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TEXTURE DEVELOPMENT IN IXPERII,IENTAI,LT DIFORMED CAICITE ROCKS
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INTRODUCTION
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and Dalbies are f requenrry found in defonoed resions or lnerarrn.s crusL. 
.An underatanding of  their  rheolosicar p-p", i  r . . "  
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*"I rnked virh pa!t icutar defomat iJn1y to the elirciaa,io; .;-;;;Ti;;:::':il"nffi:,"il::["#".::::ii:*".-
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an extrapolat ion over Eanv ord€rs or
ture. and/or ",,"";.'-;; ;;;,;il';":ff"i;',:il1"::,;TffinH:il"il :fm"-rheology.of  calc iLe locks rhat di f ferent d€tornar iotr  Dechatr isDs and conse_quentry difrerenr flov rau6 exisr ror.(i) dirfereni .J"ri l, ' i ."r. l i""i l l"uythe srain.size pravs a Eajor rore in_dererninins *. a"r",i, i i" i,"i". i, l i .",and ( i i )  for  the same rock under di .and te'perurure 1u"",a *a n.i"igi-ii;:"il.::l'i;i::"ffri.li"ii."iiiil'"."' !he texture6 developina a"rinn .,"".tn.,tar _"i,  ; ; f ; ; ; ; ; . , ; . ;" i i , : ;  , .
l i - : : I : I . : ."k deforDarion, cos-thei with tre raicrostructuree, 

","-.""r i i  r ,erucldat ins rhe defor@acion necheDisDs in lotrr  *rese ; ; ; ; ; i l ; ; ; " : " - . ; ; . " ,
: : :_Tl" *Ipo": of chis paper is ro rerar€ ,r," .*.*""-a",. i lp. i  i . . .""
:: : i ' f f": : : : : , : : . i : : ferenc arain size Lo cheir rheorosicar 

"oa 
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MATERIAI,S

_--,,In. T,:.:.1" chos€n for the sEudy vere solnhofen 1iE€stone and calraranarble.  solnhofen l isestone i6 a fDiDor a@unLs or quarEz and 
",-,,"ii""i"iil"i.,:,ft*i:":;.:i ;ii l."""sienes /5/ and wenk et a::. ta/ ;h;wed,.r,". ,r,. i"i.i"i*il*ii,"'rl,li i,rryEyrmetlic abour rhe pore to be.r.rins. rrt. .",tr""-ir,.-i"i;il-ilil:, 

-?:. : l : . :* : .d a6.an invers€ pole i ieure for rhe pore ," ; ; ; ; i ;e.-^. ; ; :
il';il1 ;::T:" 

ror rhe solnhoren rioestones used in this 
"".a!,...-"r,,,"

Carrara @rble is a calc i re Frrble.of  coarse! glain s ize,  2OOu!,  rhanSolnhofer, l iDe6Eone. I t  has no a- ignlrr .canr rnrrral  rexrure (Ou€ns atrdRtr tet  /6/ ,  Ranez a Murrer /7/) ,

A?PAXATUS AND TECHNIQUE OF ENERIMENTAI, DEFORMATION

- 
The deforsation experinents at teEperatu!€s up to 5OOoC l{ere cairied

: : t , : : . Ioper ia l  
col lese usins apparaEua siui lar  to '  r t r t -o i  ; " ; ; ;1 i l . ; ;aE nrsne! tenperarures using apparatus desisned by p"*** ls i l i , i , l id) ,  

" .
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the AueElatian National University, canberra. Iu11 descriptions of the
techf l iques are to be found in Rutter /11/  and Scheid et  a l .  /3/ .  Br ief ly,
the equipDent at IDperial college coEplised a set of externally healed,
liquid (silicone oi1) confinins oedi@ Eachines whilst the A.N.U. equipDent
ras intelnally heated with Araon gas as the confining nedim. Fluid cotr-
finins DediN equipEen! vas used (i) to avoid the possibilities of severe
danage to the specinen shich can occur duling off-loadinA and coolina of
veak naterial, such as calcite rocks after defonFtion in solid confining
nediu appaiatus and (ii) to enable accurate strength detemination dotrn to
a fes tens of  bars.

