
h,u~nal o I .SIr~, tubal ( ,e,d,,g~. V.[ I I. N.  '.~. pp IIX)I I,~ I(il I, I'J'.~l (ll'.~l -~1..I I/'JI '~,lll IN) ÷ II (HI 
PIl i ' l l l ' lJ  li'l (_l lPdl B n l J m  I (  ) I '~'~I F',,rg,arn,~n n'it,,~,, plq 

An e x p e r i m e n t a l  s l eady - s l a l e  fol ia l ion 

J H.  RE, X,, 

I)eparlmenl ol (3et~h~g~cal Sciences, Slale I.Inlverstly ol New York at Albany,  I,.I-INl Wash lnghm Ave , 
Albany,  N~' 12222, I.I S A 

( Re , 'ewed 2'.1,4tlgust 19~-NI. a t t ep t ed  zn revised ] , t i n  1,1i A p t d  It~t) l ) 

Absnracl--'T'he hlslory ol Ihe inlenslfV and onenla l lon  ol a grain shape Iohallon was invesllgaled in oclachloro 
pr,~pane delormed in simple sheal  al 8llt~ ol iIs absolule melllng lemperalure  and a shear slraln tale ol 4 ~,, I1~-" 
s - i  Fohalmon t~nentallon, developed Irom Ihe bebnnnmg c~l Ihe de lo rmalnm,  remains sleady Ihloughoul  Ihe 
delormatton Folialton tnlenstly becomes  slead~/after a bulk sheal  s l ram ol aboul 0 q has been accumulaled 'The 
sleadiness ol h~halion onen la l ton  and mlensilV ts achieved b~' some balance belween luhal ion slrenb',lhening and 
Iohalton weakening processes 'The roam Iohalton s l renglhening process is mlraF.,~anular plaslic dehwmal ton.  
Fohalit.m weakening processes include d~,namtc recrvslalllzalitm by migration ol sltaighl or slighll~' wavv [..,q'am 
boundaries,  b'~am disseclton, rolaltonal weeTvslalhzalton, gTam amalgamal ton ,  relaltve ngqdily ol hard gcains and 
~.,qam h.mndary shdmg A sm',.dl bul dehntle  angle,  al though nol conslanl ,  in observed belween Ihe Iohaiton and 
Ihe long axis ol Ihe bulk Iotal strain elhpse 'The average aspecl lalto of gTams is lower Ihan Ihal ol Ihe bulk Iolal 
sfram elhpse by a laclor ol aboul (i 4 al Iolal shear slratn ol I t 'The average g'rain size also slabdlzes,  becoming 
sleady h o m a  shear slraln ol L) ~ onwawds A sleady gram shape h.dlallon may be a possible paleoslress or a 
paleosltam rale mdiealol ,  bul cannol be a paleoslrain lndicalol 

INTRODUCTION 

GRAIN shapes m deformed rocks have been used exten. 
sively as strata indicators (e.g Ramsay & Huber 198'3, 
fig. 7.16, t3dling 1984), and gram-shape Ioliations have 
been used as sense ot shear indicators (e.g. Ramsay & 
Graham 197(I, Berthe et al. 1979, Simpson & Schmid 
1983, Lister & Snoke 1984). However, there has been 
little sludy o1' the complele history o[ grain shapes or the 
I'olialion defined by them in naturally or experimentally 
defi3rmed malenals. Some partial hnstor'ies of foliation 
development have been recorded in rock analog 
materials (Means 1981 ) and nn ice (Burger al. 1986). But 
steady.state I'ohatnon, which remains steady in both 
onentahon and intensily throughout an interval o[ de 
Ibrmahon (Means 1981), has not yet been direclly ob- 
served in any material 'The study of structures insensd 
ire to the [irate strata, hke steady-state foliation, is 
~mportanl because such structures are potenlml mdi 
calors o[ Ihe orienlatnon and intensity of the steady-stale 
flow stress or of the strain tale. I illustrate an example 
here of a steady-state Iohatton and the history ol ~ts 
development in octachloropropane, C~Cla {hereafter 
called OCP) delormed .n simple shear at 8()"C or 80% ol 
its absolute melting temperature (I~)"C) and at 4 x 10-" 
s-~ shear strain rate, using synkinematnc microscopy 
(Means 1989). OCP ~s a so[I, hexagonal orgamc 
maienal Optically tt has snmilar looking microstruc 
tares to quartz, and has been used m several previous 
mncroslructural sludles {see Ree 19~) and relerences 
therein). 'The techmques ol svnkinematic microscopy 
and information about the apparatus are given by Means 
(198q). 

