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Dynamic recrystallization of quartz: correlation between natural and
experim€ntal conditions
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Ahstrrct Quartz leins i. the Easlcm Tonale nylonite zone (ltalian Alps) w€re dcforned in
sfike-slip shedr. Due to the synkinematic enplacmcnt of rhe Adanello Pl!ro!. a tenpera-
Lnrc eradient between 280"C rnd ?00'C was eflrcted across tnh laull zone. Tle resuhins
dynanic recrystalli2alion microslruclures aE charadeisdc of bulsins recryslauiztion, sub
grain rolation recrystallizalion and grain bolndarymigntioo Erystallization. The lransi-
tions in mryslalliation nehanGns arc marked by discrele changes of grain sizc
depend€me on remp€nlure. Diferendal sreses are calculaled from ihe @rystallized
snh size data usins paleopiezDmelric relalionsbils, Defomlrion tenperalur€s ar€ obtaincd
from metmomhic reactio$ id the defomed hosr rock. Flow stsses and defomation
tenperalures are ued to dclcminc the stnin rale ol rhe Tonale mylo.ires through integra
tionlvilb everal publhhed flow laws yieldine an average tate olapproxinately l0 14s rto
l0 "s-'. Thedelomarionconditions ofthe mtumlfdult rocksarccomparedandcoftlared
wnh 1hrft cxpcrinenlal disloorion creep rceines ofquarrz ofHirth & Tullis. Linking the
nicroslructurcs of tbe naturally and experinentally defomed quarE rocks. a recrystalliza-
tion mecbannn map is prcse.ted. Tnis map pemits rhe derilation of lebpemture and
nrain rale fornylonitic laulr rocks one $e recrystalliation ntrhanism is knoNn.

Introduction

Dynamic recrystallization is in hany mat€rials
primarily the result of two plocesses: (l) the
formaiion and progressive rotatioD of subgrainsj
and (2) srain boundary misration (e.g. Guillop6
& Poirier 1979; Urai erzl. 1986). Theinleraction
of tbese two p.ocesses is responsible for the
occurene of three ditrerent m€.hanisns of
dynamic recrystallization foming characieristic
microstructures. These are terned bulging
recrystallization (BLG; e.s. Bailey & Hirrch
1962i D ry et al 1985). subgrair rotalion
recrystallization (SG\ e.s. Hobbs 1968t White
1973; Cuillop6 & Poirier 1979) and srain
boundary mjgralion recrystallization (GBM;
e.g. Guillope & Poirier 1979t Means 1983: Urai
?r a/. 1986i Jesell 1987). we observe similar
recrystallizalion microslructures in quartz as
have been des.ribed for other malerials; thus
we inaer that the recrystallization m€.hanisms
vary with lemperatlre in the same way as they
do in those materiah (cf. Stipp e/ al. 2002).
Durin8 BLG at low temperature conditions,
loql grain boundary migration is rhe dominant
process. The conlribulioD of subgrain rotation
jncreases wilh temperature. until subgrain rota
lioh domjnates the recrlslallization. and the
resllring microstructures are those of SGR. A1
still higher temperatures above lhe range of
SGR. the dominanl recryslallizalion n@hanism

is GBM (ct Cuillop6 & Polriet \9'79t Ur ' et al.
1986). The dominart recrystallization process is
again grain boundary nigration, but bourdaries
sweep enlire grains. so thatinmanycases there is
no redxction in grain size.

In an experimental study, Hirth & Tullis
(1992) have id€ntified thre dislocation creep
regrmes for quartz- The d€finition oflhe disloca-
lioD creep regimes is based on mechanical data
and on recryslallizlion mechanisms idenliRed
by TEM and light microscope obsenalions.
Hirth & Tullh (1992) have demonslrated thal
the dominalt rerysrallization mechanism is
coDlrolled by temperatlre! stress and slriD
rate. The delineation of the different miuostruc,
tural regimes refl@rs rhe relatile rales of graiD
boundary rniFalion, dislocarion climb and
dislocation production. In regime I, recovery
and recryslallization are mainly accommodated
by strain induced grain bouDdary migralion, it
regine 2 by climb'conlrolled dislocalion cr€ep
(subgrain rolation) and in resime 3 by both
grain bolndary migralion and subgrain rolation
(Hi*h & Tullis 1992). In a number of sludies, the
experimenlally produced microstructures have
been corclated wilh dyn:imic recrystallization
microstructures of naturally defomed rocks
(Dunlap era1. 1997i Snok€ er 41 1998j St6ckhen
el al.1999;Hirhet al.2001; Zulauf200l). How-
ever, due to the given geological sellin8s and out,
crop condilions, none of these sludios iDcluded
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lhe full range ofdynamic rerysiallization micro-
struclures of qlartz occuring in latu.al fault
rocks. Some rnicrostructural lransilions {erc
missing a.d the field samples were derived from
ditrcrent shear zones, so rhar rhe defomation
condilions may h.vc varied signillcanlly.

The Easlern Tonale fauh zone exposes a ser of
outcrops where the whole range of nalural
dynamic r@rysrallizalion microst.uclu.es of
quartz c4n be observed wilhi! a single shear
zone (Stipp ?t ul 2002). Defomalion lempera-
tures ranSinS fron approximately 280"c to
700'C were derived from synkinematic mineral
assembhses. The rerystallized grain s;es were
measured in sarnples of diflerenr defomation
temperalures- In this contriburion, differential
streses have been infercd fiom paleopiezom+
try. and slrain rates have been inferred from
publisbed flow laws of quadz. Combining lhe
data of these natlrally deformed rocks with the
experimental dala of Hirth & Tullis (1992), a
recrystallizalion m€chanism nap will be con-
structed. Such a map, in conjunclioD with caleful
microslructural observalions, will help geologisls
to delermine or constrain the deformalion
conditions in quartz-rich myloniles from narural

Geological sefting

The Eastern Tonale Liie in the Italian Alps is a
dextril strike{lip segment of the Periadliatic
fauli sysiem. In the area of interesl. the fault
zone was heated by the synkinematic oligoene
emplacement of the Presanelia intrusion of the
Adamello pluton (Fig. l). The conuct aureole
of the pluton extends across the fault zone,
which is 800m wide a.d exhibils a vertical
mylonitic foliation and a subhorizontal sterch-
ing lineation. Farther west, the Tonale Line is
defomed entirely by brillle deformation
(Weriine 1992; Snpp & Schmid 1998). Al the
eastern border of the Adanello pluton, the
Tonale Line is cut by the sinislral Giudicarie
slrike{lip zone. Near the pluton, the strike4lip
lault includes the mylonitic r;m oftbe Presanella
inlrusion in the south, followed by lhe Tonale
mylonites of the Southem Mylonil€ Zone and
the cataclasites towards the north (Fig. l). The
Stavel mylorites of the Northed Mylonite

Zone (Fig. l) situaled north of the calaclasites
are nol parl of this sludy as they belong to an
older defornation stase (werling 1992).

From rorlh 1o south there is a temperature gra-
dient ranging from 250'C to aboxt 700'C in tbe
Tonale mllonites (Fig. l) a! a constant confining
pre$ure oi 250 to 100 MPa. These P T-estimates
are based on critical mineral assemblages and
relared reaclion isogads in the metasediftsls of
the Tonale mllonites (Werling 1992; Stipp ./ al
2002). Quartz microstructures show that lhe
lransition from dominudy britlle to dominanlly
cryslal plaslic deformation o@us at aboul
280'C. Three miffostructural zones have ben
reognired coresponding to tbe lhree diflercnt
dynanic r€crystalliation mecheisms of quartz
(Fis. l). Bulsjne r€.rysralliation (zone of BLG)
dominates from approximately 280 400"C. sub
grain rotrton rsrystallizalion (zoie of SGR)
from approximalely ,l{0 500'c and grait
boundary migralion rccrystdlization (zone of
CBM) fron approximately 500'C to aboul
700'C at the ma8Mlic conlact (Slipp e/ a/.
2002).

