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Diffusion creep in feldspar aggregates: experimental evidence 
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AbsiracI--A ctmihmahtm ol mechanical and mlcroslruclural  le,.ulls h~r eJtpenmerilallv dehwrned alhtle 
aggrel.,ale,,, ol 2-111pm gram ,size tndtcale,, a regime tfl gtain b .unda rv  diHusttm creep iltal depend,, up,,n Ihe 
pre,,ence ill walel, lemperalure  and strata i=,.lle AI t)(l(l"(.' and Ill-" , - i  de l . rmal i~m ~t'tur'.. domtnarlllv by 
recry;,lallizaliuri accommodaled di',,,locall, m creep when Ihe agg~egale!., c lmlam . -11.2 wl% waler, bul by gram 
b~unda~y dtttumem creep when the aggtegales c . r i lam 0 q wl% waler E,~penmenls at olhet temperature,., arid 
~,llaln lale.,, tndtcale Ihal fine grained aggregales wilh added waler may go ¢lireclly h a m  calacla.,.Itt flow Itl gram 
I, mndary dtHu,,t.n creep with mcrea,,,mg lemperalure  ~r decreasing ~,1 ram rale. hvpa,.,.mg Ihe held ol dt~,hwalion 
creep 

M~crt~slruclural ev~deme lot grain boundary dtt-tust.n creep m Ihe wef hne grained aggregates mcludes the 
developmenl ~1 rectangular grams rather Ihan I~lygonal  grains, gram growlh,  a very low average dtsh~cahori 
den,,tly, ~pen grain boundanes  including pores and channels ,  and Ihe presence ol iwergtowihs ol a dtllerenl 
u~rnposttion .ri h.~ams m a two plaf:~oclase (An n and AnT.~) agbnegale Addtltonal evidence I.r itttfuston creep m 
Ihe wel hne h9'alned aggregales ts indlcaled by Ihelr similar mlc[oslnaclures and slrenglhs when dehwmed al  ~11t 
and I ".IH) MPa, in c~rilrasi, dry leld;,par aggtegales  de lo rmmg by dr.,Iocalion creep shrew an increase m slrenglh 
and a Irarlsilit~ri Io sem~ bnllle behavior al lower conhning pressures (.Jrain b o u n d a r y  diffusion c ,eep ol leldspars 
may be c o m m . n  m nalurally delormed tack!,, due I(~ Ihe ea!,e . I  g tam ,,tze reflutlii~n by holh t',llaelasis and 
d y n a n i i ¢  rec[ y'..lalh/al Ion  

INTRODUCTION 

ZONE..S OI hwaltz.ed duclile delormalton in the CFUSl are 
alm~st always charactenzed by extreme grain s~ze re 
ducllon, suggeslmg thai fine grained rocks are weaker 
than Ihetr protohths There are several possible mechan 
isms t.)l ductile flow m fine grained aggregates, including 
dry or fluid assisted volume or gram boundary dittusion 
creep, grain boundary shdmg and dislocation creep 
Difl'uslon creep and grain boundary shdmg have been 
httle stud~ed expenmenlally untd relatively recently, 
because fine grain srzes, high temperatures and low 
stresses are required to produce measurable laboratory 
slram rates H,~wever, a transition from dislocation 
creep t,~ dlffus,.m creep plus grain boundary, shding with 
decreasing gram size has been demonslrated for calcite 
aggregates by Schmld et al. ( ItH7, lgSI)) and lot olivine 
by Karalo el al. (IqS~). For experiments on fine grained 
aggregates, a Iransltion Irom dislocation creep to grain 
boundary dd-I'uslon creep was observed to accompany 
the addmtm tff u small quantity of melt in albile (Ji & 
Matnpr,ce lqSt+) and in gramle (Dell 'Angeloetal .  1~87) 
Similarly, m fine grained olivine aggregales, Karah) et 
al. (IqXh) found Ihat addlllon of --11 2 wt% water pro 
duced a change tram volume to gram boundary diffusion 
creep, although Cooper & Kohlstedt (Iq84) Iound that 
add,tu.m ~>1 --4.11% melt only caused an enhancement at 
the grain boundary diffusion creep rates. 

Prewous experimental deformation studies o[ rela- 
tively c,~arsegra,ned (--18If,urn) leldspar aggregates 
have documented a regime of brittle faulting at low 
pressures and/or temperatures ('T'ulhs & Yund Iq87); a 
regime ol cataclushc flow, ,nvolvmg d,stnbuted cracking 
with no d,slocatlon moUon, at intermediate tempera 

lures and pressures ('T'ullis & Yund 1~8'7). and a regime 
ol recrystalhzation-accommodated dislocation creep at 
higher temperatures  and moderate to high pressures 
('T'ulhs & Yund It~8'~). Addfllon ol trace amounts ol 
water (11 I-4) 2 wl'¼,) lowers the temperature ol Ihe 
transit,on Irom catuclastw flow to d~sh~catlon creep 
('T'ullts & Yund [qS(I) Within the recrystalhzalton 
accommodaled dish,cation creep regime, det'orm.',lu~n 
produces an extremely fine grained ( - I pro) aggregate, 
but there ~s no mwrostructural evidence Ior a switch to 
dtlluston creep in the recrystalhzed material Crulhsetal. 
it~q(I) (.")bservalu.ms of naturally deformed leldspathlc 
rocks md~cate thai there ~s a lurlher transilion to climb 
accommodated dislocation creep at upper amphibohle 
to gtanulile grade condltu.ms (e g. White & Mawer 
ItJ86), but this is not ubservable al expenmenlal  slram 
rates due to the onset of melting 

In this paper we presenl the resulls ol an experimenlal 
study of hne grained (2-11)lrm) albile, wnh mlcrostruc 
rural and mechanical evidence that addition ol a small 
(- 1 wl%) amount ol water causes a switch Irom dlslo. 
cation creep to gra,n boundary d,ffusu+m creep These 
results have important impl,catlons Ior duclile .shear 
zones in the crust 

EXPERIMENTAL DETAILS 

We used hot pressed plag,oclase aggregates ,n this 
sludy. Most samples were composed of pure albtte, 
obtained Irom a fine gramed alblte rock (Ab.~AntC)rt) 
from the border zone ~I' the Hale pegmattte, c"r, which 
we have used m previous experimental delormallon 
studies (e.g Tulhs & Yund IqS(), Iq85, It)87) We 
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crushed Ihts maler,al m an agale mortar and separaled 
~ul a ~raln size Iraclt~m ~1 2-I(I .,m by sellhng m dtsltlled 
waler The powder was washed ,n alc~h~l and dr,ed m 
an ~wen al 1(I(1"(? C'vhndrical samples were hot pressed 
m .~'mt m a m~)dtfied Gr~ggs lype apparatus prior to 
deh~rmal=on Due to leldspar's two excellent cleavages,  
the compacl,on prucess causes all ot 4~ur hol ,pressed 
aggregales h~ have a slr~mg crystallographic prel'erred 
orienlalton pr.~r h.'~ del',~rmalton, therelore the presence 
ol a prelerred ~rienlalion m de lormed  samples  cannot 
be used as diagn4~slle ev=dence for dislocalu.m creep,  as fl 
can Ior cores . I  nalural aggregates. 

Experiments were done on samples wllh a range ol 
different waler treatments, rangmg from added water,  
Io no added waler, Io vacuum drying. Wetght loss ol' Ihe 
coarse grained slarlmg malerial alter vacuum healing to 
~(I()"C mdicales a 'waler '  content ol --(I. I wl% Sim,lar 
wctghl h~ss measurements rod,care that Ihe 2-1l.I/.~m 
powder contains an additional --0. I wl'Y,, ol adsorbed 
waler, Ior a tolal ol 0 .2w1%. For some exper iments  
we added -- l) 7 wl% water Io the powder and used etcher 
weld sealed or mechamcally sealed PI or Au capsules, 
lot a h.)lal waler conlent ot --0.~ wl%. Previous expert 
ence (e g Tulhs & Yund 1~8(), Kronenberg  ~.~ Tulhs 
Iq84) shows Ihal our lechnique o[ mechanical seahng 
defimlely retains the added waler For other expert. 
menls we placed untreated powder in mechanically 
sealed capsules (lulal waler contenl ol --ll 2 w1%) For 
several cxpenmenls we vacuum dned the powder al 
tI.Kr'(7 and immedialely weld sealed it =n Pl capsules,  this 
trealmenl should have removed most of the ads(~rbed 
w a l e r ,  bu l  nol changed the ,nternal water . related 
spec=es (Kronenberg ,'t al. 198q). We est tmale Ihese 
samples Io have approximately the same 'water '  content 
as the coarse gramed starhng malenal ,  namely 

-(I.I wl"¼,. Obviously mdwidual samples may have 
vaned somewhal m the~r water content,  due to differ 
ences m ambient humidity etc 

Our Na(.'I sample assembly tends Io buffer near N=- 
N~(-) We rater Ihts from an expenmen t  m which pieces 
of C'u, N~, Ta and Mo lofts were placed belween dmcs of 
quarlz~te ,n a sealed Pl tube, and taken to ~00"C and 
I ~ll() M Pa Ior 12 h; I he "l-'a and M~ lofts were oxidized bul 
the N= and Cu foils were not. 

