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Abstract—A combination of mechanical and microstructural results lor expenmentally detormed albite
apggregates ol 2-10um prain size indicates o regime ol gram boundary diHusion creep that depends upon the
presence of waler, temperalure and strain rale At S00°C' and 107" «7' deformanion occurs dominanily by
recrystalhzation accommaodalted dislocation creep when the aggregates contain + -0.2 wi% waler, but by gram
houndary diffusion creep when the aggregates contam - () 9 wit'e water Expenments at other temperatures and
stratn rates indicate that fine gramed aggregates with added water may go directly from cataclastic fow (o grain
boundary difusion creep with increasing temperature or decreasing strain rate, hypassing the held of dislocation
creep

Microstructural evidence lor grain boundary diffusion creep in the wet fine grained aggregates includes the
development of rectangular grains rather than polygonal grains, gramn growth, a very low average dislocation
densily, open prain boundanes including pores and channels, and the presence ol overgrowths ol a dillerent
composition on grains in a two plagioclase (An) and Any,) aggregate Additional evidence lor dittusion creepin
the wel hne gramed aggregates s indicated by therr similar microsiructures and sirengths when delormed al 600
and 1500 MPa, in contrast, dry leldspar aggregates deforming by dislocanion creep show an increase in strength
and atransition 1o serm bnittle behavior at lower confiming pressures Grain boundary ditfusion creep of leldspars
may be common in naturally delormed rocks, due 10 the ease ol gram wize reducnon by both cataclasis and

dynamic recrystallization

INTRODUCTION

ZoNes ol localized ductile deformation in the crust are
almost always charactenzed by extreme grain size re
duchion, suggesting that fine grained rocks are weaker
than their protoliths There are several possible mechan
isms ol ductile fow in fine grained aggregates, including
dry or luid assisted volume or grain boundary dittusion
creep, grain boundary shiding and dislocation creep
Diffusion creep and grain boundary shiding have been
hitle studied expenmentally unul relatively recently,
because fine grain sizes, high temperatures and low
stresses are required 1o produce measurable laboratory
strain rates However, a transition from dislocation
creep Lo diffusion creep plus grain boundary shiding with
decreasing grain size has been demonstrated tor calcite
aggregates by Schmid e al. (1977, 1980) and tor olivine
by Karato er al. (1986). For experiments on fine grained
aggregates, a (ransition trom dislocation creep 1o grain
boundary diffusion creep was observed to accompany
the addition of a small quanuty of melt in albite ()1 &
Mainprice 1986) and in granite (Dell’Angelo eral. 1987)
Simularly, in fine grained olivine aggregates, Karato er
al. (1986) found that addition of -0 2 wi% waler pro
duced a change trom volume to grain boundary diffusion
creep, although Cooper & Kohlstedt (1984) found that
addition of ~4.0% melt only caused an enhancement ot
the grawn boundary diffusion creep rates.

Previous experimental deformation studies of rela-
tively coarse gramed (-- I80um) teldspar aggregates
have documented a regime of bnttle faulting at low
pressures and/or temperatures (Tullis & Yund 1987); a
regime of cataclastc flow, involving distnbuted cracking
with no dislocation mouon, at intermediate lempera

tures and pressures (Tullis & Yund 1987), and a regime
ol recrystalhzation-accommodalted dislocation creep at
higher temperatures and moderate to high pressures
(Tulis & Yund 1985). Addition ot trace amounts ol
water (0 102 wt%) lowers the temperature ol the
transition trom cataclastic low 1o dislocation creep
(Tullis & Yund [980) Within the recrystalhization
accommuodated dislocation creep regime, deformation
produces an extremely fine grained ( - 1 um) aggregate,
but there 15 no microstructural evidence tor a switch 1o
dittusion creep in the recrystallized matenial (Tulls ef al.
1990) Observations of naturally deformed teldspathic
rocks indicate that there 1s a turther transition to chmb
accommodaled dislocation creep at upper amphibolite
o granulite grade conditions (¢ g. White & Mawer
1986), but this 1s not observable at expenmental strain
rates due to the onset of melting

In this paper we present the results ol an experimental
study ol hne grained (2-10 4m) albite, with microstruc
tural and mechanical evidence that addition of a small
(- 1 wi%) amount ol water causes a switch trom dislo-
cation creep to grain boundary difftusion creep These
results have important imphcations tor duclile shear
zones (n the crust

