation experiments (the load has to be
applied through a moving piston, while the specimen is held at high
pressure and temperature) and (ii) the temptation of the field geolo-
gists to choose particularly difficult areas not really suitable for
the study of fundamental processes of rock deformation.

An attempt is made here to bridge this gap between experimental
and field studies. Thereby the discussion concentrates on ductile de-
formation of calcite rocks. It will become evident how little we know
about many aspects of rock creep, particularly about solid-fluid
interactions during deformation. At the same time there exist impor-
tant results from laboratory experiments which await application to
field problems.

Some of the results presented here have already been published
in separate specialized contributions. It was felt necessary however to
summarize these results and to put them into a larger context, especially
what the applications to field geological problems are concerned.

Extending the laboratory results into natural rock deformation is not



an easy task because nearly all the constraints in a well controlled
experiment are lost and as a consequence the wellknown uncertainty
takes over which makes geology to a descriptive and sometimes specula-

tive, but at the same time to such an exciting branch of science.



II. FLOW LAWS AND DEFORMATION MECHANISMS IN CALCITE ROCKS

A. Some general remarks concerning flow laws

If we consider a solid under constant differential stress o,
then its flow- or strain-rate é is dictated by three factors primarily
and we can generally write

é=é(d:e=T)

where the stress difference o” (determined as d1 - dé) and briefly
referred to as "stress" throughout this contribution) the strain e
and the temperature T are the most important quantities which determine
the resulting strain rate. Striktly speaking such a simple flow law
is only valid provided that all the other factors such as pressure,
H20 content, grain size etc. are held constant or can be assumed to
have no major influence on the material properties. During the first
stages of deformation the strain rate strongly depends on strain
(primary creep), after a few percent of strain the rate of deformation
slows down to a stationary value. The rock is then said to be in steady
state and ideally strain has no influence on the strain rate any more.
We will see later that strain can alter the material properties and
thereby invalidate the assumption of steady state. At this point it is
important to say that the concept of steady state is used here merely
to imply flow at constant stress and strain rate.

For thermally activated creep one can emprically 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

& =& exp HRT £ (0)

where éo 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

f (d) = exp d/do (exponential creep law)
or
f (o) =4d i (power creep law)

where the constants db and n determine the stress sensitivity of the
strain rate. Because in most cases the parameter n is found to be
greater than unity rocks 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 sub-
divide the stress-temperature space into different fields by means
of a deformation mechanism map (Ashby and Verrall 1978 and fig. 1).
Whithin each of these fields a particular mechanism is dominant.

Such deformation mechanism maps are normally calculated from
first principles by assuming specific microdynamical models. Experi-
ments often merely provide numbers for the various material dependent
constants in the theoretical flow laws. The field of diffusional creep
(Nabarro-Herring and Coble creep) in particular is postulated on theo-
retical grounds because this mechanism has not been experimentally
observed in the case of rocks and minerals so far. Even creep of ice,
as observed at temperatures just below the melting point and at
very low stresses seems not to conform to the model of diffusional
creep.

The primary aim of these deformation mechanism maps is to
outline the expected conditions of appearance of given deformation
mechanisms outside the range of é - d - T - conditions accessible to
the experimentalist. The main problem in the application of the Tabora-
tory data is the enormous gap between geological strain rates of the
order of 10_]Osec_] to 10" “sec ! (involving time spans of between
30 and 3 million years for 10 percent shortening strain) and the



2 and ]0-7sec"]. As illu-

strated in fig. 1 one has a high chance of crossing a boundary between

laboratory strain rates between usually 10~

deformation mechanism fields by extrapolating down to lower strain
rates and consequently to lower stresses at any given temperature. There-
fore a flow law observed at high stresses under laboratory strain

rates can be extrapolated over a limited range of strain rates and
stresses only. It is also seen from fig. 1 that the deformation
mechanism fields essentially depend on stress. In order to explore the
flow behaviour at low stresses the experimentalist is forced to ele-
vate the temperature beyond the range of temperatures expected under
natural conditions (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 temperatures
and low stresses the geologist has to extrapolate down to Tower tem-
peratures, along a path which is less 1likely to cross deformation
mechanism boundaries.



B. Flow Taws in calcite rocks

From the now relatively numerous studies on flow laws
of different calcite rocks (e.g. Heard 1963, Heard and Raleigh 1972,
Rutter 1970 and 1974, Schmid, Boland and Paterson 1977, Schmid
Paterson and Boland 1980) it can be inferred that there is no
unique flow law valid for all calcite rocks (table 1).
Apart from strain rate, temperature and stress, grain size appeares
to be a parameter of high importance. A comparison between coarse
grained marbles (grain sizes of 200-300 um) and finegrained 1imestone
(grain size of Tess than 10 um) shows that the relative strength of
these monomineralic rocks is largely dependent on grain size (fig. 2).
When considering this influence of grain size on the rheological
properties we have to distinguish between (i) a high stress environ-
ment at relatively low T and high & , where a small grain size leads
to a relatively higher flow stress and (ii) a Tow stress environ-
ment where the finegrained rock flows at a relatively lower flow
stress. This contrasting influence of grain size on the strength
results from the fact that different deformation mechanisms are
operative at different stress levels.

Unfortunately we have 1ittle information so far on the
influence of two other potentially important factors such as (i) the
influence of fluid phases on the rheological properties and (2) the

role of impurities and second phase minerals in calcite rocks.

1) The high stress region

At room temperature the brittle-ductile transition in
calcite rocks can be observed to be mainly a function of the effecti-
ve confining pressure, that is, the difference between confining
pressure and the internal fluid pressure (Rutter 1974). The flow
stress within the ductile field never reaches a constant (steady

state) value because of continued work hardening with increasing



strain. The flow stress at an arbitrary chosen strain (usually
the 10 percent strain level is chosen) is mainly a function of
effective confining pressure and largely independent of strain
rate.

The influence of effective confining pressure on the
strength indicates that friction between cohesionless surfaces
is at Teast partially controlling the strength of the material.
Because no fractures are visible macroscopically nor under the
optical microscope for rocks deformed in the ductile field, these
microcracks presumably mainly follow the grain boundaries and
part of the strain is achieved by frictionally controlled grain
boundary sliding. This pressure dependent type of ductile flow
is sometimes referred to as cataclastic flow. However, abundant
twinning within grains is observed at the same time (fig. 3), in-
dicating that intragranular deformation accommodates a large
fraction of total strain even in the pressure sensitive region
in the case of calcite rocks.