Foliation in rocks can be defined by compositional 
layenng, grain size variation, discontinuities, prelerred 
orieniat,~n ol gram bt~undanes, and preferred onen 

ration of platy minerals or lentncular mineral aggregates 
(Hobbs (,t al. 1976, p 213) In this experimental 
example, the fohation ~s a gram shape foliahon, defined 
statistically by the prelerred orientation of long axes of 
grams (jbhation orientation) and the ratno ol long axes to 
short axes of grains (fi~hation intensity) 

EXPERLMENTAL TECHNIQUES 

The sample was a mixture ol OCP and lIKe)gnl 
silicon carbide particles, prepared as explamed by Jes 
sell (1980) and Means & Ree (1988). Passively moving 
silicon carbide particles within the C)CP serve as 
material marker points thai allow strain calculation and 
recognition ol grain boundary migration. Pholom.cro 
graphs m plane and cross-polarized hghl with an oblec 
live lens ol ×4 magnification were taken every '~(I rain 
dunng the delormatlon. During each recording, Iour 
photographs in cross polarized light were taken al [our 
different positions ol the mcols relative to the specimen 
in order to show all grain and subgrain boundaries. 
Photomicrographs with an oblective lens ol x 2(I magm 
ficahon were also taken every, hour m the central part ol 
the sample, lot a more precise record of the mlcroslruc 
lure and marker particle poslt~ons 

The orientations ol c-axes ol Ihe grains were 
measured on a universal stage before and atler delor 
marion. During the de[ormatnon they were measured by 
using the flat stage extinction direction (l'or the trend of 
the c axis) and blrefringence measurement with a Berek 
compensator {Ior the plunge o[ the c-axis) Although Ihe 
accuracy of c-axis plunge measurement with a Berek 
compensator (with an error range o[ + l0 °, Ree unpub 
hshed data) is not as good as on a umversal stage, we 
can Iollow the approximate reonentallon Iralectones ol 
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~' axes wHh~ul inl~'rrupltri~ Ihe delormalton (Rec Iqq(1) 
Bulk ,,,Irain ~I lhe sample wa,s determmed by avera~mg 
slrain,, ir)dicaled by displacemenl (~I I(I sets ul lhree 
wtdelv spaced marker parltcles, with a d~,,,lance ol ahout 
(I q-I  t~ mm h~lw~en marker part=ties m a .'.;el. The tm 
puscd bulk deh~rmamm was n~l ,deal ,,.;tmple shuanng 
hut an appr~x,male ,,tmple sheartng with a small shurl 
en=n~ a~.'r~s.,, Ihe shear zune A bulk shear strain in Ihis 
pap~'r rcpresenls Ihe value of D~+-, (~1' the average delor 
marion tensor D,~ (Means Iqg(I) wtth Ihe ,V axes parallel 
I<) Ihe dtreclt~m ol the. + hulk sheannt+, or Ihe d~rectton ot 
Ihc relat=ve dmplacemenl ol the upper parl ol the shear 
=n~ sample and the Y axis normal to tl 

Fur a quanlttaltve analyst.,.; ol gram shape toliat,on, 
k~ra,n h~undanes ol the mdiv=dual grams were d=gittzed 
tr<'~m enlarged photo+raphs at the scale of about 127,:1, 
usmg an H=taeh= d=gihzing lablet coupled Io an IBM-PC. 
'The hulk shear d=re<.'h<m, a~,ain, was taken as the ,V axis 
w=lh the 'Y axis nurmal to =1. Al l  d=reetions were 
measured counterclockwise i'Yom Ihe dexlral .+,hear 
d=re~.'t=~n 'T'<~ d=g=l,ze gra,n boundaries, co-ordinales of 
pomt.s were read at 2 mm mlc'rvals alon~2, the gram 
houndanes =n the pholc, graphs "l'hm corresponds l u a  
true len~,lh mlervul ol If+/+m 'T'o obtam Ihe sial=shoal 
onenlal ion and mlenstty ol fohatton, these dala were 
pmcc'sscd w=th a OLJlC'KBASI(.7 prutz.ram, (.3B(.-), 
employ,ng the PrUleCl=on method modil~ed from 
Panozz~ (Iq83) All  segments ol gram houndanes were 
proleeled (mlo Ihe project=on axis ( ~, ax=s) ini lmlly paral. 
lel t~ the shear d,recltun (+Y axm). "rh¢. pr(~leCl=on was 
retleraled lot each pos,tton ut Ihe prolecl~on axis rotated 
counterch+ckw=.se Irom the .,+hear direction by an mere 
m¢'nl ¢~1' I" Ihrough an an~le ol 18(1" As explamed later, 
Ihe rat=o ol Ihe hm~,csl prolection (A(u)m.,x, +~' = rolatton 
angle ,+1' the ~ axm) Io the shorlesl projeclion (A(U)m,,.,), 
and Ihe oriental,an el' A(++)m..,,, come=de wtth Ihe ratio ol 
the hm~e.',;I Io short¢'sl axes of grams and the prelerred 
orienlatton o1' Ihe gruin lunp.,est axes, resp+cl,vely 'The 
method und procedure are descnbed by Panozzo ( IqFI3, 
IqX4) and Schmtd el,'z/ (Iq87) in more delail. 