EXPERIMENTAL DETAILS

We used hot pressed plagloclase aggregates in this
study. Most samples were composed of pure albite,
obtained trom a fine grained ulbite rock (AbygAn,Or,)
from the border zone of the Hale pegmatite, CT, which
we have used 1n previous expenmental deformation
studies (e.g Tullis & Yund [Y80, 1985, I9R7) We
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crushed (his material in an agate mortar and separated
out a grin s1ze frachion of 2- 10 gm by setthng in disulled
water The powder was washed 1n alcohol and dried 1n
an oven at 100°C Cylindrical samples were hot pressed
weosiwan o modified Griggs lype apparatus prior (o
detormation Due to feldspar’s two excellent cleavages,
the compaction process causes all of our hot-pressed
aggregates to have a strong crystallographic preferred
orientation prior to deformation, theretore the presence
ot i prelerred orienlation in detormed samples cannol
be used as diagnostic evidence for dislocation creep, as it
can tor cores of natural aggregates.

Expenments were done on samples with a range ol
different water treatments, ranging from added water,
(o no added waler, (o vacuum drying. Weight loss of the
coarse grained starting material alter vacuum heating to
80°C indicates a ‘water’ content of ~0.1 wt% Similar
weight loss measurements indicate that the 2-10um
powder contains an additonal ~0.1 wt% ol adsorbed
waler, lor a total of (.2 wi%,. For some experniments
we added -0 7 wi% waler to the powder and used either
weld sealed or mechanically sealed Pt or Au capsules,
tor a total water content ot 0.9 wt%. Previous expen
ence (¢ g Tullis & Yund 1980, Kronenberg & Tulhis
1984) shows that our technique of mechanical sealing
definitely retains the added water For other expen:
ments we placed untreated powder in mechanically
sealed capsules (total water content ol ~0 2 wt%) For
several expenments we vacuum dned the powder al
'C and immediately weld sealed it in Pt capsules, this
treatment should have removed most of the adsorbed
water, bul not changed the intermal water-related
species (Kronenberg ef al. 1989). We estimate these
samples to have approximately the same ‘water’ content
as the coarse grained starting matenal, namely
-1 wi%. Obviously individual samples may have
vaned somewhal n their water content, due (o difter
ences in ambient humidity eltc

Our NaCl sample assembly tends to buffer near Ni-
NiO We mter this [rom an expenment 1n which pieces
ol Cu, N1, Ta and Mo toils were placed between discs of
quartzite n a sealed Pt tube, and taken to 90'C and
1500 MPa tor 12 h; the Ta and Mo loils were oxidized bul
the N1 and Cu loils were not.

Some ol the expenments on samples with added water
were done 1n weld sealed capsules and bullered sample
assemblies, using standard malterials and configurations
(e g Chou 1Y87), our assembly 1s shown in Fig | The
dned albite powder was loaded into a Smm Pt tube
whose bottom end was mechanically sealed by folding 1t
over a Ptdisc About 0 7 wi% water was added, and the
top end was sealed in a similar manner. This was placed
inside a 0 25" Au tube which had a cup of Au weld sealed
to one end and small centenng rings ol Au placed in the
bottom to hold the inner Pt tube About 300 mg ol a
metal-metal oxide buffer (Huebner 1971) was placed
between the Pt and Au tubes together with 3-10 mg
water The bulters used were Mn,O4-Mn, 04, NiI-NiO
and Mo-MoO,, which provide a range of nearly eight
orders ot magnitude in fy, and 15 orders ot magnitude n
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Fig | Schematic diagram of buHered sample assembly Inner dia
meter ol inner Pt tube 1s 5 O mm, larger outer diameter of Zr€y pistons
16 4mm

{cr, at the conditions of these experiments About 95% of
the buter mixture was the phase which tended to be
consumed dunng the expenment, except for the
Mo-MoQ), buffer where Mo toil was used because 1t
oxidizes quickly A top centering nng of Au was shipped
over the Pt tube, and another Au cup weld sealed at the
top. The top and bottom Zr(), pistons fit snugly into the
Au cups The presence of water was confirmed at the
end of an expenment by weight loss atter puncturing the
tube and drying, and the solid bufier phases were 1denti
tied by X-ray diftraction