At temperatures higher than around 400°C under labora-
tory strain rates ductile deformation is fully achieved by intra-
crystalline crystal plastic deformation, i.e. by dislocation
glide and twinning. Effective pressure ceases to be an important
parameter. Rutter (1974) observed that both confining pressure
and pore pressure have no longer a significant effect on the
rheological properties. At the same time the flow behaviour of
rocks becomes thermally activated and this goes hand in hand with
the strength becoming strain rate sensitive. Empirically the
0 - & - relationship is best described by an exponential stress
dependence of strain rate (see page 6 and table 1). The same
relationship can be derived from first principles by assuming
that the strain rate is controlled by the resistance to glide
(Tow temperature plasticity of Ashby and Verall 1978, see fig. 1,
occasionally also referred to as dislocation glide). The motion

of dislocations through the crystal lattice is obstructed by energy

barriers of different sorts (impurities for example) and these
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obstacles can only be overcome at a certain rate which is tem-
perature sensitive.
At room temperature as well as in the 400-500°C temperature

region the strength of calcite is grain size dependent in the

sense that a small grain size leads to higher flow stresses at
constant temperature and strain rate. Olsson (1974) systemati-
cally investigated the dependence of the yield stress d on grain
size in the range of 20 - 300°C and found the f0110w1ng empirical

relationship:
1
d =g s d
y 0

where ob and k are constants and d is the grain size. This grain
size dependence is known as the Hall-Petch law in metallurgy
(Nicolas and Poirier 1976). The hardening effect of a small grain
size is due to the fact that grain boundaries are obstacles to

the free propagation of slip and twinning. The shear strain pro-
duced by the conservative motion of dislocations or by twinning
within a particular grain cannot simply be accommodated by the
neighbouring grains. These strain incompatibilities near grain
boundaries are nicely illustrated by the lensoid shaped deformation
twins in calcite which are typical for experimentally and natu-
rally deformed calcite rocks (fig. 4). The constriction of twins
at grain boundaries implies that twinning can only occommodate
strain in the grain interior whereas the grain boundary region de-
forms by slip mechanisms which are relatively harder to operate

at Tow temperatures (Turner et al. 1954). Hence, in a finegrained
1imestone the strength of the polycrystalline aggregate will Targe-
ly be determined by the resistance to glide (or cracking in the
cataclastic domain) near the tip of a twin lamella. In the coarse
grained marble however the local stress concentrations at grain
boundaries (illustrated by fig. 6) will have a small effect only
on the bulk strength of the aggregate.
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The fact that twinning is more effective in coarse grained
materials is illustrated by the observation of Rutter (1970)
that finegrained Solnhofen 1imestone does not twin any more at
and above 400°C (and below stresses of 2-3kb) whereas marbles
(Heard and Raleigh 1972, Schmid Paterson and Boland 1980) still
deform by twinning up to temperatures of 600-700°C (and down
to stresses of about 1 kb).

It seems therefore that the critical grain size below
which no twinning occurs is stress dependent. The grain size in
the matrix of oolitic limestones, experimentally deformed for
other purposes by Schmid and Paterson (1977), is highly variable
and the minimum grain size below which no twinning occurs was
determined as a function of stress observed at 10 percent strain
for some of these specimens. In fig. 5 these results are plotted
together with the transition stresses for twinning observed in Soln-
hofen 1limestone and Carrara marble. The trend for the minimum grain
size for twinning to be stress dependent is confirmed but the
scatter is considerable. This scatter is partly due to the fact
that the presence or absence of twins in any grain depends on
the orientaion of the twin planes in respect to the applied stress
field and that there is no absolutely sharp boundary between the
twinning and non-twinning fields. If further experimental studies
could establish a better correlation and if it can be demonstrated
that the effects of strain, strain rate and temperature are unim-
portant, such a correlation could well serve as a paleostress in-
dicator.

2) The intermediate stress region

Below 2kb in the case of Solnhofen Timestone and below
1 -1.4kb in marbles a power law dependence (see page 6 and table 1)
best describes the rheological behaviour. At the same time the
relative strength of calcite rocks becomes largely grain size
independent (fig. 2). The activation energies for creep (table 1)
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are now near the experimentally determined activation energy for
diffusion of carbon and oxygen in calcite (88 kcal mo]e"], Ander-
son 1969). This correspondence in activation energies is a general
one for many materials (Kirby and Raleigh 1973) and is consistent
with a model of Weertman (1968) assuming that the flow rate is
controlled by climb of dislocations (i.e. a process involving
diffusion) out of their glide plane. Thus, climb is the rate
controlling step althouah glide still accommodates most of the
bulk strain in the grains.

Climb allows the dislocations to aggregate along subgrain
boundaries within the old grains (fig. 7). By a process of pro-
gressive misorientation of subgrains first proposed by Hobbs (1968)
to explain dynamic (or syntectonic) recrystallization the sub-
grains eventually individualize into an equiaxed mosaic of new
grains (fig. 8). This type of recrystallization called in situ -
recrystallization by Poirier and Nicolas (1975) or rotation re-
crystallization by Guillope and Poirier (1979) is distinct from a
nucleation and growth mechanism which may also occur during
deformation. Both the migration of dislocations into dislocation
walls (recovery) and syntectonic recrystallization oppose the
effect of work hardening and Tead to a steady state situation
by keeping the dislocation density at a constant value which is
stress dependent.

Theoretically the détermination of dislocation density
under the transmission electron microscope can lead to & paleo-
stress determination. Schmid, Paterson and Boland (1980) showed:
however that small strains introduced into experimentally defor-
med specimens during cooling under pressure lead to an increase
in dislocation density. The dislocation density in naturally de-
formed calcite may therefore not be used to deduce stresses
during steady state flow if small strains during cooling and
uplifting are likely to have altered the dislocation density
(Briegel and Goetze 1978).
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Twiss (1977) has shown theoretically that dislocation
density can be related to subgrain size and hence that the subgrain
size also may be used to determine paleostresses. This method of
paleostress determination is more reliable because grain size is
more likely to survive cooling and uplift. The sizes of both
optically visible subgrains (subgrains on a TEM scale are much
smaller) and grains recrystallized by the mechanism of subgrain
rotation on specimens of experimentally deformed marble (Schmid,
Paterson and Boland 1980) was measured and found to be inversly
proportional to the flow stress and the following empirical

relationship between stress and grain size ¢ was found
log d = log K + b log d

where Tog K = 3.67 g 0.07 if stress is given in bars and grain
size is measured in um, and where b = -1.0] £ 0.05. This stress
dependence of the recrystallized grain size (fig. 10) as a result
of recovery and syntectonic recrystallization is likely to record the
deviatoric stress during the main act of deformation in which the
geologist is usually interested. Similar relationships were found
in minerals such as olivine, quartz and halite by Post (1973 and
1977), Kohlstedt et al. (1976), Mercier et al. (1977), Guillope
and Poirier (1979) and Ross et al. (1980).

Another mechanism of recrystallization was found to occur in
Carrara marble at elevated temperatures. It is driven by grain
boundary migration and lTeads to considerable grain growth at
the highest temperatures (fig. 9). Guillope and Poirier (1979)
refer to this type of recrystallizaion as "migration recrystai]i—
zation". For halite these authors found that the grain size
produced by migration recrystallization is stress dependent as
well. The grain size at a given stress level however is roughly
an order of magnitude larger than that for rotation recrystalli-
zation.
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The possibility of more than one recrystallization
mechanism makes the application of recrystallized grain size
paleostress determinations difficult. It has to be ensured that
the mechanism in the natural case is the same as the mechanism
operative in the laboratory. Also one has to be able to exclude
the possibility of subsequent grain growth under static conditions.
Furthermore, in chapter V the possibility of a recrystallization
induced change in deformation mechanism away from power law creep
will be discussed. In such a case the established stress - grain

size relationship breaks down too.

