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ABSTRACT

First ,  the major deformat ion mechanisms and associated

f low laws wi l l  be discussed. Great inportance is at t r ibuted to the

grain s ize ! , {h ich can have a profound ef fect  on the rheological

behaviour of  a rock:  at  h igh stresses smal l  grain s izes have a

hardening effect, at low stresses they have a weakenjng effect.

The microstructures and crystal lographic preferred or ientat ions

(textures) of  exper inental ly deformed rocks wi l l  be presented as

a basis of  comparison with natural ly deformed rocks.

The microfabr ic of  some calc i te tectoni tes f rom the

Helvet ic nappes of  Switzer land wi l l  be analysed and at tempts are

nade to interpret the deformation nechanisns operative in these

focks. It is argued that the flow stresses operative rnay be re-
' latively large in some environments (>l000bar) and extremely lo|,/

in other cases, such as the Lochsei ten myloni te (<l00bar) ,

The strain sof tening mechanism operat ive in the calc-

myloni tes is interpreted to be the resul t  of  grain s ize reduct ion

by dynamic recrystal I i  zati on inducing a change in deformation me-

chani sm towards suDerDlastic f low.

The mechanics of  overthrust ing in the case of  the

clarus overthrust  wi l l  be re-discussed in the l ight  of  the more

recent laboratory results. As a consequence of the very low

relat ive strength of  the nyloni te as conpared to the thrust  b lock,

strain is local  ized within the myloni te layer dur ing the f inal

phase of  thrust ing.  l \4odel  s of  gravi ty spreading, always based on

the assumption of  a y ie ld ing thrust  b lock,  are rejected for th is

f i  na1 phase of  thrust ing.



ZUSAI.IMENFASSUNG

Zuerst werden die wichtigsten Verfornu ng smec han i smen und

die damit  verbundenen Fl iessgesetze diskut ier t .  Der Korngr i isse

wird grosse Bedeutung beigemessen in Bezug auf das rheologische

Verhal ten des Gesteins:  unter hohen Spannungen erhi jht  e ine k le ine

Korngrdsse die Fest igkei t ,  unter niedr igen Spannungen ist  d ie

Fl iessgrenze herabgesetzt  in fe inkdrnigen Gef i igen. Die ly ikro-

strukturen und die kr istal lographisch bevorzugte Einregelung

(Textur)  exper i rnentel ler  Proben werden beschr ieben in Hinsicht

auf einen Vergleich ni t  nat i . i r l ich verformten Gesteinen.

Das Gef i . ige einiger Kalk-Tektoni te aus den helvet ischen

Decken der Schweiz wird analysiert  und es wird versucht,  d ie

akt jven Verformung smechan i  smen zu interpret ieren, Die Fl iess-

spannungen werden als relat iv hoch eingeschatzt  in einigen Fal len

(>1000bar) ,  w: ihrendden in anderen Fl i l len (so im Lochsei tenkalk)

extren niedr ige Fl iesspannungen abgelei tet  werden (<l00bar) ,

Der lechanismus der Herabsetzung der Fl iesspannung

in den Kalk- l4yloni ten wird als das Resul tat  dynamischer Rekr i -

stal l isat ion gedeuted, einer Korngrdssenredukt ion,  welche einen

l , lechsel  im Verformungsmechanisnus zu superplast ischem Fl iessen

herbei f i ihr t .

Die l4echanik im Fal ie der c larner Haupt i iberschiebung

wird erneut diskut ier t  jm Lichte neuer Laboruntersuchungen. In

Folge der sehr niedr igen relat iven Fl iesspannung im l" ly loni t ,  ver-

gl  ichen ni t  der Fest igkei t  im Ueberschiebungsblock,  wird die Ver-

formung beschrankt auf den lvlylonithorizont wahrend der finalen

Phase der Ueberschiebung. "Gravi ty spreading"- l , lodel le,  welche

inmer auf der Annahme eines Ueberschiebungsblockes oberhalb der

Fl  iessgrenze basieren, werden abgelehnt f l i r  d iese f inale ueber-

schi  ebungsphase.



I .  INTRODUCTION

In discussions with f ie ld or iented structural  geologists

an exper imental  geologist  of ten notes cr i t ic isn in regard to the

appl icabi l i ty  of  exper imental  resul ts in the study of  natural ly de-

formed rocks.  The cr i t ics of ten point  out  that  the laboratory

experjnents which have to be performed under controlled and there-

fore necessar i ly  s inple condi t ions are unadequate to throw l ight

on the more complex processes ' jn geological  environments.  In another

branch of  earth sciences however,  namely petrology! exper jmental  resul ts

are more widely appl ied and no geoloqist  vrould quest ion the great in-

pact exper imental  petrology has had on the jnterpretat ion of  f ie ld

petrol  og i  cal  data.

I t  is  not  the aim of  th is study to analyse the reasons for

the relat ively modest impact exper imental  rock deformat ion has had

in structural  geology but i t  may be ment ionned that th is state of

af fa i rs has certa ' jn ly to do w' j th ( i )  the great di f f icul ty in perfor-

ming geological ly relevant deformat ion exper iments ( the load has to be

appl ied through a moving piston, uhi le the specimen is held at  h igh
pressure and tenperature) and ( i i )  the temptat ion of  the f ie ld geolo-

gists to choose part icular ly di f f icul t  areas not real ly sui table for

the study of fundamental processes of rock deformation.

An attempt is made here to bridge this gap between experimental

and f ie ld studies,  Thereby the discussion concentrates on duct i le de-

fornat ion of  calc i te rocks.  I t  wi l l  become evident how l i t t le we know

about nany aspects of  rock creep, part icular ly about sol id- f lu id

interact ions dur ing deformat ion.  At the same t ime there exjst  inpor-

tant  resul ts f rom laboratory exper iments which await  appl icat ion to

f je ld probl  ems.

Sone of  the resul ts presented here have already been publ ished

in separate special ized contr ibut ions.  I t  was fel t  necessary however to

sunmarize these resul ts and to put them into a larger context ,  especial l_v

what the appl icat ions to f ie ld geological  probl  erns are concerned.

Extending the laboratory resul ts into natural  rock deformat ion is not



an easy task because near ly al l  the constraints in a wel l  control led

exper iment are lost  and as a consequence the wel lknown uncertainty

takes over which nakes geo' logy to a descr ipt ive and sonet imes specula-

t ive,  but  at  the sane t ime to such an exci t ing branch of  science.



II. FLOI,] LAIIS AND DEFORI4ATION I4ECHANISII1S IN CALCITE ROCKS

A. sone general  remarks concerning f low laws

If  we consider a sol id under constant di f ferent ia l  stress d,

then i ts f low- or strain-rate e is dictated by three factors pr inar i l -v

and we can general l "v wr i te

e = e (  d '  e '  T )

where the stress di f ference d (determined as dl  -  dZ) and br ief ly

referred to as "stress" throughout th is contr ibut ion) the strain e

and the tenperature T are the nost important quant i t ies which deterrnine

the resul t ing strain rate.  Str ikt ly speaking such a s imple f low law

is only val id provided that al l  the other factors such as pressure,

H20 content,  grain s ize etc.  are held constant or can be assumed to

have no maior jnf luence on the nater ia l  propert ies.  Dur ing the f i rst

stages of deformation the strain rate strongly depends on strain

(primary creep), after a few percent of strain the rate of deformation

sjows down to a stat ionary value. The rock is then said to be in steady

state and' jdeal ly strain has no inf luence on the strain rate any more.

l , le wi l l  see later that  strain can al ter  the mater ia l  propert ies and

thereby inval idate the assunpt ion of  steady state.  At  th is point  i t  is

important to say that the concept of steady state is used here merely

to imply f low at  constant stress and strain rate.

For thermal ly act ivated creep one can enpr ical ly der ive

f low laws from a ser ies of  exper iments on the sane rock,  val id for

steady state f low only.  They are usual ly presented in the form of

6 = 6o exp -"/nr r (o)

where e

energy

is  a mater ia lo
for creep and R

dependent constant,  H is the apparent act ivat ion

is the Gas Constant,  The stress deDendence can



adequately be descr i  bed in

f (d) = sxP "76.

or

f (rJ = d n

most cases by ei  ther

(exponenti al creep I ar,t)

(power creep I aw)

where the constants do and n determine the stress sensi t iv i ty of  the

strain rate.  Because in most cases the paraneter n js found to be

greater than uni ty rocks deviate f rom l inear v iscous behaviour.

There is no single f low law for al l  condi t ions of  stress and

temperature,  s imply because the deformat ion nechanism is a funct ion

of stress and temperature as wel l .  Associated with each of  these

deformat ion mechanisms' is a di f ferent f low law. I t  is  usual  to sub-

divjde the stress-tenperature space into different f ields by means

of a defonnat ion mechanism map (Ashby and Verral l  1978 and f ig.  l ) .

l , /h i th in each of  these f ie lds a part icular nechanism is dominant.

.  such defornat ion nechanisn naps are normal ly calculated from

first  pr inciples by assuming speci f ic  microdynanical  models.  Exper i -

ments often merely provide nunbers for the various material dependent

constants ' in the theoret ical  f low laws. The f ie ld of  d i f fusional  creep

(Nabarro-Herl i  ng and Coble creep) in part icular is postulated on theo-

ret ical  grounds because this mechanism has not been exper imental ly

observed in the case of  rocks and ninerals so far .  Even creep of  ice,

as observed at  temperatures just  below the inel t ing point  and at

very low stresses seems not to conform to the model of diffusional

creep.

The primary ain of these deforination r,rechanism maps is to

outl ine the expected conditions of appearance of given defornation

nechanisms outside the range of  C -  d -  T -  condi t ions accessible to

the exper inental  i  s t .  The main problem in the appl icat ion of  the labora-

tory data is the enormous gap between geological strain rates of the
- tn - t  - tq - lorder of  10 ' "sec '  to l0 "sec '  ( involv ing t ime spans of  between

30 and 3 mi l l ion years for  l0 percent shortening strain) and the
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laboratory strain rates between usual ly l0-2 and l0-7sec-1.  As i l lu-

strated in f ig.  I  one has a high chance of  crossing a boundary between

defonnat ion mechanism f ie lds by extrapolat ing down to lower stratn

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 i imi ted range of  strain rates and

stresses only.  I t  is  a lso seen fron f ig.  I  that  the deformat ion

nechanien f ie lds essent ia l ly  depend on stress.  In order to explore the

f low behaviour at  low stresses the exper inental ist  is  forced to ele-

vate the temperature beyond the range of tenperatures expected under

natural  condi t ions (Paterson , ]976).  
Thus, elevated tenperatures are

essent ia l ly  used as a " t rade of f"  for  unattainably s low geologicat

strain rates.  once a f low law has been establ ished at  h igh tenperatures

and lol/ i stresses the geologist has to extrapolate down to lower tem-

peratures,  a long a path which is less l ikel-v to cross deformat ion

mechani sm boundar ies.



B. Flow laws in calc i te rocks

From the now relatively numerous studies on flow laws

of di f ferent calc i te rocks (e,9.  Heard 1963, Heard and l ta le igh 1972,

Rutter 1970 and 1974, Schmid, Boland and Paterson 1977, Schmid

Paterson and Boland l9B0) i t  can be inferred that there is no

unique f low law val id for  a l l  calc i te rocks ( table I  ) ,

Apart  f rom strain rate,  temperature and stress,  grain s ize appeares

to be a parameter of high inportance, A comparison between coarse

grained narbles (grain s izes of  200-300 /um) and f inegrained I  imestone

(grain s ize of  less than l0/um) shows that the relat ive strength of

these monomineral ic rocks is largely dependent on grain s ize ( f ig,  2) ,

l , lhen consider jng th is inf luence of  grain s ize on the rheological

propert ies we have to dist inguish between ( i )  a high stress environ-

rnent at  re lat ively low T and high A ,  where a snal l  grain s ize leads

to a relat ively higher f low stress and ( i i )  a low stress environ-

ment where the f inegrdined rock f lows at  a relat ively lower f low

stress.  This contrast ing inf luence of  grain s ize on the strength

results from the fact that different deformation mechanisms are

operat ive at  d i f ferent stress levels.

l jnfortunately we have l i t t le infonnat ion so far on the

inf luence of  two other potent ia l ly  important factors such as ( i )  the

inf luence of  f lu id phases on the rheological  propert ies and (2) the

role of  inDuri t ies and second Dhase minerals in calc i te rocks.

l )  The high stress region

At room temperature the br i t t le-duct i le t ransi t ion in

calc i te rocks can be observed to be mainly a funct ion of  the ef fect i -

ve conf in ing pressure,  that  is ,  the di f ference between conf in ing

pressure and the internal  f lu id pressure (Rutter ' l974).  The f low

stress wi th in the duct i le f ie ld never reaches a constant (steady

state) value because of  cont inued work hardening with increasing



strain.  The f low stress at  an arbi t rary chosen strain (usual ly

the l0 percent strain level  js  chosen) is nainly a funct ion of

ef fect ive conf in ing pressure and largely independent of  strain

rate.

The inf luence of  ef fect ive conf in ing pressure on the

strength indicates that f r ic t ion between cohesionless surfaces
is at  least  part ia l ly  control l ing the strength of  the mater ia l  .

Because no fractures are v is ib le nacroscopical  ly  nor under the

opt ical  n icroscope for rocks deformed in the duct i le f ie ld,  these
microcracks presumably mainly fo i low the grain boundar jes and
part  of  the strain is achieved by f r ic t ional ly control led grain

boundary s l id ing.  This pressure dependent type of  duct i le f low
is sonet ines referred to as cataclast ic f low. However,  abundant

twinning within grains is observed at  the same t ime ( f ig,  3) ,  in-
dicat ing that intragranular deformat ion accommodates a large

fract ion of  total  strain even in the pressure sensi t ive region

in the case of  calc i te rocks.

At temperatures higher than around 4000C under labora-

tory strain rates duct i le deformat ion is fu l ly  achieved by intra-

crystal l ine crystal  p last ic deformat ion,  i .e.  by dis locat ion
gl ide and twinning. Effect ive pressure ceases to be an important
parameter,  Rutter (1974) observed that both conf in ing pressure

and pore pressure have no longer a s igni f icant ef fect  on the

rheological  propert ies.  At  the same t ime the f low behaviour of

rocks becomes thermal ly act ivated and this goes hand in hand with
the strength becoming strain rate sensi t ive.  Empir ical ly the

d -  6 -  re lat ionshiD is best descr ibed by an exponent ia l  stress
dependence of  strain rate (see page 6 and table l ) .  The sane

relat ionship can be der ived from f i rst  pr inciples by assuning

that the strain rate is control led by the resistance to gl  ide
( low temperature plast ic i ty of  Ashby and Veral l  ' l978, see f ig.  t ,

occasional ly also referred to as dis locat ion gl ide).  The mot ion

of dis ' locat ions through the cr-vstal  lat t ice is obstructed by energy
barr iers of  d i f ferent sorts ( ' jmpur i t ies for  exanple) and these
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obstacles can only be overcome at a certain rate which is tefl-

perature sensi t ive.