Hydrostatic expeniments showed that the mgh minal
porosity (~35-40%) of the samples was reduced (o
about 1-2% after ~6 h at 900°C and 1500 MPa The hot
pressed samples retamed very close (o a nght circular
cylindncal shape, with almost all of the volume re
duction occurring by a decrease n length, presumably
due to the axial geometry and presence of ngid end
pistons  All of the detormed samples were first hot
pressed tor 5-6 h al pressure and lemperature

In all expeniments we used a noble metal jacket, ZrO,
end pistons, and a stepped graphite furnace to reduce
temperature gradients. The confining medium was NaCl
lor experiments < 900°C, and solt fired pyrophylhite for
experiments at 1000-1100°C. For expenments using
NaCl, the nominal conhning pressure may include
a contnbution ol up to [OMPa from tnction
(Green & Borch 1989) Stresses were measured with
an external load cell, and are reproducible to withmn
+50 MPa

Axial compression, constant displacement rate ex
penments were done at RO-1100°C, 2 x 107" and
2x 107" s~ and 1500 and 600 MPa. Samples were
shortened approximately 30-40"% . We do not know the
fluid pressure 1n the expenments, although it was less
than total pressure because there was no axial cracking.
Delormed sumples were quenched (o 300"C, unloaded,
and impregnated with epoxy, two longitudinal thin sec
tions were made, une tor optical and one tor trans
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Fig 2 Stress-strain curves lor representative experiments on feld

spar aggregates at Y0'Cand 2 » 107"s™" (a) Curves lor buHered and
weld sealed 2-10um samples contaning ~0 O wi% waler, showing
that fy, and /), have no measureable eHect on strength (b) Curves lor
samples deformed at [00 MPa, dner samples (with ~0 | wi% water)
delorm by dislocation creep, whereas wet samples (with -0 9wi%
waler) deform by dittusion creep The curve lor the weld sealed
sample butiered with Ni-NiQ 18 repeated trom (a). (¢) Curves lor
samples delormed at 600 MPa, dner samples (with ~0 | wi% waler)
undergo complex muited mode detormation, whereas wet samples
(with =0 9 wi% waler) delorm by dittusion creep.

mission electron microscope (TEM) observations. TEM
observations were made on a Philips EM420 instrument
operauing at 120kV

A few companson experiments were performed on
samples consisting of inimate mixes of 50% albite and
0% bytownite (Aby;,An;yOr |, tfrom Crystal Bay, Min
nesota). Three difterent grain size fractions were util
ized 160-180, 53-63 and 2-10 um Untreated powders
were mechanically sealed and delormed (in unbuffered
sample assemblies) at 900°C, 1000 MPa and 2 x 107°
s~!, to approximately 40% shortening.

RESULTS
Mecharical results

Stress-stramn curves for represenlative experiments
on the 2-10um aggregates delormed at 1500 MPa are
shown in Fig 2. All of the water-added, weld-sealed,
butfered samples deformed at 1500 MPa, 2 x 107" s~
and 900°C have a strength ol -- 200 MPa (Fig. 2a); there
are no delectable differences which could be correlated
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(0 [y, or fo,, For detormation at the same conditions, a
mechanically sealed sample with the same amount ol
water added, bul no bulier, has a slightly lower strength
( - 150 MPa) (Fig 2b). We believe this indicates o small
contribution 1o the measured strength trom the layer ol
melal-melal oside powder directly around the bultered
samples (Fig 1).

A sample which was vacuum dned at 300"C' and
immediately  weld sealed has a  higher  strength
(-- 300 MPa) than any of the water added samples (Fig.
2b). For comparison, we include the stress-strain curve
for a core of Hale albite rock (grain size [50-180 4m),
which we believe o have the same water content
(~0 1 wt'%), delormed at the same conditions (Fig 2b).
It has a high initial yield strength (- 725 MPa), lollowed
by strain weakening which accompanies the progressive
dynamic recrystallization (Tullis & Yund 1985) i
appears that the strength for this core 15 approaching
that ol the dry 2-10 gum sample as recrystalhization pro
duces a similar grain size

