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@tion exoeriments and field studiesstefan M. schrnid. ceologisch-pal@dl

Abstract
Computer model^ predictions are confronted with texture analysis andt-l!!Ip.gt"tj9l of. experimentally and naturalty deformed roclis. tt ti
:1?:*.:y..-]11! 

d,Jmamic recrystaitizauon ptays a crucial rote during tex_tureevoruuon. part jcutar at tenl jon . js  g iven lo s imple sheal  deformat jon in ice,caic i te . .and quartz mater ia ls "whrch, 
in ' tne presence of  dynamirecrystallization, may lead to an end-odentalion for eaiy slip in respecr ro one

1.^-",.I:11_9p..1tile slip .systems. tt is concluded. how6ver,'that simpte shearmay De very raJe in quartz-beaing mylonite belts.

Introduction
A recent review paper on deformation textures in rocks [l] emphasizes t]rattexture interpretation needs to be_ based on physical principles -and deplores
:lll^_}F".y+- ,exture arralysis has regainid "."n.*id po!"r..ity 

"r,io"g"i9*]99]:11 r! l1t: T. "9-.. yays regressed '. ceotogists are accused oi "fo owr"ng
a course oepending ei ther on plain intui t ion or s imple geomelr ical
constructions rather tharl well founded physical concepts , tlle rdason being
that the complexities of the subject a-.e "now co'mmonly beyond thE
background of a structural geologist".

It is not the aim of t l is contribuuon to defend t]-e geological community
against such rude accusations. lnstead, empirical "evidEnce 

from rocl
deformation ex?eriments and field studies will tje reviewed in order to shed
some light on an ongoing conLroversy: empirical intemretauons seem 1o be at
odds wiLh cerl aj-n predicdons based on numerical mod-ell lng. First, a briel look
at the results of tedure modelling work is appropriate, wori whicit is partially
but not enUrely_based on well-fo-unded phyiical'concepti. Sr.rUseqr_re ,rUy, th!
contdbution wil l largely concentrate on^ empirical inte'rpretauons of textures
IoFneO dunng progressive simple shearing, as a result of ' .hol_working in the
presence oI dynamic re crys ta_llizati on.

It is interesung to note that Walter Schmidt [2] alreadv realized that two
alternative approaches towards texture analysis and - interp retation are
p,ossible. One approach is an empirical one whiih he ca.lls t].e "inergetic', one("der energetische Weg"). He- empirically found that duringf texture
development the lattice orientation of individ;al minera_l grains tendt towards
a "low ener$,-" position, i.e. all orientauon which moderi geologists describe
ul.:t ' t. 9! 

"easy slip". meaning t}lat soft slip systems rotatE into orientations
\r,ltn a nlgn resolved Sheai StreSS. A second approaCh iS referred tO aS the''mechanica-1" one ("der mechanische Weg"). It coniists ,n aJr?]yztrlg the causes
of lattice rotauons and the exact path" along which the lati ice rotates into
certain orientations. This is exactly what textu;e modelling attempts to do in a
quanutative way. For obvious reasons experimental and iield work meet with
considerable di f f icul t ies in th is respect (wi th the exceDtion of  in_si tu
experiments). However, we wil l see that these two approaihes are comple-
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f;f:;Xl,oJ::,"il1 Hit",:" 
*' do little service to scientiric prosress bv pravins

++s-la!a-!D++!+-q!..t!r!!\t!-e modeltine work
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f.l (a) [ . ] (a)

Fig. I: T€l:ture modelLing of quartz deformed in dextral simple shear. The EW_reference tine is rhe Jheal ,one u"ir"o".v- tsZe)ltr.""ii it" indicate theonentabon of t}le 0attenins Dlane. Note tfrai comptiteS- Oiffeient c_axis potefigures {a.c.el arrd a-axis oole'fiqures O.at 
-. "ut^i""J;y;;;g 

the same slipsystems and ratios of cnss_uirues 'tri"ja.r C?-i+fL Xuf"j rerent models:
:11"^u_.- Ih:g.t-"^q ]"ytor-gpe. modelling in ta.b aftei iii. 

-oa"ui"g 
taking intoaccounr dynamic- recrysta ization in rc,d after [12] and sJrf-consistentvrscoplasuc modell ing {n=3. work hardening) in le aJler l6i-

=] : :T: l I  
valuable, .  insighl  . inro Lexrure devetopmenl whi le . .Sachs,,_rype

T3::],]:t ] ir_.t- ".pplied 
ro catcile l5l, is inher enui tess powerfut in t,ulaii i lgqlnerenL rLpes ol l ini le su-ain ard strain pati. One important result oI rhs and

:t^bj-.,q"-.:'_I99,"lting work. basFd on thdse .nO--.-6..J. dar ,Sachs,._i)?e
mooelrrng results in a stable end_orientauon (albeit not necessarily ond^of
::i:y_"rlq I whjle Tay.lor-bype'_ models produce a aynamic equititri lm withnigh-density areas in t}Ie pole figure corresponding to orientaU6ns with a slowrotation .ate. Thus, ,,Taylor,, type modelltnq dois not Dredict stable endorientatjons and is at odds with the empiricaiconcept of # end_orientation of
easy sl ip I l  I .

l. l , l:,:":. of.quartz a compromise between these end_members (calted self,
::l:1".t^:t-, -,o9"11',"C1. 

yT. proposed. Different departures irom purety plasuc
9:,?n:o"l 

were admitted (nscopiastjc 
llreglgry and work hardening). -both for

"."^tl^:::"1"-t."t 
and Taylo. models [],61. Se]f_consisrent modelling" iitows forneterogeneous strain.  The ef fects of  Lhese modif icat jons on t j te i redlcted c
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axis pole figures are ratier dr-amatic. in the case of simple shear: the singlegirdle c-ai<is pattern, often observed in quartzites defornied by simple shear.
: l l^ f l l l  .9-: :" !p _9"":  rhe eKtreme. .assumprions u.ni* i  . , r . i , ro,  " , tvp.mooe rng- witr_ plasuc rheolos/ irvariably producing crossed girdle"s (fig. "ft

X:: T:9il.d_^(!C-Ilt y.o,.; however, thjt 'the carc,]"lai.a ot" single girdre
t g. rel rs not Demendicular to the shear zone boundalr (SZB). Iien;e, inspite of these m6difications, no ..ra,o.t".rt uon i;r;;;t 

"*lid 
(;sociated with ac-arcis girdle. perpendicular to t}re SZB rn the case'of qlirtz OeformeO Uysimple shear) is Dredicted.

