
:- STATIC DEFORbIATIOI? OF SILICA AND SILICb.TES '- 

~ e v i l l e  L. Carter 

53 Dept . of Geology and Geophysics, Yale University 

New Haven, Connecticut 

I 
ABSTRACT . 

s t h e  s t a t i c  duc t i l e  deformational processes i n  

na tura l ly  and experimentally deformed quar tz ,  o l i v ine ,  pyroxenes and 

as determined by many workers primarily i n  t h e  l a s t  decade. The or ien ta t ions  of 
J 

deformational lamellae i n  .experimentply deformed quartz vary with temperature, 

pressure and s t r a i n  r a t e  but,  a s  predicted by t h e  experiments, lamellae of only 

one or ien ta t ion  (subbasal I )  a r e  s imilar  i n  a l l  respects  t o  most natural  lamellae. 

The s l i p  systems i n  o l iv ine  change with increasing temperature and pressure and 

decreasing s t r a i n  r a t e  from. (100) , (110) [001] through {0k1} [ loo]  t o  (010) [ loo] .  
44 -1 A t  a natural  s t r a i n  r a t e  of  10 sec. t h e  {0k1}[100] system observed i n  most 

pe r ido t i t e s  should operate at temperatures above about 3 0 0 ' ~  at low (3-5 kb) 

pressures.  Orthopyroxenes i n  rock~bonunonl~ deform by kinking on t h e  system 

{100}[001] but t h i s  mechanism i s  obsdrvcd i n  experiments only a t  very high 

temperatures and low r a t e s ,  deformation under other  conditions being accompanied 

by a martensi t ic  inversion t o  clinopyroxene. The s l i p  vs.  transformation boundary 

is  strongly teiiperature and r a t e  as  well  a s  s t r e s s  dependent and the  transformation 

should not t ake  place i n  naturd a t  temperatures above about 500'~. Experimentally 

deformed clinopyroxenes twin on {001}[100] a t  t h e  lower temperatures and higher 

r a t e s  giving way a t  higher temperatures and lower r a t e s  t o  twin and t r ans l a t i on  

g l id ing  ( i n  opposite sense) on {100)[001] ; t h e  l a t t e r  mechanisms a re  dominant i n  

tec ton i tes .  P l a ~ i o c l a s e s  a r e  r a r e ly  deformed i n  t e c t o n i t e s  but experiments on 

those of various composition and s t ruc tu ra l  s t a t e s  have produced a l b i t e  and 
I 

pe r i c l i ne  twinning, {OlO) s l i p ,  and subbasal lamellae. 

The best  understood of t h e  recovery processes, polygonization, has been 

observed i n  both experimentally aria na tura l ly  deformed quartz,  o l iv ine  and 

ens t a t i t e .  Polygonization, leading t o  thd fo&ation of subgrains having s m a l l  

d i sor ien ta t  ions,  occurs by t h e  diffusion-controlled process of dis locat ion clirnb. 

Dry creep experiments on pe r ido t i t e  have shown t h e  polygon s i z e  i n  o l iv ine  t o  be 

dependent on s t r e s s .  The ana lys i s  leads  t o  an estimate of 1 kb s t r e s s  dif ference 

during polygonization of o l iv ine  i n  c e r t a i n  xenol i ths  although small concentrations 

of Ii20 might lower t h i s  estimate appreciably. 
I 



Syntectonic r e c r y s t a l l i z a t i o n  of a-quartz aggregates i n  axia1l.y sj.i,ij:~ielrlc 

experiments g ive  -- c ol a t  low temperatures and high r a t e s  changing continuousiy 

t o  small  c i r c l e  g i r d l e s  ( 2 $ O  t o  50') about o1 a t  t h e  higher t c m p e r a t ~ . ~ e s  end  lower 

r a t e s .  Crossed g i r d l e  f a b r i c s ,  s i m i l a r  t o  those  commonly observed i n  quartz 

t e c t o n i t e s ,  were produced i n  t h e  a - f i e l d  a t  high temperatures i n  experiments i n  

which t h e  s t r e s s  and s t r a i n  f i e l d s  were not a x i a l l y  symmetric. Quartz aggregates 

r e c r y s t a l l i z e d  i n  t h e  B-field develop composite - c 11 a + c l o  f a b r i c s ,  
1 - 1 

Ekperimental syntec tonic  r e c r y s t a l l i z a t i o n  of both o l i v i n e  and e n s t a t i t e  

aggregates g ives  - b 11 o with - a and - c g i r d l e s  i n  t h e  o2 = cr3 p lane ,  f a b r i c s  
1 

a l s o  common t o  n a t u r a l l y  deformed p e r i d o t i t e s .  However, i n  n a t u r a l  deformations 

i n  which o +a +a a (01)  probably develops p a r a l l e l  t o  o a s  may 2 (opxd in 1 2  3 ' -  
i 3 

I accord with p r e d i c t i o n s  of  t h e  e l a s t i c  anisot ropy hypothesis .  

The deformational  processes  induced by s t a t i c  and dynamic def orinat ion 
! 
i 
1 o f  s i l i c a  and s i l i c a t e s  a r e  compared b r i e f l y ;  t h e  processes opera t ive  i n  

1 t e c t o n i t e s  a r e  r e a d i l y  d i s t ingu i shed  from those  produced by shock deformation, 

I 



i INTRODUCTIOK 

Micros t ructures  and f a b r i c s  of s t a t i c a l l y  deformed rocks may provide 

important c lues  a s  t o  physica l  condi t ions  during deforination and t o  t h e  t c c t o n i c  

h i s t o r y  of  t h e  m a t e r i a l .  Many of  t h e  r e l evan t  d a t a  can be  obtained d i r e c t l y  by 
I o p t i c a l ,  x-ray and e l e c t r o n  microscope s t u d i e s  of  t h e  rock specimens themselves 

but  t h e s e  d a t a  must be evaluated wi th  r e fe rence  t o  con t ro l l ed  l abora to ry  ex2eri- 

ments. The purpose of t h i s  paper i s  tcs  summariz*e/the r e s u l t s  of r e l evan t  - 
deformation experiments on q u a r t z ,  o l i v i n e ,  pyroxenes and p lag ioc lase  and assess 

1 

i t h e  extent  t o  which processes opera t ive  i n  t h e  expcrirnents have a l s o  been active 

1 i n  n a t u r a l  deformations, Because of space l i m i t a t i o n s ,  I s h a l l  omit a d iscuss ion 
i 
B of  f r a c t u r e  of  t h e  m a t e r i a l s  and w i l l  t r e a t  on ly ,  i n  t u r n ,  t h e  processes of p l a s t i c  
i 
i deformation, recovery,  and r e c r y s t a l l i z a t i o n .  It i s ,  of course ,  e s senk ia i  t o  

d i s t i n g u i s h  between e f f e c t s  due t o  s t a t i c  and dynamic deformation i n  order  t o  

i n t e r p r e t  proper ly  t h e  d a t a  obta ined from s t u d i e s  o f  deformational  features i n  

rocks.  W i l e  both types  o f  deformation a r e  c l e a r l y  iqpor tan t  ,,' p a r t i c u l a r l y  in 

l u n a r  s t u d i e s ,  it i s  t h e  s t a t i c  deformation t h a t  w i l l  u l t i m a t e l y  provide infor- 

i mation concerning t h e  t e c t o n i c  h i s t o r y  and therma,]. evolut ion  o f  'ceri-cstrizL pl rac t ; ,  i 
Appreciable advances i n  t h e  understanding of  t h e  behavior of  t h e  sLrong 

, b r i t t l e  s i l i c a t e s  have been made i n  t h e  l a s t  decade mainly by David T ,  Griggs, 
I 

h i s  s tuden t s  and col leagues ,  and through t h e  advent of s o l i d  qedium high pressure  
I 
I 

1 
deformation appara tus  designed by Griggs and gas  apparatus designed by Criggs and 

Ii .  C .  Heard. Some progress  i n  determining t h e  deforrnational processes has come 

I from a p p l i c a t i o n s  o f  s tandard  methods of  s t r u c t u r a l  pe t ro logy but r e l a t i v e l y  new 
I o p t i c a l  techniques ,  such a s  those  by Turner e t  a 1  (1954),  C h r i s t i e  et al, , (19641, - ' -3 -- 4 

1 Raleigh (1965 ) and Car ter  and Ave 'Lallemant (1970) , have allowed sys tcmst ic  

determinations of t h e  p l a s t i c  deformat ion  mechanisms. Cer ta in  x-ray -i; ec h n i c p e s  , 
developed p r imar i ly  by m e t a l l u r g i s t s ,  have j u s t  r e c e n t l y  been adopted i n  s t ~ d i e s  

of subs t ruc tu re  ana f a b r i c s  of  t h e  deformed m a t e r i a l s .  The most important 

I con t r ibu t ion  has been t h e  adap ta t ion  of x-ray t e x t u r e  goniometry t o  d e t c r n i n s t i o c s  

I of  complete f a b r i c s  of  r e c r y s t a l l i z e d  s i l i c a  and s i l i c a t e  aggregates  by Baker et al,, 
I 

(1369) as bes t  exemplified i n  t h e  q u a n t i t a t i v e  s t u d i e s  of quar tz  preferred oriernta- 

t i o n s  by Green -- e t  a l .  (1970). Repl ica t ion  e l e c t r o n  microscopy was f i r s t  used iri 

t h e s e  m a t e r i a l s  t o  confirm t h e  hypothes i i  t h a t  b a s a l  deformation lamel lac  En 

experimental ly dcformed n a t u r a l  quar tz  were composed of a r r a y s  of edge d i s l o c z t i o n s  

( c h r i s t i e  - e t  -- a i .  , 1964 ) . However, more recent  t ransmiss ion e l e c t r o n  microscopy 



( h i c ~ a r e n  ef; a l . ,  1.967) of  t h e  specimens showed d i r e c t l y  t h a t  t h e  d is locaLions  -- 
were o f  a mixed t y p e  and t h a t  t h e y  were comxonly a s s o c i a t e d  wi th  m e c h a n i c d l y  

induced b a s a l  B r a z i l  twins .  The r o u t i n e  u s e  o f  t h e s e  new and powerful t o o l s  

i n  f u t u r e  s t u d i e s  of rock  deformation w i l l  c e r t a i n l y  l e a d  t o  changes o r  re- 

f inements  i n  de te rmina t ions  of :he de fonna t iona l  p roces ses  and t h e i r  dependences 

on t h e  p h y s i c a l  v a r i a b l e 4  'suwr,arized below. 

PLASTIC I)EFORI*WL"TON - 
Quartz 

For n e a r l y  h a l f  a  century  it has  been recognized  t h a t  qua r t z  defor~as  

r e a d i l y  i n  n a t u r e  as evidenced by t h e  widespread occurrence  o f  e x t i n c t i o n  bands 

corxnonly o r i e n t e d  s u b p a r a l l e l  t o  t h e  c-axi s and deformation l m e l l a e  gs n e r a l l y  
I - 
I 
, , incli.ned. a t  10' t o  30' t o  (0001) ( subbasa l  l a m e l l a e )  . The deformation lwne l l ae  

a r e  s u b p a r a l l e l ,  p l a n a r  o r  l e n t i c u l a r  f e a t u r e s  t h a t  a r e  asymmetrical and a r e  rfiore 
I 

i ev iden t  i n  phase c o n t r a s t  (F'ig . 1 ~ )  t h a n  i n  b r igh t - f  i e l d  i l lu rn ina t  i on  u n l e s s  ~ h c y  

con ta in  t h e  common minute brownish c a v i t i e s  o r  i n c l u s i o n s .  Experimental p l a s t i c  

deformation of  n a t u r a l  qua r t z  was f i r s t  achieved i n  t h e  e a r l y  1gGof s ( c a r t e r  ct a1 , , 
1961,  1964; C h r i s t i e  - e t  a1 ¶ 1964; C h r i s t i e  and Green, 1964; Griggs and Dl sc i c ,  

1964)  when it w a s  shown t h a t  q u a r t z  s l i p s  e s s i e s t  on t h e  (0001) plant p u ~ u l l e l  tb 

an  - a-axis  at temperatures t o  ca.  700°c, above which s l i p  on {10i0)  p a r a l l e l  t o  3, - 
a ,  o r  <c + a> dominates.  Basa l  deformation l a m e l l a e ,  similar i n  o p t i c a l  p r o p e r t i e s  - - 
t o  n a t u r a l  l a m e l l a e ,  were shown t o  be due t o  p h o t o e l a s t i c  e f f e c t s  produced by long  

range s t r e s s e s  from t r apped  mixed d e s l o c a t i o n  a r r a y s  ( c h r i s t i e  e t  a l . ,  -1961,; -- 
McLaren - e t  -- a l . ,  1967) .  Bending of  t h e  c r y s t a l  s t r u c t u r e  from inhomogeneous s l i p  

on (0001) gave r i s e  t o  e x t i n c t i o n  bands s u b p a r a l l e l  t o  5, s i m i l a r  t o  t h o s e  i n  

n a t u r a l l y  deformed qua r t z .  Recent ly ,  experiments on s y n t h e t i c  q u a r t z  c r y s t a l  s 

of  va ry ing  011 and impur i ty  con ten t s  have shown t h a t  t h e  q u a r t z  f lows  r e n d i l j  a t  

r e l a t i v e l y  low s t r e s s e s  and tempera tures  i n  t h e  presence  o f  s m a l l  but  c r i 5 i c s i  OH 

concen t r a t  i ons  ( ~ r i . g g s  and B lac i c  , 1965 ; Griggs , 1967 ; McLaren and Retchf o rd  , 
1969; Bak'ta. and A-shbee, 1969a , b ,  1970a ,b) .  

Subbasal  l a m e l l a e ,  i d e n t i c a l  i n  bo th  o p t i c a l  p r o p e r t i e s  and c r y s t s i l o -  

g raph ic  o r i e n t a t i o n  t o  most n a t u r a l  l ame l l ae  (F ig .  ~ B , c )  were f i r s t  produced i n  

experiments by Seard (1962) and i n  more ex tens ive  r e c e n t  experiments  (11eard asid 

C a r t e r ,  1968;  C h r i s t i e  - e t  -. a 1  3 1968; AvelLallemant and C a r t e r ,  1971) .  The ihme l l ae  

o r i e n t a t i o n s ,  a s  f u n c t i o n s  o f  p r e s s u r e  and tempera ture ,  a r e  shown i n  FI-gure 2 and 

synopt ic  his tograms showing t h e  b a s i s  f o r  d i v i s i o n  i n t o  t h e  v a r i o u s  s u b f i e l i , ~  a r c  

g iven  i n  F igure  3 ( ~ v e ~ ~ a l l e m a n t  and C a r t e r ,  1971) .  Five f i e l d s  of  l m e l l a e  

o r i e n t a t i o n s  have been recognized and t h e  boundaries  of  t h e s e  f i e l d s  are r a t p e r  



s t rong ly  dcpeildcnt on pressure, temperature and s t r a i n  r a t e :  (1) basal - a, very 

l a r g e  percentage of t h e  lamel lae  a r e  i n c l i n e d  a t  l e s s  than 6' t o  (0001); ( 2 )  p r l s -  

n a t i c  - many lamel lae  a r e  a l igned a t  wi th in  l o 0  of t h e  - c-axis with a subsnaximwn:~ a t  

0' t o  15' t o  (0001}; (3)  subbasal  I1 - a maximum a t  5' t o  l o 0  t o  (0001) wizh a 

su70maximnum near ly  p a r a l l e l  t o  - c;  ( 4 )  subbasal  I - a maximum between 10' and 30' 

with a submaximum near ly  p a r a l l e l  t o  the-pr ism;  and ( 5 )  r e l a t i v e l y  nonselec-cive - 
t h e  lamel lae  form a t  a l l  or ienta , t ions .  There a r e  gradat ions  between some of these  

f i e l d s ,  e s p e c i a l l y  t h e  prismatic-subbasal  I1 f ie lds ,and t h e  " r e l a t i v e l y  nom-selec"civefi 

f i e l d  (no t  shown) overlaps t h e  subbasal  I and I1 and pr ismat ic  f i e l d s ,  A compariscn 

of these  histograms wi th  t h a t  f o r  n a t u r a l  lamel lae  (Fig .  3F) shows thaz  only  t h e  

non-rat ional  lamel lae  of subbasal  I o r i e n t a t i o n  a r e  commonly produced by t e c t o n i c  
* 

deformations. 