A tew samples were deformed at 600 MPa tor com
panson (Fig 2¢) A mechanically sealed sample contain
ing -0.9 wi% water (no bufier) deformed at 900"C and
2% 107" s ' had a shightly lower strength (-- 1(0) MPa)
than a similar sample deformed at 1500 MPa However,
a sample which was vacuum dried at 3)"C and weld
sealed and deformed at 600 MPa has a much higher
strength (- 1000 MPa) than similar samples detormed al
{500 MPa  Again we nclude, for companson, the
stress-strain curve for a core ot Hale albite rock de
tormed at the sume conditions. lUis significantly stronger
than an equivalent sample deformed at 1500 MPa, and
developed a through going laull (aithough there was no
sudden stress drop). A similar increase ol strength with
decreasing pressure 1s exhibited by quartz aggregates
detformed by dislocation creep (Kronenberg & Tullis
1984), apparently due to a dependence ol dislocation
ghde and/or chmb on fy,q (Tullis & Yund 1989, Farver
& Yund 1990b) However, there is no reason lor grain
boundary ditfusion rates to depend strongly on pressure,
so 1t seems reasonable that the strength of samples
undergoing grain boundary diffusion creep should not
be pressure sensitive (except nsofar as solubility 18
increased by pressure)

We cannot resolve the flow stresses sutficiently to
determine Aow laws for the 2- 10 ym aggregates, and in
particular to determine whether the stress exponent 1s
close to 3 for the dry samples, consistent with dislocation
creep, and close to 1 for the wet samples, as it should be
tor ditftusion creep. However, in addition to the mechan
ical evidence presented above, we believe there 1s com
pelling microstructural evidence that the wet 2-10 um
aggregales have deformed dominantly by grain bound
ary diftusion creep, this evidence is described in the next
section

Microstructural results

In this section we will first briefly review the optical
and TEM microstructures charactenstic ol recrystal



99()

lization accommodated dislocation creep in mitially
dry, coarse gramed feldspar aggregates. Then we will
describe the microstructures of the fine grained aggre
gales contaming approximately the same amount of
water ( -0 1 wt%), deformed at the same condiions
(1500 MPa, 900°C and 2 x 107" s7"). Then we will
describe the striking differences in microstructure ob
served with increasing water content, which we beheve
o indicate grain boundary diffusion creep Finally we
will briefly descnibe the changes in microstructure as a
function ot changing temperature, strain rate and con
fining pressure We will make some first level interpre
tations 1n this section, and justity them in more detail in
the Discussion

Coarse grained albite samples Previous work (Tulhs
& Yund 1985) has documented that for coarse grained
leldspar aggregates containing -0 1-0 2 wt% water,
deformed n the lower temperature portions of the
dislocation creep regime, dislocation chimb 1s extremely
difficult and grain boundary migration recrystalhzation
18 the accommodation process that offsets work
hardening and allows steady state fow  Original grains
develop high densities of tangled dislocations, and very
small (-~ 1um), polygonal, strain-tree recrystallized
grains develop by grain boundary migration (Fig 3a)
Oniginal grains remain little deformed but are progress
ively consumed by the recrystallized grains (Fig. 3b).
The recrystallized grains can undergo an increment of
umimpeded dislocation glide before they become work-
hardenced and are replaced by a new episode of grain
boundary migration, thus the aggregale undergoes pro
gressive strain weakeming until recrystallization is com
plete Al any ume, some recrystallized grains have a
very low dislocation density (- 108 em~¢) while others
have an intermediate to very high density ( 10" em ™)
Although we cannolt rule out a component of dittusion
creep in the fine, recrystallized grains, the presence ot a
very strong crystallographic preferred onentation indi
cates thal the dominant deformation mechanism s dislo
cation creep.

Fine graned albue samples

(1) '‘Dry’ samples: dislocation creep. To investigate
the ettect of grain size alone, we prepared a 2-10um
sample which was vacuum dried at 300"C (to remove
adsorbed water) and weld sealed, and thus had the same
‘water’ content as the coarse grained slarting matenal
(-0 1 wi%), and deformed 1t at 90°C, 15() MPa and
2% 107 s7' The microstructures of this sample are
identical (0 those ol the recrystalized portions of
coarse grained samples deformed at the same con
ditions, which we have previously shown to result from
recrystallization accommodated  dislocation  creep.
There has been an overall grain size reduction; the
grains are polygonal with irregular boundanes (Fig. 3c¢).
Throughout the sample one observes very small
(-0 5 um diameter) polygonal recrystallized grains with
a very low dislocation density growing into grains with a
much higher density (Fig 3d) Thus it appears that tor
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albite detormed atl these conditions, a reduction in grain
size from 180 to 2-10 4m by itsell does not induce a
visible component of diftusion creep