OBSERVATIONS AND ANALYSES 

The sample al the hegmnin~, ol' Ihe deformation (Ftgs 
la and 2a) .',,h(~w.',, a loam lexlure <.-onsl.+.;llng ot (ppllcally 
slram.lree, equiaxed ~,rains The average grain area ,s 
aboul O.X :,,~' I()- ~ ram" Loading the .,+ample al Xtl _+ 5"(7 
met=ares dc'lormation ol the g, rams and grain boundary 
m=grattun (F,g. 2b) 'The m=~,raling grain boundanes 
are nol generally sc'rraled or h)bale. Instead they 
are siralghl or sl,ghtly wavy in mosl cases In some 
cases, they have large wavelength bulges w=th hall' 
wavelcng, lhs (bulge w=dth)ol Ihe same order am Ihe gra,n 
rad,us, as commcmly seen in C)CP detormed al lower 
lemperature (Mc'ans loll'.1) Foliation does not become 
easily visible unUI a hulk finite shear strata ol about 
.y = (I 4 has accumulated (F=g 2c). From Ih=s slra,n 
onwards, the dtrecl=on and mlensily of ['ol,alion appear 
to he more or less steady to a Iotal bulk shear slrain o[ I..t 

, ,  . . . . .  ,,," 

D7 

, I !  ~ i 

O, 

totl 

!1 II 

I I 

(b) ~7~," ,>"~: .J '~ .( j ~ . ~ /  ~_..J~' 

Fig, I Map~ ol (-)C'P samph.' 'T'C) I ILl, showing solid hnes a.,, gram 
boundaries and dashed lines an subL,.,nam boundanes Cirams relened 
lu m Ihe It.'xI and shown m Ihe delatled map ol F'tg 9 are numbered 
A n o w s  al Ihe I~p shaw Ihe sense and direCllOn ol shear (a) Micro 
,SlrUclure tmmedlalely belore delormal ion (b) IVbCl'OSlru¢lule ~, q.~'~ h 
laler, mlmedlalel¥ ufler delormallOn wrlh a hulk shear slraln at I '1 
(c) Mic'TO,,,Iruclures afler a slalu: tnlerval ol 22 ha l l e r  delorTnallon 
Scale bar m Ihe n~.~,hl bol lum ol (a) cune,sponds Io '2'~0 pm Onen 
lalions ol t.,nam shape IohallOll (C~SF') and ma.xtmum hnlle elongalJon 
(MICE') art' indlcaled in (b) and i t )  Slandald devlal ions ul Ihese 

orienlahon.~ are aboul '~0 '~ and 2", lespet.'Itvely 

(Figs 2d-g) There Is also some development o1' sub. 
gram boundanes, mosl ol which are approximately 
perpendicular to the shear zone boundary and parallel to 
Ihe (' axes of the grams (Ftg. Ih). Although there ts local 
increase m gram area by grain boundary migralion and 
amalgamalton, the average gram area of 12 3 x I0-"  
mm" at the end ol the de[orl"nalion does not defter much 
from the mitial average a r e a .  With 22 h oi static mlerval 



L ~,l~('llrll(-'rll;~l, I~+;l~l~ ',i;ll~' l~)ll;l l l~,~ 

I L  • + t p I ,  F 

IP. 

, f , , '  

Qp, V 

I~L XI I 

~'"+ a 

F'lh., 2 F'h~hmli~r~l..,tupl-i,, Ill lht + ,~[va ITl,JppL+d m F~+' I in ~'r~p,,,., plPl.~nZl'IJ h~.'hl (a)  l+vlulv d l ' h l rm, . lh lm (h)  dlJlmJ+ 
d + h p [ v T i a l l u r i  w l l h  j, = (I I .  (~')  3, = II ,-I, ( d )  j, = It (-~. (~+) j, = (I {+, ( I ) ) '  : I .~ ( L - ' ) a l h ' r  d t ' h p [ m . + l i l m ,  wnl l ' i  ', : I +, u n d  (h+  .J l l l ' r  ,J 
',,l;Jll~. ln l l+rva l  q~l 22 h ;Ji l l ' [  deh+[ITI ,J l l l ln  F'InP' hla~'l~ di~l,, a l l  + ma[I~(+[ pa t [ l{  h +', ThL + dl+~h,] l  hl'l{+;Jl dllL+i ll¢irl I', l-i~tlz~mi,+l ]"l-i<' 

I+'rn{~lli { l l  ca {  h ph ,~h~ l ; , r aph  ~ {p r r< " , r .  m d ' ,  I,~ I u h  ITirrl 

