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Abstract

Afteran introduction into rhe majordefomaiion mechanismsthe following applicationsto
tectonic studies arc discussed:
(i) Paleosness estimates based on the exlrapolation of erperimentally detemined flow
laws and based on the size oi dynamically €crystallized grainsj (ii) th€ significance oJ
crystallosEphic prefened orientation workj and (iii) mechanisms ofstlain softening lead-
ino to localized deformalion in shear zones.

I. Introduotion

In discu$ions wilh field oriented geologists an expe.imental
geologis! somelimes notes clilicism with reSard to the
applicability of the results of experimental .ock deformation
to the study ofnaturally defo.med rocks. The crilics often
point ou! that the experiments were performed under suctr
simple conditions (co-axial sbain path. conslan! slress or
strain rate, homogeneous mononineralic rockt that thel
are inadequale to throw light on the mole complex proeses
in natural environments. However, any laboratory sludy
must begin wilhwell deiined boundaryconditionsso that the
influence ofa great number ofvariables on.ock creep can be
recogrized. Also it is necessary to learn as much as possible
about the physics and lhe mechanisms ofrock deformation
iD order to avoid erroneous exlrapolations from the labora-
tory into ihe geological situation.

Il is the srudy of the microfablic in bolh experimentally
and naturally detorm€d rocks vhich permits dir€cl com'
parisons to be made between nature and experihenl. The
microfabric r€cords the active mechmisms ofdefo.mation
and rrs rtudy rl"ereiore helps,o close rhe Sap belween e\pen-
menl and 6eld observatior.

Some of the complexities of natural lectonic situations can
bemodelled much moreeasily by usirs analyticalor numeF
ical rnelhods or by using readily defomable analogu€
materials tban by an attempl to perlbrm more complex ex-
penmenr.  on nalural  ro( l  cpe. imel( .  Tn rhic.a\e i t  F rmpoF
tant howeverto know asmxch asposibleabout rhe rbeology
of rocks which depends on lhe active defomation mechan-
isms recorded in the miffofabric.

This conribution will specifically discus some selected
applications to tecronicsrudies. Th€reby sone ofthe goalsof

microfabric sludies are illusrrated within lhe framework oi
teclonic studies in general.In orderto do so it was feit n€ces-
ary lirst to inlrodu@ the non{peialisl reade. inio some
basic concepls ot floq la$s and deformarion mechanrsm\.

IL Some General Remarks on Flo$ and D€fomation
Mechanisms

A rock loaded under aconstant differentialstres o(classical
creep test) will immedialely shorien elastically. Later ir will
undergo a permanent change oishape at a strain rale e = d
?/dr which is diclated primarily by three factors according !o
a flow law ofthe seneralform:

a=a(6. . ,4)

where the st.ess diffelence d (= o, oj) (informauy
refered toas ttrest'), rhesrrain.and the temperature lare
the most imporlant quantitjes delermining the resnlting
slrain rale. Striclly, such a 6ow law is orly valid as long as
other facton such as confining pressure, waler contert or
partial presure, grain size elc. are held constant or can be
assuned to have no major iinuence on the lheolosical

Confinine presure is usually assumed to be ofmrnor rm-
portance in the ductile field, once fiictional proceses
(cataclasis) can be ruled out (Pate6on, l9?8). water can
have a "mechanical effect through the well known pore
pressure erect (Hubbelr and Rubey, 1959), asain in the
briltle and calaclaslic fields. or it may have an influence on
the nalure of atomic bonding in silicates. influencing lhe
resislance to deformation by crystal plasticily, a phenonen
known as hydrolitic weakening (Grig8s, i967). In the latler
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case there h evidence tha! pressure enhances the solubilily of
water in quartz and the.efore, tbat pressure slrongly in-
fluences the rock strengrh oulside thecataclaslic field as well
(Tullis er a/., 1979; Paterson and Kekula{ala, 1979). The
influence ofg.ain size will be discussed in more detailin the

During the firsl slages of deformalion the strain rate
stronsly depends on strain (primary creed)t after a few per
cent st.ain the rate of deformation usually decreases to a
constant value. The rock is then said to deform in sleady
state. Ideally. srain has ro influence on lhe strain rate any
more. We will see later that rocks may eventually solten al
high strains causing tho slrain rate 10 inoeaseagain. At tbis
poini i! is impo.tant to say that the concepl ofsteady stale
is used here to merely imply flowaiconstant stress and strajn

In ihe case ofa constant sirain rate experimenl fie stress
may risewith increasingsrrain (slrain hardening). i!Inaystay
conslant (sleady state) thereailer, or it may eventually
dec.ease with increasins strain (strain softening).

For ihelmally activated creep one can enpirically derive
flow laws fron a series of experimenls on the same rock,
valid for steady state flow only. They are usually presented

e: ioexp -HIRT I@) ( l )

whe.eao is a material dependent conslant, lJ is theapparenl
activation energy for creep and ,R is lhe Cas Constanl. The
slre$ dependencecan adequately be described in most cases

lG) = exp dlo. (exponential creep law) (2)

/(d): d" (powe.creep law) (3)

where the constaDts d0 and rdetemine the st.ess sensitivity
of  rhe srrain rare.  Be.du:e.n mocr cd\pc rhe pdramerer a i j
lound !o be greater than unity, rocks usually deviate from
linear viscous behaviour.

There is no sjngle flow law for aU conditions ofstres and
temperature, simply becaus. lhe deformation mechanisn is
a function oi stress and temperature as sell. Associated with
each of lhese deformaiion mrchanisms is a different now
law. It is usual!o subdivide lhe stress-iemperature space into
Jrf lerenr f ie ld(  b)  means ot  a delomarion mechani \m map
(Ashby and Veftall, 1978 and Fig.l). Within each ofthese
nelds a particular mechanism is dominant.

Such deformation hechanism maps are nornally cal'
culated from fire1 principies by assuming specific
Dicrodynaftical nodeh. Experiments often merely provide
numbere for the variols naterial dependenl constanls in the
lheoretical flow laws.

Thep na,y din oi 'he\e detormrr ion mechJnnm maps is
to oudine the expected conditions oi appearance of given
deforrnation mechanishs oLltside the range of e-d-T-
conditions accesible to the experimentalisl. The main
problem in the applicalion ofthe laboratorydata is theenoF
moDS gap belween geological st.ain rales of the o.der of
l0 'os '  lo l0 ' \  |  ( involv ingt imespans of  belween 30
and 3 million yearsfor l0%shorlenins_strain) and thelabora-
lory sbain .ates usual ly between l0- '  and l0_ t ' .  A!  can
be seen in Fig. i onehas a highchanceoffiosinga boundary
between deformalion m€chanism field, by extrapolaling
down to lower sfain ratesardconsequently to Iow€rslresses
at any Siven temperalure- Therefore a flow law observed at
high stresses under laboratory sbain rales can only be ex-
lrapolaled over a Iimited rangeofstrain rates and sresses.In
order Lo explore the llo" behavioural los .rrese. rhe e \peri-
nentalist is fo.ced to elevate the tenperatLfe beyond the
range of temperatures expected uder natural conditlons

Fig. I Defomalion mechanhn map for olivine, uken lrom Ashby
. 'd veral l  r lq-8.  f  ie.  l4) .  The nrp .  \orrrr .  Fd'o a em'1' /p
of 100!n ahd aor zero conlinins prcssure. Thc solid lincs dclincatc
delornadon mechanism bou.darics, superinposed are lhe constant
strarn rarc conrous. The various synbols indicate lhe posilion ol

experimental dara on this nap.