At roon temperature as well as in the 400-5000C ternperature

region the strength of  calc i te is grain s ize dependent in the

sense that a s lnal  I  grain s ize leads to higher f low stresses at

constant temperature and strain rate.  0 lsson (1974) systemat i -

cai ly invest igated the dependence of  the y ie ld stress dy on grain

size in the range of  20 -  300oc and found the fol lowing ernpir ical

rel  at i  onshi  p:

1 ,"
+ k d '  t '

y0

where do and k are constants and d is the grain s ize,  This grain

size dependence is known as the Hal l -Petch law in netal lurgy

(Nicolas and Poir ier  1976).  The hardening ef fect  of  a smal l  grain

size is due to the fact  that  grain boundar ies are obstacles to

the free propagat ion of  s l ip and twinnjng. The shear strain pro-

duced by the conservat ive not ion of  d is locat ions or by twinning

within a part icu ' iar  grain cannot s imply be acconmodated by the

neighbour ing grains,  These strain incompat ib i l i t ies near grain

boundar ies are nicely i l lustrated by the lensoid shaped deformat ion

twins in calc i te which are typical  for  exper imental  ly  and natu-

ral ly defonned calc i te rocks ( f ig.  4) .  The constr ict ion of  twins

at grain boundar ies impl ies that  twinning can only occomnodate

strain in the grain inter ior  whereas the grain boundary region de-

forms by slip nechanisms which are relatively harder to operate

at low temperatures (Turner et  a l  .  1954).  Hence, in a f inegrained
' l imestone the strength of  the polycrystal  l ine aggregate wi l l  large-

]y be determined by the resistance to gl ide (or cracking in the

cataclast ic domain) near the t ip of  a twin lamel la.  In the coarse

grained narble however the local  stress concentrat ions at  grain

boundar ies ( i l lustrated by f ig.  6)  wi l l  have a snal l  ef fect  only

on the bulk strength of  the aggregate.
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The fact  that  twinning is more ef fect ive in coarse grained

mater ia ls is i l lustrated by the observat ion of  Rutter ( . l970)

that f inegrained Solnhofen l imestone does not twin any more at

and above 4000C (and below stresges of  2-3kb) whereas marbles

(Heard and Raleigh 1972, Schmid Paterson and Boland 1980) st i l l

deform by twinning up to tenperatures of 600-7000C (and down

i^ . tF6c.6c 
^f  

:h^rrr  ' l  Lhl

I t  seems therefore that  the cr i t ical  grain s ize below

which no twinning occurs js stress dependent,  The grain s ize in

the matr ix of  ool i t ic  l imestones, exper imental ly deformed for

other purposes by Schmid and Paterson ( ' i977),  is  h ighly var iable

and the minimum grain s ize below which no twinning occurs was

determined as a funct ion of  stress observed at  l0 percent strain

for some of these specimens. In f ig.  5 these resul ts are plot ted

together wi th the t ransi t ion stresses for t l , { inning observed in Soln-

hofen l in€stone and Carrara marble.  The trend for the mininun grain

size for  twinning to be stress dependent is conf i rmed but the

scatter is considerable.  This scatter is part ly due to the fact

that  the presence or absence of  twins in any grain depends on

the or ientaion of  the twin planes in respect to the app] ied stress

f ie ld and that there is no absolutely sharp boundary between the

twinning and non-twinning f ie lds.  I f  fur ther exper inental  studies

could establ ish a better correlat ion and i f  i t  can be demonstrated

that the ef fects of  strain,  strain rate and temperature are unim-

portant,  such a correlat jon could wel  l  serve as a paleostress in-

dicator.

2) The intermediate stress region

Below 2kb in the case of  Solnhofen l inestone and below

I - l  .4kb in marbles a power 1aw dependence (see page 6 and table l )

best  descr ibes the rheological  behaviour.  At  the same t ime the

relat ive strength of  calc i te rocks becomes largely grain s ize

independent ( f ig.  2) .  The act jvat ion energies for  creep ( tab1e 1)
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are now near the experimentally determined activation energy for

di f fusion of  carbon and oxygen in calc iLe (88 kcal  nole- l  .  Ander-

son 1969).  This correspondence in act ivat ion energies is a general

one for many nater ia ls (Kirby and Raleigh 1973) and is consistent

with a model of  Weertnan (1968) assuming that the f low rate is

control led by c l  imb of  d is locat ions ( i .e.  a process involv ing

di f fusion) out of  their  g l ide plane. Thus, c l imb is the rate

control l ing step al though ql ide st i l l  accommodates nost of  the

bulk strain in the grains.

Cl imb al lows the dis locat ions to aggregate along subgrain

boundar ies wi th in the old grains ( f ig,  7) ,  By a process of  pro-

gressive misor ientat ion of  subgrains f i rst  proposed by Hobbs (1968)

to explain dynamic (or syntectonic)  recrystal l izat ion the sub-

grains eventual ly indiv idual ize into an equiaxed mosaic of  new

grains ( f ig.  8)  .  This type of  recrystal l izat ion cal led in s i tu -

recrystal l izat ' ion by Poir ier  and Nicolas ( , ]975) or rotat ion re-

crt /stal l ' izat ion by cul l iope and poir ier  (1979) is dist inct  f rom a
nucleat ion and growth mechanisn which may also occur dur ing

deformat ion.  Both the migrat ion of  d is locat ions into dis locat ion

wal ls (recovery) and syntectonic recrystal l izat ion oppose the

effect  of  work hardening and lead to a steady state s i tuat jon

by keeping the dis locat ion densj ty at  a constant value which is

stress dependent.

Thdoret ical ly the determinat ion of  d is locat ion densi ty

under the t ransmission electron microscope can lead to a paleo-

stress deterninat ion.  Schnid,  Paterson and Boland (19B0) showed

hovrever that  smal l  strains introduced into exper imental ly defor-

med specinens dur ing cool ing under pressure Iead to an increase

in dis locat ion densi ty.  The dis locat ion densi ty in natural ly de-

formed calc'jte may therefore not be used to deduce stresses

dur ing steady state f low i f  smal l  strains dur ing cool ing and

upl i f t ing are l ikely to have al tered the dis locat ion densi ty

(Br iegel  and Goetze l97B) .
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Twiss ( , l977) has shown theoret ' jcal ly that  d is locat ion

densi ty can be related to subgrain s ize and hence that the subgrain

size also nay be used to determine paleostresses. This method of

paleostress deterf i inat ion is more rel iable because grain s ize is

more l ikely to survive cool ing and upl i f t .  The sizes of  both

opt ical ly v is ib le subgrains (subqrains on a TElvl  scale are much

smal ler)  and grains recrystal l ized by the mechanism of subgrain

rotation on specimens of experimentally deforrned rnarble (Schmid,

Paterson and Boland l9B0) was neasured and found to be inversly

proport ional  to the f low stress and the fol lowinq empir ical

relat ionship between stress and grain s ize d was found

togd=logK+blogd.

, .  ^--+lrhere log K -  3.67 :0.07 i f  stress is given in bars and grain

size is measured in y ' r f l ,  and where b = - l .01 1 0.05. This stress

dependence of  the recrystal l ized grain s ize ( f ig.  l0)  as a resul t

of  recovery and syntectonic recrystal l izat ion is l ikely to record the

deviator ic stress dur ing the nain act  of  deformat ion in which the

geologist  is  usual ly interested. Sini lar  re lat ionships were found

in minerals such as ol iv ine,  quartz and hal i te by Post (1973 and

1977),  Kohlstedt et  a l .  (1976),  l4ercier et  a l .  (1977),  Gui l lope

and Pojr ier  ( , l979) and Ross et  a l  .  (1980).

Another nechanisn of  recrystal l izat ion was found to occur in

Carrara marble at  e levated temperatures.  I t  is  dr iven by grain

boundary migrat ion and leads to considerable grain growth at

the highest temperatures ( f ig.9).  Gui l lope and Poir ier  (1979)

refer to th is type of  recrystal l i ra ion as "migrat ion recrystai l i -

zat ion".  For hal i te these authors found that the grain s ize

produced by migrat ion recrystal l izat ion is stress dependent as

wel l .  The grain s ize at  a given stress level  however is roughly

an order of  nagni tude larger than that for  rotat ion recrystal l i -

zatr  on.
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The possibi l ' j ty  of  more than one recrystal l izat ion

nechanism makes the appl  icat ion of  recrystal l ized grain s ize

paleostress determinat ions di f f icul t .  I t  has to be ensured that

the mechanism in the natural  case is the same as the mechan' ism

operat ive in the laboratory.  Also one has to be able to exclude

the possibi l i ty  of  subsequent grain growth under stat ic condj t ions.

Furthennore,  in chapter V the possibi l i ty  of  a recrystal l izat ion

induced change in deformation mechanjsm away from power law creep

wi l l  be discussed. In such a case the establ ished stress -  grain

s ' jze relat ionship breaks down too,

3) The low stress region

Three different mechanisms can be expected to operate in

the low stress region: ( i )  pressure solut ion mechanisms ( j i )  creep

by sol id state di f fusion and ( i i i )  creep by grain boundary s l id ing.

Al l  of  then are strongly grain s ' jze dependent,  but  in contrast  to

the high stress region a smal l  grain s ize leads to a relat jvely

iower f low stress at  constant strain rate.  The f i rst  two of

these mechanisms lead to l inear v iscous behaviour.

Rutter ( ' l976) proposed a deformation mechanisn rnap for

calc i te ( f ig.  l l )  by taking into account creep by sol id state

di f fusion (Nabarro-Herr jng and coble creep) on the one hand and

pressure solut ion on the other hand, Unfortunately both these

mechanisms have not yet been experimentally observed to operate

in cal  c i  te rocks.

There is ample evidence in natural ly deformed rocks that

pressure solut ion is a conmon deformat ion mechanism at relat ively low

tenperatures. In Rutterl model for pressure solution the rate

of deformat ion is mainly control led by the normal stress across

a gra' jn boundary,  the concentrat ion of  the solut ion outside the

interface bet l reen two grains and by the grain boundary di f fusiv i ty

in the presence of  a f lu id f i lm at  the grain boundary.  I t  has to

be emphazised that Rutters nodel  appl ies to pressure solut ion at



the scale of  indiv idual  grains only.  In natural  rock deformat ion

solut ion t ransfer of ten occurs on a much b' jgger scale and in such

cases the f low law der ived from this model does not apply.

Creep by sol id state di f fusional  mass transfer has not
yet been observed exper imental ly in rock rnater ia ls,  At  noderate

temperatures,  where f lu ids are present in rocks the solut ion

transfer model leads to higher strain rates than the sol id state

di f fusion nodel  ( f ig.  l l ) .  From this f igure i t  is  a iso evident

that pressure solut ion mechanisms are exrremely di f f icul t  to

produce under laboratory condi t ions because they operate at  low

stresses and temperatures only!  i .e.  at  very s low strain rates.

By increasing the temperature at  low stresses in order to produce

measurable strain rates other nechanisms with a higher act ivat ion

energy,  such as sol id state d ' j f fus ' jonal  creep or grain boundary s l i -

d ing wi l  l  operate.  Another interest ing feature of  f ig.  l l  is

that  the f low stress at  a given strain rate is near ly temperature

insensi t ive wi th in the f ie ld of  pressure solut ion,  Rutter (1976)

points out that th' is feature results from the competing effects

of  ( i )  decreasing solubi l i ty  of  calc i te wi th increasing tempe-

rature and ( i i )  increasing pressure sensi t iv i ty of  solubi l i ty

wi th increas' ing temperature.  At  the same t ime the di f fusiv i ty wi th in

a grain boundary water f i ln is not expected to be very tenperature

sensi t ive.

The third mechanism l ikely to operate at  low stresses

is grain boundary s l id ing leading to superplast ic behaviour.  The

not ' jon of  superplast ic i ty is a phenonenological  one and impl ies

extrene duct i l i ty  in extension of  mate[ ja ls,  In th is very broad

sense al  l  h ighly deformed rocks such as myloni tes could be cal Ied

superplast ic.  Superplast ic defonnat ion in the usual  narrow sense

however is addi t ional ly character ized by ( i )  a low value of  the

parameter n in the f low law of  the form do6.dn, wi th l<n<3

and ( i i )  by the observat ion that the grains remain equiaxed even

after large anounts of strain. lvlost authors regard grain boundary

sl  id ing as the pr jne strain producing mechanism dur ing superplast ic
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f low (Edington et  a l  .  I976).  lv l i  crodynami ca l  nodels for  superpla-

st ic f low usual ly assume that the strain rate at  any given

temperature and stress is not control led by the v iscous resistance

to s l id ing at  the grain boundar ies but rather by the s lowest

event dur ing the process of  grain boundary s l id ing and grain

swopping, nanely the minor changes in shape the grains have to

undergo in order to s l ide past each other and to change neighbours

(f ig.  12).  Bal l  and Hutchinson ( ' ]969) proposed that dis locat ions

pi le up at  unfavourably posi t ioned grain boundar ies and that

these dis locat ' ions escape b-v c l imb into the grain boundar ies,

An al ternat ive nodel  by Ashby and Verral l  ( . l973) proposes local

d i f fus i  onal  mass transfer.

Superplast ic f low of  f inegrained Solnhofen l inestone

has been observed by Schnid,  Boland and Paterson (1977) to be

the dominant deformation mechanism below stresses of 400 bar at

9000C and below 1000 bar at  6000C. An observed value of  l .7

for the stress exponent n as wel l  as the observat ion of  extensive

grain boundary s l id jng using the spl i t  cyl inder technique

provide strong evidence that superplast ic f low is the dominant

deformat ion mechanism in calc i te at  low stresses. No evidence

for Coble creep was found.

Fi9s.  l3 and l4 are deformat ion mechanism naps ent i re ly

based on ernpir ical ly detennined f low laws ( table l ) .  In these rnaps

the f ie ld of  d i f fusional  creep dominat ' ing at  low stresses in

Rutters deformat ion mechanism map ( f jg.  l0)  has been replaced

by the exper imental  iy  determined f low law for superplast ic behaviour.

I t  is  interest ing to note that  the observed f low law for super-

plast ic creep does not di f fer  drast ' ical ly f rom Rutters theoret ical

predict ions based on an ent i re ly di f ferent mechanism! namely

di  f fusi  onal  creep.
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III. THE l ' l ICR0FABRIC 0F EXPERII. 'IENTALLY DEFoRI,IED CALCITE RoCKS

A. l '4 i crostructure

Early work on exper imental  deformat ion of  calc i te s ingle

crystals (Turner et  a l  .  1954) showed that twinning js easier than

I-Sl ide at  low temperatures and that the cr i t ical  resolved shear

stress for  r -g l  jde,  be' ing very temperature sensi t jve,  eventual ly

becones lower than that for twinning on e at increased temperatures.

The sane trend was observed for polycrystal l ine Carrara marble

where twinning is dominant above 1000 bar di f ferent ja l  stress,

corresponding to temperatures of less than 600-700oC at labo-

ratory strain rates ( f ig.  15) and where twinning is absent in

the low stress-high temperature region ( f ig.  9) .  Schmid, Paterson

and Boland (1980) showed that the t ransi t ion f rom dominant ly

twinning to doninant ly gl  ide coincides with the t ransi t ion f rom

an exponential stress dependence of strain rate to a power law

stress dependence. The power law region, where intracrystal l ine

gl ide predominates,can be subdiv ided into ( i )  a stress range

of 200-1000 bars where polygonizat ion wi th the typical  developrnent

of  equiaxed subgrajns is conf ined to the grain boundary region

of or ig inal  grains and where undulose ext inct ion and pr ismat ic

subgrains are found jn the grain inter ior  ("core-mant le structure")

( f ig.  16) and ( i i )  a low stress fegion below 200 bar where a polr

gonal  network of  equiaxed grajns penetrates ent i re grains ( f ig.  l7) .

This change in microstructure wi th in the power law region again

goes hand in hand with a change in the form of the f low law

from high values of  the stress exponent n between 7 and 8 at  h igh

stresses to a lower value of  n around 3 to 4 at  the lower

stresses. Grain boundary s l id ing between recrystal l ized grains

was found to occur but there is no evidence for grain boundary

sl id ing as a major strain producing mechanisn in the marble,



The nicrostructural  development in f inegrained Soln-

hofen l imestone is qui te dist inct  f rom that descr ibed for

Carrara marble.  As nent ionned ear l ier ,  the smal l  grain s ize in

this l imestone prohibi ts twinning and indeed no twinning is

observed in Solnhofen l imestone under condi t ions where the narble

st i l  I  deforms by twinning ( f ig.  lB).  Aiso does the change from

an exponent ia l  into a power law f low law not coincide with the

transi t ion f rom twinning to gl  jde.