A11 the deforBation expeliEents vele carried out at constant displace-
neg! rate corlegponding to constant cooplessional strain lates in the ranae
Io z/sec.  Eo Io o/sec.  Conl in ins Dressure condiLions eere eiEher 1.5Kb or
l . (xb.  Fo! Solnhofen l idestone Eha speciDens were usual ly cored uiEh Ehe
a;is of the cylindrical specii0en peqendicular to th€ bedding planes atrd
thus paral1€l to the symetly axis of the depositional texture, The Carrara
Earble speci! ens irere all cored in a con€tant direction froE a block thich
shoeed no discernible plana! or linear features.

RTCOLOGI AND DEFORMATION }IECTIAN ISMS

Up to 3OOoC Solnhofen liDestone has a vely veak strain late dependence
of its stretrgth and-defonmtion teinning on € planes is the doEiDanc Eicro-
stlucture, Flon 4OO"C onwards trinning is aGost conpletely abs€nt (Rutte!
/12l ,  schnid eE al .  l3/r .  Rleological ly three f low resimes, Fis.  L,  can be
esrabl ished (sch@id er a1. / l / ) :

--regine 1: At stlesses above lgOO bar6 ar 4O0oC Eo 6OOoC an exponen-
.  t ia l  le lat ionship between stress and strain rate is obsened.

--resine 2: A po'e! 1arr' lrith a stress exponent of 4.7 holds in an
internediate stress reSion.

- : !egine 3:  Below a EeEpelature dependent t ransi t ion stress (3OO bals
'  at  gOO'C and IOOO bars at  600'C) the stress exponent drops to around 1.7.

In regines 1 and 2 the defornation is essentially achieved by intra-
crystalline slip on as yet unkno{n slip systens with no twinning activity.
Miclostructurally no obvious diffelences between regines 1 and 2 were found.
RegiDe 3 has all the charactelistics of Euperplastic flov and grain boundary
sliding is the doninant deforDation nechanisn. Intracrystalline sliD
occus sinultareously as a subordinate process al1d srounts to about one

tnird of  rhe strain accoroine to microsLrucLwal invest igaLions (Sclnid

er ar. /3/). Fron sEM (Rutier /u/) it can be shown that t{innins contrib-

utes to the alefordation of this rock at low (300'c) temperature.

Carrara llEble exhibits a verv weak sirain rate sensitiwitv of strength

at very lov tenperatures ed an exponential relationship between stress enil

strain rate is observed at \oOoC to 5O0oC, A-lthough a silAifu flov lsw to

resiEe 1 in Solnhofen liEestone is observed, tvinnins in carrara mrbte per-

si;ts as & doninatins ileformation Dechanisn up to at least 500oc, protablv

in conbination with dislocation slip (Rutter /12l). Ther. is a tenilencv for

tvin lade}]ae to become troaile. snd fewer at higher tenperatures and for

irrational twin boundary orientation to develop near Arain bounilaries.

Thus the thiee diffetent ilefornation nechanisns such as (i) inlracrv-

stalline ileformation \tith a raree contribution f.oo e tvinnina (ii) intra-
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:;: ,:,H:;:ff,ii::.:i":'ii;ffTi:;::ffii: :: :?: ;r:." "-. s,rain ra,e

::IT:":ff":i":'::";:::::"-:i::1":1.H.:#"jl',) superpla€,ic behaviour 
)

X-RAY TEXIORE ANAIYSIS

.n",'L;"1,'ill l l"#::il::T"::: ::::, ::yr.d our in trans'ission Eod€ on
:::TT.":.:::d """..;ril;:i: il;.:fl:ji:j,:.,:ffJ::::"::,::":l'?;,:i: 

".,iliff ff "i' i{t":;":t" J::i*H",fi:ffi "r;:l;ri*i l;"iilr::#.;:" I*..
,,T""$:,:'j:,,8.::, ;r:";:l: .i:,:':ru:.::l;;":nl*r;;:::i:",:i: 

:";il,;"::ii:.!i+":! ::.i"::i"i6J":.::::.;:ii:l;i":irj*i:iiti":i:i :*."xi'n!'jir:l.int,:s];!i:T:rkij:;::,:;.:1ru"iiliix":ii fi ::l;:r
rhus no absorpri; !  

""; ' ; ; t ; ;-; :"T:i^: l i i ." 
j l"  "p"'- i '* remainea constant.