The models mentioned so far are largely. but not entjrely based on physicalprinciples (ultimately only finite. element modelling will be aUfe to pio.ia" arigoro-us procedure. since certaln parts of the pr;gramming proceilure stitiare of an 
-empir_ical 

nature). The principal 
"alr.re 

bf flrii *oa.'ffi"g *o.t, ai isthe, case for all-modelling work -in earth sciences. i" io-sto* exacuy howcertain assumptions influence t})e final result._ Unfortunately ffeld geoiogists
arrd, occasionally, the authors of modelling- work ttremsetves 'have a tendency
to conclude th-at the 

-assumpuons behind ihe modelling work a-re correcl once
H:.pl:":l 91 Ingd9lline work resembles narurat textures. It may be arguedLnat an almost inlinite number of combinations of slip systems, iRss_.ral"rres,
degrees of departures from purely plastic behavioui G fif.iiy to eventualtyproduce the desired result. -

There. exists anqqe-r 
-typ9 

of quartitauve texture modelling work on a moreempirical basis. Models of t.} is group aJe essentjally geometical models ratherthan being mecharical ones. Strongly heterogene6ui strain-and/or dyrramicrecrystallizaLion are tal(en into considerauon.-Early modelling by Etcliecopar
l7l. is inspired by the observation tlat minerals'oiten t a"E less rhan Iivernclepenoenr slip systems active, as is required for strain compaubility. It is
y^p:*Tt, lo_,1olg..F"t compatibility _is only partly achieved i?r ttris 6,pe ormoqel ano urat latuce rotations are tie resulI of rigid body rot.auons {ispin..)of mineral gJains 

-rather tlran being the result of 
"o-'p."""i6rv 

rotations ol thelatuce resulting from shear-inducld vonicity as is 'the caiJ in ,"Taylor,, typemodels [8]. Later, the Etchecopar model was extended to tfrrie dirneiisions- igland tie eltects- of recrystall.izatjon vrere simulated in a rather crude way; afiei
a certain t}lreshold strain, each mineral grain regains an equiaxed shape whtlepreserving its lattice orientauon. Boih models 6f f,tchecopar [2,9] do' in fact
predict arl end-orientauon for easy siip, as do tlle modeis discussed in the
next paragraph.

Another q,?e of modelling work is more realistic and ta_kes into account
sTecjtic recrystallization mechanisms. This modelling IlO,i1l is based on t]re''Taylor" end-member in terms of lattice rotations bu"t ii simuitaneously allowsfor the effects of two mechanisms of dynamic ,"".y"i"iflr"uorr, s.rbg.^inrotation and grain boundary migration. Tiris model, ai was t-l:e case foi thetstchecopar model ard seu-consistent models, again dramatically modifies the
?.:9]:U_"1: of Taytor-modetLng using a plasuc iheologl in Gat i stngte girate
c-a)ds pa[tems lorms during simple shearing of quartz (ftg. tc,d). gur, in
conLrasr ro ute sel l -consistent model ( f ig. Ie)  there is a pronounced tendency
to form strong 

-point 
maxima [121. 

"Furthermor., 
tI."" point maxima

correspond to end orientations for easy slip for particular stip iystems with a
low CRSS value ( f ig.  lc l .  However.  the s l ip systems in ' th is lavourable
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H#;i'3: ff ;";,\1"-:1", H:".f;*'"" 
"fi;g:*:"T'"u"" 

str€netis or these
In summary, stable end,orientations, can only be reached once dynamicrecrl,stailization is taken into account. ln t]le caje of U,re ft.n".op", model [71the latuce rotations a'e stit induced uv 

"p- "rr0-trr" 
-Jlli"oi 

.ec.ystattzauo.,is to relax ttre compatibirity conditio-ns. This ratter 
"ff."i-," 

i.o..d to b"expected in deformed rocks iince the mobility oi g.J" tt""a"-es. or, in ttrecase of subgrain rotation the creation of .ra* g."ai.r", ot.,iorrsfy must relaxcompatibility 
-.requirements. In the Jesselr mo;er tro.il;.-nowever, rattice

::!1,]-".1,]: stil l entirely _governed by the ptastic rayior moaer..rbe effects ofrecrystall Lzation depend on the specific recrystallization mechalism. Fasigrain 
,boundar1r mrgration recryst;ll ization pi"""f."i ,i nigh temperatures

i.-i$i 
t" 

" 
volume increase of giains with a figh CRSS anJ Eonsequen y lowr€sistance to deformauon. Such grains are ass"umed to have a tow Oisto&tio.,den-sity and to be energetically more stable (note that the opposrte, namety

f,'^..f:.::9,c....1".h,of "h;d', gra.ins trsl h;";.;;;,a.;^;"":rv 
"u;;;;-;;?slow migration at very low temperatures). Subgrain-rotatjon recrystallization,tlpical for intermediite temner-atures, leads to" the 

",_r"f".tio" 
ol new grainswith. an orientauon controlle& Uy ora grains_-ln .;g*;;;';;-th'."crysta.tlizauon

mechanisms (slow migration not- being considered) the JesseU In,ja"f ai.""Uvcouples the effects oT recrystallizatidn t" rn" ijyl".tvpllrediclions. Theexacr mod€s of this couplir.rg *.." 
"Lo"." 

.;th.;;;;t #i".n Th"r" 
".,...,r.ryclose similarties between thl Etchecopar arrO .1""".ji-r"oJi,is in spite of thetotally different modelling approach. This makes u obvious GLt a comparisonbetween predicted and -obiirved 

t€xtures does .rot piolr"- tn.t particularassumpu-ons behind any of the models a-re necessarily'correct. However, ttreresults of experimental artd field stuaies aiscuiieA-b jol,J ,Jtr .*pn."t" tt 
"role .of dJmarnic recrysta.ilization in promoting stable end_orientations.

F+p++r4gjn-suodqiIlannewnlle Lnere are numerous texture studies on geologica.l materia,is deformed inuniaxial compression, laboratory studies p"erfor"med ;il;. simple shearconditions, 
-or- 

c,onditions approximat_tng 
"tirpf. "ne"ri"!,-"are 

rare due toexperimental difficulues. Thi.s'is unfortunate since simple shear represents a
?3.."::lTlL^"lTp]:_:trar.n .pa rn. and arso has rlie 

"ou"r,i.g. or."pdr,-"nr"tryacnrea.lng very targe strains. It-is l l lportant to note th]at simple shear i 'sdissimi la l  ro f :e rol l ing of  metals.  No shonenlng f"_ta"-ptuaa in a direct ionperpendicular to the. SZB_ (parallel to SD rn Fig. it *n,.t ? n."t .igfrl 
-[friappear to correspond to the rolling plale. Furthermore, deformauon ls stric-tty

t:?:-...:Tl-"_1:9,_tengrh change ln the .,trarrsver". otie.iio".,t. progressive
oelormallon resutts in the rotation of the direction of f inite extension- {pO i.,f ig. 2, equivaient to the flattening plane in three dimensions) towardsparallelism with the shear direcuon"(So i., f ig.2,;q"i;;; i  to the SzB in
:1:.-: _^d]: "^1:111s). _ 

Hence. progressive defolmation of a potycrystall ine
aSSregate according to the simple shear model is exactly analogous toprogressrve intracrystall ine deformabon of a single crystal due to slip-on onlyone slip plane (paraltel to the SZB) and paralleL-to o.r1 .l ip aii."uor,'(the SDi.From ttris it becomes obvious that a_peifect.r.,O_o.t..rt it i 'or,-of easy slip of a
:_':-gl"^ -"" !I"- s]rq system is onty posstble in the case of 

" 
singre cryita wnicf,

nas an ortentat ion ol  majKlnlum resolved shear stress in respect to the
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gperaUve slip sysrem lsljp plane par allei ro dre shear zone boundary SZB, slipdirecuon par-allei ro the shear direcuon SDl. This Ueing a nrlt i l , ia-q;:1.5
:!^":1-"i::.. 

we will merety have to discuss how closety -one, or severat, slipsystems acuve in a polycrystal will be able to approxim;te end_onentations ofeasy slip, lf they do,-*rG has importalt consequinces. For example, we may beable. to infer actjve slip systems arrd deduci senses of ;;;a, f.om te*trrestudies.