S(~me ol Ihe expenmenls  on samples wtth added waler 
were done m weld sealed capsules and bullered sample 
assembhes,  using standard materials and configuralicms 
(e g Chou 1~87), our assembly ~s shown in Fig I 'The 
dned albtle powder was loaded into a 5 mm Pl tube 
wh~se bol tom end was meehameally sealed by foldmg fl 
~wer a Pl d,sc Aboul l) 7 w1% water was added,  and the 
t,~p end was sealed ,n a s=mflar manner.  Th,s was placed 
,nside a () 25" Au tube wh=ch had a cup of Au weld sealed 
Io ,me  end and small cenlenng ringsol Au placed in the 
bol lom to hold the inner Pt lube About 3(Nlmg ol a 
racial-metal  oxide buffer (Huebner  1~71) was placed 
between the Pl and Au lubes Iogether with 3-10rag  
water 'The bullers used were Mn~O,~-Mn2(.-)~, Nt-N=O 
and M,.~MoC),, which provide a range of nearly eight 
orders ~t magn,lude ,n fH, and I';, orders ol magnitude in 

ZlO 2 P ls lon  

I 

,mp le  

Jfler + water  

old 

ZrO 2 Plslon 

F'tg I Schemaltc dta~,nam ol hutlered sample assembly Inner d,a 
meier ol mne~' PI ruhe IS '1 0 mm, larger ouler dtamelet i~l Z,t(:~,, ptshms 

I!, fi 4 mm 

to-, at the condthons of these expertmenls Aboul g5% ol' 
Ihe buffer mtxture was the phase whtch tended to be 
consumed dunng the expenmenl, excepl for the 
Me.MoO-, buffer where M,~ toil was used because tl 
oxtdizes qmckly A top centering nng ol Au was slipped 
over the PI lube. and another Au cup weld sealed al Ihe 
lop. The lop and holtom ZrC) 2 ptslons fit snugly mlo Ihe 
Au cups The presence ~l' water was confirmed at the 
end of an expenmenl by weighl loss aller puncturing the 
lube and drymg, and the sulid buffer phases were tdenh 
fed by X-ray dtl'lraclton 

Hydroslahc expertmenls showed Ihat the htgh mil.al 
porosity (~35--IlI%) of the samples was reduced Io 
about I - 2 %  al-ler --h h al qll(r'(" and 1500 MPu 'The hot 
pressed samples relamed very close Io a nghl cucular 
cyhndncal  shape, wllh almost ;.111 ol the w:flume re 
duction occurring by a decrease m length, presumably 
due to the axml geometry and presence of rigid end 
pisl~ms All ol Ihe dehorned samples were first hot 
pressed lot 5 ~  ha l  pressure and lemperalure  

In all expenn' |enls  we used a noble metal lackel, ZrO-, 
end pistons, and a stepped graphfle furnace Io reduce 
tempera ture  gradients. 'The eonfimng medmm was NaCI 
lot expe r imen l s ,  q(i(r'c, and soil f red  pyrophylhle  for 
experiments  at Iill)(t-I IllII"C. For expenmenls  using 
Nat?l, the nominal conhning pressure may mclude 
a contnbul , .m ol up to II)llMPa I ron  trlclion 
(Green & Borch IqSO) Slresses were measured wtth 
an exlernal load cell, and are reproducible to within 
+ ~11 M Pa 

Axtal compresston, conslant dlsplacemenl rate ex 
penments were done at XI)I)-IIII(.r'C", 2 × 10 -'~ and 
2 ',: II) -~' s - I ,  and IS()I) and t~(X)MPa. Samples were 
shortened approxtmately 3(~,llt'Yu. We do not know the 
flu=d pressure m the cxpenmenls, although it was less 
than tolal pressure because there was no axtal craek,ng. 
De lormed  samples were quenched to .t00"C, unloaded, 
and impregnated wflh epoxy, Iwo Iongfludmal finn sec 
lions were made,  une tot ,~pl,cal and one Ior trans 



E)illuston creep tn leldspar aggregates qSq 

600  a P = 15o0 MPe,  e = l O ~ l e ,  T = 0 0 0 " C  

F taft :)- I(I IJrr), IJ q% wt]l(-ll 
• Mrl.l( 14 - Mn~Lk I 

400LI- ~ MII - Mill),, 

I ,00 'N N,, , . . .  
i i i " I I 

' ' i' ' l i i i I [ i 
0 i 0  20  30  4 0  

0 0 0  

- 6 0 0  

'-- 400  

2oo 

'= 0 
g o 

1200 

I 0 0 0  I 

8 0 0  

6 0 0  

4 0 0  

200  

b P : ISOO M P a , ( ~  = IO '~ / s ,  T = 9 0 0 ° C  

• ' " " " ' " I ' , I I -  Ion /.ira, (l I% wi:lll-li 

~- I l l  prrl, (I I% wl]h4i 
,2- III /Jfrl, 11 q% wal~, NI-NI(.)\ i ~ , i 

i i I i l 
I | I I  I I  I I  I I  I I  13 I I  I I  

" ,  1"~ "1 I I I "~'10 ~n,  0 9"~, wat.~ I 

C 

10 20  30  4 0  

P = 600  MPa,  e = 1 0 ~ l s ,  T = 900"C 

liJlJ - 18l) pm, I1 I% WaiSt 

( l l l  ~'~lJFlt,) 
2- I11 /Jn'i, II I% WalHI 

¢ l i i 

i 

i 
f P- I l l  ilJrtl, I1 ']% walRI 

I I ] I  I I I I 

' I ' I '  ' I  l I I I 
I 0  20  30  4 0  

Sir  s in  (%)  

Fig 2 Shess-s l ra ln  curves for represenlalive exper imenls  o n  laid 
I spa ragg tega lesa l0 (KPCand2  ~' I l l - ' s -  ( a ) C ' u r v e s l o l b u l t e r e d a n d  

weld scaled 2-1Uum samples conla.lnlng - l l  t) wl% water, show,ng 
Ihal/~, and to-~ have nt~ measmeahle el'lecl on sllenglh (hi Curves lot 
samples dehwmed al I~Ofl MPa, dner samples (wllh --0 I w1% waler) 
delorm by dtshM..alton eteep, wheteas wel samples (wilh -0 q w1% 
waler) dehwm by diffusion ~.'~eep "rhe curve Io! the weld sealed 
san'lple bufleled wtlh NB-NI() ts repealed ITUm (a), (,t.') Curves Ior 
samples delurmed al NN.,I MPa, t'lnel samples (Wllh -0 I wl'/,., waler) 
undetg, complex mixed mode delormalton, whereas wel samples 

( w i l h  " - i f  ~ w l %  waler) deh)rm by d i l i u s i o n  c r e e p .  

mission electron microscope ( T E M )  observations. TEM 
observations were made on a Phihps EM421) mstrumenl 
operatmg at 12(I kV 

A law companson experiments were performed on 
samples consisting of mtlmale mixes of 5()% alblte and 
50% bylowmle (Ab2f~AnT,,Or i, Irom (.-'n/sial Bay, Min 
nesota). 'Three difterent grain size fractions were utll 
ized Ih()-18(), 53-63 and 2-1()l,m Untreated powders 
were mechanically sealed and delorrned (in unbufl'ered 
sample assemblies) at OIK)'"C, I()()()MPa and 2 x I()-*' 
s- i, to approximately 4()% shortening. 

RESULTS 

Mechameal resuh.~" 

Stress-slram curves for representative experiments 
on the 2-1Ilium aggn'egales dehsrmed at l':,(.)(J MPa are 
shown m Fig 2. All of the water-added, weld-sealed, 
buffered samples deformed at 15IX) MPa, 2 x Ill -s s- t 
and q(X)"(." have a strength ol --200 MPa (Fig. 2a); there 
are no detectable differences which could be correlated 

l ( I  /H,, t.lr /(_i,, F'(~r deh:irmalion at the same condit ions, a 
mechanically sealed sample with lhe same am(~unl ol 
water added, bu[ no buffer, ha,,, a slightly lower slrenglh 
( -150 MPa) (Fig '2b). We believe this indicates a small 
eonlr lhul , :m h~ the measured strength from lhe layer ol 
metal-metal  oxide powder direct ly ur~lund the hul lered 
samples (F'ig I). 