:i'i":T::f'Li::ii;;';;;;:.;il"::'::i:;'; :::."fi i::i:l :i,::",1;::'il:l;

",,,":iT::;:.: ':; :l;.f:: '1"::frJj:::dE.3ouh, srardard universa, stage
l:j'::_:'o uei ss /1 4 /.'.' ;i;;;;:i,iil ;::*:"*:::]*.;:.:"ll:.1"1:l5i;,
:il. gii:::qi$':t,:.ifi:r:.Ti:::.t"::",;:;u.;;:::i:F";Tff "t:".,
Larrara Dalbte caused sharp Eaxina j;::.'i:ff .::;-ff T*:if::::;i.=i"::1":ii-i::lH::lilptil;;.ili.i,"
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cooputer.processing using a D-Dac 1b diSitizitrg rable int€rfac€d ro a Diarco
l,!16v Dini-conpur€r.

.  
The DeEhod of .X-ray analysis used for the Solnhofen l iD€stone specibensat A.N.U. is descr ibed by Schuid et  a l ,  /3/ .

Data vere cottected for bet,een 6_ and 8 diffractior peaks per speciDen.
ToJ 

s c iven specimen th€ nNber of  peak6 Eeir6ureal  and t te-aata couei t io"
l l l l111: :1": :  

applopr iaEe, l ,ere choseD si th resard ro rhe anr ic ipared
Lhe.texcure.  For sharper rexrules more peaks uere oeasured

ac. srMrrer data intervals, The peakE used are shol|,n in Table I ehich r'as
Eaken trob $enk er al .  /4/ .  A sreleograD of rhe calc i re peak6 used in th isstudy is Eholrd in Fig.  2.

The data rere processed on the IcL 1906A coEpurer ar rhe
of.Leeds. The techniques are deEcriben ty r""g. 7rSl,  r .ke.
and ca8ey and $thar'rer lljl and are sumarisea be1or.

l )  Calculare background below peak.
z,  Subtracr background dara I roE peak dara.
l )  Fi t  a cubic spl ine funct ion Lo rhe unnorMl i6ed data.
4) PerforE Erep--vise anatyticat inregration of the product of the da!a,

represenred by the spline function, and Legerdre polynonialg in Fourier
6er ies form.

t l  I "T.1t""  the data af t r  Legendre polynobial  coeff ic ienrs.
o,  LarcuLaEe rhe or ientar ion distr ibuEion funct io! .
7) calculete the inverse pole figure.

In calcularing rhe orienrarion <listributiotr function ir was found tnaEa.::liE@ 
9rd:r of expansion of 12 was appropriat" t" ir,. .".".."y-.i-a*"._

rrnat ion of  th€ coeff ic ienr6 of  the tegendre polynoEiats.

RESULTS

.- 
Inve!6e pole f iAures for  rhe texrules ale shosn in Figs.  3 and I{ .  A11

uppe! heDisphele equal area stereographic projecrions of the
a6yl tmeErrc 3€ctor for  catc i re_

a) Solnhofen liDestone

The condirion of deforurion for the Solnhofen linesrone sp€ciEer6 aleshorrrn on a stress strain rare plot  in Fis,  1.

The Solnhofen l inestones defomed in f tov leeiEes I  and 2 develoD !ctulacterisric partern, Fis. 3a-8. rhere r" 
"" d"i i , ; . ; i i l r-*_i, i ,- i"Ene regron or rhe e ptane nornal  and a r idge runnin8 froD Lhe a ro h Dlanenor[ lara.  Drrecrrons ctose to rhe f  p lane nonlal  have a very t6v coicent._

etion of-cornpression axes. oirections crose to the . pt*"'".*i .i""-"r,."a leduction in concentration. rhere is no ar"*."$-r.' aiii.i."".-r.i".".
textures developed itr flow Eesines 1 or 2.

. 
The texture developed in SolEhofen liDestone specioeas defomed iu florltegroe i, Flg, 3 h-1, is relarively l''ea-k ar conparable grrains and aloes rcrdiffe! iD Eyumerry froE rhat of rh; underorned ;-aeri"r. irrei" i;;;-;:"d_

ency to develop a naximrn near e or a niniou rcar !. rD .". 
"p..i,.", 

isozFig.  3 i ,  a r idge from a Lo h h;  devetoped.
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Fi8,3 Inverse pole f isures for specinens defonned at A.N.U.
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Fig. 4 IrverEe pole fisures for speci!0en6 deforoed ar



Table I

1,
2.
3.

5.
6.
7.
8.
9.