(n) ‘Wet' hydrostatic sample A fine grained aggre
gate with -0 9 wt% water was held hydrostatically ai
900'C and 1500 MPa tor 6h, and then removed for
observation The microstructures of this sample. which
represents the ‘starting matenial’ for many ol the de
formed samples described in this paper, are illustrated in
Figs 4(a) & (b) The grains are irregular in shape, and
there 18 a range of grain sizes due (o crushing during
pressunization tollowed by sinterning and some gran
growth dunng the hydrostatic anneal (Fig 4a) TEM
shows abundant small angular pores at grain triple
junctions (Fib 4db), which we helieve Lo have been filled
with water dunng the expeniment. Some of the gramns
contain mechanical twins, but there are few dislocations
(Fig. 4b).

(m) ‘Wet' samples: dilfusion creep. Fine grained
samples deformed at the same conditions as the ‘dry’
sumples, but with a water content of 0.9 wt%, show
dramatic differences in their microstructures. We see no
ditterences 1in the microstructures of samples with
=07 wt% waler added which were weld sealed and
butered and those which were mechanically sealed and
unbuffered. The microstructures of a bultered (Ni
Ni1Q), waler added, weld sealed sample shortened
~40% at 900°C, 1500 MPa and 2 » 107" s are tllus
trated in Figs. 4(c)-(1). There has been considerable
grain growth dunng the delormation, as evidenced by
the large size and rectangular shape ol many of the
grains (Fig d4¢). TEM shows sharp, square corners
which must have grown (or been preserved) dunng
detormation, and almost all of the grains have a very low
distocation density (Figs. 4d & e). Most of the grain
boundaries are open (Figs 4d-t). These open grain
boundarnies cannot just be due to 1on thinning of the
TEM tails, because we stll see the impregnating epoxy
along them (Fig 4t, small arrows) Incongruent dissol
ution ot albite 1s indicated by the vccasional presence of
subspherical grains (« 0.1 #m) of quartz (identihed by
analytical electron microscopy, EDX) at triple junctions
(Fig 4t, large arrow). Although we have noted
occasional trace amounts of melt in these samples, in
most cases the pores and gaps are nol melt filled. We
believe that most of them were filled with water duning
the experiments.

(v} Etfect of temperature To investigate the effect
of temperature on the fine grained aggregates, we de
formed a mechanically sealed sample contarning
~ 0 2 wt% water at the same pressure and strain rate but
a higher temperature (1100"C) This sumple showed the
sume microstructures observed in the samples contain-
ing -- 0 9 wi'% water detormed at %0°C': square corners,
very low dislocation density, and open pores along gramn
boundaries and at grain boundary triple junctions (Figs
5a & b). It shows even more evidence ot grain growth; a
number ot the grains are larger than any in the starting
matenal (Fig Sa). There are no polygonal grains with
vanable dislocation density, indicative ol dislocation
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Fig 3 ()=(d) Dislocation creep microstructures developed in dry (-0 | wi% water) teldspar apgrepates Scale bars tor
micrographs optical, | Omm, TEM, | Ogm (4) TEM micrograph ol coarse gramed agpregate shortened — 60% at 900°C',
Y 107" Land 1500 MPa, showmp dislocanion free recrystalhized grins growing into ornginal grain with high dislocation
density (b) Optical micrograph from same sample showing relanvely undelormed remnants of ongmal grams surrounded
by recrvstallized gramns () Optcal micrograph of vacuum dred 2-10 gm aggregale shortened 0% ac SOPC, 2« (07"
s and IS MPa (d) TEM mucrograph of same sample showing polygonal reerystalhized grains with vanable dislocation
Jdenuity (e) & (1) Microstructures of =10 um two plagiodlase aggrepate contamming -0 2 wit water detformed at 9U0¢C
2x 107" and 100 MPa (e) Optical micrograph showing core and nm relations mdicating, extensive dissolution and
repreapitation Seale bar [ Omm (1) Back scattered electron microprobe image showing cores of compostiion - Any,y L an
albitic zone, and rims of composttion Any, Scale bar [ Ogm

0y |
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Fig 4 Diflusion creep microstruciures developed o 2-10 gm aggregates containing 09w water al HNC and