3) The low stress region

Three different mechanisms can be expected to operate in
the Tow stress region: (i) pressure solution mechanisms (ii) creep
by solid state diffusion and (iii) creep by grain boundary sliding.
A1l of them are strongly grain size dependent, but in contrast to
the high stress region a small grain size leads to a relatively
Tower flow stress at constant strain rate. The first two of
these mechanisms lead to Tinear viscous behaviour.

Rutter (1976) proposed a deformation mechanism map for
calcite (fig. 11) by taking into account creep by solid state
diffusion (Nabarro-Herring and Coble creep) on the one hand and
pressure solution on the other hand. Unfortunately both these
mechanisms have not yet been experimentally observed to operate
in calcite rocks.

There is ample evidence in naturally deformed rocks that
pressure solution is a common deformation mechanism at relatively Tow
temperatures. In Rutter's model for pressure solution the rate
of deformation is mainly controlled by the normal stress across
a grain boundary, the concentration of the solution outside the
interface between two grains and by the grain boundary diffusivity
in the presence of a fluid film at the grain boundary. It has to

be emphazised that Rutters model applies to pressure solution at
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the scale of individual grains only. In natural rock deformation
solution transfer often occurs on a much bigger scale and in such
cases the flow law derived from this model does not apply.

Creep by solid state diffusional mass transfer has not
yet been observed experimentally in rock materials. At moderate
temperatures, where fluids are present in rocks the solution
transfer model Teads to higher strain rates than the solid state
diffusion model (fig. 11). From this figure it is also evident
that pressure solution mechanisms are extremely difficult to
produce under Taboratory conditions because they operate at low
stresses and temperatures only, i.e. at very slow strain rates.
By increasing the temperature at Tow stresses in order tc produce
measurable strain rates other mechanisms with a higher activation
energy, such as solid state diffusional creep or grain boundary sli-
ding will operate. Another interesting feature of fig. 11 is
that the flow stress at a given strain rate is nearly temperature
insensitive within the field of pressure solution. Rutter (1976)
points out that this feature results from the competing effects
of (i) decreasing solubility of calcite with increasing tempe-
rature and (ii) increasing pressure sensitivity of solubility
with increasing temperature. At the same time the diffusivity within
a grain boundary water film is not expected to be very temperature
sensitive.

The third mechanism likely to operate at Tow stresses
is grain boundary sliding leading to superplastic behaviour. The
notion of superplasticity is a phenomenological one and implies
extreme ductility in extension of materials. In this very broad
sense all highly deformed rocks such as mylonites could be called
superplastic. Superplastic deformation in the usual narrow sense
however is additionally characterized by (i) a Tow value of the
parameter n in the flow law of the form éoca’n, with 1< n«3
and (ii) by the observation that the grains remain equiaxed even
after Targe amounts of strain. Most authors regard grain boundary
sliding as the prime strain producing mechanism during superplastic
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flow (Edington et al. 1976). Microdynamical models for superpla-
stic flow usually assume that the strain rate at any given
temperature and stress is not controlled by the viscous resistance
to sliding at the grain boundaries but rather by the slowest

event during the process of grain boundary sliding and grain
swopping, namely the minor changes in shape the grains have to
undergo in order to slide past each other and to change neighbours
(fig. 12). Ball and Hutchinson (1969) proposed that dislocations
pile up at unfavourably positioned grain boundaries and that

these dislocations escape by climb into the grain boundaries.

An alternative model by Ashby and Verrall (1973) proposes local
diffusional mass transfer.

Superplastic flow of finegrained Solnhofen 1imestone
has been observed by Schmid, Boland and Paterson (1977) to be
the dominant deformation mechanism below stresses of 400 bar at
900°C and below 1000 bar at 600°C. An observed value of 1.7
for the stress exponent n as well as the observation of extensive
grain boundary sliding using the split cylinder technique
provide strong evidence that superplastic flow is the dominant
deformation mechanism in calcite at low stresses. No evidence
for Coble creep was found.

Figs. 13 and 14 are deformation mechanism maps entirely
based on empirically determined flow laws (table 1). In these maps
the field of diffusional creep dominating at Tow stresses in
Rutters deformation mechanism map (fig. 10) has been replaced
by the experimentally determined flow law for superplastic behaviour.
It is interesting to note that the observed flow law for super-
plastic creep does not differ drastically from Rutters theoretical
predictions based on an entirely different mechanism, namely
diffusional creep.
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ITI. THE MICROFABRIC OF EXPERIMENTALLY DEFORMED CALCITE ROCKS

A. Microstructure

Early work on experimental deformation of calcite single
crystals (Turner et al. 1954) showed that twinning is easier than
r-glide at low temperatures and that the critical resolved shear
stress for r-glide, being very temperature sensitive, eventually
becomes lower than that for twinning on e at increased temperatures.
The same trend was observed for polycrystalline Carrara marble
where twinning is dominant above 1000 bar differential stress,
corresponding to temperatures of less than 600-700°C at labo-
ratory strain rates (fig. 15) and where twinning is absent in
the Tow stress-high temperature region (fig. 9). Schmid, Paterson
and Boland (1980) showed that the transition from dominantly
twinning to dominantly glide coincides with the transition from
an exponential stress dependence of strain rate to a power law
stress dependence. The power law region, where intracrystalline
glide predominates,can be subdivided into (i) a stress range
of 200-1000 bars where polygonization with the typical development
of equiaxed subgrains is confined to the grain boundary region
of original grains and where undulose extinction and prismatic
subgrains are found in the grain interior ("core-mantle structure")
(fig. 16) and (ii) a Tow stress region below 200 bar where a poly-
gonal network of equiaxed grains penetrates entire grains (fig. 17).
This change in microstructure within the power law region again
goes hand in hand with a change in the form of the flow law
from high values of the stress exponent n between 7 and 8 at high
stresses to a lower value of n around 3 to 4 at the lower
stresses. Grain boundary sliding between recrystallized grains
was found to occur but there is no evidence for grain boundary

sliding as a major strain producing mechanism in the marble.



18

The microstructural development in finegrained Soln-
hofen 1imestone is quite distinct from that described for
Carrara marble. As mentionned earlier, the small grain size 1in
this limestone prohibits twinning and indeed no twinning is
observed in Solnhofen Timestone under conditions where the marble
still deforms by twinning (fig. 18). Also does the change from
an exponential into a power law flow law not coincide with the
transition from twinning to glide.