Figure 4 shows t h e  r e l a t i v e  o r i e n t a t i o n s  of var ious  subfabr ic  elements i n  

specimens containing subbasal  I lamel lae  produced experimentally ( A ,  B, C) and 

n a t u r a l l y  (D, E ,  F; Car ter  and Raleigh, 1969) .  I n  t h e  experimental ly deformed 

specimen t h e  lamel lae  form a t  angles near bu t  most commonly l e s s  than 45' t o  0 l 
(N-s arrows).  The - c axes i n  t h e  more h igh ly  deformed (more profuse l a q e l l a e )  parts 

of ind iv idua l  g ra ins  ( ~ i g .  4 ~ )  l i e  c l o s e r  t o  o t h e  maximum p r i n c i p a l  e o m ~ r e s s i v e  1 ' 
s t r e s s ,  than those  i n  l e s s  deformed p a r t s  (open c i r c l e s )  and poles  t o  Lamellae 

( p o i n t s  of arrows, Fig.  4 ~ )  l i e  nearer  a than do t h e  c-axes (ends of arrows) . 
3 - 

Similar  r e l a t i v e  o r i e n t a t i o n s  of  t h e  subfabr ic  elements a r e  evident  f o r  t h e  n a t u r a l  

t e c t o n i t e  ( ~ i g .  4 ~ ,  E ,  F)  l ead ing  t o  t h e  i n t e r p r e t a t i o n  of o r i e n t a t i o n s  of p r i n c i p a l  

s t r e s s e s  shown ( s o l i d  one percent  c i r c l e s )  which a r e  confirmed by ana lys i s  of  c a l c i t e  

twins (dashed one percent  c i r c l e s ;  Car ter  and Friedman, 1965) .  Thus, subbasal 1 

lamel lae  produced i n  t h e  experiments a r e  v i r t u a l l y  i d e n t i c a l  t o  those  observed i n  

s t a t i c a l l y  deformed quartz-bearing rocks .  

I n  Figure 5 t h e  r e s u l t s  of Heard and Car ter  (1968; T-E: space) and 

AveVLallernant and Car te r  (1971; T-P space) a r e  combined i n t o  a three-dirnensio1:al 

diagram along with a poss ib le  con t inen ta l  geothermal g rad ien t  (Clark and Ringwood, 
-14 1964).  A t  a  r epresen ta t ive  geological  s t r a i n  r a t e  of 1 0  / s e e . ,  subSasal 1 

lamel lae  should develop under most c r u s t a l  condi t ions ,  as observed. Basal defor-  

mation lamel lae  seem t o  be common only t o  quertz-bearing rocks shocked t o  high 

pressures  by meteor i te  o r  comet impact ( c a r t e r ,  1968) .  The n a t u r a l  counterparts  

of t h e  remaining o r i e n t a t i o n s  produced experimental ly have not  y e t  been discovered 

i n  t e c t o n i t e s .  

The o r i g i n  of t h e s e  non-rat ional  subbasal  lamel lae  i s  s t i l l  unknown an2 

t h e  s o l u t i o n  w i l l  r e q u i r e  extens ive  s t u d i e s  employing t ransmiss ion e l e c t r o n  micro- 

scopy. They may o r i g i n a t e  by i n t e r a c t i o n s  of b a s a l  and pr ismat ic  d i s l o e a t  ions ;i.l-i;'; 



1 ,  1 ' d  s l  a i l  ( I  -- L I . 6 )  1 1  u l  I i i  ! I j j J ) 

deformation twins o r  impurity concentra t ionj  ( ~ v e  'Lallemant and Car te r ,  1971) and/or 

they may o r i g i n a t e  by d i s l o c a t i o n  climb o r  c ross - s l ip  ( C h r i s t i e  -- e t  a l . ,  1968) 

1 

i Olivine 

i Deformation of o l i v i n e  has been t h e  sub jec t  of recent  in tens ive  study because 
i 

1 of t h e  expected dominance of t h i s  minera l  i n  t h e  upper mantle and because of t h e  l i k e l i -  
4 
I 
I hood t h a t  flow i n  t h e  hot  upper mantle i s  p r imar i ly  responsible  f o r  t h e  changing 

p o s i t i o n s  of cont inents  and t h e i r  f i r s t - o r d e r  s t r u c t u r e s .  Kink bands, such as  those  

shown i n  Figure I D ,  have been recognized a s  i n d i c a t o r s  of p l a s t i c  deformazion f o r  

some time ( e . g . ,  Turner, 1942). More r e c e n t l y ,  Raleigh (1968) and Raleigh and Kirby 

(1970) have shown t h a t  most n a t u r a l l y  produced kink bands i n  o l i v i n e  o r i g i n a ~ e  by 

t r a n s l a t i o n  g l i d i n g  p a r a l l e l  t o  t h e  [ loo]  a x i s  i n  nea r ly  any plane ir> t h e  C ~ k l j z o n e  

(Fig .  6 ) .  That i s ,  t h e  s l i p  system T ( s l i p  p lane)  = { ~ k l } a n d  t ( s l i p  d i r e c t i o n )  = 

[ loo]  ( h e r e a f t e r  r e f e r r e d  t o  a s  {hkl)[uvw] i s  ind ica ted  by r o t a t i o n s  of t h e  c r y s t a l  

s t r u c t u r e  during inhomogeneous s l i p  ( s e e  e .  g . ,  Turner -- e t  a l . ,  1954 ; Raleigh,  1968) 

Griggs -- e t  a l .  (1960) f i r s t  deformed o l i v i n e  experimentally but  most of the 

work on p l a s t i c  deformation of o l i v i n e  has been accomplished by Raleigh (1963, 1965, 

1967, 1968) ,  Raleigh and Kirby (1970) and Car ter  and Ave1Lal1emant (1970).  in the 

recent  experiments, deformation lamel lae  ( ~ i g .  l ~ ) ,  i d e n t i c a l  t o  those  profuced En 

quar tz ,  form below about 1000°C and a r e  p a r a l l e l  t o  t h e  a c t i v e  s l i p  p l a n e ? ( ~ a l a i g h ,  

1968 1. A t  temperatures above 1000°C, a t  a s t r a i n  r a t e  of about 1 0 - ~ / s c c . ,  these  

lamel lae  a r e  no longer present  presumably because thermal a g i t a t i o n  i s  s-uffleic-2% 

t o  allow t h e  d i s l o c a t i o n s  t o  climb ( s e e  s e c t i o n  on polygonizat ion) .  Pnotoelas t lc  

lamel lae  a r e  a l s o  very r a r e  i n  t e c t o n i t e s  because t h e  long t imes a v a i l & ~ l e  f o r  t h e  

climb process does not  n e c e s s i t a t e  t h e  high temperatures required  i n  t h e  Laboratory. 

A r t i f i k a l  lamel lae  were, however, produced i n  t h e  high temperature experinents  by 

allowing metal  p a r t i c l e s ,  induced along g r a i n  boundaries before  t h e  exper laents ,  

t o  d i f f u s e  along d i s l o c a t i o n  l i n e s  during t h e  experiments (Car te r  an6 AvePLsllenant ,  

1970) thus  producing a l igned planes of opaque p a r t i c l e s  p a r a l l e l  t o  Lhe s: i p  plane 

(F ig .  1 ~ ) .  The presence of lamel lae  i n  o l i v i n e  allows a more p rec i se  means of 

determining t h e  o r i e n t a t i o n s  of t h e  s l i p  systems a s  funct ions  of t h e  physica l  

v a r i a b l e s  than does t h e  measurement of r o t a t i o n s  alone.  

The s l i p  systems i n  experimental ly deformed o l i v i n e  determined i n  t h e  

manner described above, a s  funct ions  of temperature and s t r a i n  r a t e ,  are s h o w  En 

Figure 7' (Car te r  and Ave 'Lallemant , 1970) . The system-qbhange with incl-easi n- 

temperature and decreasing s t r a i n  r a t e  from {110) [001] through {31il) [lo01 t o  

(010) [ loo]  , t h e  f i r s t  two of t h e s e  confirming t h e  e a r l i e r  r e s u l t s  oJ" 3a le  igh !.1968). 
i 

The important ( 0 % ~  )[100] system t h a t  predominates i n  n a t u r a l  deformatlon;:?ds been 

6 
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l ikened by Raleigh t o  a p e n c i l  g l i d e  mechanism i n  which t h e  plane i n  the [?.00] 

zone having t h e  h ighes t  shearing s t r e s s  becomes t h e  a c t i v e  s l i p  p lane ,  

The boundaries of t h e  s l i p  f i e l d s ,  i n  add i t ion  t o  being dependent on 

temperature and s t r a i n  r a t e ,  appear a l s o  t o  be dependent on pressure .  (Car te r  

and Ave ' l a l l & a n t ,  1970) but  i n  a much more systematic way than f o r  q u a r d ~ z ,  

The synoptic diagram i n  Figure 8 shows t h e  p r e s s u e  dependence, determined 

experimentally t o  20 kb, a s  we l l  a s  temperature and s t r a i n  r a t e  dependence, 

ext rapola ted  t o  h igher  pressures  and lower r a t e s .  Included on t h e  dlagraR i s  

' a  poss ib le  oceanic geotherm  lark and Ringwood, 1964).  A t  a representsc ive  
-14 

geological  s t r a i n  r a t e  of about 1 0  /see.  and at  low pressures  (3-5 kb), { ~ l r l ]  

[ loo]  s l i p  should t a k e  p lace  a t  temperatures above about 300°C and (010) [100] 

s l i p  above about 500°C. These temperatures decrease with increas ing pre'ssrire 

- but  because of t h e  r a p i d  increase  i n  temperature along t h e  geotherm, processes 

involving d i f f u s i o n ,  such as polygonization and r e c r y s t a l l i z a t i o n ,  probably 

predominate a t  g r e a t e r  depths. 

Pyroxene 

Orthopyroxene 

Orthopyroxene i n  t e c t o n i t e s  commonly has deformed by kinking (Kg. 9 ~ )  

due t o  inhomogeneous s l i p  on t h e  system (100) [001]. However, i n  many defornat i  on 

experiments on e n s t a t i t e  over a pressure  range of 5 t o  40 kb,  temperatures from 

27O t o  1000°C, t h e  orthopyroxene i n  deformed zones has transformed t o  clinopyroxene 

( ~ r i g ~ s  -- e t  a l . ,  1960; Turner - e t  -. a 1  3 1960; Borg and Handin, 1966; Riecker and Rooney, 

1967; Raleigh, 1965, 1967) .  These s t u d i e s  have shown t h a t  t h e  transformation i s  

s e n s i t i v e  t o  shearing s t r e s s e s .  The or thoensta t i te -c l inoens- i ia t i te  invers io r  

r e q u i r e s  a shear through 13.3 o r  18.8' p a r a l l e l  t o  [001] i n  t h e  {100} p l ane ;  

t h e  t ransfo-mat ion i s  near ly  d i sp lac ive  with l i t t l e  o r  no volume change and 

involves breaking only ha l f  of t h e  Mg-0 bonds and none of t h e  Si-0 bonds (@oe ,  " 
1970) .  For t h i s  reason,  a s  pointed out  by Raleigh e t  a l .  (1971) t h e  t r a i - i~ fo r :> ia i i~n  -- 
should have a l o v  energy of a c t i v a t i o n  a s  compared with t r a n s l a t i o n  GI- iding on  

{100}[001] i n  whicli t h e  atomic b a r r i e r s  Yo s l i p  a r e  surmounted by means of Lh~1ma l  

a g i t a t i o n .  Tlicrcfore, t h e  t rans]-a t ion glidiri:: process should be t h a t  fsvor*cu aL 

t h e  higher temperatures and lower r a t e s  of deformation. 

Although commonly produced i n  t h e  deformation experiments, t h e  t r ans -  

f ormatior: orthoenstatite-clinoenstat i t e  i s  extremely r a r e  i n  n a t u r a l l y  def orired 

rocks;  it has been we l l  documented only i n  a mylonite from A u s t r a l i a  ( i i ' ro~i~sdorf  

and Ilenk, 1968) .  I n  an attempt t o  resolve  t h i s  enigma, Raleigh c t  a l .  (1971) -- 
c a r r i e d  out a s e r i e s  of experiments on pyroxenite and Lherzo l i t e  a t  temperzturcs 

ranging from 800' t o  1450°c, pressures  from 5 t o  20 kb, and s t r a i n  r a t e s  frox abol:: 

7 
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- 1. lo-* t o  I - o - ~  s e c .  . TI& r e s u l t s  (rig. 1 0 )  i n d i c a t e  t h a t  a t  a eivcl i  s t r a i n  r a t e  

t h e r e  i s  a c r i t i c a l  t empera ture  above which t h e  e n s t a t i t e  s l i p s  inste2.d of  

transforr1ii:ig and t h a t  t h e  boundary between t h e  t v o  p roces ses  i s  s t r o n g l y  

dependent on bo th  tempera;l;ure and s t r a i n  r a t e .  A s  p r e d i c t e d ,  t h e  apparent 

a c t i v a t i o n  e n e r g i e s  f o r  t h e  t r ans fo rma t ion  and s l i p  p roces ses ,  determined by a 

tempera ture  d i f f e r e n t i a l  c r e e p  method, were about  1 0  and 70 kcal /mole,  

r e s p e c t i v e l y  ( ~ a l e i g h  - e t  -- a l .  , 1971) .  