I()I).~ 





E, xpertmenlal steady slale h , l i a l u _ m  I ( I I IS  

alter Ihe delormalum (Ihts is twice Ihe duration t~l Ihe 
detormalu',n), w,lh Ihe lemperature unchanged, lhe 
I'ohalton inlensilV and ~nenlatton stdl look 'lrozen' 
wilhoulstgnthcanlvhange(F',gs Icand'2h) 

[ ) ( ' lo r rHal loH pa l le t / /  

An ,magmary square gnd (Fig. ta) ,s supertmposed on 
the undeh=rmed sample, and Jessell's (1~8~) trtangle 
melhod was used Io cak'ulate, Irom dtsplacements ol Ihe 
marker parlncles, Ihe shape ol this gnd at the end ol the 
delormatmn (F'lg "~h) 'T'hts apparently shows Ihe 
tmposed deslral stmple shear delormalmn wtth h)cal 
helerogenethes In the map ol marker particle tralec 
tortes (F'tg. 'k'), tl can be seen that marker particles are 
progresstvely dtsplaced more or less parallel to the hulk 
shear dtrect=on except m two areas, one to the NW and 
the other to the SE ol a fixed marker parllcle m the 
center (sohd ctrcle) In these two areas the marker 
part,de Iralectones show a somewhat hyperbolic pat 
tern due to the ex=stenee of small shortening displace 
ments across the shear zone 

R ( , o r l ( , V l l ~ l f l (  ~1,1 ¢ i/ '  c .  (i k ('A' 

'The cax=s labnc d=agram al the begmning ol the 
deformation ts shown in Ftg 4(a). (:)wing to the pressing 
of the sample between Iwo glass shdes perpendicular to 
Ihe plan,: ~1 t~bservatton, to obtain a destred sample 
Ih=ckness, and some preferential extrusion along Ihe 
shear zone dunng sample pressmg, preferred often 
lation of t a x e s  has already been mtroduced belore 
delormalion W=th the deformalton, the c axis fabric 
does not seem to change much Irom Ihe beginning, 
although Ihere ts a strengthening of a single girdle of c 
axes, already developed normal to the shear dtrechon, 
whtch ~s symmetnc wtth respect to the bulk shear plane 
but asymmetric w~th respect Io the grain-shape fohalion 
(Ftg. 4b). F'=gure ~, shows c ax~s reorienlahon Irajec 
Iones ol a few grams m the central area of Ihe sample 
The c axesol  grams m the NW and SE quadrantsol  the 
traleclory dmgram rotate sympalhetically Io the 
=mposed bulk s=mple shear, generally enhancing the 
single girdle labnc 'Those =n the NE and SW quadrants 
show some complex rolaltons although Ihey do not 
weaken Ihe single g=rdle labnc. 
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F tg ~ Gnd  maps ~1 Ihe sample (a) helure and (b) aller delormallon, 
drawn using Jessell's (Iql,lh) Inangle melhod Small, open c . c l e s  arc' 
marker particles used Io draw these map', (c) Marker pamcle I=ale¢ 
lone,,, drawn by uunne¢ Img I~stltons ~1 market parhcles al 10 stages ul 
=he delormalton Frum a lulal ol 1,48 marker part..'h's dig==lzed al each 
stage, one part,de in each pare ,  whwh =emains in Ihe same grain 
Ihroughoul Ihe delurmal~on, was sele¢led Circles represenl m~lial 
marke~ particle posillOns A hxed pulnl ,n =he cenler is lepresen=ed as 
a s o h d  circle The dtgtl=zmg erTur  ~, + I ' T p m  on  Ihe Irue scale ol Ihe 

,,ample 

Gtl,  i l l l  Sl~t' ]ll,~'h)rt* 

For gram stz.e measurement, the area ol each grain 
was measured t.m the enlarged photographs by calculat 
ing the area enclosed by the dtgitized gram boundary. 
About 180 grams were measured at each stage, and 
average gram area was determined by dividing the total 
sum of grain areas measured by the number ol grains 
'The results are ph~tted aga.nst the bulk shear strain in 
Fig t, 'The initial average area ol 9.8 x If) -~ mm: 
increases by abou123% after a bulk shear strain ol about 