As grain boundary sliding becomes predominant at low
stresses the microstructure changes markedly: the grains remain
equiaxed even after large strains and no optically visible strain
features can be detected (fig. 19). The grain boundaries which are
serrated in the undeformed material have equilibrated into a
polygonal network with straight boundaries, indicating that the
grain boundaries became mobile. This mobility of grain boundaries
helps in accommodating grain boundary sliding. Measurements
on grain shape have shown that the amount of strain as recorded
by the shape anisotropy of the grains amounts to only about
]/3 of the total strain imposed (Schmid Boland and Paterson 1977),
suggesting that grain boundary sliding predominates but that
there might be a component of intracrystalline dislocation creep
as well.

The fact that grain shape no longer reflects total strain
in the superplastic regime is of importance to the development
of schistosity and lineations in rocks. These macroscopic fabric
elements often reflect grain shape and the intensity of schi-
stosity and/or lineation is expected to be a very poor qualitative
indicator of the magnitude of total strain once a rock deforms
by grain boundary sliding.

Another important characteristic of superplastic flow is
that the microfabric is very stable up to large strains. This
is not the case for twinning and dislocation glide where a
strong crystallographic preferred orientation as well as a shape
anisotropy of the grains develops. This leads to strain hardening
in coaxial deformation and possibly to strain softening in
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simple shear. If Coble creep is envisaged as a deformation
mechanism then the grains become progressively elongate and

this leads to an increase in the length of the diffusion path
between the sites of sources and sinks of the diffusing vacan-
cies. This means that the material eventually work hardens after
large strains. Thus, grain boundary sliding is the only mecha-
nism leading to steady state deformation over very large

amounts of strain (with the possible exeption of dislocation

creep accompanied by continuous dynamic recrystallization).

B. Texture

A similar correspondence between flow law and deformation
mechanism on the one hand and microfabric development on the
other hand is observed when the type and degree of lattice preferred
orientation (here referred to as texture) is measured. Casey
et al. (1978) found that basically three types of textures can
be found in experimentally deformed 1imestone and marble:

type 1: A strong preferred orientation of compression directions

near ¢ and e for twinned calcite rocks (fig. 20)

type 2: A maximum near a, extending towards h with a second
maximum near e for specimens deformed by intracrystalline
glide (fig. 21).

type 3: A concentration of compression directions perpendicular
to ¢ for the superplastic regime (fig. 22). Here the
degree of preferred orientation is significantly weaker
than in the two previous types after the same amount of
shortening.
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Texture development elegantly reflects the predominant
deformation mechanisms for the experimentally deformed rocks.
However, texture analysis is a more difficult tool in evaluating
deformation mechanisms in naturally deformed rocks because the
texture is also strongly dependent on the shape of the finite
strain ellipsoid as well as on the deformation path. This will
be illustrated when the textures of naturally deformed rocks
will be discussed.

The type 1 textures seem to be mainly caused by twinning.
Twinning on e produces a reorientaion of the crystallographic
axes not only through external rotations but also by a complete
reorientation of the twinned domain such that the compression
axis becomes to lie somewhere near the c-axis in terms of an
inverse pole figure presentation such as fig. 20. Lister (1978)
found that the Taylor-Bishop-Hill analysis of texture develop-
ment does not allow for a successfull simulation of the type 1
texture. This method of texture simulation treats twinning on
e like glide on e and hence does not allow for a reorientation
of the lattice within the twinned domain mentionned above. Wenk
et al. (1973) came to the conclusion that an e-maximum type
of preferred orientation can also be explained by the simulta-
neous operation of two r-glide planes, based on applying the
Calnan and Clews (1950, 195la,b) analysis to calcite.

The type 2 texture has been remarkably well simulated
by Lister (1978) when activating mainly r- and f-glide and in
addition e-glide to a minor extent.

According to Lister (1978) the type 3 textures are best
interpreted in terms of slip on r and f, but no activity at all
on the e-planes. The fact that this texture is weaker than the type
1 and type 2 textures agrees well with the observation that grain
boundary sliding is the dominant deformation mechanism. The strain
contribution from glide on r and f is small and the texture is

continuously randomized by grain rotations.
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IV. THE MICROFABRIC OF NATURALLY DEFORMED CALCITE ROCKS

Calcite is very susceptible for annealing under elevated
temperatures. Griggs et al. (1960) investigated the effects of
annealing recrystallization on calcite aggregates and single
crystals in the laboratory. Annealing recrystallization starts
at temperatures around 500°C and the amount of recrystallization
depends on the strain induced prior to annealing. High strains
induce a high difference in free energy between the initial
and the recrystallized state via the stored strain energy in the
form of dislocations. Griggs et al. (1960) found that annealing
times between 15 and 120 minutes had no effect on the amount of
recrystallization. Under geological time spans however it is
1ikely that the threshold temperature is even lower than 500°C.

Griggs et al. (1960) demonstrated that annealing re-
crystallization substantially alters the microstructure to a
granoblastic or porphyroblastic microstructure typical for
marbles and that the texture tends to become random with traces
of the original preferred orientation left.

A classical example of a very intensely deformed but
completely annealed calcite rock is Carrara marble. The effects
of annealing are so strong in this rock that it serves as an
"undeformed" starting material in experimental rock deformation.

This extreme sensitivity to the effects of annealing
recrystallization has its advantages and disadvantages in field
geological problems. It is a great disadvantage of course that the
traces of deformation and dynamic (syntectonic) recrystallization
are completely wiped out in high metamorphic terrains. The effects
of annealing recrystallization start to predominate within the
greenschist facies rocks in the case of calcite. Therefore studies
of deformation mechanisms on the basis of the microfabric are
limited to unmetamorphic or lower greenschist metamorphic

terrains such as the Helvetic nappes in the Alps. The advantage
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however lies in the fact that late postmetamorphic deformations
can easily be demonstrated if they affect a highly metamorphosed
marble. In a region along the Insubric line strongly deformed
calc-mylonites (Fliesskalke, Gansser 1968) are very widespread
and they are good indicators for post-lepontine tectonic events.
Deformation during higher metamorphic grade is well recorded
in the microfabric of quartz where especially the texture still
records the kinematic framework during deformation, even under
amphibolite facies conditions (Simpson 1981). The fact that
calcite is very abundant in low grade environments whereas
quartz is abundant in high grade terrains is very fortunate
in that it provides the field geologist with enough microfabric
evidence under all metamprphic conditions if he chooses the

appropriate mineral species for his studies.

A. Pressure solution

It is well known that pressure solution, i.e. stress
induced diffusional mass transport in a "wet" environment via
solution and redeposition, is a very important deformation mecha-
nism in limestones (Durney 1972, Ramsay 1981). Because of the
difficulties in activating this deformation mechanism under labora-
tory strain rates there are hardly any experimental data to be
compared with field observations. For this reason the emphazis of
this contribution will be given to other deformation mechanisms
although they are by no means the only important mechanisms.