(Palerson. 1976). Thus, elevated temperatures are essentially
used as a 'lrade olf ior unathinably slow geological strain
rates. Once a flow law has been eslablished at bigh len,
peratu.es and lo{ stlesses the geologist has !o extrapolale
down to lowertemperalure!. along a path which is les likely
to cross deformation mechanism boundaries.

There are some p.oblems with the concept ofsteady state
creep and the asociated concept offlow laws and deforma-

O S,," in may aher rhe microsrruc'ure and rhF rn rurn
carses strajn hardening or strain softening (see sec-
tion VI).In these cases the situation can no longer be
descdbed in terms of asingledefomationmechanisn
map which assumes constant microstrucLu.c ano
sleaoy srale creep.

(ii) As will be discussed in the nexr section, there is a
subtle difference belween the defornarion mechan-
ism accounlingforal ormost ofthe tolal strain in the
rock and tt'e concepl of a rate controlling ltep which
conlributes only a smallpart ofrhe tolal srain Guch
as dislocation climb in power law creep).

(iii) Slricdy a defornalion mechanism map only applies
to a particular mineral in a rock and it is ralher dif-
ficult to lalk about the defornation mecbanisn ofa
polymineralic rock. Many nylonites offer good
examples for oystal plastic flow accompanied with
reoystallization within quarrz domains white the
ftldspaB deform by cataclastic processes.

With Ihese generdl  remark\  In mind $e shatt  nos revrew
the majormodes ofdeformation nore specifically. Thh will
auow us to discuss some eeological applicarions such as
paleostress estmates! cryslallo8raphic prefeffed orientation
work and finally sirain softening mechanisms.

IIL Defomation Regimes

DilTerenl approaches towards lhe problen of defomarion
mechanisms arc posible. The physicist wants to be very
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exacl aboul theproeses onan atomic level and i! is possible
1o theorelically postulale specific hicrodynamical models.
There isa greatnumberof snchnodelsand for acornprehen-
sive review the reader is referred 1o Poirier (1976).

Here we will follow a more empirical approacb. The ex-
penmenrali(r oflen deri\e\ emprrical flo{ laws from d series
ofexperihents and it is rarely clear what the exact mechan-
isns of deformation are. In such cases i1 is useful to talk
aboul defo.maiion regimes, defined by empirical flow laws
and assocrared diagnoir ic microlr '  u.ru,al  impr in l ' .

A. Cataclastic Flow

Ihe term cdracla"ric refers (o a rode ol delormarioD
where fracture and subsequentlo$ ofcohesionmay occuron
all scales- The brittle'ductile transilion does not necessarily
coincide wilh the transilion from cataclaslic lo non-
calaclastic proesses. If inlra- and intergranular fracture
occu6 along a dispersed network ofmic.ocracks, tbe bulk
defonnation ofthe rock may stiu be duclile in the sense that
corsiderable amounls ofpemanent strain can be taken up
withoul the rypical stress drop associated with localized
faulting, characteristjc for the brittie field (Pale6on, 1969).

Calaclastic flowismade possible by rolling and sliding of
g.ains and crystal fragmenls ofa calaclaslically granulaled
rock. Since &iciional resistan@ betw@n the fiagments
depends on the maSnitude of nomal slress across cohesion-
less surfaces, this mechanism is stongly dependent on con-
fining pressure and. in the presene olfluids, on the ellrclive
pressure, i.e. the difference between lithostalic and liuid
pressnre (Hxbbert rnd Rubey. 1959).

Because !o a irst approximation deformarion by cataclas-
tic flow is not ihermally activated. temperature and straln
rate have little infiuence on the strergth ofrhe rock.

Figure 2 illustrates lhe microstructure typical for calaclas'
ric flow within an experimentauy prodrced fracture zone:
grain size reduclion by cataclastic proceses produces a wide
spectrum of argular fragmenrs with a wide range of grain
sizes. Thh lype of grain size reducljon should not be con.

fused with thenechanish oferain size reduction bydynamic
recryslallizalion, typical for mylonites (White er a/.. 1980).
Since the pioneering work ofCarter el a/. (1964) it h clear
that moltar quartz ir mylonites is the producl ofdynamic
recrystallization during power law creep and that mtlonites
shoLrld noi be referred 1o as cataclaslic rocks (Higgins, l9? I ).

Ar more elevaled lemperatures and pressures crystal plas-
tic deformation *ill successfully compele with fracturing
because elevated lemperatures promole the ease of glide
within cryslals and because higher pre$ures prohibit
cataclasiic processe! associated with volume inffeases and

B. Low Temperalure Plasticity

wirhin this reeimestrainin rhe lock islargelyachieved by the
conservaiive motion ofdislocaliors through the cryslal lat
tice (i.e. the dislocations propagate strictly within crys
tallographic planet. or, on a larger scale ofobservation, b!
glide onslip systemsdefined byslipplane and direclion. The
resistance to glide is not controlled by frictior and thus in-
dependentoiconfi ningpressure. Thereis a resistanceto glide
caused by either the necessity ofbreaking atomic bonds as a
dislocation moves or by obslacles such as impurities, other
dislocations or g.ain boundaries (lattice resistance versus
obslacle controlled plasticity, Ashby and Verrall, 1978).

The resistance to dislocation glide is the rate conlrolling
factor during deformation and usually an exponentral stress
dependence of strain rate (equation 2) is observed. The
morion ofdislocations is lhermally activated, the appar€rt
acdvaiion energy for creep is usually smaller than for the
latlice self-dillusion. Thus, srress, temperature and strarn
rate becone irter.elaled in the fom of a pseudoviscous flow
law (Fis.1).

The fac! tha! grain boundades are obstacles to the free
propagalion of slip (and twinningin the case ofcalcite) into
the neighbouring grain is reflected by the obs€ration thal
the yield stress of fine-grained materials is generally higher
than that of coarse-grained materials. This grain size depen'

Fig.2 Grain sie reduction by tacturing within a shcar fraclue zoncin expc.incntally dcfomed quartzile. Nole the angularshapeand lhe
wide speclrum ofgrain sizes ofthe cryslal frasments.

. fsoy-
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Fie 3 Bro.d twin (t), causing inhomogeneous defomation in lh€ fom of a defomation band in a neishbouring grain which rieaorms by glide.
Nore b€nr lwin la@llae indicarins rh€ srrain associaled wirh rh€ deformarion band. calrara harbh, exp*irenrally detomed ar id(),C,

l0 \ ' .3kbconf in ingpre$ureandal l t5obardi f ferenl ia lstrc$by13%shorrenins.Compression!e icat .

rearange. Theyenherhave toclimb orcrossslipin order to
leave lbe glide planes (Poirier. 1976). There is a ereal rumber
of microdynamical models ior power law creep (Poirier.
19?6) and host of them predicl an aclivation energy near
tha! of lattice self dirusior. which in the speciic case of
dislocation climb creep (Weertmann, 1968) conrots tbe
clinb velocity. Th€ power tr in lhe powerlaw for creep (equa-
lion 3) is predicled ro be in the range from 3 to 5.

Dynamic recrystallization oflen acconpanies power law
crep and, together with subgfain fomalion ano oner
manifeslations ofa recorery proces, helps to keep the dis-
location density sumciently los to avoid strain hardening. tn
section lY specific mechanisms of recryslallizalion will be
discussed in more detail.

