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Towards a Genetic Classiftcation of
Fault Rocks: Geological Usage

and T e ctonophy sical lmpli c atio n s

S. M. SCHMID and M. R. HANDY

ABSTRACT

A simple gen€tic classilication of fault locks into cataclastic and myloniri€ fault
rocks is proposed. The tundanental criterion underlyinS this rnajor subdivision is
tbe transition from frictional to viscous flow. Frictional flow includes those
deformation mechanisms ihat involve fracture and dilaian.v and thar ale shown
€yp€rim€nrall) to depend .ron8ly on effertive pressure Vi..ou" now encom-
par"es non hchonal. lhemally a.tivaled deformarion mechanisms. fte classiti-
caiion of a fault rock is based on ihe identification of rhe mineral(s) and
deformation nechanism(s) that acconmodated most of the strain and are inferred
io have controlled the rheology of the rock. It is emphasized that ihis generic laulr
rock classification is .omplemeniary to petrological lock .lassifiaation. The
fticiional to viscols transition represents a filst-oider mi.rosfructural and he€h
2njcal  d iscont inui ty 'n t .e I lhosphere dnd i .  e\pecr€d ro oc.  u over a oroerer*
ively rarower deprh{ange with ir..easing srr;in. fhir rrdnrrion oc.;r Setow
the onset of crystal plasticiq., within a broader zone of tlansition from unstable
(seismic) to stable or condiiionaly stable (aseismi.) slip.

INTRODUCTION

Faultrccks (Sibso& 1977) or fault-related rocks (Wise et al., 1984) form as the result of
strain concentration within a t3bulai or planar zone. This strain concenhation may
involve substantial displacement of undeformed or less deformed wall rocks acrosi
the planarzone. There is a wide range ofnames us€d for such high strain zones such
as ductile shear zone, mylonit€ beltductile fault zone, gouge zjne, or shatter zone.
All these names imply a finite width of what may be considered a ptanar disconti-
nuitv dt a much lai;e; scale.

II teolotists or g;ophysicists wish to be more speci{ic about the character of the
fauit  rocls withrn d laulL zone, then they need d weu det ined rernunolosv and
severdlaLtemprs to pro\rde such a LprminAtogy havebeen mdde in Lhe pasi(Tdbte
16.I1. The topic of faull rock clds"rficdhon ir and will remain highly conrroversial
becduse Lhere are differing ,"re!l q about rhe purpose of such a ctasstficaiion rn rhe
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first Dldce. Some oeoDle seek a stncllv non-9,enehr classificahon based on descrip-
tive iriteria whjch ao iot require a deelerunierstandinSofdeiormdlional processis
involved. The clear advantages of such classiflcations are that (i) the non-sPecialist
ca]l rcadily use the classification, and, (ii) that the classificatlon need not be
continuoully changed as our understandint of prccesses imProves. The trouble
with e:isfing non-geneiic classilicaLjons rs that they incorPordte genetic terms (e g.
.ataclasis. c;td(h;tes) or use terms that have aiqurred a genitic meaning 1e.g.
mylonitei Fliggins, lq71). Such hidden genetic connotations betray the desire to
emolov pene"u"callv meaninstul criteria,;ven lhouqh *r$ is tareli admitted. As
aisiu.ieX uetow, inoLher m:ior ptoblem with non-ginetjc far-riL roci. clas'iJications
is that purely descriptive criteiria ;lo not suffice to claasify the entire spectrum of fault
.n"t". \l+rit6 *" uriee that debates and conhoversies bn nomencdture tend to be
uninterestinq, we Ieel that a better consensus in the nomenclature of fault rocks is
needed unle;s we are willing to remain unspecific or to include lont descriptions in
map legends and papers not primarily deilint with processes and conditions oI
defomation in fault zones.

The crjteria presently used for classrflnng fault rocks rante from purely descriPtive
(nlicrofabrici i.e. Beli and Ltheridge, 197J; Heitzmann, 1985) lo genetic (rdte of
recoverv ard stiain-raLe; Wlse et al; I984). No general consensus wds reached at a
Penrosi conference devoted to mylonites, alth6ugh most Panicipants agreed that
cntena l. Z and .l (Table 16.l) are the most siStificant (Tutlis el ,J., 1982). fobHon
(crirerion I in Table 16.l) was originally thoutht to be restricted Lo mylonites (Srbson,
1q71, dnd so was resarded as an excellent descriptive cdterion for distin&lishint
cataalasites and mvlofules. Since then, ChesLerel 

"/ 
(1985)haveshown that foliation

jnvolvine ngid-body rotation and algnment of platy tratments also develoPs in
catarlasti=c fault rocks at shailow crustal leveis. Therefore, foliation only remains a
valid criterion for distinguishing cataclasites and mylo tes iJ the mechanisms of
foliation development arc taken into account-

The rcduchon of grainsize (criterion 2 in Table 16.1) is another Problematic non-
qenetic chardctenshi of many, bul not all, fault rocks for a long time, Srainsie
ieducrion by caLaclasi" was lhe on-ly deformation m€chanism envisated for fduli
rock senesi; (e.s. Higgins, l97l). Ihe exPerimentdl discovery of grainsize teduction
by sy"ntectonic ;ecryaalization du-rint crystal plastic deformahon (Chrisfie ei ,/ ,

'ldble Ib I Criteria used by vaious duthob for fault rock classificatjon
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1964) took an amazinSly long time to reach the wider ffologic community. This
discovery introduced the need for micrcshuctural criteda to distintuish cataclasis
from dynamic recrystallization. Grainsize reduction by syntectonic recrystalization
is inde€d common in maJ|y mylonites deformed at relatively high differential
stresses and low homolotous temperatures, where subgrain rotation recrystalliza-
tion dominates. However deformation at hith homologous tempentures promotes
$ain $owth associated with synrectonic grain-boundary miSration recrystalliza-
tion, as obsewed in rocksalt (Guillope and Poirier, 1979), ice (Huddleston, 1980),
calcite (Schrnid er dl., 1984, quaitz (Lisier and Snoke,1984), and olivine (Nicolas and
Poirier 1976). As lont as we continue to believe that grainsize reduction always
accompanies mylonitization, mylonitic fault rocks that exhibit syntectonic grain
growth will not be recognized as such. Finally, strain concentration (criterion 3 in
Table 16.1) is obviously a characteristic of all fault rccks and so is not a satisfactory
critenon for classifi cation,

Havint illustraied the serious problems with all three descdptive criteria gen€rally
considered to be most important/ w€ are left orlly with genetic €riteria (criteria 4 to 6
in Table 16.1) to distinguish and classily fault mcks. For this reason, and because
existint classifications contain hidden genetic connotations anyway, we propose a
genetic classification for faultrocks. We f€el that such an attempt is justiJied in light
of the progress made in recent years on inferring conditions and mechanisms of
deformation from microstructural studies of exDerimentallv and naturallv deformed
rocks. A Benet ic classi t icat ion not onJy names rocks. j t 'd lso endbles us Io infer
deformation mechanisms and conditions of defomation. Because this contribution
emphasiz€s ihe iectonophysicat implications of a genetic classification, concepts
such as the brittle to ductile transition and switches in the active defomation
mechanisms and rheology will be discussed first. Some use of specialized terms is
unavoidable in our discussion, so a Slossary ofthese terms is provided atthe end of
the paper to aid the uninitiated rcader.