0.5 has accumulated. 'Ttle average grain area of ahoul 
12. I ',K I l l -  ~ mm 2 becomes steady from thts shear slrain 
to the end nl deformalton Considering the relattvely 
large standard devtahon of gram area in Fig, h, however, 
the sample does not maintam an equlg'ranular lexlure 
through the deformatton Also, Ihe preferred growth of 
some grains and shnnkage of other grains in Figs I and 2 
mdicate that the area of indtvidual grams is not steady 
even though the average grain area ol the sample =s 
steady. During static recovery, there is shght mcrease m 
gTain area ol about 8%. 
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Fl~ ,4 i a~ls lahnc dla~,[am~, ol  Ihe '.,ample la )  beh l re  and (b)  ,.lllef 
d e l o r m a l i n n  GSF m (h ) [ep resen ls  gram !,hape h )ha l ton  'The ~. axe.,, 
~1 ,,i~nle g[alns Oul'.,ide Ih¢ area mapped in Fig I are als~ phqled 
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F,g '~ t ax,s reonenial,on I ra lec lones  ol Ihe k,'n'a,ns ,n Ihe ~eni ra l  part 
ol Ihe sample Slfltd hnes represenl iraieelones lu¢ which,  axes were 
measured nol italy belore and aller delormahon bul also during 
delormaliun Those Ior which t a.xes were measured , s l y  belore and 
aller delormahon are mdicaled by dashed hnes Grains which dlsap 
peared dunng delmmalion have CTOSSeS al Ihe end ul I heir I raleclones 
See also F'lg q lot mlta~ranular slrams ol mosl g=ams m this diagram 
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F'ig h Plols ul average gram alt'a vs bulk shear strata ol Ihe sample 
'1"he sohd square ¢ep~esenls Ihe average gram area allet a slai=¢ 
inlerval ol 22 h atlet delormaitun Verhcal and honzonlal bars ate ± I 
slandatd deviai,m,, lot t.wam area and bulk shear sllam, ~especltvely 

Grain boundary llricnlali~m dala are sh,~wn as r,~se 
deagrams represenling Ihe h31al lenglh ol grain hound 
aries per an..,,le ~ll orieniahon, and us puqeclton dtu 
grams represenling the Iolal lenglh ~it projecl.m (A(u)) 
ol gram b(~undarJes per angle ill riqalion ~ll ~ axis (~l) in 
Fig 7 'T'he maximum and minimum value lit ,4(a), 
,4(u),.,,,~ and A(Ct)m,n , respeeltvelv, occur ,H?-gV' aparl al 
each slagc, indicaling lhal Ihe projection tunclions are 
symmelric Panozzo (IqX3, 1~-)X4) and Sehmld et ul. 
(IqXT) shliwed Ihal Ihe ral..i ot the Iongesl prolecl.m 
(A(O)rr,,~) Io shorlesl projecll~m (A(rt)rn.r,) and Ihe 
(irtenlaliiin ol A(o)md, eomcide wilh Ihe ratio ol Ihe 
hJngesl h) sh(irtesl axes ot grains and the prelened 
oriental=on ~ll the grain Icmgesl axes, respeeltvely, iI Ihe 
Icfllowingcnlena are salished (a) the rose diagram of 
gram h~mndary onenlations ts ummodal and symmetric; 
(b) theproieetson funcl ionissymmelnc Since the rose 
diagrams are more or less ummodal and symmelrtc, and 
Ihe projechon luncl.ms are symmelnc m the sample 
(Fig '7), we can use the projecli(m method to gel Ihe 
average aspeel ral.'p ol the grains and the preferred 
(~rlenlatton of the gram hmg axe,'., 

Figure ~(a) shows plot,'., ot I'~fliation mten,'.,Hy, defined 
here as Ihe stalistncal ratio ot hmg axis to shc~rt axis OI 
grams, againsl the hulk shear slrann (),), and ol the axial 
ratio ~tl' Ihe hulk finnle slrann ellipse (Ra) agamsl 7. Also 
sh~wn is a plot ol foliat,.m intensity caleulaled as il Ihe 
origmal gram boundary array had been passively de 
Ihrmed by a homclgeneous del'ormatlon given by Ihe 
bulk deh~rmalron at each slage. Inmallv the sample has 
equiaxed grains wllh almost n(i gram shape I'ohation (an 
intensily less than I.I ,  F'tgs la, 2a, 'Ta and 8a) With 
aceumulalmg slram, I'ohal,.m mtens=ty mcreases slowly 
The Iohalion becomes recogmzable al ), = l) 4 (Fig 2e) 
and its intensity is about i '~ al Ibis stage (F'tg 8a). 'The 
tohahon mtensriy reaches fls highesl value (l ~) al ~, = 
It.q, and then becomes steady, although it decreases a 
little hil (less Ihan ().l) al the end ol /he deformalion. 
Even after '22 h (~f slalie mlerval after the delormalion, a 
period about twice us long as the dura l .m ol Ihe defor 
mat ,m,  Ihere is almost no change m fohaiion mlensfly of 
I 4 The axial ralio ol Ihe finfle strata ellipse, Ri, on the 
olher hand, mcreases rapidly I rom Ihe hegmnmg, being 
higher Ihan h.diali~m mlenstty by a lather ol aboul 2 "~ al 
1' = 1.3 The Iohahon mlensily ph.)l of the hypothetical, 
hom~lgeneously dehJrmed sample runs almost exactly 
parallel h~ the Ri plot. with I~nlv shghilv higher values 
(=l) I ) lhan  R= "['hlsdiHerence resullslrom Ihe milial 
toha lmninlens i tvolaboul  I I a l '24" in iheundeformed 
sample 