As grain boundary s l id jng becones predominant at  low

stresses the microstructure changes markedly:  the grains remajn

equiaxed even af ter  large strains and no opt ical ly v is ib le strain

features can be detected ( f i9.  l9) .  The grain boundar ies ! , {h ich are

serrated in the undeformed mater ia l  have equi l ibrated into a
polygonal  network wi th straight boundar ies,  indicat ing that the
grain boundar ies became mobi le.  This mobi l i ty  of  grain boundar ies

helps in accomnodat ing grain boundar,v s l id ing.  lyeasurements

on grain shape have shown that the amount of  strain as recorded

by the shape anisotropy of  the grains amounts to only about
I' /3 of  the total  strain i f lposed (Schmid Boland and Paterson 1977),

suggest ing that grain boundary s l id ing predominates but that

there might be a conponent of  intracr,vstal l ine dis locat ion creep

as wel l .

The fact  that  grain shape no longer ref lects total  strain

in the superplast ic regine is of  importance to the development

of  sbh' jstosi ty and l ineat ions in rocks.  These nacroscopic fabr ic

elements of ten ref lect  grain shape and the intens' j ty of  schi-

stosi ty and/or l ineat ion is expected to be a very poor qual i tat ive

indicator of  the magnitude of  total  strajn once a rock deforms

by grain boundary s l  id in9.

Another important character ist ic of  superplast ic f low is

that the nicrofabr ic is very stable up to large strains.  This

is not the case for twinning and dis locat ion gl ide where a

strong crystal lographic preferred or ientat ion as \ 'e l l  as a shape

anisotropy of  the grains develops. This leads to strain hardening

in coaxial  deforrnat ion and possibly to strain sof tening in
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sinple shear.  I f  Coble creep is envisaged as a deformat ion

mechan'ism then the grains become progressively elongate and

this leads to an increase in the length of  the di f fusion path

between the si tes of  sources and sinks of  the di f fusing vacan-

cies.  Th' js means that the mater ia l  eventual ly work hardens af ter

large strains.  Thus, grain boundary s l id ing is the only necha-

nisn leading to steady state deformat ion over very large

anounts of  strain (wi th the possible exept ion of  d is locat ion

creep acconpanied by cont jnuous dynanic recrystal l izat ion).

B. Texture

A simi lar  correspondence between f low law and defomat ion

mechan'isn on the one hand and nicrofabric 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 basical ly three types of  textures can

be found in exper imental ly deforned l inestone and narble:

type A strong preferred orjentation of compression directions

near c and e for  twinned calc i te rocks ( f ig.  20)

type 2i A naximum near a, extending towards tl with a second

maximum near e for specimens deformed by intracrystall ine

sl  ide ( f is .  2 l  ) .

Eype A concentrat ion of  conpression direct ions perpendicular

to c for  the superplast ic regine ( f ig.  22) .  Here the

degree of  preferred or ientat ion is s igni f icant ly weaker

than in the two previous types after the sane amount of

shorteni  ng.
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Texture developnent elegant ly ref lects the predominant

deformat ion nechanisms for the exper inental ly deformed rocks.

However,  texture analysis is a more di f f icul t  tool  in evaluat ' ing

deformat ion mechanisms in natural ly deformed rocks because the

texture is also strongly dependent on the shape of  the f in i te

strain el l ipsoid as wel l  as on the deformat ion path.  This wi l l

be i l lustrated when the textures of  natural ly deformed rocks

wi l l  be discussed.

The type I  textures seem to be mainly caused by twinning.

Twinning on g produces a reor ientaion of  the crystal lographic

axes not only through external  rotat ions but also by a complete

reor ientat ion of  the twinned domain such that the conpression

axis becomes to l ie somewhere near the c-axis in terms of  an

inverse pole f igure presentat ion such as f ig.  20.  L ister (1978)

found that the Taylor-Bishop-Hi l l  analysis of  texture develop-

ment does not al low for a successful l  s imulat ion of  the type I

texture.  This method of  texture s inulat ion t reats twinning on

e I jke gl ide on e and hence does not al low for a reor ientat ion

of the lat t ice wi th in the twinned donain ment ionned above. l , lenk

et al  .  ( ]973) cane to the conclusion that an e-maxinum type

of preferred or ientat ion can also be explained by the s imulta-

neous operat ion of  two r-gl ide planes, based on apply ing the

Calnan and Clews (1950, I95la,b) analysis to calc i te.

The type 2 texture has been remarkably wel l  s inulated

by Lister (1978) when act jvat ing mainly r-  and f-gl ide and in

addi t ion e-g1ide to a minor extent.

According to Lister (1978) the type 3 textures are best

interpreted in terms of  s l ip on r  and f ,  but  no act iv i ty at  a l l

on the e-planes. The fact  that  th is texture is weaker than the type

I and type 2 textures agrees wel l  wi th the observat ion that grain

boundary s l id ing is the dominant deformat ion mechanisn. The strain

contr ibut ion f rom gl ide on r  and f  is  smal l  and the texture is

cont inuously randomized by grain rotat ions.
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IV. THE 14ICROFABRIC OF NATURALLY DEFORI4ED CALCITE ROCKS

Calci te is very suscept ib le for  anneal ing under elevated

temperatures.  Gr iggs et  a1.  (1960) invest igated the ef fects of

anneal ing recrystal l izat ion on calc i te aggregates and single

crystals in the laboratory.  Anneal ing recrystal l izat ion starts

at tenperatures around 5000C and the amount of recrystall ization

depends on the strain induced pr ior  to anneal ing.  High strains

induce a high di f ference jn f ree energy between the in i t ia l

and the recrysta]  I jzed state v ia the stored strain energy in the

form of dis locat ions.  Gr iggs et  a l  .  (1960) found that anneal ing

times between 15 and 120 minutes had no effect on the amount of

recrystal l izat ion.  Under geological  t ine spans however j t  is

l ikely that  the threshold tenperature is even lower than 500oC,

Griggs et  a l .  (1960) demonstrated that anneal ing re-

crystal l izat ion substant ' ia l ly  a i ters the nicrostructure to a

granoblast ic or porphyroblast ic nicrostructure typical  for

marbles and that the texture tends to becone randon with traces

of the original prefeffed orientation ' left.

A c lassical  example of  a very intensely deformed but

conpletely annealed calc i te rock is Carrara marble.  The ef fects

of  anneal  jng are so strong in th is rock that i t  serves as an

"undeformed" start ing mater ia l  in exper imental  rock deformat ion.

This extrene sensi t iv i ty to the ef fects of  anneal ing

recrystal l  izat ion has ' i ts  advantages and disadvantages in f ie ld

geological  problens. I t  is  a great djsadvantage of  course that the

traces of  deformat ion and dynamic (syntectonic)  recrystal l izat ion

are completely wiped out in high metamorphic terrains.  The ef fects

of  anneal ing recrystal l  izat ion start  to predominate wi th jn the

greenschist  facies rocks in the case of  calc i te.  Therefore studies

of deformation nechanisms on the bas'is of the microfabric are

l imited to unnetamorphic or lower greenschist  metamorphic

terrains such as the Helvet ic nappes in the Alps.  The advantage
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however l ies in the fact  that  late postmetamorphic deformat ions

can easi ly be demonstrated i f  they af fect  a highly metanorphosed

marble.  In a region along the Insubr ic l ine strongly deformed

calc-myloni tes (Ft  iesskalke,  Gansser 1968) are very widespread

and they are good indicators for  post- lepont ine tectonic events.

Deformat ion dur ing higher metamorphic grade is v/el l  recorded

jn the microfabr ic of  quartz ! , rhere especial ly the texture st i l l

records the kinematic framework during defomation, even under

anphibol i te facies condi t ions (Sinpson l9Bl) .  The fact  that

calc i te is very abundant in low grade environments whereas

quartz is abundant in high grade terrains is very for tunate

in that  i t  provides the f ie ld geologist  wi th enough f l ic iofabr ic

evidence under al l  metamprphic condi t ions i f  he chooses the

appropr iate mineral  species for  h is studies.

A. Pressure sol  ut i  on

I t  is  wel l  known that pressure solut ion,  i .e.  stress

induced di f fusjonal  nass t ransport  in a "wet"  environment v ia

solut ion and redeposi t ion,  is  a very important deformat ion mecha-

nisn in l imestones (Durney l972, Ramsay 1981).  Because of  the

di f f ' jcul t ies in act ivat ing th is deformat ion mechanism under labora-

tory strain rates there are hardly any experinental data to be

compared with f ie ld observat ions.  For th is reason the emphazis of

th ' is  contr ibut ion wi  l l  be given to other deformat ion mechanisms

although they are by no means the only important mechanisms.

Another di f f icui ty associated with pressure solut ion

stens from the very large domains wh'jch have to be considered

because the si tes of  solut ion and redeposi t ion are of ten very

distant in space. lv lost ly the t ransport  path goes over many grains

in the aggregate,  for  example f rom a sty lo l i te to a calc i te vein.

Thjs s i tuat ion does not correspond to the pressure solut ion

nodel  of  Rutter (1976) and long distance transport  nechanisms
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are very d ' i f f icul t  to s imulate in the laboratory because of  the

srnal  I  specinen sizes.

under favourable circumstances however solution and

redeposi t ion on the scale of  indiv ' idual  grains,  corresponding

to the model of  Rutter (1976),  can be observed in nature.  Fig.  23

i l lustrates di f fusional  mass transport  in a cr inoidal  l inestone

from the schistes lustres in Corsica.  The high impuri ty content

in the cr inoidal  f ragments contrasts wi th the c lean areas of

overgrowth.  Solut ion takes place along the sty lo l i tes,

I t  is  interest ing to note in f ig.23 that the l ight

coloured domains of  redeposi t ion occur in a direct ion which is

not at  900 but obl ique to the plane of  or ientat ion of  the sty lo-

l i tes.  Fig.  24 shows a mica-r ich domain wi th in the same sect ion

and in an ident ical  or ientat ion to the micrograph of  f ig.  23 and with

asymmetr ic crenulat ion fo lds.  The axial  p lane of  the microfolds

suggests a direct ion of  maximun f in i te shortening obl ique to the

nonnal  to the sty lo l i tes in f ig.  23 but paral le l  to the elongate

domains of  redeposi t ion.  This suggests that  sty lo l i te or ientat ion

is not control led by the or ientat ion of  the f in i te strain axes.
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B. Intracrystal l ine piast ic i ty and grain boundary s l id ing

l)  The reqional  set t ing of  the rocks descr jbed

The discussion of  natural ly deformed rocks wi l l  focus

on two types of  calc i te tectoni tes:  ( i )  l imestones deformed to

high plast ic strains and with a wel l  developed fol iat ion and

stretching l ineat ion and ( i i )  calc-myloni tes.  Wel l  developed

fol  iat ion and stretching I jneat ion are found only in deeper

structural  levels wi th in the Helvet ic nappe pi le,  our majn area

of jnvest igat ions.  They are found along the inverted l imb of

the l ' lorcles nappe and in the parautochthonous cover of the

infrahelvet ic nappes in Eastern Switzer land (Mi lnes and Pf i f fner
. l977) 

and in the Saasberg-Schuppe si tuated between the main Glarus

thrust  p lane below and the Verrucano sediments of  the Freiberge

above. In the normal l  imb of  the l4orcles nappe and in higher

tectonic levels of  the Helvet ic nappes in general  pressure solu-

t ion mechanisms are readi ly detectable in the f ie ld in the form

of sty lo l i tes on one hand and f ibrous deposi ts in "pressure

shadows" and veins on the other hand (Durney and Ransay 1973).

The traces of  intracrystal l ine p ' last jc i ty are not so easy to

detect  at  re lat ively low strains typical  for  these structural

levels and i t  rema' ins uncertain as to how much they contr ibute

to the total  strain in the rocks.  I t  is  certain however that  the

relat ive contr ibut ion by pressure solut ion to total  strain is

signi f icant ly higher in the higher structural  levels (Ramsay l9Bl) .

The reasons for having dominant ly intracrystal l ine plast ic i ty

in the lower parts of the Helvetic nappes can be interpreted

in two ways by naking use of the deformation mechanism map in

f ig.  l l ,  proposed b.y Rutter (1976):

( i )  The increased temperatures in the lower structural  levels

favour intracrystal l ine plast ic i ty as a consequence of  the

vast ly di f ferent tenperature sensi t iv i ty of  strain rates
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for the tvo .Fjechani sms.

( i i )  Total  strain in the inverted l inb of  the l4orcles nappe

frequent ly is orders of  magnitude higher than in the normal

l imb and i t  could be argued that strain rates and consequent-

ly stresses were substant ia l ly  h igher as wel l .  In th is case

nainly gradients in strain rate and stress would be respon-

sible for  the observed change in the dominant deformat ion

mechant 5m.

Here the second interpretat ion is favoured because

with a nere increase in temperature we would expect a change frolir

pressure solut ion mechanisms into di f fusional  creep such as

Nabarro-Herr ing or Coble creep according to f i9.  l l ,  or  into

superplast ic f low according to the defonnat ion mechanisn maps

of f igs.  13 and 14 only an increase in the magnitude of

strain rate and stress can bning about the change towards intra-

crystal  I  i  ne p last i  c i  ty.

The stresses necessary to induce this change are iargely

dependent on grain s ize and are in excess of  ]00 bars for  coarse

grained calc i te rocks and in excess of  1000 bars for  grain s izes

around 10/rm ( f igs.  l3 and l4) .  Because many l imestone format ions

such as the Upper Jurassic l t la lm are very f inegrained we would

expect larqe stresses in excess of  lkb in these deeper structural

levels of  the Helvet ic nappes i f  d is locat ion gl ide or creep are the

doninant defonnat ion mechanisns.

The occurrence of  calc-myloni tes is mainly restr icted

to the Helvet ic nappes east of  the Reuss val ley.  They accompany

the Glarus overthrust where they are known as Lochseitenkalk

(Schmid 
, ]975),  

They are not l imi ted to that  part icular thrust

however and the same type of rock occurs aiso along second order

thrusts at  deeper 1evels,  such as the base of  the infrahelvet ic

Griesstock nappe (Frey ' ]965) and at  nappe boundar ies vr i th in the

the Helvetic thrust block such as the contact between the lvli irtschen-

and Axen-nappes (Schindler '1959)

The tectonic sty le of  the Helvet ic nappes changes

rather abrupt ly along str ike across the Reuss val ley as wel l
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(Tr i jmpy 1969).  West of  the Reuss vai le-v fo ld nappes with large

inverted l imbs predominate.  The strain in these inverted l imbs

is pervasive and high throughout the strat igraphic succession

which is usual  ly  wel l  preserved, East of  the Reuss val  ley the

sed' inentary cover of  the nappes js basical ly in an upr ight

posi t ion,  apart  f rorr  minor second order fo lds,  The base of  the

nappe uni ts is of ten marked ! , { i th a calc-nyloni te.

l , {hereas the process of  nvloni t izat ion occurs in s i tu

along some of the second order thru6ts,  the Lochsei ten calc-

nyloni te along the main Glarus overthrust  is  a l  lochthonous in

the sense that i t  is  not  der ived fron the footwai l  (Flysch

uni ts)  nor f ron the overr id ing uni t  (Verrucano).  The f ie ld

evidence suggests that  these calc-myloni tes f low much more readi-

ly than the country rocks,  including neighbour jng unnyloni t ized
' i imestones which are local ly present along the main Glarus thrust

(Schnid l975).  This obviously demands an explanat ion which

accounts for  the reduct ion in f low strength dur ing myloni t izat ion

(work softening) such as to keep deformation concentrated

along myloni te layers rather than spread i t  over the ent i re

strat igraphic succession as is the case in the western parts

of the Hel vet i c nappes.
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2) Calc i te tectoni tes wj th a wel l  developed fol iat ion and

stretchi  ng I  ineat ion

To some extent the nicrostructures and textures of

sone of  these rock types have already been discussed in Schnid,

Casey and Starkey (198])  and for addi t ional  informat jon,  part ' i -

cular ly on the detai led texture descr ipt ions in the form of

or ientat ion distr ibut ion funct ions (oDF) the readel is referred

to th i  s contr ibut ion.

q)_l41clo:tlu9t!r9s_

In some of the rock types along the inverted l irnb of

the Morcles nappe the amount of strain can be estimated from strain

markers such as the Tertiary l inestone conglonerates unconfor-

nably over laying mid-Cretaceous l imestones (Badoux 1972).