A sample which was vacuum dned at "~()()"C and 
immediately weld sealed has a higher strength 
(-- ~(X) MPa) than any of the water added samples (Fig. 
2b). h ) r  comparison, we include the stress-strain curve 
for a core of Hale albtte rock (grain size I S(l-18()pm), 
which we heheve to have the same water content 
( --(I 1 wl % ), deliirmed at the same conditions ( Fig 2b). 
It has a high iniual yield strength (- 725 MPa), followed 
by strain weakenmg which accompanies the progressive 
dynamic recry, stallizalton (Tull,s & Yund 1985) II 
appears that the slrength for this core ts approaching 
thai ol the dry '2-1()urn sample as recrvstalhzalton pro 
duces a similar gra,n size 

A few samples were delormed at 0(I(I MPa h)r cam 
pansl m (Fig '2c) A mechanically sealed sample contain 
ing -(I.q wl% water (no buffer) deformed at t)(H)"C and 
2 × I()-" s-* had a shghlly lower strength (-- I(X) MPa) 
than a simdar sample delormed at IS(X) MPa However,  
a sample which was vacuum dried at ?,00"C and weld 
sealed and delormed at 0(I(.1MPa has a much higher 
strength (-- I(XN) MPa)Ihan mmilar samples delormed al 
15()JMPa Again we mclude, for companson,  Ihe 
stress-strata curve for a core at Hale albfle rock de 
Iormed at the same condihons. It is significantly stronger 
than an equwalenl sample deformed at 15(.)0 MPa, and 
developed a through going lault (although there was no 
sudden stress drop). A slmdar *ncrease ol strength w,lh 
decreasing pressure Is exhibited by quartz aggregates 
delormed by d i l a t a t i o n  creep (Kronenberg & Tulhs 
1084), apparently due to a dependence ol dmlocat,:)n 
glide and/or climb on/H~O ('T'ulhs & Yund lqSq, Farver 
& Yund Igq(.lb) However,  there is no reason Ior gram 
boundary diffusion rates to depend strongly on pressure, 
so it seems reasonable that the strenglh of samples 
undergoing gram boundary diffusion creep should not 
be pressure sensihve (except msolar as solubihty is 
mcreased by pressure) 

We cannot resolve the flow stresses sulfic=ently t~l 
determme flow laws for Ihe 2-I(I/~m aggregates, and in 
particular to determine whether the stress exponenl =s 
close to 3 for the dry samples, consistent wflh dislocation 
creep, and close to I for Ihe wet samples, as it should be 
Ior diffusion creep. However,  in addition to the mechan 
ical ewdence presented above, we behave there ,s cam 
pelhng microstructural ewdence that the wet 2-1()/im 
aggregates have deformed dominantly by gram hound 
are dtftusion creep, this evidence is described in the next 
section 

iWr('r~ ~,~'lr14('lz4ral resIdt$ 

In this section we will first bnelly review Ihe opllcal 
and 'I'EM microstruclures characteristic ill recrvstal 
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hzali~n acc(~mm~)dal~d dtshwallon creep in inl l ial ly 
dry, c(~arse gramed leldspar aggregale..s. "['hen we will 
descrthe Ihe mtcroslruclures ol the fine gramed aggre 
gales conlalning approximately the same amount ol 
waler ( - I )  I wl'¼,), delormed at Ihe same cond,llons 
( IN)I IMPa, t-)( )l l"(." and 2 × I l l - "  s- I ) .  Then we will 
descrlh¢ Ihe slrlkmf.t, differences m mlcroslruclure ob 
servecl wtlh mcreasmg water conlenl, which we believe 
h~ mdlcate gram boundary dlfl'uslon creep F'mally we 
wdl briefly descnbe lhe changes m microstructure as a 
lunchon ol changmg temperature, slram rate and con 
fimng pressure We will make same first level mlerpre 
late.ms m this section, and lustily, them m more detad in 
Ihe Discuss=on 

Coar,~'e gtarne,t a/bite samph'.~ Previous work ('T'ulhs 
& Yund Iq85) has documented thai for coarse grained 
leldspar aggregates contammg "-() I-4) 2 w1% waler, 
deformed m Ihe lower temperature portions ol Ihe 
dlslocallon creep regime, dmlocallon climb m exlremely 
difficult and gram boundary migration retry, stalhzalion 
ts the accommodahon process thai offsets work 
hardening and allows steady state flow Origmal grams 
develop high densihes of tangled dislocations, and very. 
small (--I,um), polygonal, strain-flee recrystallized 
grains develop by gram boundary mlgral,:m (Fig 3a) 
Original grains remain httle delormed bul ate progress 
ively consumed by Ihe recryslalhzed grams (Fig. 3b). 
'The recrystallized ~-.,,;rains can undergo an mcremenl of 
ummpeded dislocation glide before they become work. 
hardened and are replaced by a new epmode ol gram 
boundary mlgrahon, thus the aggregale undergoes pro 
gresswe steam weakening until reeryslallization is corn 
plete AI any t~me, some recrystallized grains have a 
very. low dislocalion density (.-Ill  t+ cm -2) while others 
have an inlermedmte to very high densfly ( . Ill m cm- +') 
Although we cannol rule out a component of ddtuslon 
creep in the fine, recrystallized grains, Ihe presence ot a 
very strong crystallographic ptel'erred onentat lon indi 
cares that Ihe dominanl delormahon mechamsm m dlslo 
calion creep. 

Fine grtrrned ulbm, ,~'amph'.~" 
(i) 'Dry'  samples: dmlocallon creep. To investigale 

the ellecl ot grain size alone, we prepared a 2-11.111m 
sample which was vacuum dried at 300"C (to remove 
adsorbed water) and weld sealed, and thus had the same 
'waler' conlenl as the coarse grained slartmg material 
(--0 I wl%), and del'ormed it al t+O()uC, 15110 MPa and 
'~ X I ( I - "  -t  .. s 'The microslruelures ol this sample are 
idenllcal Io Ihose ol the recryslalllzed porllons of 
coarse grained samples del'ormed al the same c~n 
dlhons, which we have prewously shown to resull Irom 
recrvslall,zahon accommodated d~slocal~on creep. 
'There has been an overall gram size reduction' Ihe 
Brains are polygonal with irregular b~mndanes (Fig. 3c). 
'nlroughoul the sample one ubserves very small 
( --II .':,/am diameler) polygonal recrystallized grains wllh 
a very low d,slocat,:m densdy growmg ,nlo grams with a 
much h,gher density (F'tg ~,d) 'Thus tl appears that Ior 

alhde delormed al these condili(_)ns, a reduction in gram 
size Irom 18(I Io 2-1()pro by ilsell dlles nol induce a 
visible componenl ol dd lus,  m creep 

(H) 'Wel'  hydroslatlc sample A fine reamed aggre 
gale wdh -() q wl'/,, water was held hydruslal,callv al 
ql)()"C' and 15()()MPa for Oh, and lhen removed for 
observatlon The mlcr~slruclures ol lh,s sample, which 
represenls lhe 's[arl ing materml' for many ~I lhe de 
formed samples described in lhls paper, are dluslraled m 
Figs 4 (a )&  (b) The grams arelrregular reshape, and 
lhere ,s a range el' grain slzes due Io crushmg during 
pressurlzatlon hdlowed hy sinlenng and some gram 
growth dunng the hydrostatic anneal (Fig 4a) TEM 
shows abundant small angular pores at gram triple 
lUnCllons (F,b 4b), which we heheve tu have been filled 
with waler dunng lhe expenmenl. Some of' the grams 
t'onlam mechan,cal twins, bul there art" few dmlocallons 
( F'~g. 4b) .  

(,,,) 'Wel '  samples: d,l luslon creep. F, ne Brained 
samples delormed at lhe same condiUons as lhe 'dry' 
samples, bul with a water conlenl ol --l. l.qwt%, show 
dramatic differences m lheir mlcroslrut'tures. We see no 
dtl lerences m the mtcrostructures of samples with 
--il.'7wl'¼, water added wh,ch were weld sealed and 
huHered and those which were mechanically sealed and 
unhufl'ered. The mlcroslruclures of a bullered (Ni 
Nff-)), waler added, weld sealed sample shortened 
--4(l'Y,, at qili)"(.', 15()(.)MPa and 2 ×, I()-" s -j are ,llus 
lraled m Figs. 4(c)-( I) .  'There has been c~mslderable 
gram growth dunng lhe delormalion, as ev,denced by 
lhe large slze and rectangular shape ol many of the 
grams (F'Ig 4c). 'T'EM shows sharp, square corners 
wh,ch musl have grown (or been preserved) dunn 8 
delormalu)n, and almosl all of lhe Brains have a very low 
dislocal,on densHy (Figs. 4d & e). Mosl of the gram 
boundaries are open (Figs 4d-I). 'These open gram 
huundarles cannot iusl be due to ,.m lhinnmg of the 
TEM lolls, because we sltll see the impregnating epoxy 
a long lhem(F i t ,  41, smallarr~ws) Incongruentdissol 
uU~m ot alblte is mdicaled by Ihe occ, aslonal presence ol' 
subspherical grains (, U,I Hm) of quartz, (idenl,hed by 
analyl,cal electron microscopy, EDX)a t  Iriple junchons 
(F'lg 41, large arrow), AIIhough we have noled 
occaslonul Irace amounts ol melt m these samples, m 
most cases the p~res and gaps are nol melt filled. We 
beheve that mosl ol' lhem were filled with water dunng 
Ihe expennlenls. 