THE BRITTLE-DUCTILE TRANSITION

Imprecis€ use ofihe terms "biittle" and "ductile" still creates a lot of confusion. The
following definitions closely foliow th€ excellent discussion by Rutter (1986).
Ductility is a measure for the capacity of a material to deform by uniformly
distributed flow. Of course, tlow may be unifom on one scale and non-uniJorm or
localized on another scale. Consider. for example, a fault zone that offseis an
undeformed pdrenl rock. fhe enf ire system ( i .e.  laul t  dnd pdrent rock, cyhibi ts
localized flow, the fault rock itself defoms ductily, whereas on the scale oI erains
si thin the fauj t  rock. rhe f low may be con. idired locat ized agajn 1e.g.-grarn
boundary sliding in cataclasites oi very dne-grained mylonites). So irrespective of
the deformation mechanism, all fault rocks are ductrle if the scale of observation is
chosen appropriately. Therefore, ductility is not a mechanistic concept. In contrast,
brittle or brittleness arc both terms that are associated with the fomation of cracks
and so clear ly ref lecl  a mechanjshc concept,

Unfortunately for the field geologis, the rock-mechanics literature introduced the

"oncept of d briftle ductile lranrition. This term combine! the mechdnsdc concept
ofbritilene", wrth rhe non-mechdnr5iic concept ofdurtility. Furlher contusion ansi:s
becaLse many eyperimentat i5Ls impl ic i l ly or; \phci t lv at iach a mechanist ic siSnif i -
cance to the term ductile (for example, see Handi& 1966, p. 226). In the laboratory,
brittle deformation is associated with a stress drop ftom ultimate to residual strength
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aJter negligible amounts of non-elastrc deformation. The strain in the sample is
concentrated alont a discrete ftacture. Towards hither temperatures and/or con6n-
ing pressures, mateials undergo inceasint amounts of pemanent strain before
they fail and a stress drop occurs. At these conditions, deformation becomes more
uniJomly distributed (ductile) on the scale of the specimen. Increased ductility in
this dual microstructuml and mechanical sense (i.e. increasinS permanent strain
prior to a stress drop and increasing homogeneity of deformation) represents a
transition from discrete fractudnt &dtd€ in the s€nse of the experimentalist) to
cataclastic flow associated with brittle microcracking @rittle in a mechanistic sense
only), and-/or to crystal plasticity (Mogi, 1974).

Clearly, the terms bitde and ductile are of very limited use or even useless for the
field geologist when employed in the dual sense of the rock-mechanics Iiterature
because the stresFstrain history of naturally deformed rock is difficult iI not
impossible to r€construct. What is tundam€ntal for a genetic classification is the
distinction made below between defomation mechanisms ihat are associated with
frictional and viscou' mechanical behaviour.

DEFORMATION MODES AND THE FRICTIONAL-USCOUS
TRANSITION

Cataclasis is a deformational process involving initial $anulation of grains by
microcrackin& leadint to frictional slidin& dilatancy, and dgid-body rotation
among $ain ftagments, grains, or groups of tlains. Generaly, both the mean
Srainsize and the degiee of grain sorting decrease with strain durint cataclastic flow
(En$Ider, 1974). In the labomtory, grain sliding is frictional (i.e. strongly dependent
on normal stress) and dilatancy (i.€. volume chante) is strongly pressure-sensitive.
Thus, the shength of a cataclastically deforming rock depends primarily on the
effective prcssure (the difference between lithostatic aJld flldd pressuies) and hence
also on depth and fluid pressure. Temperahrre and stnin-rate are of secondary
impodanc€. Th€ frictional shentth of rocks is largely independent oI rock compo
sition (Byerlee, 1978), although fine-grained gouge produced in zones of intense
cataclasis t?icaly displays a lower coefficient of friction than does a clean (i.e.
gouge-free) sliding su ace (Shimamoto and Logary 1981). Bas€d on these experi-
mental observations, cataclasis is classified as a ftictional mode of deformation.

Viscous creep behaviour is characteristic of all known, dtermally activated defor-
mation mechanisms (see Schmid, 1982 for a bief introduction aJld Potuier, 1985 for a
morc compl€t€ treatment). This group of deformation mechanisms compdses
dislocation glide and dislocation creep, solid-state diJtusional creep (NabaIIo-
Herring or Coble creep, diffusional mass transfer involvint solution-precipitation
via fluids (pressure solution creep) and viscous (i.e. non-frictional) grain boundary
sliding (a mechanism associated with superplasticity). Temperature, strain-*te, and
often also Srainsize control rock strength while effective pressure is of minor
importance. The relationship of stress to strain-rate can be linear (Newtonian), non-
lin€ar (power law), or exponenrial. Sibson (1974 collectively refered to these non-
cataclastic mechanisms as quasi-plastic whereas Scholz (1988) called them plastic.
The reason to avoid the term plastic is because this normaly only implies crystal
plasticity, and referc specifically to dislocarion creep vrhen used in connection with
rheological sEatiJication (e.9. Ranalli and Murphy, 1987, Ord and Hobbs, 1989).

\ /hat realy ought to interest geologists and geophysicists is the struchrral
expression of the transition from frictional to viscous modes of defo nation. This
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transition is important because it is associated with a complex inteDlav of various
deformaLion mechdnr"ms and, more importantly, coincide;wirh rh edlogrcd I in <tab i-
lifies thdt mark the base of the crusral sArrmosinic zone 1e.g. Sibson, l9i2).

How can we recogniz€ the frictional-viscous transition in ;xhumed Iault rocks? To
dnswpr lhis, tr e need microstructurdl criterii for deter.nininq which mineral{s) and
deformdtion mechanrsm(\)  Bovemed the f low of a rock duri ;g derormation. This is
qujte easy in monomineralic rocks if the defomation is homoq;neous on the scale of
observation. We simply identib rhe deformarion mechanrsms ac.ordins to rhe
criteda discussed in the next three secrions. Problems arise if the deforriation is
lo.a[i7ed on the observaiional scale. This is almost always the cd)e in ool\.Tnineralic
rock- where lhe constifuent minerdls hdve contrasUng flow sireneLhj.'I he -olution to rhis Droblem lies in disrinSri5hintthe deformition mechanr,m
within the interconnected matri\ from the methanisis in the less-deformed miner-
dls or grain aggretdte. thal form clast\ or bouclins. Invesrigations of eypenmenLallv
(e.9. Tordan, 1987) and nafurdUy deformed bimineratrL ,eqreeates rHandv, L99dt
indicare that the wealest phase iontrols the rheolosy of a 6it;ven wherebre"eni
in low volumetric proportions { 20..), provided tii;t the srrain rs sufficientjy laree
to produce d fol iaf ion in h hiLh the weaker phd-e is interconnected (domains i  and-3
in Fig. Ib. I) .  T} le " trong phaser5) can deform by other mechdnisms than rhe mafr i \ ,
butthese mechanisms usually accommodate local strain incompatibilities and so do
not "rtnjficantl) rnfluence Lhe rheology or Lhe rock. fhe reader is referred to Hdndy
(lq90l for a more comprehenrive discussion ot solid-stdte flow in Dol\,.rnineralic

B) andiogy wirh e\penmenLs, Lherefore, ihe interconnecf ive matr j l  phasets) in
nalurally deformed rocks accommodare most of rhe srrain and die injeried to hive
pverned the rheology of the rock. If this matrix phase deforms bv cataclasis, then
the stren#h of rhe roLk dt the Lime of detormaiion is describe{i bv consdrutive
equaiion5 for hicLionai slidint. On the ofherhand, iJrhe marri_), phase;hows sims of
synteclonic recovery and syntecionic recry>ral l izddon (whichis the caee in;dn\,
m)lonites).  Lhen lhe strength oi .uch a mylonit ic rock is adequarely descr ibed bl
consfiturive equdbon. for nonlinedr vircour creep. SimiJar areijmeniarjon pertain!
to fdult rocks with other deformation mechanisms in thi matrb. pha.e 1e.q.
grarnsrze-sensit ive creepr and ledds lo di f ferent mp.hanical  rnferences