1700 MPa Scale bars for micrographs optical, FOmm, TEM. | 0xm (a) Opnheal mictograph ol sample held hydrostan

cally o h (1) TEM micrograph of same sample (¢) Opteal micrograph of sample shortened  50% a2« st Note

prain growth (d)-(1) TEM micrographs ol same sample (d) Note open pores and grain boundaries and syuare comers on

some prams (¢) Note low dislocation density (1) Note hne gramned 510, nich material al triple juncnion (large arrow)
Eposy along pram boundarv (small arrows) shows il was open duning deformation
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Fip 5 Dittusion creep microstructures developed in 2- 10 gm apgregates at other conditions Scale bars tor micrographs
optcal, 1 0mm, TEM 1 Ogm (2) & (b) TEM muicropraphy of cample with -0 2wt water shortened - 50% al 1100°C

A

-

107 w7 and IS0 MPa Note large praing with square corners, low dislocation densiies, and some twins, and open
prain boundanes  (¢) TEM mucrograph of dry apgregate (0 [ wi% water) deformed at same conditions, showinp
distocation creep microstructures (d) Opucal micrograph of sample with -0 9 wi' water shortened 0% at 800°C

20 107" P and 1500 MPa (¢) TEM micrograph ol same sample. note open pores and low dislocation density (1) TEM
micropraph of sample with -0 2 wi% water shortened — 50% at 900"C 2« 107 5"V and 1500 MPa Note open pores and
prain boundanies, square corners and low dislocation densities

Ty
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Fig 6 Microstructures of 2-10m aggregates shortened  -90% at GKMC, 2« 100"« 1 and o0 MPa Scale bars Lo

micrographs optical, F Omm, TEM | Ogm (a) Oplical micrograph ol cample containing 0 9wt water (b) & (¢) TEM

mi rographs of same sample, syuare corners, open gram boundanies and low dislocation densities indicate diftusion ereep

(d) Optucal micrograph of sample contaimmg O 1wty water, showing gram size reduction (e) & (1) TEM micrographs ol

same sample, irrepular small erams with very high dislocation densities indicate a combination of cataclastic How and
hmited dislocanon ghde

TN



Ditfusion creep in teldspar aggregates

creep. Thus it appears that even tor a decrease in the
amount ol water presen( (-0 2instead ol -0 9 wi%), an
increase ol 200°C strongly enhances difusion creep
compared to dislocation creep

There 15 a significant difference between the micro
structures Just described in the 2-10 #4m sample with

-0.2wt% water at 1100°C, and those of a coarse
grained, dry sample (containing ~0.1 wt% water),
which was deformed al the sume conditions The latter
sample shows polygonal grains ot - | um diameter with
variable dislocation density and tight grain boundanes,
which are charactenstic of dislocation creep (Fig. 5¢)
Thus 1t appears to be the presence ol the additional
~0 1wt% adsorbed water in the 2-10um sample
which has allowed diffusion creep o be competitive,
even though the average grain size (~5-10gum) 18
larger than that ol the sample showing dislocation
creep (1-2 um)

In order to determine whether hine-grained samples
wilh walter added exhibiled evidence ol diffusion creep
at lower temperature, we deformed a mechanically
sealed sample containing ~0.9 wi% water at 800°C,
1500 MPa and 2 x 107° s~' At these conditions, dry
coarse-grained samples (with ~0.1 w1% water) show
deformational behavior that 1s transiional between
cataclastic low and dislocation creep, onginal grains
develop high densities of tangled dislocations, mechan.
ical twins and microcrush zones, together with some
strain-free, polygonal, dynamically recrystalhized grains
(Tullis & Yund 1987). However, the wel 2-10um
sample shows clear evidence of dominantly diffusion
creep. The average grain size (Fig. 5d) 1s about the same
as the ‘starting material’ (Fig 4a), and much smaller
than that in the sample deformed at 900C (Fig 4c). The
average dislocation density 1s low, and there are abun.
dant open pores and channels along grain boundaries
(Fig. S¢). Thus with increasing temperature, wel, fine-
grained aggregates appear to undergo a (ransition
directly from cataclastic flow to diffusion creep, bypas
ing dislocation creep, at least at experimental stramn
rates