The notion thatdislocation densiryand ihe sizes ofTEM,
subgrains, opiical subgrains and reoystalliad grains should
be in equilibrium at a given differential srress is only valid
and applicable to paleostres deteminatiors, provided that
rhe rock defomed in the regime of power law crep (see
discussion in chapter D).

The rheology ofmateriahin the power law creep regionis
la.gely independent ofthe slarling grain size.

A large number of exp€rinentally detemined flow laws
have beeh oblained on rocks deformed wilhin the field of
power law crep (Carter, l97q Tu is, 1979).

D. Glain Size Sensitive Crcep

At even higher tedperalures and lower sresses. and/or for
fine-erained naterials there exists a number ofmechanishs
which are grain size sensitive in the sense that fine-grained
materials are les flow resistanl and where:

edd h (4)

whereJi5rhee,arn\ i /eandbane\porenr in lherange2 l
The defomation of thepolycrystalline aggregate lakes place
by eilher dirusional hass lransfer (dirusional now and

dence is known as lhe HalfPerch law in materiah science
(Nicolas and Pojrier, 1976). The hardening ellecr ofa small
grain size is caused by the fact tbat the shear strain. as
produced by the conservalive motion ofdklocations or by
twinning wilhin one grain, cannol simpl] be accommodated
by the neighbouring grains which have differen! crye
talloSraphic orierlations. Figure 3 illustrales this for the case
of twinning in calcite. Olsson (1974) shosed the Halt-Petch
relatiorship 1() hold within a temperalure range of 20 300rC

As a consequence of inlracrystalline slip a ffystallographic
prelered orientation willdevelop (see section 9.

Sleady stale is rarely acbieved within this regime and in
cases of work hardening many experimentalists iormulate
flow laws refering to an arbitrary level of srain (usually
l0%).

C. Power Law Creep

In nany naterials one observes a transilion lrom an ex-
porentialstress dependerce into power law creep (equation
3) wilh increasin8 lemperalure and decreasing stress. Al the
same time the apparent aclivalion energies come to lie near
the activation energies for diftusion. Microslructurally, one
observes the formation ofcelis and subgrains on the TEM-
scale and of oplically visible subgrains uder the oplical
microscope (Fig.4). In a transienl region from low !em-
peratxre plasticity inro power law creep core'mantle
microslruclures nay be observed (Fig.5), suggesting that
subgrain formation first sla.ts near the g|ain boundaries
wbere strain compatibilily reasons force the dislocalions to
rearange into subgrain walls.

As in the domain oflow tehperature plasticity. dislocation
slide is still the major strain producinsmechanism and hence
a cryslallographic preierred orientation will develop. How-
ever, the arranSement ofdislocations into subgrain walh is
Ine rare control Ing srep. Ihus.  the srrarn rare ar an) B,ven
srre$ lelel is conlroll€d bt the velocity at which dislocalions
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Fig.5 Core manlle nructurc i. Catr,ra naible erpeiinenull, delorned al ?00'C. l0 \ ',3tb coniining pre$ure and ar 685 bar
difcrenrirlsresbyl2l';shorlenins.conpre$ionrcnical Nolc lhal cquiaxed subgrdins !'e confined to ihe srain boundary regions. whereas

dcformdlion b.ndsaE charrcterkic lor the srain intcrior
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presure solution) or by sliding along grain boundaries of
essentially rigid dystaLlites Guperplasticjly).

DifJusi.hal lov ft the solid state via mjgration oi point
defects alonga stress gradient is known as Nabado-Hedng
or Coble c.eep, dependins on whether dirusion occurs
through the lattice in the grain interior or rear grain boun-
daries- For strain cornpatibility reasons, sliding at grain
boundaries has to occur but the grain boundary shear
stre$es are so lolv that dillusion remains ihe raieconlrolling
step during deformalion (Beer€, i 978). The strain rate can be
calculated from firs! principles by consideling the stress
dependence of the equjlibriun density ofpoint defects (fo. a
sinple derivatlon see Poirie!, 1976)- lt has the form:

?: C D"noQlkT.l'1 (5)

where C is a geometrical cons1anl, Dq.,. h the effective dil
fusion coemcient. O is the alomic volume and dis tbe grain
size. The effeclive diflusion coefficient is made up of lwo
components: the lattice diffusjon componert dominaling in
Nabarro-Herling creep and the grain boundary diffusion
component dominating in the Coble creep field. ln the latler
case the ereciive dillDsion coefncient is inversely propoF
tional to the Brain size and thus the exponent b in equation

There b as yel no experimental evidence for solid stale
difusional flow in rock materials. Difusional flow is likely
to occur at ver! low stresses and high temperatures only.

Par( , ,? \ r / rnor,  rn\ohe\di l lusion8| nJ$ rrrnsporL in an
aqueous environnent via solDtion and redeposition of
material (Fis.6). Ir is a widespread mode ofdeformatron in
low srade rocks (Durney, 1972) but hard 1{) observe Dnder
laboralory conditions because ii is expected to domiDale dl
los temperalures and stresses and at very slow srain rates
only (Rut!er, 1976). Rulter (19?6) delived a constilutive
equation lor presure solulion on ihe domain oiindividual
g.ains (Fig. 6) whose formalism isanalogousio theequarion
for Coble creep: inslead of a gradienl in the €quilibrium
concentration of vacancies along fte Crain boundary lhere is
a direrence in solubiliry in the fluid films at the srain boun-

daries. The rale ofdeformation also depends on the grain
bounddrJ d. l lu\ i ' rU rn rhe presence of  d f lu id f i lm.

The situation bsomes more complex however if the
solulion transfer o@u6 over much larger dislances as, for
example, from a stylolile to acalcite vein (Durney and Rarn-
sa!, 1973). Such a situalion car no longer be desoibed in
terns ofa microdynamical model.

Anothe. kind ofgrain siE sensitive creep, likely to operale
atlowstreses and small srain sizes, is grain boundary sliding
L^diry to srperyl6 ti. fo||- ln this case grain boundary slid-
ing acts as the prime strain producing mecharism and it is
not just a consequence ofstrain compatibilityproblems as is
lhecaseduringdifusionalcreep. Aho rhe grainsarenow free
to rotate and to swilch neighbours after high amounts of
strain (Edington er al, 1976). Midodynamical models for
superplaslic flow usually assume thar the srrain rate is not
conbolled by theviscous resistance to glidingatgrain boun-
dalies bur by the slowest event during slidirg, nanely the
minor chang€s ir shape the grairs have to unde.go in order
to dide past each other. Ball and Hurchinson (1969)
proposed lhaldhlo@lions pile up at unfavourably oriented
gruin boundaries and that th€se dislocalions escape by climb-
ine into the grain bounda.ies. An alternative model by
Ashby and verrall (1973) proposes local dirusioral mass
transier along grain boundaries.

In conlrast to diffusional creep and presnre solution, a
nonlinear strain rale vs. stress relationship is observed. bul
the value ofthe exponent, in equation 3 is always smaller
than 3. The grain size exponent , in equation 4 h usuaUy
found to lie b€tween 2 and 3.