When this method of determining the rheologically dominant defomation mech-
anism is applied to microstructuies in naturally and experimentally deformed rocks,
it become\ dpparent lhat the frictional-viscous fraisition occurs overa pogressively
narrower depthrnterval wiLh srrain. CaraclasLic flow predominates to liiqhlrrains i;r
ro(k5 comprisine stram-hardeninB minerals thaL are present in vol;netric Dro-
poriions of 80co or more. In contrdst, rocks that contai; 20 volume .b or more;f d
strain-soJtening, viscously deforming phase show a strain-dependent switch from
frictional to viscous behaviour. In low-strain experimental aeformation of such
roc(s. cdtacldris and crystal plarticfy occur sjmultaneously (semrbritrle behaviour.
Carler.nd Kirby. laTSrandtransientcrecpdependsstroni lyoneffect i \epressure,
temperature and strain-rate. However, much hjqher strairljaccrue in natirral faulL
rocks and their rDcro" tru. Lu res indicate thar coniinued cataclasis eveniuajjy results
in d mdtrix Srainsize Ehich is suJficiently 

"maii to induce grajnsize-sensiriie creep
{Vlitra. 1984r Wojtal and Mitrd. ls86). Pressure soluLion in a flujd at the srai;
boundaries can accompany catacbsis dnd e\perimenrs have shown that Lhi; can
lead to linear viscous cleep behaviour (e.g. slow creep expefments of Rutter and
l /hite. 1979).

The main message we wish to convey here is that the fransition from fricLional ro
vi"cous flow oc.urs o\er d ndrrow depth rdnte for fault rocks accumutahng ldr8e
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Figure 15.1 Diagram modified from Handy (1990) showing the strength of a bimineralic rock
as a tunctron of the volume proportion of the weak mineral (0*). The left-hand veltical dis
indi.ates ihe nomalized rock strength (strength of the stronge! mjneral set equai to one). The
tla.k cuNe separales lhe load-bearinS frdmeao_\ ,h€olo8y (domain I) fiom the mdsL-
colrrou€d rheoloSies (domdin.2 dnd l r .  The lh ick dashed rune repre<enis ihe gradat ional
trasition between boudin-mairix and clast-matrix lheologies (respectively, domains 2 and
3). The thin cutues ale contours of nomalized rock shength at different mineral slrength
conbasts. They indicate the composiiional dependence of rock strength for different mineral
strengi}l ratios shown on rhe ripnt hdnd verlical a^ic. Anows poinl lo the dyndmic.tead)-
srate"mi.rostructure for  edch d;Tr in rrhppled: -rron8 njner; l i  unst ippledj .eol  

- 'ne, , l ,Iines: (fotiahon). This diagram is based on microshuctural and mechanical evidence from
experimentally and naturally defomed rocks (see Handy,1990 for further explanation).

strains, whereas this transition will be much broader ai smal strains. This frictional
visrous transifion is of prme rheoloSicai importdn.e and i" reFected in lhe mi.ro-
structural  appearance of  faul t  rocks.  ldble Io.2 su'nmarizes Lhe reldt ionship of  the
fadt rock Iabric and inferred deformation mechanisms io the conditions of
deformation.

MYLONITES

D€Iinition and the geresis of mylonites

Mylonites are foliated rocks in shear zones, in which most or aI of the strain occurs
within minerals that show evidence of viscous deformation Oable 16.2). The criteria
tor recogrur ing var ious deformation mechdnism! associaled w; lh vi<.ou. creeP are
d$cussed below in the second parl of lhis section (.ee dlro Knipe, lq89). In
polymineratic mylonites, the weak€st phase(s) accommodate the bulk strain if these
phases form an inlerconne(ted mdtD. Stronger phases form boudins or cld-t.
bepending on the strength contrasl between ifroit dnd sedl phases rclomains

1.00.5
f fame wofk
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Tabie 16.2 Summary of proposed classification and lectonopbysical implicarions.

Cataclasti€ fault locls Mylonites, mylonitic fault

Faultgouge

Frictional (briitle and dilatant) Viscous in minerals that
Sovern bulk rheoloSy:

domains 2 andt and load-

minerals in domain 1 of Fis.
161

distocahon aeep

vrscous garn-boundary

as for weakei phase(s) bui
including caiailasis fot
boudins and .lasts in
domains 2 &3 (see Fig.
16.1)

Tectoiophysicai Re.overy balances 6kain

mechanisms (White dl d/.,
1980) and, additionaltv,
foliation developmeni
incluce strair softenins;
plastic instabilities posisibie
(ord &d Hobbs, 1989)

Temperature, strain-rate,

microstructural chanses
(e.9. grainsize) conftn

Effective pressure controls strength

Unfoliated

Grainsize leduction or
inaease depending on
homologous temperature

Ductiliiy and Alt fault rocks de ductile on the scale of the faulr zone

All fault rocks result fiom shain localizarion leadin8 ro fomarion of
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2and3 in Fig.16.1j Handy,1990). More rarely, the stronger phas€(s) form a viscously
deformin& load-bearing framework (mineral strentth ratios of less than 1011 in
domain 1 of Fig. 16.1). In all mylonites, a penetraiive (oliation develops afrer
moderaLe lo large strains rnd stret,  hrng I ineaf ions are hequenrly,  buL nol ahtays.
obbened. SomefiJne5, the fol idt ion r-  o; ly deLectable under th6 microscop. r" .g.
fl intv ultramvlonites).

Srietchingiineations in most mylonites form as a iesult of rotationai (i.€. noncoax-
ial) stEin combined with viscousshength contrasts between the constituent miner-
als or monomineralic a$retates (List€r and Price, 1978). I /hen the shape of the
strain ellipsoid is prolate the more competentmineralsorgrain aggregates rotate and
streak out into parallelism with the direction of sh€ar. However, stretching linea-
tions are weak or non existent if the strain ellipsoid is strontly oblate, the viscosity
contrast among the constitu€nt minerals or grain aggregates was small, or if pos! .
tectonic annealing was sufficiently strong to obliterate the mylonitic microstructurc

Mrnerdl  reacf ion5 during m) lonihzahon cdn ledd to 5iSnif ic int  chdnge, rn thp
volume proport ions, relaLive.LrFnglhs. deformahon mechanirms, and the types or
minerals, and so exet a stront infuence on both microstructure and rheology
(review in Brodie and Rutter, 1985). Syntectonic mineral reactions may accompany
prograde or retrograde regional metanrorphism outside of the shear ione, orihei
may be confined to the shear zone for kinetic or fluid pemeability reasons. In the
latter case, the mylonite is usually easy to distinguish from its protolithbecause of its
contrasting mineraloSy and gainsize. The strainlocalization is then said io be
rcaction-enhanced (White and Knipe, 1978).

The causes of strain locatization leading to mylonitization are cunently the subject
of much debate, but strain localization in many naiural settings is prcbably related to
initial rheological instabilities alont pre-existing structural or litholotical disconti-
nuities in the protolith. The localized microstructural changes associated with
incipient unstable deformarion induce strain-softenint al|d a]nplify strain-
localization (White e! aL., 1980). The positive-feedback nature of th€ tocalization
process thercfore leads to overprinting of the early sirain history by the subsequent
strain-softening defomation. If the localization involved initial strain hadening,
then the shear zone may have broadened plior to the onset of shain-softenint. In
this case. structural eviaence of ea y shalin-hardening may be preser,red iri the
country rcck adjacent to shear zones or within clasts in the mylonite.