The plol of I~iltalt(in orienlaimn agamst ], m F'tg 8(b) 
sh,)ws thai Ihe hdiatlon or,entat,on is steady al 25 -+ 3" 
throughout the deformation As wilh the fol,aiion =nten 
s=iy, Ihe Ioliali~m (~nental,m does not change during Ihe 
stahe inlerval alter Ihe defcin'nahon The direction ol 
maximum finite streleh (0') decreases conlinuously wilh 
delormaltim, horn 3~,"at 7 = ().1 I(I 2it' at the end ol Ihe 
del'()rmalion. H(~wever, the ddferenee between 0' and 
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h:,hal,(m ,~rtenlalt(m is le,,s Ihan e¢' lhr~ugh~)ul the deh)r 
maltCm 'The h)ltattcm,~rtenlalt,~n curve ,~1 lhe h~m,) 
geneouslv deh)rmed sample runs alm~),',t parallel Io the 
H' curve, remammg~mlv 2" less I han//' alter reachmg 27" 
at ~, = il 't~ 

PROCESSES FOR STEADY-STATE FOLIATION 

F'=gure 9 sh~)ws maps ~)1 gram b~)undaries and intragra 
nular strata =n Ihe cenlral part ol Ihe sample Intragranu 
lar strata was measured using the dlsplacemenls ol sets 
of three widely spaced marker parl,cles within a gram 
and ttts nol necessarily homogeneous within a gram. In 
F,g 9(a), a bulk shear stram ol (I I has already been 
imposed. AI the end ol the deformall~m, which accumu 
laled an additional bulk shear strata ol I 2, most ol the 
grams show an aspect ratio lower Ihan Ihe Ri ralio of 
their mlragranular slram elhpse (F'tg. 9b), and also h*wer 
Ihan the Iheorettcal aspect ralto ol the same grams 
deformed assuming passive gram h,~undanes (F'tg. 9c). 
Some fohatl~m weakening processes are evidently al 
work to hmfl Ihe degree to which mlragranular plast,c 
deformahon can produce a microstructure hke Ihal 
shown m Fig 9(c) Several hfltahon weakenmg pr,) 
cesses are seen Io be operalmg in this sample and are 
discussed below. These are. mlgral ,m rccryslalhzahon 
including m,grall~m ol slra,ght or shghlly wavy gram 
boundaries and dtssecti~m, rolaltonal recrystallization, 
amalgamal,on, ngidfly ,)1 hard grains and gram bound 
ary delormai=on mechamsms 

M~gtalmn o/'slratght ~r .~,'hghllv wavl, gram bmmdarw.s' 
weakens Ihe h.)hahon mosl eltectwely, by the slow 
migration ol grain boundarws at a h)w angle to the gram 
long axis away Irom Ihe gram center ~)r gram boundaries 
al a h~gh angle to the grain long axis Ioward Ih¢ gram 
cenler Examples are shown m Fig. 10 I'~)r gram bound 
arws between grams 92 and 93, belween grams 78 and 
80, and the NW boundaries ol grams 8(I, 92 and 9~ If 
there occurs migration o1' gram boundaries at a h)w angle 
to the gram long axis toward the grain cenler ~r gram 
boundaries at a high angle to the gram long axis away 
Irom Ihe gram center,  as m the NE. boundaryol  gram 93 
m F,g. I(I, this process can slrenglhen Ihe h~hat,on, but 
thin =s nol comm~m m the sample 'This kind of recrystal 
hzal=on is classed as c, mlmual gram h¢)undary migration 
hy Drury & Lira= (lqq(I) and as local gram houndary 
migration by Kmpe & Law (1987), although the latter 
authors expect non steady.slate I ohatlon wtlh th~s m~ 
gralton mechamsm 

Dt.s'.','ct~¢m(Llrat e/,rl. I91.~h, Means 1989) weakens the 
I'ohal=on by dividing an elungated gram =nh) separate,  
more equmxed parts by growlh across tl of other grains 
(F',g II)  Six grams are Iound t¢~hed~ssecled by other 
grams m the whole area mapped m F'~g. I. AIIhough il 
was nol found m the sample described here, another 
possible weakemng process by gram boundary m~- 
gg"al,on ts the coah,seetzce ol Iwo grams wflh s.m,lar 
latl.ce or=ental=ons whtch were nol mthally m contact 
w.lh each other, leading to the development of a 'T'vpe 