Ice
Torsion exp-eriments on ice Il3l represent a particularly simple caseillustraung t.Lat arl end-orientauon of easy slip in ie.ms of. iri this case, one
pl:d^ojll-Ttly, active slip plane was indeed approximated to a grear extent,out onLy al t€r high strains and in the presence of extensive recrysial-Lization bygrain boundary migration. Basal slip in ice is reported to have a-CRSS which ii
lo9.: " ,n1l.-otr. 

o_rder. of magnitude lower than t].at of other slip systems
Lr4.rct. wiLrr progressive simple shearing (tig.2a,b) a transition from-two c-
=_"-^i"iT. 

towards a..single_ maximum is observed. The single maximum
:i]l l :."_"qo"."d the posiuon of ar end orientarjon of easy slip-on the basalplane. this transition witi progressjve strairI is a,nalogous to the tJansiuon
I:-_r^:g::._d 

gjrdle to a single g-irdle c-axjs pattern in quartz. as predicted
oy mooell lng work once the elfects of recrysta l l izati on are tairen inlo
considerauon. The microstructure is characterized by prismatic subgrains ajld
ll_C_l_g.p-" lgy"d.ry .mobitity. 

prismatic subgraini indicate inhoriogeneous
slrarn. As wllI be p-ointed out below, fast gra.in boundary migratjon is taken lo
oe resp^onsrbte Ior lavouring the evolving c_axjs maximum perpendicular lo fhe
izu l l. i lJj- Ihese experiments almost exacly match data on naiural shear zones
in ice [16].which exhibit a gradual transiti;n from a two-point mal<imum into a
single.point  m+m-!m wi lh increasing shear sLrain { f ig.  2d.e).  Because

raylor -rJ.pe arld seu-consistent models do not predict an end_orientation of
easy slip arld because the microstructure ts domtnated by extensive grain
P:::9lS 

migration recry-stallization in borh examptes, tiie effect of ErainDound€Ir migratjon is inferred to be responsible for the texture evolution
:"-yTg" " 

singe maximum. 'Hard,'grains, i.e. gratns urith a high CRSS, must
nav: 

,:een 
preterentialty consumed in tie case of ice, as assumed by the

modell ing work of Jesell Ifol. The presence of hard and soft grains i;plies
ne,terogene!us. stress on- t}te grain scale, with disiocation densities being
nrgner in har:d grains. Note, however, that this finding is contrarjr to the
postulate that "soft" grains may be more l ikely to be c"onsumed [17] under
certain circumstances {i.e. during,'slow" grain boundary miAration at lower
lemperatures,  equivalenr to ' regime I '  rec+sla] l izadon oi  t fA[ .

Quattz
Ex,pcnmental  shear ing in quartz iLes could only be approxjmated I l9]  in r iat
subs[artjal shortening norma] to rhe SZB could not bc avoided. In the case of a
quanzrte deformed under plane straln condiLions (flg. 3cJ up to a high sheaj
strain 1-2.8. an as),Tnmet_ric girdle with a point inaximum aDDroxlmately
normal to the SZ-B and oblique to the flattening plane was o'blerved (thi
measurements include old. i.e_ non recrystall ized, grains only). However, as is
the case in the.low strain experiments on ice, a s;bstantial 'porton of c-axes
does not coincide wilh this maximum and tends to fo.m a second maximum at
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the periphery of the pole figure. This second maximum is more pronounced at
a lower shear strain-y=1.3 (fig.3b). Unfortunately this latter specrrrren was nor

_-=r-->9

s_
EI

-'---rx+ts
i

Fig. 2: The mjddle row exhibits c-axis pole figures of experimentally (2a-c) and
naturally deformed (2d-e) ice under ionditions of deitral simpie shearing,
after [l3, 16]. The Ew-reference line is t]re SZB, broken lines indicate the
orientation of the flattening plane. Shear stra.in increases from ./=0.6 to y=2 in
2a to 2c and- from y=O.s to y=5.5 in 2d to 2e. The top row (left) sketches the
orientagon of the flattening plane (ED) and Lhe shear direcuon (SD, paraltel to
the SZB in three dimensions), cr is the angle between flattening plane and
SZB, decreasing with increasing angle of shear e. The top (right) aketches the
natural shear zone in ice, from which the pole figures 2d e have been
extracted. The bottom row plots histograms which relate to the c-aJ(is pole
figures: the azimuth of the claxis posiudns is plotted in respect to the azimuth
of the shear zone boundary {solid l ine labelGd SD) and ihe azimuth of the
ioliation fbroken Line labelted ED). Note how tie two maxima amalgamate into
a single maximum pa.rallel to the shear zone boundarjr with increasing strain.

deformed under plane strain conditions, therefore it is not directiy com-
parable to the specimen depicted in fig.3c. However a comparison with other
pole f igures produced under condi t ions depart ing f rom 

-plane 
strain l lg l

suggests that the transition from a type I crossed gjrdle {fig. 3bl torrards a

E2

.go---19-*

$-r";i
"F,"
I

sDo

_ 
-ED



285

: Tjl."..C^i:9':^ llg^ j.] rs primarity due to the increasing shear strain.anaroguous to Lhe IindjnAs iJl experimentally deformed ice. Another study ofexperimentally producedshear zbnes in quirtzttes t2OI appionmates simple

+1,-A-:^ _f_" 
p"ie figures of exp€rimentally deformed quartzite alter [19] basedon u-stage measurements on old non_recrystajlized g;ains. The Ew_reference

l]:: l: S: plane of .fialening in 3a, bur ,.pri"."t" fi. SZb 
-in 

sn.c, with the
l]iT._1tl^C-f_l^T:_indicar ed by the broken line. Fig.3a: unia)ciat compression:
:g-.jol -o::tr1 :hear strain y=1.3, combined with 17olo shortening aiross ttrerzD- uno-er non-plane strain Conditions; Ji€.3C: dextral shear strain 1=2.6,combined with 46% shortening across tlle Sb under pta.ri sGain conditions.

shear to a-n unknown ex-tent since shear zones formed in response to strain
1,.-t^..:o^e,.i::u^.-"_qyll?c br.l\ uni ciat shortening. oesf ir e 

-irie 
poorly con_sfrarneo expenmental condirions, the c_axis single girdles are sim ar to thatdepicted in fig.3c.

Unlike the case of ice, textures in experim€ntally deformed quartzites cannot
P: ^'l:.:!::99. !9 strongly _approdmati end-orieitatio"" oi.l"y slip in terms
9t^ 

oa. p:999-T""t stip system. In the case of fig. 3, basal sltp was ̂ inferred 
toDe preoominant under the chosen experimental conditions i1gl. Due to the

complicated strain path departing frorn sirnple shear as weU ai due to t]1e lack
or rnJormatiolr on crystallographic directions other than the c_axis, theposslDrtrues ot an empirical interpretauon are rather timited. Nevertieless, a
marked asl'rnmetry of the terture in respecl lo the flattening plale evolves, a'
l:ryT.-t ) which is best explained to result from a tend'eicy of t ie basalplanes to rotate towaJds the SZB, i.e. away from a positjon normal to the
flattening plare characteristic for uniaxiai 

"o-pi"J"io" ""der 
the same

:1!:l l9lt"t 
condirions (fig. 3a). On tl le other -hand, 

these expenmems
conrrrn rne vardity ot using such asymmetries as sense of sheal criteria, asprevrously proposed by many authors based on field observations 12l l.