(v) EHect of strain rate We have deformed a 2-10m
sample with ~0.2 wi% water at Y00°C and 2 % 10757,
This sample showed the sume microstructures observed
in the samples containing ~0.9 wt% water which were
deformed at the same temperature and 2 x 107" 7"
square corners, very low dislocation denstties, and open
grain boundaries and pores al gram triple junctions (Fig
5(). Thus, even for a reduced water content (0.2 wi'%
compared to --0.9 wi%), a decrease in strain rate of one
order of magnitude strongly increases the contnbution
ol grain boundary diffusion creep compared (o
recrystalhization accommodaled dislocation creep

Addiuonal evidence for a strong eftect of strain rate,
and an additional type of evidence [or the dominance of
diffusion creep, comes trom expenments on mxtures of
Iwo plagioclase compositions We have delormed
samples consisting of equal amounts of two plagioclases
(An, and Any), of three different grain sizes (160-180,
5363 and 2-10m), at 900*C, 1000 MPa and 2 x 10°°
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s™' The compositional relations ol these samples pro
vide strang evidence for a change in detormation mech
amsm with decreasing gram size and increased waler
content The 160180 und 53-63 um samples, which we
believe 10 have neghgible adsorbed water, show pro
gressive dynamic recrystallization, essentially identical
to that described previously from pure albite aggregates
ol the same graim size deformed at the same conditions
(Tullis & Yund 1985) The relatively rapid and repeated
maotion ol high angle grain boundanes during dynamic
recrystalhzation has allowed a much more rapid hom
ogenization of the plagioclase composition than could be
achieved by volume and grain boundary diffusion alone
(Yund & Tullis in press)

In contrast, the 2-10m samples, which contained
~0.1 wt% adsorbed water (for a total ol 0.2 wt'/is),
show microstructures similar (o those of the 2-10um
pure albite aggregates deformed at the same tempera
ture and strain rate (and 1500 MPa)- rectangular grains
with square comers, very low average dislocation den
sities, and open grain boundaries and triple junction
pores. In addition, most of the larger gramns show dis
tinct cores and nms which have diferent compositions
(Fig Je). Analyucal transmission electron microscopy
technigues have shown thal the cores are portions ol
onginal gratns, most often Anyy, which are overgrown
with a narrow albitic zone (-~ Aba,y) and a wider
=~ Ang, nm (Yund & Tulhs in press). This zonation 1s
observable 1n a back scattered electron image (Fig 3t).
There are tewer grains with Ab-nch cores, and the
smaller grains are mostly -~ Any,. The explanation tor
this zoning and the fewer number ol Ab-nch cores
appears (o be related to the dissolution behavior ol
plagioclase; at 800"C and 200 MPa the albite component
of plagioclase goes into solution leaving the anorthite
component behind (Adams 1968). Thus the An, grains
tend to dissolve before the An,, grains and (o precipitate
as a narrow zone of Any, y,on the onginal An,, grains
With increasing time the grains become more homogen-
1ized and the outer rims and most ol the smaller grans
develop a composition of ~Ang, This evidence ol
solution and reprecipitation contrasts strongly with the
compositional relations in the drier 5363 um samples,
where the small ( - 1-2xm), polygonal grains have
a variable bul intermediate composition, consistent
with compositional exchange during dynamic recrystal
lization by diffusion along mgrating high angle
grain boundanes. The latter process 1s documented
and discussed in a separate paper (Yund & Tullis
press).

(v1) Eftect ol conhning pressure For companson with
the 1500 MPa samples, we have detormed two 2-10m
aggregates of albite at 900"Cand 2 ¥ 107 "s ™! but at 6(0)
instead of 1500 MPa; one was vacuum dned at 300°C and
weld sealed, and the other had 0 7 wi% water added.
The microstructures of the 0.9 wi% waler sample
(Figs o6a-c) are indistinguishable from those of the
equivalent sample deformed at 1500 MPa (Figs 4c-f),
consistent with their nearly 1dentical strengths (Figs. 2b
& c¢). Both samples contain the same large rectangular
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grans, square corners, very low dislocation density and
open grain boundanes Thus we inter that diffusion
creep was dominant in both
In contrast, the microstructures of the sample with
-0 1 wt% walter deformed at 600 MPa (Figs 6d-1) are
very ditterent from (he dislocation creep microstruc
fures ol the equivalent sample deformed at 1500 MPa
(Figs 3¢ & d) The average grain size 1s much smaller
than the starting grain size (Fig 6d) This presumably 1s
due to crushing (e.g Tullis & Yund 1987), since there
are no polygonal dynamically recrystallized grains The
grains have a vanable but locally extremely high dislo
cation density (Figs. 6e & t) Most of the grain bound
anes are light, although there are open pores 1in some
areas (Fig. 6f). Thus the delormation appears to have
been accommodated by cataclastic flow with limited
dislocation ghde. This change in deformation behavior
with decreasing confining pressure 18 consistent with
whal we have found previously for dry, coarse grained
aggregates deformed at 900°C, they show a switch [rom
dislocation creep to ductile taulting with a decrease n
pressure trom 1500 (o 500 MPa (Tullis er al. 1979),
apparently related to the decreased /iy, (Tullis & Yund
1989, Farver & Yund 19904).