2eio)

26.80
34 -ZA
36,60
42.O2
46.08
50.54
s5.32

56.9 8
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{o2zr} , f
t1of1), !
{ooo1}, e
f i lZo] ,a
{4483}
{4021},h
{02t1}, f
{01i2}, e
{22I31

spher ical

o(oto(o)

63.1 60.0
44,6 0.0
o.o o,o

90.0 30.0
66.3 30.0
75.8 0.0
63.1 60.0
26.3 60.0
48.8 30.0

Intensity

l .o
1 O
1.0
t .o
1.0
1 O
o.24
o,76
1.0

I ig.  2 Stereoglan of  d i f f ract ion
peaks u6ed

Specinens 2622 and 2606 rere deforned in f low reghe 3 c lose to the
boundary with flow reAiFe 2 but shov no features of the Pattern charactelr-
st ic of  f low regines 1 and 2.  This indicates that the change of  texturaL
patcern and doEinant defotuation mechanisn occurs very raPidly nith chang-
in8 condi  L ions of  deforut ion.

Tbe defoioation Eechanisro of flow reai.DG 3 is do!0inentlv diffusion

accoDmodated srain boudary slidins, scbnid et aL /3/' a neclEDisD vbich

is not expected to give rise to sny crystalloAraPhic preferred orientation.

The relatively I,lea,]! texiues of flov regiJ'Ie 3 csn be attributed to intra-

crystalline 61ip vhich is thouaht to contribute to the total strain as a

subordinated defornation nechmisn.

In f ig.  4c-f  a sequ€nce of  Solnhofen l iEesEone textures f ros sPeciDens
deforoed unde! identical conditions to different fiflite sttains is shom.
The deforEation condtions, 40ooc, strain tace 1o-5/sec, Place the experirent
in flolI regiEe 1, The patterD which develops is identicel to that described
previously for solnhofen liEestones deforDed in floq resiDes l and 2. rh€
sequence shows a s-teady iotensification of Ehe Patten with increasing finite
strain.  At  h igh f iDi te strains the concentrat ion c lose to the.e Plane
iroruL becomes Eore inEense Lhan the concentraE!

Fig. 4g-i shor's ih€ textures develoPed itr sPecinen8 nhich sere coled
paral le l  to the beddins and deforned unde! tdeDt ical  condi t ions to di f fe lent
strains.  The condi t ions tere such (400"C, EElair  rate IO " /sec) that  the
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delorDation occ$red in flow regiEe t. The lover strained sPecinen has e$

uonal,ous iexture. This {as probablv cause't bv the non-coaxial superinpo-

sition of the e)cperinentallv induced tertue on the ilePositional texture'

resDltins in a t;xture wbich is not axielfv sv@etric' The tel-tue in the

tvo hieher strained sPeciBens has the patt'ern tJ'pical of flow regines I' dd

2.

only 11.5t
the nev textual pattern ha6 been established once a strain of

h€.s been attaineil.

b) carrara nerble

The texture developeil in tvo carr&ra nuble sPecinens s.re shown in fig'

\j, k. Th€ larAe grain size of these slecinens has lade the 
'leterDailon

or'tr.. t"*t"t." itifficult anil the results less accurate than those for

Solnhofen linestone. However, the textues are ideDticaf in twe and ln-

tensiiry to those deternineat tv both optical dd loagnetic Eethods using the

se-de or s imi lar  spec'npns €nd descr ibed bv ovens snd- lu l ter  /6/ '  T\e.

specinens {ere defonoed under conilitions (l4OOoC, lo-)/sec stlaln raler glv-

ine a flov regine analoSous to flov regine I of Solnhofen liaestone' The

ch;racteristic patteln has a strong concentration close to the 9 prue

norr0al anal a weak concentration near the ! plane nornal' Thg concentratron

develops ext leeFly laPidly et  quj te snal l  strain '  Ovens di l  Butte!  /b/ '

Areas arounal the f anil r plane nonoals shov a reduction in concentration'

DISCUSSION

ifhe Carrda Darble teriue differs fron the Solnhofen tinestone tex_

tBes in that there is a single naxilnl]Id at or near I vhich consequentlv

is nuch stronaer than the conceniiration ne€'r I as otserved for the nore

conpfex SoLnhofen Lildestone textres for reeiees l an't 2' Since ve knov that

twinning is practicauv absent in the case of Solnhofen lioestone el'l

ab,rndd; in carrda rarble i !  is  tenpLins Lo explain the cdrara marble

te:'tur'e as priadilv caused bv the tvinbins activitv' This expfanatlon.ls

sDDDolted b;  the lesul  L shom in f ;8 '  I r , r ,  oblained fron a solnhofen l :ne-

stone speeirnen deforned ar 20oC vhere Lvinning js a Eaio!  defoma_ron

necnaniso in this rock as weu. Indeed' the textue pr:d:ce-d 
is 

relrarkablv

silriler to the Carrara nErtrle te)Ccures. Frsthemore' C'J' Spiers /f9l has

shom that AraiDs favourablv oriented for tvinning ale raPidlv noved

tolrards the region aroud 9, both hv external rotation caused bv g-tvinning

and re-orientation of the tvinned vdl1ff itsetf.