CaLctte
In regard to calcite, t_l-rere are results for experiments performed under strict
simpie shear conditions, as well as from a iomplete tdcture alalysis (via tie
caiculation of a-n ODF from X ray-data or from U-stage meaiurements) 1221.Hence, in contrast to ice and quartz, we are able to" discuss the complete
three dimensional  or ientat ion of  those crystals,  which gi"e . i "e to I i ig l , r -
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i!:ililF?i-si:""fii!'.l?:.::.'i"i'".:,*f;,?3"::ffi":..X.,."::iii:?ri.j3:.:Lcrystal orientauons" li2l. It is absoluteiy 
""-."t, 

ur"i"""r,ln exercise is of ageometrical nature in that it merelf helps in _suatiring- an orrenrationg_i:Ilb"lgl and, _c-onsequenfly, doei not'reaa to- an-lmireatate pnyiicaiinterpretation lll. However, we will see that an interpretaiion nased on theOFD nevertheless offers valuable insight into mechanisms of texture formation.

A first example concems fine-grained lim€stone, experimentally deformed atsOO"C [22] up to a shear strai"n 1 = r.zz--tsr'i i"' f;g.'iii 'ril"",,y identicaltextures have afso been founrj by other aut]:ors t23l f& fine_ 
-a 

ed timestonedeformed under-simitar experirnental conditions. Ti-rr;; ;;?" ar:e observedat t}te m-argin of the c-axis pole figure. laUelleO f .i,3ln--figl-+a. t,taxirnl,rn fyield€ a favoured crystal orientat_ion-with a basal pi"r," ir, 
"rr-nr:iesolved sbear 

";'."": ;li;;lly off the SZB i,i 
" "o.,.,t"."t11ffI:: 

"J"fS
Maximum 2 consists of 2 iubmaxima (Za, Zb rn ng. aU,ii, 

""_."ponding 
toorientations of high resolve(resp ec tivery. 9g,*, "i;crilt "iid'."S;ff o,"llT "" #" :::t":: 

til: 
"L 311, j;;[Y

maxrmum 3. Lhis lime wi*l lespecl.to negative-sfip o" 
^" 

a_pfrrr.. Varry o*reiworkers [5.23,24] concluded r ard f to be the dominant sltp'iystems operaUveat these temperatures and strain rates t o- ira.p""a."t-Jri-&nce. Therefore,it must be concluded that these two active ̂ stp 
"y"t"-" 

are lound inorientauons of high resolved shear-stress, albeit not'exaifly coinciding witjl ar'lideal crystat o.ientauon,. for simple 
"h;;. 

i;;;;;, ;;-; I yietds suchan onentatjon in resp.,ect to the basal plane. Hence. it was inferred that basalslrp was active 
-as 

w_ell [22]. Evidence for the existence of basal slip has b";tound in natura.ily deformed c:icite l25l and postulated in tfri casi: of. ilthtemperature texture discussed later lbottom row of fig. 6). ffre itr-ig
g:1.::9-"1^ie,y:.ll_"ll l."rd basat ptar_es. as *.u u" 

-t."p,.i.,.ed 
atignmenr

:j H.^:::.p^::::. stip direcrions with the SZB and the SD, ia directiy vis:uabed

ru?'.;i"ffi ""lHJu;'ff .'3#"flH"'"#i."hK:'*i:::"ffi it[::",i:SD forms two maxima near a arrd ttre sLip Airecuon f"ii 
-rj'if".o. 

in tig. 4d).

Because of t]-e systematic counterclockwise defleclion of aI the three in-ferredsrtp pranes rn respect to the SZB during simple shear. strain compaubil ity
I:1. ",_.:;TU9.Ical sl,p to occur in a ptarrie ar i high angte ro the SZIi tsee fij.
,it-"_-.1191,f andlig. lO.,second skerch trom rhe lett). Tiis is exacuy the cajeror r, r and the basal plane in the case of the favoured crvstal orientations
corresponding to maxima 2b, 2a a':td 3, respectively (fig 4;). The calculatedpole figure for the slip direction common to bottr r and f indeed exhibits twomaxima at .the margin of the pole figure, supporLing ttre interpretation of
conJugate slip, with a subordinate artrltheuc svjtem t&dins to a second andweaher maximum. at a high angle to Lhe SzB. Fiom tni i t- is 'con ct,ro ed thal, inrnrs case, an jdeat crystal orientation is only crudely approximated.

It is. interesung to note t]- at t i is empirical interpretation leads to similaJresults.when compared wiLh another inierpretation 'of tfr" 
""r"" 

texture based
:i_.1-".{l-:._ig9"iltng, 1,271. Tbere is one important difrer;";e i; interpretatron
Ty:l:I l  

rayror mod€lrng incorporated e-fwinning in addition to r_ and f-slip.
ln conLrast to this, therc is no microstnictural evi-dence for e twinning to ha;e



been operauve at all in ST
ter-ture development would

2 t\9. 4). Moreover.
be rather dramauc

the major effect
in that twinning
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of twinnlng on
would create

sT2

Fi€. 4: Complete texture analysis of experimentallv deformed Solnhofen
limestone {dextral simple shearl aJter 1221.'The EW_reierence line is the szB,
the oblique line 

-represents the flattening plare in case of ttre pole ligure data.
Fig. 4a: po!,e figure data for differenI crystallographic d'irecu6ns, , 'sltp
direction" refers to t)le zone of r and f slip-planes- aid represents ttre sli i
directjon common to both these stip systems. Fig. 4b: Section'through the ODi
at PHI=gO", sampling all the informauon regtdinA c axis Dositions on tie
primiuve circle of the c-a{is pole figure. Fig. 4c: Faviured cristal orientations
tor ma<ima 2a, 2b alrd 3 in Fig. 4a arld b. Fig. 4d: lnverse pole figures for a
direction at 45' to the SZB {sigma one). t}e normat to the SZB {jhear plane
normal) and the shear directiorr.

new crystal orientatlons corresponding to b^'lnned domalns [22], an effect not
taken into account by Taylor model l ing because Taylor model l ing t reats
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fwinning like an ordinarr sLip system. It is possible, that the rntroducuon of
l::1_:fo:^'-4, have yieiaed i sirrruaruy clos'er tir-l tr,J 

""iJrv 
ou""-.a l-zijDetween measured and calculated textures. Only 2 out of tire 3 oU"e*1imaxima are predicted by Taylor modelling tfig. 8 d I27J).

Numerical microstructural analysis of the sample in discussion yielded grainshapes_ exactly corresponding to the imposed Jt ar" tZlii-ff"""e in tIIs casegrain boundaries behaved-like p.""t'". 
-.it"i 

i l;;;;;; processes ofrecrystallization can be excludea.-very protriUty, it i" i ir" absence ofrecrystalhzation which pr€vents tie formauon of a iexture approximating anend-orientation for easy slip, in accordance *itf, tfr"-pi.a]iuons based onTaylor-t5rF,e or self-consistent moaefiing.

Recrystallizat.ion by the subgrain rotation mechanism was active in a specimen
:l 9Tfls--gb]e {cr 6' tod row) deformed at zoo;C 

'fto uLg" shear strainot^l =2.65- lhe c-axis oole fiqure.of Lhis specimen (hg. 6, top- row) extriUitsthe sarne 3_ maxima (labeled t-,2,3).a" p..-irr"fy a-""irilJ io. ST 2 (ng. 4a).This ume t}te r arrd f planes as well aj r}re ba"d tl"-t;.-;erfecUy' jignei
witi t}re SzB wi*rin measuremenl .rro.. fir.sfip-JirJ.u,i" of r and f isparallel to the shear direcuon. Hence, the orieniition- oithese acuve sliDsystems is in an end-orientation for easy sJip. Of colrrse, onlv one oi th; ;^;be aligned v,/ith the SZB within one naividriat gr"r.,aff *"? i-pUes a cfrangi
gl, g.-^_"p::llyg s]lq. sysrem from grajn io g..i". 

-""b'additionalr].
nererogeneous delormation on t}ie grain scale.