We point out that our definition of a mylonite not orlly includes the typical
mesoscopic featurcs of mylonites recognized by Bell and Etheridg€ (1973), it also
accounh for all other known micmstructunl effects of the identifiable d€formation
mechanisms in the rock (e.9. syntectonic grainsize reduction and syntectonic grain
gowth in the case of crystal plasticity). Interestingly enough, it was Lapworth
(1885), one of the pioneer mappers of Iault rocks, who firstrecognized the possibility
that mylonitjzation involves viscous (plastic) behaviour in som€ of th€ minenls
(review in f /hite, 1982). Past classifications of mylonites into non mylonitic t€cto-
nifes, proto, ortho- and ultramylonites (Sibso& 197L White,1982, Wise et al., 1984;
Heitzmanrr 1985) are only applicable to a limited range of lithologies and deforma-
tional conditions (typicalty, greenschist faci€s quartzo-feldspathic mylonites, in
which syntectonic recrystallization and mineral reactions are associated with grain-
size reduction). A descriptiv€ classiJication of mylonites that are deiv€d from all
kinds of protoliths and are delormed under the tull range of physical conditions
rapidly becomes a semantic exercise and. in our opinio& leaves us further from
understandint the processes of mylonitization than does a classification which is
based on the identiJication oI rheologically dominant deformation mechanisms.
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Diagnostic features of mylonites

There are two complementary approaches for recoFizint mylonites. First the
existence oI a mylonite belt or crustal-scale shear zone in the 6eld is established by
tracing the undeformed or weakly deformed lithologes (protoliths) into the highly
deformed arcas. The amount of deformation needed to cause mylonitization
depends on the magnitude of the pre-e\isting sfrdin in the wau ro(ks. So when d
fault rock is rcferred to as a mylonite, this sometimes needs to be qualified with a
desciption ofthe strain gradient into the shear zone. This is particularly important
in high-grade metamorphic terrains containinS schists orgneisses thathaveunder-
gone complex deformational histories. In the case of a crustal-scal€ mylonite belt, an
area of several square kilometres mustbe mapped and studied, otherwise individual
specimens and outcrops cannot be interpreted in the context of regional strain
Fadients. Second, micmstructural studies, preferably on oriented samples, must
indicat€ that viscous flow was responsible for deformation within the matix of the
rock. While it is often difficult to identily the exact defomation mechanism(s), it
generally suffices to show that cataclasis was not the dominant mechanism (see
critena for cataclasis in the next section). Microshuctural criteria for recoSnizing the
various deformation mechanisms associated with viscous behaviour are described
below and summarized in Table 16.3.

DisLacation glide a d dislocation creep

These deformation mechanisms are rcf€ned to collectively as crystal plastic (or
intracrystalline plastic) because strain is produced by the movement of dislocations
within individual ciystals or Brains. At low strains and low homologous tempera-
tures, dislocations move or did€ within crystallogaphic planes. Undulose extinc-
tion, defomaiion bands, kink bands and defomation twins are common micrc-
scopic Ieatures of low-strain crystal plasticity. However, at higher shains and
homologous temperatures, dislocations climb between different crystalo8raphic
planes within the lattice (dislocation cieep). The climb of dislocations is a necessary
condition for laige strains to accrue. Thus, synt€ctonic recovery (indicated by
microscopicaly visible subgrains) and syntectonic recrystallization are diagnostic of
hith strain crystal plasticity, not the observation of intracrystalline optcal strain
features alone. AJter large strains, crystal plastic deformation always produces a
strong crystalogaphic prcferred orientation. Syntectonic recrystallization is usually
observed to enha ce this preferred orienfation (e-9. Schmid and Case, 1986).

Syntectonic recrystallization involvint sub$ain rotation often leads to a d€crcase
in grainsize compared to the protolirh (Fig. 16.2a). At higher homologous tempera-
tures, syntectonic re€rystallization primarily involves $ain boundary mi$ation and
so potentialy leads to an increase in gainsize (Fig.16.2b). Syntectonically recrystal-
lized grainsize depends largely on stress (and indrectly also on temperature and
strain-rate). Thus grainsiz€ will increase or decrcase dep€ndint on initial gainsize
alld on th€ differential flow stress. Static recrystallizatlon may lead to further grain
$owth aftff deformation (discussion below).

Difusion creep and pressurc-solution creep

These mechanisms are often rcf€rred to collectively as grainsize-sensitive creep.
They accommodate most of the strain in the rock when the $ainsize is sufficiently
small for diffusive mass tmnsfer processes acting witNn grains or at grain bound-
aries to be rate-competitive with dislocation mobility within grains (crystal plasti-
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city). In experiments, d€crcased gainsize dramatically increases the shain-rate at
constant stress oi leads^ to large stress drops at constant strain-rate (strain-rate
proport ionaltod'ord' ,wheredisthegraindiameter).Addit ionalfactorsl ikef luid
permeability and the rock- and fluid-composition are important, particularly for
pressure-solution creep. Small $ainsizes may result from syntectonic recrystalliza-
tion, cataclasis, or syntectonic rcaction. Examiration of strain gradients and minera-
logy within a thin section or on a larger scale usually (eveals which is the case (e.9.
fig. 10 in Handy, 1989). lf gain growth is inhibited dudnt mylonitization, stain
softening may rcsult from such hansihons to Brainsize-sensitive creep (e.9. Schmid,
1982). In the particular case of syntectonic metamorphic reaciions, a feedback
relationship betw€en localized reactions and localized deformation (often refened to
as reaction-enhanced ductilify; White and Knipe, 1978) can induce a kansition to
gainsize-sensitive creep. Altematively, the metamorphic reactions may simply
produce minerals which are inherently more deformable by dislocation creep.

Weak or non-existent crysfalographic prcfefied onentahon in the absence of
tlain growth in fine-Srained aggeSates is indicative of grainsize-sensitive creep.
However, directly inferring the exisience oI grainsize-sensitive creep in natumly
deformed rocks is often very difficult (see Behrmann, 1985), iJ not impossible.
Evidence of gainsize-sensitive creep sometimes comes indirecdy from the obser-
vation of displacements along fine-grained micoshearc derived from syntectoni-
cally recrystallizing porphyrcclasts (SP-mylonites of Boullier and Guegin,1975).

THE TRANSFORMATION OF MYLONITES INTO GNEISSES
AND SCHISTS

Up to this point, we have discussed the microshuctuEl and mechanical effects of
mylonitization on undeformed or less-defomed rocks. OfteD hov/ever, high tem-
perature conditions outlast deformation, rcsultint in static recovery and recrystalli-
zation, and associated grain growth (prccesses collectively refered to as annealing;
see Glossary). Annealing obliterates mar|y of the diaSnostic shain features of