Quartz veins laken from lhe Soulhern Mylo,
nite Zone were used for the mic.oslruclural
analysis (Fig. l) because they contain rewer
inclusions than qua ziles or quartz laye6 in
polymineralic mylonites. Only folialion-parallel
veiDs were sampled and it was ersured thal the
dynamic recryslalliztion microstructures in the
veins $ere the same as rhose in quartz within
the metasedimentary hosi rocks,

Detemination of rcdystalized grain size

The mylonitic quarlz vei.s have been analysed in
X Z sectiors, i.e. nomal to the foliation and
parallel lo the srelching lineation. The nicro,
structural characterizalion and ihe grain size
analyses have been calried out using image
analysis methods. In tho zone of BLG, grain
sizes have been detemined usirg the autocore-
lation fuDclion (ACF; Panozo Heilbronner
1992). Ir the zooes ofSGR and GBM. the line-
inlercept method (Smith & Gurtman 1953, ciled
in ord & Christie 1984) was used. This method
was chosen beause it has ben used for most
of the experimentally calibrated piezomelen as
well as for previous sludies o, natural quartz

Fie. l. Map ol invenigated area of tne Tonale aadt zoner lenperalures and rcaction isograds arc infcrrcd fror
nineral a$enbldses ol melascdinenls (data fiom W-line 1992 and Sdpp ?, ul. 2002). Tbee zon€s ofdy.amic
rec rystallizalion nicrostruclu r€s a.e dhlin8lhhed: BLC (bulgin8 recrysraUization)j SGR (subsraitr rctation
recrystallizalion)j and OBM (grain boundary migralion Ecrystallization). Ceosraphical coordinates reler to
sheet Passo del Tonale oflhe aulonomous prolince ofTrento (Iulyj Carla Topografra Cenerale No.041120.
1987). hser: Regjonal srdng of the invstiealed ara {arow).
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mylonites. thus .nsuring lhe consislency of our
data with p.evious sludies. The analyses hale
been caffied out on standald polished thin
sctions of a thicknes of approximately 20Fm-
For high numerical aperlure of the objective.
the optically resolved depth of iocus becomes
small- For example, fo. a numerical aperrure of
0.75 (as used for samplc 27-3 with the smallest
gr.in size) the resolved deplh of focus is below
I prn. Thus, the g.ain size is significantly larger
than the resolved depth of Iield ad stereological
colrections (cf. Panozo Heilblonner 1992) are
theretbre not necessary.

Au tocoftelation fwct ion ( AC F )

Photomiffographs of six samples have been
r@orded undercrossed polarizeB in rhree differ
en1 oricnlations (0', 30", 60") with respcc! to thc
polarizers. Usinc NIH Image and the FFT
macro (Rasband 1996) ihe ACFS we.e calculaled
for selected regions of inlerest (ROI) oi
128 x 128 pixels and 256 x 256 pixels. A large
Dumber of measurements could be nade and
procesed using the ACF. A minimum of 16
ROIS were selected in each sample, and for
each ROI all three diferently oriented images
were used. Using the tbree differenl orientations
for each ROI helped to aloid orientational bias.
The average ACFS for each s1 of ihree and for
the whole sample were determined. The average
ACF for each sample was thresholded al 52%
of lhe maximum ACF value. This thiesholding
value was detenincd by calibrating lhe ACF
meftod against the line-interc€pl method by
analysing the BLG sample with the largest
grain size (sanple 24'4). The long and sbort
axes of lhc best fit ellipses were measlred
and scaled using the Analyze-lools' of NIH
Image.

Lhe-intercept nethod

The sizes ofthe recrystaliied grains in the SGR
zone were detemined by the line intercept
nelhod (Ord & Christie 1984) carried out on .-
axis orienlation images (for optical orientalion
imasins. se Panozo Heilb.onncr & Pauli
1993, 1994). Because the srains are anisolropic
the line-ihtercepts were counted in direclions
panllel and normal to the prefered long axis
orientation. MeasuremeDt grids of approxi-
malely 2lm per side (re!l size) with a mesh
widlh of approxinately l00tn in both di.ec-
tions were xsed. Areas ol porphy.oclastic
ribbon s.ains have ben avoided for the

mcasurements or - if this was not possjble they
have been sublractcd from the grid length.

The siz of the rec.yslallized grains in the
GBM zone is hard to detemine due to the
ext.emely sulured and lobate grain boundaries.
The amplitude of lhe lobate boundaries can be
so Iaree thal seclions of neighbouring grains
occur within other srains ('islnnd grains'). an
etrect which was called a 'dissetion miftostruc-
ture'by Urai et al. (1986). Thus, usins the line-
intercepl method in this zone jnlolve! counting
difelent segments of the same grain as individual
grains. Cohercor grains can only be recognized
on the basis of identical cryslal lattie orienta'
tion. Since lobateness and the occulrencc of
dissetion microstruclures and island grains
increase with increasing temperature in the
GBM zone, the srain size based on line,
intercepts becomes more and more inadequat€
*ilh increasing lemperature. Furthemore, line-
inlercepts. which are based on tbe asumprion
of equanl grain shapes. repres€nl an increasingly
less rcliable method to determine the sizc of
irregularly shaped grains-

ln older to gel an appro/jmate estimalion of
the grain size at leasl in lhe lower temperaturc
part of the GBM zone, two sanples (21-2. 16-3)
have been measured by rhe same method as
described for the ron€ ofSCR including the inteF
epts with the islard grairs. A measurdnent grid
(real size) ofapproxinalely 4rnm per side wi$ }
mesh width of 200fm was used for sample 2l-2
and a grid of approximately l0mm squre
lenglh wilh a mesh width of 500pm wd usd
for sample 16 3. Nexi to the magmatic contacl
the g.ain sie is a few millimetres in diameter
and srain shapes are very complex. lsland grains
and disKlion midostuctures render a granr
s;e determination by the line,intercept method
meaningless and are therefore nol included here.

From the avemge long and short axes lhc
geometic mean Srain size has been calculaled
(Ranalli 1984). In the following we refer 1o this
mean grain size if nol staled otheMise- The
average long and sbort diameter and the average
grain sizes of the .arystallized grains of th€
BLC, SGR and GBM zones are sumharized in
Table l. The recrystallized grain sizes of the
various samples are plolted versus the deforma-
tion temperaturc in Fig.2.