I n  a d d i t i o n  t o  t h e  s t r o n g  tempera ture  and s t r a i n  r a t e  dependence ~ i f  

t h e  t r a n s f o r m a t i o n ,  it a l s o  appears  t o  be dependent on s t r e s s ,  a s  observed by 

e a r l i e r  workers.  When t h e  s t r e s s  dependence and a c t i v a t i o n  e n e r g i e s  f o r  bo th  

t h e  s l i p  and t r ans fo rma t ion  p roces ses  a r e  deterrfiined ( ~ a l e i g h  -- e t  al. , 1:9?1) , it 
i s  p o s s i b l e  t o  p r e d i c t  t h e  boundary i n  s t r e s s ,  s t r a i n  r a t e ,  and tempera ture  

space.  The p r e d i c t e d  boundary (dashed l i n e  i n  F igu re  ll), when p r o j e c t e d  on to  

t h e  s t r a i n  rat e- t  expe ra tu re  su r f ace  a g r e e s  ~ r e l l ,  w i t h  t h e  experimental. ly 

determined boundary between t h e  s l i p  and t r ans fo rma t ion  f i e l d s .  Both t h e  pre- 

d i c t e d  and exper imenta l ly  determined boundaries  a r e  e x t r a p o l a t e d ,  i n  F igure  

11, t o  t h e  lower r a t e s  expected of  n a t u r a l  deformations;  t h e  boundarres  a r e  

curved and become asymptot ic  t o  t h e  -!Log a x i s  a t  low t empera tu re s ,  a n  expected 

r e s u l t  f o r  competing r a t e  p roces ses  ( ~ a l e i ~ h  -- e t  a l .  , 1 9 7 1 ) .  The e x t r a p o l a t i o n  

i n d i c a t e s  t h a t  e n s t a t i t e  deformed i n  t e c t o n i t e s  should s l i p  r a t h e r  t h a n  t ransform 

at  tempera tures  above about  500°c. The t r ans fo rma t ion  observed i n  t h e  n y l a n i t e  

f r o a  A u s t r a l i a  might w e l l  be a t t r i b u t e d  t o  h igh  s t r a i n  r a t e s  and/or  s t r e s s e s  and 

it i s  suggested ( ~ a l e i g h  -- e t  a l . ,  1971) t h a t  c l i n o e n s t a t i t e  may have no t r u e  

s t a b i l i t y  f i e l d .  

Clinopyroxene - 
Clinopyroxeneskn t e c t o n i t e s  have comaonly deformed by mechaxliezl 

twinning and t h e y  a r e  commonly kinked i n  zones n e a r l y  normal t o  [001] .  The 

twin-g l ide  system g e n e r a l l y  observed i s  {100)[001] bu t  minor twinning on i O O l ) i ~ 0 ~ ]  

sometimes accompanies t h e  dominant system ( ~ i g .  1 2 ) .  Griggs -- e t  a l .  (:1960) f i r s t  

deformed d iops ide  exper imenta l ly  a t  5 kb .r;nd 500°C and foulid evidence f o r  ti,rin-- 

g l i d i n g  on (001) [ l o o ]  as w e l l  as t r a n s l a t i o n  g l i d i n g  on (100)  [001] .  In more 

ex tens ive  experiments  on diopsj.de, Raleigh and Talbot  (1967) found t h a t  twins on 

C001) were dominant a t  t h e  lower tempera tures  and h ighe r  s t r a i n  r a t e s  and t ha t  

t h e s e  gave tray t o  (100)  tw ins  and t r a n s l a t i o n  g l i d i n g  ( s h e a r  i n  t h e  sense  o g p o s i t e  

t o  twinning)  a t  t h e  h igher  t empera tu re s  and lower r a t e s .  The tempers-Lul-e vs, 

s t r a i n  r a t e  f i e l d s  of  t h e  v a r i o u s  deformation mechanisms of t h e  cl inopyroxenes have 

not  been adequate ly  d e l i n e a t e d  by experiments t o  d a t e .  



Plap ioc l a se  --2 

P l a g i o c l a s e s  i n  t e c t o n i c a l l y  deformed r o c k s  on ly  r a r e l y  c o n t a i n  s t r u c t u r e s  

t h a t  can be a t t r i b u t e d  unequivoca l ly  t o  mechanical deformation.  S e i f e r t  (19651 

found k ink  bands o r i e n t e d  normal t o  {010) i n  natural- ly  def orrned p l a g i o c l a s e  

( ~ i g .  9 ~ )  and deduced t h a t  t h e  kinking o r i g i n a t e d  3y  t r ans l . a t i on  g l i d i n g  parallel 

t o  (010) .  Mugge and Iieide (1931) , and l a t e r  S ta rkey  and Brown (1964) , produced 

mechanical a l b i t e  and p e r i c l i n e  tw ins  i n  a n o r t h i t e  exper imenta l ly  a l though i n  

t h e  l a t t e r  s t u d y ,  most o f  t h e  tw ins  disappeared upo? removal of t h e  load  ("c1asz;ic 

tw ins" ) .  Laves (1952) a l s o  produced " e l a s t i c  twins"  by i n d e n t a t i o n  of  h igh  albite, 

h r g  and Handin (1966) were t h e  f i r s t  t o  induce permanent a l b i t e  tw ins  i n  

l a b r a d o r i t e ,  a t  5 kb conf in ing  p re s su re  and 500°C!. I n  one c r y s t a l ,  m e ~ b a n E e a l l y  

induced t ~ r i n n i n g  w a s  r e s t r i c t e d  t o  a narrow zone and t h e  r e s u l t i n g  e x t e r n a l  

r o t a t i o n  gave r i s e  t o  a well-defined k ink  band. 

I n  more r e c e n t  experiments a t  5 t o  1 0  kb conf in ing  p r e s s u r e  and 25'6 t o  

8 0 0 ~ ~  on p l a g i o c l a s e s  of  v a r i o u s  compositions and s t r u c t u r a l  s t a t e s ,  Borg end 

Heard ( 1970) have produced tv in -g l id ing  , t r a n s l a t i o n  g l i d i n g  on { 010) and subbasa i  

deformation l ame l l ae .  Both a l b i t e  and pe r i c l - i ne  twinning  were produced I n  

p l a g i o c l a s e  of  t h e  composition range An 30-An95 (except  An ) a t  8 0 0 ~ ~  and iC kb; 4 11 
i n  p a r t s  o f  c r y s t a l s  where one twin  l a w  had opera ted  exclusively, kinking a?.so 

occurred .  S l i p  on i010)  was produced i n  low a l b i t e  a t  800°c and i n  p e r i s t e r i t e  

(Anl3) under a v a r i e t y  of  cond i t i ons .  These c r y s t a l s  were n o t  f avo rab ly  o r i e n t e d  

f o r  a l b i t e  twinning and s l i p  appears  t o  have occurred  on (010)  i n  t h e  same Gireetion 

but  oppos i t e  sense t o  t h a t  r e q u i r e d  f o r  a l b i t e  twinning.  I r r a t i o n a l  subbasa l  

deformation l a m e l l a e ,  s i m i l a  t o  t h o s e  i n  q u a r t z ,  were produced i n  p l anes  o: high 

shea r ing  s t r e s s  at 7 0 0 - 8 0 0 ~ ~  a t  1 0  kb i n  experiments on c r y s t a l s  of composition 

An An44 and An 
37 ' 77 ' 

The y i e l d  s t r e n g t h s  of  t h e  s i n g l e  c r y s t a l s  o r i e n t e d  f o r  twinning are  

q u i t e  h igh ,  about 2 kb at 8 0 0 ° ~ ,  w i th  t h e  s t r e n g t h s  of  p o l y c r y s t a l l i n e  aggl ezates 

being up  t o  t h r e e  t imes  g r e a t e r  ( ~ o r g  and Heard, 1970;  s e e  a l s o  S e i f  e r t  , 1963) .  

This  may account  f o r  t h e  r a r i t y  of  deformation i n  p l a g i o c l a s e  of tectooizitcs al-Chougi? 

some of t h e  a l b i t e  and p e r i c l i n e  tw ins  commonly observed cannot  be excL-iided as 

deformation tw ins .  I-Iowever , t h e r e  e x i s t s  no d e f i n i t i v e  way of  distinguish in^ 

growth tw ins  from deformation t w i n s ,  and it appears  t h a t  evidence f o r  d c f o m a t i o n  

of  p l a g i o c l a s e  ( o r  l a c k  o f  i t )  w i l l  shed l i t t l e  l i g h t  on t h e  t e c t o n i c  'n-isdory or 

n a t u r a l l y  deformed p lag ioc lase-bear ing  rocks .  



R X C O V r n Y  --- 
The p l a s t i c  deformation p roces ses  desc r ibed  above, o p e r a t i n g  alone, 

g e n e r a l l y  l e a d  t o  work-hardening; t h a t  i s ,  t h e  s t r e s s  r equ i r ed  t o  produce s l i p  

and twinning i n c r e a s e s  wi th  inc reas ing  s t r a i n .  Th i s  i s  mainly because o f :  ( a )  

d i s l o c a t i o n  i n t e r a c t i o n s  and i n t e r f e r e n c e  of  s l i p  d i s l o c a t i o n s  moving on d i f f e r e n t  

s l i p  s y s t a n s  ( e s p e c i a l l y  i n t e r s e c t i n g  screw d i s l o c a t i o n s ) ;  ( b )  o b s t a c i e s  Lo s l i p  

such as impur i ty  atoms, g l i d e  polygon boundar ies ,  and g r a i n  and subgra in  boundar ies ;  

and ( c )  inhomogeneous s l i p  g iv ing  r i s e  t o  e x t i n c t i c y  bands. I%!ork-hardenii~g cac 

b e  removed and s t e a d y  s t a t e  f low (cons t an t  s t r e s s  and cons t an t  s t r a i n  r a t e )  achieved 

by t h e  p roces s  of - s e l f  - d i f f u s i o n ,  which 2 s  prornoted by h igh  t ernperatures andlo? 

low s t r a i n  r a t e s .  That i s ,  s t eady  s t a t e  f low i s  achieved under  conditions at 

which t h e  r a t e  of work-hardening i s  equal  t o  t h e  r a t e  of recovery .  Because of  t h e  

v e r y  long  r e l a x a t i o n  t ime7&vai lab le  i n  n a t u r a l  deformat ions ,  it is  expected t h a t  

such s t eady  s t a t e  f low p r e v a i l s .  

One way i n  which c r y s t a l s  and aggrega tes  can  s o f t e n  and deform by steady 

, s t a t e  f low i s  by t h e  p roces s  of r e c r y s t a l l i z a t i o n ,  which w i l l  b e  d i s c - ~ s s e d  i n  a 

subsequeni; s e c t i o n .  Hotrever, it i s  observed t h a t ,  a t  ternperatures  lower i h a n  

t h o s e  r e q u i r e d  f o r  r e c r y s t a l l i z a t i o n ,  c r y s t a l s  and aggrega te s  can  s o f t  en by one 

o r  s e v e r a l  p roces ses  c o l l e c t i v e l y  termed recovery ,  Most of  t h e s e  processes a - e  

poor ly  understood bu t  t h e y  must involve  r educ t ions  of  i n t e r n a l  s t r e s s e s  genera ted  

by i n t e r a c t i o n s  and i n t e r s e c t i o n s  o f  d i s l o c a t i o n s  and t h e i r  p i le -up  a t  b a r r i e r s ,  

A t  high t empera tu re s ,  g r a i n  boundaries  can  mig ra t e  and d i s l o c a t i o n  1002s cnn 

c o n t r a c t  and d isappear .  Edge d i s l o c a t i o n s  may cl imb,  meet d i s l o c a t i o n s  of o p p o s i t e  

s i g n  and a n n i h i l a t e ,  o r  t hey  may r e a r r a n g e  i n t o  more s t a b l e ,  lower energy 

c o n f i g u r a t i o n s .  

The bcsl; undcrs1;ood recovcry process  i.s t h a t  of pol.yy;onizn.tinn ( ~ ~ : ? i x ? ,  

1951)  which has been w e l l  documented i n  such d i v e r s e  materials as rne ta i s ,  cei-iiraics, 

marble  ( ~ ~ e a r d ,  1958) and h a l i t e  ( e .g .  h i e l i n c h ,  1954; Ca r t e r  and Heard, l9'!O), 

Edge d i s l o c a t i o n s  .of one s i g n  a r e  c r e a t e d  by bending t h e  c r y s t a l  s t r u c t u r e  { i ~ i ~ ,  134)- 

A t  s u f f i c i e n t l y  h igh  tempera tures  o r  low s t r a i n  r a t e s ,  t h e  d i s l o c a t i o n  l i c e s  nay 

absorb o r  emit atomic vacanc ie s  by d i f f u s i o n  and cl imb v e r t i c a l l y  o u t  of their 

s l i p  p lanes .  The d i s l o c a t i o n s  may t h e n  r ea r r ange  i n t o  walls t h a t  s e p ~ ~ r a t e  

v i r t u a l l y  s t r a i n  f r e e  domains having smal l  d i s o r i e n t a t i o n s  ( ~ i g .  1 3 ~  ,DJ , na rked ly  

reducing  t h e  s t r a i n  energy of  t h e  c r y s t a l .  For s l i p  on  a s i n g l e  syster? ,  t h e  

polygon boundaries  a r e  n e a r l y  normal t o  t h e  s l i p  v e c t o r ,  bu t  f o r  m u l t i p l e  s l . i g ,  

i n t e r a c t i o n s  between d i s l o c a t i o n  w a l l s  may l e a d  t o  more i r r e g u l a r  o r i e n t a t i o n s  

of  t h e  boundaries  ( ~ i ~ .  1 3 C ;  1melinckx and Strwnane, 1960) .  Th i s  diffusio- . - -  

c o n t r o l l e d  p roces s  may occur  dur ing  annea l ing  o r  it may t a k e  p l a c e  dur:-ng szrezdy 



s t a t e  creep.  

Polygonization has r e c e n t l y  been found i n  experimental ly def'omed 

quar tz  (~io'obs , 1960; Green ...- e t  -- a l .  , 1970) , o l i v i n e  ( ~ a l e i g h  and Kirby, 1970; Carter 

and Ave 'Itallernant, 1970) and e n s t a t i t e  ( ~ a l e i g h  -- e t  a l .  , 19'71) and sirtlilar 

s t r u c t u r e s  a r e  common i n  natul-al ly defonqed coun te rpa r t s .  Particul_ar?.y s - i r j k ing  

e x ~ m p l e s  of polygonizat ion i n  experimental ly and n a t u r a l l y  deformed o l i v i n e  hzve 

been i l l u s t r a t e d  by Raleigh and Kirby (1970).  The polygonal s t r u c t u r e  i s  ~ r e i l -  

developed i n  o l i v i n e  i n  a  x e n o l i t h  from Lunar Cra te r ,  Nevada ( ~ i g .  1 4 ~ )  ;.nd i n  

o l i v i n e  i n  a l h e r z o l i t e  deformed a t  a  cons tant  s t r e s s  of  9.5 kb a t  1276'~ a n d  a 
- 4 

s t r a i n  r a t e  of  1 0  / see .  ( ~ i g .  1 4 ~ ) .  The subgrains i n  both  specimens tend t o  S c  

rec tangular  t r i th  t h e  boundaries approximately p a r a l l e l  t o  (100) and (001). The 

d i s o r i e n t z t i o n s  ac ross  t h e  boundaries a r e  genera l iy  l e s s  t h a n  5' a s  i s  the case  

f o r  polygonizat ion i n  experimental ly deformed quar tz  ( ~ o b b s  , 1368) .  

Creep experiments on meta ls  and a l k a l i  h a l i d e s  have shown t h a k ,  i n  general., 

t h e  s i z e  of subgrains v a r i e s  inve r se ly  wi th  s t r e s s  ( e .g .  Sherby and Burke, 1968; 

bTeertman, 1966, 1970) .  A s i m i l a r  tendency has been observed by Raleigh and Kirby 

(1970) f o r  o l i v i n e  i n  l h e r z o l i t e  deformed a t  cons tant  s t r e s s  d i f f e rences  of 9,5 

and 4.6 kb. The average dimensions of t h e  subgra ins ,  measured p a r a l l e l  co % L O O )  

and ( o G ~ ) ,  were p l o t t e d  on a log-log L v s .  p/o diagram (Fig .  1 5 )  i n  accord -crith 

t h e  e i ip i r i ca l  r e l a t i o n  L = Lo ~ / o  found f o r  o the r  m a t e r i a l s  ( ~ e e r t m a n ,  1968, 1970) 

where Lo i s  a cons tant  and p i s  t h e  shear  modulus. Also p l o t t e d  on t h e  p u a l l e l  

l i n e s  drawn through t h e  experimental ly determined p o i n t s  a r e  t h e  average d ixens ians  

o f  (100) and (001) o f  t h e  l a rge r  subgra ins  i n  o l i v i n e  i n  t h e  x e n o l i t h s  f r o m  Lunar 

Crater  and iiawaiian b a s a l t s  ( ~ i g .  1 5 ) .  The a n a l y s i s  l e a d s  t o  an es t imate  of abor,.e 

1 kb d i f f e r e n t i a l  s t r e s s  during polygonizat iqn of t h e  n a t u r a l l y  deformed o l i v i n e .  