Figue 15.2 (a) Syntectonic re.rystalliation involving predominanlly the progressive ro
tation of subgrains leads to giainsize leduction in this quartz mylonite. The old grains are
flaitened into ribbons ihat d€fine a fotation parallel to the macroscopic foliation, marked by
mica flakes (n). The new, syntectonically Ecrystallized $ains are comparaiively snal Ga.
504m) and display senate, non-lined boundaries. The iecrysta ized grains define a shape
fabric (NW-SE oriented) oblique to the maaoscopicaly visible foliation and leding in the
diection of shear. The crystallographic pref€rred on€ntation is strong. Greenschist facies
mylonite taken hom the footwa[ of an exhumed low-an8le exi€nsional fallt in ihe Ivrea Zone,
Souihem Alps (Handy, 1984. Thin section cui parallel to the stretching lineation and
perp€ndic'rlar to the schistosity (ftame dimensions: 9 x 6 mm). (b) S]'nte€tonic recrystalliza'
tion by grain boudary miSration leads to Srain $owth in this qudtz mylonite. Ihe grain
bo'rndari€s are ertremely lobate, indicating that this mylonite did not undergo post-tectonjc
(i.e. static) lecrystallization (see iext and Fig. 16.3 for compalison). As in (a) above, an
extremely strong crystallographic prefened onenLation and th€ preservaiion of a grain
boundary fab.i. (N'lr' SE oriented) obli$e to th€ macros.opi.any visible foliation (EW),
narked by mica Rakes (n), indicates the dynamic (i.e. slnte.tonic) nature of ihis microstruc-
ture. Mylonite taken from an originally deep part of a major thrust in the Eastem Alps (Schmid
dd Haas, 1989), where defoimation oc.ured under mphibolite fa.ies conditions. Thin
s€ction oiientation and frame dimensions are as in 1a).
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mylonitization and makes it difficult to rccotnize mylonites. Where the posFt€ctonic
overprint is very strong. a mylonite may no longer be identified as such and is
completely tmnsformed into a fine-gained gneiss or a schist. The former existence
of a mylonite may stlll be inferred if relict features of the microstructure or curved
foliation patterns indicate strain-localization.

Di- tin 8ui5h in g static recry \tauizd tion hom dynamj c recr) stdlliza fion is dilficult in
mylonrtes thaL were deformed at tugh homolotous temperatures because grain
boundary migration can ocrurboLh syi- and post-tedonicaity (e.t. White,lgzn:The
typical features of dynamic recrystallization have been described above. AnJlealed
microfabrics contain Fains with straight/ equilibrated boundaries, low dislocation

Table 16.3 Microstirctural features used to idenrifv deformation mechmisms bv optical

Microshuctural citeria

Crystal plasticity

Angular ftacturcd grainr fain aggregatet or

Microcrackr (intergranular, intragranula, and

Discrete sliding su aces parallel and oblique io
ihe shearing plane

StrinSels and trailr sometimes defining a .rude

Glass or ultlafine grained groundmass (in

Subgrains (syntecionicrecove{y) and
r€crystalized Srains (s].ntectonic

Unstable $ain bounddies (jag8ed, arcuate,

Frequently, low strainintragranularfeatures
(undulose extinction, defomation bands and
deformation lameliae)

Foliation, someiimes multiple foliations and
shape fabdcs (S-C fabdcs)

Crystalographicpfefered onentation

Weak to noneistenl shape fabric (1 equiaxed
Siain shaPe)

Weak ro noneistent crystallographic prefered

Straight to slightly arcuate grain boundaries
Usually, very fine grainsize

hecipitation overglowths in voids and pressuie

Indented and suturcd grain contacts
Stylolites

3,9,73,15,1,7

2,4,10, |, t2,16,t8

sliding

t,7,t6,t9

5,6,4,L4

References: (1) Behmam (1985), (2) B.nhe et dl. (7979), (3) O$ter & Lo8an (1984, (4) Christie ?r al.
r'q6n). t5r D. Boer /r r,, {lo7?), to' Durney {to/ol, r-t !dingronerat.I taTo). \8) Elllor (ta7ll. io/
tngelder (lo74l. (10) Cdpais & While r1982,. tl ll Cro\hong (1988J, (12) t.srer & snole ll984J.
(13) Mirra (1984), (14) Rutter (1983), (1s)Runer?r,1. (1986), 06) Schmid d at. (1987), (17) Sibson
(1e75), (18)white (1976), (19) Whfte (197n.
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Figue 15.3 Post-tecron ic tTain Srowth has elimjnated most direct mjtrosrru cru ra I evidence
or prevrous vrscous(reep in lhis qudrz-rich gneiss (compare wirh Fiq. 16.2a andbr. AI hdce!
ord shap^e labnc D quarrz dre 8one. even rhough rhe boudinaSed feldiprraggreeates (ma.ked
lotl al rt:yggest thar rhe sheai st.ain wac veq ldJ8e. AnnedlinB is in,omplare:ds evidenced
Dy 

'ne.rocairy 
non-xned_gram boundaries dnd i(eg!lar Fainsize. AmphjtoLre facies AneissEom rne )nona-Lenen zone. sourhem Alps (Hdndy, 1984. Frame dimensions:9 .6;m.

densilier, dnd few traces ofintrdtranuldr sfain. Often, post-tecLonic equilibfation of
the Srain boundaries is noL complete, so that dJLhough sra in boundari;s can aooear
somewhat nonlinear (a chdracLeristic ofdynamjc recrystallizatont, rn detail ttriv are
Iocally sfraight (Frg. lo.3). Annealing also Lends to weaken srrong crystalJoerd'phic
prelerred orientations thaL developed durint mylonitizarton, although erpeimbnts
have 5hown that some orientdtions are rLrengthened durint train growlh (Hobb",
I 068; Creen er aj., t970). Th u s. the preservauoi of incom pteti fi bric ;rdles i" a eood
criterion for infening the former e\isLence of a mvloiritic micros"Lrudure_ If rhe
crystalloSraphic preferred orienlation in a rock i" completely obliterared, rhen rhe
obUque shape preferred orientation of plary or dciftlar niinerajs {e.e. micas or
dmphiboles), or of frdcfures within Lheae pha"€s, is anoLher indicaro-r of eartier
mylonirizarion (€.t. fig. 10d in Lister dnd Snble. 1984).

Deformed rocks have both d petrologicaj name and a sbucfural name te.s.
muscovi Le-{hlori te schist dnd fi n e-grained metabdsic gnerss, res pecLivelv, for siani_
tic and metdbasjc mylonites). Our nomenclature for fa-ulr rock, jddressjs the ictjr.e
detormation me.hanisms infered from rhe microstructure. petroloei(al nomencla_
ture emphasjzes metamoryhjc (eatures of a rock like rnrneraloev,-srainsize. and
"Lructure (called terfure in rhe perrotogicdl tiLerature). These fea'hle; mav be ore_,
syn- or posFtecLonic. l/Vhen used in Lhe sense above, the two nomencliturei are
complementa:ry and we see no ddficulty in calling the same rock a mylonite and a
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Figure 16.3 PosFtecionic grain growth has eliminaied most dire.t hicrostruciural evidence
of previous viscous creep jn this quariz-rich gneiss (conpar€ with Fig.16.2a and b). All iraces
ofa shape fabric in quartz are gone, even though iheboudinaged feldspar aggregates (marked
w:rhrnr lsuggesl lhdirheshpdr-hainrva>vel la igeAnne"l in8sinconrplere.J.e\ iden.ed
by the locJl l ; ;or  l inear S-a'n bounddr ie-  ani i re;u ar gr.rn<i ;e.  Ampl iLot , re rdLie- snei .s
from the Strond-{en"_ Zone. Sourhern A p\ ,Hdndy lo87).  I  ame d:men. ion-:  o .  b nn.

densities, and few iraces ofintragranular strain. Often, posltectonic equilibration of
the grainboundaries is not complete, so that although grainboundanes can appear
somewhat nonlinear (a characteristic of dynamic recrystallizaiion), indetailthey are
locally straight (Fig. 16.3). Annealing also tends to weaken strong crystallographic
pr€fened odentations that developed during mylonitization, although expeiments
have shown that some orieniaiions are stren8ihened during grain growth (Hobbs,
1968j Crcerret al.,1970). Thus, the preservation of incomplete fabnc girdles is a good
criteion for inferrint the lormer existence of a mylonitic microstructure. If the
crystallogaphic prefered oientation in a rock is completely obliterated, then the
oblique shap€ preferred oientation of plaiy or acicular minerals (e.g. micas or
amphiboles), or of fractures within these phases, is another indicator of earlier
myloniiization (e.9. fig. 10d in Lister and Snoke, 1984).