(w) I~',ll'ect or temperalure To mvesligale the effect 
of lemperalure on the fine gramed aggregates, we de 
farmed a mechamcally sealed sample conlammg 
--II 2 wl% water al the same pressure and slrmn rate but 
a h,gher lemperalure ( I III()"C) 'This sample showed the 
samt' microslruclures observed in the samples contam- 
,ng --(l ~ wl'/,, water delormed at 91K.)"C': square corners, 
very low d,slocal,on density, and open pores along gram 
boundaries and at grain boundary triple junclions (Ftgs 
5a & b). It shows even more evidence ot gram growlh; a 
number ol Ihe grains are larger Ihan any in the starting 
ma lena l (F ,g  %). 'There are m~ polygonal grams with 
variable dlsh.~cat,'m density, md,cative ol dislocation 
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Fig ~ ( a ) - ( d )  [)l,~l,)¢',.lll,)n ci'~¢.p iTLICt~)'qtu¢'lute~., de~ ,eh ,ped  In dry/ ( - I i  I wl'l,,, w ,J le f )  leld.~,pJI Jj~,~,lej.Mle,~ ~Lale  hdw~., h~f 
ml~'t~.:.tdph!~ ~)phca l ,  I I) ram,  'T'F..M. I ( )p ro  ( a ) T E ' M  mlef~L,  f ap l l  L~I L~lat,,~' j:.[alnt~d ai.J,~:tej:,ale ~.,h~Hened {-pi)% al q()()"(.'. 
.P , l IP-"  , ,  ~ and  I '~()(I MF 'a ,  , ,howlnj~ dl,dl)~'all, m I~,~ [eelv, . , la lh 'zed !.~r;]ln~, ~l',~wlrll? inl,~ ~rU.~lnal ~,la~n wHl l  Illj~ll dP, h ~ ' a l l l m  
d¢~n,,llv ( b )  (_)pl lcai  IT i l¢ [~ f f [Jph Ir,~m l.,ame ~,.~mpl~ ~.,h,~wlnj: [ e l a l l v~ ' l ~ / und~ l~ t r r l ~d  i~mnanl~., ~1 ~r i j : , lnal  ~raln~., , , u r r ~ u n d e d  
I-~V ~e~'[vP.,lallizud i~,l.'liriP+ (~.) ( . )p l ica i  ITiil'l()~,f+.~ph ()1 x l . l l 'uum d l l ( . ' ( ' l  2-1( lz+rn d~,grej.~.all~ , , l ' l~r lened "+()u+'i, JI ~-)(N)'+( '. J , I1)-"  
'.,- I. ar id I'+(Xl MP,+ ( d ) T E . M  rn iero+: [ap l l  ~1 ,.,ame ,,an-ipl~ + P.,h,~wln~.~ p,~l++:,~nal i t ' , ' ryP., lu l l l lud ~..~,[aln,, w i l h  ~,,.l+iahle d~;,h~ al i~)n 
dvn,dl~,. (e )  ,~ ( I )  i%'li~.rq~Ifu~ llJre~ ,)I J - l ( ) .u r r i  Iwo  pia~l i~. Id,~ '  a~.,,~le!~,,.lh' (~)nlalnunt~ -1) 2 wl%, w,.i l~r d e h ~ r m e d  al ~-~(N)u(_ ' 
, , l ( l - t ,  , . - I  jn( ' l  I(){XI MF'~J (e )  (.)pllc,Jl ml~'i(iI~i',Jr~l-i ,Jlq~wln~ ~q,fe Jnd  r im  i 'eiai l im!., I r i~ ' l lA 'Ui ln l .~ ,  i .~ l (~ l ] ' ,~ l%'~ ' dl~M)hJl lqff i  ~ l ]d 

r t 'pr¢=c' lp l lJhcm -~q',Jle hJr  I (I rTIm ( I )  B,J( k ~¢'~JIh=r~:d i,~h'; Ir¢)rl ITII~ r;)pr~)~t '  Im=Jf.~f' ~,,hq~wlri~.~, ('(=r( =,, ()1 ( ' ,~m[,~,,if iqm - Arlz, ~ , an 
, J l h l { l ( '  z~ r l~ - ' ,  , J r l d  i ' lm , . ,  ()1 { . { ~ l T i [ ' . ~ b t l l ~ l n  A n ~  %{ ;J l ( '  I 1 j [  [ ( ) , / t E l  
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F'l~., ,-I DiIlu~i~m ~[eep mlcrU,qlUL'lui'e.~ dcvel lpped Iri 2-1i)l~rri agj..,rv~:alw, e~mlairilnF~ -(I '~w l% w;Jlv[ at ,~lMr'(' and 
I'~(1() MPa .%_cale hap., hJi mlcr,~;i;Jph;, ~)pliL'al, I II rrirri, 'T'F.M. I I)l~rTi (a) (_)phL'al mlCT,)~,raph ,)1 ~-,mpIc held hydm~la l l  
ally ~ h ( h ) T ' F M  ml~t,}gt.=ph ,)t ,,am¢' ~,]mple (~') ( ~pllL',,I mlcri,~.~aph ,)1 ,,arrIpl~ = ,,h=~rlened '~(1% ,,I .~ , l i t "  ,, i NL~I(. 

j;raln ~:,f{~fh (d ) - ( I )  T'E'M ml~rCpp.raph,, ul ~.~me ,~ample (d) N~I~' L~p~'n p,~¢e~, and g[a ln h¢~urldarle,, and ,,l-lu,Jle ~'¢~rrle[,, ,~n 
,.,umc i..,,lam,, (t') N,~I~ h~w dl,~h~'allcm d~=n,.,lly (I) N~lc hn~ = I.,,[alrl*=d .~(-)-, ~l~'li rriJli 'rl;Jl al Ir~ple lun~ ll, m (IJrL.'e a l r~w l  

E'p~x~' ah~nL,, ~;[~J=n hl~und,Jrv (~.,m.,ll arr~,w,~) ,.,hl~w~., ii w.~,, ¢~p¢.rl dullnl? ,J¢=i,~[rri;.lll¢,n 

q q 
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F'= I, '~ C)f l lu,. ,=~n crL.~l'~ miLr=~l. , I fu~l lJfC~, d e v c h ~ p ¢ ' d  in ? -  I ( l l ~ m  ,JI.,,~.;f~.~,JIL=~ ,, ;Jl q~lhL=r ~qprl,J=l=~pn~, ~ a l c  I-p.=f,, hpf rruL'[u/.;r~Jph,, 
~ l ~ l . ' ; d .  I I ) r r=m,  ]'E'I~4 I ( ) /~rn ( u )  & ( 1 ~ ) ' T ' E M  m=c'rlp!.,.r,Jph,, cpl ,,;~rr=ph. w= lh  -~1 ? wl ' " , ,  W,Jl~'[ ,,l'll~rl~.n~'=t -"~ll'!'i, al I ILI(I"( ' 
2 , I ( i - '  ~,- I  ,Jrt¢l I"~lHI M P u  N~IL  = lar) , ,  = l~¢,Jln,, w l l l i  !.,qiJ,J¢~ = ~ s n ~ ' r , , ,  h~w dc,h~; 'd l l (=r l  dL'rl',lht;'.'.,, J r l d  ~.,~m~' IWM'.,. J n d  ;~r~;=rl 
).~rdln I~l~l.ln(.Jdrne,, (k') T ' E M  ITlU;'lqlgr;.Ipl'l *11 ( ' l rv .i)2~r~'/~al¢, ( (I I w l %  w,. l l~ ' r)  ~.Jc'l=irm¢=( '1 ,.11 , , . l int  = ~.',~ndnll~n!..,, ,,h,~wnrq.~ 
;Ji,,(q~e";Jll(irl ~ iqk=l'l ITi ikr*)~, l lu; ' l ln l¢ '~ (*.J) (.)pllL',. l i  mi ; ' l lq .~ iJ l~( l  q~l '~dlTirlh = Wl lh  - [ l  q W l %  wd l¢ ' l  ~,l'iA~rlL'ri¢('l "v(l% al ~()1)"( ' 

ml~.'r=q,,r;Jph o l  ~,,Jn'lpl~ wn lh  -( I  ~ w l %  w a l e r  ,, l l ,~rl~nwq'l '.~()'!'. ul  qql(l"(. ~ , i l l -c ,  ,.- i ,Jn,.J I"~ql() Mt~,.I  N~iI¢. ¢~p~n p~r==~, ,.in~'l 
I.~t'glrl h¢llJn;' l,Jlle,.,. , , q u J l ~  L'~ll'rlL'r~, dlll.t I t tW tJI=~I(K ,I I IqIR (J~'rl'.~llll',., 
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F~I.., , eb r~Itcrlp'+Iruelur<. +,, ~)I 2 - 1 ( ) / + m  ,J~rL+l.,ul¢ ,,, , ,hlbrh. .n+'d -"+()"+~, J l  ~+(l<l"(., ,P , 111 " ,, L u n d  <, IH)MF'J  ,~.+~'+,I~ + l-~Jr,., h t r  
mn~.rL~raph,, ~pln*.'al, I I lmrrn. T'E,M I I ) i tm (ajl~Iplt+.'ulrrH~.'r~l.~.r,Jphlpl,,+.imph+~.lmlanrurl~., ' II~..)wl'Si, wuh+r ( h ) &  (+..')'T'E'Pv| 
ITII~ r~ ff..,r a p h , ,  ~d, , . ,ame ,.,;Jrrlplc.,. tsl.,llJ,.ll¢ ~.'~pl n e t ' , .  ( ) p e n  I~itllll l'p~)untJ,.ll itP., +.Ind h~w dl~,li~.',Jllq)n den , , l l l I '~  indl~'Jl~'  dl l lu , . , i t )n  ~ ' re ( 'p  
(d) (.)pllc',..ll mncrq+.eraph ul +,Jrnplt' ;'qmlalnnn+, 11 I w l %  wal.'.+r, ,+l ' lql++lvln~,+~,l~Jlr l  P,IZ( ̀  icdl.J¢lltJrl ( c ) &  (I) T'EM ml;'rLpF.',,luphP,;~l 
,+t,ni¢ , , a m p h - ,  i r rvi~ul ; i r  , ,ma l l  l.+lJlrl ~, x++illl x,Pr~,, lllj_.'~ll d i , , h )¢a l l ,~n  qJun,,illL',, irldl~ ;ill" ,J ( ( ) n l h l n a l l ~ ) n  ~ll ( al,+l~.l,J~+llt I"1()'+', .~nd 