Another difficulty associated with pressure solution
stems from the very large domains which have to be considered
because the sites of solution and redeposition are often very
distant in space. Mostly the transport path goes over many grains
in the aggregate, for example from a stylolite to a calcite vein.
This situation does not correspond to the pressure solution
model of Rutter (1976) and long distance transport mechanisms
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are very difficult to simulate in the laboratory because of the
small specimen sizes.

Under favourable circumstances however solution and
redeposition on the scale of individual grains, corresponding
to the model of Rutter (1976), can be observed in nature. Fig. 23
illustrates diffusional mass transport in a crinoidal 1imestone
from the schistes lustrés in Corsica. The high impurity content
in the crinoidal fragments contrasts with the clean areas of
overgrowth. Solution takes place along the stylolites.

It is interesting to note in fig. 23 that the 1ight
coloured domains of redeposition occur in a direction which is
not at 90° but obTique to the plane of orientation of the stylo-
lites. Fig. 24 shows a mica-rich domain within the same section
and in an identical orientation to the micrograph of fig. 23 and with
asymmetric crenulation folds. The axial plane of the microfolds
suggests a direction of maximum finite shortening oblique to the
normal to the stylolites in fig. 23.but parallel to the elongate
domains of redeposition. This suggests that stylolite orientation
is not controlled by the orientation of the finite strain axes.
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B. Intracrystalline plasticity and grain boundary sliding

1) The regional setting of the rocks described

The discussion of naturally deformed rocks will focus
on two types of calcite tectonites: (i) limestones deformed to
high plastic strains and with a well developed foliation and
stretching lineation and (ii) calc-mylonites. Well developed
foliation and stretching 1ineation are found only in deeper
structural levels within the Helvetic nappe pile, our main area
of investigations. They are found along the inverted Timb of
the Morcles nappe and in the parautochthonous cover of the
infrahelvetic nappes in Eastern Switzerland (Milnes and Pfiffner
1977) and in the Saasberg-Schuppe situated between the main Glarus
thrust plane below and the Verrucano sediments of the Freiberge
above. In the normal 1imb of the Morcles nappe and in higher
tectonic levels of the Helvetic nappes in general pressure solu-
tion mechanisms are readily detectable in the field in the form
of stylolites on one hand and fibrous deposits in "pressure
shadows" and veins on the other hand (Durney and Ramsay 1973).
The traces of intracrystalline plasticity are not so easy to
detect at relatively low strains typical for these structural
levels and it remains uncertain as to how much they contribute
to the total strain in the rocks. It is certain however that the
relative contribution by pressure solution to total strain is
significantly higher in the higher structural levels (Ramsay 1981).
The reasons for having dominantly intracrystalline plasticity
in the lower parts of the Helvetic nappes can be interpreted
in two ways by making use of the deformation mechanism map in
fig. 11, proposed by Rutter (1976):

(1) The increased temperatures in the lower structural Tevels
favour intracrystalline plasticity as a consequence of the

vastly different temperature sensitivity of strain rates



for the two.mechanisms.

(ii) Total strain in the inverted Timb of the Morcles nappe
frequently is orders of magnitude higher than in the normal
1imb and it could be argued that strain rates and consequent-
ly stresses were substantially higher as well. In this case
mainly gradients in strain rate and stress would be respon-
sible for the observed change in the dominant deformation
mechanism.

Here the second interpretation is favoured because
with a mere increase in temperature we would expect a change from
pressure solution mechanisms into diffusional creep such as
Nabarro-Herring or Coble creep according to fig. 11, or into
superplastic flow according to the deformation mechanism maps
of figs. 13 and 14 . Only an increase in the magnitude of
strain rate and stress can bring about the change towards intra-
crystalline plasticity.

The stresses necessary to induce this change are largely
dependent on grain size and are in excess of 100 bars for coarse
grained calcite rocks and in excess of 1000 bars for grain sizes
around 10 um (figs. 13 and 14). Because many limestone formations
such as the Upper Jurassic Malm are very finegrained we would
expect large stresses in excess of 1kb in these deeper structural
levels of the Helvetic nappes if dislocation glide or creep are the
dominant deformation mechanisms.

The occurrence of calc-mylonites is mainly restricted
to the Helvetic nappes east of the Reuss valley. They accompany
the Glarus overthrust where they are known as Lochseitenkalk
(Schmid 1975). They are not Timited to that particular thrust
however and the same type of rock occurs also along second order
thrusts at deeper levels, such as the base of the infrahelvetic
Griesstock nappe (Frey 1965) and at nappe boundaries within the

the Helvetic thrust block such as the contact between the Miirtschen-

and Axen-nappes (Schindler 1959).
The tectonic style of the Helvetic nappes changes
rather abruptly along strike across the Reuss valley as well

Z5



(Trimpy 1969). West of the Reuss valley fold nappes with large
inverted 1imbs predominate. The strain in these inverted 1imbs
is pervasive and high throughout the stratigraphic succession
which is usually well preserved. East of the Reuss valley the
sedimentary cover of the nappes is basically in an upright
position, apart from minor second order folds. The base of the
nappe units is often marked with a calc-mylonite.

Whereas the process of mylonitization occurs in situ
along some of the second order thrusts, the Lochseiten calc-
mylonite along the main Glarus overthrust is allochthonous 1in
the sense that it is not derived from the footwall (Flysch
units) nor from the overriding unit (Verrucano). The field
evidence suggests that these calc-mylonites flow much more readi-
1y than the country rocks, including neighbouring unmylonitized
1imestones which are locally present along the main Glarus thrust
(Schmid 1975). This obviously demands an explanation which
accounts for the reduction in flow strength during mylonitization
(work softening) such as to keep deformation concentrated
along mylonite layers rather than spread it over the entire
stratigraphic succession as is the case in the western parts
of the Helvetic nappes.
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2) Calcite tectonites with a well developed foliation and

stretching Tineation

To some extent the microstructures and textures of
some of these rock types have already been discussed in Schmid,
Casey and Starkey (1981) and for additional information, parti-
cularly on the detailed texture descriptions in the form of
orientation distribution functions (ODF) the reader is referred
to this contribution.

In some of the rock types along the inverted Timb of
the Morcles nappe the amount of strain can be estimated from strain
markers such as the Tertiary Timestone conglomerates unconfor-
mably overlaying mid-Cretaceous Timestones (Badoux 1972).
It is somewhat surprising that the aspect ratios of the indivi-
dual grains in these conglomerates by no means record the
high amount of strain in the rock (typically around 50:10:1).
As shown in fig. 25 taken from one of these conglomerates the amount
of strain recorded by the aspect ratio of the grains rarely ex-
ceeds 1:1.5 in the X-Z-section.

Another striking feature is that the flattening plane
of the grains often does not coincide with the macroscopically
well developed foliation plane (fig.26). Typically, the plane
of flattening in the individual grains is at an angle of <45°
to the macroscopic foliation. This deflection of the grain
flattening plane from the foliation, i.e. the supposed plane
of finite flattening in the rock, is systematically related to
the sense of shear (northward thrust of the core and normal
1imb in the Morcles nappe over the inverted 1imb) according to
fig. 27. Another obliquity can be oberved between foliation plane
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and the position of the c-axis point maximum in the texture of
many of these rocks (fig. 34). The c-axis point maximum is often
deflected into a direction subparallel to the normal to the
flattening plane of the individual grains in the microstruc-
ture and, as a consequence, oblique to the finite plane of flatte-
ning (foliation).