Microstructural correlation between ndure
and exp€dment

Tenperalure and strain rate cooditions in experi-
ments difer fron thos€ of natural defonnatio!-
The corelation of experimental and nalu.al
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1627425
16274l.5
1627395
16273?5
1627165
1627355

1627090
1627310
1627140
1627185

1621120
1627250

512s605
5125595
5125555
512s500
5t25475

5t25220
5125345
5125t55
5l2sl25

5r25190
5125040

5.5

8.1
t4.3
15.5
24.3

5IJ
6l

81

219
354

9.5

42

5l

28J

6.2

9.9
t71
25.1
28.6

89
113
I1.1

289

Recrystallizedgrainsizcsoflhein!enigatedsimplesrakenfromditrcrcnl2onesoldynadicrecrystauization.Mean
crain size n tbe geomctric mcan ofgrain long and short axes. For nethod ofsrai. size n
Geographidl coordinales.ef€r lo slrftr 'Pa$o dcl Tonllc ofrhe aurononous p.ovince olTrcnro (tralyj Carta
TopogralicaGenenleNo.041120, 198?).

dclbmalion depends upon the operation oflhe
same deformalion mechanisms, which should
produe idenlical microstluctures ar srain
independeni stead) slate flow stress condilions.
Transitions from one recrystallization nechan-
jsm lo anothc! cause microstructural changes
thich can be obsered iD both nnture and experi-
menls. We therefore focus on nicrostruclufes

when .elaling nature lo experiments. A reliable
correlalion of microstructures resls on clearly
identifiable microsrructural criteria. Of particu-
lar inlerest are distinclly dilTerent miffo-
slructures bcause they indicale switches in the
dominanl dynamic rcrystallization mechanisms.
Mercjer (1980), Hirth & Tullis ( 1992) and Zulauf
(2001) reporied a step in rhe grain si2e
tempefaturc relationship as lhe most obvious
nioosL.uclural discontinuiry. Our data indicalc
that this disconlinuily is not a step, but ratber a
discrete change in rhe slope of the graiD size
tempera!ure relalionship,

In lhe Tonale mylonites, there are lwo slope
chanses (Fig. 2) which coincide with ftansitions
in lhe dominant dynamic recrystallization
mechanism- Other microst.uctural criteria, e.g.
shape and lobatenes, change more slowly or
gradually so that they can only be used incombi,
naton 10 deline transitions in the dominanl
recryslallizrtio! m@hanism. As a first approxi
mation the threc dislocation oeep regimes
defined by Hirth & Tullis (1992) qn be core-
lated wirh the threedominanl dynamic recrystal,
lizadon mechanisms inferred rrom the defomed
Tomle quartz veins (Slipp er a/.2002). However.
th€ lransitions ffom BLG to SGR and from SGR
1o GBM do no! coincide wilh the lransilions
froh regine I to rcgime 2 and from regime 2 !o
regihe 3. .especlively. ln the following we will
describc the microst.uclural kansitioDs which
are $e basis for our coftelalion of lhe dyDamic
recryslalli2alion mechanisns in the To ale

. , -#g t t

o= BLG.iTr-SGR
a 7[t

E'

,=

s

a

250 300 350 40O ,150 s00 5s0 600
t.mperatoefq . edn @ds

9 Fheid6

Fis.2, Plot ofrdrystallized grain sizc vcrsus
delbmatioo temperrture; lo.g and sho axes of
rccrystallizcd grains and besl 6rs ofgeonetric nean
grain sit are shoM. Etror ba6 arc onc standard
deviarioni lor Ehnical rcasors rher€ are no €rrot
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nrylo tes with rhe experincntally dcrircd djslo
cation crccp rcgnnes of Hirlh & Tullis (1992).

rdriuti.,l rilhh the .onc ol RLG

BLG coresDonds to rcgimc I (Fig.la. b) and the
ldvcr Ledr'crarurc plrt ofrcgimc2 (Fig.lc. d) oi
H'rrh & Tullis (1992). Wc rvill clll thc p.rt that
corrcsponds to rcgime l, BLG I. and thc lan
thrt corresPonds Lo lhe lowcr temperalure prrL
of rcei'ne 2, BLG IL The lransition from BLG
I to llLG II is not marked by a disconlinuity in
the recryslrllizcd grain size lenperaturc rcl.
tionshir (l'ir. 2). lNtc.d, there are difiererces
in dtnanic recryslrllizatioD microstrDctures.
which rllow us to denne a changc bctreen
Bl-C I  dnd ALG IL Htth & Tul l is  (1992. 199,1)
arlribile Lhe recrysrallizarioD in rcSimc 1 only
to gmin boundary nrigralion proccsscs wilhoul
subCr.ir rotalion. In the ndLurll samplcs iroD
the EasterD ToDrlc laull zone, BLG I porphyro-
clasts shov (in thc liehl microscope) some vc.y
snall subgrains alons thc scmtcd grain bound-
lrics shich may corespond to fic cell mis
onentarjon mechanism suggested for regime I
(Hir1h & Tullis 1992). Furthemorc. BLG I
Dricrostructures commonly occur in conjunction
Nith li.ctufcs. Fructures have been cxcludcd
lo. rcgimc I of thc cxpcrimenlal dislocalion
creep regner and altribulcd 1o the brirrle
plaslic lransilion (Hirth & Tu11is 199:l). In
nature. hoilcvcr. the connning prersure can bc
lo$ xt the brittle plastic or iticlionrl liscous
(Schmid & Handy l99l) rransition. When local
dificrential streses reach the hagniludc of the
elTcclivc confining prcsue. fracturing can
occur in allemation with dynamic redystalliza-
lion in natural mylonites (cl coscismic creep oi
Knstcr & Stdckherl 1999)

Mic,ofractufing rDd related solutiondcposi-
tion (cf. Hippen & Egydio-Silva 1996) can be
ncelccrcd for rhe formarion of rew gflins ir the
Tonule mylonites. Wc think thai in nature,
apfut fron subsrain rot{rion, microliacturing
is rnolher imporlant potenlialprocc$ for separ
alinS bulges from porr'hlroclasls (vnD Daalen
./ d/. 1999r Slipp .r .1. 2002). Fraclure zones
are bulged. and bulecs and ncw grains along
these fnctures hrve the sanrc sizc as bulgcs. sub
erains aDd fecrystrllized grains along graiD
bonndaries The incfcasiDg amount and si2e of
recryst.lli2ed sranrs wilh iDcreasins tempefu rure
withjn the zo.e oi BLG occu.s togcther with N
chaDec in the prefeffed siles ol dyn{mic recfys
lalliAlion between ALG I and BLG lL ln BLC
I. recrlslalli^1ion occu6 preferentially al Lriple
iunct'ons of po.phyrocla\ts (cl Stipp 

"r 
z/.

:002). rvhcrc.s thc porph,rcchsts ir BLG lt
are .onplcrely suround.d b) recrystdllizcd
graDs (Fig. lc d). Subsrains of thc sane sire rs
the bulgcs arc derectable in thc lighr microrope
ne.r the grain boundary region oftfic porphyro
clasls, definingcofc rnd manlle nructurcs !hich
rrc characterislic oi BLC lI and SGR (wfiirc
1976: bilz Gcrald & Stiinitz 1993). These nlcro-
sbuclures indicatc th.l prcgresi!c subSrdin
fotrlron rs mo.e import.nr in the zone ol aLG
Ir comparcd to BLG L The porphyroclasLs
*ithin IILC I comsponding to reginc I sho$
Iinely seralcd grain boundaries aDd undulNtory
extinclion rnd somc ol thc prph!tuclasrs .rc
liacturcd (Fig. 3a.b). hr rhc zone of BLG ll
microfracturinS is rare and disrppcaB conple-
lely wiLh incrcasing temperxLu.c. Thc porphyro
clasts of BLG ll shos a Do.e prunounccd
eloDgalion. and Dndulalo.y extinction and deffi-
mation lamellac arc frequent. leaturcs, which
cor.espond to rhosc observed tu resimc 2 by
Hnth & Tul l is  (1992: Fig.  lc .d) .