lirrlil~-,d di , ,h ~ ,Jl i~ ~rl !;lldt~ 



Dtllusicm creep m leldspar aggregates qqh 

creep. 'Thus il appears Ihul even tar a decrease m Ihe 
amounl¢~lwaterpresenl(-.l l2, insleadol - ( )qw l ,%) ,an  
mcrease ol 2()(r'c" slrungly enhances dtlt'us=on creep 
compared I,o dtslocahon creep 

'There ts a s~gmficanl dtflerence bel,ween l,he micro 
slruclures lUSt descnbed in Ihe '2-1(.)/~m sample wilh 
-I).2wi,% waler at I I(IO"C', and those of a coarse 

grained, dry sample (conlainmg --().lwt'Y,. wal,er), 
which was deformed at Ihe same c~mdmons 'The lall.er 
.,,;ample shows polygonal grains ol -- I l~m diamel,er w.th 
variable dislocal,ton dcn,,,;ily and light grain boundanes, 
which are characl,ensltc of dtslocal,=on creep (F'tg. 5c) 
'Thus tl, appears to be the presence ol the addil,=onal 
--() I wl,% adsorbed wal,cr m the '2-1Ilium sample 
which has allowed diffusion creep to be compel,.ltve, 
even though the average gram s=z.e (--5-1()pm) ts 
hzrger Ihan that ol l,he sample showing dtslocal,=on 
creep ( I -2pm)  

In order to del,ermine whether hne.gramed samples 
wil,h waler added exh=biled evidence ol diffus=on creep 
al, lower l,emperalure, we del',~rmed a meehantcally 
sealed sample containing --0.t;wl,°/,, water al, 8()0"C, 
15(H)MPa and 2 x I() -'~ s -= AI, these cond.hons, dry. 
coarse.gramed samples (~l,h --(I.l w1% water) show 
deformal,=onal behavior that ts l,rans=ttonal between 
cataclastic flow and d=sloeation creep, anginal grams 
develop h=gh dens=l,tes ol' langled d=slocal,ions, mechan, 
teal twms and microcrush zones, together w=l,h some 
sl,ram-free, polygonal, dynamically reer'ystalhz.ed grams 
(Tullis & Yund lq87). However, Ihe wel 2-1(libra 
sample shows clear ev=dence of dominantly dffl'us,:m 
creep. 'The average gram size (F'=g. 5d) =s about l,he same 
as l,he 'starting mal,erial' (Ftg 4a), and much smaller 
than that in the sample deformed at 90(1"C (Fig 4c). The 
average d=slocation denstl,y ts low, and there are abun- 
dant open pores and channels along grain boundaries 
(Fig. 5e). Thus w~l,h mcreasmg temperature, wet, fine- 
grained aggregates appear to undergo a Iransition 
d=recl,ly kom cataclasl,~c flow l,o diffusion creep, bypas 
mg disloeal=on creep, al, least at experimental siram 
rates 

(v) Effect, ofsl,ram ral,e We have deformed a 2-1()pro 
sample wilh --0.2 w1% wal,er at ~)(]"C and 2 ',.: I ( )  -~' s -  i 

'This sample showed l,he same mlcrostrucl,ures observed 
in the samples conl,ainmg ,--(Lq wt% wal,er whtch were 
del'ormed al, the same l,emperal,ure and 2 x I()-" s - t '  
square corners, very low dtslocal,=on denstl,tes, and open 
grain boundaries and pores al, gram l,nple lunciUons (F=g 
51'). 'Thus, even I or a reduced waler conl,enl, ( --(J.2 wl% 
compared to ..().t~ w1%), a decrease =n sl,ram rate of one 
order ol' magml,ude strongly increases the contribution 
of gram boundary diffusion creep compared I,o 
recryslalhzal,ion accommodaled dtslocal,ion creep 

Addiltonal evtde.nce for a strong eflecl of slram rate, 
and an add=t=onal type of evidence for the dominance of 
diltuston creep, comes tram expenmenl,s on mixtures of 
Iwo plag=oclase compos.l,=ons We have delormed 
samples cons.sl,ing o1' equal amounts of Iwo plagioclases 
(An~ and An~.,), of l,hree dd:lerenl, gram sizes ( Ib()- 180, 
5.~,.-('J'3 and '2-1l)t+m), al, 9(NIuC, IIHHI MPa and '2 x 11t -+' 

s-i 'The c~mpostll~mal relallons ul Ihese samples pro 
vide sl,rong evidence I~r a chang, e m deh~rmat,on mech 
anlsm wtl,h decreasing gram size and increased waler 
c~mlenl, 'The It~l~-lXl) and S,3-b3/~m samples, which we 
beheve Io have neghgtble adsorbed waler, show pro 
gressive dynamic recrysl,allizal,ton, essenl,tally tdentical 
l,o that described prevt~usly from pure albtle aggregal,es 
ol the same grain stz.e deformed al, l,he same eondil,ions 
('T'ullis & Yund Iq85) 'The relaltvely raptd and repealed 
real,ion of htgh angle gram houndanes during, dynamic 
recrysl,allizal,wm has allowed a much more raptd ham 
,._~genizal,ton of l,he plagioclase eomposil,icm l,han could he 
achteved by w.flume and gram boundary dtfl'usion alone 
(Yund & Tull is in press) 

In conl,rasl,, l,he 2-1()/~m samples, whtch contained 
- - ( L lw l%  adsorbed water (l'nr a l,olal ol --().2wi,%), 
show mlcrosl,ruel,ures stmtlar l,o l,hose nf l,he 2-1()/tm 
pure albtl`e aggregales deformed al, the same l,empera 
lure and strain rate (and 15(X)MPa)' reel,angular grains 
wtl,h square corners, very. low average dislocal,ton den 
sil,ies, and open gram boundaries and l,riple junchnn 
pores. In addtlton, mosl, at the larger grams show dts 
l,nncl cores and rims which have dnHerenl, composil,nuns 
(Ftg ?,e). Analyl,tcal l,ransmts,ston electron microscopy 
techniques have shown Ihal the cores are porl,tons ol 
anginal grams, mosl, oli, en An?~, which are overgrown 
wi lh a narrow alhil,tc z, me (--Ah..,~_.~.) and a wtder 
"-Ana. nm (Yund & Tulhs in press). 'This zonal,ion i.',; 
observable m a back scatlered eleel,ron image (Ftg 3t). 
'There are lewer grams wtl,h Ah-nch cores, and l,he 
smaller grams are mostly --An,.,~. '1'he explanal,ion tar 
l,hts zonmg and l,hc tewer number ol Ab.nch cores 
appears to be relaled to Ihe dissolution behavtoro l  
plagioclase; at 8()()"C and 2(KI MPa the albil,e component 
of plag=oclase goes ml,o solution leaving l,he anorthtl,e 
component, behind (Adams 1968). 'Thus the Anl grams 
lend l,o dissolve belore the A n 7,~ grams and Io preopflal,e 
as a narrow zone ol An:c~-~cp on the anginal AnT,.~ grams 
W~l,h increasing time Ihe grams become more homogen- 
,zed and the ouler rims and mosl, of the smaller grams 
develop a eoml~'~.',;tl,l,m of -An41~ 'T'hts evidence ol 
solul,ton and repreoptl,alton conl,rasts slrongly wtl,h Ihe 
cnmposil,tonal relal,tons m l,he drier 5.L-6'3/.~m samples, 
where Ihe small (-I-2/ .~m),  polygonal grams have 
a ear=able hal mtermedml,e compos=l,ton, constslenl 
wtl,h composfl=~mal exchange durmg dynam=c recrystal 
lizati, m by ddt'us=on along m=gral,ing htgh angle 
gram houndanes. The latl,er process ts documenled 
and d=scussed in a separate paper (Yund & 'T'ullis =n 
press). 