How can such an end-orientation lor easy sUp be achieved? Numericalmicrostructura.l 
-analysis 

of grain shapes in ihis ;pecimen Drovided evidencernal rne cores, ot Otd grains were free to rotate due to ,'grain boundary sliding,.
l*^r|.,::1". Lnat disptacements across the recrystallizea martle regions occrir
l^r-.1t:,t^""":l_9f .bqe, oJ qtrarn^ partitionilg alows for rigid bodt rotarjons
tsprn, or elon€ated otd grains. Such rigid body rotations are not-taken into
i:^.^9:1.- 

-oy 
l,3ylof. tl"e modelling, in contrast to the Etchecopar modelolscusseo earlier. It is proposed that these rotalions mav allow for an end_onentauon irl respect to the actjve s[p systems to develop.

Carrara marble (CT 7) deformed at 8OO.C to a silr)jlar shear strain (f = 2.24) is
!9i!19l.ty recrystallized by. fasr grain boundary migrauon recrystallizauon
1-y:rj!:d,*rrh grain .groMh (fi€. 5a). The c axis p;te figure (fig. 6, bottomrowj rs anatoguous to that of ice (fig 2.a.b.d) in thal Ge baJal planes are almostp€rfectly aligned.with the SZB, th.-e <a-siip direcuon U.irrgiig""a with theshear direction (maximum I in ng. 6). Only a few graini coiespond to asecond maximum (maximum 2 in Tig. 6), inierpreted" to have resulted trom
basal sLip in an antithetic sense. Siice ttre poie figurei for r, f and the slip
direction of r and f do not show the distjnct preferrEd orr..rt"Uo., exhibited by
CT 6. it was concluded that this specimen d-eformed by single slip along t]-l
basai plane J221.

fl: _Tl:i9"*",ural anatysis_ of CT7 (fig. 5a) makes it clear that the gra.in
oounoanes are ertremely mobile_. Hence. compaubiuty between nejghbouringgrains is always given even if deformation is inhomogdneo,r" or, . gr?in scatel
ll-: _.Jg."T:fy strong texture is interpreted to r&utt from thE preferred
growtn ol gralns in an end onentation for easy slip on tie basal plane_ Hence.



I ' ig 5:  I )ynamic recrystal l izat ion in experimental lv dcformed Carrara marore
CT7 {5a- conlpare texture in f ig.6 bot |nnr ro; l  anLj  Jrarural ly deformed
quartz i tc CCI (5b. compare texture i11 f ig.  7)  Grain l roundary migrat 'on
rccrystal l izat ion produces highly i r .egular grajr l  s))apc-s l l t  lhr j  case of iT7 ( f ig.
5a).  Al l  dark grains closely coincide wiLh r) la\ jn)unt I  in I- ' jA 6. bottonr ro*.
i rcncc their  basal  p lanes are sub paral l . l  r r r  rhn SZII  {h;rrzontal  jn 5a).
Sl ,n leclonic recrystal l izat ion in CCl i f ig 5l))  tcads ro relat ively wel l
equi l 'brated grain boundaries. Note that in l )()rh cases Arajn shape is far f ronl
r .n."rrne Ihe rolal  strarn Thp s, .  se rr f  s l rcar :  ' l r  \ |  r l  l , , r  t ,or l r  ipccrnrerrs
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as was the case for ice, it is tie creation of new volume of gtalns in a ,,soft,,
orientation (high CRSS) v/hich govems texture evolution.

In conclusion a comparison between the three ca.lcite textures discussed here
L.."_.1: 9ut,. lij As predicted 

-by 
Taylor modelling an end-orientauon of easy

slrp ooes not evolve in the absence of recrysta.llization. Instead, a preferred

c axis a axis r  pole sl ip direction

cT6

cT7

Fig, 6: Pole figures for Carrara marble experimentallv deformed in dextral
simple shear. The EW reference line is the SZB, tite flattening plane isjndilated by the oblique line. The top row refers to Carrara marblJ deformed
at 7OO'C, where rotation recrystallizaUon dominates, the bottom row to
Carrara marble deformed at 8OO., .where migration recrystallization
dominates.

orjentatjon in terms of conjugate antithelic slip wjth high resolved shear
stress on- lhe acuve slip sJrslems is observed. (ij)-An orient;Uon for easy slip
do€s. evolve in the preselce of recrystallization. In tlre case of sub-grain
rotation 

-recrystallization old grains are allowed to spin, while in the caie of
last grain boundarlr migration recrystalljzatjon preferenual growth of soft
grains is predominanfly responsible for texture forrnaUon. (iii) ihe analysis of
textlrre components is a useful tool for inferring active slip systems.

Field s ludies
Applicatjons,of texture analysis in regard to solving various research problems
in structural geolosr have recent_ly been reviewed [28]- Thjs contribuuon will
marnty concentrate on two natural examDles of ouar? textures in order to
discu_ss the role of dynamic recrystaltizauon in regard to texture formatjon,
and discuss if and how we can e)(tract information -on active sliD svstems. t}Ie
Bpe of finite strain and the strain patl from texture studies.
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* :?h:aaL exanpte oJ deJonnarion in sinple shear
unly ln very rare cases is it Dossible- to gain independent informauon on thedisplacement gradient tensoi,, i.e. th. &a"tlt i" 

-p"G.^'3irrrpr" 
shear (or

ll!t^lT:, ",I"p]. 
shearing [29]) is a pa_r cula-r srrain iath altng which linespararel to tne shearing direcuon do not_change their length. benera.llv theonly Faces of deformation visible rn a rock defo-rmed Uy siipte ;il;;A tii;foliauon, betieved to reDresent 

.th" fl;ti.;;; .'pl;i', 
"""T 

the stretchine
_lineation. w$g pgt: figures of rocks experimenialty a.i".-"J in simple sheairvere presented witl resDecr to. the SZb (i.e. a linemiuc-;"8;;5';r#ffpole. Iigures from naturilly a.roi-eJ .ocr." 

'ti"J'i;;;"" 
th. fotiation andstretching lineation (i.e. s-tratn axes) as a reference i."tJ. r" rare cases,however, additjona.l information is available and the texture oi quartz specimenCCI [3O] ts one of t]rese cases.

gC_I is, e deformed quartz vein. The_ pera el-sided v,/alls of this quartz vein aredejle.ted towards paralletism with thl slear zone UoIn-a;tlff;. 7a). AssuminAno^vo-lun:e change:.ir is possible t" nil G; arr,j"t 
"" 

J."i,)iii"r, trr" *oir.'.?rJle vein.does not change (i.e. tl.e direcfion para.llel "to the shear 
-zon!

boundary) if the vein underwe,nt si-pit 
"hearin!. 

d.rii, I dir."uor, 
""r, 

ueindeed found in the case of CC_r arlo rne srrear stlain T was iniered from theange between the fotiation and- the 56. tr"ri.;-b"t*!;;l.i ana O.Z withinthe analysed specimen, the foriauon oi:in! ;;;;';d; the measuredooll]aln.