BLGISC R-transition

The BLG/SGR lransilion in thc Tonrlc Drylo-
niles occu.s wilhin the dislocarioD crccp rcgime
2 as defined by Hi.th & Txlls (1992) rhc tr.Dsi
tioD i'r rature is narked by a disconlinuily in rhc
recrystall'zcd Erain size-lempenlure relalionship
(Fig. 2). Porphyroclasts vnhin thc zone ofSGR
consist of exlrenrely c1on3.ted ribbon er.iN
(Fig. 3c) conlrasring sith lhe anBtrlar or only
tuoderltely clong.red porphyroclasrs iound in
the zone oi BLG (Fig. 3a d). Inrernal dcformr
tion ltatures such as undulatory exlinclion rnd
defonnlion lamellae occuf occasionrlly $ithin
the ribbon grains (Fig. le): 1fiey may parlly be
due 1o overprjnting during cooling. A1 rhe
BLG/SGR transilion. both the reoysrallized
grun sizc and the volutue Llclion of recrystrl-
lized grains inc.easc sigrilicanlly. ln tfie zone of
BLG. tlpicdlll less lhan 20'1, of the quxrlz
veins {rc rccr}s1alli7td. ln rhc zore of SGR
about 30 80'% are reoyslallizcd (Sripp c/ d/.
2002) 'l hc .ibbon srains are progrc$ivcly con,
sumed by polygonizxlion (proBressile suberdin

Ceometric dynanic redysLallizalion (cRXi
McQDeen cf ,/. 1985; Doherty !/ a/. 1997)
which hrs bccn desdibed as a type of dynahic
rccryslallization which occurs irr mct.ls al high
deformation tcmpcrrlure and large slrain can
produce nncrostructures similar to those refcrcd
to as BLG l I  and SCR (Fig.  lc  g) .  I f  GRX
occurs rt low deformation tcmperulure. .s
ponrted ou1 by Humphreys & Halhcfly (1996),
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il cannot be distinguished from continuous
recrystallization phenomena, i.e- subgrai. rota-
rjon recrystallization. Hence. the applicltion of
the lerln GRX to lheinvestigated quartzsamples
njght be possible, bu! would not change lhe
miffost.uclural correlation, b€cause microstruc,
lures similar ro GRX aho occur in lhe experi
menlal sample sei ol Hirth & Tullis (1992; cf.
Fis. 3).

SGRIGBM-trunsition

The SGR/GBM lransilion in nature (Fis. 30
ialls within regine 3 oflhe experimental disloca-
lion creep resimes (FiB- 3s). Microstructures
typical for CBM in nature are not attainable
experimentally due to the onser of melting-
Within ihe natural samples, lhis transilion is
again narked by adiscontinuity in rhe recryslal-
lized grain size-temperature relationship (Fig.
2). Recrystallized grains ofthe GBM zone show
irregular grain shapes and a brcad graiD size
diskibution within a single sample. In contras!,
the recryslallized g.ains of the SCR zone have
ralher consiant grain shapes and sizes, which
are almos! ide!1ical lo those of the subgrains
observed in the light microscope. At the transi-
tion 10 GBM. lhe recryslallized grain size is
somewhat larger than the subgruin size as visible
in the light microscope. The .ecrystallized grain
sire dislriburio! in the zone ofGBM is broader
and the grains display weakly sutured grain
boundaries (Fis. 3e, f). GBM-microstructures
(Fig. 3h) ditrer from resime 3 (Fis. 3s) in that
they show larger grain sizes and more iftegular
Srain shapes wilh more sulured gruin boundaries
and amoeboid grain shapes. Dissection micro
strucrures (Urai er al. 1986) and 2D-island
srains. which are typical for GBM (Fig. 3h),
have not ben found in regime 3 of Hirth &
Tullis (1992). Instead, in resihe 3 (Fig.3s)
srains are of sinilar size and shape, and srain
sizes are comparable or even smaller than those
of the uppemosl SGR (compare grain sizes in
Fis. 3f,g). Natural samples of the GBM zone
are complelely recryslallired. The transition 10
completely recrystallized microstrucrures occurs
in the experiments of Hirlh & Tullis (1992) and
in the samples of the Tonale mylonites at the
SGR/GBM lransilion.

The zone ofGBM of the Tonale myloniles can
bedivided iDlo a lower and a higber lenperature
pan, CBM I and GBM ll, respectively (Stipp
et al.2002). Howeyer. GBM II samples were
not corsidered in this study becaurc: (l) these
microstructu.es are not atlainable experimen
lally; and (2) due to the lobateness of grain

bounda.ies, it is very difficult ro detemine
g.ain sizes in such microstructures. 3s pointed

Stress alld stain rate calculatiotrs

The correlalion of the experinental dislocarion
creep regines and the natumlzoncs ofdynanic
recrystallizalion is sumnanzed in a schematic
diagram (Fig. 4). In experiments. the same
micfostructural lransitions take place at higher
lemperatures and at strain rales tha! are 5 to l0
orders of maenilude hisher than in nature (e.8.
Hobbs.r a/. 1976; Mercier er a/. 1977j Suppe
1985; Twiss & Moores 1992). Asuming thal
the rheological properlies a.e conformable in
nature and experiment, a strai. rale/temperalure
extrapolation can be made (ct Paterson 1987).
Through a slress det€nninalion (paleopiezome-
try) and usins flow law equations (deformarion
iemperalure is known), the strain rat€ in the
natural mylonites cIm be calculated.

The paleostres, which is inferred ro be rhe
steady-slate flow stress at the time of deforma-
tion. can b€ detemined by dift-erent microstruc-
tural paleopiezometers. These are either based
oD the density ol unbound dislocations (e.g.
Weerhan 1970; coerze & Kohlsredt 1973j
Takeuchi & ArgoD 1976), on the subgrai, size
(e.g. Ralei8h & Kirby 1970; Twiss 1986), or on
the recrystallired glain sia (e.g. Lulon & Sellars
1969; Mercier et al- 1977;'f wiss I 977). Although
only the first two types of piezomelen are basd
on physical models, we have used a recrystallized
grdn siE piezometer which is la.gely empiri€l-
Both the subgrain sire and the dblocation
densily are much morc sensitive to annealing
and retrograde overprinting and thus the .erys,
tallized gmin size has ben characterized as the
feature wilh the highest inherenr stability it
narxrally defonred rock (Melcier zr d/. 1977;
while 1979; Kobhledt & weathers 1980).
Recryslallized glain size piezomeleG have beeh
calibrated in the form

Lo: BD ' .  ( l )

where Adis the steady state diflerential slres, D
is the recrystallized grair size and a and r are
empirical constants. More recendy. several
microphysical modeh have been proposed to
explain lhe piezonehic relationship (Edward

"r 
a1. 1982 for subsrain sia; Derby & Ashby

1987; Derby 1990; Shimizu 1998j de Bresser
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Fig.4, Sch€malic diagram illnslrati.g the ranBes ol lemperalnrc a.d srraio rale of the naturalzones of
dynamic rdrysralliztion dnd of rbe €xpe.imental dhlocalion creep re8in€s oaEnlh & TDllis (1992). Ar slow
sfain dles, thre main types olnicrostructlFs cdn be distinguished: buleing GcrystalLizarion (BLG)j subgraio
rotation rccrystallizalion (SGR)j and erain boundary nigralion mrystallizalion (CBM). Subdivisions oflbese
nain recrystallizdtion nicrostrucrures can b€correlated Nith th€ expednenral dhlmatioh crccp rcgimes.
Solid li.cs nark thchnsitions bctween BLG, SGR andGBM and their corcspondins €xperinental
microstructu.esi dasb€d lines nark the transitions i. experimental dislocation creep regimes and their
corftspondine nicrosfuctures in nuture.

er al 1998 for recrystallized grain size). Since all used in Mercier e, al 1977). or the choice olthe
these theoretical models have not yet been cali stariing malerial is not very salisfying {Dover
brated and used for dynamic lsrystallization flintin Mainprice l98l), bsause the finile defor-
of quartz in natural fault rocks, we chose nol mation microstruclures difer significantly from
to use piezomeric lelationships corresponding thok found in nalural qudrtz mylorjt.s. There-
to rhese modeh. Howeve., a .trent review on fo.e, these calibrations have nol been included
piezomelric relationships (de Bresser e/ a/. in Fig. 6.
2001) emDhasizes the need to lest and calibrate
theoretical modeh with new experimental
sludies- When such studies are available lhey
cln be used to critically evaluate and exp:nd
the conside.atio.s made below.