Deformed rocks have both a peirological name and a structuial name (e.g.
muscovite-chloite schist and fine $ained metabasic gneiss, respectively, for $ani,
tic and metabasic mvlonites). Our nomenclature for fault rocks addresses the active
deformation mechanisms inferred faom ihe mi€rosiructure. Petrolosical nomencla-
fure empha,i /es mer.rmorphr( redtures of a rocl  l i le mineralogyigrainsr. ,e,  and
structure (called texture in the petrological literature). These features may be pre ,
syn- or post iectonic. Wh€n used in the sense above, ihe iwo nomenclatures are
complementary and we see no difficulty in callin8 the same rock a myloniie and a
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sclisi/gneiss nr the fieLd. To avoid conf sion, hol,ever/ r{'e recommend that schists
and gneisses be desc bed as mylonitic if they contain microstructural evidence that
viscous creep mechanisms conirollecl the flol{'of the rock. Conversely, the ierms
m],loniie or m),lonitic shouldbe avoided once directmicrostructural evidence forihe
deformation mechanisms has been destroyed by siatic recrystallization and associ
ated grain Srowth.

CATACLASTIC FAULT ROCKS

Definitions and the cohesiveness of cataclasti( fault rocks

Cataclastic fault rocks are faultrocks in which cataclasis is the dominant deformation
mechanism. Cataclasis has been clefined above and its rllicrostructural characier-
istics are described belo('. OutcroDs of cataclastic fault rocks are variabl\' ftactured
and jointed, and usuatly are extensively altered along cracks. This damaged and
.rltered rock grades inio very narow, fire-grained zoles that transect the outcrop or
sometimes even juxtapose different stnctures and lithologies (e.9. Chester and
Logan, 1986).

Follor^'hs Sibson (1977), $'e differentiaie beiween cataclastic fault rocks ihat are
cohesionless (fault gouges and fault breccias) and thos€ that are cohesive catacla-
sites). However, colltrary to Sibson (1977), we L'se the adjectives cohesive and
cohesionless to clescribe the inferred cohesiveness of ihe fault rocks durhg faulthg
and 11ot the cohesive siaie of ihe fault rocks when exposed in outcroD. Whereas the
iatier usa8e is ofprime importance to the engineering geologist, it is oflimjted value
to geologists interested jn the conditions ai th€ iime of faulfing. Cohesionless
cataclasis involves a loss of cohesiorl dlrring fauliing among a sufficiently large
proportion of the constiiuent graills for the whole fauli rock to bse cohesion. During
cohesive cataclasis, cohesjon is only lost among a smail (but constanill, changing)
populaiion of grains at a given time, so that the fault rock as a whole maintajns
cohesioll. The cohesiveness of a cataclasiicaLlv defornht fault rock depends
sirongly on effective normal stress. Obviouslv, the interaction of other factors such
as ihe mineralogy and the s)'niectonic cir€ulation of fluids can also influence
cohesior dutng cataclasis.

Caiaclasites sometimes show evidence of limited and localized dislocation elide
'e.g.undulo-ee\hn\for . r r l  rg.-wrn' , i r  gr .p-q ' .ur . - .o lur ion, f  r . iPirdr ion^!F'-
growths), orevenmelting (glass). These mechanisms aci primarily to accommodate
strain and maintain cohesion during cataclastic flow. lf a foliation is present in the
matrix (Fig. 16.4a), ihen careful micmscopic work is necessary to establish wheiher
cataclasis (rather than cr!,stal plasticitlr or pressure solutjon) is the dominani
def ormaiion mechanism.

Fauli gouge (i.e. rock flour, powder, or paste) and teciorlic breccia are products of
cohesionless caiaclasis, bui svn' or posi-tectonic cemeniation associated with
infiltraiing hydrothermal fluids sometimes causes these fauli ro.ks to regah cohe-
sion (hence ihe imporiant clisiinction beiween Sibson's use of"cohesive" atld ours).
Late hydrother-rnal cementation is usually characterizecl in thin sectjon b]' micro'
crystalline matrix groundmass or by free-growth crystals occup)'ing for'mer cavities
in the fault rock (Stel, 1981). Figure 16.4b sho\^'s that h some cases, more than one
cycle of crackhg and sealing of the Souge or breccia can be hferred.

We consider pseudotachylites to be cohesionless cataclastic fault rocks, even
though they are cohesive $fien exposed h outcrop. Pseudotachirlite commonly
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occurs jn a comple\ networl of narrow veins thdt Lru ncate strucLures in the countrv
rocl. They are often, though nol alwdys spafi.llv and senehcaLlv reldLed to catadj-
si tes lSrbson. lo75r and e\;n to myloirre-(Pd)5ihier,  i982).  Lviclence ror a pr iman
loss of cohesion .omes from theiJ ofren gldssy matrl\ dnd from the dn;ular to
rou nded, ! ariably rotated cla"t, ot counrry-rocl. Sejsmic toss or cohesjon a;d tocal
de(omprecsion are believed to frigger rapid mellinq (Sibson, 1975) or vaoorjzahon
l l  enl .  lq78r,  fol iowed by rapid cool ing and sot idi-Fcdt ion of Lhe f lujd phase. fhe
mdtrb. may be ei ther dmorphous {gld\syr or microcysral l ine. Ihe taf teroicurs shen
cooling was slower or when a strong metamorphic or hydrothermal overprint
followed cataclasis

Fault mck stability

The stability or instability ofcataclastic flow is another important gen€tic character,
istic of cataclastic fault rocks that may be inferred from their microstructure. Fault
stabilify is strongly dependent on the effective normal stress, the slidinS velocity,
and the properties of the slidint surfaces (e.9. gouge, asperities, anisotropies,
Jackson and Dunn, 1974). Fncbonal sliding is stable in experiments when the
frictional coeffici€nt of a fault su#ace increases with displacement duiing a given
increment of time. The ftiction is then said to be velocity strengthening. However, if
the frictional coefffcient decreases with displacem€nt (velocity weakening) then
fautting either becomes unstable or remains conditionally stable, depending on
whether the stiffness of the fault rock exceeds or falls below the stiffness of the
sunounding intact rock (Dieterich, 1978). Conditionally stable sliding becomes
unstable if the sliding v€locity decreases or the normal stress increases above a
certain critical level. Unstable slidinS is characterized by periods of little or no slip
(stick) alr€rnating with pedods ofrapid stip and associated stress drop. Stick-slip is
widelybeliev€d to caus€ seismicity onacrive faultplanesin nature, whereas stable oi
conditionally stable sliding is aseismic (Bmce and Byerlee, 1966).