IV subgra.n boundary ol Mean,'., & Ree (19X~) I:'~fllalt~m 
weakenmg ~wcurs tl c~)alescence ~)1 grains ~..'curs ahmg 
their shorl d~men,s~on. II c~mlescence ol grams occurs 
along theft h)ng dimension, on the ~)lher hand, lhis 
process can strengthen the tohatt~m 

Rotammal recrv,~m/Ir:a/~on develops more equlaxed, 
smaller grams Irom an elongated grain by Iransi~)rmmg 
I,nw angle boundaries mlo high angle boundaries, tl' low 
angle boundaries are al a htgh angle Io the grain h)ng 
axts A k)lal ol Ifl grains in the whoh: area mapped in 
Fig. I behaved in this way and examples are grams qh 
and 1,HI shown in Fig 9 II high angle houndarwsde 
velop at a low angle to the gram long axis however, 
rotattonal recrystalhzalton can strengthen the I ohalt~m 
(F'=g. 12). But Ih,s slrenglhening pro~.'ess is generally rare 
=n stmple.shearmg experiments ~m C)C'P and Iound lur 
only one gram m the area mapped 

Amalgamation (Means IqSq) ts another possible 
weakemng process, which lurns gram boundarws at a 
h~w angle I~) Ihe gram hmg axes into subgram boundarws 
wflh progresswe reduchon ol misonenlal ,on (grams 
I l l b ,  l l 2 a n d l l 4 m F . g s  la & b). These are called Type 
Ill subgrain boundanesby  Means& Ree (1988). A Iotal 
ol nine grains were seen Ioamalgamale m Ihtsway mthe 
sample. II amalgamation occurs along a gram boundary 
at a high angle Io the gram long axis, however,  fl could 
strengthen Ihe hfliation 1"his occurred locally (grams 82 
andq2mF'lgs la & b). Ribbon grams generally develop 
parallel h~ bulk shear direction m Ihts way, here and m 
other simple shearing exper,ments ~)n C)CP, usually I,) 
develop a high strata z,)ne 

Hard grams are unsu.tahly onenled tor single shp on 
weak systems. They usually grow .nit) globular grams 
wflhout much mlragranular strain but with r,g,d-body 
rotai ton(Ree 1990). Gramshl  =nF',g l a n d 9 5 m F t g  9 
are lypical hard grams OI a t , ) ta lu l  148 grams=n Fig. 
I(a) whose c axes were measured, 17 grams are prob- 
able hard grams wflh the,r c axes parallel to or wflhin 2(P' 
ol the shorlenmg direct=on, assuming Ihe roam shorlen 
mg direction Io be al aboul 45" to the shear d.rect=on. OI 
these 1'7 grains, mtragranular stram measurement was 
pt)ssthle tor fi)ur grams which enclosed three or more 
specthc marker part=ties throughout the delormatton. 
These are grams 31, h i ,  q':, and I ~8 (see F'tg. I). Al l  of 
these grains suffered much h)wer stra,n (Ri = I 3-1.5) 
than the bulk strata (Ri = "~ 3) and mcreased their gram 
area by aboul h()-140% 'These grains weaken the I'oha 
tton, although gram 1~8 would have h',oked more 
elongate tl it had not amalgamated with gram 99 (F'lgS 
la & b) 

Gram boundary del'ormatlorl mechamsms, especmlly 
gram h¢)undary shding, are also a weakening process iI 
they are accompamed by more or less ngid translation of 
grams Study ol the displacement field ol marker par 
titles showed lault hke features across gram boundanes 
at eight sties m Fig. I, commonly around hard grams 
(Means& Ree 199()). 'The amount of offset is usually ?()- 
8(Ipm, o r  (L~-.4].7 the average gram d.ameter.  'There may 
have been other,  unrecognized grain boundary, shdmg 
sties where needed to partly accommodate  strata helero 
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g e n e , l i e s  But Ihls w e a k e n i n g  p r o c e s s  is b e l i e v e d  Io have  
p l a y e d  on ly  a m i n o r  r o l e ,  c o n s i d e r i n g  Ihe loci  tha i  Ihe 
a v e r a g e  I n l r a g r a n u l a r  s t r a i n  c a l c u l a t e d  m Fig O(b) (Rf = 
3.3) ~s nea r ly  the s a m e  .':,s the  bu lk  s t r a in .  