(vt) Eflecl ol conhnmg pressure For companson wllh 
the 15(l(J MPa samples, we have detormed l,wo 2- I()pm 
aggregal,es ol alblle at 9()()uC and '2 x I(I- "s-  i, bul, al, h(l() 
=nsl,ead uf 15(KI M Pa', one was vacuum dned al, 3(X)°C and 
weld sealed, and l,he ol,her had (I 7 wl,% water added. 
The mlcrosl,rucl,ures of l,he --0.qwl,% water sample 
(Figs Oa~') are mdisl,inguishable h'om those o1' the 
equ=valenl, sample delormed al, I~,(X] MPa (Figs 4c-f), 
conslsl,enl, wtl,h their nearly tdenllcal strengths (F'lgs. 2b 
& c). Both samples conl,a=n the same large rectangular 
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grams, square c,,rners, very h,w dtslocaltun denstty and 
,,pen gram boundanes Thus we mler Ihal d,lfuston 
creep was dommanl m both 

In conlrasl, Ihe mtc~oslructures ol the sample with 
-(I I wl% water deformed at h(1) MPa (F'igs t',d-I) are 

very dtHerenl I r,,m Ihe dislocation creep mtcroslruc 
lures ,,I the eqmvalenl sample defurmed al IS()() MPa 
(Figs 3c & d) The average grain size is much smaller 
Ihan Ihe starting gram size (Fig 6d) Th,s presumably is 
due Io crushing (e.g Tulhs & Yund 1'487), since there 
are n,, polygonal dynamically recryslalhzed grams The 
grams have a variable but locally exlremely high dislo 
cal,:,n denstly (F'tgs. fie & t) Most of the grain bound 
aries are tight, allhough there are open pores in some 
areas (F'tg. ~1'). Thus Ihe delormat ton appears Io have 
been accummodated by calaclasttc flaw with hmited 
dtslocatt,,n ghde. 'This change ,n deformalmn behavior 
with decreasing confining pressure is consislent wtlh 
whal we have found previously for dry, coarse grained 
aggregates deformed al '4(11°C ', they show a switch Irorn 
dislocahon creep h, ductile lault,ng with a decrease m 
pressure ht,m 15011 Io 51K)MPa (Tullis et al. 1'4'7q), 
apparently related to the decreased/'H,,O (Tulhs & Yund 
1`48`4, F'arver & Yund 1`4'4()a). 

DISCUSSION 

Evidence./,,r gram bm,ndarv drfloston creep 

The combinahon ol our mechamcal and mtcrosttuc 
lural results indicates thai the fine-grained aggregates 
conlammg --1.1 I wt% water deformed at `4(.X)"C, 
15(1)MPa and '2 × I11-" s -t  underwent dominantly 
recrvstalhzallon accommodated dislocation creep 
whereas those wilh --(1 q wltYo water underwenl domt- 
nanlly I'lmd assisted, grain boundary diffusion creep. 
This ewdence is briefly summarut.ed and evaluated be 
low 

The strengths and the microstruetures in the i,acltum 
drwd, fine grained aggregates (with .--0. [ wl% water) 
are idenhcal Io those observed previously in coarser 
grained dry aggregates with the same water content 
deformed at the same conditions (Tulhs & Yund 1'485), 
where the flow law was determined to be power law 
creep (Shellon & Tulhs 1981). Th,s previous work 
showed thal lor starling gram sizes tanbnng from 511 to 
21ti#m, the s=ze of the dynamically recrystallized grams 
is aboul 05--[.()/.tm (at '4(11r'C, '2x 10-" s -t and 
15(111MPa) Despfle the e~ttremely small size ol the 
recrystalhzed grains, there ts no microstruclural evi 
dence for a switch m dominant deformahon mechamsm 
to diffusion creep: the grams have a vanable dislucalic, n 
dens=ty, ranging up to ~ 1(I tt cm - ", and a strong crystal 
Iographic preferred urienlation (as indicated by extmc 
I ,m and gypsum plate effects). Also, despite the fact 
thai progressive dynamic recrvstall,zalion causes strain 
weaken,ng, the flow law remains a power law wilh stress 
exponent close tu 3. An additional piece ol evidence 
rod,caring that the drv, fine grained aggregates undergo 

d~,mmantly recryslalhz, alton uco,mm~,dated dtsh~calt~m 
creep is lhe lad thai Ihelr strength al a c,_,nhnmg press 
ure ~,t 6 ( I IMPa ts subslanttall ly higher Ihan Ihal al 
1.'5(1) MPo, luSl as observed lot c,,arse gramed aggre 
gates (,I leldspar and ut quartz delormed m Ihe dtslo 
cation creep regime (Tulhs e/a/  1`47`4, Tulhs & Yund 
IqS(), 1'4Hq, Kronenberg & Tulhs Iq,~4) 

Evidence Ior the dominance ol gram boundary dtl 
IUS,,Lm creep m the walt,t added fine.grained lelc'Ispar 
aggregates (wnlh --().9 wl'¼, waler at q(H)"(..-' and 2 × I( l -"  
s-I and with --(I 2 wl'¼, water at I I(X)"C and '" :~, I(I-" 
s - i ,  and al `411)"(. ~ and '~. × l()-" 's - t )  ts pnmanly micro 
structural The microslruclures ul these samples are 
w:.ry dtl ferenl Irom lhose ol the dry aggregates dehJ, rmed 
at lhe same conditions. First, lhese samples show pro 
gresstve gram growth, ralher than mamlenance ol an 
equdibnum dynamically recrvslall,zed gra,n s,ze 
Second, the average free dislocation density is substan 
t,ally lower. Third,  lhere are abundant open pores and 
gap,,,; along lhe grain boundanes, most ol which appear 
Io have been f i led with fluid (nol mell) Fourlh, tr'i lhe 
samples composed ot two plagioclase compostllons, the 
compositiunal diff'erences between cores and nms mdi 
,.'ate that solulion and reprectpttat.on resulted tn the 
growth ol some t.,wa.ns. Finally, although these water 
added fine.gramed aggregates do exhibit a strong crys 
tallographtc prelerred orientation (as indicated by ex 
tmctton and gypsum plate eltects), this does nol argue 
aga,nst diffusion creep because (I) Ihe samples started 
oul with a strong preferred onenlation due to hol 
press,ng, and (2) it appears thai gram growth ts anist~ 
tropic and so may actually enhance the starting pre 
let ted o r i en ta t ,m (e g. F,g. 6a) (Shelley IqSq) 

Although we reahze Ihe polential danger of inlernng 
Ihe portion of local sample scram conlributed by dtff'er 
enl mechanisms solely from microstructures (e.g Bro 
die & R u l l e r  198b), Ihe diff'erences in the suites ul 
microstructures are so sinking that we leel confident in 
concluding Ihey reflect a swllch m the dominant detor 
malion mechamsm. We are beb'qnnmg a sludy to deter. 
m,ne the flow laws ol fine grained aggregates wilh differ 
enl water contents,  utdizmg a molten sail sample 
assembly in order Io achieve grealer stress sens,ltvily 
(Green & Borch 1989). 

What ts the posstb,hly lhat the dtff'erence in behavior 
ol the wel and dry fine gramed aggregates ts simply due 
to hydrolyhc weaken,ng? Previous studies of coarse 
grained alb,te aggregales (Tull is & Yund 1980) showed 
thal addit ion or' -- 0.2 wt°/,, water caused delintte weak- 
enmg for deformation wflhm lhe dish,cation creep 
regime, consislent wtlh our observations ol reduced 
strength ol the wet fine grained aggregates However,  
hydrolytic weakening of Ihe coarse grained aggregates 
was not assuctaled w~th stgnificanl changes ,n the defor 
mallon mlcrostructures; the mosl obvious effecl was a 
shght ,ncrease m the size ot the recryslalhzed grams The 
mtcrostruclures ot Ihe hne gramed aggregales wilh 
approximately the same amount of water (--11.2 w1%) 
delormed at the same conditions (~11"(.," ". :,,: I(1 -~' s- i, 
151111MPa) are very dtfferenl (Fig Sf), they are not 
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ct)nststenl wilh dish,cation creep and therel'(~re canm~l 
he due Io hvdrtdVlW wvakennng We cont'lude lhal 
allhough some ~I lhe reduced strength ol the wet fine 
grained aggregales ctmld he due to hydrolvltc weaken 
mg, the mtcroslruclures reflect a substant,al component  
t)t dIHust(~n creep. II remains h~ be de le rmmed whether 
coarsegramed aggregules with greater amounts ol 
added water might show evidence ol dd'fusion creep m 
their fine grained recrvslalhzed portions 

A final piece of evidence h)r the dommance o[ dd' 
fusion creep m Ihe wel, fine gra,ned aggregates ts the 
similarity ol the flow stress It)r samples delormed at 611(I 
and I~(lll MPa As mentioned above,  this behavlt~r IS in 
strong contrasl t(~ the increasing strenglh with decreas 
ing pressure shown by leldspar (and quartz) aggregates 
undergoing dislocation creep, bul it is what one would 
expect lot fluid asstsled gram boundary dd-fusion creep. 
Dislocation creep depends on volume diffusion, whwh 
depends on pressure through its strong dependence on 
]'H,,O (Farver & Yund Iqql)a). Gram boundary di l~sion 
creep depends on two lach)rs '1"here are few data hJr 
gram b(mndary difl'uston, but thin process should be 
much less dependent on pressure, since the openness of 
the grain boundary cannot change very much between 
0(It) and 15(H)MPa There are also lew data lot the 
solubdtty ol feldspar as a lunctton of pressure, but .l 
Farver (personal communicuhun Iqq(I) (~bserves nt~ 
apparent mcrease m sulubdity ol leldspar up to I~U() 
MPa, m slrong contrast to Ihe behavior of quartz.. 