This  e s t ima te  seems high i n  view of r ecen t  r e s u l t s  from experimental s teady s t a t e  

deformation of o l i v i n e  ( ~ a l e i g h  and Kirby, 1-970; Car ter  and AvefLal lenaat ,  1970)- 

However, t h e  creep experiments were conducted dry and small  amounts of f120, such a s  

reasonably occur i n  t h e  upper mantle,  should lower t h e  experiment81 s t r e s s  f o r  a 

given polygon s i z e  and l e a d  t o  lower e s t i n a t e s  o f  t h e  n a t u r a l  s t r e s s  d i f f e r e c c e s ,  

When t h e  e f f e c t  of H 0 concentra t ion  has been adequately i n v e s t i g a t e d ,  s t u d i e s  of 
2 

polygonizat ion may we l l  provide a powerful means f o r  es t imat ing  t h e  s t r e s s  

d i f f e rences  during n a t u r a l  creep.  

RECRYSTALLJZATION -- 
Since t h e  i n i t i a l  development of  t h e  f i e l d  of s t r u c t u r a l  pe t ro logy 3y 

Sander (1930) and Schmidt (1925) it has been recognized t h a t  minera ls  in 

t e c t o n i t e s  ~o~mtnonly have s t rong p re fe r red  o r i e n t a t i o n s  and t h a t  t h e  f a j r i c s  a re  



r e l a t e d  i n  sy~unet ry  t o  o t h e r  sub fab r i c  e1e:nents of  t h e  deformed rocks ,  I n  the 

e a r l y  i n t e r p r e t a t  i o n s ,  p l a s t i c  deformation w a s  regarded  a s  t h e  most l i k e l y  

o r i e n t i n g  nicchanism f o r  s i l i c a  and some s i l i c a t e s  a l t hough ,  f o r  q u a r t z ,  

f r a c t u r i n g  i n t o  c rys t s l l og raph ica l l . y  c o n t r o l l e d  needles  and subsequent 

mechanical r o t a t i o n  was p o s t u l a t e d .  Ilowever, t h e r e  i s  l i t t l e  evidence t o  

s u b s t a n t i a t e  t h e s e  hypotheses and it i s  becorning i n c r e a s i n g l y  ev ident  t h a t  

syn tec ton ic  r e c r y s t a l l i z a t i o n  (hot-working) i s  t h e  dominant o r i e n t i n g  pro, p e s s ,  

Syntec tonic  r e c r y s t a l l i z a t i o n ,  t h e  growth du r ing  deformation of new s1;rai.n--free 

g r a i n s  wi th  niedium t o  l a rge -ang le  boundaries  i s  a very  e f f i c i e n t  o r i e n t i n g  o r  

r e o r i e n t i n g  p roces s  as v e r y  s t r o n e  p r e f e r r e d  o r i e n t a t i o n s  can be produced under 

ve ry  smal l  s t r e s s e s  and s t r a i n s .  Furthermore,  v e r y  l a r g e  c reep  s t r a i n s .  can be 

achieved by r e c r y s t a l l i z a t i o n  and/or  g r a i n  boundary mig ra t ion  (packer  and 

Sherby, 1967) a s  has  been demonstrated f o r  a c l a s s  of d u c t i l e  me ta l s  t e r n e d  

" s u p e r p l a s t i c "  i n  which t e n s i l e  s t r a i n s  g r e a t e r  t h a n  1000% have been produced, 

The minirnun tempera ture  r e q u i r e d  f o r  r e c r y s t a l l i z a t i o n  depends on t h e  na tu re  of 

t h e  m a t e r i a l ,  s t r a i n  energy,  s t r a i n  r a t e  and chemical environment ; t h e  driving 

f o r c e  appears  t o  be  i n t e r n a l  s t r a i n  energy and/or  gra i r ,  o r  subgra in  bou~idary 

energy. Annealing r e c r y s t a l l i z a t i o n ,  i n  c o n t r a s t  t o  syn tec ton ic  r e c r y s t a l l i z a t i . o n ,  

occurs  under h y d r o s t a t i c  p r e s s u r e  and may a l t e r  f a b r i c s  produced by o t h e r  mcnns;  

t h e  o r i e n t a t i o n  of t h e  new g r a i n s  a r e  g e n e r a l l y  c o n t r o l l e d  by t h e  o r i e n t a t i o n s  

o f  t h e  hos t  c r y s t a l s .  

Of t h e  v a r i o u s  mine ra l s  i n  t e c t o n i t e s ,  qua r t z  has  r ece ived  most a t t e n t i o n  

and Sander (1930) showed t h a t  t h e  q u a r t z  - c-axis  fa ,br ics  form r e s t r i c t e d  but;, 

over lap2ing  groups of p a t t e r n s ,  These f a b r i d  t y p e s  have been reviewed by 

F a i r b a i r n  (19119) and more r e c e n t l y  by S y l v e s t e r  and C h r i s t i e  (1968) and Green 

e t  a l .  (1970).  The most common f a b r i c s  have g i r d l e s  wi th  maxima n0rin.a.l t o  t h e  -- 
t e c t o n i c  - b-axis  and c ros sed  g i r d l e s ,  w i th  orthorhombic syrmet ry ,  n e a r l y  

symmetrical t o  l i n e a t i o n s  and normals t o  f o l i a t i o n s .  Much r a r e r  a r e  small-  

c i r c l e  .g i rd les  about t h e  p o l e  t o  f o l i a t i o n  and i n c l i n e d  a t  25' t o  50' t o  it 

and p o i n t  maxima f a b r i c s  i n  some g2.anulites i n  which t h e  c-axes a r e  concerrtrated - 
norraal t o  t h e  f o l i a t i o n .  R e c r y s t a l l i z e d  o l i v i n e  a l s o  shows s t r o n g  o r i e n t e t i o n s ;  

t h e  cormnonest f a b r i c  t y p e  has an  ci = b  p o i n t  maxirnum normal i;o a minera l  flattening - 
f o l i a t i o n  trhich c o n t a i n s  = c  and y = a g i r d l e s .  Some o l iv ine -bea r ing  - - 
t e c t o n i t e s  have l i n e a t  i ons  r e s u l t i n g  from mine ra l  e longat  i ons  and t h e s c  are most 

comnonly p a r a l l e l  t o  concen t r a t ions  of  y-axes. Other f a b r i c  t ypes  a l s o  occu r ;  

f o r  a r e v i e a ,  s e e  den Tex (1969) and Ave'Lallemant and C a r t e r  (1970) .  Ortho- 

pyroxenes and cl inopyroxenes i n  deformed p e r i d o t i t e s  a l s o  slow p r e f e r r e e  

o r i e n t a t i o n s  t h a t  were probably produced by syn tec ton ic  r e c r y s t a l l i z a t l a n ,  



Ikperiniental  syntecLonic r e c r y s t a l l i z a t i o n  of qua r t z  aggrega-Les was 
u/ 

f i r s t  produced by Car t e r  e t  a l .  (1964) and Raleigh (1965.) and more r e c c n l l y  i n  -- 
t h e  sys temat ic  s tudy  o f  Grecn e t  a l .  (1970).  Rale igh  (1963) f i r s t  prodaccd -- 
syn tec ton ic  r e c r y s t a l l i z a t i o n  o f  o l i v i n e  and t h i s  has  s i n c e  been accoclplislied 

i n  more ex tens ive  experinlen1;s by Ave'Lallemant and Car t e r  (1370).  The wri.i;er 21ns 

r e c e n t l y  r e c r y s t a l l i z e d  both  e n s t a t i t e  and d iops ide  under s t r e s s  i n  a s e r i e s  o f  

preliri i inary experiments .  I n  g e n e r a l ,  two t y p e s  o f  s t a r t i n g  m a t e r i a l  !lave Secn 

used f o r  most of  t h e s e  r e c r y s t a l l i z a t i o n  experimen€s : ( a )  coarse-grained n a t u r a l  

aggrega tes  of  o r t h o q u a r t z i t e ,  d u n i t e  and l h e r z o l i t e  ; and (b) very  f  ice-grained 

n a t u r a l  agg rega te s  of  f l i n t  and novacu l i t e  o r  compacted p e l l e t s  of ground olivine, 

e n s t a t i t e  and d iops ide .  In t h e  coa,rse-grained aggrega tes  , r e c r y s t 2 l l i z z t ; o n  i s  

g e n e r a l l y  preceded by polygoniza t ion  and by t h e  development of serra1,e grnin 

boundaries  presuriiably by t h e i r  mig ra t ion .  A t  h ighe r  i;crnperatures new nue lei 

appear f i r s t  at g r a i n  boundaries  and t h e n  along k ink  bands o r  o t h e r  r eg ions  of  

h igh  s t r a i n  energy i n  t h e  hos t  c r y s t a l s  (F ig .  1 4 ~ ) .  Grain boundary r ec rys t z1 l i za ; c ion  

advances u n t i l  t h e  o l d  g r a i n  i s  consumed and i s  fo l lowed by t h e  growth o f  g r a i n s  

o r i e n t e d  s u i t a b l y  wi th  r e s p e c t  t o  t h e  s t r e s s ,  forming a new rock  ( ~ i ~ ,  l k ~ )  t r i t h  

i r r e g u l a r  t o  polygonal ,  o p t i c a l l y  homogeneous g r a i n s  ( ~ v e  'Lallemant znd C a r t e r  , 
1970) .  

Coarse-grained q u a r t z i t e  specimens compressed a t  h igh  t e x p e r z t ~ r e s  co  

h igh  s t r a i n s  (>50%) develop t e x t u r e s  analogous t o  t h o s e  i n  q u a r t z  mylonl tes  

(F ig .  1 4 ~ ;  C a r t e r  -- e t  al .  , 1964; B lac i c  and Gr iggs ,  1365; T u l l i s ,  1950; ,  Rlbbons 

of f i ne -g ra ined  r e c r y s t a l l i z e d  qua r t z  t r a p  around r e l i c t  q u a r t z  augen f l a t t e n e d  

t o  va ry ing  degrees .  S t u d i e s  of t h e  p r e f e r r e d  o r i e n t a t i o n s  o f  t h e s e  a g z n  by 

B lac i c  and Griggs (1965) and T u l l i s  (1963) i n d i c a t e  t h a t  t h e  l e a s t  de fomcd  o m s  

a r e  o r i e n t e d  wi th  2 I /  ol, as expected i f  s l i p  has  occurred  p r i m a r i l y  on the basal 

and prism p lanes .  

R e c r y s t a l l i z a t i o n .  i n  t h e  f ine-gra ined  aggrega tes  i s  evidenced 'ny 

enlargement of g r a i n s ;  F igure  1 4 ~  shows a  specimen i n  which t h e  c e n t r a l  

r e c r y s t a l l i z ~ d  s e c t i o n  i s  ve ry  coarse-grained by comparison wi th  the s t a r z i n g  

m a t e r i a l  ( ' 3 7 ~ )  a t  t h e  ends of t h e  specimen. Depending on t h e  cond i t i ons  of 

r e c r y s t a l - l i z a t i o n ,  t h e  new g r a i n s  may be equant o r  t h e y  may be elongated n o n s a l  

t o  cfi, a s  i s  t r u e  f o r  most g r a i n s  i n  t h e  samples shown i n  F igu res  1 4  C an5 Z ,  
C/'Z<..~ ,*c,-% ,-s '.7 ;f;i 

The teinperature o f  o n s e t  o f  r e ~ r y s t a l l i z a t i o n ~ d e c r e a s i n g  s t r a i n  r a t e  el?< ;roLa.bl.y 

a l s o  wi th  inc reas ing  s t r a i n  energy. The presence  o f  H20 lowers  t h e  t e ~ i p e r a i u r e  

of  r e c r y s t z l l i z a t i o n  o f  qua r t z  ( ~ r c e n  --- c t  - a l .  , 1970) and it i n c r e a s e s  the r a t e  o f  

r e c r y s t a l l i z 3 t i o n  and promotes l a r g e r  g r a i n  s i z e  i n  both  qua r t z  and o l i v i n e ,  



pres~unably Ly enhancing d i f f u s i o n  ( ~ o b b s ,  1968; Green c t  a l . ,  1970) .  - -- 

Fabrics  of t h e  -2L- svn tec ton ica l - ly  r e c r y s t a l l i z e d  specimens 

Quartz -- 
Green, Griggs and C h r i s t i e  (1.970) r e c r y s t a l l i z e d  f1in.i  and novaciilite 

dur ing  defol-mation i n  bo th  a and B s t a b i l i t y  f i e l d s  ove r  a  wide range of ;2ressus"e, 

tempera ture  and s t r a i n  r a t e  c o n d i t i o n s .  The diagrams i n  F igu re  1 6 ~ - ~  sholr only  

some o f  t h e i r  o p t i c a l l y  determined c -ax i s  f a b r i c s  b u t  t h e y  a l s o  o b t a ~ n e d  e o ~ p l c t e  - 
i n v e r s e  p o l e  f i g u r e s  f o r  most of  t h e i r  speciv-ens u s i n g  t h e  x-ray ~rieil-lod c f  Bzlier 

e t  a l .  (1969).  F i ~ u r e  17 shows t h e i r  r e s u l t s  f o r  t h e  a-qiiartz s t a b i l i t y  field, -- 
At; t h e  lower tempera tures  and h ighe r  s t r a i n  r a t e s  at trhich r e c r y s t a l l  izad:or, occurs  , 
t h e  g r a i n s  show weak concen t r a t ions  o f  c-axes p a r a l l e l  t o  a; a s  r re l l  cts shzb2e - 
e longa t ions  normal t o  al and t h e y  commonly c o n t a i n  f e a t u r e s  induce3 by plastic 

defomiat ion.  A t  t h e  h i g h e s t  t empera tu re s  and lowes t  s t r a i n  r a t e s ,  t h e  c-axes - 
form a s m a l l  c i r c l e  g i r d l e  about  al ( ~ i g .  16~) w i t h  r 11011) o r i e n t e d  - 
p r e f e r e n t i a l l y  p a r a l l e l  t o  01; i n  t h e s e  specimens t h e  g r a i n s  a r e  l z r g e r  and a o r e  

n e a r l y  equant and s t r a i n  f r e e  t h a n  t h o s e  f  o m e d  a t  t h e  lower temperz tbres  As 

po in t ed  out  by Green e t  a l .  ( 1370) ,  t h e  Dauphine' twinning mechanism discovered -- 
by T u l l i s  (1970) i s  probably r e s p o n s i b l e  f o r  t h e  p a r a l l e l i s m  of  r and ol r r C  nag - 
have l i t t l e  t o  do w i t h  t h e  r e c r y s t a l l i z a t i o n  p roces s  r e s p o n s i b l e  f o r  t h e  p ~ t ; e r n  

of - c-axes.  There appears  t o  b e  a smooth t r a n s i t i o n  i n  f a b r i c ,  w i th  i n e r e a s i n 2  

tempera ture  and dec reas ing  s t r a i n  r a t e ,  from c  l i  ol , through a coxpos i i e  c :. o -k - - a. 
2 j j  o1 f a b r i c ,  t o  t h e  - r J j  oL f a b r i c .  Annealing t h e s e  s y n t e c t o n i c a l l y  r ec rysca ; l i r ed  

specimens i n c r e a s e s  t h e  g r a i n  s i z e ,  removes t h e  i n t r a g r a n u l a r  s t r a i n  f e a t u r e s  and 

l e a d s  t o  more equant g r a i n  shapes.  The annea l ing  caused l i t t l e  change In the 

r-maximum f a b r i c ,  s t r eng thened  t h e  11 ol - f a b r i c  two-fold, and n e a r l y  e r a d i e a t  ed 

t h e  5 11 ol component of t h e  composite f a b r i c   r re en e t  a l . ,  1970) .  -- 
Crossed g i r d l e  f a b r i c s  (F ig .  1613) were produced i n  t h e  r / /  o f i e l d  i n  - I 

two exnerinients i n  which inhomogeneous deformation r e s u l t e d  from bulg ing  of one 

s i d e  of t h e  specimen, From t h e  na tuye  of t h e  bu lge ,  Green e t  a l .  (19'70) ~ n f e r r e c l  -- 
t h a t  t h e  o r i e n t a t i o n  of E I /  o was E-il i n  F ig .  - 1 6  B, E~ j j  ol was N-S &.:d E~ I/ a 