Analys~s  o f  g ra in  s h a p e  I o l i a t i o n  was  a l so  e a r n e d  out  
on  Iwo o l h e r  e x p e r i m e n Á s  which  s h o w e d  m o r e  e x t e n s , v e  
gra in  b o u n d a r y  s l i d i n g  a n d  d e v e l o p m e n t  of  g ra ,n  b o u n d  

ary open,ngs ( e x p e n m e n l  'T'O 105, Ree lql"18), and m~}re 
extensive grain boundary  migrat ion (exper imen l  "rc) 
I (~ ,  Ree 19011). In these experiments, the h.}lial.!,n 
onen la t i ons  appear unsteady but Ihe inlensl l ies are 
s t e a d y  at a v a l u e  of  1.1-1 2 Wi lh  these  low m t e n s , l y  
va lues ,  h o w e v e r ,  the  apparent unsteadmes.~ of the  o r l e n  

la l ion is of  uncer la in  significance 



F",x[.lerlmenlal '.,lead~,' ,Malt' h)hali t ln I(1t)<..t 

(I., ,) Afl,-,r ,.l+-,hlriniJlili~i 
"y = I?,  

-!1 - ,, ;,, .I,, ,', ' ,.',. IL'TI I1=1111 

( i f "  

rl  ) 

# ~  l i  I ' l t ' l  

ql 

(1~ 

AII  i-,r , , t~ i l .  

~ '  I I l l  " - -  

t '71 ,, ~,, .1, ,I,, ,,~,, 
(.~" 

I ~ ' I  l i V i " l  v I l l  

.'~., ... 

AI l~-,r +,loll<. 

,< 

¢:~ " 

rl-,~ ,w~-,rv ~.~f 23 hr,., 

I~1 1811 

I) 

F'z~, 7 ( k - m )  

CONCLLISION 

With ,ntragranular plastic de lormal . 'm as a dom.nanl 
hdial ion slrenglhening process, sleady slate Ioliatu.)n 
Ihat has slalistically conslanl or iental .an and intensily ~,~ 
achieved by several tohal.~n weakemng princesses =n Ihe 
sample The major I'ohatlon weakening process ~s dy 
nature recryslalhzahon by gram boundary m~grat.:m, 
which revolves m~grahon ol straight  or  shghtly wavy 
gram boundaries and grain dlsseclion Other processes 
include rotatmnal recrystalhzatlon and gram amalga 
marion Hard grains also weaken the I'oliallon with Iheir 
ng~d behavmr Gram boundary sliding does nol have 
any sigmficanl role as a l 'ohal lon-weaken,ng prucess 
although ~I does  ope ra te  m several  s,tes 

RetardalKm ol the foliation intensi ty curve behind lhe 
strum ellipse curve is large, ind=catmg Ihat the determ~ 
nation ol 'slram by gram shape  is not uselul where gram 
boundary  migrat ion is widespread ,  a~ has a l ready been 

,,,uggested by Means (1~8'3) and Kn.pe & Law (Iq87) If 
gram shapes in the sample m F~g. I(b),  Ior example, are 
used Ior strata delermmat=on, the apparent R I value wdl 
be lower than Ihe Irue R i value by a lactor ~t' ab<*ul I).,.I 

L, ister & Snoke (1q84), Law (Iq~h) and Kmpe & Law 
(lql',lT) discussed the possible c'ychc nature of steady 
,,,tale hdia l lon,  although they conmdered only lhe orten 
la t .mo f l ' ~dmt .m No major cycles are h)und in intensdy 
and or ientat ion ~1' Iohatlon m the expenmenl  described 
here. Conmdering the large slrams possible ~n nalurally 
delormed rocks, however,  the h'lhal~on behav,' lr de 
scnbed m Ih=s paper may represent only a short-hved, 
hegnnnnng part ol h)nger hislornes E',xpenments, such as 
Ihose using a nng shear apparatus, are needed Ior 
l'urlher study ol' Iohation behav,~r at very large slrains 

'The mare contnhut=on ol th=s study ha,',; been Io 
demonstrate thai steady state Io l ia l ,m ~s possible =n 
deh.)rmmg polycryslals, and to record the m=croslrue 
lural charactenshcs ol one spectflc example 
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Fng I(), Folnalion weakennng by Ihe mngTalnon ol slraighl .u slnghlly 
wavy guam boundaries Some ol marker parlncles (dais) are drawn lot 
relerence. Local bulk slrann ellnpse us drawn nn Ih¢ bol lom nghl ol each 

slage See lexl lot discussion 
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Fag 11 F'olnalnonweakeningbydnssettnon G~ann Ihhnsseparaledby 
bWowlh ol grann~ tg~ and Iq(I (_;ram h~, nn lurn, is dnssected by growlh ol 
[.~anns Ihha and b'~ IS)ols represenl marker parltcles 'The value ot ;, ,n 
Ihe bollom lell ol each slage represenls Ihe bulk shear slrann ol Ihe 

whole sample 

Fag "12 ' ~ " ~ t  I'''-~'~t'--.,,,,~ ,) ~ ~ • " ( ) c) 
F'ohaltlm Sllt'nglhenin~ by Ihe rolalnonal recryslallnzatzon of 

[.nann 14 ~ EIInpses nndtcale local hulk slrains. Dashed Innes represenl 
subgrann houndarnes 
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