Our evidence indicates thai the Iransition Irum dis 
location to dtttuston creep depends tm gram stz.e, water 
contenl, temperature and strum rule At t41){)"(7, 
i~(~)MPa and 2:,~ i()-" s - I ,  and Ior a gram snze of 
2-1(ll~m, there appears to be a transttn.m horn domt 
nantly dish)cation h.) rill'fusion creep as the water content 
=s increased Irom --(I I Io ().q w1% For a grain stze ol 
2-1()l,m and a waler contenl ol -().2wt%. there is a 
stmdar transition accompanying an increase ol tempera 
lure from q(H) to I IO0"C" or a decrease in strain rate from 
2 x I ( ) - " to2  × I()-¢'s -t. 

It is not surpnslng that the transntnon tram d~slocatn(m 
to dtH'uston creep at a gnven grain size ts quite sensnltve to 
fluid content Dittus~on rales m a gram boundary fluid, 
even il tl is thnn and thereh)re 'struclured' ,  should be 
significantly laster than tht~se ,n a dry gram boundary 
(e.g Rutler It-)8~, Ruble IqSh) '1'he degree of enhance 
menl ol gram boundary dffl:us,on creep rates by fluids 
will depend on the degree ol wetting of the grain bound 
anes. II the wettmg angle Ior aqueous ttunds on feldspar 
aggregates m. 61.1", as it ts for quartz (Watson & Brenan 
Iq87), then even a very small amount of fluid ( -- I%) wdl 
form an interconnected network of channels along gram 
boundary tnple lunct=ons. We have observed evMence 
tor these channels as well as Ior isolated pores (e.g F'tg 
41') These mtcrostructural leutures, plus the compos 
ittonal zoning m the two plagnoclase samples, indicate 
that the difference in deformahon mechanism between 
the water added and vacuum dried fine grained aggTe 
gates results from laster ddtuston due to the presence of 
.nterconnected Itutd channels and pores tn the Iormer 

'T'he composttl(mal z truing als~l tndlcales that the delor 
malitm ~ccurs by gram boundary rather than vtdume 
dilluston creep, ver.hcalion would requLre caret ul evalu 
ahon ~1 the gram size dependence ol the flt~w stress 

Sigmth',rm e ol resuh.~' Iot b. t tered .~',mlph's 

'There has been much speculation recenlly about the 
el'ted of chemical environment  on flow stress Or deh~r 
muhon mechamsm or h a l f ,  Hobhs (1q85) suggested that 
Ihere might be a measurable slrength dependence on 
hydr(~gen I'ugactty I'(ir deformation (~1 slhcales ,n the 
dtsh.walton creep re~.~me. (-)rd & Hobbs (Iq84) reported 
that lot quartz, smgle cryslals delormed m bullered 
assembhes, there was a factor ol 5 decrease in strength 
with a decrease m Iog./H,, I'r(~m 4 5 to -4  '~ However,  
Kr(menberg et al (IqSO) were unable Io duphcate these 
results, and Rovetta et al. (IqS~) tound that quartz 
crystals annealed m buH'ered assembhes showed an 
increase m broad band IR absorhance (correlated wtlh 
water weaken,ng) wdh increasing /H, We have de. 
Iormed fine grained quaff,, aggregates m the climb 
accommodated dislocation creep regime ( Htrth & Tulhs 
m press), usmg buffered sample assembhes identical It) 
that s h o w n m F i g  I , and found no delectable diflerence 
,n strength (Jr micrt)structure (wer a range ol eighl orders 
of magmlude ol /H,, ('Tulhs & Yund IqNS) "13"tm .s 
constslent wtlh the recent results ol F'arver & Yund 
(Iqq(lh), showing that Ihe oxygen ddtuston rule .n quarlz 
(and leldspar) does not depend on IH, or ]c L., although tt 
depends strongly on /'H:O 

The lacl that we find no dfflerences m strengths or 
m,crostructures m the wel, fine grained feldspar aggre 
gales delormed over a wide range ol I'H., and/'o~ probably 
does nol add much to the original debate concermng the 
possible eflect (~t chemical environment on delor 
mutton, because the origmal hypotheses were Iormu 
luted [()r dclormatton by dmlncation creep controlled by 
volume ddlus.)n, whereas our buHered samples all 
appear to have detormed dominantly by gram boundary 
diffusion creep A I'ar more important lactor aHeclmg 
delormation by this mechamsm ts whelher the fluid is 
wetting or not (Wats(m & Brenan Iq87, Yund & Farver 
Iqqt)) 

(.'(HIIrr~arz,~'¢)tl,Y with ol]lt 'r materials 

Our inlerence ol a switch Irom dislocation to dtttusion 
creep in the water added,  fine grained aggregates ts 
based pnmanly  on microstructural ev,dence, but ts con 
sistent with microstructural observat,rms made on other 
materials where there ts additional support Irom rheolo 
gical studies For dry aggregates of calcite, Schmtd el al 
( Iq'77, IqSI))observed that decreasing gram size caused a 
change from dislocation to dtl-l-uston creep At 4(H)uC and 
i(I-" s- t decreasing the gram stz.e tram 200 to 4.2,urn 
was accompamed by microstructural changes Ir(~m flat 
tened, internally delormed grams with a moderately 
high dislocat,on density and well formed subgrams to 
equant, strata free grains with a low dislocation dens,Iv 
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There was a c,~rresp~mdmg, change m lhe stress t'xp~menl 
tr, lrn -~1o-- I  

F',~r ohvme, Karah~ela/  (Iq8~~)delormed both dry 
and welt --(1 2 wl%. water), coarse (h3-89/tm) and fine 
gramed ('~-I(t//m) aggregates, al 13()(l"(." and Ill-" s- 
They found Ihal decreasing grain szze (wet or dry) 
produced a swtleh tram dtslocatzon hi dzffusion creep 
'T'hzs was indicated by an observed change zn slress 
exponenl Irom - 3 (l Ii~ -- I.(), accompanied by a lexlural 
change Irom I-latlened, mlernally delormed grams w~th a 
hzgh average dlslocatz~m denszly h~ polygonal strum Iree 
grams wilh a h)w average dishwation denszly. Vor the 
coarser gram sizes, both Ihe wel and d ~  olivine aggre 
gates showed dzslocalt~m creep, wet samples were 
weaker and had a shghlly lower stress exponent  Ihan dry 
samples (3.11 ct_)mpared Io 3.5), perhaps due to hydro 
lylic weakening. For the finer gram szzes, bolh wel and 
dry. samples had a slress exponenl ol --I, mdwalJng 
dfl'luszon creep From a dillerence m the gram szze 
dependence at the flow law, Karato et al. (198h)referred 
Ihal Ihe dry line grained aggregales underwenl volume 
dfftuszon creep whereas the aggregates with (l (II wl% 
waler underwenl g-ram boundary dfl'luszon creep. How 
ever, Cooper & Kohlsledl (It~84) Iound thai d ~  
13/~m ohwne aggregales delormed at almost identical 
condill()ns underwenl gram boundary dfftusion creep, 
and thai Ihe only effect ol adding 4.()wl'Yn basalt mell 
was Io increase the creep rate by a laclor at 2-5. 

Compared to Ihese results for ohvine, leldspar aggre 
gates deformed al 9(H)"C show some similanlies and 
some differences Like the ohvine, bolh wet and dry. 
coarse.grained aggregales undergo d~slocat~on creep 
However,  feldspar differs from ohvine in Ihal lot dry 
aggregates, decreasing gram s~ze is hal ~lsell sufficient to 
cause a Iransthon from d~slocatton creep lo d~ff'usion 
creep. For expenmenls  at almosl the same gram size (2- 
IllHm) and T/T  m (0.75), Ihe dry ohvine aggregales 
undergo dd-I'us~on creep whereas the dry feldspar aggre- 
gates undergo d~slocalion creep. However,  fl' the dfl-lus~- 
vtly ol Si ~s rule eonlrolling tn bolh malenals,  as seems 
mosl likely, and =f the dry gram boundary dfltus=on rate 
depends on Ihe absolute lemperalure ralher Ihan T/Tm 
and =s similar m bolh matenals,  as suggested by Joeslen 
& Fisher (1985), then it =s quite reasonable tar Ihese two 
malenals to sh~)w dtfterenl dominant deh.~rmatJon 
mechanisms 

Free-grained aggregates ~1 bolh leldspar and ohvine 
undergo gram boundary d~ff'usJon creep when water ~s 
added. There are two poss~ble reasons why addition of 
waler should have a greater ettecl m leldspar h r s t ,  the 
solubfl ,Vol ohvme m waler ~s much smaller Ihan Ihal of 
feldspar Second, Ihe welling angle for aqueous fluids m 
ohvine aggregates is ,hfr' whereas in leldspar aggre 
gates ~l appears Io be , hi)" (Watson & Brenan It)87). 
'This mdicales that a small amounl ol added waler should 
provide a larger enhancemenl of gram boundary dtf, 
tuscan creep m leldspur than m ohvme aggregates, 
because it would provide an interconnected network of 
lasl dlllusivtly channels m feldspars, as compared Io a 
number at isolated lasl dfffusiwly p~res in ohvme 