There is someambiguitl aboutihe lerm superplasticily. I n
a wider \en.e. rh€ nolron of \uperpla{rc flow r. d
phenohenological one aDd just implies extreme ductility
dlring an exlension experiment. a common mode oftesting
metals. Ductility is a neasure of resishnce to necking in a
tensile lest and not direcdy related to a specific mechanism.
In geology, the term superplastic in this wide sense can be
used for any rock which is highly sraiDed, such as any

FiC.6 Pressure solurion on tne eal€ olindividual grains in a cnnoid.l lineslone. Solulion look pla@ along horizontally orienred srrlolires,
rhe white rcdcposition areas grow in cryslallographic continuity over tne dart gey inpurc orisinalsinglc crystals oacalcite.
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Higb ductilily and resistance to necking are howeve.
relaled to the deformation mechanism indirectly throughlhe
value ofthe paramete in equation 3.If, = I necks do not
propagate (Cittus. 1978) and lherefore materiak defo.ding
by diflusional creep can be refered to as being superplastic
too in this wide sense.

In a more restricted sense however superplasticity implies

(i) srain boundary slidins is the major sbain prodlcins

(ii) that the microslruclure remains srable, i.e. thal the
grains remain equiaxed even ailer large anounts of

(iii) that the stress sensililily ofsl.ain rate in lerms ofthe
p3rJme,er In equarron I  r \  berseen and I .

AII these crileria do not apply in the case ofdillusionalcreep.
.o here rhe lem \uperpL\r icn,  sr l l  be u.ed in _hi .  na, ,o$

Superplastic flow in rockmaterials hasonly recently b€en
reported (Bouiller and Guesuen. 1975: Schhid er 4l, 1977).
Il isdifficult however to find direct evidence lor grarn boun-
dary sliding in nalurally deformed rocks and a stable
micfostruclure can aho be explained by dynamic recrystal'
lization during power law creep. It is only lhe absence ofa
slrong crystallographic prefened orienlalion which can in-
dicale thal grain boundary sliding may be the dommant
strain producing mechanism.

lV. Pal€ostr€ss Estimates

A. Esrimates Based on the Exoapolation of Flow Laws

Ideally. the magnitude of differeDlial stres can beestimated
by €xlrapolation of laboratory determined flow Iaws inro
geological conditions on the basis oia deformalion mechan-
;m map, provided that thefe are indeperdent estinates of
stfain rate and lemperatufe. These exkapolalions heavily
rel)  on rhe ac.Jr . ,cy o ' rhe delornar ion me\h. , r  \m rar\
used, and thus also on the reliability of the theoretically
calcnlaled flos laws for regimes ollside the range ofexpei-
mental condilions accessible to the experimentalist.

Most of the elperimenlalll delermired flop lals apply ro
the mechanisms of low lemperature plaslicity and power law
creep (tbr reviews see Carter. 1976; Tullis, 1979). Sresses
operaling du.ing brittle fraclu.e and cataclastic flow can be
estimaled throxgh the sell known MohrCoulonb criteion.
Flowlapsforgrainsizesensi t ivecreepareavai lableonly lor
superplasticauy deformed calcite and olivine (Schnid ei a/..
1977; Twiss, 1977 on lhe basis ofdala by Posl, 1973, 197?).

Figure 7 is a graphjcal synopsis ofsome of the laboratory
derived flow laws on various mononineralic rocks in the
coordilates of a delormation mechanhm map (compare
Fis.7). Possible lransilions into cataclastic flos al high
' l res es(dependingonconf i  n ingpre. .ure). ,nd inroBra ns ze
sensilivecreep laws at lor skesses are not considered in this
figure because oi the lack oi experimental data (except for
nne-grained limestone, deformiig superplaslically at low
slresses). The curves are drawn ior geologically realistic
strain rates by simple extrapolations oiempirical fiow lals
and lhey exhibit a more or les draslic drop in strength at
vastly different tehpe.atures. The relative slrengrh of lhese
naterials coresponds nicely to rhe relative competence of
these rocks in the field.

The slope at constant skain rate. as derived Lom a power
law relationship (equalion 3) is given by:

Fie.7 Slnopricdiasrrns forconsrantsbain rarcs of lO ros (.)
and 10 \ '{b) illustratins rhe relati!e nensth otdiflerent rock
r!tcs,s d luncrion of lenpcrature. The constanr {rain rate conrou$
{re based on expcrimcnrally delermined fl orv lass for polycrysulline
resresales oahalite (Heard. r972). anhydrile (Mnller and ariescl,
1930), rine grrined linrestone (Schmid./ dl, l9?7). cod4e srrrned
nrarblc (Scbnid ?/ aa. 1980)- *et rnd dry quartz (Patrhh ar a/-

1976). dolonire (l.leard, 1976)and dunire (Pon. 1977).

and depends nol only on the apparent activation energy for
creep but also on the value ofthe stres exponent ,.

It is readilyseen lbat accuate sl.essestimates are difficult
becaure renperalure el t imare\ are ucudl i )  not  loo preche.
Aho there are dependencies on water contenr in the case of
,he \ i l icares and rhe hme.rore dara emphdi/e rhc rmpoG
tanceofgrain size(nole the revesal in relativesbength ofrhe
two calcite rocks from the bigh strels area inlo the low sbess
area). On lop oflhes€ dimcultiescome sohe oithe problems
discused in the previous chapters.

Figure 7 howeler illustrates the vasl diferences in 8ow
stress 1o be expect€d between direrenl materiah under con,
ditions of conslant strain rate. ln reality, lhese differences are
relaxed by inhomogeneous deformation and salr. anhydriie
and limestonein panicular are good decollement horizons !r
moderale tempelatures! where dolomire and the silicates
remain e$entially brittle. Miillerand Hsn (1980) showed by
Dumerical modelling that the decollement ofthe Swiss Jura
mounlains including the Swiss molasse basin h compatible
wilh the experimentally delermined flow laws for anhydrite
(Miiller er dr, I 98 1 ). a nalor consliluent within rhe Triassic

At somewhat more elevakd temperatures calcile may
become an imporlant decollenrnt horizon provided thar it
delorms by superplaslic flow. Based on the flow law for
superplaslically deiormed limestone. the llow stess ar the
baseoftheClarus olerthrust and wilhin a thin calc,mylonite
layer (Schmid, 1975) can be estinated to be lower rhan
l00baf ar the eslimated lemperalures and strain rates. New
nicrofabric work on this mylonire horizon produced
e\ idence rhar Bra n boJndary s|drnB ,"  rhe operal ivc
deformation mechanisn (Schnid .r o/., l98l).

The relative strength ofdecollement horizons and thrust
blocks also has ahajorinfluence on thequestions ofgravity
spreading versus acrive rectonic push at the rear ofa thrust2.3 RnTz
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block. This is illusrrated in Fig.s based on ihe tollowing
fomula derived by Chapple (1978):

2K(\  eJ
Pgz

which eipresses tbe suriace slope d oi a thrust wedge as a
function of tbe yield slress r(within the thrust block, the ratio
I ofthe shear slress in the basallayer over tbe yield sbess r.
the basalslope 9oflhe thrus! block.way lrom the foreland
and lhe overburden pressure pg,. The surface slope d in
Chapple\ nodel ha corseqDenceofplastic yield throudout
the thrust wedge and has to b€ positive with a slope lowards
the foreland in order 1() produce a component ol gravily

spreading in the d.iving forc€. Figure 8 illustrates that for
basal shear stresses of les than lO0ba.s, exp€cted for
decollement horizonssuch as evaporites and limestoncs, Lne
resulting surface slope ris negative and thus gravity spread-
ing must be ruled out in such cases.