For any given grain size the piezometeB for
quartz (Mercier er a/. i977; Twiss 1977. 1980;
Christie er a1. 1980; Koch 1983 and Mai.price
i981 in Koch l98l) yield a slres range for the
dynamically rcrystallized sraiD sizes of nore
than one orde! of magnitude (Fis.5). Wet qurt-
zile conditions are rnuch more realistic for the
defomation in natural mylonitic shear zones
and we therefore consider only piezomeleB
calibraled for 'wef conditions and the one
which is bawd or the rheorerical assumplions
of Twiss (1977, 1980) for Fig. 6. The data of
Metciet et al. (1977) and MaiDprice (1981) are
not reliable with respect to the water conteDl of
lhe samples. Fxrthemore, eiiher the experihen-
tal constraints on the mechanical data are poor
(solid confining medium for the experiments

g 1oo

3

rccryslallidd qEin siz€ [!m]

Fig.5. Diagran oamrystallized grain size
paleopiezon€leG of qnart4 tne piezomctcrs ol
Mainprice (1981) were calculated by Koch (1981).
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equal to this ditrerential stress magnitude at rhe
brittle plastic kansition. Empirjcally, the high
confining pressure limit of semibritile defoma-
lion is reached when confining plesure and
differerlial stres are ofapproximalely the same
magnjlud€ (Kirby 1980; Evans er a/. 1990i
Kohlstedt cr ul 1995). Thus ihe paleopiezometer
ol Twiss (1980) and our microstrucrural observa-
lions yield consistenl results for the britrle
plastic tansition. Paleopieomelers appropriate
for the individual diferenl recrystallization
mechanjsms are not calibraled for quartz as has
been found experimentally for other mirerals
(se evaluation of paleopiezometers). The paleo-
piezometer by Twiss (1977, 1980) appears to be
the most suitable calibratio, for olr sanples in
tbe light of the geological constraints for the
data and tbefefore it has been used in lhis
study (cf. Gleason & Tullis i991, 1995).

Strui rcte estimation

The strain rate is related to flow stress and
temperature by experinentally derived flow
laws (e.9. Heard & Carter 1968; Parish ?r a/.
1976; Kronenberg & Tullis 1984; Koch er a/.
1989). We have usd rhe most recent experimen,
tal calibmtions carried out by Luan & Pale6on
(1992) in the sas-apparalus and by cleason &
Tullis (1995) in the mollen sall cell-technique ir
the Griggytype pislon-cylinder apparatus since
the mechanical data of their sludies are quite
well corstrained. Addjlionally, the geologically
constrained, 'theoretical' flow laws of Paterson
& Luan (1990)1nd Hirth et aa (2001) are consid-
ered in this study. The neesary coefficients for
rhe flow lass are listed in Table 2-

In Fig. 7a the Iines of constant slrain rates
corespondiDg to the flow laws of Luan & Patfr-
soD (1992) and Gleason & Tullis (1995; Table 2)
as well as to the geologically corstained flow
law of Paleson & Luan (1990) are compared
with tbe data fron this study. The comparison
yields an est,mate oi lhe stran rate in rhe ranse
oi  l0-ra ro l0 r :s |  (Fis.  7d).  This esr imate- is
within the lraditionally inferred range for natuml
rault zore conditions (e.s. Pfitrner & Ramsay
1982; Suppe 1985j Twiss & Moores 1992). The
two orde6 of magnilude ditreren@ in the esti-
mated strain rate (Fig. 7a) is due to the ditrerent
flow law coemcients, which are partly caused by
oxperimental diflerences iD water fugacity. For
Hro-sturatd quartz aggregates the co.6ning
pressure is equal to the Hro-pressure (for borh
the Torale fault zone samples and the experimefts
or Luan & Palerson 1992 it is about 300MPa).
The experiments of Gleasor & Tullis (1995)

=. 100

1'4 1 '5 1,6 1,7 1.4

1om/T n/<l
Fig. 6. Flow strc$6 calculal€d from rccryslalliad
srain sizes using diflerdt piezoneres. Empincal
consunrs 4 r are 4090, Ll l for the piezom€b of
Christie d al. (1980).676,0.68 ror Twis (1980)and
21829, l.6l for Koch (1983). The slop€s oftne ben
frls vary for eacn oa lhe ftcryslallization nechanisms.

The wet piezometers of Christie 
"r 

ar (1980)
and Koch (1983) yield unrealistically high
values for stress al the small grain sizes of
BLG. This can piobably be related to the poor
experimental co.sraints on lhe nehaDical
data (see Gleason & Tullis 1993, 1995 for
dhcussion). For sample 27 3, which has b€€n
defomed under the lowest iempelature condi-
tions, the flow srresses pr€dicted by lhe ditrerent
paleopiezometes in Fig. 6 range from 2l2MPa
(Tviss 1980) to l396MPa (Koch 1983, wet).
The piezomereA or Koch (1983) ad chrislie
et al. (1980) predict ditrerential stresses for
BLG which are nuch higher than the confning
pressure (250 to 300MPa) derived fron coexist-
ins mineral assemblages (Stipp er al. mo2|
Such high slresws would produce dominMt brit-
tle deformation (Hirlh & Tullis 1994: Kohhledt
er al. 1995) instead of low temperature arystal
plasticily. Dominantly britile defornalion
microstructures have not ben observed. Hence,
the pjezometers of Chrislie (1980, we1) and
Koch (1983, wel) caD b€ excluded.

For the entire sampl€ sel, including BLG I
throush CBM I, the piezomerer of Twiss (1980)
yields stresles ftom 2l2MPa to 12.5MPa (Fig.
6). The extrapolation of this flow slress rarge
10 the britde plaslic transirion, correspondiDg
to the transilion from the Cataclasric Fault
Zone to the Soutlem MyloDile Zone of the
Tonale Line at 280'C (Fig. l), yields a ditreren,
tial stres ofabout 250MPa (Fig.6). The confin-
ing pressure of 250 lo 300MPa derived from
critical mineral assemblages is approximately
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were caraed our rt l.scpd confinrna oresure
wnh 0.15 weight.o ot added sater. K;hkredt
.r a/. (1995) inrroduc€d a satcr fuEacuv tcrm
inLo lhe f low l rw equtron

t: A^o "(lH.o)," exp( A/Rr), (z)
where E is the strain rate. Aa i! lhe ditrerential
slress. I is the temperdture, R is the Bottaann
constant per mole, 0 is the creep aclivation
energy per mote. /ll.o is the water fugacjty, ,4 is
a mate.'al co.slanl, , is lhe slress exDonenl jnd
n the water fugacity exponent. Satu;abd water
conditions are a reasonable assunDlion for the
sanples oflheea!teD Tonate Fautr Zone because
of the H.O{eleasing merdorphic reachons jn
the melasediments of the shear zone, rhe quite
nomoSeneous mrcroskucrures of dynamrc reclvs_
Ial l izar ion t local  chanses 

'n 
watei  contenr mv

cause a switch in lhe dominant defomalio;
mecnanfh and may rhus ploduce a diferent
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nricrostructure) ard the abundance of fl uid inclu_
srons m the porphyroclasts.