The microstructure of tllis deformed quartzite vein is characterized by nea.rlye.qtr.ant. gr+ls in spite of the very largi strain (fig. bb). Assuming the-miniralgrains to deforn homogeneously-in th"e atsence of recrystafI"ltio.r, irrOlrriAll"tg5ains would be flatten;d to ,rt aspect riuo 
"lir-tf- 

"r-S.a 
;d 40 (for.y=6.2)t

Again, compaubility berween grain; is obviously ,,o i"sire, since grain UodnAarymobillty.is. so. high that an eluilrbrium "roa-i 
-i"roir.r,rctur-J 

is conunuouslyr_e-established during deformatjon. bx l}re tow strain- part oi ff,i" 
"t.r, 

,o"itl.is stgble grain sizE ts seen to evolve 
-through 

sy.ri"tto.ri"-,"".y"tallizaton,
l]::::.,_,^"glS, represent tr.re regrnJ or post--iec-ttJc-;;;";.e we do notEnow t-tre exact mechanism by which €r"in boundary migraUori fo, pos"it5,
ql*-!9*9r? sliding) maintaining tire foem strudttrre'ir,ftrr.r,ces texturedevelopBent. But, as was Uee case in the experiBentally deformed exa-pfesexhibiting stable end-orientauo"" ti"" urra 

""f-6ii"y, 
i""f,"'tuii"auon appears toplay a key rote in the development of such ;ill;;;Ad;" f;r easy s1jp.

li€. ,lb r"p.r.":.".t-" t}le c-axis pole figure with the mean orientation ot t-l.elouation within the analysed JpecimEn (Iig. Za) oriented E_W, the i.rferrednorEal to the SZB and ttri SO biing tabeUed'a 
"rra 

B, respectively. The c_axispole figure .represents a qua'tz sirEle gird[ ouuq""'t" G"-"train coordinatesysrem,.lndicaung dexiral shear. From the calculated ODF favoured crystalorientations have been extracted for particular 
"_J" 

p*iUo.r" along-this
:]lgl:_cj'-dl1 b,{ a procedure analogo'us to that ilGtr:ilo- in rig. al m.
1"*r^t]?]lg^!t"lil",,:r:rC:", one <a> direcuon lies approrjmately in a constantonentauon para-uet to t}|e shear direcuon B while -the 

c_axes are free to be
l?:-T.^i TIy":I: 19ie.P. single Firdle. rn c-axis posirion I the basar ptane is
1*rg1..o yllj": s?P (ng 7c) while posiuons 2_4 and 6_8 have a ^positive
rnomD r 

-and 
position 5 has a first order prlsm m close to th; SZB,resDectivelv.
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1,..J

Fio. 7: Texture analysis of a quartzite (CC1) natural ly deformed under
conaiUons of deKtral i imple sheai. a-fter [301. Fig- 7a: Haid specimen with the
frame indicating the analysed specimen, the broken l ines indicating the
fol iat ion trace and the solid l ine the SZB. Fig.7b: c-ar<is pole f igure (Ew-
reference l ine indicates the averaEe orientation of the fol iat ion within the
analysed specimen) and numbering-of selected c-axis posit ions (compare with
fig. 7c). thi directions A and B co-rresponding to the normal to the SzB and
th"e SD, respectively- Fig. 7c: Selected favoured crystal orientations. Fig Td:
inverse pole f igures for the normal to the SZB (direction A) Fig 7e: Inverse
po)e f igule for the shear direcuon SD (direcuon B).
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Conversely, looking at the inverse pole ligures for ttle kinemauc dlrecflons Aand B (ne. Zd,e). wi find tle SD to l_rig" ,itt 
-."r'tn?."2.j,'i.,iirt. 

rhe normat tothe szB has a marcimum at r.. e*tefiaing L*L,i""" #a-_ (fig. 7d). Fromexperimental work <a> is a well. establisfr"eO 
"frp 

ii.ec[o" in quartz anO ttrekey role 
-of a-axis pore figure-s in terms of kd;;ti" i"f;"ces from lieldsamples has been ricosnz'ed 

l"j s"a; u;;,19* 
"13 

il:;"-f;A <a> appears tobe the or y operative s"hp direction rn nat'raly a'elii-"a'io"t" such as ccrand many others deformed at moderate metamorphic grades [SOl. Only at veryhigh. temperatures has <c>-slip u"* 
-r,,-r.-i,dllli.",ril?"grurr,rrite 

faciescondiuons [32] or durind 
""rrsofiaus aefo.rnatio'n ;ftranil I33]. In quartz,the. <a>. slp direcuon is iontained *tt 

- 
trr"-Ui"J;ffi]il rhombs and t]retirst orde! prisms. Hence, this texture ot CCr l" ,"o5i ,.lOi/"4pt"irr"O 

"" 
orr"being very close to an end,orientation 

-fog. 
*"y 

"r,p-_ -ii!_#a 
ti 

"ff 
tt."e 

"ufsystems (and other_s containing the. <a>_direction, lee ISa]i. Alternatively, thistexture may also be described irl' terms of pencil glide farallel to the <a>_
Si::T*":" 

beins perfecuy arignea wiu-rie'il&-;;5;u;" of the simple

tApe I crossed girdles
Relatively skaight c-axis single girdles, such as discussed above, are relativelyrare but other examples hai,e 6een a.sc.tuJ anJJo;; F; ;i G;;;i.i;i;shearing has been indeoendentty 

- 
d"*i;gFeGe fii,I+f .'rrr.." -i".._tTfiiv

transitional c-axis pattem^s ranging fro!" U"t.a 
"i"gi"Jrdi"" .o *y*_"t i""rartd ffnalty symmerrical woe r"cr8ssea gird-il" f eol-*3""iti.".d (see lig. 9).

:19.5:1-trye l^crosJe-d girares are- generJrly' 
""""#J't, 

have formedqur'ng pure shea.r. Does ft" 
'1qg*9 

th-aisimple shearing is very. rare duringnatural rock defororation and that transiuons tetween sifiple anq pure snearare very com.Eon? Before adressing the possible .ea"o.rJ ?o. this 
.transiuon,

the othe-r end-Eember, ttre symmetrlcial type t crosiea gtdle, q,.i1l bediscussed tn terms of favoured crystai orientau"oii.

Fig. 8a deptcts a-tjrpe I crossed girdle for_ specime-n pT 46,3 I3OL albeit slighUy
1"p.1^"T9d:_Jhe .correspondi-ng a_axi" ^pori lig,ri" -trryl-ei;l 

aepiG-t i,rrlaxlma ol_ approximately equ"l _strength, 60"- apart "from ea6h other,symmetrically $gnosed about Ge fofiauon] A'Uira, ;';;'*;;., ma:qmun isnorma-l to t}re foliauon. If <a> is tl.e only o_p.rauue iUj-bir.Jtio" the positjon
*i^T..."_^l lhe prinaiuve circre auiomadcariy 

-i,";li";-;l;:":irain 
condiuons.

y:p1t19r.: trom plane strain are manife;ted'by j_afi circfes of a_axesoevetoping around the foliauon normal (flatten-ing n"iai-o, around tlleextension direction fconstricuonal field), hence th'" 
-.;r' 

crystallographicdirections are no longer restricted to poirlf maxima 
-on-'i]1e'prtrltive 

circle(see fig.-Is in [3O]). -This is consistent with the inference dravm earlier,nanqry Fat <a> ts the only maJor slip directlon 
"p"*U"" 

iI q""rt lexept forvery hig! temperatures where <-c> stip is obse.ueOi.