Because negalive surface slopes away from fte foreland
are geologlcally unrealislic, Cbapple\ assumption of peF
vasive yield within lhrusl wedges has to be relaxed ifthe basal
shear stress is very much lowerrha, theyieldslress wiihin the
thrusl wedge. It can be shown in the case of the Helvetic
nappes of easlern Switzerland that internal deformalion
within the Helveiic ihrust block predates the final phase of
thrustirs (Schmid. 1975; Milnes and Pfirner. 197?). The
gravityspreadingconcepland Chapple's model howevercer-
uinly apply for cases where there is a more homogeneous
stres distribution in basal decollement horizon and thrust

B. Paleoslrcss Determinations Based on Microstructural

The classic melhods for the derivation ofstress diretions
based on lwinning in calcite ud dolomite (Tumer and
weiss, 1963) have been further deleloped by Spans (1972)
and they have been applied for mapping of principal slress
diretions in cross-s€ctions thlough the Rocky Mounlains
(Spang and Brown, l98l)- These methods rely on the facl
that twinningin calcite and dolomitecan only be opelated in
a unique shear sense relative !o the crtslalloeraphy, conlrary
to slip systems which generally have no prescribed sense of
shear. This method horevef only works for moderately
strained locks where twinning did not go to neaF

Other, similar. methods which can only be applied in the
britlle neld rely on fracture patterns. slickensided faulrs and
fault plane solutions.

There is a number ofmethods to delermine the paleosbes
irom microstructural dala ard these methods have received
a lot oiatrention during the last few yeaB. The disrocation
density offree dislocations. the size oisubgrairs and the size
ofdynamically recryslallized grains have been used to infer
paleosress. The equations relatiDg these microstruclural
pafamelers to diflerential st.ess arepartly based on theorei,
ical considerations and partly on the empirical laboratorr
calibrations which are available for a number of nnncra,s
(for reviews see Nicolas and Po;ier, 1976; Mercier er a/.,
l9?7j Twiss, 1977t White, 1979).

There are a number of diificulties associated with these

I . All oi these methods asume a steady slate miffoslruc-
txre which developed under dynamical conditions
during power law creep- They are not valid ior all th€
olher defomation regimes and in siluations of stain
hardening or strain softeoingthejr use becomes, !1lhe
very least, problematic.

2. The microslructDral imprint of the main phase of
steadl state defonation in which the geoloeisr is
interesred ma) be overprinted by fie laler geological
hrnor)  Dblocauon denqry in par l icuiar . (  \ery
susceptible to late overprinls associated with small
amouf,rs of slrain. The hosr stable paleosrres! iD-
dicatoris probably the recryslallizd grain size and the
discussion will focus on some of the problems
associared with rhis parricular melhod.

99z=25OObar

Fis.8 Crapbicalrcpresenldtion of equation6dhcussed Inthetcxt
(Chlpple, l9?8, equalion 16). Th; sraph illuslrules lhe dependence
oflhc surface slopc d o. thc ahsolute lalue ol the basaishedr slress
ind4ol lemenror r) lonirehor /on Tlo.cF orcorroLhrr . f r \on
lora0. l0 and15 slope0olrhe basl ldeol lemenl hor izon dway
from the aoreland: lhe solid and broken lincs assunc a yicld she$ K
ol l000bar and 500b!r resperilely. Tne top lisu.e (a) rcf€r ro a
tbickness ol the overthrusl block oa 6kn, lhc bouom ngure (b)
a$lnes l0km overburden. Nolie lbal positive surface slopcs, a.d
conscqucnlly a componcnt ofgravny spreadine ae only oblained
for rcl al ively strons decol lemen t borizons (far in exccss of l00bas
considered lo be the maximun shear sftngth of a nylonite sucb as

thc Lochscilcn mylohile ar the Glarus.verthrusl).

9sz=15OObar
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The recryslallized grain size dis related to dillerential sress

6lr=Kldlb)P (8)

where f (an elasticmodulusrelsled to lhesbearmodulus and
Poissons ratio) and b (the Burgers vector) are used !o nor
malize stress and grain size inlodimersionless quantities and
( and p are constants (see Tsiss. 197?).

Figure 9 sunmarizes the data available for vanous
minerah. The scatte! in Fig.9a becomes somewhal reduced
by normalizing stress and grain size accordirg to the equa-
lion given above (Fig.gb)i lhe dope / howeler still varies
between values of 0 67 and 1 43 (ior ihe same miftral,
olivine). Using fteoretical arsuments, Twiss ( l9?7) predict€d
slopes of l 0 and 0 7 for subgrains and refflstallized grains

Thelargescatler suggests that thesecalibrations should be
applied to geological situatiors with caution and that
paleostress detelminalions are only ordeFof-magnitude
eslinates. The scalter may have several reasons:

I . There are problems with lhe technical determination of
grain size (for a discussion of the methods, see
Erheridge and wilkie, l98l).

2. Other iactors such as temperatlre, water conleni, im-
purities and second phase minerah may also have an
influence or the 6nal grain sia. Slatic lhermal treat-

Fie.9 Experimenrally delemined cuives of dillerential stress vs.
rhe size of dynanically r€rystalliad grains aor larious rock
nalenah (a) and nomalized accordi.s lo equation 7 dcsribed in

lhe lexr (b).

Mechanishls Mti FIo|| La$ I03

ment after the experinent may Iead to 8ftin growlh
(annealing recryslallialon). Waler demonsrably has
an efect on the graio size (Fig.9), whilstimpurities and
second phase minerals may pin the grain boundanes.

L Ther€ are several mechanisms of recrystallization
which may lead to diflerenl grain sizes. Apart from
annealin8 rrcrystallizarion, nol related to sires, there
are lhe following categories of mecharisns durjng
dynamic (= syntectonic) recryslalliznlion: the roratlb,
nechanism involves the relative rolation ofsubgrains
as a consequence of adding more dhlocations on the
same sisn into a subsrain bound:ry (Hobbs, 1969;
Nicolas and Poilier, 1976). This mechanism 

'ssometimes referred to as dsir! reqystallizalron and
it is a mere extension of recovery pro@sses (Sellars,
1977).'lhe nigrution m..hznism keeps the dislocatron
densitt loa by the movement or migration of high angle
boundaries from gains with a low dislocation densily
into neighbouring grains wilb a hieherdensiiy (Ponier
and Guiuop6, 1979). Finally Mercie. er dl (1977) jn-
\oked models ol , r . /caf to,  ordsrowf l r  o lnew grains
fron pleformed nuclei" such as subsrains, deforma-
tion bands and grain boundary bllges.

Cuillop€ and Poirier(1979) have demonslrated thai,
in the case ofhalite. the grain size for grains r@rystal-
lized by migration is larger than thegrair sizeproduced
by lherolatior mechanism (Fig. 9). In this case the lwo
mechanisms operate simultareously above a cfilical
temperature, an observation made for the case ol cal-
cite as \rell (Schmid e, a/.. 1980). For quartz and olivine
however the mecbanisms of recrystallizarion are noi
krown or specilied in the literature. While Hobbs
(1969) and Pojrier and Nicolas (1975) inrer roration
meharhms for quarrz aDd olivine respectively, MeF
ciereral (1977) and Ross er at (1980)pr€ter lhenuclea'
tion and growth model. Kirby and Green (1980), in a
sludy ofdunib xenoliths, observe r€cryshllizalion by
a nigration nechanism.