I t  is  somewhat surpr is ing that the aspect rat ios of  the indiv i -

dual  grains in these conglomerates by no neans record the

high anount of  strain in the rock ( typical ly around 50:10: l ) .

As shown in f i,g. 25 taken from one of these conglomerates the arnount

of  strain recorded by the aspect rat io of  the grains rarely ex-

ceeds l :1.5 in the X-Z-sect ion.

Another str ik ing feature is that  the f lat tening plane

of the grains of ten does not coincide with the macroscopical ly

wel l  developed fol iat ion plane ( f ig.26).  Typical ly,  the plane

of f lat tening in the indiv idual  grains is at  an angle of<450

to the macroscopic fo l iat ion.  This def lect ion of  the grain

f tat tening plane fron the fol iat ion,  i .e,  the supposed plane

of f in i te f lat tening in the rock,  is  systemat ical ly related to

the sense of shear (northward thrust of the core and normal

l imb in the l '4orcles nappe over the inverted l inb) according to

f ig.  27.  Another obl iquj ty can be oberved between fol iat ion plane
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and the posi t ion of  the c-axis point  naximun in the texture of

many of  these rocks ( f ig.  34).  The c-axis point  maxinum is of ten

def lected into a direct ion subpara+lel  to the normal to the

f lat tening plane of  the indiv idual  grains in the microstruc-

ture and, as a consequencej  obl ique to the f in i te plane of  f lat te-

ni  ng ( fo l  iat ion).

I t  could be argued that large amounts of  grain boundary

sl  id ing are reponsable for  th is discrepancy between the type

of strain recorded by the indiv idual  grains and the bulk strain

in the rock.  However the fact  that  ( i )  a strong texture is ob-

served at  the same t ime and ( i i )  that  twinning is pervasive in

some of these specimens ( f igs.  26 and 28) suggests that  intra-

crystal l ine plast ic i ty rather than grain boundary s l  jd jng is

the predoninant deformat ion nechanisn. In th is case grain boundary

migrat ion would cause the observed discrepancy between strain

recorded by grain shape and strain in the bulk rock.  Two kinds

of dr iv ing forces for grain boundary migrat ion can be envisaged:

( i )  the di f ference in stored plast ic strain energy of  neighbou-

r ing grains and ( i i )  the ninimizat ion of  the surface energy

stored at  grain boundar ies by restor ing highly elongated grains

back i  nto near- isometr ic shapes.

In v iew of  the observat ion that in nany cases the grain

boundar ies are fa i r ly  straight and wel l  equi l ibrated ( f igs.  25,

29 and 33) and because of  the sense of  obl iqui ty between indiv idual

grains and the nacroscopic fo l  iat ion being systemat ical ly related

to the sense of  shear the second interpretat ion is favoured (w' i th

the except ion of  the microstructure in f igs.  26 and 28, where local

di f ferences in stored plast ic energy ma-v be at  least  Dart ia l ly

responsable for  the highly serrated grain boundar ies).  Fol lowing

this second interpretat ion the grain shape would record the last

increments of  strain only along a rotat ional  deformat ion path

such as s imple shear.  This interpretat ion in terns of  a rotat ional

deformat jon path can also of fer  a good explanat ion for  the obl iqui-

ty between texture and fol iat ion as ment ioned above and discussed

in Schmid, Casey and Starkey (1981) and shown in f ig.  34.
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l , ] i th the except ion of  the specimen shown in f igs.  26

and 28 twinning is restr icted to the odd larger grain ( fossi l

f ragments etc.)  in the microstructure ( f igs.  30,31 and 32).  The

cr i t ical  n in imum grain s ize for  twinning seens to be around 50y'rm

in the l4orcles area and this minimun grain s ize for  twinning

can be poLenLial ly used for paleostress est imates.  Fig.  5

suggests that  such a relat ionship exists and al though the cal i -

brat ion is subject  to ref jnements one is tenpted to infer a

fa ' j r ly  h igh stress in the order of  zkb for the inverted l imb

of the l4orcles nappe on the basjs of  f ig.  5 and the observed

minimum grain s ize for  twinning at  around 50/m. The microstructure

of f igs.  26 and 28 again form an except ion and here the stresses

nay have been higher.

Are such high stresses to be reconci led wi th reasonable

strain rates i f  one takes the exist ing f low laws on calc i te

rocks? As ment ioned ear l ier  the t ransi t ion f ron pressure solut ion

into intracrystal l ine plast ic i ty rather than into grain boundary

sl id ing mechanisms and/or di f fusional  creep denands h' jgh stresses

at smal l  gra ' jn s jzes.  A stress of  2kb would y ie ld a value

for the strain rate or around l0- l lse.- l  oy ra( ing the f low law

for Solnhofen l imestone in regine 2 ( table 1) to be val id for

an extrapolat ion down to temperatures of  350oC.

Another nethod of  stress delermi.rat ion ,  the s iTe of

recrystal l ized grains ( f ig.  l0)  cannot be widely used in these

rocks because recrystal l izat ion by subgra' in rotat ion can only

rarely be observed to be operat ive in some of the bigger grains.  In

f ig.  32 the s ize of  the subgrains wi th in the large calc i te grain

however agrees with the s ize of  around 20y'rm in the f inegrained

matr ix.  I f  one takes th ' js  grain s ize in the matr ix to be the

resul t  of  dynamic recrystal l izat ion by subgrain rotat ion rather

than by surface energy dr iven grain boundary nigrat ion as sugqested

above one arr ives at  a stress est imate around 250 bar on the basis

of  f  ig.  10.

I f  th is substant ia l ly  lower stress est inate is correct

one would expect superplast ic f low to be the predominant deformat ion
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nechanism and this t,las rejected earl' ier on the basis of the

textural and microstructural observations. Subgrain forTnation

i l lustrated in f ig.  32 would have to be ascr ibed to a late epi-

sode in a continuous deformation process under decreasing stresses.

In conclusion i t  is  tentat ively suggested that the

stresses are in excess of lkb during the main deformational event

in these rocks and that the strain rates were in the order of

l0-"sec- ' .  The rather lengthy discussion demonstrated the

di f f icul t ies in arr iv ing at  an internal ly consistent est imat ion

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

siflply use one of the lines of evidence, such as the paleostress

est imate on the basis of  grain s ize,  in isolat ion.

*r
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q) Tgxlule:

Fig. 34 sunrmarizes the main types of preferred orien-

tat ion patterns found in these rocks.  In contrast  to the texture

resul ts obtained on the exper inental ly deformed mater ia l  ,  where

three dist inct  types of  textures,  corresponding to di f ferent

deformat ion nechanjsms were found, there is basical ly only one

type of  texture in al l  the rocks studied so far:  a s ingle ma-

ximum for s imultaneously c-  and e -  poles.  A s ingle rnaxirnum

pattern for  s imultaneously c and e is possible because the angle

between these two crystal  d i rect ions is only 260 and because the

point  maxima are rather broad. These c- and e- maxima are ei ther

posi t ioned near the fo l iat ion normal or they are def lected from

this direct ion in a systemat ic way in respect to the sense of

shear as inferred fron the f ie ld geological  evidence ( i .e.  they

are def lected from the posi t ion of  the fo i iat ion normal "against"
the sense of  shear,  see f ig.  34a,b and Schmid, Casey and Starkey

( re8r ) .
Apart  f rom this s ingle naximum for c and e which is

common to al  l  the neasured natural  specinens there are s igni-

f icanL di f ferences in the al ignnent of  a l l  Lhe oLher crystal

direct ions and in the s l rnmetry of  these pole f igures.  The types

of textures such as i l lustrated in f ig.  34 can be sunmarized

into two subtypes:

subtype a:

The crystal  d i rect ions other than c and e form snal l

c ' j rc les ( in the case of  the rhomb r)  or  great c i rc les ( in the

case of  the a-axis which is perpendicular to c)  around the c-

and e-maximun posi t ions.  Thus, the texture has a high deqree of

axial symrnetry. As shown in fig. 34a this axial sjmnetry of the

texture however nay be obl ique to the nacroscopic fabr ic axes.

Because twinning is pervasive in the specinen presented in

f igs.  26 and 28, Schmid, Casey and Starke,v ( l9Bl)  interpreted

the obl iqui ty by concludinq that lhe texture ref lecls i .he f inal
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increments along a rotat ional  strain path such as s imple shear.

In th is case the texture would be more or less sJmmetr ic in

respect to the stress axis and obl ique to the axes of  f in i te

strain.  Th' js is because twinning produces a very rapid reor ienta-

t ion of  the crystal  lographic axes within the twinned domains.

Thus, the obl iqui ty of  the c-  and e-axis point  maxima could be

used to gain informat ion on the strain path (co-axial  vs.  non-

coaxial) .  In some other cases the same type of  texture is found

to be sj f lmetr ic wi th the f in i te strain axes indicat ing local ly

coaxial  deformat ion (Schmid, Casey and Starkey, l98l  ) .

subtype b:

The crystal  d i rect ions other than c and e form dist inct

naxima ( f ig.  34b).  The poles to r  tend to be posi t ioned in a

strong naximum near the fo l iat ion nomal and in a secondary

naximum at some angle < 450 to the l ineat ion.  The a-direct ions

no longer def ine a more or less homogeneously populated great

circ le but tend to al ign into a naxinum in the X-Z-plane of

the strain el l ipsoid,  at  sone snal l  angle to the l ineat ion.  I f

again s imple shear is jnvoked from the fact  that  the texture

is obl ique to the nacroscopic fabr ic axes and i f  the shear strain

is assuned to be high, the pole f igure for  r ,  i .e.  the dominant

gl  ide system in the absence of  twinning, can be interpreted

in terms of  a stable end or ientat ion in s imple shear ( f ig.  35).

one of  the r-poles (r l )  is  a l igned such aa.to br ing the r l -

p lane into coincidence with the shear plane in the bulk rock and

r l  then operates syntet ical ly wi th the sense of  shear in the

rock;  the secondary maximum 12 corresponds to r-planes operat ing

ant i thet ical ly to the sense of  shear in the rock.  A version of

this type of texture, but sJ4rmetric in respect to the macrosco-

pic fabr ic axes is i l lustrated in f ig.  34c.  Again,  there are two

maxima for the poles to r ,  but  th is t ime they are symnetr ical ly

disposed in relat ion to the fo l iat ion nornal  .  This texture suggests

conjugate shear on two r-planes aiong a coaxial  deformat ion path
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lv l icrostructural ly the two subtypes descr ibed above are

di f ferent in regard to the abundance of  twinning. The specimens

of subtype a are strongly t!,]. inned (figs, 26 and 28) whereas the

specimens of  subtype b only occasional ly show twinning ( f igs.  29

and 33).  Thus, i t  is  suggested that the subtype b specimens

defonned in an environment where glide on r was very important.

Looking at  the c-axis pole f igures alone i t  appears

however that both subtypes a and b correspond to the type

of texture found in the experimentally defomed material where

twinning is important and where the compression axis is

al igned with the c-  and e- pole direct ions ( type l  texture).

How can this be reconci led wi th the fact  that  no twinning

is observed in the specinens of  subtype b,  whereas for the

exper imental ly deformed mater ia l  twinning seened to be the obvious

explanat ion for  th is texture? The foi lowing explanat ions are

poss i  b l  e:

( i )  Twinning was act ive dur ing the ear ly stages in the

defonnat ion and because twinning in al l  the grains went to comple-

t ion no twin boundar ies are v is ib le any more, In th is case the

natural textures of subtype b would correspond to the type I

textures described in the chapter on experirnental textures,

(i i) l ,, le do not know the effects of the deformation path

on the texture developnent before exper iments or s imulat ions

along a non-coaxial  strain path are avai lable.  I t  is  possible,

that subtype b corresponds to the type 2 texture of the experi-

mental ly deformed mater ia l  and that the strain path has a nore

profound effect on the development of the texture than intuit i-

vely would be assumed.

( i i i )  The natural ly deformed mater ia l  in the case of

subtype b does not correspond to any of the experimentally

produced textures because the relat ive nagni tudes of  the cr i t ical

resolved shear stresses for the act ivat ion of  var ious s l ip syste{ts

(such as r-  and f-gl ide) are di f ferent in the natural ly deformed

specinens due to the lower tenperatures and strain rates or

because so far undetected sl ip systems were act ive in nature.
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The f i rst  explanat ion is rather unl ikely to hold be-
cause of the fact that the twins can stil l be observed in the
case of some of the specinens such as those with subtype a
textures. The strong al'ignment of r-planes in subtype h specimens
enpr ical ly suggests that  I :g l ide is important indeed and in
this case the second or th i rd or a combinat ion of  explanat ions
is to be preferred.

In the case of the subtype a textures twinning is certain-
ly largely responsable for the texture developlnent and the subtype a
textures can easily be correlated with the experinentai ly produced

type I textures.
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3) Cal  c-myl  oni  tes

The nacrosopic appearance of  the myloni tes is charac-

ter ized by a laminat jon produced by darker,  f inegrained domains

al ternat ing wi th l ighter,  coarsegrained domains,  usual  ly  a few

ni l l imetres th ick (Schmid 
, l975).  

The myloni t ic  fo l iat ion is

ei ther wavy or even folded but never ideal ly planar in appearance

l ike the c leavage planes of  the rocks descr ibed in the ear l  jer

sect ion.  Another macroscopic di f ference from the rocks descr ibed

in the previous sect ion is the absence of  a stretching l ineat ion.

In a nore souther ly area around Fl ims the calc-myloni te aiong the

nain Garus thrust  can take on a marble- l  ike appearance and the

I ami nat i  on becomes less marked.

a) The process of  qyloni t izat ion,  i l lustrated in a dgtai! ed_profi le_

Because the calc-myloni tes along the main Glarus over-

thrust  are al lochthonous in respect to the country rocks a detai led

prof i le to i l lustrate progressive myloni t izat ' jon was taken else-

where, nanely through the nappe boundary between the Axen- and

ly i j r tschen-nappes south of  the Kldntalersee (Glarus,  coord.  720 350/

209 350).  There,  Lower Cretaceous oehr l ikalk is the youngest pre-

served format' ion of the l4i. irtschen nappe and is progressively mylo-

nitized and overridden by the oldest fofl lation at the base of

the Axen nappe, the lv l id-Jurassic Dogger format ion ( f ig.  36).  The

ferruginous, quartz-bear ing l imestone of  the Dogger format ion

hardly shows any traces of  defonnat ion in th in sect ion and be-

haved as a fa i r ly  r ig id body at  least  dur ing nappe emplacenent.

Some ninor open folds are found near the thrust  contact  ( f ig.  36)

but on a big scale the ent i re sedimentary pi le up to the Creta-

ceous is in an upr jght  posi t ion wi th in the Axen nappe ( the same

appl ies to the l4 i i r tschen nappe in th is area, see prof i le F,
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table I I  in Schindler ' l959)-  
No br i t t le type thrust  surface is

found at  the very contact  between the myloni t ized oehr l ikalk

and the Dogger format ion.