It could be argued that large amounts of grain boundary
sliding are reponsable for this discrepancy between the type
of strain recorded by the individual grains and the bulk strain
in the rock. However the fact that (i) a strong texture is ob-
served at the same time and (ii) that twinning is pervasive in
some of these specimens (figs. 26 and 28) suggests that intra-
crystalline plasticity rather than grain boundary sliding is
the predominant deformation mechanism. In this case grain boundary
migration would cause the observed discrepancy between strain
recorded by grain shape and strain in the bulk rock. Two kinds
of driving forces for grain boundary migration can be envisaged:
(i) the difference in stored plastic strain energy of neighbou-
ring grains and (ii) the minimization of the surface energy
stored at grain boundaries by restoring highly elongated grains
back into near-isometric shapes.

In view of the observation that in many cases the grain
boundaries are fairly straight and well equilibrated (figs. 25,
29 and 33) and because of the sense of obliquity between individual
grains and the macroscopic foliation being systematically related
to the sense of shear the second interpretation is favoured (with
the exception of the microstructure in figs. 26 and 28, where local
differences in stored plastic energy may be at least partially
responsable for the highly serrated grain boundaries). Following
this second interpretation the grain shape would record the last
increments of strain only along a rotational deformation path
such as simple shear. This interpretation in terms of a rotational
deformation path can also offer a good explanation for the obliqui-
ty between texture and foliation as mentioned above and discussed
in Schmid, Casey and Starkey (1981) and shown in fig. 34.
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With the exception of the specimen shown in figs. 26
and 28 twinning is restricted to the odd larger grain (fossil
fragments etc.) in the microstructure (figs. 30,31 and 32). The
critical minimum grain size for twinning seems to be around 50 um
in the Morcles area and this minimum grain size for twinning
can be potentially used for paleostress estimates. Fig. 5
suggests that such a relationship exists and although the cali-
bration is subject to refinements one is tempted to infer a
fairly high stress in the order of 2kb for the inverted Timb
of the Morcles nappe on the basis of fig. 5 and the observed
minimum grain size for twinning at around 50 um. The microstructure
of figs. 26 and 28 again form an exception and here the stresses
may have been higher.

Are such high stresses to be reconciled with reasonable
strain rates if one takes the existing flow laws on calcite
rocks? As mentioned earlier the transition from pressure solution
into intracrystalline plasticity rather than into grain boundary
sTliding mechanisms and/or diffusional creep demands high stresses
at small grain sizes. A stress of 2kb would yield a value
for the strain rate of around 10° ' 'sec™' by taking the flow law
for Solnhofen limestone in regime 2 (table 1) to be valid for
an extrapolation down to temperatures of 350°C.

Another method of stress determination , the size of
recrystallized grains (fig. 10) cannot be widely used in these
rocks because recrystallization by subgrain rotation can only
rarely be observed to be operative in some of the bigger grains. In
fig. 32 the size of the subgrains within the large calcite grain
however agrees with the size of around 20 um in the finegrained
matrix. If one takes this grain size in the matrix to be the
result of dynamic recrystallization by subgrain rotation rather
than by surface energy driven grain boundary migration as suggested
above one arrives at a stress estimate around 250 bar on the basis
of fig, 10.

If this substantially lower stress estimate is correct
one would expect superplastic flow to be the predominant deformation
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mechanism and this was rejected earlier on the basis of the
textural and microstructural observations. Subgrain formation
illustrated in fig. 32 would have to be ascribed to a late epi-
sode in a continuous deformation process under decreasing stresses.

In conclusion it is tentatively suggested that the
stresses are in excess of 1kb during the main deformational event
in these rocks and that the strain rates were in the order of
10_1]sec_]. The rather Tengthy discussion demonstrated the
difficulties in arriving at an internally consistent estimation
of stresses and strain rates. Part of the difficulty clearly
arrives from the fact that both stresses and strain rates obvi-
ously have to change with time. It is thus very dangerous to
simply use one of the lines of evidence, such as the paleostress
estimate on the basis of grain size, in isolation.
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b)_Textures

Fig. 34 summarizes the main types of preferred orien-
tation patterns found in these rocks. In contrast to the texture
results obtained on the experimentally deformed material, where
three distinct types of textures, corresponding to different
deformation mechanisms were found, there is basically only one
type of texture in all the rocks studied so far: a single ma-
ximum for simultaneously c- and e - poles. A single maximum
pattern for simultaneously c and e is possible because the angle
between these two crystal directions is only 26° and because the
point maxima are rather broad. These c- and e- maxima are either
positioned near the foliation normal or they are deflected from
this direction in a systematic way in respect to the sense of
shear as inferred from the field geological evidence (i.e. they
are deflected from the position of the foliation normal "against"
the sense of shear, see fig. 34a,b and Schmid, Casey and Starkey
(1981).

Apart from this single maximum for c and e which is
common to all the measured natural specimens there are signi-
ficant differences in the alignment of all the other crystal
directions and in the symmetry of these pole figures. The types
of textures such as illustrated in fig. 34 can be summarized
into two subtypes:

subtype a:

The crystal directions other than ¢ and e form small
circles (in the case of the rhomb r) or great circles (in the
case of the a-axis which is perpendicular to c) around the c-
and e-maximum positions. Thus, the texture has a high degree of
axial symmetry. As shown in fig. 34a this axial symmetry of the
texture however may be oblique to the macroscopic fabric axes.
Because twinning is pervasive in the specimen presented in
figs. 26 and 28, Schmid, Casey and Starkey (1981) interpreted
the obliquity by concluding that the texture reflects the final
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increments along a rotational strain path such as simple shear.
In this case the texture would be more or less symmetric in
respect to the stress axis and oblique to the axes of finite
strain. This is because twinning produces a very rapid reorienta-
tion of the crystallographic axes within the twinned domains.
Thus, the obliquity of the c- and e-axis point maxima could be
used to gain information on the strain path (co-axial vs. non-
coaxial). In some other cases the same type of texture is found
to be symmetric with the finite strain axes indicating locally
coaxial deformation (Schmid, Casey and Starkey, 1981).

subtype b:

The crystal directions other than ¢ and e form distinct
maxima (fig. 34b). The poles to r tend to be positioned in a
strong maximum near the foliation normal and in a secondary
maximum at some angle < 45° +to the Tineation. The a-directions
no longer define a more or less homogeneously populated great
circle but tend to align into a maximum in the X-Z-plane of
the strain ellipsoid, at some small angle to the lineation. If
again simple shear is invoked from the fact that the texture
is oblique to the macroscopic fabric axes and if the shear strain
is assumed to be high, the pole figure for r, i.e. the dominant
glide system in the absence of twinning, can be interpreted
in terms of a stable end orientation in simple shear (fig. 35).
One of the r-poles (r1) is aligned such as to bring the e
plane into coincidence with the shear plane in the bulk rock and
r then operates syntetically with the sense of shear in the
rock; the secondary maximum ro corresponds to r-planes operating
antithetically to the sense of shear in the rock. A version of
this type of texture, but symmetric in respect to the macrosco-
pic fabric axes is illustrated in fig. 34c. Again, there are two
maxima for the poles to r, but this time they are symmetrically
disposed in relation to the foliation normal. This texture suggests

conjugate shear on two r-planes along a coaxial deformation path.
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Microstructurally the two subtypes described above are
different in regard to the abundance of twinning. The specimens
of subtype a are strongly twinned (figs. 26 and 28) whereas the
specimens of subtype b only occasionally show twinning (figs. 29
and 33). Thus, it is suggested that the subtype b specimens
deformed in an environment where glide on r was very important.