This disclsion on leryslallization nechanisms indicates
tha! a better undeNtarding ofthe nechanisms of reffystal-
lizationisneeded lormore acarale stressdeterminalions- In
the case of quartz. there are some data available now for
naturally deformed rocks (see review by Elheridge aid
Wilkie, l98l). The magnirudes of diffelential slress all valy
belween a lew hund.eds ofbars up to the order of I lbar.
These estimates are probably relarively reliable becalse no
great extrapolations from labolatoly streses down to the
eslimated geologi€al stresses are involved. In olivine, the
situation is different in lhat lhe slres estinates for the upper
mantle (below L00bars, Ave Lallemant er al. 1980) involve
3n exkapolation of aboui an order of magnitude in dilleren-
iial stress (mosl experiments were perfolmed al streses
above I kb in solid medium equipnent).

ln spite ofall thele difficullies, the paleostess detemina-
lions have giver us diret information on rhe order of mag-
nitude oi differenlial stresses active during power law creep
ir raturally defomed rocks- Eve, lower srresses should nor
be excluded, however, for the case of grain size sensilive

V. Crystallographic Prefened Orientation (Texture)

Thh topic offers a particularly good example of the progress
made over the past few years through a combined ero( from
bolh the experimeDhl approach and from attenpts to
simulate the developmenl of cryslallographic prefeffed
orientation (which will be refered to as texturehere, follow-
ing the malerials science teroinology) by usiDg conputor
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based numerical models. There is a vasl amount oflexture
data in the eeological literature. but in many cases interpreta-
tions of the pole igures have rema'ned highly sp€culalive
and sometimes nebulous.

The work of Lister and co-aulhos (Lister .r a1., 1978i
Lister and Pate6on, 1979; Lister and Hobbs. 1980) in par-
ticularmadeit very clear that texlure development is gover-
ned by tbree main lactors:

Fig. ll X{ay delermibed pdle iigures lor thcquartzc-axis and rhe
r-direction (1120) in quarrzne lakcn from r sbear zone (Schmid ?/
a/.. 1981b). Thc counlours are given in nultiples ol a uniform
dislribution. Th. odentation offolialion (F) and linearion (L) fe
labelled toEelhcr wilh the shear zonc boundary (S). Thc atrows
indicdre lhe sense ofshear infe(ed ftom rhe shc,r zone CconerD.

Fig l0 lnvcBe pole fisuEs for expcrinenlally delom€d cdlcire
rocks.conlourcdinnultiplesofa unilormdistribuLion.takenfton

Cascy ?r i/ (1978).

and beie we .ely on model work and on lhe interpretalion of
textures in naturally deformed rocks. Nature provides in-
dependenl evidence for shearing defomation and for lhe
\en,e ot(hear in mdnJ,hear zone. (Ramsa).  1980: Srnp:on.
1980).Figure Il illuslrates the texture of a quarlz mylonite
within such a shear zone. Xiay texture goniometry allows
the deiermination ofa let ofpole figures and we do nofuely
onlyon the pole figure for thec-axis in quartz. as is the case
in oplical U-slage measurements (Schmid ?r zl. l98rb). ln
addilion, the calculation of the orientation distribu!ion func-
tion (Bun8e, 1969), Bu.ge and Wenk. l9?7! Casey, l98l)
allows ideal crystal orientrlions in terms of all ffys
tallographic axes to be delermined troh a set ofpole llgures
fordirerent crystallographic dilections. Figure l2 plors the

2.

l Theparti.ulats.t a:f gli.le ,,s tens uctiv duriis.lefoma-
rirn. This produces characteristic patlerns froh which
we can learn about the stress. straiD rate and tem,
peralure conditions during deformation (Lister and
Paterson. 1979). Experimental work on single crystals
provides imporlant input parameters for rhese numer,
ical  modeh in pror.ding i l lonar ion on rhe relau\e
maenitudes of lhe critical resolved shear shesses
neded ro operd,epaflicular glide *rlems as d fun.ron
of the environmental paraneteB.

Fdre rr.4r)r. With the same set of acliv€ glide syslems
tbe lype oi finite strain (flattening, constriction. plane
srrarn erc. ,  produces dimerenrpole f iBUre parrern\  t l  is-
ter and Hobbs, 1980). ln the case of texlure develop-
ment through glide,induced lattice rotation!. as
modeiled by Lister and co-authors, it is dimcult to
*r imare r l "e nagnirude of  nrain For dn ahernal i \e
mechanism, such as the pasive rotation of sheet
silicatesir a ductilernakix, attempts haleb€en made 1o
relate the strength oflhe textureto the strain magnilude
(March, 1932).

3. The strcir path at the kircnatic ltanevo*. 'lhe in-
fluence ofthese on rhe nnal iextlre patiern has been
studied by Lister ard Hobbs (1980) and Etchecopar
(1977). StarlinS witb a randon texlure and excluding
complex multiphase slrain histories, an asymmety ol
the pole figures in respect to the macroscopic fabric
axes (foliarion, lineation) isindicative for a non-coaxial
slrain palh wilh a largecomponenl ofsimple shear and
the sense olthe asymmetry reflects the sense ofshear.

I t k slill nol clear how much and in exactly which way
intracrystalline slip occurring in low temperalure plas
ticity and power law creep determines the laitice ro!a-
tions of individual grains. Many rocks with a srong
texlure are dynamically r€crystallized and dynamic
recrystallizatior was notconsidered by the modelwork
olEtchecopar (1977) and Lisrer 

"1a1. 
(19?8).

Figu.e 10, taken from Casey er d/. l9?8, is a good example
for how lhe deiormation mechanisms and lbe set oi aclive
glide systems innuence the texlure in the case olcalcite. The
type I lexrures (Fig. 1 l ) are indicalive oftlinning. known to
be fte €asiest glide system at low temperatures. The type 2
textures occur in the absence oftwinning and Lhter (1978)
simulated this texture remarklbly well by aclivaling slip
nainly on the rhonbs r and i. The type 3 textures a.e com-
paratively weak and the transition irom lype 2 inlo type 3
exactlycoincides wilh thechange in deformation nechanistn
form power law $eep into superplastic flow (Schmid ?r dl,
l9'17t Casey et al.,1978).'fhe fact thdt a weak texture does
delelop indicales that sohe inlraffystalline slip takes place
during grain boundary sliding.

Usually the laboralory experimenls produce uniaxialll
deformed specimens and. as a consequence ofthls, the pole
hgures erhrbir  ro lauonal  )mmerr!  dround rhe compresion
axis (this is the reason for usirg inverse pole figures for
detaihi see Bunge. 1969). The experimenlal work of Keln
(1971) is the only example ofa more complex type ofcoaxial
slrain and he €xperimentally demo.straled how the type of
strain influences the texture.

Experiftents in simple shear are very dimcult to p€rforn
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most likely orientation of a qDartz grain in case of lhe
specimen presented in Fig. I L The a-direction(normal ro rhe
second order prism in quartz), an importanl glidedirection.
is aligned with the inferred shear direction within rhe shear
zone.ln addition, the position ofthec-axis suggests thatlhe
posilive rhombs preier to be aligned wilh the shear zone
boundary and this is connrmed iD Fig. 12. Tbis is a stable
orjenlation for easy glide on the rhomb planes and in the
following chapter the rheological consequences of such a
slable end-orieniaiion will be discused.

Figure l3 illustrates lhat this same specimen dynamically
recrystallized. probably by a rolation mechan;m. Dynamic
recrystallizarion did no! destroy the texture. which can still
be readily interpreled in terms ofintracrystallire slip. There
is thus no need to invokesepalate models of texture develop-
mentfordynanlcalll recrystallized grains. such as the Kanb
model(see discussion iD Nicolas and Poirier. 1976).