The fol lowing descr ipt ion of  the microstructures wi th in

the oehr l ikalk format ion runs fron bottom to top (conpare f ig.  36)

At 3 metres below the contact to the base of the Dogger

the 0ehr l ikalk st i l l  has i ts or ig inal  sedimentary microstructure

preserved. Fig.37 shows sl ight ly f lat tened ooids in a spar i t ic

matr ix.  Thus, the spectrun of  grain s izes present in the start ing

mater ia l  is  very wide. Figs.  38 and 39 i l lustrate again that

only the larger grains of  the spar i t ' ic  matr ix deforn by twinning

whereas the smal ler  grains wi th in ooids remain untwinned. Fig.  40

i l  lustrates the format ion of  subgrains throughout one of  the

coarse grained natr ix grains which is unsui tably or iented for

twinning. Subgrain format ion and recrystal l izat ion by subgrain

rotat ion ( f ig.  40) are more of ten observed in untwinned grains

deforming by gl  ide alone.

At 2 metres below the contact  the coarser grains are

more heavi ly twinned and new grains of  a very smal l  grain s ize

( in the order of  I  /m and hence at  the l imi t  of  opt ical  resolu-

t ion) nucleate ( f i9.4l) .  The process of  recrystal l izat ion by

nucleat ion is di f ferent f rom recrystal l izat ion by subgrain ro-

tat ion ( f igs.  40 and,42) and leads to a much smal ler  grain s ize.

Some of the twins are very broad and lensoid shaped and they

show evidence for twin boundary migrat ion ( f i9.  43).  The simi-

lar i ty wi th some of the exper inental ly deformed marble specimens

is renarkable.

only at I metre below the contact do the l inestones start

to exhibi t  the typical  rnyloni t ic  fo l iat ion and the fol lowing

descr ipt ions apply to th is nyloni t ized hor izon. Fig.  44 taken

from one of  the few large or ig inal  grains lef t  over,  i l lustrates

the beginning of  granulat ion by nucleat ion recrystal l izat ion,

preferably local ized along old t races of  twin boundar ies.  In f ig.  45

one of  these surviv ing old grains is surrounded by a total  ly
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recrystal l  jzed matr ix-  Fig.  46 i l lustrates that  recrystal l izat ion

by subgrain rotat ion occurs ui  the sure t ime, producing a lar-

ger grain s ize.  Figs.  47 and 48 show the typical  end product of

th is progressive grain s ize reduct ion:  the larger grains are so

heavi ly twinned that the twin boundar ies have a rather di f fuse

appearance. The natr ix grains most ly have a grain s ize of  I  or

a few /um
Along the sarne prof i le the textures of  some of the

specimens have been neasured ( f ig.  36).  The pole f igures are

presented in a project ion plane perpendicular to the myloni t ic

fo l iat ion wi th the direct ion of  supposed tectonic t ransport

(north) onjented at  the nargin of  the pole f igure (no l ineat ion

is observed).  one of  the specimens (7978) was taken from 2

metres below the contact  in unnyloni t ized l imestone and two

specimens are f rom within the nyloni te band at  20 cm from the

contact  (7975) and from the very contact  (7974 in f iq.  36).

Two features are somewhat surpr js ing:  ( i )  the inten-

si ty of  the texture is unaffected by the myloni t izat ion process

and the texture of  the myloni tes is no stronger than in many

of the tectoni tes descr ibed in the previous sect ion and ( i i )  the

sJanmetry of  the pole f igures roughly coincides with the nacro-

scopic fo l iat jon ( in specinen 7975 the e-axis point  maximum

is sonewhat obl ique to the fo l iat ion but in a sense opposi te to

what would be expected for the sense of shear inferred from a

northward transport  of  the Axen nappe, compare f ig.  34a and b).

The f i rst  feature,  the weak texture,  can be ascr ibed to

the fact  that  dynamic recrystal l izat ion leads to a grain s ize

reduct ion and that th is in turn induces a change in deformat ion

mechanism towards predominant ly grain boundary s l id ing in the

f inegrained donains ( th is change in deformat ion mechanisn wi l l  be

more extensively discussed in a later chapter) .  The larger and

heavi ly twinned old grains would then be strongly or iented, but

grain boundary s l id ing jn the matr ix would tend to randonize

the texture in the total  rock,  as measured by the X-ray method.
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The high sj4nmetry can be interpreted to indicate that
shear ing is concentrated in the f inegrained recrystal l ized laminae
and that the coarse grained rel ict  grains,  determining the bulk
texture to a large extent (because X-rays neasure the bulk intensity
to which these domains largely contribute) , behave rather passively

during shear. The coarse grained domains could record either an

eariier defornation history or a 'local deformation history which
deviates fron the deformation path of the bulk rock.

All of the pole figures conform to the types of textures
i l ' lustrated in f ig,  34 for  the calc i te tectoni tes:  specimen 7978
corresponds to subtype b and the two othef specimens are sonewhere
intermediate between the trlo subtypes il lustrated in fig. 34.
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!)_The lnlclTra !r1c of cal c-m,vl oni tes_fron the main_Glarusoverthru st

In the central and nore northern areas the micro-

structure is remarkably s in j lar  to the microstructures descr jbed

in the previous sect ion.  Twin boundary migrat ion and nucleat ion

recrystal l izat ion can be observed in relat ively undeformed

donains such as syntectonic calc i te veins ( f ig.  49) .  Recry-

stal l izat ion by subgrain rotat ion,  mainly concentrated in

grain boundary regions is also observed ( f ig,  50).  Again,  the

grajn s ize produced by nucleat ion recrystal l izat ion is much smal ler .

As a consequence the grain s ize of  the fu l ly recrystal l ized natr ix

is very var iable ( f igs.  51 and 52),  usual ly l0y ' rm and less,

Fig.  53 shows large f lat tened old grains surrounded by a fu l ly

recrystal l ized matr jx wi th near isometr ic grain shapes,

In a more souther ly area south of  Segnes Pass the rocks

are almost fu l ly  recrystal l ized and only rarely are old twinned
grains preserved ( f ig.  54).  Subgrain rotat ion is now the only

recognizable mechan' ism of recrystal l izat ion ( f ig.  55) und thus

the average grain s ize is larger ( f ig.  56) in fu l ly  recrystal l ized

domains.  Thjs gives the rock the marble- l  ike macroscopic apearance.

In some cases there is evjdence for subsequent growth and late

twinning, postdat ing recrystal l izat ' jon and grain growth ( f ig.  57),

Figs.  58 and 59 i l lustrate an analoguous microstructu-

ral  development in a specimen of  narble col lected in the Valpel l in

Ser ies of  the Dent Blanche nappe. This marble was post-metanor-

phical ly deformed and the central  part  of  a marble hor izon is

completely recrystal  i  jzed to a calc-myloni te.

The texture of one of the mylonites fron the Glarus over-

thrust  was measured and publ ished in Schmid, Casey and Starkey (198] ,
specimen 63).  The type of  texture is the same as for the myloni tes

descr ibed in the previous sect ion,  the c and e- naxima are per-

pendicular to the fo l iat ion.  Fig.  6 l  i l lustrates the texture of

one of  the myloni tes f rom the southern area along the overthrust ,
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where recrystal l izat ion went to complet ion.  The texture is very
weak in th is rock and this supports the idea that grain

boundary s l id ing is the dominant defomat ion nechanism once the

rock has compl etely recrystal I i  zed.
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recrystal l  izat ion were observed in the myloni tes :  recrystal  I  izat ion

by nucleat ion,  not observed in the exper inental ly deformed

nater ia l  ,  and recrystal l izat ion by subgrain rotat ion,  observed to

be stress dependent in the exper imental ly deformed rocks.

Table 2 summarizes the grain s ize measurements for  those

specimens on' ly where recrystal l izat ion denonstrably occurred by

subgrain rotat ion.  Simi lar ly to the exper imental ly deformed

mater ia l  the grain s jze of  fu l ly  recr-vstal  I  ized grains and sub-

grains was found to be equal  .  The average maximun grain dianeter

paral le l  to two perpendicular direct ions was measured for 20-50

grains in each specinen. No correct ion for  the t rue 3-dimensional

shape was made since the grain s ize determinat ions in the exper i -

mental  mater ia l  ( f ig.  l0)  were not corrected for cut-ef fects ei ther.

The grain s izes l is ted in table 2 are remarkably s in i la)

over al l  the specimens and therefore a mean of  a l l  the nean values

(6.5y'rm) was chosen to est imate the stress dur ing subgrain format ion

and recrystal l izat ion,  By using the relat ionship i l lustrated in

f ig.  l0 one obta' jns a di f ferent ia l  stress of  around 700 bar.

Does this indicate that  the basal  shear stress in the myloni te

during nappe emplacement was around 350 bar (by taking the maximurn

shear stress \dhich is hal f  the stress di f ference) ?

In the fo l lowing chapters i t  wi l l  be argued that the

recrystal l izat ion induced change in defornat ion mechanism towards

superplast ic f low by grain boundary s l id ing wi l l  be associated

with work sof tening. The stress determinat ion based on recry-

stal l ized grain s ize c lear ly can be val id for  that  part  of  the

deformat ion onl-v which occurred dur ing the in i t ia l  phase of

deformat ion by intracrystal l ine plast ic i ty.  0nce the rock defonns

by grain boundary s l id ing,  the grain s ize no more ref lects stress.

Thus, the di f ferent ia l  stress of  700 bars is taken to indicate

s tze
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the peak stress before work sof tening occurred and another,

lower est imate of  stress,  based'on an extrapolat ion of  the f low

law for superplast ic creep wi l l  be produced in chaDrer VI.
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4) Summarv and discussion

one of  the nain purposes of  th is chapter was the demon-

strat ion of  the remarkable s in i la[ i t ies in the n] icrostructural

development with increasing strain bet!, leen laboratory and natural

rock deformat ion.  This indicates that the deforrnat ion r iechanisns

operat ing at  h igh temperatures (500-10000C) and at  laboratory

strain rates are indeed basical ly the same mechanisms which

operate at  much lower temperatures in a geological  environment

at  s low strain rates.  The approach of  using high tenperatures

as a rr t rade of f"  for  s iow strain rates is thus just i f ied.

The stress est imates,  a l though at  best semi-quant i tat ive,

suggest h ' jgh stresses operat ing dur ing deformat ion of  the calc i te

tectoni tes in the lower structural  levels of  the Helvet ic nappes

such as the inverted l imb of  the lv lorc les nappe. The strain and

consequent ly the strain rate gradients in th is part  of  the Helvet ic

nappes seem to be related to stress gradients.

Deformat ion in eastern Switzer land is of ten much more

strongly local ized in narrow nyloni te bands, These calc-myloni tes

show evidence for a reduct ion in grain s ize by dynamic recrystal-

l izat ion wi th increasing strain,  which in turn induces work sof tening.

I t  wi l l  be argued in the next chapters that  the strength of  these

calc-myloni tes must have been extrenely low,

At th is stage i t  is  d i f f ' jcul t  to explain the di f ferent

response of the rocks to stress in western and eastern parts of

the Helvet ic nappes. These di f ferences could be due to ( i )  facies

changes such as the presence or absence of  c last ic sediments such

as the Verrucano format ion in eastern Switzer land, ( i i )  changes
' in the big scale tectonic conf igurat ion and in the exact way deformat ion

is t ransfered fron basenent to cover,  or  ( j i i )  by changes in the

defomat ion nechanisms in the calc i te rocks due to di f ferent

environmental  parameters such as displacef lent  rates of  microplates

or changes in metanorphic grade. Al though the last  interpretat ion



44

cannot be proved to be correct it offers an interesting possibility

that the snall scale deformatioh mechanisn may dictate the large
scal  e tectonic sty le.

The symmetry of the texture is a valuable tool in inter-
pret ing the strain path (co-axial  vs.  non co-axial)  in the case
of a rock with a homogeneous nicrostructure. In the case of the
calc-rnylonites however the textures are syfinetric in relation to
the nacroscopic fo l iat ion in spi te of  the fact  that  these myloni tes
surely must have deformed along a non co-axial strain path.
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V. A MODEL FOR A STRAIN INDUCED CHANGE IN DEFORI4ATION MECHANISI4

LEADING TO IIORK SOFTENING

As emphazised ear ' l ier ,  any f lo l l ,  law and consequent ly also

the associated deformat ion mechanism is vat id only as long as strain
rate at  constant stress can be assumed to be independent of  strain
(steady state concept) .  Strain is an important var iable in geology

that does not appear on defonnat ion nechanisn maps. l t  is  wel l  known

for the work hardening stage of deforrnation that strain induced changes

of the microstructure al ter  the rheolog' ical  behaviour of  the rock

and consequent ly no defornat ion mechanism map in the usual  sense can

be proposed for the work hardening stage.

I t  is  wel l  known to f ie ld geologists that  strain gradients

are acconpanied with substant ia l  a l terat ions in the microstructure,

even af ter  large strainsJ i .e.  at  stages in the deformat ion which are

well beyond the work hardening stage nonnally restricted to the fdrst

few percents of  strain.  one of  the most obvious changes in microstruc-

ture occurr ing in a sequence of  rocks undergo' jng myloni t izat ion is
dynamic recrystal  l izat ion.  Provided that the rock defonns by dis lo-

cat ion creep in a power law deformat ion regime, polygonizat ion into

subgrains is to be expected, and eventual ly the subgrain boundar ies

wi l l  become proper grain boundar ies and the rock wi l  l  have al tered i ts
grain s ize.  Thus, rnyloni t izat ion usual ly is associated with a grain

size reduct ion.

l le have demonstrated ear l ier  that  grain s ize is an inportant
parameter af fect ing the rheological  behaviour of  a rock in the high

stress region where a reduct ion in grain s ize is expected to lead to

work hardening as wel l  as in the low stress region on the other hand

where we expect work softening as a consequence of a grain size re-

duct ion.  Figs.  13 and l4 i l lustrated that any deformat ion mechanism map

is only val id for  a part icular grain s ize.  I t  is  useful l  therefore to

al ternat ively construct  a deformat ion mechanism map with grain s ize
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as a var iable at  constant temperature.  This was done in f ig.62

for calc i te aggregates by combining the const i tut ive equat ions

for exponent ia l  and power law creep as observed in Carrara marble

with those for superplast ic f low observed in Solnhofen l imestone.

Because superplast ic f low is grain s ize dependent,  the resul t ing

deformat ion regime boundary is grain s ize dependent as wel l  and

seperates a high stress -  large grain s ize area of  predominant ly

dis locat ion creep from a low stress -  smal l  grain s ize area of

superpl  ast i  c f low.

Super imposed on this deformat ion regime map is the curve

of stress vs.  the s jze of  new grains recrystal l iz ing by a rotat ion

mechanism of dynamic recrystal l izat ion (see f ig.  l0) .  Str ict ly spea-

king this curve should fa l l  wi th in the power la l r  f ie ld because this

recrystal l izat ion by subgrain rotat ion can only be brought about

by dis locat ion creep and the not ion of  an "equi l ibr ium grain s ize"
' is  meaningless in the domain of  superplast ic f low (Ether idge and

i lk ie,  1979).  The stress vs.  grain s ize curve however is super imposed

on the deformat ion nechanism map solely for  the purpose of  demon-

strat ing the fol lowing evolut ion wi th increasing strain:

A calc i te aggregate deforms by a strajn rate and under a

stress indicated by the posi t ion of  point  A in f ig.  62.  The posi-

t ion of  th is point  A indicates that the mater ia l  has a grain s ize

which is larger than the size of  the subqrains and recrystal l ized

grains expected to form with increasing strain.  The nater ia l  defor-

ning by dis locat ion creep at  point  A wi l l  eventual  ly  recrystal l ize

to a grain s ize along a curve which comes to l ie wi th in the f ie ld

of  superplast ic i ty.  The paths A-B and A-C indicated in f ig.  62

indicate two extreme possibi l i t ies of  what can hypothet icai ly

occur i f  the product ion of  a new grain s ize by rotat ion recrystal-

l izat ion wouid be instantaneous. The path A-B i l lustrates that  under

boundary condi t ions of  constant stress an accelerat ion of  strain

rate over several  orders of  magnitude wi l l  occur as a consequence

of the change in grajn s ize.  The path A-C al ternat ively i l lustrates

a stress drop under the extrene opposi te boundary condi t ions of
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constant strain rate,  This change in rheological  behaviour is a

consequence of  a change in nechanism towards superplast ic i ty and

can only occur i f  the posi t ion of  the equi l ibr jum grain s ize

curve is inside the superplast ic f ie ld.