Looking at the c-axis pole figures alone it appears
however that both subtypes a and b correspond to the type
of texture found in the experimentally deformed material where
twinning is important and where the compression axis is
aligned with the c- and e- pole directions (type 1 texture).

How can this be reconciled with the fact that no twinning

is observed in the specimens of subtype b, whereas for the
experimentally deformed material twinning seemed to be the obvious
explanation for this texture? The following explanations are
possible:

(i) Twinning was active during the early stages in the
deformation and because twinning in all the grains went to comple-
tion no twin boundaries are visible any more. In this case the
natural textures of subtype b would correspond to the type 1
textures described in the chapter on experimental textures.

(ii) We do not know the effects of the deformation path
on the texture development before experiments or simulations
along a non-coaxial strain path are available. It is possible,
that subtype b corresponds to the type 2 texture of the experi-
mentally deformed material and that the strain path has a more
profound effect on the development of the texture than intuiti-
vely would be assumed.

(iii) The naturally deformed material in the case of
subtype b does not correspond to any of the experimentally
produced textures because the relative magnitudes of the critical
resolved shear stresses for the activation of various slip systems
(such as r- and f-glide) are different in the naturally deformed
specimens due to the Tower temperatures and strain rates or

because so far undetected slip systems were active in nature.



34

The first explanation is rather unlikely to hold be-
cause of the fact that the twins can still be observed in the
case of some of the specimens such as those with subtype a
textures. The strong alignment of r-planes in subtype b specimens
emprically suggests that r-glide is important indeed and in
this case the second or third or a combination of explanations
is to be preferred.

In the case of the subtype a textures twinning is certain-

ly Targely responsable for the texture development and the subtype a

textures can easily be correlated with the experimentally produced
type 1 textures.
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3) Calc-mylonites

The macrosopic appearance of the mylonites is charac-
terized by a lamination produced by darker, finegrained domains
alternating with 1ighter, coarsegrained domains, usually a few
millimetres thick (Schmid 1975). The mylonitic foliation is
either wavy or even folded but never ideally planar in appearance
like the cleavage planes of the rocks described in the earlier
section. Another macroscopic difference from the rocks described
in the previous section is the absence of a stretching lineation.
In a more southerly area around Flims the calc-mylonite along the
main Garus thrust can take on a marble-1ike appearance and the

Tamination becomes less marked.

Because the calc-mylonites along the main Glarus over-
thrust are allochthonous in respect to the country rocks a detailed
profile to illustrate progressive mylonitization was taken else-
where, namely through the nappe boundary between the Axen- and
Mlirtschen-nappes south of the Klidntalersee (Glarus, coord. 720 350/
209 350). There, Lower Cretaceous Oehrlikalk is the youngest pre-
served formation of the Miirtschen nappe and is progressively mylo-
nitized and overridden by the oldest formation at the base of
the Axen nappe, the Mid-Jdurassic Dogger formation (fig. 36). The
ferruginous, quartz-bearing Timestone of the Dogger formation
hardly shows any traces of deformation in thin section and be-
haved as a fairly rigid body at least during nappe emplacement.
Some minor open folds are found near the thrust contact (fig. 36)
but on a big scale the entire sedimentary pile up to the Creta-
ceous is in an upright position within the Axen nappe (the same
applies to the Mirtschen nappe in this area, see profile F,
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table II in Schindler 1959). No brittle type thrust surface is
found at the very contact between the mylonitized Oehrlikalk
and the Dogger formation.

The following description of the microstructures within
the Oehrlikalk formation runs from bottom to top (compare fig. 36):

At 3 metres below the contact to the base of the Dogger
the Oehrlikalk still has its original sedimentary microstructure
preserved. Fig. 37 shows slightly flattened ooids in a sparitic
matrix. Thus, the spectrum of grain sizes present in the starting
material is very wide. Figs. 38 and 39 illustrate again that
only the larger grains of the sparitic matrix deform by twinning
whereas the smaller grains within ooids remain untwinned. Fig. 40
illustrates the formation of subgrains throughout one of the
coarse grained matrix grains which is unsuitably oriented for
twinning. Subgrain formation and recrystallization by subgrain
rotation (fig. 40) are more often observed in untwinned grains
deforming by glide alone.

At 2 metres below the contact the coarser grains are
more heavily twinned and new grains of a very small grain size
(in the order of 1 um and hence at the limit of optical resolu-
tion) nucleate (fig. 41). The process of recrystallization by
nucleation is different from recrystallization by subgrain ro-
tation (figs. 40 and 42) and leads to a much smaller grain size.
Some of the twins are very broad and lensoid shaped and they
show evidence for twin boundary migration (fig. 43). The simi-
larity with some of the experimentally deformed marble specimens
is remarkable.

Only at 1 metre below the contact do the limestones start
to exhibit the typical mylonitic foliation and the following
descriptions apply to this mylonitized horizon. Fig. 44 taken
from one of the few large original grains left over, illustrates
the beginning of granulation by nucleation recrystallization,
preferably localized along old traces of twin boundaries. In fig. 45

one of these surviving old grains is surrounded by a totally
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recrystallized matrix. Fig. 46 illustrates that recrystallization
by subgrain rotation occurs at the same time, producing a lar-
ger grain size. Figs. 47 and 48 show the typical end product of
this progressive grain size reduction: the larger grains are so
heavily twinned that the twin boundaries have a rather diffuse
appearance. The matrix grains mostly have a grain size of 1 or

a few um .

Along the same profile the textures of some of the
specimens have been measured (fig. 36). The pole figures are
presented in a projection plane perpendicular to the mylonitic
foliation with the direction of supposed tectonic transport
(north) oriented at the margin of the pole figure (no Tineation
is observed). One of the specimens (7978) was taken from 2
metres below the contact in unmylonitized 1imestone and two
specimens are from within the mylonite band at 20 cm from the
contact (7975) and from the very contact (7974 in fig. 36).