An immediate application ofsuch asymmetri€s lies in the
determiDation olshear sense, nol known in rnany geological
settings. and in kinemalic inlerpretation of lineations in
terms oia' and b-lineations following Sand€rs leminology.
In our case, the lineation is at a small angle to the shear
direction and therefore represents a stretching lineation sub'
parallelto the relative displacenent of the shear zone boun-
daries (alineation). There a.e no{ nunerous examples of
ihe determination of shear sense using this principle (Eis-
bacher, I970j Boucher, 1978i Burg and Laurenl. 1978;
Bouchez and Prcher, l98l). Syslenalic regional studies on
the significance of lineations for inferring lhe direction of
relative displacement ofnappes o. during internal deforma-
tion ofgnehsic bodies will cenainly be of ma.jor geotectonic
importance in the future.

VL Strain Soft€ning Mechanisms

Localized deformalion in shear zones is an importanl mode
ofdeformation in basedenhocks (Rahsay. 1980) and duc-
til€ floe in myloiile Iaye6 accounts forlarge nappe transla-
tions. The formation of shear zones and mylonite horizons
is a consequence of local shear inslabiljties. Ther€ is a variety

Fis. l2 Fdlouredcrystal odentation forthesp*inenDresenredin
Fig.IL The c dxn posirion labcllcd cj and c, cotrcspond 1o tbe
positions ofthcc-aris naxind in Fis.ll, the positions ofthc polcs
to (l lZ0) arc labelled a Gccond order prisns), lhe posilions of lhc
pohs 10 ( l0I I I and (01T1) are labelled r ard z (posnive and negarile

rhombs rcspectively)

of posible hechanisns which can lead to strain softening
Ge reviews by Poirier, 1980 and White 

"1 
a1.. 1980) and

hence to shear inslabilities. Alihough shear heaiing (Brun
and Cobbold, 1980t Fleilout and Froidevaux, 1980) prob-
ably is the most popular softering nechanism, we wiU only
discus two other posible mechanisms, because they relale
closely to the topics discussed so far:

(l) Geomehical softening caus€d by the rotalion oleasy
glide systems inro orienlations of high resolved shear
slreses during lexlure formalion and

(2) softening as a consequence ofa chanse in deformation
mechanism from powerlawcreep into grain sizsensitive

Fig. Il Microsfuclure orlhe dynanically rerystauized quarrile specinen r€ferred to in Fis. 11.
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creep. The latler process can be induced by dynamic

Boih these hechanisds rely on 1ro aspecls of the
midofabric which a.e typical fo. mllonitesr a skong crys-
tallographic preferred orientation and dynamic recystalliza-
lion towards snall grain sizes.

A. Geomelical Softenins

In the previous chapt€r. the developlnent of lexlures jn sbear-
ing situations was discused .nd il was demonstrated that a
type of kxrure may develop which increases the avefage
resolved shearstresson one o.. inmany othe.clses, on a iew
of the slip systems. In the case ofquariz. a good alignmenl
of the !-directions with the shea. direction is observed in
mrny cases (Bouchez. 1978: Schhid ?r a/., l98l).

ln such a situation, thc flow strcs for intracryslalline dip
sillevenlually drop 1o a minimum. Both Etch€copar (197?)
and Lisler and Hobbs (1980) simulaled the delelopmenl of
such end-orientations iD their models.

Experimental data by Burows e, a/. (1979) suggests that
the reorientalion of the lattice nay be assisted by dynabic
rccrystallization and many mylonites wilh a strorg texture
are dlnahically recrystallized. The nechanism ol grain
boundary migralion in particular ore6 a good empnical
explana!ion for the enhancement ofthe ra!e ofreorientation
of the crystal lattice towards an end,o.ienlation ior easy
glide. Those grains which are unsuilably oriented fot easy
glide will accumulate high levels of inrernal elastic strain
energy throtrgh a high dislocation density and latlicedistor,
tions in the form of undulouse extinction. kink bands.
deformal ionbandselc.Crainsor icntcdforeasygl ideonlh€
other hand have a lowerdislocation densityand because they
deiorm in conpalibility wilh the bulk aggregale they store
less elaslic slrain energy. This promotes theconsumption of
unsuilably orienled g.ains and hence strenglhens the texlurc.

B. Softening by a Strain Induced Change in
Defomation Mechanism

Dynamic f ecrystallization during poler law creep effectively
changes lhe grain sizc of the starting ftaterial as ilhstated
in Fig.5 ior experimenlally delormed calche. The same
pf oces ol grain size reduction in thecase oilhe calc-myloni!e
along tbe Clarus overlhrusl in the Helveiic nappes ofSwi!
zerland is illustrated in Figs 14, 15, 16 Fo. Fig. 16 it is paF
ticllarly obvious that lhe mechanism ofdynamic recrystal-
ljzation bys!bgrain rolation inducesthecbange in grain sizc.

The new ffystallized g.ain size has beendetermined to be
around 6-7Fm and according to the stress vs. gratrr rzc
relationship of Fig.9 this indicates paleostresses ofaround
700bar during subgrain fomation and recryslallization in
power law creep. As theinilialg.ain size is reduced, gfain size
senslt've ffeep may or may not take over dependinS on rhe
size of the new g.ains and the position of lhe mechanhm
boundaiy between po{er law creep and grain size sensitive
creep. Thh willnow be discussed in somedetailo. the basis
ol Fig. l?. whichshows adefo.mation regimemapwith grain
size as a variable at conslanl temperatures. This graph was
constructed tor calcile aggregatcs by combining the con-
sljtulive equations for exponential and power law creep as
observed in Carara marble (Schmid ?r ul, I980) wi!h those
lbr superplasiic flow observed in Solnhofen limestoDe
(Schmid.r d/.. l9?7). Because superplastic flow is grain sjze
dependent. the resultirS deiormation regime boundary is
grain size dependent as well and separales a high stres
large grain sizearea of predominanlly power lawcreep from
a low stres snall grain size area ofsuperplastic flow.

Superimposed or lhis defornalion reeime map is lhe
curve ofslress vs.1he size ofnew grains rsryslallizing by a
rotalion mechanism ofdynanic recrystallizalion Gee Fig. 9).
Sbictly speaking this curve should fallwithin the power Iaw
Iield because this rsrystallizario! by subgrain rotation can
only be brought about bypowerlawcreep and thenotion of
an "equilibrium grain size" h meaningless in the domain of

Fis.14 Recrystallizalion concenhated ulonc srain boundaries atlhe besinning srase of progressile nylo.itiarion. L@hseiten mylonire,
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Fig. t5 Rsryslallizalion 10 a n€w fine,grained aggrcgale in rhemarrix. Old crains(porphyroclasts) areheavilylwinncd. Lochseiten nylonite.

superplastic ilo* (Etheridge and Wilkie. 1979). The slress vs.
grair sjzecuwe bowever is superinposed on thedeformation
mechanhm map solely lor the purpose of demonstrating the
following evolution with increasing straini

A calcite aggregate deforms by a slrain rate and under a
stress indicated by the posilion of poinl A in Fig. 17. The
poslron of  rhspornr A rndrcares rhr l  r l 'e marer ia lha(a Crarn

size which is larger than the size ofthe subgrains and rccry$
lallized grains expected to form wilh increasine slrain. The
material deforming by disiocalion creep al point A will
eventually recrlstallize to a grain size along a curve whjch
comes to lie within the field oi superplasticity. The paths to
poinl B and C indicaled in Fig.l7 indicate two exlreme
posibiliti€s ofwhat can hypothetically occur ifthe produc'
lion of a new g.ain size by rotation recrystallizalion would

\
A

.t ' lOum

Fis.16 R€crvsrallization we.t .tmost ro conplerion. The nev grains aE free of opri.al shain fearures, the glain boundarics are w€ll
equilibraled Gompare Fi8.l8). L@heiten ntlonile, Glarus.