In order to redllled,ffercnces in warerfueac,rv
lhe nos bws oi  c jeason & fut t is  t lSSSj 

"ndHrr lh p/  a/ .  (20011 sere nomatized ro rhe waler
Iugacrty at a pressure of300Mpa. i.€_ the confin-
ing presure of the Tonate mytonit$ and rhe
exper imenB ofLuan & pareBon ( t992).  usins a
lugaory erponenr of ,, = I (ct Kohlsredr !/;/
l-9q5. Hirth rr a/. 200t1. For rhe Ro$ tas of
ureason & Tul t is  {1o95, Lhe waler fu!a. , r !
coemcienrs afrcr Tddhe,de (t972) were exi;aDo--
laLed ro a conf in inS pressure of  l .5cpa rFi !
7b) All now lawl Indicare rhal the strain rrie
rncreates someshal towards hiShf I remperalures
ror rne tonate mytonires(usiDe rhr srreses indi .
crled b). rhe Twiss-pateopiezomerer retarion).
Lre srarn rates however. 5hos considerabte
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Their extrapolalion of lhe laboratory da!4 of
Gleason & Tullis (1995) and Luan and Parerson
(1992) io crustal deformalion condirions at a
constant strain .a1e leads to substanlial difer
ences in the predicted rock srren8th beiween the

Discussion

Nantul colstruints o defomation along the
Tonale Fault Zone

In the hrger scale geological framewo.k. the
Tonale Line is a predominantly cataclastic faulr
zone (Schmid e/ a/. 1989), which was active
over at least 15Ma(Miiller 1998) with a dextral
displacemenr of approximately l00kn
(Laubscher l99li Strck & Hurzike. 1994;
Flisch er ul. 1998i Schmid & Kisslins 2000) }nd
a m€an widlh ofthe fauh zone ofapproximalely
200m. Hence, a reasonably fast.shear strain.ale
estimat€ of approximalely l0 ''s-Lresutts for
lhis fault zone. Within that lault syslem, the
investigated local Southern Mylonite Zone has
iormed as a consequence of a small local heai
anomaly caused by the Adanello intrusion
(werliDs 1992). Thus, the defomation of the
inlestigated myloniles is controlled bl the
larger kinenalic framework of rhe entire
Tonale fault zone and it can be inferred that
the local mylonite strain rate results from .the
exiernal kinematic boundary conditions relared
ro plate movements. The actual local shear
strain rate of lhe mylonites may vary trom the
overall estimate becaus€ of strain partitioning,
variable shear zone width etc. The externally
impo.sed shear strain rate of approximately
l0-'' s ' asrees besl with the strain rate derived
from the geologically constrained flolv law of
Hirlh er al (2001; Fig. 7b). Strain rares of
l0 "s ' and slower are derived from th€ flow
law ofCleasor and Tullis (1995; Fie- 7b). Such
slow stmin rates are nor in the range of typical
geological strain rates (e.9. Pntrner & Ramsay
1982) and are probably too low for the Tonale

Recrysta ized gruit1 size

Grain size feduction during dynanic rcrystatli-
zation is observed iD the case of BLG and SGR
microstructures. As pointed out by Schnid and
Handy ( l99l ) syntectonic grain boundary inigro-
tion recrystallizaiion may lead to a decrease or an
increas in size of the @rysrallized grairs. The
very large grains in lhe GBM ll zone, close to

the magmarrc conraclj may indicate such a
gratn $ze increaw. The recrystallized grain sizes
may have been modified after defomalion
ceased. either by annealing or by deformation
al decreasmg temperalur€s_ Lowe. temperarure
overp.ints h.ve been excluded. sine only sam
ples in which the microstructure colld clearly
be relared to the synkinematic mine.al aseh-
blages used for rhe remperatu.e esrimales (cf.
Stipp zr a/. 2002) have been selrcted. Micro-
slruclural fearures indicative of annealing, e.g.
straighl g.ain boundaries and increased grain
sizes. are mre and only occur in the cBM II
zone. The facl ftat sxbgrains and recrystallized
grains in the zone ofSGR (observed in the Iight
microscope) have identical sizes is further evi-
dence that postdeformarional grain growth is
nol importanl. Therefore, conecrions fo. grain
growth (Hacke. er a/. 1990, 1992) are not neces
sary for the ilvestigaled sample set. Microst.uc,
tural eviden€ for posttecloDic grain growlh in
the Tonale inylonites is absenr and indicares
that posttfttonic grai! growth had only a
minor efecr because of the relatively rapid cool,
ing after contaci metano.phism. Fasl coolins
was caused by:(l) the low depth (4pproximarely
8km) of mylonitizaiion of the investiealed
secr'oni and (2) because colder rocks were con
tinxously passing along lhe inkusion during ihe
strikeslip moveneDl of the faulr zone (advective
cooliDg). The rapid cooling is confirmed by rhe
small ditreren@ belweeD U/Pb-ases on zircon
(32.0+2.3Ma; Stipp 2001) Rb/Sr ases on
muscovi te (31.3+l .5Ma; Del  Moro.r  aa
1983) and K/Ar and Rb/Sr ages on muscovite
(-29-5+2Ma; Del  Moro er a/ .  1983) of  the
Presanella granitoids in the Adamello pluron,
indicating fast cooling ofrhe magmatic body.

Et aluation of paleopiezometers

The ditre.en! slopes of the flow slress ve6us
lempe.ature cunes calculaled for diferent
recryslallization rnechanisms (Fig. 6) indicate
that, ideally. piezometers should be adjusred for
ditrerenr recrystallization mechanisms. The leed
to define diferent piezometeB for differcnt
recrystallization mechanisms was first stated by
Poirier and cuillop6 (1979) and experimentally
calibrated lor halite (SGR. cBM) by cuillop6
and Poirie. (1979). A number of piezometers.
which depend on the dynamic recrystalliation
nechanism, have been proposed for other rock,
forming minerals, e.s. for calcite (SGR. CBM;
Schmid ?i a/. 1980; Ruiter 1995), olivine
(GBMi van der Wal ., d1. 1993). Posr and
Tullis (1999) showed that the dope of fte



184 M. STIPP 
'T,42,

st€s-grain sizc_ relationship tor Lhe regrme I
prezomerer or letdspar vaies liom lhat for
regime 2 lor orher minerah. In the case of
quarrz, however! none of the proposed piezo_
melers takes the recryslallizalion nechanism

'nto 
account (cf. White 1982). Only rhe Diezo_

meter of Twhs (1977, 1980) is in quite good
agreemenr wrh the most recent experimenral
stuclres on $ystal plastic deformation of quartz
aggreBales (Gleason & Tuttrs l9ql). cleaso.
and Tul l is  (1995) and HirLh e/  a/ .  (200t,  f ind
the piezometer of Twiss (1977) themoslaccu.ate
forthe transilion between regibe2and 3 and for
regme 3, and th€y recommehd the use of this
relationship for ScR and at the SGR/GBM
t.ansilion until new experimental calibrations
are available. This study also finds that the rela_
rion ofTwiss (1977, 1980) is the most consistent
paleopiezometer for geological defonnarion con-
dilions within the zone ofBLG. We are aware of
the lacr rhar lhe prezometer oi Twiss (19771 6
based on quesrionable assumprions ot eouih-
brium thermodynamics, as poitrted our in poirier
(1985), Derby (1990) and de Bresser er a/. (200t).
Yet we reommend its appti€tion because ofirs
best fit to currenlly published experimental and
natural data on the dynamic r€ctstaltization of