T.he_. c-ax-is positions 4-lO form the central segment from.v/hich t].e crossedgirdles branch off. This segment.ts straigh-t Secause th" 
'irrOirriO,rrf 

q,r"rt"grains attempt to simultaneoiusly place two"of treir 
"-"*"" 

irrto'tir" maxima 600apart. This, together E'rth the ',Ii&gonal', ct aracteioiGe 6-iF (no disflncflonp;y::"- j:::t l_:", -of 
posi uve and .,".g.u", ro.-"ii;;.e;1; p o siuons 4_ r o

r.rur' rs suong e!'rdence tor prism <a> slip. prism <a> slip'is abre to simultane-



294

fol iat ion

f i{. 8:: Texture analysis of a natu.rall_- y deformed quartzite (Frf 463) exhibiting a
tpical . qrpe 

-I -" "1.9 
crossed gtrdl6. The E-W ieferenc; Iine indicates the

onentauon ol tie loliauon, the lineauon is at the margin of the pole ligures.
Ir_9. 8a:.c_-aljs pole figure 

-witir 
selected c-axis posiuon-s. Fig. 8bi a-axif pole

ligure. !'ig. 8c: view of the favoured crysta.l orientations exfacled from figs.^gd_
f. .Fig...8d-f; Favoured 

-crystal ori;tations corresponding to the 
"c-axis

orientaUons indicated in fis. 8a.

ously operate parallel to two <a> direcuons 60" apart (slip on rwo pnsm
planes occurring in opposed or conjugate senses, Fig.^gc). fol cryst"rtogiaphic
reasons slip__on t}le rhombs (in GiJ case the negitive rhombi z) ciir i,nly
operate parallel to one <a>-directjon witllin an indi;dua_l grain (fig.
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9c). H".r"., each grain 'has t(th e o th er " r *, J .^, - al?" "i"i'""::;J,il: 
t*if; ,in€"l_i,"n 

-J"-.l"ll. "l: T
;:Li1*:*' 

the girdle sPlits into two sep&ate tegs ,n terms or trre c-;]ds*

The leg characterized bv Docharacierisrcs 
"ril,,iy- aii.i"f.l'i#,ft t""di:.d;i 

!hjy"r%l r,T,:H:ot 
-lavoured, 

crystal o;ientatjons (exept that" z ieplaces i).- 
-R,]rtfre.more, 

tt e

:J:'fl+ir!T"+"1$,1liil*t!i!:llgru"rg""g,#.T:..j"*:',r*J3$rmportant to note that, in this

,i".a#q,r[#"lrml*ia$"?rui]jH,xft:x#t*:rare best visuatized uy the .ai<iai ;l"trjtil;;*;;;i"jl. 'L. ,,a"n"".rl,.r_
teitungsanalyse-,' of sander Isst. rn case oi t J"p.cir'lii iiJ;"roed here, about

ri'i{:!!'Lifitf,*',"ii"l:r;ii"if ff.:"t j::r=i*i.3j+:._1*fl:il
i$]qj{ii*_*r##$effi4:H,:L*rr,.":rl#i#tr"Sj
lo#f.::.-) 

defornnation in case of . 
"'t 

i"uy -o".trroil-ouib*ic 
lym-et y of the

Of course many of tJ:e argrut:ru;n:"a"-i,nlul","t".*rg:***mr""H#iih:#F#
I,si_T::"LElff i#ry;*ii!"""%'ffi 5trf j.Xll;*:thi:t.Ht;
systems. On tJ:e other hand. it is remarkabl6 that lirnii# gf-e r crossed girdle

iffJ#"y:,qi:i'1fl'"Jc"'":":#lltlWi:lri:m1'*at'gx#:t
si[::{:l:rG.:lBL:"*:H"1.?"".i"ln:mn.:t#*{;tn#;11.tr
91. 19 3" appropriate choice of CRss_vatues utUmaiery ieaJing to the desired

:*":,::irh?Tql,f :,i;H:'3d":*gu;[t"*"11.1".r:*mt*:*;::
similarities between model predlction arri ,r"trri. ar" i."rri"ieA to c_axis pole

ffifff"*1ffifliY:',:',^:;;Xr#'*i:i 
@ snste c-oxis sirdtc' or, rlow

Fitffi ,.G!:,'*l'"i'1*'r#{"y'i;':':ff .i"Tffi ,llHf :HH"ff "H;g'J:i'il'l,Ki;t#,"i!3r*:T:nf""f*f"9ru"":_-*s:"1*:nt*l
$Ht"il"X'"'""ft L""*fr,trr#**1.f""'y""."1.i:*t",r"t':;*e*
Firstly, the operative slip svstems and the typre of ffnite strain (plarre strain,constFiction, flattening) alsd halre a" i"n"."J"'on tn;;ilG texture [4, 30]
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and tie effects of these factors have to be taken into consideration beforediscussing vorticity. In the case of_quartz th. p..a;*i;;c;"Ji .a, slip u.rde.most metamorphic conditions has been ',i i""""i"J- 
.Ui"e. Hence thepredominance of particula-r active. slip systems containin!?e <a>_directionleads lo different pattems of c_zu{is dinsiues 

"Io"g-;i;;l;"o; "rossed 
girdles.These gtrd-les are oriented perp""ai."r--io *;;i;'".;'" marorna, ttre a_

3::. Bit-"^lg:1"" playing a reli .ote i" o.-{ri.!.et"uo"l ri,"d-rr" 
"".r". 

girdr."may oegenerate into maxima along the girdlej. For exarnpfe, c_a)ds maximaparaDel to Y or in the primitve circii can 3r*pfy U.1-ri.." ,5 Jases wtrere basal

t*+,::}"fi: It-:".T*lgS: trarsiuonat stages from a c-axisTingle grdle
Il""o,1?N,:-*.^:+lLp."-rypSr"y-;;ti"J-i:;"';;;;fr;r"'45;,#i';
*:_5*1.;=o.,^l:"."_.13!:9..:1- :p""i;id.;;6;tT;;';;i"ff"; j3c;
991F9;.1':t-.l";;;:H;Tti"";;.JS:'i:i:i'"'"11'e*S,':'",*:l;TJ:i:simpleshear (right) to prlle shea_r (lef0.

:I_ BlliT_ slip. resp_ectively, predominate. Departures from plane strain
:9.l9tYol" zrre again best assessed by looking at ttre a-axis pote hg,rre. In tfr.tollovring we will concentrate on quartz textures exhibidnig a_axis rnaxima
3:ffe.j 

in;fe pilmiuve circle of i]:e 
" "-" 

p"r" n!"i" i""--ilr,"t "t"Ji., ng.

S€condly, tieoretlcally there are two-_possibiliues for explaining tfre trarsitionlrom .crossed glrdles to single girdfes, given plane Jtrain conaiuons anO
I_.qgql9": of the acUve slip itan-es t3Oi. ihe t '".iiu""-*rv indeed indicateLncreasrng vorticity towards the end-memb^er of simple shea;. ate;ativ;t, ;imay simply reflect the increasing influence o?- rec.ystarrizatton with
5:?"ufi:ih*.?1"Jffi LXf i"f ilif ":yd;tlatimni6J:{*;;T
such 

-a 
trarrs,.ljon as- observed in trre e.piri-ents-o., l"J'&a"t."""d earlier.Modelling work has indeed dera".i"g "i-pi. "t Ji.. ffi i, ;:HH$i'""j llT"$:::.$ rfi :t?:,,TfrJ",i;:. r",:i

Erperimenr'r, w-ork on ice lfigi 2c,ej ;a a;it'(fE.-6f ]o- ur" other hand,demonstrated that parallelisir
systems can be achieved u,' *" o?Eltiil f:"lT"ilX#; 

predominant srip



What about quartz textures

t*q1r#x ;x *la::ir.1$"., +: jilEi#,ruy,.1f."tiT;
L1:":1.t"_l :.,:preting. Lhis. texturat transiuon to -be due to arl rncreasrngvorscrty numb€r, i.e. a transition from pure shear to simple shiar:

:'J;i:;ff.?"*'ff J:if i::i1o.?l'ff .o$jf rig,;lTo"sheiringcanbeprovided'
(2) Strain in mylonite belts is by delinition very high and sjmtectonic

l!:?r"'3"'F'1*J""iil"il;;'J',::;"11.'"t;*:"'"mt&";'#':S'*"*:."",7la-rge strains and abundant swr

"1d.g*q1""i"il;";;;;i':ffi.ii3""'o"."ff HKl't'#',,tr'S:#""i'"'*S
f::'J:","i;tilr f# ;:'#y 6,#ff 

tric ;r) a;e- ;;;oii" J'^'?o* eiten siverv

(3) In the case of mvlorftes assoc.iat€d v/ith asj.mmetrical crossed girdles. tlleange between tlle dbminalt a-axis madDf,um 
-ra 

tfr" ]"Uut ." is larger tllanthe "e4)ected" angle (a in fig. 2 and ng. rOt O"t 
"""Tli"-io-fl'iii" 

and the SZB.
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2 anuthettcat s. s.

stretch Faraltel bulk

d\ too large

Afte.  Mancktelow 1987

rotr:!9! Folia,!9! rotE99 Foliarg

1 sl ip system 2ant l the cats.s.  2synthe cst  s. ! .
slmple shear slmpt€ shcar stmptc ahca.

FiE. 10: This diaEram is redrawn alfter ffg. lO in [261. It depicts highly idea]izedsk€tches to illustrate how total. strain. iri tf," 
"p,j"r-." 

Jifi Lf partiuonea intoslip on individual intracrystalline glide planesi. fh" 
"rrgG " 

l" defined as theange between fotation arr-d sz-e toi;!,,rf st 
"", i;"1 . ?;;; 

".e 
stip systemoperates and if tJlis stip system is atigned- with tie b* ifr.? plane fieft hand

lllfi,), tf," a5r$9 c niay-pe correcd! inferred from llre angte between a_axismaximum and foliation. The other fliree sketches illustrati-Ge simuttaneousactjvity of two sliD svstems tin reality tq/o a_axis ;"rd;;i"-th; pof. ng"i""i. fthe angle a wouid 6e inferred frori il; ;;d ;;;;;; 
';.*;o-inanr 

a_axis
TodT"a. 

(represented by the slip system ai a small angle to the butk shearprane rn tnese sketches) ard the foliauon, this angle would turn out to be ,,too
small" or "too large" ln respect to ttre simlte-sitrr"uo" ?"ii"t.a in the leftharld sketch. See text for furiher discussion

The angle o depends on the shear strain y according to tan 2C! = 2 / 1 alrdamounts to a few degrees only at large shear st.rains] a" 
"r,if" 

of 2Oo or evenmore is..commonly observed betv./een a_axjs maximuri and foliation.Expecteo rn tfle context ol the aigle c{. means that the a_aJ<is maximum
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should.be parallel to the SZR provided an end_orientation of easy slip isreached during simple shear. Thi experiments on catciie stio*ea that- drrrin.rsimple shear defonialion, t}e operauon of a second 
"", "i 

riJ..i3j 
"1i,"T"1orientations in an antitJle c sense 1ng. 4 and lig. fO, se"oni stetcn;.""i;;left) has al gpp-ostte effect in- that"the infeoEA 

-angfe 

"'1" 
too surall: tiedeparture of tlre favoured crystal orientation of tfre aofinalt Ld 

"y.th;tt"Ji;glergti1tg slip systems is towards tire foliauon 
""d;;;;-il;?lr" 

S'Ze. H.;J.
ll: .Tf:Td angle q, a.: measured between t}le ar-fr"ri'"rip direcrion andtne tofiauon, is too small at a qiven shear strain, ratller tl:an being too targe, asobserved in the case of quartz"textures.

Too large arl argle between the a-axis maximum and the foliation durinq
:::lt^"_ :h^:i 

js;nly expected if rne c;;tueate-"J' 
"oii."po"ai;; il'ii;:wea.ker a-axis maximum operates in 

-a 
synGeuc sense {J261 anO ng. iO, tt irdsketch from the left). However, syntheti-c acUvity cleariy can*not f:e o$ecrcain the case of nea.r-slrrnmetrical ir-os_sed girdlej such i" rr-ios. Theiefore,

q-.1 ,th.. antithetical operation of the wiaker of tfr" i*o 
-"et" 

of favouredcrjrsrar orrenrauons, too high ar argle between tie foliation and the strongera-axis maKimu!1 must indicate a simultareous stretch pa-rallel to the SZ, ifi;.l0 sketch on the right).

Because as]rrnmetrica_l crossed 
-girdles 

are very v/idespread in mylonite belts
I:-!i*_ig conclude. t}lat.simpte shear is exc;edingly rare in mjtonite belrs.rren_ce, mosl mylonite telts may be regarded as "strelching s-hear zones,,,ana.loguous- to sge_rchTg fauits t3-Bl, assoc"iated *itf, 

"i-ufur,-.o-,rs 
stretctrins in

n:.,*"_t9-ry oi U)e lault (respecuvely the ',fault zone' in case of a myloi.iteoe[,. lr, ror example. tie anount of stetching is greater ln the fooiwall asystematic trarsiuon wit]. increasing vorticity of"flow-towards t-Ile trangingwafi
may be observed across a mylonite -belt, as "documentiO ioi tfre Uoi'6 th'rust
I36I:

Conclustons
The few examples discussed make clear that further research is needed inoroer to ga]n additional hsight into tl:e Eechalris!1s of texture formation.
y_t"1TiL-T on .experimentalty and naturaly deformed rocks suggest that
::: ?::lF_"_t-1"-_i9i lfiv diag may form, parLicuta_rly during simpld-snearing
€Lno ln rne presence ot slmtectonic recrystallization. On the o-ther hand, it wai
concluoeo t-hat srmple shearing is very rare in mylonite belts.

It is certainly correct, however, that empirica,I arguments of essentiallygeometrical nature in favour of ,'low ener-Ay', uow 6RSS) textures remain
some-v.rhat unsatisfactory lll, The fo[ow.ing Iiies of research are considered to
be ot p.iyle irnportarce in order to ultim;tely a_rrive at a more mechanisuc
interpretauon of textures:

{l) The results of cornputer modelling, experimental rock deformation and

l#:""#:i"il:...frlo 
be s]'nthesized. rt is not very fmitfr.rl to play one method

{2) D}'nalnic recrystallizatjon obviously plays a key role in texture formauon
and must be taken into consideration-Uy texture rriodelling wort. 1'he specllic
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recrystallization mechanism needs to be identified since different mecha_Onisms mi€ht have different effects on tfre evofving iextuie. 
--

(3) Many more laboratory experiments 
-in 

simple shearing or along aIlotl-erstrain path departing frorir axi^af shortening or extension arE needed.

[4) Grarn to grain interactons and t]re formauon of fabric domains (as forexample visualized by the "Achsenverteilungsarralyse,,) pf.v a t"V ioL-i"texture formation. Methods such as rhe SEM .j;;;;;;;6-Jing *"ry"i" 1ss;
T9,T:::::3qon imaging with opucat methods [4o] Ji-"t 

"l-.ry ioweililn aqoressrng this issue-

(5) In the case of field work, publicatjons concerning applications of texturearalysis by far outweigh the riumber _of publications-aaa;;;g processes oftexture formation. -1,{ore research ^is ,reed.d on- 
-w:Jt_aocumentea

monomineralic 
- 
geological Eaterials for vrhich there is a maximum of

:1:j.pjl::1,._":o"nce regarding the kinematics of deformation (straln path)ano many other paraneters such as for example temperature arld activ6 shpsystems.
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