3 3 2 
was p a r a l l e l  t o  t h e  a x i s  of i n t e r s e c t i o n  of t h e  g i r d l e s .  Th i s  f a b r i c  is n e a r l y  

orthornombic i n  symmetry and i s  v e r y  similar t o  c ros sed -g i rd l e  f a b r i c s  ir, 

n a t u r a l l y  r e c r y s t a l l i z e d  q u a r t z i t e s .  S y l v e s t e r  and C h r i s t i e  (1968) dernons brat eC 

t h a t ,  i n  t h e i r  n a t u r a l  specimens w i t h  c ros sed  g i r d l e  f a b r i c s ,  t h e  g i r d l e s  a l s o  

i n t e r s e c t e d  i n  E and were symmetricalljr  d i sposed  t o  E and E 
2 1 3 ' Sxall Circle 

g i r d l e  f a b r i c s  have a l s o  been observed i n  some n a t u r a l l y  r e c r y s t a l l i z e e  q u < i r t i i i e  

specimens ( e . ~ .  Sander ,  1930; C h r i s t i e  and Ra le igh ,  1959) .  It appea r s ,  t h c r r f o r s  , 



t h a t  t i le  t e x t u r e s  ancl r o  f a b r i c s  proCiucec1 e ~ p e ~ i r n e n t a l l y  i n  the a-f ield - 1 
have t h e i r  counlierpar.i;s i n  n a t u r a l l y  r e c r y s t a l l i z e d  q u a r t z ,  a s  i s  ex:pectecl from 

a l i n e a r  e x t r a p o l a t i o n  of  t h e  boundary s e p a r a t i n g  t h e  r ) I  0 from t h e  composite - 1 
f i e l d  (F ig .  1.7) t o  t h e  lower r a t e s  o f  n a t u r a l  deformat i o n s .  

Quar tz  aggrega tes  r e c r y s - t a l l i z e d  i n  t h e  6 - s t a b i l i t y  f i e l d   r re en, 1367; 
Green e t  a l . ,  1970)  develop po rphyrob la s t i c  t e x t u r e s  and show concen t r a t ions  of 

c-axes bo th  p a r a l l e l  and pe rpend icu la r  t o  ol ( K g .  I ~ C , D )  a s  was found p r o v i o ~ ~ s l y  - 
by C a r t e r  (1963; F ig .  2313). I n  t h e  f a b r i c  i l l u s t r a -Led  i n  F igu re  ~ G c ,  mos-L of the 

c-axes a r e  p a r a l l e l  t o  o  whereas i n  F igure  1 6 ~ ,  t h e y  a r e  concent ra ted  both - 1 
p a r a l l e l  and pe rpend icu la r  t o  a Annealing specimens p rev ious ly  r e e r y s t a i l i z e d  

1 
i n  t h e  6 - f i e ld  y i e l d s  l a r g e r  more equant and s t r a i n  f r e e  c r y s t a l s  and t o  a g r e e t  

s t r eng then ing  of line 2 a component of t h e  f a b r i c   r re en, 1967) .  This 
1 

obse rva t ion  l e d  t o  t h e . s u g g e s t i o n  by Green e t  a1 . (1970)  t h a t  t h e  point - -- - ,.naxirna 
o f  - c-axes normal t o  t h e  f o l i a t i o n  i n  some h igh  grade  metamorphic rocks  m i g h t  

have o r i g i n a t e d  by r e c r y s t a l . l i z a t i o n  i n  t h e  B - s t a b i l i t y  f i e l d .  

The o r i g i n  of  t h e  p r e f e r r e d  o r i e n t a t i o n s  i n  qua r t z  has  been di-scussed 

by Green e t  a l .  (1970) i n  l i g h t  o f  f o u r  hypotheses advanced on t h e  b a s i s  of -. - 
ex tens ive  r e c r y s t a l l i z a t i o n  work on m e t a l s :  ( 1 )  s e l e c t i v e  growth of  g r a i n s  having 

s t o r e d  r e l a t i v e l y  l e s s  s t r a i n  energy;  ( 2 )  s e l e c t i v e  gro-~rth o f  g r a i n s  with most 

nrobile boundar ies ;  (3 )  s e l e c t i v e  g r o ~ h  of g r a i n s  due t o  e l a s t i c  anisotl:o?y; 

and (4) nuc lea t ion  o f  new g r a i n s  w i th  p r e f e r r e d  o r i e n t a t i o n s .  The import2ct  

r ol f a b r i c s  do not  seen t o  be c o n s i s t e n t  wi th  any s i n g l e  hypothes is  a l ~ t o d g l a  - 
t h e  experimental  r e s u l t s  t o  d a t e  appear t o  f a v o r  ( 1 )  and/or  ( 2 ) .  The c  ol f a b r i c  - 
i n  t h e  a - f i e l d  i s  c o n s i s t e n t  w i th  ( 1 )  above a s  c r y s t a l s  wi th  c-axes o r i e n t e d  - 
s u b p a r a l l e l  t o  u can not  s l i p  on t h e  observed b a s a l  a ~ d  p r i s m a t i c  sysiclns and 

h 
Or 

hence should s t o r e  l e s s  s t r a i n  energy t h a n  c r y s t a l s  at o t h e r  o r i e n t a t i o n s .  Houcver, 

t h i s  mechanism i s  not  as l i k e l y  t o  produce similar f a b r i c s  i n  t h e  e - f i e l d  cr thc 

enormous s t r eng then ing  dur ing  annea l ing  because,  a p p a r e n t l y ,  l i t t l e  p l a s t i c  flow 

occurs  dur ing  t h e s e  experiments. The more l i k e l y  exp lana t ion ,  according t o  

Green -- e t  a l .  (1970) i s  t h e  s e l e c t i v e  growth of  g r a i n s  w i th  most mobile b o ~ ~ c d ~ r l e s .  

This  sugges t ion  may be supported by t h e  r e s u l t s  o f  t h e i r  annea l ing  exge r i l cen~s  on 

b i c r y s t a l s  o r i e n t e d  s o  t h a t  ul w a s  p a r a l l e l  t o  c  i n  one ,&.d a t  45' t o  c  ir t h e  -- - 
o t h e r ,  p laced  one on t o p  of  t h e  o t h e r ,  co ld  worked, and t h e n  annealed ir- t h e  

B-field.  The c-axes of  t h e  new g r a i n s  a lonz  t h e  i n t e r f a c e  showed a  s t r o n g  tcrX.cnc;r - 
t o  o r i e n t  p a r a l l e l  t o  t h e  c-axes o f  t h e  hos t  c r y s t a l s  (F ig .  1 6 ~ ) .  ~ Ioueve r ,  c - 
q u i t e  d i f f e r e n t  r e s u l t  has  been ob ta ined  by Iiobbs (1958) i n  h i s  ex t ens ive  ntlnarli:;:;, 

s t r e s s - annea l ing  and s y n t e c t o n i c  r e c r y s t a l l i z a t i o n  experiments  on qua r t z  c ry - s tn ;~ ,  



The - C-zxes of  t h e  neri g r a i n s  (F ig .  1 6 ~ )  a r e  i n c l i n e d  a t  20' t o  h0' Lo c o f  t h e  - 
h o s t ,  a  r e l a t i v e  o r i e n t a t i o n  n e a r l y  independent of  t h e  t y p e  of  t e s t  o r  initial 

o r i e n t a t i o n  of  t h e  h o s t  c r y s t a l .  I n  a d d i t i o n  t o  t h i s  d i f f e r e n c e ,  it i s  not c l e a r  

why t h e  2 2 3  ci component of t h e  6- fabr ic  i s  s t rengthened  t o  t h e  exc lus ion  of 
1 

t h e  - c  b-a component i f  t h e  arlnealing s t r e s s  i s  t r u l y  h y d r o s t a t i c ,  u5 less  :here 
1 

a r e  d i f f e r e n c e s  i n  t h e  amount o f  s t r a i n  energy s t o r e d  i n  c r y s t a l s  of t h e  two 

o r i e n t a t  i ons .  

O l iv ine  and Pyroxene - 
The most coninon o l i v i n e  f a b r i c  observed i n  specimens froril a l :~ inc - type  

p e r i d o t i i e s  and nodules  frorn b a s a l t s  and k i rnbe r l i t e s  i s  as s h o w  i n  F iga re  i B  

( ~ v e  '~a. l lemari t ,  1967 ) . The a = 2 axes  f o m  a s t r o n g  maximum norn-al i,o a  

mine ra l  f l a t t e n i n g  f o l i a t i o n  ( g r e a t  c i r c l e ,  SL) and fi = c  and y = a g i r 2 i c s  wizn - - 
maxima l i e  i n  t h e  f o l i a t i o n  p lane .  The p r e f e r r e d  o r i e n t a i i o n s  of  pyroxene 

c r y s t a l s  i n  t h e  p c r i d o t i t e s  have been determined i n  on ly  a few s t u d i e s  and, i n  

g e n e r a l ,  a r e  app rec i ab ly  weaker t h a n  t h e  o l i v i n e  f a b r i c s .  Th i s  i s  i1 lus t r a t ; ed  

i n  F igure  18n which shows t h e  o r i e n t a t i o n s  o f  e n s t a t i t e  c r y s t a l s  i n  t h e  sxfie 

l h e r z o l i t e  specimen from which t h e  o l i v i n e  measure~nents of F igure  18A. were 

ob ta ined ;  t h e  p r i n c i p a l  o p t i c  axes  o f  t h e  two mine ra l s  a r e  s u b p a r a l l e l ,  

Ave' La l l e~nan t  and C a r t e r  (1970) r e c r y s t a l l i z e d  d u n i t e  and 01 i v i n e  

powder dur ing  compression t e s t s  from 950°C t o  1350°C, conf in ing  p r e r c  d,.ilres from 

5 t o  30 hb (F ig .  1 9 )  and s t r a i n  r a t e s  froln l ov3  t o  1 0 - ~ / s e c .  I n  t h e  d u n i t c ,  t h e  

o r i e n t a t i o n s  of new g r a i n s  w i t h i n  t h e  o l i v i n e  hos t  c r y s t a l s  ( ~ i ~ .  1 4 ~ )  were 

c l e a r l y  dominated by t h e  hos t  o r i e n t a t i o n ,  t h e  i n d i v i d u a l  axes  being i n c l i n e d  

at 20' t o  40' t o  t h e  h o s t  axes.  A s i m i l a r  r e s u l t  was o b t a i n &  p r e v i o ~ s l y  in 

o l i v i n e  r e c r y s t a l l i z e d  by Rale igh  (1963) and i n  t h e  qua r t z  c r y s t a l s  r e c r y s t a l l i z e d  

by Eiobbs (1968).  The o r i e n t a t i o n s  of new g r a i n s  forrned a t  r e l i c  g r a i n  bourds r i e s  

a r e ,  ho~:ever , r e l a t e d  t o  t h e  p r i n c i p a l  s t r e s s  o r i e n t a t  i o n s  (kve 'La l l  exLant and 

C a r t e r ,  1970; Fig.  2 ~ ) .  T o t a l  r e c r y s t a l l i z a t i o n  o f  t h e  d u n i t e  (FIG. 1 4 3 )  r c s u l t s  

i n  a s t r eng then ing  of  t h e  s t r e s s  dominated f a b r i c  (F ig .  1 8 ~ ) .  Frox tkLese 

o b s e r v a t i o n s ,  we concluded t h a t  g r a i n  boundary r e c r y s t a l l i z a t i o n  adva.nces u n t i l  

t h e  hos t  g r a i n s  a r e  consumed, fol lowed by t h e  growth o f  g r a i n s  o r i e n t e d  favorabLy 

wi th  r e s p e c t  t o  t h e  s t r e s s  f i e l d .  