The ter-tures obsened in Solnhofen Lisestone are Eore difficult .to
explain at this stage. Fron earlier sorh 

' 
e'g' Goeize and l(ohfstedt 

,/18/ '
ve know Lhat 81:de on: and f  occus in calc iLe rocks'  Venl  et  af '  /L! /

have arsued re.t slip in pairs of r plenes {ould contribute sisnifics'ntlv

to the alevelopnent or * . tu*1n* l" tbe inverse pol€ fieures' .This 
coul-'l

nea tnat the_ e-Eaxinr:n otserveO ir1 Sofnhofen finestone defoned in regitdes

I ed 2 coufd G due to !-elide since no tvinnins is observed'

The ridse of hish concentrations runnins froE the g to.the ! plee

norDEI is difficu-lt to interFet vithout perfon0ing sophisticated-texture

sinuratine r'ork. G. Lister /21l' usinS ihe TavLo!-Blshop-Hlrr.anarvsl.s'

finils thaL a siEilar Lexlue is produced vhen r-gllde

1-giia. ."e a Dininu activitv bv 9-8ride is assuned' ltoYever' it is not
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*:T"51,::.T'":ilTil::.:try:::$: ulderrvins this sinulation nethod

, 
The re*-rure Lr€rsition inco regine 3 is ro be er?ecleit because Fralnboundary slidina rrlararicarry atters ,he *"".1^"t,, 

"- 
i,p.i"u";;";":i; ,"

]":J;;f"::T;"f"i";i:":f:::'of the type ot texr,ure .0""''.4 i' 
""gi'.

..,,"lill il,3;"j1,#:*;."1;;y 
texture data obtained fron sajrpres of

'0. 
p..."""" .i-p'i';;;;;tfilfr:-'::l-::i'to*" n€diun testi!; nachine.

con'i€tent than those n,""*'"u n",ll'"ff:Ti,;::f:J"il""::""i:;,i". *""
striburable to.a variabje desree or o"'lue" inu.oao"uj-r.i. ii""l"ii,,*" *
lili-ll "r: duins coorins snd orrroaains or rh. 

""ii; il;;;"ffi;- *"j?:1::."s fac:ors, rerar. ina ro cheir.Lechnique, 
"."u ","" ",r. i ,- i i i;i:Tilffi:"iHT5i:..{il"':; if:':.:::':1 or water.into tr'"'"p'"i". "r"".,_r.no*' "tut" or "ti;;;';',;#il:ilj: :"::$:l'lf l"*H""ji'1.:i;","_neal iu.b,  and ( i i i )  the hisher conf in j

our textules t" '  *" i '""- i  * i- i- ; i 'e 
p"""*" used in DosL or thei '  runs.

ruesione texrures round ry Kern /2;/:obeatible' 
hovever' eith the sofnhore!

coNctusloNs

The conclusioEs $hich nay be drai,l fron this ,ork are as foUovs:
r) Sornnoren lir€stone defo.ned u.nd€r conalitions favour.ing dislocatioacreep alevelops a djst incl ive texture !s,Lern.zi Solnhofen lidestone defomed ,L,]der conditionE favouring gra.iD boundary

iiifi:f i:Hi::: 
a veaker €nd .rirre.ent pattern 

"r,i"r, i" ,"iitla i" ii"-
3) The chenge fron one terture paI'rern to €lothe, occusrange of reDperelule ane srrain ra-re -
11. -.*" 

r:y terrure partern of flov.resihes I an.r 2 reptaces the pre_exrstrng latrern afLer aboll, Iot strah.

ii:::::il&':Tiii:f "i:Tii#ffi ;::..'ii:T":"#Htf":[H' tf $i.i".".AEestore deforneal ai the ssrae tenpe:

::**"j"f**"F";;'.;il:";"ti:'i:ili;", li"# iiii;,tl"ii'iii; ltjifft-
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