The comparison berween subsrains and
recrystallized srains in the Tona6 mvlonites
(observed in lhe light microscope) d;es not
show a signincant differeDce in size_ However.
subsrains can only be measured erain by grain
and such heasuremenrs have nor beeD inctuded
in this study because a profound statislical base
is lacking. Funhemore. the ditrerence belween
the larger subgrains determined in the tight
mrcroscope compa.ed to rhose detemined in
the TEM is nol yet understood. Nevenheless, if
we assume thal the lighl optically detemined
subgrahs represenl the precursors towards pro_
Sressrve rotalron and recrysrallizarion wilhour a
significant variation in size. the same stres
dependency for subgrains and recrysrallized
srains could apply (Schmid er al 1980). rn thar
casej rne remperarure sems nor to have a
major innuerce oD fte r€crysra ized srain size
dunDg ongons recrystallizatior. Eoual dia_
meters of brllses and r@rysrallized sraiDs in the
samples also suggest rhe absence of thenauv
indued gmrn growlh dxrinS and aiter dynam;
recrystalltaLion for the zone ot BLc. The
absence of thermally induced grain growth is in
agrement with the considerations of posl and
Tul l is  11999) who poinr oul  rhar mgrar ion rare
Jnd strarn rale hrve thf same tem pera tue deDen-
d€nc€ and, thus, the resutling recrystalized g;ain
sze r not temperature depeDdent. In additioA in

experimenls on Carrara marble, Rutter 0995)
does nor find a s'gnifient influence of rmpera,
rure a,nd stmrn ralf on rhc recrysrr ized Srain
srze Insread. rhe same author finds a ctea.
sbess dependerce and a ditrerence between rhe
piezomeEr tor subgrain rotation recrvsralliza,
t ion and rhat ior  Brain boundar) ; igmLion
recrystarrr2ahon Hence. rhere is, so lar, no
expenmental evidence for an imDortant tmDe.n,
rure etrecl on Lhe dynamicrtty recrysra ized grarn
s,ze or major rheolosicslly retevanr ninfrals
This is despite the theo.elicat models of Derbv
& Ashby (1987), Derby (1990), Shimizu 0998i
:nd de Breser er a1. (t998). all of which includ;
a(weak) temperarure dependency via the acriva_
Ilon energy term. Our resulls indicate rhar well
conllrdined elperinenrdt dala on qurflz rn
Ierms oi ph)sical ps'ameters (r, dd, ., d.
/H,ol. recrrsrallired grain and sub8rain size,
and steady slate recryslallization microstruc_
lures, will be required, before we can evaluale
microphysical nodels of piezometers for
quartz, as presented a.d discussed in de Bresser
et al. (200t).

A deformation mechanism map of dynamic
recrystallization

Hirlh and Tullis ( I992) plotted rhe resxtls of their
experiments on a strain mre versus temDerature
diasram. This rypeofdrasram has ako *en Dro-
posed by Frosr and Alhby (t982) as one posaibk
prerntarion oi defomarion mechans; m.m
The. prese.tation of dynanic recrystaltizat;n
mecnanrsms In a strarn rate versxs temDeaalure
plot has several advanLages: ( | ) lhe exra;ohdon
of deformation experiments to natural condi_
rons s an extrapolation in strain rate: and (2)
as pointed out by Handy (1939). iine a;;
rtrarn .an somelimes be derived dr.eclty from
Eeoiogrcar obseRanoDS and isotopic srldies so
that in certain cases the natuEl stmin rate can
be determined indQendenr ot experimentat

The data sel from the Tolale fautt zone is
plotied i! such a srrain raie versus temperature
diasram (Fis. 8) tosether with the expe;imentat
dala of Hirth and Tuttis (1992) and another
natural sample set from Lhe Ruby cap Duoter
in Cenrral  Auslratra tDuDtap er a/ .  1t97,.  The
sirarn rales ot rhe natural samples were calcu_
lat€d xsing flow laws, as dhcussed above aFip
8a). The two naturat supte sets (Ountap er aj.
1997 and Lhe Tonale myloni tes) cover; .anee
of srrain rares from _t0-r0 ro l0-r/s I Sr.ai'n

slow. becaxse strain rates of 10 ris 
' a"i
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slower ale not believed !o leave microstruclural
haces in the rock (Pfitrner & Ramsay 1982).
Thus, shain rates derived f.om the experimental
flow laws of cleason & Tullis ( 1995) and Luan &
Paterson (1992) produce unrealisric results for
the two nltural sample sets. The eeologically
conslrained enpnical flow laws of PateBon &
Luan 11990) and Hirth ./ z/. (2-001) show a
strain rate of .pproxinatelr  l0- ' 's  'which 6
consistent wjlh other geological constraints for
the Tonale Line. The faster srain mtes for the
Ruby cap samples of  approxrmarely t0-r5s_L
ro l0 ' 's- '  predicted by PaleBon & Luan
(1992) and Hirrh er za (2001) are also in ihe
range of natural rock defomation. From the
sludy of Hirth and Tullis (1992). both 'as-is'
and waleFadded experiments ac plotred (Fig.
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8a). Together wilh the naturally defomed sam-
ples of the Ruby Gap Duplex (Dunlap er dt
1997) and the Tonale samples. there are now
three dala sets available 1o define the transitions
ol recryslallization mechmisms in a strain rate
venus lempemture diasram (Fis. 8a. b). Straisht
Ines in a log strain rate versus l/I plot imply
constant stress condilions (Hnth 

"r 
41 2001).

As a consequence ofconslanr st.ess conditions,
the grain sizes along the transitions sholld be
corslant. However. the recrysrallized grain size
in ihe experime.tal samples is much smalter
than in the Tonale samples fo! conespondins
recrystallization mehanisns (cohpare rhe
experimentally and nalurally deformed samptes
in Fig. 3). Thus, it remains quesrionable thal
rhe transitions between differcnt recrystaltizatior
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I
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Fig. 8. {r) Slain rate !e6!s l€np€rarure diagian showihe the eiperimental dala ot Hirth & Tnlis ( 1992).
fa 'dral .hplesl 'om'fc lo la l .L.ne hN..udyrdndthorofrhcRublC"pDLpte\(DuntdD4,/ t99i ,
On\ r i .  ror 'd,  

'ue.  
d '  !dn, i r ior"  BLC I  BLLl l rsdnpte20zr.BLc -SCR(sdmpte.44/rnd

SGR - GBM I Gample l5 2) are usedi data lrom Dlnlap r? d/. (1997) have been rcinteriEted using
nicroslructurul c.iteia dhmssd here. Defomrion tenper.lur€s ar€ takcn trom Duntap et at. (t9i1) and
Stipp er zl Guhm,). and th€ noN strc$ dara requned for flow lav atolalions were denvcd from the
pidoneier ofTwiss (19??; 1980). The natDral shain rates have b@n calculated fron four different flow taws.
Expcrinents of Hirth & Tullis (1992) weE erhd out.a$n.(crosses) or wilh ldded waler (oDeo circles): the
dntoc".ion (r..f regrmes dre rndicd,eo b, rhe numbeF. I ine. ofconranr low 

"ues 
frcm rra no$ tars ol

Luan & PareBon (1992, dashed linet and Gleaso!&TuUh (1995. solid lins) are disolaved.
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mechanums corespond to constanr stresscurves
lor a given flow Iaw. The great remperarure
orflerence beLweeh corEspondrng naturat and
erpenmentat recry(td ization m(hansms
mrghl dho effer a drference in the recrysrr ized
gturn srze as dscus(ed by de Bresser cr a/. ( 1998.
2001) Ar pretenr. however, rhere N no exoeri-
mental proof for this ditrerence in quarti. as
poinied out above.