Unstabl€ cataclasis can be inferred from microstructural evidence that crack
growth was cdtical (i.e. unstable and therefore rapid) at the time of faulting. Critical
cracks transect or even offset grains and mineral phase boundaries, both in clasts
and in the matrir (e.9. figs 3a and 5b in Mitm,1984; fig.11in Wojtal and Mitra,1986).
There is no discernible crystal plasticity associated with these cracks, suggesting that
fractuie is controlledby pr€-existing inhomogeneities on the giain scale (e-9. cracks,
cleavate twins, and grain boundanes; Gandhi and Ashby, 1979). Stable microfrac-
tuiing is associated with subcritical crack growth (Atkinson, 1984). Such cracks are
restricted to individual grains or grain-aggregates and terminate at clast-matrix
inte aces (figs 3b and 5d in Mitra, 1984). Limited crystal plasticity or pressure-
solution may be obsewed at crack tips or adjacent to the cracks, indicating either
intragranular creep fractures or cleavate fuacture assisted by plasticity (Gandhi and
Ashbr 1979). Thus, although cataclasis remains the dominant deformation mechan-
ism, the onset of Iocal plasticity as a strain-accommodation mechanism coincides
with a switch from abrasive to adhesive wear (Scholz, 1988) within the frictional
regime. We emphasize that incipient crystal plasticity occurs above the frictional
viscous transitionanddoes not necessarily coincide with a change from cataclastic to
mylonitic deformation as proposed by Scholz (1988). The r€cognition of incipient
crystal plasticity ("crystal deformation front" ofGroshon& 1988) in cataclastic rocks
has great potential for indicating the t€mperature of cataclasis, because dislocation
mobility is highly temperarure-dependent at low homologous temperatures.

The basic prcblem \a.ith all microstructural criteria for fault stability lies with the
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fact that stabilitv is time- and strain-dependent. In addition, cataclastic structures
have similar co;fiqurations on differentscales of observation (Tchalenlo, 1970), so
that cracks that appear stable on one scale can appear unstable on another.
Therefore, the microshuctures observed in a cataclastic fault rock may only reflect
the local conditions at the moment that the deformatlon stopped. Establishint
whether or not faultinS was stable on the outcrop scale or on the scal€ of an entire
cataclastic fautt zone requires caretul mappint and sampling of a large area, as
recommended for mylonite belts in the section above-

Cataclastic fault rocks can also form during unstable viscous shearing (Hobbs et
al., 1986). In principle, the mechanical crit€ria for stability during viscous shearinS
are dndlogous to the velo.ity-dependent stdbility of frictional faultjnt, e\cept thdt
transrent ireep wilhin mylonitic shedr rones depends stronSly on temperdture dnd
strain-rate (Hobbs et al., 1986). Below a critical homolotous tempeiature, rhe
transieni stiJlness oI a mylonite can exceed the elastic stiffness of the country rocks.
This results in an unstable cyclic loading hisfory in the shear zon€ and may account
for field obseffations of mutually overpdntint relations among pseudotachylites
and mvlonites (Passchier, 1982).

TECTONOPHYSICAL IMPLICATIONS

Exisiinq mechanical models of crustal laulting consider the transition from friciional
to viscdus flow solely in tems of the transition fiom cataclasis to crystal plasticity
(e.g. Scholz, 1988). Accordingly, th€ frictional-viscous transition is believed to occur
within a strain- and time-invanant d€pth rante that is controlled pdmarily by the
geothermal gradienf and regional strain-rate. Yet as we Pointed out earlier/ PrcSress-
ive strain nanows this ftictional-viscous transition zone because grainsize reducfion
via cataclasis in the frictional regime and syntectonic lecrystallization in the viscous
rcgime induces a switch to $ainsize-sensitive creeP mechanisms. S)'ntectonic
metamoryhic reactions involving pressu re-solution can enhance this Process in both
the ftictional and the viscous flow re$mes. This suggests that both the transition
ftom abrasive to adhesive wear and the change ftom frictional to viscous flow may
occur at shallower levels than predicted by Scholz (1988). How much shallower
theselevels are probably depends on the local and regional fluid flux because fluids

Figure 16.a (a) Foliated cata.lasiie derived from an augengneiss. ComPosite foliation con-
tains Riedel shears. Unde! higher magdficatioa quartz locally exhibits undulose extinclion
and d€formation lamellae but no signs of rccovery or syntectonic recrysialliation Note the
wide spectrun in lhe size or Brainq. grain rdgmenls. and Srain aSSregdles. Calaclalic i" Lhe
predomjndnt deformatjon mechanisn, allhou8h pressure-soluhon mdy locdlly act as an
accommodation mechanism about lhe clasts. SPecimen taken from the ftontal (unmetamoi-
phic) part of the sane major thrust as in Fi8. 16.2b (Schmid and Haas, 1989). Frarn€
dimensrcns:1.5 '2. lmm.(bJTaul lbrec( iawithtwog€neraLioncofclastsrndhydrorhemal
quariz-ilLite .emeni. Note thdl the IarSe clasl in thp (entre conta,ns smaller quartz cldsts that
are cem€nted by an earlier generation of hydrothenal quartz and illite. Thus, rePeated loss of
cohesion due io unstable"cackhg and'hictional sliding altemated $,ith Pdods of fluid
infiltration, mineral precipitatiorr a;d cementation- The fi;al cementation reiresenied by the
matrix sunoundjng the large clasr is what gives the rock its Pres€nt cohesion Sample taken
from borehole in rhe Kaisten basement rock beneath the tabular Jura Mountains (courtesy of
M. Mazurek. Bem). kame dimensions:11.5 x 7.7mm.
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afe esseniial to the l]ressurc solution process ancl also facititate hvdrolytic iveaken
Ing ot l rne g-. ,rred 5, iL. , te.  'e.8. ldo,, l  . ,  J 1o84, A po-- iblF con.clLen.F of lh: .
evolutiorl is that a greater proportion of the seismoSenic zone lies within the depth
range for viscous instability than previousty assumed.

Many fauli rocks formed during the same shearing event rvhich brought them to
ihe surface. Transitions fiom mylonitic to cataclastic fauli rocks h the field often
result from cataclastic overprinting of the m]'lonites during uplift ancl coolint. The
distribution of fautt rocks in arlcient, exhumecl fault zones thus yields valuable
information on the rocks' structural and mechanicai evolution during decompres
sionand cooting, as well as on ihe large-scale kinematics of the fault zor1e. Generally,
stress and strain nre progressively localized during uplifi as decreasin8 tempera-
tures and syntectonic grainsize reduction l€ad io pronounced rheolotical contrasts
(Handy, 1989). Normal faults exhume mylonites and high-grade rocks in the
footr{'all into tectonic contact with cataclasites that are sinultaneouslv forninein the
h,rngi fgsal l  whF,er.  rh-u\ t  fdul t -  l r , in-por!  m\ 'o l | te-  In rhe h. ingrrgq; l l  in lo
tectonic coniact $'ith cataclasites fonning in the footwall. In either case, the
asymmefncal disidbution of fault rocks reflects the fact ihat the raie of uplift and
shearing was faster than the rate of thernal equilibraiion across the fault zone. The
sense of the asymmeiry can be used together with sense-of-shear cdteria to
distinguish normal from thrust faultinS, even in regions 'here the fault zone has
been passiveiy reodented b)' later tectonic events (Handj', 1987). Fauli zones that
display symmetrical fault rock disiributions indicate that thermal equi[bnum was
mainiained across the fault zones during shearing and uplift. These symmetricallli
developed fault zones are particularly inierestinlg becaus€ the zonation ofstructures
from their margins to their centres offerc a sequeniial vie!v of struciural de\.elop
ment dunng sheadng. The advantages of a genetic fautt rock nomenclaiure are
nanifestwhen one attempts tointerpret the mechat1ical his tory of such sequentially
developed structures in ihe field.

CONCLUDING REMARKS

Our discussiorl of ihe genesis offauli rockshas probabt)' fuelled rather tlran quelted
the lont standing debate on fault-rock terminology. We certainly do not claim to
have Iound definitive soluLions to all problems in this controverslr. Nevertheless,
several conclusions mat, direct us towards a flexible, usable fault-iock nomencla ture
that also incorporaies cun€ni understandint o{ $ain-scale processes during faulhng.