A swilch Ir~m dlshwalion creep (H -3)  It~dJtlusJ~m 
c r e e p ( ,  - I ) l o r  hne gramedalbi le  aggrega leswhena  
lew percent mell was added was ~bserved by Ji & 
Mamprwe (l~Sh) m room pressure expertmenls The 
same transillon in dominanl delormatt~m mechamsm 
was noled m hne grained (2-11J/~m) quartz-mlcrochne- 
albHe aggregales when small amounls ( - 3 - 5 % )  ~fl'gra 
nttic mell were added (Del l 'Angeloe la /  Ig87) In all 
these cases as well as m Ihe pre,sent sludv, lasl dfl fu.,,t~m 
through interconnected fluid hlled pores and channels 
presumably enables gram boundary dil-lus~on to accom 
module the imposed strain rule 

hnphcatrt  ms 

Althqlugh our resulls do nol include a demonstral,on 
ofa change m the flow law, we beheve thai the contrast 
m the mierostruclures at Ihe dry and wel fine gramed 
albile aggregates slrtmgly mdicales a Iransilion rn Ihe 
d~mmanl de |ormalion mechanism Irom dlslocahon 
creep to grain boundary dllfuslon creep. The apphea 
bdlly ol these expenmenlal  results to nalurally de 
Iormed rocks depends in pall on the slmflanly ol Ihe 
amounl and configuralmn ol the grain boundary fluid m 
Ihe two situations. 

In discussing the imphcaltons ~t Ihe experlmenlal 
resulls for natural deformation,  il is important hi 
address Ihe queslton of Ihe quanlily and distribution ol 
grain boundary, flmd (-)ur experiments were undrained; 
Ihal is, the added water could nol dilluse oul. Water was 
present along grain boundary Inple lunctlon channels, 
as well as some gram boundanes,  but no axml cracks 
developed 'l~is indicates Ihat the fluid pressure was 
belween hydrostatic and litht~stallc The ubiquitous 
presence ol quarlz veins in delormed metamorphic 
rocks indicates Ihal the fluids released by dehydratmn 
reactions cannot diffuse away last enough to mamlain 
hydroslalw pressure, and Ihat penodically fluid pressure 
builds up Io hlhoslallc, reducing hydrolraclures. Thus in 
regionally melamorph4med rocks Ihere will probably be 
times when the fluid amount and d~slnbutlon ts s~mflar 
lo Ihal m our expenmenls.  

Schemallc detormatton mechamsm maps can be used 
Io summanze our observaltons ~1 expenmenlal ly de 
Iormed coarse and fine grained feldspar aggregates as 
well as held observations ol leldspathic rocks deformed 
over a range ol melam~rphw grades. We illustrale lw~) 
end-member cases, Ior 'dry' and Ior 'wet'  aggregates 
(IZig. 7) In both cases the gram raze is considered to be 
-- 2-111 urn, this is because de fc~rmalion mechamsm maps 
can only be constructed Ior sleady slate fly,w, and m 
leldspar Ihe mechamsms ol calaclastlc flow and 
recrystalhzation accommodaled d~sh~cal~on creep b~lh 
produce extremely fine gram sizes (e g 'T'ulhs & Yund 
198~, 1987) 'l"heretore steady state creep by Ihese 
mechanisms reqmres a fine gram size Only m the chrnb 
accommodated dislocation creep regime, which occurs 
al high temperatures and nalural slram rules, will Ihe 
sleady-slale gram s~ze be c~arser  

The schemalw map for dry,  fine grained leldspar 
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Fig, '7 Schernali¢ delormahon mecharusm maps lot hne grained 
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Io[ 'wel' aggg'egales Dolled hnes show ,~llaln rale ¢onlours Iol 

I l l - "  and Io[ I 0  t,= ~ - t 

ing whether the equilibrium recrvslalhzed grain size i,, 
larger ~r smaller than the critical size Ior ditlusi~ )n creep 

The schematic detormalitm mechanism map h~r wet, 
fine grained leldspar aggregates ( Fig. 7b) shows a dttler 
ent configuration Because t~l the laster diHusl~m rate 
thrt~ugh fluid p()res, channels and hires, the dlllust, m 
creep field ts expanded al the expense el the dtsh.)cahtm 
creep field. AI expenmental  strain rates there is a 
transition direclly Ir~m cataclastic flow to fluid assisted 
g ramb,  mndaryd t f lus loncreep  AI na tura l s l ra ,nra tes ,  
we ruler that this same transtt=on will ,~ccur at h~wer 
temperatures  (."onfirmalwm ,~1' this ts pruvtded by Shel 
ley's (lqNq) observalion that albtle in h~wer greenschtsl 
grade schists shows textures and prelerred ornentalntms 
indicative ~)1 antsotroptc selective growth, rather than 
cataclasttc or pl'astic del'ormatn.m. (It ts important to 
note that wet, coarse.grained teldspar aggregates would 
he able to detorm al high melamorphtc grades at natural 
strata rates by climb accommodated dmlocatton creep 
without slgmficanl grain slz.e reducllun, and so on a 
delurmat ,on mechamsm map for Ihts sHuatlon Ihe dmlo 
calton creep field would be larger than that shown here. ) 

There are several imphcattons ol Ihe experimental 
results tot naturally deformed leldspathtc rocks 
Recrvstalhzatton accommodated dlshlcatlon creep ttsell 
produces strata weakemng that can lead t~ ductile shear 
zones (Tullis ,'t , I  I~ql)) However, at natural strain 
rates, and especlally in the presence el a gram boundary 
fluid phase, dynamwally recr~stalhzed grams w(mld 
almt~sl certainly be small entmgh to allow a switch m lhe 
dommanl delormatton mechanism to gram hounda~ 
dflluston creep, and thin wi~uld allow even more strain 
localization, perhaps leadmg Io the 'superplasti,.." myh~ 
ntles described by Boullier & Gueguen (I~75) S1m~ 
lady, the extreme .gram size reductlon produced dunng 
Incllonal sliding ur calaclasltc flow el' feldspars (Tulhs & 
Yund Iq87, Yund el al lq~()), coupled wilh the fluid 
Influx hkely in such ddatant rocks, could promole a 
swtch h)diffuslqm creep even al relatively low lempera 
lures (-)I' course tl ts also likely thal line gram size and 
fluld influx w,~uld promote reactlun to weaker, hydrous 
phases (e.g Mtlra Iq78, Evans I*..)88) 

aggregates (F'lg 7a) shows that at an expenmental  strain 
rate of I(I-" s- t  there is a tranmtlon with increasing 
temperature from cataclastlc flow to recrystallizatlon 
accommodated dislocation creep (Tulhs & Yund 1987). 
Although dislocation climb becomes easier wtth mcreas 
mg temperature,  melting precludes any experimental 
mvesttgation of chmb-accommodated dlslocahon creep. 
The natural strain rate c o n t o u r  ( I t )  -14 s - I )  shows a 
transition from cataclasttc flow to recrystalhzatlon 
accommodated dislocahon creep at low to moderate 
metamorphic grades (e.g Evans 1088), and a Iransillon 
to climb accommodated dtslocatton creep at high grades 
(e.g. Sampson 1~85, White & Mawer 198h). The latter 
transnlion is the least.well constrained at present '  the 
slow natural strain rates should allow dilfusion creep to 
occur nn drier and coarser aggregates than ts the case at 
experimental  strum rates, but we have no way o1' know 

CONCLUSIONS 

A regime in which gram boundary diHuslon creep is 
dommant  has been identified m experimentally de 
Iormed fine gramed (2-1()/im) leldspar aggregates, on 
the basis el mechanical and mlcrostructural evidence 
This delormatnm mechanism ts enhanced by mcreasmg 
amounts of water, mcreasing temperature,  and dccreas 
ing strain rate. For example, at N(HI-q()()"C' and 2 ,',' I()-" 
s- t, deformation occurs dominantly by recrvstalhzatton 
accummodated dislocation creep when the aggregates 
contain "-()'2wt% water, but by gram boundary dtl 
fusion creep when Ihe aggregates contam -().qwl% 
water C'onversely, for samples containing --(I.2wt'%, 
water, delormatlon occurs dominantly by dislocation 
creep at q(K)"C' and '2 × It)-" s -~, but dommantlv by 
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d t l l u s t o n  c r e e p  al I I Ixr+c and  2 ':,~, I1 ) - "  s -  i ,  and  at q(HI"C 

and 2 ,' I l l  -~' s- ~. AI  n a t u r a l  s t ra in  ra tes  the lranstllon 

shou ld  occur  al lower  l e m p e r a t u r e s  a n d  la rge r  g r a m  

sizes, and may  be t m p n r l a n i  Jn d u c t i l e  shear  z o n e  f o r m a  
h o n  
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