108

Frg 17 Delormation regime nup ibr culcire al ! Lenneralure of
400 C oresenred in diferenti.l sfes vs. grain sizc coordih.tcs. Thc
ifrnr rntc contours arc ldbcucd wnh lhc ncgalivc cxponcnl otlhc
{ranr hte in s I. The maD is brsd on experimentally deremlned
fid{ hss.f calcitc. In rhcsut*plastic rcgimc thccquation forerain
siTe sensilivecreep ofSolnhofen lim€stone was used (equation 2 in
Schnid.T 

"1. 
1977) The llow ldws lbi rhe exponentirl dnd power

lxN rc-lincs e trL€n fronr dat! on Carraru m ble (Ruller, l9?4i
Schmide/ dl, 1980, slrcss rel.xdrion drid).

SuFrinposcd on ihh dcfornation resine nap is tbe curve
hbelled recrystallized cranr siz taken Lom rhe calcire data presen
red in Frg 9 Fo.! dncus\nJn ol rhis grdth rnd rhdcxplrmton.l

thc poiDs l,bcllcd A. B lnd C, scc rcxr.

be inslanlaneous Thecase Billusfdtes tba! underbound.ry
conditions of coDstaDt stress an acceleralion of stain ra1e
over severdl ol ders of agnitude will occur .s . consequence
olthechange in Srain size. The cdse Cahernalivelyillustrates
a nress drop under th€ extreme opposite boundary con-
ditions of constant slrain rate. This change in rheological

behaviour can only occDr ifthe position olthe equilibrium
grain size curve is inside the supe.plastic field. It is em-
phasized again that once the change in mechanNm has
occuftedi the culve of recrystallized 8.ain size vs. stress
becomes meaningless.

However, il is obvious that instahlaneous recrlslalllzalon is
d \eF unrea\onabl f  a$umplron lor  wha, mdy oc.u '  i l
nature. As observed in the experiments on Carrara marble
and aho in many mylonitic rocks the evolution of an
equiaxed line-grained aggregale of rrcryslallized grains will
lead ro a bimodal srain size distribution. Some fabric
donains will be fully recrlstallized while the original grain
size will be preserved in other domains. This may lead to a
situalion where both pow€r law creep and superplaslicity
occur simullaneously in differebl fab.ic domains. Such a
siiuation can no longer be desclibed by a single poinr h the
diagram oi Fig. I7. Initially the fully recrystallized domains
willbe isolated and willmake !p a small vollne f.action of
the rock. Thus, flow will renain stable and can still be
defined by the position ofpoint A in Fig. 17. As the volume
fraction of f!l1y recrystallied material grows, the bulk slrain
raleofthe rock willinoease and/o! the bulk stress willdrop
due io the contribution of rhe superplastically deiorming
domains lotheoveralldeformationin the rock.Therheology
of the bulk rock can tben be tbousht to be gilen by ihe
position of a point somewhere alone the path belween A and

In conclusion. dynamic recrlstallization wiu indDce a
change in mifioslruclure which in turn induces a change in
deformatioD mechanism leading to work softening.

Thn conclusion apparenlly conlradicls the facr that
during experimental defornation ofCarara marble Do work
soltenrng was observed as aconsequence ofdynahic recrrs-
trllization, even after more tban 30% shortening (Scbmid er
r ' / .  l9E r  Hotrever.*hen"r imr.ardc,ormarioleprmernip
is conslructed for the 900 1050'C temperature region (1he
temperatures at which reoystalli2ation occured jn theseex,
periments) one ends up with a ditferenr positlon oi rhe

Fial8 Microsfudure, typical lor superplastic Sow in solnbolcn limstone, exp€rimcntall! defo.med al 90o.c, ? x l0 as r,lkbcon6ni.e
pressure and ar 280bar dilTeftndal strcs by 16% sho enins. Note lbe wellequilibrated srain boundaries and rhe absene ofsrain fl!fienin;

in spile oi the larec anount ofslrdin.
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mechanism boundaryin stress vs. grain sizecoordinares due
to tbe direren! activalion energies for oeep in dislocation
creeD and (uoerpl3\uc llo$ re"pecu\ely. The nechrnnm
uoundary no" i tmo.r  co ncroe. $i th the posrron oi  the
€quilibrium grain size curve orcomeslo lie inside thedisloca
lion creep field.In otherwords.lhe new grain size produced
by reffyslallization does not fall inside the area of dominanr
ly superplastic llo{ at the high tenperatures and $erefore
no work softening is expected. The mechanisn of work
softening p.oposed here is thus expected to be importanl a!
relatively low temperatures.

In the case olthecalc-mylonite mentloned earli€rit ls very
likely tbat the stres estimate of700ban is only valid for the
inilial deformation within the power la$ creep neld The
similarily betseen the final microstructure ofthis mylonite,
after reffyslallizalior is alnost complete (Fig 16). and lhe
mi$ostructure of superplastically deformed Solnholen
linestone (Fig.l8) is striking. The texture oftotally recrys
tall;zed specimens ofthis mylonite is very weak (Schnid <1 21 ,
l98la). This suggests that a chanSe in mechanism 

'ntosuperplastic flow has occured and thus the paleosrress
eslimale of ?00 bar is no more valid for the final phase of

The same mechanism of work softening plesent€d here
may also apply lor olher rock types. Bouiuer and Gueguen
(1975) describe superplaslic mylonites in peridotites and
' lhF( ( lo7b) r l rerprcted ducr i le \ho$ /one\ in rhe e\Pe, i
menrs ofPost ( I 973) in terms ofa mechanism change induced
by dynamic reoystallization.

Above. work softering as a consequence of a change in
defomation mechanism lowards grain boundary sliding
(superplasticity) was discussed. A sihilar weak€ninE effect as
a consequence ofgrain size reduction can ofcou6e be pos
tulated for ransilions into other grain size sensilive delorma-
rion mechanisms such as presure solulion or dirusional

Discussion

There is no doubt that the concept ofplate lectonics leads to
a belter understanding of the process ofmounlain building
in 1e.ms of unifying many aspects of geoscience rnto a
coherenl iramework. The problem of identifying the drivjng
forces in nountain building howeler. is slilllargely unresol-
ved. Thechoice belween alternative models such as the Srav-
i1l spreading model versus actile lectonic pDsh on the scale
of individual nappes can only rarely be made on the basis of
geomelrical considerations and it was demonsbire.l thal
knowledge about lhe relative rock shength may provide
.ddilional constraints. On a larger scale, the question after
rhe dn\ Ing force. ol  p lares ha. ro be anstrered and heE agdin
critical information on the rheology of lithosphere and
asrhenosphere can be provided by laboratory invesligalions.

The specific applications discused sho{ed ihat labora_
tory sitrdies have already had a considerable impacl on ou.
underslanding ol deformalion proesses in geologlcal en_
vironments via bicrofabric st!dies. Ifthis dicusion helps to
stimulate fu.therwork in termsofacombinedelTon from the
field geological, nodelling and experimental sides the main
purpose oilhis conlribulion h met.
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