However,  i t  is  obvious that instantaneous recrystal l iza-

t jon is a very unreasonable assunpt ion for  what nay occur in nature.

As observed in the exper iments on Carrara marble and also in many

myloni t ic  rocks t l re evolut ion of  an equiaxed f inegrained aggregate

of recrystal l ized grains wi l l  lead to a bimodal grain s ize distr ' i -

but ion.  Some fabr ic domains wi l l  be fu l ly  recrystal l ized whi le

the or ig inal  grain s ize wi l l  be preserved in other domains.  This

may lead to a s i tuat ' jon r , /here both dis locat ion creep and grain boundary

sl id ing occur s imultaneously in di f ferent fabr ic domains.  Such a

si tuat ion can no longer be descr ibed by a s ' ingle point  in the dia-

granm of f ig.  62.  ln i t ia l ly  the fu l ly recrystal l ized domains wi l l

be isolated and vl i l l  nake up a smal l  volume fract ion of  the rock.

Thus, f low wi l l  remain stable and can st i l l  be def ined by the posi t ion

of point  A in f ig.  62.  As the volume fract ion of  fu l ly  recrystal l i -

zed mater ia l  grows, the bulk strain rate of  the rock wi l l  increase

and/or the bulk stress wi l l  drop due to the contr ibut ion of  the

superplast ical ly deforming domains to the overal  l  deformat ion in

the rock.  The rheology of  the bulk rock can then be thought to

be given by the position of a point sonewhere along the path bet!,/een

AandBorAandC.

In conclusion, dynanic recrystal l izat ion wi l l  induce a

change in njcrostructure which in turn induces a change in defor-

mat ion mechanisn leading to r , /ork sof tening.

This conclusion apparent ly contradicts the fact  that  dur ing

experimental deformation of Carrara marble no work softening was

observed as a consequence of  dynamic recrystal l izat ion,  even af ter

more than 30 percent shortening (Schmid, Paterson and Boland 198.,-

However,  when a s imi lar  defornat ion regine map is constructed for

the 900-l050oC temperature region (the temperatures at which re-

crystal l izat ion occurred in these exper iments) one ends up with
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a di f ferent posi t ion of  the mechanism boundary in stress vs.  grain

size coordinates due to the di f ferent act ivat ion energies for

creep in dis locat ion creep and superplast ic f low respect ively

( f ig.  64),  The nechanism boundary now almost coincides with the posi-

t ion of  the equi l ibr ium grain s ize curve or comes even to l ie

inside the dis locat ion creep f ie ld,  In other words,  the new grain

size produced by recrystal l izat ion does not fa l l  inside the area

of dominant ly superplast ic f low at  the high temperatures and therefore

no work sof tening is expected.

Fig.  63 shows a deformat ion mechanism map for 600oC, a

temperature intermediate between the 4000C considered in fig. 62

and the exper imental  s i tuat ion.  The relat ive posi t jons of  mechanism

boundary and equi l ibr ium grain s ize curve are nearer to each other

than in f ig.  62 and consequent ly the ef fect  of  work sof tening is

expected to be less pronounced at this higher temperature. From

this we conclude that the work sof tening ef fect  invoked in th is chap-

ter is nost pronounced at  1ow temperatures.

So far we only discussed the ef fects of  recrystal l izat ion

by subgrain rotat ion on the rheology. In the previous chapter part

of  the recrystal l izat ion ! , /as interpreted to occur by a nucleat ion

mechanism. l ,Je do not know of the grain s ize of  nucleat ion recrystal-

l ized grains is a funct ion of  stress too, because this second necha-

nism was not observed in the exper inents.  In v ie! , /  of  the observat ion

that the grain s ize produced by nucleat ion is even smal ler ,  we would

expect the effect of work softening to be even nore dramatic

in the case of  the calc-myloni tes in the Helvet ic nappes.

The sane mechanism of work sof tening presented here nay

also apply for  other rock types. Boui l ler  and Guegin (1975) des-

cr ibe superplast ic myloni tes in per idot j tes and Twiss (1977) inter-

preted the exper iments of  Post ( . l973) in terms of  a mechanism

change induced by dynam' jc recrystal l . izat ion.

Abovetwork sof tening as a consequence of  a change' jn de-

format ion mechanism towards grain boundary s l  id ing (superplast ic i ty)

was discussed. A simi lar  weakening ef fect  as a consequence of  grain

size reduct ion can of  course be postulated for t ransi t ions into

other grain s ize sensi t ive defonnat ion mechanisms such as pressure

sol  ut i  on or di f fusional  creep.
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VI. THE LOCHSEITEN MYLONITE AND THE I"IECHANICS OF OVERTHRUSTING FOR

TI.]E GLARUS OVERTHRUST

A. The f low strength of  the Lochsei ten nyloni te as expected from

I aboratory data

The thrust  p lane of  th is 35 kn long overthrust  in the

Helvet jc nappes of  eastern Switzer land is acconpanied by a one

metre th jck calc-myloni te,  local ly known as the Lochsei tenkalk,

Hsi j  (1969) recognized that the displacement of  the overthrust

block did not take place along a cohesionless f r ic t ional  thrust

plane and proposed that the displacernent was taken up by duct i le

f low of  th is very th in layer of  calc-mylonj te.  This v iew was

supported by the f ie ld observat ions of  Schnid (1975) who also

found that dur ing the relat ive' ly late phase of  thrust ing,  the

so-cal led Ruchi-phase (Mi lnes and Pf i f fner 1977),  the rocks above

and below the thrust  p lane remained essent ia l ly  r ig id.  Based on

the minimum displacement of  35 km and a maximun avai lable t ine

span of  l0 m,y.  Schnid (1975) est inated the minimum strain rate

in the myloni te to be around l0-10r". - l  ,  Knowing the mininun strain

rate and assuning a tenperature of  400oc i t  was tenpt ing to cal-

culate the shear stress at  the base of  the thrust  b lock f rom expe-

r inental ly determined f low laws on calc i te rocks.

schmid (1975) extrapolated the exper imental ly deternined

f lo l4 la| , /s on Yule marble (Heard ' ]963) and solnhofen l imestone

{Rutter and Schmid 1975) down to the est imated strain rate and came

to the conclusion that the extraDolat ion of  the Solnhofen data leads

to an unreal ist ical  ly  h igh basal  shear stress jn excess of  I  kbar.

The data on Yule marble would lead to a more reasonable stress

est imate and they were used by Hs[ i  (1969) for  a s imi lar  extrapolat ion.
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Because the calc-nyloni te in quest ion has a grain s ize s i rn j lar  to
that of  Solnhofen l imestone, whereas Yule marble is much coarser
grained, Schmid ( , ]975) preferred to extrapolate the Solnhofen l ime-

stone data.

In the l ight  of  the more recent exper iments on Solnhofen

l inestone (Schnid,  Boland and Paterson 
, I977) 

and by consul t ing the
deformat ion nechanisn map of  f ig.  l4 i t  becomes obvious why the

extrapolat jon of  Schmid (1975) was erraneous: the changes in the
deformat ion mechanjsm towards low stresses and consequent ly the

changes in the f low law along the extrapolat ion path to the geolo-

gical  strain rates were not considered because no data were avai lable

at that  t ime for the low stress behaviour.  The laboratory data used
for th is extrapolat ion (Rutter '1974, Rutter and Schmid 1975) were
obtained at  re lat ively low temperatures (4000-550oC) and at  h igh

di f ferent ia l  stresses (around 2kb) and i t  was not only necessary

to extrapolate towards lower strain rates but also towards lower

stresseS.

Before a new extrapolation based on the more recent labo-

ratory data on So' lnhofen l imestone is presented the assumption that

Solnhofen l inestone is a good rnodel  mater ia l  for  the calc-myloni te

needs to be tested. For th is purpose two stress relaxat ion tests were
performed on specinens of  th is myloni te at  6000C and 7000C. The

stress relaxat ion test  of fers a valuable means for explor ing a

wjde range of  stresses and strain rates wi th a l imi ted number of
pi lot  tests as shown by the resul ts obtained with th is nethod on

both Solnhofen l inestone (Schmid 1976) and on Carrara marbie

(Schmid, Paterson and Boland 1980).

The resul ts of  these stress relaxat ion tests are plot ted in
fi9. 65 and they show a good correspondence between the two rock

types so far as tne s lope n -  )  l '9%,*o is concerned. Both the

6000C and the 7000C isoLherms 
"*ni l i t ' . t "  

same slope, indicat ing

low values for the parameter n in the low stress region. Such a low

value of the paraneter n in the povr'er la,j/ creeD equation was found
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to be character ist ic for  superplast ic f low in Solnhofen l ime-

stone. The strength of  the two rock types is very s imi lar  at  60OoC,

whereas at 700oC the Lochseiten nylonite appears to be stronger.

In v iew of  the very inhonogeneous nature of  the myloni te block

used for test ing,  a big scatter in the strength is expected from

specinen to specinen and therefore not too much enphazis should

be placed on the exact correspondence in the relat ive strength

between the two rock types. The inportant resul t  of  these pi lot

tests however is the observat ion of  a t ransi t ion f ron high values

of the parameter n at  h igh stresses into the low value for n at
' lower stresses, suggest ing that th is myloni te defonns superplastr-

cal l ,V as wel l  at  1ow stresses, l ike Solnhofen l imestone and unl ike

the coarser grained marbles.  As evidenced by f ig.60 the nicro-

structure of  th is myloni te was not substant ia l ly  a l tered dur ing

the rel  axat ion test .

The extrapolat ion can now be made by using the defornat ion

mechanjsm map for var iable grain s izes at  4000C (f ig.  62) which

is largely based on the Solnhofen l inestone data.  For grain s izes

of 5.9y'rn (grain s ize of  Solnhofen l imestone) and I  y ' rn ( the grain

sjze of  large domains wi th in the Lochsei ten nyloni te)  d i f ferent ia l

stresses of  240 bar and l0 bar respect ively are obtained at  strain

rates of  l0 -sec .  Superplast ic f low is expected to be the domt-

nant deformat ion mechanism at these smal l  grain s izes.  These values

of stress and strain rate refer to deformat ion in a t r iaxial  test

and the stress -  strain rate relat ionship for  s inple shear can be

der ived by general iz ing the f low law fol lo l l ing a procedure proposed

by Nye (1953) and by reder iv ing the special  case for s imple shear.

Thereby the exper imental ly der ived f low law at  a given grain s ize and

temperature of the form

c = c (ad)n

transforms into
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where 6 and d are the engeneer ing strajn rate and di f ferent ia l

stress resDect ivelv and where iand Tare the shear strain rate and
0

shear stress.

The shear stresses are then calculated to be between 
. l00 

bar

and 4 bar respect ively for  grain s izes of  s.gy ' rm and I  /m.
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B. The mechanics of  overthrust ing

The classical  approach in discussing the nechanics of

overthrust ing was to assume that the overthrust  b lock remains

r ig id and that thrust ing is possible only provided that no fai lure

occurs in the thrust  b lock.  This lead Hubbert  and Rubey ( , l959)

to postulate a naximun shear stress at  the base of  the thrust  b lock

below which stabi l i ty  is  maintained in terms of  the l '4ohr-Coulotnb

fai lure cr i ter ion.  Both Hsi i  (1969) and Schnid (1975) used this

ciassical  approach exept that  they considered the basal  the basa.

shear stress to be determined by the duct i le f low in the nyloni te

rather than by pore pressure assisted fr ict jonal  resistance. For

the calculat ion of  the maximun shear stress at  the base of  the thrust

Hsi i  and Schmid used the fol lowing equat ion der ived by Laubscher

(1961 ,  p.244) and al lowing for the ef fects of  pore pressure wi th in

the thrust  b lock;

* [s *(r-  h)  ] l

where x is the length of  the thrust  b lock (35 km),  z is the th ickness

of the thrust  b lock (6 km),3 g z is the l i thostat ic pressure,  ) the

rat io of  f lu id pressure over the l i thostat ic pressure and where a

and b are the experimentally detennined parameters in the i lohr-

Coulomb equat ion (  a = ZT Jt f  and b = 1 + s in 6 /  l  -  s iny ' ,  i f

the lv lohr-Coutomb equat ion is ! , / r i t ten as T=To+ (1 -1) tan d c i ) .

This formula evaluates the naxinum permissible shear stress at  the

base of  the thrust  b lock before fa i lure wi th in the thrust  b lock

takes pl  ace.

Inserting the experimentally determined parameters a and

b for the Lower Cretaceous oehr l ikalk (Br iegel  and Schmid, unpub-

l ished data) jnto th is equat ion y ie lds a maxinum shear st fess

between 630 and 780 bar respectively for values of) between

1 and 0 (Schmid 
, ]975).  

Insert ing the sane parameters determined

1"(
x L*' 'ir]
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on Verrucano (Schmid 1975, table 2) y ie lds values between 580

and 930 bars respect ively.

The extrapolated basal  shear stress of  <.  100 bar is thus

no longer in conf l ic t  wi th the s imple stabi l i ty  considerat ion

and i f  the model of  Hubbert  and Rubey (1959) is correct ,  th is would

mean that no deformat ion would take place wjth ' in the thrust  b lock

dur ing overthrust ing ( i .e.  dur ing the Ruchi  phase, l4 i lnes and

Pf i  f fner 1977 )  .

The serious shortconing of Hubbert and Rubey's approach

however is that  br i t t le f racture and/or duct i le f low can take place

within the thrust  b lock and contemporaneous with thrust ing in

many geological  environments.  In our case the ef fects of  the Ruchi

phase are weak enough to say that most of the deformation during

the Ruchi phase was taken up by the rnylonite, but the assumption

of absolute stabi l i ty  wi th in the thrust  b lock is certainly open

to discussion.

A di f ferent model was recent ly proposed by Chapple (1978).

The main assumptions are that  ( j )  the thrust  b lock is plast ical '1,

y ie ld ing throughout dur ing the thrust  not jon ( i i )  that  the basal

shear stress is constant and equal  to the f low stress in the basal

myloni te or decol lement hor izon and ( i i i )  that  the normal and shear

stress at  the surface are zero.  Chapple ( . l978) considers a wedge

shaped thrust  b lock wi th a surface slope o( general ly dipping to-

wards the foreland and a slope e of,.the basal thrust a!1ay from

the foreland. c iven a1l  the assunpt ions to be val id and given pre-

scr ibed slopes d,  and 0 the problem is overdetermined and the

fol lowing fomula 36 in Chapple (1978) expresses the surface slope

o< as a funct ion of  the y ie ld stress K within the thrust  b lock,

the rat io f f  of  the shear stress in the basal  layer over the y ie ld

stress K, the basal  s lope d and the overburden pressure S g z :

d.=
2K(f-el

9SZ

For the Glarus case we consider a

culrninat ion of  the thrust  p lane where the

region south of  the

basal thrust sl opes away
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from the foreland by an angle of  up to l5o (schnid 1975) or up to

even higher angles i f  correct ions for ' later movements are nade. There

are considerable di f f icul t ies in est imat ing the y ie ld stress K

within the thrust  b lock and therefore both values of  500 and 
, l000 

bars

are considered (Chapple l97B used 
, l000 

bar but th is value seens

high for the nore s laty nembers wi th in the Verrucano fornat ion).