To e l i m i n a t e  t h e  e f f e c t s  o f  hos t  g r a i n  o r i e n t a t i o n s  e n t i r e l y ,  Five T ~ z L l m ~ n t  

and C a r t e r  (1970) d i d  a s e r i e s  o f  experiments  on compacted p e l l e t s  of powdered 

( < 3 7 ~ )  o l i v i n e .  The c o n d i t i o n s  f o r  which g r a i n  growth w a s  achieved a r s  in6icazed 

i n  F igure  1 9 ,  a long  t r i t h  t h e  e q u i l i b r a t i o n  f i e l d s  of some u l t r a m a f i c  s u i t e s  (G 5 i : a r  2 ,  



196'1). Many o f  t h e  samples v c r e  s u f f i c i e n t l y  coarse-grained (F ig .  1 1 4 ~ )  that 

s t a t i s t i c a l l y  s i g n i f  i c e n t  0 2 t i c n l  measurements could b e  made and a l l  of t h e s e  

( ~ i ~ .  1 9 )  gave f a b r i c s  s i m i l a r  t o  t h a t  shown i n  F igure  1 8 ~ .  A s  i n  t h e  r e -  

c r y s t a l l i z e d  clunite (F ie .  1 8 ~ )  a-axes conccnt rn tzd  p n r z l l e l  t o  a a r e  norAn~l to 
1 

a mineral f l a t t e n i r l g  f o l i a t i o n  (F igs .  1 4 ~  and E) trhici-1 con ta ins  B and y gire ies-  

The underpopulated a r e a s  i n  t h e  g i r d l e s  of  F igu res  1 8 ~  and I ~ E ,  at about 45' 

from t h e  pe r iphe ry ,  a r e  a s c r i b e d  t o  sampling e r r o r s  i nhe ren t  i n  U-stage measurements 

of o p t i c a l  i n d i c a t r i c e s  of  f i ne -g ra ined  m a t e r i a l s .  The f a b r i c s  i n  F igure  1.89 
1- ' v i n e  

a r e  similar t o  n o s t  n a t u r a l / f . a i r l c s ,  a s  t y p i f i e d  by Figure  1 8 A ,  v i t h  al iowances 

made f o r  t h e  f a c t  t h a t  t h e  s t r e s s  i n  n a t u r a l  deformations need not  be = i a l L y  

sp-riletric. On t h e  b a s i s  of c r y s t a l  e longa t ions  : concen t r a t ions  of  y-axes 

p a r a l l e l  t o  1 i n e a t i o n s . i n  t h e  n a t u r a l  f a b r i c s  a r e  most probably  parai . ie1 ca 0 3' 
t h i s  i n t e r p r e t a t i o n  r e c e i v e s  some support  from t h e  o r i e n t a t i o n s  o f  t h e  y-axes 

near  me l t  pocke t s  i n  some of t h e  experiments ( Ave ' Car t e r  , 19'1:) ) , 
P e l l e t s  of e n s t a t i t e  and d iops ide  powders have a l s o  r e c r y s t a l l i z e d  t o  

a.ggregates soaietrhat f i n e r - g r a i n e d ,  a t  comparable c o n d i t i o n s ,  t h a n  has t h e  o l i v i n e  

p o w d e r , , ~ ~ r : . g ~ ~ ~ - b ~ e e e c o n d l - s .  I .  The s i n g l e  d iops ide  specimen measu~:@ci Lo 2at  e 

y i e l d e d  weak o r i e n t a t i o n s  t h a t  were not  r e p r o d u c i b l e  and w i l l  no t  be d i s e ~ ~ s s e d  

f u r t h e r .  The r e s u l t s  f o r  ttro e n s t a t  i t e  specimens r e c r y s t a l l i z e d  a ~ I . i 0 0 0 ~ ~ ,  
-7 15 kb conf in ing  p r e s s u r e  and a s t r a i n  r a t e  of 7 .8  x 1 0  / s e e .  a r e  s i m i l a r  and 

r ep roduc ib l e  i n  f i f t y  g r a i n  s e t s  and s o  a r e  combined and p re sen ted  i n  Figure 2.8~~ 

A s  f o r  t h e  n a t u r a l l y  deformed specimens, t h e  o r i e n t a t i o n s  a r e  weaker iilara t h o s e  

i n  o l i v i n e  bu t  t h e  major f e a t u r e s  of t h e  p a t t e r n s  a r e  c l e a r ;  t h e  p r i n c i p a l  axes 

o f  t h e  e n s t s t i t e  c r y s t a l s  are s u b p a r a l l e l  t o  t h o s e  o f  the o l i v i n e .  T h i s  

s i m i l a r i t y  i n  o l i v i n e  and orthopyroxene f a b r i c s  i s  expected i f  e las-cic  anl so t ropy 

i s  c o n t r o l l i n g  a s  a = [010] i s  t h e  most compliant a x i s  i n  bo th  m i n e ~ a l s  ( K ~ " I ~ Z C T / T I ,  

1969; Iiartrnann and den Tex, 1964) .  For f a b r i c s  t h a t  a r e  no t  a x i a l l y  symwLric ,  

presurr'ably produced under c o n d i t i o n s  i n  which t h e  t h r e e  p r i n c i p e l  s t r e s s e s  vcre 

uneqiral , the c r y s t a l l o g r a p h i c  axes  should be s i m i l a r l y  o r i e n t e d  bu t  B (01 9 should  

p a r a l l e l  y(opx)  and v i c e  v e r s a .  Such a c3rrespondence i s  ev ident  i n  t h e  f a l r d c s  

from t h e  Alpe Arami g a r n e t  p e r i d o t i t e  ( ~ G k e l ,  1969) .  However, some of t h e  

orthopyroxene f a b r i c s  observed by Co l l ee  (1962) ,  Raleigh (1965 ) , anL Avc Zallernant 

(1967) i n  n a t u r a l l y  deformed p e r i d o t i t e s  do not  appezzr t o  f i t  t h i s  sirn2le sc'n?:;:e, 

There a r e  t o o  few experiments st p resen t  t o  d e l i n e a t e  t h e  te:n.scrai;i;rc and 
zat e s t r s i n / i  l e l d s  of r e c r y s t a l l i z a t i o n  of  t h e  pyroxenes. It i s  c l e a r ,  however, t h a : ~  

h igher  tempera tures  and/or  lower s t r a i n  r a t e s  a r e  r e q u i r e d  t h a n  f o r  r ec ry  s z e l i i z z t i o n  

of  t h e  o l i v i n e .  I n  most of t h e  experiments on  l h e r z o l i t e ,  under  approrirl~tt 

c o n d i t i o n s ,  t h e  o l i v i n e  r e c r y s t a l l i z e s  r e a d i l y  bu t  bo th  or thopyroxenes ant 



cl-inopyroxencs a r e  unaf f  e c t c d ,  deform p l a s t i c a l l y ,  o r  polygonize.  T ~ L :  s , ir- soae 

i n s t a n c e s ,  t h e  d i sco rdan t  r e s u l t s  found "in o l i v i n e  and orthopyroxene f a b r i c s  

could be accounted f o r  if t h e  o l i v i n e  r e c r y s t a l l i z e d  l a t e r  t h a n  t h e  or$kopyroxcne 

a t  lower temperatures  i n  a d i f  f e r e n t l y  or ienLed s t r e s s  f i e l d ,  a s  suggcsJ;ec? 

I p r ev ious ly  by Helmstaedt acd Anderson (1963).  I l l t e r n ~ ; t i v e l y ,  o t h e r  f a c t o r s ,  such 

as t h o s e  d i scussed  by Green -- e t  a l .  (1970) f o r  qua r t z  r e c r y c t a l l i z a t i o n ,  cov.ld 

I c o n t r o l  Lhe o r i e n t a t i o n s .  
I 

nISCUSSION 
i 

The fo rego ing  provides  a sumai 'y of r e l e v a n t  in format ion  on sAiatlc I 
1 deforniat ional  p roces ses  i n  s i l i c a  and c e r t a i n  s i l i c a t e s ;  we may now co,np&r@ 
i 

t h e s e  r e s u l t s  w i th  t h e  maJor f e a t u r e s  observed i n  dynarnically defonncd ~ ~ a i e r i a l s ,  

I n  r e c e n t  y e a r s ,  i n t e n s i v e  s t u d i e s  have been made of  deformat iona l  f e a t u r e s  ic 
1 

s i l i c a  and s i l i c a t e s  shocked expe r imen ta l ly ,  by chemical and nuc lea r  - i n d e r ~ r o u n d  

exp los ions ,  and by n a t u r a l  impact even t s .  The s t r a i n  rates range froin about 
6 9 10 t o  1 0  / s ec .  and t h e  peak shock p r e s s u r e s  and r e s i d u a l  tempel-atures vary a 

g r e a t  d e a l  w i th  t h e  s t r u c t u r e  and n z t u r e  o f  t h e  m a t e r i a l  as w e l l  a s  tlhe shock 

i n t e n s i t y .  Becaduse o f  t h e  ve ry  high s t r a i n  r a t e s ,  s t e z d y - s t a t e  f low can  s e r r c e l y  

be achieved and we might expect  app rec i ab le  d i f f e r e n c e s  i n  deformation nechsnLsrns 

f r o m  t h o s e  found f o r  t e c t o n i c  de fo r~na t ions .  Recovery and r e c r y s t a l l i z a t i o n  

should occur  only  du r ing  coo l ing  under  h y d r o s t a t i c  o r  ze ro  s t r e s s ,  after " c h e  

i i 
passage of  t h e  shock wave, i n  m a t e r i a l s  shocked s u f f i c i e n t l y  in tense i  :chat t h e  

A 
i r e s i d u a l  tempera tures  were h igh .  
4 

, Most i s  kno-tm about dynamic deformations1 p roces ses  i n  quartz al?i 

p l a g i o c l a s e  because o f  t h e i r  n e a r l y  u 5 i q i t o u s  occurrence  at n a t u r a l  Lrpec t  s i tes ,  

The TWO ~ n i n e r a l s  show v e r y  s i m i l a r  f e a t u r e s  du r ing  p rog res s ive  shoch d c f ~ r n ~ ~ t  i o i ;  

( e .g .  Chao, 1968) : ( 1 )  f r a c t u r i n g  and c leavage  format ion;  ( 2 )  c rys ta l log : -a2kica l iy  

c o n t r o l l e d  f a u l t s  and b a s a l  deformation l a n e l l a e  i n  q u a r t z  and icech~~niea l .  ~ r i ; l s ,  

deformation l ame l l ae  and k ink  bands i n  p l a g i o c l a s e ;  ( 3 )  m u l t i p l e  s e i s  of planar 

f e a t u r e s  o r  ''shock larnel lae" ; ( 4 )  s o l i d  s t a t e  v i t r i f i c a t i o n  t o  dense glass  trbiich, 

f o r  shocked q u a r t z ,  may c o n t a i n  c o e s i t e  and/or  s t i s h o v i t e  ; and,  ( 5 )  ;"orl:nt ior, 

from a l i q u i d  of g l a s s  w i t h  normal d e n s i t y  o r  v e s i c u l a t e d  g l a s s .  Ektecs;on 

f r a c t u r e s  a r e  common i n  s t a t i c a l l y  deformed qua r t z  bu t  c leavages  and 

c r y s t a l l o g r a p h i c  f a u l t s  a r e  r a r e .  Deformation l ame l l ae  p a r a l l e l  t o  i000~), 

a l tnough common i n  moderately shocked q u a r t z ,  a r e  r a r e  i n  tectoni 'bes;  zke f c v  

t h a t  a r e  n e a r l y  b a s a l  ( ~ i . g .  3F) i n  t e c t o n i t e s  a l s o  posses s  t h e  wavy o r  leat ;culr-- ,  

i r r e g d l a r  shape of subbasa l  lamell-ae,  i n  c o n t r a s t  t o  t h e  t h i n ,  v e r y  str~i:~t, 

p l a n a r  b a s e l  lzrnel lae observed i n  shocked qua r t z  and some s t a t i c  e x p e r ; ~ c ~ t s  

( c a r t e l - ,  1965) .  P l ana r  f e a t u r e s  or "shock l a n e l l a e "  i n  q u a r t z  a r e  nos; c:;,,nocLy 



p a r a l i c l  t o  (1023) and a r c  co;nposcd of r i :~cc i . i s l  hctvi l i~ shol-L r-ange ori!cr ( c ! ~ : A G ,  

1963 ; Engelhard t -- e t  a1 . , l.gG8) along which s n ~ a l l  shea r ing  displacenienJi, l; 'iiavc 

t a k e n  p l ace  ( c a t e r ,  1963) .  They have been produced exper imenta l ly  at shock 

p r e s s u r e s  i n  excess  of 100  lib ( ~ 6 ' r z ,  1968) .  These f e a t u r e s  a r e  e a s i l y  d i s t j i ~ g ~ : j  skied 
a fro:n deforrriation l a l e l l a e  i.n qua r t z  t e c t o n i t e s  by t h e i r  s t rong  p ~ - o m i ~ ? c n c e ~ a r i g h t  

f i e l d  i l l u m i n a t i o n  and sy rme t s i ca l  s i g n a l  i n  phase c o n t r a s t ,  by t h e i r  g r e a t e r  

t h i c k n e s s  and more p l a n a r  form, by t h e i r  g e n e r a l  occurrence  i n  m u l t i p l e  sezs, and 

by t h e i r  c rys i a l log rap I l i c  o r i e n t a t i o n  ( c a r t e r ,  1965,  1368) .  - 
P l a g i o c l a s e  , as mentioned above,  has  r a r e l y  deformed i n  t e c t o c i l c s  , u n l e s s  

some of t h e  a l b i t e  and p e r i c l i i ~ e  twins  a r e  due t o  r iechanical  deformat ions  

Deformation tw ins  a r e ,  however, d e f i n i t e l y  a s s o c i a t e d  w i t h  shocked plag,ioclase 

as a r e  d e f o i ~ n a t i o n  l a m e l l a e ,  p l a n a r  f e a t u r e s  and k ink  bands (e .g .  Euncli, 1966; 

Robertson -- e t  - a l .  , 1968, Chao , 1968) .  The deformation l a m e l l a e  and p lenar  f ea-cures 

a r e  p a r a l l e l  t o  s e v e r a l  c r y s t a l  p l anes  of  low i n d i c e s  and hence d i f f e r  from the 

i r r a t i o n a l  subbasa l  l a ~ e l l a e  produced i n  t h e  s t a t i c  experiments  of Bore and Hcs rd  

(1970).  The s t a t i c a l l y  produced p l a g i o c l a s e  defori i~at ion l ame l l ae  a l s o  have i n e  

o p t i c a l  proper . t ies  of subbasa l  qua r t z  l a n e l l a e  and t h e r e f o r e  are e a s i l y  Cistinguishec' .  

from t h e  p l a n a r  f e a t u r e s .  F i n a l l y ,  kinking i n  t h e  shocked p l s g i o c l a e e  takcs 91acc 

by t r a n s l a t i o n  g l i d i n g  on t h e  (001)  p l ane  ( ~ u n c h ,  1960) a s  opposed to t h e  (310)  

p l ane  found f o r  s t a t i c a l l y  deformed p l a g i o c l a s e  ( ~ e i f e r t ,  1965; Borg li:ezrd, 1970). 

Observat ions on dynamic deformation of o l i v i n e s  and pyroxenes a r e  

r e s t r i c t e d  t o  experiments ,  a r t i f i c i a l  exp los ions ,  s tony  m e t e o r i t e s  and, mov, 

l u n a r  m a t e r i a l s ,  as n a t u r a l  impact even t s  on Ear th  have not  y e t  bee;? discoirere6 

i n  rocks  con ta in ing  t h e s e  mine ra l s .  Dynanical ly  deformed o l i v i n e  shows i h e  

f o l l o w i n g  f e a t u r e s  wi th  i n c r e a s i n g  shock i n t e n s i t y  ( c a r t e r  - e t  -- a l . ,  1968; Saines, 

1969)  : (1) f r a c t u r i n g ;  ( 2 )  f r a c t u r i n g  and f a u l t i n g  a s s o c i a t e d  w i t h  Local 

undula tory  ex t inc t io r . ;  ( 3 )  p l a n a r  f e a t u r e s  and a  shock mosaic s t r u c t u r e  ; (Ir 

r e c r y s t a l l i z a t i o n  and l o c a l  mosaic s t r u c t u r e ;  and,  ( 5 )  mel t ing .  The u n i - ~ 1 a ' ~ o r y  

e x t i n c t  ion  observed i n  o l i v i n e s  i n  t h e  chondr-ites has  o r i g i n a t e d  predoixin;i-~t> y 

by s l i p  on t h e  systems { l o o ) ,  {110) ,  [001] ,  t h e  h igh  s t r a i n  r a t e  (hi{$ stress - 

low tempera ture  sys t en  found i n  t h e  s t & t i c  experiments ( c a r t e r  - e t  --- a l .  , 1-9681, 
Planar  f e a t u r e s  o r i e n t e d  near  (100)  and (111)  a r e  found i n  o l i v i n e  f r o ~  zhe 

Nevada Tes t  s i t e  b a s a l t s  and have a l s o  been observed i n  o l i v i n e  shocke2 

exper imenta l ly  t o  p r e s s u r e s  g r e a t e r  t han  250 kb by DeCarl i  ( ~ a m e s ,  19C91, 

These f e a t u r e s  a r e  a s s o c i a t e d  w i t h  the mosaic s t r u c t u r e  be l i eved  t c  font f rox  

i n t e n s e  l o c a l  p l a s t i c  deformation accornpznying p a r t i a l  c o l l a g s c  of t h c  s i l i c a  

t e t r a h e d r a  t o  s ix - fo ld  coordinatj .on ( c a r t e r  -- e t  a l . ,  1968) ;  t h e r e  i s  no sta.r,ic 



counterpcir-L t o  e i t h e r  t h e  p l a n a r  f e a t u r e s  01- shock mosaic s-Li-ucture. 11.6 

s u f f i c i e n t l y  h igh  shock p r e s s u r e s ,  t h e  heav i ly  defo i~ned  o l i v i n e  crjrstal-s a c n e a i  

t o  mosaics  of  slnall  net: g r a i n s ,  f r e e  o f  s t r a i n .  