Several adjustments musr be nude for cone-
mnnS e\penmental  and narurat  sample ser!
rhe expenments ot  Hirrh and Tu is 992)
were caried our In a sotid medium aDDrrahr
and Lhe denved froe srresses tend to be overesri
maled Wdrer hns pronounced weakenins eFecrs
ar nrgn connnrng pressures dnd a cor(lion
needs to be applied to exL.apolale flow sresses
ro rower pressures. One procedure for such a
correcuon 6 to jnroduce the wat€r fugacity
qrn an e\ponenl a as a coefiic,ent Inro rhe
no" rak. as has been described before tcf. Kohl
stedr c/ al. 1995; Post./ at t996r Hrirh pr ,1
2001). Thus. rhe erperimentat dara Doinrs rn
Fig. 8a are shrfted ro rtoser srrain rrre! (or

hiShef temperarures) ifnormalized to the confin,

'ng 
presures of thr natura y deformed sanotes

al 100 MPa The iso-srress tines of rhe L;an
and Paienon (1992) flow law (ddshed lnesl and
or tnr^utedon and TuttB {1995r f low Iaw (rctrd
nne(' tor uncorrected experimenral dald Doints
dre added tor compdrison.

The microst.uctural similarilies berween ati
sample sels d.e qtriking, so lhat ir appears sale
ro cor.elate lhe nalurat  and expenmenrat condF
lons or remperature and strain raie for dvnlnic
rec.ystallizadon. tt is sugAested that natu;at and
expeflmental ransitions of dynarnic recnsta|i-
zauon m(hanisms may to ow a srrarshi curve
nl  In a toganthmic strain rare !e6us t / I  ptoL
such a ht ot rhe boundaries berween the Lhree
recryslallialion mechanirms is indicared bv rhe
lwo dashed l ines in Fre 8b. ODty rhe w;ter
rdded samples have been used trom rhe dara
ser.^r nese €xpenmenLs have been catrred oul in
r \aLr-  anq pyrophy i le_e e ( tan Tu ; .  De6.
comE.). Johannes (1978) found thal rhe elTe;ive
connmng pressure in Nacl_cell assemblies
corresponds 10 the exrernally measured pressure

H&T1992' ! ,

GBM

Ton

Experimenls, wateFadded
o/o conected tor an expen-

mentat@.finina oressu6
or 150044tu / 12ooMpa

Flow law equations after
r Hirth etat_ 2001
^ Luan&Paterson i992
. Palerson&Luan 1990
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DYNAMIC RECRYSTALLIZATION OF QUARTZ l8?

and tha! the efi'eclive connning pressu.e it
pyrophyllile assemblies is about 20% lower
than in Nacl'assenblies. Based on his findinss
we recalculated strain rales for lhe Hirth &
Tullis (1992) data set with a water fusacjtl for
an effeclive colining presure of ]-5GPa and
1.2 GPa for the salt and the pyrophyllite asem
blies, resp@tively (Fis- 8b).

Tlie diagam shows that the recryslallizalion
mechanism lransilions primarily depend on
temperalure and srrain rate. changing one of
these two variables will change the dominant
dyramic recryslallialion mechanhn. According
1{) the reporled predoninance of relative con-
stant natural srain rate condilions on the order
of 10.14 to l0 12 s | (e.8. Merciet et at. 19711
Pnflner & Ramsay 1982; Suppe 1985; Twiss &
Moores 1992) nicrostructural chatrges have
usually been relaled to temperature changes as
is obvious for e.g. lhe Tonale mylonites or the
Ruby Gap Duplex (Dunlap et at. t997). Ho||-
ever, majorchanges in theslrain rale and related
flow stres co.ditions at relatively small rem
peralurc variations have also been observed in
conjunction *ilh changes in the dominant recrys-
lallization microslructure (e.9. While 1982; Slipp
2001). B@ause of the importance of dynamic
recrlslallization of quartz in mylonitic shear
zones this recrystalliation mechanism map is
applicable to most natural defomatio! condi
tions- In contrast to the deformalion mechanism
maps previously constncted for qlartz (e.g.
Rutter 1976; White 1976; Etheridge and Wilkie
1979), which are largely based on theoretical
assumptions ad calculations, the recryslalliza-
tion nechanjsn map in Fig. 8b is derived from
expelimenlal as well as n4lural data- The map
iocludes the complete field of dislocrtion creep
and cove6 the dynamic recrystallization micro-
struclures of quartzo@uriDg in naluml mylonitic
fault rocks. Addilional experimeDlal and geo-
logical field studies encompassing a broad spec-
trun of nelamorpic conditions (e.9. St6ckhert
et al. 1999a Znla'rf 2001) are necessary to better
constrain this dynamic recrystallization m€chan

We consider this srudy as an altemp! to
demonslrale thal estimations of temperalure
and st.ain rate may be made by characterizing
dynamic recrystalliation microstructure.. The
geological application is fairly straightfo ard.
The dynamic recrystallization mechanism
(BLG, SGR, GBM) has ro be determined from
the microstructure of quartz (prelerably in pure
quarlz aegregales). lf the deformation lempera-
lure can be determined (e.g. fron syndefoma
tional mineral asemblages), then the range of
llrain rales can be dercrmined from lhe recrystal,

Iizatiotr mechanism map. All€rnaliveiy, if age
data are available which allow for an ssdmale
ofthe stmin raie within a shea! zone! the recry$
lallization mechanism map provides an indepen-
denl lool for the determination of defomation
temperdures- The .eognjlion of the recrystalli-
alion mechanism is valuable because it may
help 10 conslrain defomation temperatures and
sirain rates wilhin a usually narow range of
natu.al iault zone conditions in the upper crust.

Sumnary aDd conclusions

Dynamic recrystallizatio! microstruclures of
quanz have been lsed as a link belween nature
and expenmenl- The recrystallizalion microstruc
tures of tbe easlem Tonale mylonites have b€€n
corelated wilh rhe experimeDral dislocarion
creep regimes of Hirth & Tullis (1992). From the
Tonale myloniies, tmp€ralDre, stress and strain
rate data can be deternined, using the Twiss
theoretical recryslallized grain size piezometer
lbr aU rerystalliztion mechanisms and quartzire
flow laws adjusled for wate. fugacity. The data
from naturally deformed quartz can help to con-
strain piezoneters and flow laws. There is a need
for quartz paleopiercmeten to be calibraled for
diferenl r€crystalliation mechanisms. N.rrural
and experjmental dala sers of dynamic recrystalli-
ation microslruclures and disl@ation creep
reg'Des can be plotted on a strain rate versus
tmperalure diaglm. The fields of the diflerent
r@ryslalliztion mjcroslruclures are separated by
transitot zones, and theii lrend is consistent in
nalure and experiment. Using nicroslruchral
corclations, a recrystallizlion m€hanism map
@n be derived from this diagram. Thjs map may
be usd for eilher estimating strain rates (if the
remperature is known) or temperalure (if the
stain rare is known) from srudyibS lhe recryslall;
zalioD miclostructure.

Wc arc greatly indebted 10 J. Tullis and c. Hirlh for
then conlinued and enlhusiaslic auppon and lheir
crniel $nliny toward this stldy. J. Tnllis cnftally
ieviewed an €drly reGion oathis paper and suggested
a number ol 

'nportant 
inprovemenls. The consrruc-

live r€vi€ws of J. L. Urai and J. C. White and rhe
edirorial comn€nls of J. H. P, de Bressr and C.
Pennock are giaFfully ack.owledged. This work n
funded by the Swhs Nalional Science Foundation
Gnnts 20 49562.96 and 2000-055420.98).
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