Fig.  66 is a graphical  expression of  Chapple 's equat ion and shows

the magnitude of  the basal  shear stress ( impl ic i t  jn the value

of f )  vs.  the expected surface sloped, Fig.  66a refers to a minimum

overburden of  6 kn and f ig.  66b uses a more real ist ic est imate of

l0 km overburden. I f  the extrapolated value of  < 100 bar is taken for

the basal  shear stress one could conclude that the surface slope o(

of the thrust block \,/as zero or negative and away fron the foreland

and that consequent ly gravi ty played no role in assist ing the nappe

motion in the sense of  the gravi ty spreading model .  The nappe mot ion

in fact  would have to move against  the gravi tat ional  body forces

i f  o(  is  negat ive.  Fig.  66 also i l lustrates that  th is conclusion

is relat ively unaffected by the exact values of  K,  6 and over-

burden, whereas the relat ive strength wi th in the block and the

basal  shear stress is very cr i t ical  .

At  th is point  we have to remember that  the der ivat ion

of the surface slope d.  rests on the assumption that the thrust

block y ie lds everywhere. I f  th is condi t ion is relaxed the surface

slope is no longer dictated by Chapple 's equat ion.  In the case of

the Glarus thrust  a surface slope away fron the foreland would be

extremely unl ikely at  the t ine of  thrust ing because the northward

transport  and deposi t ion of  the lv lo lasse pebbles starts long before

the in i t iat ion of  the Ruchi  phase. Thus, we conclude ( i )  that  the

assurnpt ion of  s imultaneous and pervasive y ie ld ing is inval  id in

the Glarus case and that consequent ly ( i i )  that  gravi ty spreading

is not ef fect ive dur ing the thrust ing phase even i f  a surface slope

towards the foreland is avai lable.

For the very in i t ia l  stage of  thrust ing dur ing the Ca-

landa phase ( l '4 i lnes and Pf i f fner 1977) no decol lement hor izon of

the k ind of  the Lochsei ten calc-myloni te was avai lable at  the base
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of the future thrust apart from only sporadically developped
Carboniferous slates. During this early stage we expect a high
basal shear stress and consequently the mechanisn of gravity sprea-
ding could well have played an inportant role in the northward
not ion of  the Helvet ic nappe pi le.

This discussion i l lustrates the necessi ty for  having good

estimates of the rheological properties of the rocks involved.
the ent i re discussion on gravi ty gl id ing,  gravi ty spreading and
act ive tectonic push at  the rear of  a thrust  b lock cr i t ical ly
depends on the rheology of both the basal decollement horizon
(or nyloni te)  and the thrust  b lock i tsel f .
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table 2:  Measurements of  the s ize of  subgrains
(subgrain rotation nechanism oniy) for

specimens in the Glarus area.

specimen local ity

and recrystal l ized grains

var ious caic-myloni te

subgra i  n s i  ze recrystal I i zed
grain s ize

7979

7978

ldi E
64

'n6

l l6

see f ig.  36

see f ig.  36

see f ig.  36

Foostock

Ringlspi tz

Ringlspi tz

microstructure
i  l l  ustrated in
f igure

40

42

46

50

7,7

6.0

2,9
+

54

6.5 :  2.2

7,1 :  2.7

l .o 5. /  -  t .o

o.o -  z.  I

For each specimen between 20 and
size is defined to be the average
two perpendicular direct ions in a
inCjcatqs a Etress around.700 bar
according to f ig.  10.

50 grains were neasured. The grain
flaximum grain diameter parallel to
sect ion.  The nean value of  6.5/n
at the tine of subgrain formation
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F ig.  1 Deformation mechanism nap for olivine taken from Ashby and
verral l  (1978, f ig.  14).  The map is constructed for a grain
size of  

, ]00,{m 
and for zero conf in ing pressure.  The sol id

l ines del ineate mechanisn boundar ies,  super inposed are the
strain rate contours.  The var ious s larbois indicate the po-
posi t ion of  exper inental  resul ts on the map.
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Fig. 2. The strength of different calcite rocks as a function of
temperature, based on enpirically deternined flow laws as
l isted in table l  (equat ions 1,2 and 3 for  Solnhofen l imestone,
equat ions 5,6 and 7 for  Carrara nable,  equat ions 1l  and 13
for Yule marble,  table l ) ,  taken from schmid,Paterson and
Bo land, 1980.
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Fi9.  3. l ! . / inned Solnhofen l imestone specinen, exper inental ly oeformed
at room terperature,4 x l0-5 sec-1,  1.5 lb conf in ing pre5sure
and at  4300 bar di f ferent ia l  stress by l7% shortening. Com-
Dressi  on di  rect i  on vert i  cal  .

l0 ?a.rn
t-J

,]00 
,am

Twilned Qarrara marble specimen, exper imental ly deformed at  600"C,
l0-rsec-r ,  3 kb conf in ing pressure and at  i4B0 bar di f ferent ia l
stress by 201 shortening. conpression direct ion vert ' ical  .  Note
the lensoid shaped twinned donains.  Host doma' jns widen towards
the grain boundary,  twinned domains are constr icted near grain
boundar i  es.

Fi9.  4
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gtreSs
o

+
kb

3

no twinning

Fig.  5.  craph of  d i f ferent ia l  stress vs.  the logar i thn of  grain s ize,
suggest ing that there is a cr i t ical  n in imum grain s ize below
which there is no twinning. The points labeled Solnhofen
and Carrara are s inply the t ransi t ion stresses from twinning
into gl ide alone at  the di f ferent grain s izes of  the t ! , ro star-
t ing nater ia ls.  The points labeled 0ol i te indicate the smal lest
grain s izes of  twinned grains in a start ing mater ia l  of  hete-
rogeneous grain s ize (spar i t ic  matr ix of  an exper imental ly
defonned ool i t ic  I  imestone, Schmid and Paterson 1977) .

X Solnhof e n

Ool i te

Carrara

aa\
o

a

twinning

\"

10 100
minimum grain s ize for  twinning ( log)

lOOO p m



Fig.  6.  Broad twin ( t ) ,  causing inhonogeneous defornat ion in. the fonn
of a deformation barrd in a neighbouring grain deforming by
gl  ide.  Note bent t \ , l in lamel lae indicat ing the strain associa-
;ed with the deformat iqn banq. Carrara rnarble,  exper inental ly
deformed at  7000c, l0-3 sec- l  ,  3 kb conf in ing pressure and at
'1150 bar by l3% shortening. Compression vert ical  .

opt ical ly v is ib le subgrains i l  carrara narble,  exper imental ly
deformed at  l000oC. l0-5 sec-1,  3kb conf in ing pressure and at
132 bar di f ferent ia l  stress by 32% shortening. Note that  the
misor ientat ion at  sone of  the subgrain boundar ies is very high
and this indicates recrystal l izat ion by a subgrain rotat ion
nechani  sm. Compression vert ical  .

71

'100 um
t l

20 um
t-,

Fig.7.



Fis.  B. Dynanic recrystal l izat ion by the rotat ion mechanism leads to
a grain s ize reduct ion of  the start ' ing,nrater ia l  .  Carrara marble,
exper imental ly deformed at  l000uC, l0-+ sec-r ,  3 kb conf in ing
preisure!  anC at 165 bar dj f ferent ia l  stress by 34i  shortening.
ComDress i  on vertr 'cal  .

72

200 um

200 um
t-J

R e c r  y s t  a I  I  i  z  a t  i  o n by grain boundary nr i  grat i  on,  leading to
grair  growth.  Note that  grain s ize reduct ion by subgrain
rocdt ion rec.ystal l  iTaLion oacu.s a- rhe sa{e t ine.  Carrara
narble,  er , )er ine4tal ly defurmed ar l000uC. 10-)  sec- ' .  3 l ,b
conf in ing pressure and at  l5 l  bar di f ferent ia l  stress by 2l
s ho "ren i  ng.  Cotrpressior vert  ical .

Fi9.  9.
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.S::dislocalion sli{lc

Fig.  l l .  Deformat ion nechanism nap for calc i te (grain s ize of  lO0 un)
fron Rutter (1976).  Not ice the subhor izontal  strain rate
contours in the f ie ld of  pressure solut ion,  ref lect inq
the fact  that  pressure solut ion in calc i te is not strongJy
tenperature sensi t ive in the model of  Rutterf i976).

l l r r t r

l5

Fig.  
. l2.  

lyodel  for  grain boundary s l id ing af ter  Ashby and Verrai l
( ]973),  The group of  four grains suf fers a strain of  53%
by sl id ing at  grain boundar ies and by neighbour shi f t ing.
In th is part icular model the necessary accommodat ions
( internediate step) take place by di f fusional  f low in the
grain boundary region. There are other models invoking
local  crystal  p last ic f low in grain boundary regions (Bal l
and Hutchinson, 1969).  Parts of  the acconmodat ion probiem
nay aiso be solved by grain boundary migrat ion.

llt...- r-.-2

Nal)lr.o_llcrrnrs ftccp
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l!

100

(t

Fig. 13. Defonnation mechanism map for caicite w'ith a grain size of
100/m, constructed ent i re ly on the basis of  empir ical ly
deternined f low laws l is ted in table l .  The "exponent ia i
law" corresponds to equation (112), the "power law" to equa-
t ion (13) for  Vule marble,  as l is ted in table l .  The f ie ld
of "superplasicity" is constructed after equation (4) de-
rived from Solnhofen limestone, compensated for grain size,
also l is ted in tabie 1.  The contours for  Coble creep af ter
Rutter (1976),  compare f ig.  l l ,  are super imposed for
comparison.

100 !m
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Fig,  
. ]4.  

Defomat ion nechanism map for calc i te wi th a grain s ize
of 6l ]m, constructed ent ' i re ly on the basis of  enpir ical ly
determined f low laws l is ted in table l .  The "exponent ia l
law" corresponds to equat ion ( l ) ,  the "power law" to
equat ion (2) and the "superplast ic i ty"  f ie ld to equat ion
(3) in table I ,  a l l  f low laws are based on exper iments
with Solnhofen l inestone. The contours for  Coble creep
after Rutter (1976) are superimposed for comparison. Note
that the f ie id of  superplast ic f low has expanded to higher
stresses in comparison with f ig.  13.
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Fig.  15. Twinning is the predom' jnant deformat ion node in coarse
grained marbles above 1000 bar di f ferent ia l  stress.  l lnder
the same condi t ions of  deformat ion f inegrained Solnhofen
I imestone deforms predoninant ly bv 91ide (conpare Fig.  lB) i
car.dra ra.ble e,(per imental ly deformed ar 600uC. l0-r  sec- ' '
3 kb conf in ing pressure and at  1340 bar di f ferent ia l  stress
by 2l% shortening. Compression vert jcal  .

"core-mant le" structure typical  for  carrara narble deformed
in an 'ntermediate stress rarge (200- l000bar)  where equaLions
(6) and (8) in table I  are val  jd.  The predominant mode of-de-
io inat ion is gl ide ( the few narrow twin lamel lae account for
l i t t le strains only) .  Note the deformat ion bands in the grain
jnter ior  and the equi-axed subgrains conf ined to grajn bounda-
rv reqlons. Ca.rara mdrble exper inertdl ly deforrned at  7000C'
l0-5 i "c-1,  3 l ,b conf in inq presrure,  and at  685 bdr di f fe 'ent ia l
stress by l2% shortening. Compression vert ical  ,

200 Nn

100 i 'un
t_,

Fig.  16.
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F' jg.  17.  Equi-axed subgrains penetrate the ent i re region within an
or ig inal  grain.  Increasing misor ientat ion at  subgrain boundar ies
resul ts in recrystal l izat ion by subgrain rotat ion.  This micro-
structure is typical  for  marble deforrned at  low stresses (< 200 bar)
where equat ions (7) and (9) in table l -are val id,  Carrara marble
exper imental ly deformed at  l000oc, l0-5 sec-1,  3 kb conf i -
n ing pressure and at  150 bar di f ferent ia l  stress by 2l%
shorteni  ng.  Compression vert ical  .

100 ,um

l0 /m

t-l

l4 icrostructure typica' i  for  d is locat ' ion creep in Solnhofen
l imestone, where equat ion (2) in table I  is  val id '  Note the
absence of  twinning (conpare f ig. l5)  ,  the serrate grain boun-
dar ies inher i ted f rom the undeformed mater ia l  and the large
anount of  f lat tening. Solnhofen l imestone exper imental ly de-
tomed dt  6000C, l0-4 sec-1,  3 lb conf in ing pressure and at
1900 bar d ' i f ferent ia l  stress by 32% shortening. Conpression
vert ical  .

Fi  q.  lB.
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Fig.  19. lv l icrostructure typical  for  superplast ic f low in solnhofen
I imestone, where equat ion (3) in table I  is  val  id.  Note
the wel l  equj l ' jbrated grain boundar ies and the absence
of grain f lat tenjng in spi te of  the large amount of  strain
(conpare f ig.  lB) .  The change from serrated to straight
grain boundar ies coincides with the change in deformat ion
nechan' ism from dis locat ion creep into superplast ic f low.
Solnhofen l imestone exper imental ly deformed at  9000C,
7 x l0-4 sec-] .  3 kb conf in ing pressure and at  280 bar
di f ferent ja l  stress by 36% shortening. Compression vert ical .
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Sol nhofen I  imestone
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Fig.20. "Type l  "  textures associated with twinning.

Sol nhofen I me s tone

l0 -  sec

4% strain

So I  nhofen I  imestone1

I
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F ig.  21 "Type 2" textures associated with gl  ide.

6oooc, l  o-4 sec-1
32% strain

Sol nhofen I i nre s tone Sol nhofen I  imestone
^ -q - l700'C, l0 "  sec 9o0oc, 1o-4

30%

- lsec

strar n29 'I strain

Fig.  22.  "Type 3" wi th superplast ic f l  ow.textures associated

some inportant
crystal  lographic
direct ions in
calc i te:

Al  I  inverse pole f jgures are con-
toured in mult ip les of  a uni form
distr ibut ion and are taken from
Casey et  a l  .  

, I978
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Fi9.23. Pressure solut jor  on the scale of  indiv idual  grains in a
cr inoidal  I  imestone from the schistes iustres in Corsica.
Solut ion took place along hor izontal ly or iented sty lo l i tes,
the white redeposi t ' jon areas grow in crystal lographic cont i -
nui ty over the dark grey inpure or ig inal  s ingle crystals of
calc j te.  Not ice that  the redeposi t ion areas form elongate
donrains which are not at  a r ight  angle to the sty lo l i te
or ientat ion.

Fig.  24.  lv l icrocrenulat ion in a c lay-r ich area of  the specimen i l  lustra-
ted in f ig.  23.  The axial  p lane of  these nicrofolds suggests
that the direct ion of  maximum f in i te shortening is not per-
pendicular to the plane of  preferred or ientat ion of  the sty lo-
l i tes (hor izontal  in both f jgures 23 and 24).

200,,um
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Fig.  25. specimen 7i  f rom the inverted l imb of  the Morcles nappe
(tert iary l imestone conglomerate).  A large grain in the centre
of the nicrograph is strongly elongated in a hor izontal  p lane
of f lat tening, paral le l  to the fo l iat ion.  The f inegrained do-
mains are only s l ight ly f lat tened in a plane obl ique to the
fol iat ion (see f ig.  27).  The sense of  shear as inferred from
field relat ionships is dextral  .  The anount of  strain as recor-
ded by the shape of  the pebbles is in the order of  50: ]0:1
only a smal l  port ion of  th is strain is recorded in grain aspect
rat ios.  Gl ide is the main node of  deformat ion.

l oo,,un

20 pn

t---J

Fig.  26. Specimen 7816 from the inverted l imb of  the Morcles nappe (Dogger
-  l imestone).  Not ice that  the plane of  f lat tening of  indiv idual

grains is obl ique to the hor izontal  d i rect ion paral le l  to the
macroscopical ly v is ib le fo l iat ion (see f ig.  27) The sense of
shear as inferred fron f ie ld relat ionships is s in istral  in re-
spect to th is micrograph. Not ice the abundance of  deformat ion
twins and the serraie grain boundar ies jndicat ive of  grain
boundary migrat ion.  For the texture compare f ig '  34'a '



83

c -  axls or lentat lon

graln l lat tenlng

fol lat lon

shear plane

Fig.  27. Sketch i l lustrat ing the relat ive or ientat ions of  ( i )  the
the macrosdop,i,i foliation tracing the orientation of the
f lat tening plane in repect to f in i te strain (pebble strain
in the case of  specinen 7l  in f ig.  25),  ( i i )  the aspect
rat io and or ientat ion of  indiv idual  calc i te grains t racing
incremental strain and (ii i) the approximate orientation
of the c-axis point naximum for calcite in an environment
of  shedr i  ng (compare f ig.34,a,b).
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Fig.  28. Coarser grained domain in specimen 78l6 (compare f ig.26)
i l lustrat ing lensoid shaped deformat ion twins comparable to
the exper inental ly produced twins of  f jgs.4 and ' l5.  The
grain label led " t"  in the center of  the micrograph is almost
completely in a twinned or ientat ion (whi te areas) and this
twinned domajn re-twins along a new set of  dark twins.  The
or ier tdt ior  of  the nicrograph in repecL Lo fol  iat ion is the
sane as in f i9.26. For the rexture compare f ig.34 a.