With p rog res s ive  shock d e f o r n a t i o n ,  t h e  sequence of struc"id.:-es de-v-eloped 

i n  t h e  pyroxenes a r e  s i m i l a r  t o  t h o s e  observed i n  o l i v i n e  ( ~ a r a e s ,  1963) buz 

' hi@er  s t r e s s  l e v e l s  appear  t o  be  r e q u i r e d  f o r  t h e i r  forriiation ( C a r t e r  e t  a].* -- 
1968) .  I n  a d d i t i o n  t o  t h e  f  e a t u r o s  desc r ibod  above, shocked cl . inopyroxei~ei  

commonly con ta in  p o l y s y n t h e t i c  deformation tw ins  according t o  t h e  syscen S sCL) [3_00], 

Twins o f  t h i s  o r i e n t a t i o n  have been produced i n  s t a t i c  t e s t s  on d iogs ide  at hi7h ti. 

s t r a i n  r a t e  , high  s t r e s s  and lotr t empera ture  (Rale igh  and Ta lbo t ,  ~ 9 6 7 ) ~  11: 

exper imenta l  shock deformation of  par -k icu la te  d iops ide  a t  250 kb ( S c l a r ,  : 9 7 0 ) ,  

i n  weakly t o  moderat e l y  shocked b a s a l t  from t h e  Hevada Tes t  s i t e  ( J anes  , 1969 1 , 
and. i n  shocked l u n a r  pyroxenes. The. dorninant twin-g l id ing  system i n  t e c t o n i c a l l y  

deformed cl inopyroxencs and i n  s t a t i c  experiments  a t  h igh  tempera tures  and Low 

s t r a i n  r a t e s  i s  (100) [001] ( ~ a l - e i g h  and Talbot  , 1967) .  

Helat  i v e l y  l i t t l e  work has been done on dynamic deformation81 p roces ses  

i n  t h e  or thopyroxenes but  t h e y  might be  expected t o  show t h e  major f e a t x r c s  
I 

a s s o c i a t e d  wi th  p rog res s ive  shock of  o l i v i n e s  and c l inopyroxenes .  On t h e  b a s i s  

of  t h e  s t a t i c  experiments  ( p i g .  l o ) ,  e n s t a t i t e  should t r ans fo rm t o  c l .Lnoens t a t i t e  

at'lotr t o  moderate shock p r e s s u r e s .  Kink bands and lzn ie l lae  of c l i n o e n s i z , t i i e  

a r e  co r~ ron ly  observed i n  t h e  e n s t a t i t e  o f  c h r o n d r i t i c  m e t e o r i t e s  (Ra le igh ,  1967 

and ~ h c y  a r e  be l i eved  t o  have formed by shock deformation.  As mentioned 'lbove, 

t h e  enstatite-clinoenstatite t ra r l s format ion  has been observed i n  on ly  0r.e 

t e c t o n i t e ,  a myloni te  i n  which s t r a i n  r a t e s  and s t r e s s e s  might t i e l l  have been 

h igh .  

- The b r i e f  comparisons g iven  above i n d i c a t e  t h a t ,  i n  g e n e r a l ,  ihe-re should 

be l i t t l e  d i f f i c u l t y  i n  d i s t i n g u i s h i n g  bettreen s t a t i c  and dynamic d e f o n , a t i o n s  

i n  s i l i c a  and s i l i c a t e s ,  on t h e  b a s i s  of  t h e  deforinat ional  f e a t u r e s  produced, 

There i s ,  a s  we have seen ,  some o v e r l a p  i n  t h e  dynanic rnechanisqs and. t h o s e  found 

i n  s t a t i c  t e s t s  at h igh  s t r a i n  r a t e s  and s t r e s s e s ,  and l o ~ r  t empera tu re s ,  b ~ t  %iris 

ove r l ap  v i r t u a l l y  d i sappea r s  when comparing si~ock-induced s t r u c t u r e s  xitr, t h o s e  

produced i n  t e c t o n i c  deformations.  i " u r t h e r . d e l i n e a t i o n s  i n  T-P-i space of the 

v a r i o u s  s l i p  f i e l d s ,  such a s  t h e  (001) v s .  { loo}  twin-g l id ing  f i e l d s  f o r  c l i z o -  

pyroxexes, w i l l  c e r t a i n l y  improve t h e  confidence o f  our  i n t e r p r e t a t i o n s ,  Yore 

impor tan t ,  however, i s  t o  a c q u i r e  inforrnat ion on t h e  deformat iona l  behavj o r  and. 
6 p roces ses  i n  s i l i c a t e s  deformed i n  t h e  s t r a i n - r a t e  range  1 t o  1 0  / s e c ;  Qeiy X L t l c  

r e l e v a n t  work has been done i n  t h i s  ran,lr;e t o  d a t e .  



This  paper  has  n c c c s s a r i l y  emphasized t h e  defo1;national processcs  i n  

s t a t i c a l l y  defox~ned s i l i c a  and c e r t a i n  . s i l i c a t e s ,  but  p rog res s  has  a l s o  been naGe 

i n  unders tanding  t h e i r  mechanical  behavior .  P a r t i c u l a r l y  important  iirerc t b c  

d i s c o v e r i e s  t h a t  small ~ n o u n t s  of  I: 0 i n  s i i i c s  nnd s i l i c a t e s  may producc a 2 
d r a s t i c  mechanical  weakening ( ~ r i g ~ s  and B lac l c  , 1965 ; Griggs , 1967) and thsC 

dehydra t ion  cf s e r p e n t i n e  (Raleigh and Pa te r son ,  1965) l e a d s  t o  b r i t t l e  benavior 

accompanied by s l a r g e  r educ t ion  i n  s t r e n g t h .  According t o  t h e  h y p o t t e s i s  of 

Griggs and B lac i c  (1965) and G r i ~ g s  (1967) t h e  water-~rcakening i n  s i l i c a  a,!. 

s i l i c a t e s  r e s u l t s  from hydrolyzing Si-O-Si b r i d g e s  ad j acen i  t o  d i s l o c a t i o ~ i s  so 

t h a t  t h e  d i s l o c a t i o n s  can sweep e a s i l y  by hydrogen bond exchange. Recovery razes 

and g r a i n  boundary rii igraiion a r e  a l s o  enhanced a s  t h e  hydrolysis reduces  "uarriezs 

t o  t h e  cl imb of d i s l o c a t i o n s   reen en - 2% -* a 1  3 1970; Hobbs, 1958). 

The t r a n s i t i o n  from d u c t i l e  t o  b r i t t l e  behavior  (because of trie high 

pore  p r e s s u r e  induced)  d u r i n ~  dehydra t ion  of  s e rpenLin i t e  c e r t a i n l y  p r o v i t c s  

a l i k e l y  niechanism f o r  t h e  g e n e r a t i o n  of  sha l lov- focus  car thquakcs assoc iabed  
r r 

~ e n i o v z  zones (Rale igh  and Pa t  e r son ,  1965) .  Other dehydra t ion  r e s c S o : ~ s  iravolvin;; 

t a l c  and amphibole ( ~ ~ 0  i s  r e l e a s e d  i n  t h e  tempera ture  i n t e r v a l  8 0 0 ° ~  t o  l l O S o ~ )  

extend t h e  dep th  t o  which e l a s t i c  s t r a i n  energy may by r e l e a s e d  by fa~L-t.icg 

(Rale igh  and Lee, 1969) .  A similar mechanical  treakening du r ing  dehydrs l ion  of. 

gypsum, t h e  abnormally h igh  f l u i d  p r e s s u r e s  encountered dur ing  d r i l l i n g  

e v a p o r i t e  sequences,  and t h e  common occurrence  o f  gypsum/anhydrite a t  ine sole 

of  major t h r u s t  f a u l t s  (Heard and 3ubey , 1966) a l l  provide  support  f o r  t h e  

Hubbert-Rubey (1959) and Rubey-Hubbert (1959) hypothes is  f o r  t h e  nlechanics o.? 

o v e r t  h r u s t  f a u l t i n g  . 
A s  a fincA example, it has  been found r e c e n t l y  ( independent ly  acd nearly 

s imu l t aneous ly ) ,  i n  Gr iggs '  ( p o s t ,  1 9 7 0 ) ,  R a l e i g h ' s  ( ~ a l e i g h  and Kirby,  1 9 7 0 ) ~  

and t h e  w r i t e r  ' s ( c a r t e r  and Ave 'Lallemant , 1970) l a b o r a t o r i e s ,  ''illat ste2d.r s t a i e  

d e f o ~ i i a t i o n  of d u n i t e  and p e r i d o t i t e  i s  governed by a pover law ol' t h c  f o r n  

i: = A on exp (-Q/RT) .  For d u n i t e  defornied i n  t h e  absence of ex terna l13  rclcrLsc3 
8 1 0  

E120, empi r i ca l  e v a l u a t i o n s  of t h e  cons t an t  A (10  - 10  ) , t h e  s t r e s s  ex201icnt 

n (4-6), and t h e  c reep  a c t i v a t i o n  energy Q (90  t o  120  ~ c a l / m o l e )  a l low c s t l r , c - ~ e s  

t o  be made of'. s t r e s s e s  and equ iva l en t  v i s c o s i t i e s  i n  t h e  upper mant le ,  Deycndirz 

on t h e  geotherm chosen, t h e  s t r e s s e s  a t  a s t r a i n  r a t e  o f  10-lLi /sec.  r a r z c  irca 

about 1 t o  i O O  b a r s  i n  t h e  depth  i n t e r v a l  75 t o  ) + G O  kn and t h e  v i s c o s i i i e s  r ~ x z i  

from lo2' TO p o i s e .  The v i s c o s i t y  i s  minimum at about  200 ln an' ~ n c r c n s ; ;  

s lotr ly  Lelotr t n a t  dep th ,  i n  c o n t r a s t  t o  t h e  vt?i9;i r a p i d  i n c r e a s e  czl-culaicd or, tne 

assumpt ior, l i n e a r l y  v i s c o u s  behavior .  These new observaJ'iions r e q u i r e  :?cCrL"lcaAvlons 



t o  be made of  t h e o r e t i c a l  a t t empt s  t o  niodcl 1.argc-scale motions i n  the Z t t l - t l l ' s  

mantle .  

The w r i t e r  i s  indebted  t o  D r s .  1i.G. Ave' Lallcmant , 1i.W. Green, C. 13, 

Rale igh  and,  e spec i a l  l y  , 0.13. J a n e s  f o r  c r i t i c a l  corrments and b e n e f i c i a l  

sugges t ions  t h a t  r e s u l t e d  i n  a s u b s t a n t i a l  improvement of  t h i s  paper .  T h i s  

work w a s  suppor ted  by Ra t iona l  Sc ience  F'oundaJ~ion Grant GA-151112. ----- -----+ 2 

The publication was, in part, supported by NASA Contract N o .  

NSR-09-051-001 .  
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CAPTIONS FOR FIGURES 

1. b i i c ros t ruc tu re s  induced by p l a s t i c  deformation.  Sca l e  l i n e s  a r e  i n  mi l l lmc- te rs .  

A. Deformit ion l a m e l l a c  (N-s l i n e a r  f e a t u r e s )  i n  Orocopia q u a r t z i t e  ; phase contrast 

l i n a  i o n .  Note sha rp  a s ~ w ~ e t r i c  n a t u r e  of  l a m e l l a e .  

B,C. Deforincttion i a n e l l a e  (N-W-trending l i n e a r  f e a t u r e s  ) i n  brighi;  fieid (B)  

and phase c o n t r a s t  ( c )  i n  experimenta, l ly  deformed c r y s t a l .  The l a n e l l a e  are 

normal t o  a zone o f  undula tory  e x t i n c t i o n .  

D. Kink bands (N-s bands)  p a r a l l e l  t o  (100)  i n  n a t u r a l l y  defor~aed  o i l v i n e .  

E. Deformation l m e l l a e  (8-s l i n e a r  f e a t u r e s )  normal t o  zones of uaduLatory 

e x t i n c t i o n  i n  exper imenta l ly  deformed o l i v i n e .  

F. Decorated l a m e l l a e  (N-E-trending l i n e a r  f e a t u r e s )  c o n s i s t i n g  o f  p a r t i c l e s  of 

Yf which have d i f f u s e d  a long  d i s l o c a t i o n  l i n e s  i n  (010)  p l ane  du r ing  experiment .  

O r i e n t a t i o n s  of  q u a r t z  deformation l a m e l l a e  produced exper imenta l ly  ic Canyon 

Creek q u a r t z i t e  a t  a cons t an t  s t r a i n  r a t e  of 7.8 x 1 0 - ~ s e c . - l  a s  functions of 
7' t empera ture  and p r e s s u r e  ( ~ v e ' L a l l e m a n t  and C a r t e r  ( 1 9 ~ 8 ) .  
11 

Histograms shoving t h e  ang le  between t h e  c -ax is  and p o l e s  t o  l ame i l ae  providing - 
t h e  b a s i s  f o r  s u b d i v i s i o n  i n t o  t h e  v a r i o u s  l m e l l a e  f i e l d s  o f  F igure  ?, The 

subbasa l  I l a i l e l l a e  o r i e n t a t i o n s  ( d ;  combined r e s u l t s  o f  Heard and Carcer, 196d 

and AvcrLallemant and C a r t e r ,  1371) a r e  most n e a r l y  similar t o  t h o s e  of natural 

l an le l lae  (f; C a r t e r  and FrieIlraan, 1 9 6 5 ) .  

O r i e n t a t i o n s  of  v a r i o u s  sub fab r i c  elements  i n  exper imenta l ly  ( a  ,b ,c ; Eicarc? and 

C a r t e r ,  1968) and n a t u r a l l y  ( d , e , f  ; C a r t e r  and F r i eanan ,  1965) deforned p e r i z ,  ze 

(Ca r t e r  and Rale igh ,  1969) .  N-S =rows i n  a , b , c  show o r i e n t a t i o n  of 01 (a2 = a 3 )  

and dashed small c i r c l e s  a r e  a t  45' t o  ol. Dashed l i n e s  and c i r c l e s  in e a n 3  1 

s h 6 i  s t r e s s  o r i e n t a t  i ons  deduced from c a l c i t e  tw ins .  Lower hemispnere , eqccl  

a r e a  p r o j e c t i o n s  . 
A,D. Po ic s  t o  128  s e t s  of l ame l l ae  i n  exper imenta l ly  deformed specimec; corhou:s 

a t  7 , 5 , 3 , 1  percent  p e r  1 percen t  a r e a  ( A ) .  Po le s  t o  89 s e t s  of  l a n e l l a c  in 

n a t u r a l l y  deformed q u a r t z i t e ;  ,dontours a t  6.7, 4.5 ,  2.2 and 1.1 percenc per 

1 percen t  a r e a  ( D ) .  