A strictly descriptive classification of fault rocks suffers serious deficiencies in
lighi of the recent djscoveries of foliation in cataclasites and Srain growth in high
temperatlrre mylonites. As an alternative, we propose a genetic classifica tion of fault
rocks into cataclastic and mylonitic fault rocks. The lundamenial criterion underly-
ins this division is ihe transiiion tuom frictional to viscous Row (Table 15.2).
Classif"vjng a fault iock accordinS io tlds scheme entails ar jdentification of the
minerai(s) and deformation mcchanisn(s) that accommodated most of the strain
and therefore controiled the rheology of the rock (Fig. 16.1 and Table 16.3). The
lriciional-viscous transition represents a first-order rniciostructural and rheological
discontinuitl' and is expected to occur ov€r a limiied depih-ran8e withh the
lithosDhere. We emphasize thai ihis transition occurs belo!! the onsei of crystal
ol . ! r i ; ,v  nr dFoth.- Abasic shortioming of arly gen€tic classiication isthaiihe genetic criterja usedln
the classificatiol1 nay change as new cliscol'erjes are made and ihe general Lrnder-
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\tandinB of deformationdl procesies improves. Admittedly, dn un€quivo.al identifi-
cahon of the rheologi.aili dominant deformdtion me;hanism(si is nor alway.
possible, especially in;eryiine-grained fault rocks. In such cases, wi much prelerio
describe lhe faull rocl rather thdn to impose a genetic name on it.

Beyond any phnosophical qualms one mitht have about geneLic cldbrificaLions in
general .ourclds"rf icaf ion"chemeconlainssomeuffesolvedproblemsardpointsro
aeveral avenues oI future res€arch. The qenetic subdivision oi cataclastic fairlt rocks
into cohesive cataclasites and cohesidnless fautt breccias and fault toutes is
problematic, because the evidence for determining whether a fault rocl was
cohesive or not during faulting is olten ambituous. The transition ftom seisnic to
aseismic delormation is still poorly understood from the mechanistic and micro-
structural points of view. As discussed above, mechanical instabilities leading to
seismicity can occur within both the frictional flow regime or within the viscous liow
rcgime. In the latter case, the cyclic overprintint relationships between cataclastic
fault rocks and mylonites are not always easy to distinguish ftom the structures
produced by catdclasrjc overprinting of mylonite. during uplift and cooling across
irhumed ciustal-scale fault zone.. finaXi, the transfoimition of myloniies inro
tneisses and schists by annealing raises the vexing question of whether nature really
shows us everything that occuis at depth. Are th€re perhaps some deformation
mechanisms whoBe microstructural signature is preserved better than otherc?
Future studies that answer this question r^.ill address the probl€m of microstructural
stability.
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GLOSSARY OF SOME TERMS USED IN THE TEXT

Catadastic flow: A mode of deformation in which ftacture. loss of cohesion. and
frictional sliding occur on ail scdies .maller than the width of t}|e fault zone.

Crystal plasticity (or intracrystalline plasticity): Collective term for deformation
mechanisms in which the deformation is intraglanular and occurs bv th€ movement
oI line defects, known as dislocations (see disliocation glide and di;location creep).
Dislocation mobility is a thermally activated process.

Diffusion creep: Deformation is achieved by diffusional mass transfer. Solid-state
diffusion either occurs wiLhjn the entire volume of a grain (Nabarro-Herrinq creep)
or is conJined to a narow domain )ust wiLhin Lhe grain bounddries (Coblicreed).
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Alternatively, diftusional transler may involve solution into, precipitation from, and
transport through an intergranular fluid (pressure-solution creep).
Dislocation creep: Nucleation, glide and climb oI dislocations within the crystal
lattice, with syntectonic recovery and syntectonic recrystallization (see below)
continuously reanantint and etiminatint dislocations during deformation. This
enables the material to undergo large stmins at constant deviatoric stress, because
strain-hardeninS related to the tangling and pile-up of glidint dislocations is
balanced by strain-softenint induc€d by the reanangement and elimination oI
climbing dislocations. This deformation mechanism is inferred to predominate in
power-law creep deformation (non-Linear viscous flow regime) at modente to hith
homologous temPeratures,

Disfocation gfid€: The nucleation and movement of dislocations within a single
crystallographic plane of ihe crystal lattic€ duing defomation. Dislocation glid;is
associated with strain-hardening in many materials because dislocations tantle and
pile-up and thereforc cannot rearrante into lower energy configurations. Conse-
quentl, dislocation glide leads to cataclasis at high strains. In expedments, dislo-
cation dide predominates at lower homoloSous fempetaturcs and/or at higher
differential stresses than dislocation creep.

Homologous temperature (T : Temperature expressed as a mtio of the ambient
t€mperaturc to the melting temperature of a material. Homolotous temperature
ranges from 0 to 1, where Th = 1 is the melting point of a material at a specified
prcssure. In effect, tempemture is normalized to the intdnsic properties o{ the
material, because melting temperature depends strongly on composition and im-
purity content.

Static recrystallization (annealing)r Recrystallization of a previously stained rock
involvinS formation and Srowth of strain-ftee grains. During the first stage (pdmary
recrystalization), the ddving force is the reduction of strain energy associated with
the elimination of dislocations. This results in a polygonal microsEucture with
straiSht grain boundaries. During the second stage (secondary recrystallization), the
ddving force is the reduction of su ace energy by gain trowth. The staticaly
recrystallized microstructure is often refered to as gianoblastic by petrolotists.

Strain hardening: The increase in strength oI the material with pro$essive defor-
mation due to an increase in free (unbound) dislocation density. The mobility oI ftee
dislocations is limited by their interaction v/ith other dislocations, grain boundaries,
impuntiet or other obstacles in the crystal lattice. Undulose extinction indicates that
dislocations were unable to rearrange into low-energy subgrain wals.

Sup€iplasticity: This term denotes aJl experimentatly determined deformation
regime in which viscous grain-boundary sliding is infened to be the dominant (i.e.
main strain-accommodating) deformation mechanism. "Viscous" sliding empha-
sies the fact that the slidinq is not frictional. Glain boundaries act like strain-
producing planar defects, anal;gous to dislocations acting like shain-producing line

Syntectonic recovery (or dynamic recov€ry): The fearan8ement of dislocations into
lower energy subgrain walls (optically visible as subgrain boundaries) dudnt crystal
Dlastic deformation. This Drocess involves dislocation climb and so is favourcd at
futher temperatures. Lile;yntectonic rccrystalization, syntectonic recovery main-
tains the density of liee (ie. unbound) dislocations at a coflstant level, thereby
facilitating the accumulation of large strains without hardening the material.

Syntectonic rccryBtallizatior (or dynamic recrystallization)i Recrystallization that
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accompanies crystal-plastic deformation. The reduction of elastic strain enersv
associaLed with the redrranSement and elimination of dislocations is rhe pririL
dn,",rnt for.e. Tle densify of free dislo(dbions is redu(ed and/or kept dt d co;stant
level by tho dfferenl p.ocesses: ti) the climb of hee dislocarjon; jnto suberain
boundaries. causint increasing cr) staiiographic misfir across subsrain bound"drie.
("ubtrain rotatjon recrystaliiTafionlj and, (2) lhe migrarjon of irarn boundaries
across the material fiom reFon" of lower djslocafion dinsib into;egions ot hiqher
dislocation density. These processes are noL mufuaUy e\clusive and 6oth reducithe
dislocdrion den.ity in grains or parL\ of gratns. Process ( L) usuaUy leads to grain-si7e
reduction (Fit. 16.2d). Process (2) ledd\ Lo either d grajn5i2e decredse oaincred\e,
depending on the initial $ainsize. In the latter case, lhe grain boundaries are lobate
and cuspate (Fig. 16.2b).
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