Two features are somewhat surprising: (i) the inten-
sity of the texture is unaffected by the mylonitization process
and the texture of the mylonites is no stronger than in many
of the tectonites described in the previous section and (ii) the
symmetry of the pole figures roughly coincides with the macro-
scopic foliation (in specimen 7975 the e-axis point maximum
is somewhat oblique to the foliation but in a sense opposite to
what would be expected for the sense of shear inferred from a
northward transport of the Axen nappe, compare fig. 34a and b).

The first feature, the weak texture, can be ascribed to
the fact that dynamic recrystallization leads to a grain size
reduction and that this in turn induces a change in deformation
mechanism towards predominantly grain boundary sliding in the
finegrained domains (this change in deformation mechanism will be
more extensively discussed in a later chapter). The larger and
heavily twinned old grains would then be strongly oriented, but
grain boundary sliding in the matrix would tend to randomize
the texture in the total rock, as measured by the X-ray method.
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The high symmetry can be interpreted to indicate that
shearing is concentrated in the finegrained recrystallized laminae
and that the coarse grained relict grains, determining the bulk
texture to a Targe extent (because X-rays measure the bulk intensity
to which these domains Targely contribute) , behave rather passively
during shear. The coarse grained domains could record either an
earlier deformation history or a local deformation history which
deviates from the deformation path of the bulk rock.

A1l of the pole figures conform to the types of textures
illustrated in fig. 34 for the calcite tectonites: specimen 7978
corresponds to subtype b and the two other specimens are somewhere

intermediate between the two subtypes illustrated in fig. 34.
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In the central and more northern areas the micro-
structure is remarkably similar to the microstructures described
in the previous section. Twin boundary migration and nucleation
recrystallization can be observed in relatively undeformed
domains such as syntectonic calcite veins (fig. 49). Recry-
stallization by subgrain rotation, mainly concentrated in
grain boundary regions is also observed (fig. 50). Again, the
grain size produced by nucleation recrystallization is much smaller.
As a consequence the grain size of the fully recrystallized matrix
is very variable (figs. 51 and 52), usually 10 um and Tess.

Fig. 53 shows large flattened old grains surrounded by a fully
recrystallized matrix with near isometric grain shapes.

In a more southerly area south of Segnes Pass the rocks
are almost fully recrystallized and only rarely are old twinned
grains preserved (fig. 54). Subgrain rotation is now the only
recognizable mechanism of recrystallization (fig. 55) und thus
the average grain size is larger (fig. 56) in fully recrystallized
domains. This gives the rock the marble-Tike macroscopic apearance.
In some cases there is evidence for subsequent growth and late
twinning, postdating recrystallization and grain growth (fig. 57).

Figs. 58 and 59 illustrate an analoguous microstructu-
ral development in a specimen of marble collected in the Valpellin
Series of the Dent Blanche nappe. This marble was post-metamor-
phically deformed and the central part of a marble horizon is
completely recrystallized to a calc-mylonite.

The texture of one of the mylonites from the Glarus over-
thrust was measured and published in Schmid, Casey and Starkey (1981,
specimen 63). The type of texture is the same as for the mylonites
described in the previous section, the c and e- maxima are per-
pendicular to the foliation. Fig. 61 illustrates the texture of
one of the mylonites from the southern area along the overthrust,



where recrystallization went to completion. The texture is very
~ weak in this rock and this supports the idea that grain

boundary sliding is the dominant deformation mechanism once the
rock has completely recrystallized.
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It was pointed out that two different mechanisms of
recrystallization were observed in the mylonites: recrystallization
by nucleation, not observed in the experimentally deformed
material, and recrystallization by subgrain rotation, observed to
be stress dependent in the experimentally deformed rocks.

Table 2 summarizes the grain size measurements for those
specimens only where recrystallization demonstrably occurred by
subgrain rotation. Similarly to the experimentally deformed
material the grain size of fully recrystallized grains and sub-
grains was found to be equal. The average maximum grain diameter
parallel to two perpendicular directions was measured for 20-50
grains in each specimen. No correction for the true 3-dimensional
shape was made since the grain size determinations in the experi-
mental material (fig. 10) were not corrected for cut-effects either.

The grain sizes listed in table 2 are remarkably similar
over all the specimens and therefore a mean of all the mean values
(6.5 um) was chosen to estimate the stress during subgrain formation
and recrystallization. By using the relationship illustrated in
fig. 10 one obtains a differential stress of around 700 bar.

Does this indicate that the basal shear stress in the mylonite
during nappe emplacement was around 350 bar (by taking the maximum
shear stress which is half the stress difference) ?

In the following chapters it will be argued that the
recrystallization induced change in deformation mechanism towards
superplastic flow by grain boundary sliding will be associated
with work softening. The stress determination based on recry-
stallized grain size clearly can be valid for that part of the
deformation only which occurred during the initial phase of
deformation by intracrystalline plasticity. Once the rock deforms
by grain boundary sliding, the grain size no more reflects stress.
Thus, the differential stress of 700 bars is taken to indicate



the peak stress before work softening occurred and another,
lower estimate of stress, based on an extrapolation of the flow
law for superplastic creep will be produced in chapter VI.
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4) Summary and discussion

One of the main purposes of this chapter was the demon-
stration of the remarkable similarities in the microstructural
development with increasing strain between laboratory and natural
rock deformation. This indicates that the deformation mechanisms
operating at high temperatures (500-10000C) and at Taboratory
strain rates are indeed basically the same mechanisms which
operate at much Tower temperatures in a geological environment
at slow strain rates. The approach of using high temperatures
as a "trade off" for slow strain rates is thus justified.

The stress estimates, although at best semi-quantitative,
suggest high stresses operating during deformation of the calcite
tectonites in the Tower structural levels of the Helvetic nappes
such as the inverted 1imb of the Morcles nappe. The strain and
consequently the strain rate gradients in this part of the Helvetic
nappes seem to be related to stress gradients.

Deformation in eastern Switzerland is often much more
strongly localized in narrow mylonite bands. These calc-mylonites
show evidence for a reduction in grain size by dynamic recrystal-
lization with increasing strain, which in turn induces work softening.
It will be argued in the next chapters that the strength of these
calc-mylonites must have been extremely Tow.

At this stage it is difficult to explain the different
response of the rocks to stress in western and eastern parts of
the Helvetic nappes. These differences could be due to (i) facies
changes such as the presence or absence of clastic sediments such
as the Verrucano formation in eastern Switzerland, (ii) changes
in the big scale tectonic configuration and in the exact way deformation
is transfered from basement to cover, or (iii) by changes in the
deformation mechanisms in the calcite rocks due to different
environmental parameters such as displacement rates of microplates

or changes in metamorphic grade. Although the last interpretation
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cannot be proved to be correct it offers an interesting possibility
that the small scale deformation mechanism may dictate the large
scale tectonic style.

The symmetry of the texture is a valuable tool in inter-
preting the strain path (co-axial vs. non co-axial) in the case
of a rock with a homogeneous microstructure. In the case of the
calc-mylonites however the textures are symmetric in relation to
the macroscopic foliation i