B,X. - c-axes i n  mors ( s o l i d  c i r c l e s ;  9) and l e s s  (open c i r c l e s ;  deformed 

p a r t s  o f  i n d i v i d u a l  g r a i n s .  

C,F. Po le s  t o  l ame l l ae  ( p o i n t s  o f  a r r c v s )  and c-axes (ends o f  a r rows)  i n  gra lns  - 
con ta in ing  l m e l l a e .  



5 .  T'hrec-dimensional diag~-t>a.,ln s1lor~ii.n~ qua r t z  l a x e l l a c  o r i e n t a t i o ~ i s  i n  'I?-*'--; s?-?,ce 

and e x t r a p o l a t e d  t o  lower r a t e s  expected of  n a t u r a l  deformations ( ~ v e ' i a l i e n a n t  

and C a r t e r ,  1971) .  T-i r e s u l t s  a r e  from iicard and Car t e r  (1968) and P-T r e s u l t s  

a r e  from Ave'Lsl lunant  and CarLer (1971).  The p o s s i b l e  conCinelita1 geo-th-,~.rm 

i s  fro111 Clark and Ririgwood (19611). 

6 .  Poles  t o  s l i p  p l anes  determined from e x t e r n a l  r o t a t i o n s  i n  k ink  bands of cazurally 

deformed o l i v i n e  ( ~ a l e i g h  and Kirby,  1970) .  The s l i p  system i s  (0klj [1001. 

7.  S l i p  s y s t o ~ s  i n  exper imenta l ly  deformed o l i v i n e  aggrega te s  as f u n c t i o n s  of 

tempera ture  and s t r a i n  r a t e  a s  deduced from l ame l l ae  o r i e n t a t i o n s  2nd e x t e r n a l  

r o t a t i o n s  ( c a r t e r  and Ave 'Lallemant , 1970) .  

-8. Three-dimensional diagram showing v a r i a t i o n s  i n  s l i p  systerns i n  o l i v i n e  is 

P-T-E space cons t ruc t ed  from d a t a  o f  Ca r t e r  and AvetLal1emant (1910) and 

e x t r a p o l a t e d  t o  h ighe r  p r e s s u r e s  and lower s t r a i n  r a t e s  . The oc ean ie  geothern 

i s  from Clark  and Ringwood (1964) .  

9. Mic ros t ruc tu re s  induced by p l a s t i c  deformation.  S c a l e  l i n e s  are i i i  ihr: tlLliirneuers, 

A. Na tu ra l ly  defamed e n s t a t i t e  kinked on (100)  [001] ; (100)  e x s o l u ~ i o n  I m e i l a c  

a r e  normal t o  k ink boundaries .  

B. Experimental ly  kinked e n s t a t i t e .  L ight  bands have t ransformed t o  c l i rLoecs t  catile 

as have l i g h t  lan le l lae  i n  dark  e n s t a t i t e  bands (photo cour t e sy  of S.11, ~ i r b y ) ,  

C.  Thin,  l i g h t  B-S t r e n d i n g  bands a r e  { l o o )  tw in  bands i n  d iops ide ,  

D.  Kink bands i n  n a t u r a l l y  defonned p l a g i o c l a s e  produced by s l i p  on iOi0j 

i ~ e i f e r t  , 1965 ) . 

10 .  Temperatures and s t r a i n  r a t e s  a t  which e n s t a t i t e  transforms t o  c1Lncieiist:ititc 

and a t  which t h e  e n s t a t i t e  deforms by kinking  due t o  s l i p  on {100}[001] end 

polygonizes  ( ~ a l e i ~ h  e t  al. , 1371) .  The dashed boundary i s  t h a t  estirr,a~cC f o r  

1/8" s m p l e s  f o r  which t h e  tempera ture  d i s t r i b u t i o n  i s  l e s s  w e l l  known by 

cornparison wi th  1/4" samples ( s o l i d  l i n e s ) .  

11. Ext rape la t  ion  t o  lower s t r a i n  r a t e s  o f  boundary s e p a r a t i n g  e n s t a t i t  e '~.r;l;isfo:.~:~~~iorin 

v s .  s l i p  f i e l d s .  The dashed l i n e  i s  t h e  p r e d i c t e d  boundary based on nieas~i -cr~c?Ats  

of t h e  f low law parameters  f o r  each p roces s ,  p r o j e c t e d  i n  T-) space ( ~ n l c j g h  

e t  al 1971) .  - ' ' 



I 12. 1 '~ojcc t ion  n~l- rn?~l  t o  [ o ~ c ]  of t h e  diopsi.de s t r u c t u r e  showing t h e  t~~inn;x;:; e?.cmenis 

( ~ a l e i g h  and Talbot ,  1367).  

-> 

$. Slietch of t h e  polygonizat ion process.  

A. Eclge d i s l o c a t i o n s  of 1ii;c s ign  a r e  c rea ted  by bending. 

B. 'The d i s l o c a t i o n s  have climbed v e r t i c a l l y  and have foraed wa l l s  n o m d  t o  t i i~ir 

Burgers vec to r s .  Few d i s l o c a t i o n s  remain between wa l l s  and hence s l i p  ?lane 

s t r a i g h t e n s .  - 
C. An i r r e g u l a r  wa l l  formed by i n t e r a c t i o n  of two rnutually perpendicular  ?rails 

( h e l i n c k x  and Strunane,  1960).  

D. D i s t o r t i o n  of  c r y s t a l  s t r u c t u r e  of  d i s l o c a t i o n  wal ls  and r e l a t i o n  bet~reeri 

spacing ( h )  and misor i en ta t ion  ( 0 ) ;  b i s  t h e  Eurgers vec to r  (~ea6, 13533. 

v 0 . ~ c A / u . - z J .  

13. Photomicl-$graphs o f  recovery and r e c r y s t a l l i z a t i o n . ,  Sca le  l i n e s  a r e  i n  mE;limc:ers, 

A,B. Polygonizat ion i n  n a t u r a l l y  deforrned o l i v i n e  i n  x e n o l i t h  from Lunar Cretcr 
-6 

( A )  and o l i v i n e  experimentally deforrned a t  950°C, i = 1 0  /set, scd a eocszaLt 

s t r e s s  of 9.5 kb ( ~ a l c i g h  and Kirby, 1970).  Ind iv idua l  polygons are 6isorie::ted 

by l e s s  than  5' and a r e  near ly  r ec tangu la r  wi th  edges p a r a l l e l  -LO (103) rn6 {OOL). 

C .  In t rag ranu la r  and g r a i n  boundary r e c r y s t a l l i z a t i o n  i n  experimenl&lly deformed 

d u n i t e  (Ave' Lallemant and Car ter ,  1970).  

D. To ta l  r e c r y s t a l l i z a t i o n  of  experimental ly deformed d u n i t e  forming a ncw r o c k  

with s t r a i n  f r e e  g r a i n s  ( ~ v e  'Lallemant and Car te r ,  1970) .  Note gerers l  

elongat ion  of g r a i n s  i n  N-S d i r e c t i o n ,  normal t o  01. 

E. Recrys ta l l i zed  p e l l e t  of ground ( < 3 7 p )  dun i t e  powder (Ave'~a1lernan~c snd Carter, 

1970) .  Or ig inal  g r a i n s i z e  i s  seen near  East and West ends of specirnec, Xote 

f l a t t e n i n g  of g r a i n s  normal t o  01 trhich was o r i en ted  E-1J. 
-,!J -5 j 

F . Experimentally produced "mylonit e" . i n  h ighly  compressediquartzit ,e saccix len 

( c a r t e r  -- e t  al. , 1964).  

r 
16. Diagraii shorqing r e l a t i o n  between polygon diameter ( L )  and u/o. i n  o l i v i n e  Tor 

specimens deformed a t  a constznt  s t r e s s  of 9 .5  kb (N-27) and 4.6 kb (N-41) (Raleigh 

and Kirby, 1970). The l a r g e r  s i z e s  of polygons of  n a t u r a l l y  polygonize2 o l i v i n e  

i n  x e n o l i t h s  from Hawaii and Lunar Crater  l e a d  t o  t h e  s t r e s s  es t imates  shown 

i n  t h e  upper p a r t  of diagram. 

G 
Ijl. Opt ica l ly  determined - c-axis f a b r i c s  of syn tec ton ica l ly  r e c r y s t a l l i z e d  ~ ~ i s l - t z  

azgregazes (A-D; Green e t  al., 1973) cold-worked and annealed b i c r y s t a i  ( E ;  t 

Greea -- e t  a l . ,  19-(0) and cold-worked and annealed s i n g l e  c r y s t a l  (F; ?Io.~b;, 

1968).  01 i s  o r i en ted  N-S i n  a l l  diagrams. Lower hemisphere, cc,uzL arca ?rojcct io.?*.  



+' 
1% A. - c-axes i n  516 g r a i n s  r u c r y s t a l l i z c d  i n  a - s t a b i l i t y  f i e l d  i n  r i l  ol sub1iel.i 

( s e e  P ig .  1 6 ) .  Contours: 4 , 3 , 2 , 1  pe rcen t  p e r  one pe rcen t  a r e a ,  

B. - c-axes i n  597 g r a i n s  r e c r y s t a l l i z e d  i n  c i - s t a b i l i t y  f i e l d  i n  r ol s L i h f i c l d  - 
( ~ i g .  1 8 ) .  Crossed-girdle  f a b r i c  v i t h  €2 ;jo2 I/  i n t e r s e c t i o n  of g i r d l e s ,  

Contours : 2 .5 ,2 ,1  perccnt  pcr  one pe rcen t  area,. 

C. 2-axes i n  500 g r a i n s  r ec rys t a l l i ze ' d  i n  t h e  8 - s t a b i l i t y  f i e l d  shoving 2 r (  al 

f a b r i c .  Contours: 4 , 2 , 1  pe rcen t  p e r  one pe rcen t  a r e a .  

D. 2-axes i n  300 g r a i n s  r e c r y s t a l l i z e d  i n  t h e  B - s t a b i l i t y  f i e l d  sho1~in.g c ~ n p o s i " ~ e  

c  / I  cfl ar,d c  '1-cfl f a b r i c .  Contours: 6 ,4 ,2 ,1  pe rcen t  p e r  one percen-baara ,  - - 
E. - c-axes i n  100 g r a i n s  r e c r y s t a l l i z e d  a long  i n t e r f a c e  between c r y s t a l s  eonpressed 

p a r a l l e l  t o  - c  (open squa re )  and a t  45O t o  - c  ( s o l i d  squa re ) .  Tho c r y s t a l s  

were cold-worked and t h e n  annealed i n  t h e  B - s t a b i l i t y  f i e l d .  Contours: 5 , 3 , i  

pe rcen t  p e r  one pe rcen t  a r e a .  

F. Na tu ra l  c r y s t a l  colnpressed F r i l o i l )  (c-axis i n d i c a t e d  by s o l i d  square ) a,"r*520~ c 
and t h e n  annealed a t  1 . 2 8 3 ~ ~ .  c-axes i n  210 nets g r a i n s .  Contours: 1 3 , 9 , 5 , 1  - 
pe rcen t  pe r  one pe rcen t  a r e a .  

5% 
18. Types o f  - c-axis  f a b r i c  observed by s y n t e c t o n i c  r e c r y s t a l l i z a t i o n  i n  a - s t a b i l i t y  

f i e l d  as f u n c t i o n s  o f  te iuperature and s t r a i n  r a t e  te re en -- e t  a l . ,  1970) .  

P c 
la. F a b r i c s  of natural ly  (A ,B) and exper imenta l ly  (U ,D , E )  r e c r y s t a l l i z e d .  o l5v ine  

(A ,c ,D)  and e n s t a t i t e  ( B , E ) .  Great  c i r c l e s  i n  A,B sho1.r o r i e n t a t i o n  of  foliazion, 

01 i s  o r i e n t e d  N-S i n  C , D , E  w i th  a m i n e r a l  f l a t t e n i n g  f o l i a t i o n  p a r a l l e l  t o  
, , 

, !  
,- ,,! ,J.,.~ ,- :/ :~ 1-s : -? 

og - o3 p l a n e  (%\!I. Lower hemisphere,  equal  a r e a  pro jec t ions ;  ca  '-'-"-' - 2 +,,, 
&,# 

p c + c k . q  4- 
S "7 < ,Q,. ;'; r ., . , 

'% f a2 21 . 
A. 200 s e t s  of  p r i n c i p a l  indica-tl-ix axes  o f  o l i v i n e  frorri l h e r z o l i t e  i n  Pyrenees 

' ( ~ v e  'La l l enan t  , 1367 ) . Controm~s-ak-i-ntervaL~-of-one-per~-e~~-pei:~-one -;-ier-cexli-area . 

B. 100  s e t s  of p r i n c i p a l  i n d i c a t r i x  axes  of e n s t a t i t e  i n  same specj~iien as A .  

C o n t o i l r s - a t - i n t e r - v a l s - o f - o n e - p e r c e z a r e a .  

C.  100 s e t s  of p r i n c i p a l  i n d i c a t r i x  axes  of  o l i v i n e  i n  M t .  Burnet spec inen  

( ~ i g .  1 5 ~ )  t o t a l l y  r e c r y s t a l l i z e d  s y n t e c t o n i c a l l y  a t  l l O O ° C ,  1 5  hb, l ~ ' ~ / s c s .  

i n  presence  o f  K20 (Ave 'Lallemant and C a r t e r ,  1970) . Contours-~t-iatcrvzLs- 

o f-one-pe1lc-e n%-per-onc-pe rc-e;1t--zrea. 

3 .  350 s e t s  of  p r i n c i p a l  i n d i c a t r i x  axes  of o l i v i n e  i n  powder s y n t e c t o n i c a l l y  

r ec rys t a l l . i z ed  a t  1 1 0 0 ~ ~ ,  13 kb, 7 . 8  x  1 0 - ~ / s e c .  ( ~ v e   allen en ant anZ C&r-ber , 

E. 250 secs of p r i n c i p a l  i n d i c a t r i x  axes  of  e n s t a t i t e  i n  powder s y r t e c t o n i c ~ l i y  

r e c r y s t a l l i z e d  ax 1 0 0 0 ~ C ,  1 5  kb, 7 .8  x  1 0 - ~ / s e c .  C o n t ~ ~ r s - a t - i - z t c z v .  2s-o2 

yne-perc-ent--pe,r-onnpcrc ent-area, 



/17  
23. The P-'i' cond i t i ons  of  exper i rne~l ta l  syn tec ton ic  r ec rys" i l1 i za t ion  ex-;-ierhtel;-is 

on o l i v i n e  inc lud ing  r e l a t i v e  g r a i n  growth ( ~ v e  '  alla an ant and C a r t e r ,  zS;"/Q 1 sc.2 

e q u i l i b r a t i o n  f i e l d s  of v a r i o u s  u l t r a m a f i c  s u i t e s  and p e r i d o t i t e  so l idxs  

(~'~ara, 1967) .  







BASAL  
336 sets of  l ame l l ae  

1095 sets  of larnellae 

PRISMATIC 
437 sets of Icnmeliae 

SUBBASAL I 
1554- sets  of lameilae 

I WEL. NONSELECTIVE NATURAL LA!b:ELLAE 
403 sets of l ame l l ae  3835 sets from seven sources 
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PREDOMINANT SLIP MECHANISMS t N  O"kI\!:Yr M 

CONFINING PRESSURE - F5 Kb 
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