20 An
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Fig.  29. Specimen 7923 fron the Saasberg Schuppe (Schrat tenkalk)  wi th
wel l  equi l ibrated grain boundar ies.  There is very l i t t le twin-
ning to be observed and gl ide is the main mode of  deformat ion.
For the texture compare f ig.  34c.
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Fig.30. Specimen 7822 from the inverted l imb 0f  the
(Schrat tenkal  k)  i l lustrat ing that twinning
to the I  arger grains,

lulorcl es nappe
is restr icted

20 Nn

( ter t iary l imestone conglomerate) wi th twinning restr icted to
large grains as is the case in f ' jg.  30.  Note the constr ict ion
of the twin lamel lae at  points of  intersect ion,  due to strain
conpat ib i l i ty  problems around twin intersect ion points and
typical  for  exper imental ly deformed narble too (conpare f ig.  4) .

Specinen 7l from the invefted l imb of the lvlorcles nappeFig.  3 l
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Fig.32. Spec' imen 7l  f rom the inverted l inrb of  the lv lorc les nappe ( ter-
t iary I  imestone conglomerate,  detai l  of  f ig.  25) i l  lustrat ing
subgrain format ion wi th jn a relat ively large calc j te grain.
Note that some of the subgrains have a grain s ' jze s imi lar  to
the size of  the matr jx grains.  The thin twin lamel lae are
bent and in some places suddent ly def lected across subgrain
boundarr  es .

l0 y'rm
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Specinren l0BB fron the infrahelvet ic uni ts of  the Calanda
region ( lJpper Jurassic l la l f l ) .  In th is specimen the indiv idual
grains are f lat tened in the plane of  the macroscopic fo l iat ion
and only rre c-axis point  na/ imum is obl ique to the nacroscopic
fabr ic axes (conpare the texture jn f ig.34b).  GI ide on r
is the dominant deformat ion mechanism as inferred fron the
textural  evidence and there is no twinning.

Fig.  33.
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7816

a

10a8

b

7923

Fig.34 a,b,c Pole f igures for  the e-,  a- ,  and r-planes in calc i te
for naturally deforned iimestone tectonites, analysed
by X-ray texture goniometry. The locations and nicro-
structures of  the specimens are descr ibed in f ig.  26
and 28 for specimen 7816, in f ig.33 for specirnen 1088
and in fig. 29 for specimen 7923. A complete texture
analysis in terms of  an or ientat ion distr ibut ion funct ion
r is given in Schmid, Casey and starkey,198l  for  specimen
78]6.  l iote that  the fo l iat ion noniral  (FN) is or iented
E-l , ]  and that the l ineat ion (L) is or iented N-S in al l
the pole f igures.  The contours are given in mult ip les
of a uni form distr ibut ion wi th intervals of  0.2.  the
maxima are cross-ha Lched
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Sketch il lustrating the preferred alignment of calcite
r-planes observed in the r-pole figure of figure 34 b.
one r-plane (rl) operates syntetically with the imposed
sense of shear, the other r-plane (r2) operates antithe-
tically to the imposed sense of shear on the bulk rock.
The third r-p1ane has a higher degree of freedom in terms
of the exact location than rl and 12 have and as a con-
sequence no third maximun is v is ib le in the r-pole f igure
of fig. 34 b allthough there are three r-planes in every
cal  c i te crvstal .
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Fig.  36. Geological  set t ing of  the progressive myloni t izat ion of  oehr l i -
kalk at the thrust contact between the Axen-nappe (l4iddle Ju-
rassic Dogger) and the lvli irtschen-nappe (Lower Cretaceous oehrli-
kalk)  south of  the eastern end of  Kl i jntalersee (c larus).  The
microstructural  developnent is descr ibed in sect ion 3 a.  The
upper henisphere X-ray pole f igures for  the e-,  a-  and r-poles
are or iented in accordance with the prof i le,  wi th the fo l iat ion
trace indicated. The intensi t ies are contoured in mult ip les of
a uni fom distr ibut ion wi th intervals of  0.2 The sol id l ine
is the 1.o-contour,  the maximum intensi t ies are cross-hatched,
the minimum intensi t ies are st ' ippled. The specimen numbers re-
fer to the specimens descr ibed in the text ,  specimen 7978 is not
yet mylonitized, specimens 7975 and, 7974 are calc-nylonites.
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Fiq.  37. specjmen 7979 at  3 metres below the contact  wi th the Dogger
- ( iee f ig.  36) :  0ehr l ikalk wi th a deformed but st i l l  wel l  pre-

served or ig inal  microstructure consist ing of  f inegrained ooids
in a spar i t ic ,  strongly tv ihned natr ix.  The strain indicated
by the aspect rat ios od the ooids is moderate.

200 /un

l0 y'rn

[-r

Fi negrai ned and untwi nned
of spec imen 7979 (compare

ni crostructure r , / i th in the ooids
f ig.  37).

Fig.38.
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Fig.  39.  Twinning within the spar i t ic  natr ix of  specimen 7919 ( t i l .  37] l .
Notice the offsets of some twin lanellae produced by tt{ ' inning
on a second set of  twin iamel lae.

l0 /um
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Fig.  40. Grain wi th in the spar i t ic  matr ix of  specimen 7979 ( f ig.  37) which
is unsui tably or iented for twinning, Gl ide is the main node of
defonnation and subgra'ins form as a consequence of the rearrange-
ment of dislocations during recovery. Parts of the crystai are re-
crystal l ized to a grain s ize which is s imi lar  to the s ize of
the subgrai  ns.
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Fig.  4 l SDecimen 7978 ( f rom l .B n below the contact ,  for  the texture
compare f ig.  36):  Very strongly twinned calc i te grain wi th in the
spar i t ic  matr jx and nucleat ion of  very smal l  new grains,  at  the
l i r i i t  of  opt ical  resolut jon ( l  y ' jm and less),

l0 /un
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Fig.  42. Subgrain format ion and recrystal l izat ion by subgrain rotat ion,  lea-
ding to a bigger grain s jze than nucleat ion recrystal l izat ion as
i l lustrated in f ig.  4 l  .  Both mechanisms of  recrystal l izat ion occur
withjn the same specimen, Nucleat ion favours t l ,J inned crystals
( f ig.  4 l ) ,  recrystal l izat ion by subgrajn rotat ion favours un-
twinned or weakly twinned crystals as is the case in th is micro-
oraDh.
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Fig.  43. Broad, lensoid twins wi th evidence for twin boundary nigrat j0n
in specimen 7978.

20 /un
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Nuc' leat i  on recrystal l izat ion along traces
in a rel  ic t  grain (porphyroclast)  wi th in
from the base of  the myloni t ic  layer.

of  o ld t ! , { in lamel lae
spec imen 7977 taken

Fis.44.
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Fi g.  45. porphyroclast  in specirnen 7976 (myloni te layer)  surrounded by
a ful ly recrystal l ized f inegrained matr ix.  Th' js microstructure
i l lustrates the progressive consumption of  th is poerphyro-
clast  by intragranular nucleat jon recrystal l izat ion

,]00 
/m

l0 /um
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Recrystal  I  izat ion
of specimen 7975

by subgrain rotat ion wi th in an intraclast
(myl  on i  te layer) .

Fig.  46.
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Fig.41

Fig.48

Fi gs.  47 &

l0 /ufir
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Typjcal  microstructure of  the calc-myloni te:  a few, heavi ly
twinned grains survive wi th in a total ly recrystal l ized
matr ix.  Not ice the preferred al ignment of  rather di f fuse
twjn ' lamel lae ( twinning went to complet ion) in a subhor i -
zontal  p lane paral le l  to the fo l iat ion (E- l ,J in these micro-
graphs).  This strong crystal iographic preferred or ienta-
t ion of  o ld porphyroclasts is responsable for  the texture
i l lustrated in f ig 36 to occur in specimens 7974 and 7975,
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Fis.  49. Nucleat ion recrystal l izat ion in a twinned grain wi th in a re-
lat ively undeformed calc i te vein occur ing in specimen 63
( Foostoc k,  i ra in Glarus overthrust) .

2A /um

Recrystal l izat ion by the subgrain rotat jon mechan' jsm in spe-
cimen 64 (Foostock,  majn Glarus overthrust) .  Recrystal  I  iza-
t ion is concentrated to grain boundary regions, where the strain
compat ib i l i ty  problems lead to polygonizat ion and 0perat ion
of addi t ional  g l ide systems ("core-mant le" structure,  compare
f iq.  I6) .

Fig.50.
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Fig.5t

Fig.  52.  T! , l inned porphyroclast  in a fu l ly  recrystal l ized natr ix (speci-
men 63, Foostock,  main Glarus overthrust) .  The recrystal l ized
grain s ize is very much snal ler  than in f jg.  5 l  and here re-
i rystai l izat ion probably occured by a nucleat ion mechanism.

Ful ly recrystal l ized domain in specimen 64 (Foostock,  nain
Glarus overthrust) .  The size of  the grains is larger than in
f ig.  52 and the mechanism of recrystal l izat ion was probably
subgrain rotat ion.  Sone of  the grains are weakly twinned ( late
stress pulse?).  The grain boundar ies are wel l  equi l ibrated and
apart  f rom the late (?) twinning the mjcrostructure is s imj lar
to that  of  superplast i ia l ly  deformed solnhofen l imestone ( f ig.  l9)

10 ,um
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Fi g.  53. Typical  microstructure for  the Lochsej ten myloni te along the
main Glarus overthrust  (specimen 63, Foostock) and ident ical  to
the microstructures i l lustrated jn f igs.  47 and 48 taken from
another mylon' j te hor jzon structural lv above the main Glarus
overthrust .

20 ln
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RecrystaI  I izat ion by
t i  on in specimen l l6
overthrust ,  south of
are heavi  ly  twi  nned.
features,  the grain

sqbgrain rotat ion went almost to comple-
taken from the Ringlspi tz area (main Glarus
Segnes Pass).  The .emainirg o1d g"ains
The new grains are f ree of  opt ical  strain

boundar i  es are wel l  equi l ibrated.

Fig.54.
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Fis.55. Specimen l l6 (Ringlspi tz,  main Glarus overthrust) :  subgrain

format jor  in an old grain marked "0" and recrystal l izat ion by
subgrain rotat jon leading to a new grain s ize ident ical  ! ,v i th
the size of  the subgrains.  The microstructure of  the recry-
stal l ized areas is str ik ingly s imi lar  to the nr icrostructure
of superplast ical ly deformed Solnhofen l jmestone (see f ig.  19)
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Fig.  56.  Total ly recrystal l ized microstructure in specjmen l l6 (R' jnql-
spi tz,  main Gl aru s overthrust) .



Fi g.  57. Coarser grai fed recrystal l ized microstructure in specimen 159
(Ringlspi tz,  main Glarus overthrust) .  I t  is  l ikely that  sub-
sequent grain growth has occured in th is specimen wh' jch in the
f i led has the appearance of  a marble rather than that of  a
typical  Lochsei tenkalk.  A late stress pulse lead to some twinning
on narrow I  amel I  ae,

100
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Calc-myloni te der ived from a rnarble layer in the Valpel l ine
Series of  the Dent Blanche nappe. Heavi ly twinned or ig inal
grains are surrounded by dynamical ly recrystal l ized grains
concentrated in grain boundary areas (compare f ig.  50 taken
from the Lochsei  tenkal  k)  .

Fi9.58.
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Fig.59. Detai l  of  a recrystal l ized grain boundary region
shown in f ig.  58.  Not ice that  the microstructure
crystal l ized domains is very s jmj lar  to that  of
cal ly deformed Solnhofen l imestone ( f ig.  l9) .

in the specimen
of these re-

suPerpl  ast i  -

20 Nn
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spec jnen of  Lochsei tenkalk,  exper jmental ly
strain rates at  6000C, fo l lowed by stress
VI,A and f ig.  65.

deformed at vari abl e
relaxat ion (see chapter

Fi9.60.
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Fis.6l Il lustration of the extremely low degree of crystallographic
preferred orientation in a totally recrystalIized Lochseiten
mylonite specimen from the Ringlspitz area

t
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Fi g.  64.

Figures 62, 63 and 64: Deformat ion mechanism maps for calc i te at  constant
temperatures and represented in stress vs. grain

size coordinates.  The contr ibut ions f rom di f ferent mechanisms are raKen
to be non-addi t ive for  s impl ic i ty because only smai l  errors are introduced
near the mechanisn boundar ies,  The strain rate contours are label led
with the negat ive exponent of  the strain rate in sec- l  .

Supeninposed on these deformation nechanisn maps is the curve
label led "recrystal i ized grain s ize" taken from f ig.  10.

Notice that the boundary between superplasticity and power
law creep moves to lower stresses and smal ler  grain s izes wi th increasing
temperature. This is due to the difference in activation energies between
superplast ic f low and dis locat ion creep,

For the explanat ion of  points A,B,C in f ig,  62 see text .  these
deformat ion nechanism maps are based on the f low laws (5),  (8)  and (9)
for the exponent ia i  law and the power laws respect ively and on f low law
(4) for  superplast ic f low, as l is ted in table l .  The data on the rela-
xat ion runs on Carrara narble were preferred over the constant strain -rate data because the value for the act ivat ion energy of  100 kcal  mole- l
obtained from the constant strain rate tests seems too high in comparison
to al l  the other data on ca' lc i te fsee table l ) ,
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Fig.  65. Resul ts of  re laxat ' ion tests on specimens of  Lochsei ten myloni te.
The strain rates are computed from the observed rates of stress
drop by correcting for apparatus compliance. Superimposed are
the best f i t  isothenns for Solnhofen l imestone (equat ions (Z)
and (3) in table l )  for  conpar ison. The broken l ine indicates
the boundary between the d.islocation creep and superplastic
regimes. Note that a s in i lar ,  a l though somewhat t ransi t ional
change in slope of the isotherns occurs in the Lochse.iten nylonite
speclmen.
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Fig.66. Graphical  representat ion of  equat ion 36 in Chapple ( t978) discussed
in the text ,  This graph i l lustrates the dependence of  the sur-
face slope o( on the absolute value of  the basal  shear stress in
the myloni te or decol lement hor izon. Two sets of  contours are
given for a 00, l0o and l5o s lope 6 of  the basal  decol lement
hor izon away fron the foreland: the sol id and broken l ines assume
a yield stress K of  1000 bar and 500 bar respect ively.  The top
f igure (a) refers to a th ickness of  the overthrust  b lock of  6 kn,
the bottom f igure (b) assumes lo km overburden. Not ice that  posi-
t ive surface slopes, and consequent ly a component of  gravi ty
spreading are onl .y obtained for relat ively strong decol  lenent
hor izons ( far  in excess of  the 100 bars considered to be the
naximum possibie shear strength of  the Lochsei ten myloni te.

ggz = 2 5OO bar