DISCUSSION
Evidence for grain boundary diffusion creep

The combination ot our mechanical and microstruce
tural results indicates that the fine-grained aggregates
contaiming -0 I wt% water deformed at 9N'C,
50 MPa and 2 x 10°" s~' underwent dominantly
recrystalhzation accommodated  dislocation  creep
whereas those with -0 9 wt% water underwent domi-
nantly Auid assisted, grain boundary diffusion creep.
This evidence 15 bnefly summarized and evaluated be
low

The strengths and the microstructures in the vacuum
dned, fine grained aggregates (with ~0.1 wi% water)
are identical 1o those observed previously in coarser
grained dry aggregates with the same water content
deformed at the same conditions (Tullis & Yund 1985),
where the flow law was determined to be power law
creep (Shelton & Tulhs 1981). This previous work
showed that tor starting gran sizes ranging from 50 to
200 um, the size of the dynamically recrystallized grains
is about 05-L.0am (at 900°C, 2x 107" s~ and
500 MPa) Despite the extremely small size ol the
recrystallized grains, there 18 no microstructural evi
dence lor a switch in dominant deformation mechanism
to diftusion creep: the grains have a vanable dislocation
density, ranging up to ~ 10" ¢m ™7, and a strong crystal
lographic prelerred orientation (as indicated by extine
tion and gypsum plate eflects). Also, despite the fact
that progressive dynamic recrystallization causes strain
weakening, the fow law remains a power law with stress
exponent close to 3. An additional piece ol evidence
indicating that the dry, fine grained aggrepates undergo
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dommantly recrystalhzation accommodated dislocation
creep is the fact that therr strength at a confining press
ure of 600 MPa s substantiallly higher (han that at
1500 MPa, just as observed tor coarse grained aggre
gates ot leldspar and ot quartz delormed 1n the dislo
cation creep regime (Tullis e al 1979, Tulhs & Yund
1980, 1989, Kronenberg & Tulhs 1984)

Evidence tor the dominance of grain boundary dif
tusion creep 1n the water added tine-grained teldspar
aggregates (with 0.9 wt% water at 90°Cand 2 x 107"
s~', and with -0 2 w1% water at [100°C and 2 x 107"
s7!, and at 900"C and 2 x 107?57 ") 1s pnmanly micro
structural The microstructures ot these samples are
very ditferent from those of the dry aggregates detormed
at the same conditons. First, these samples show pro
gressive grain growth, rather than mamntenance of un
equilibnum dynamically recrystallized  grain - size
Second, the average free dislocation density 1s substan
tially lower. Third, there are abundant open pores and
gaps along the grain boundanes, most ot which appear
to have been filled with Auid (not melt) Fourth, in the
sumples compused of two plagioclase compositions, the
compaositional differences between cores and nms indi
cate that solution and reprecipitation resulted in the
growth ol some grains. Finally, although these water
added fine-grained aggregates do exhibit a strong crys
tallographic preterred onentation (as indicated by ex
tinction and gypsum plate ettects), this does not argue
against diffusion creep because (1) the samples started
oul with a strong preferred onentation due to hot
pressing, and (2) 1t appears thal grain growth 1s aniso
tropic and so may actually enhance the starting pre
ferred orientation (e g. Fig. 6a) (Shelley 1989)

Although we realize the poltential danger of infernng
the portion of total sample strain contributed by differ
enl mechanisms solely from microstructures (e.g Bro
die & Rutter 1986), the ditferences in the suites of
microstructures are so striking that we teel confident in
concluding they reflect a switch in the dormmnant detor
mation mechanmism. We are beginning a study to deter-
mine the flow laws of fine grained aggregates with differ
ent water contents, utilizing a molten salt sample
assembly 1n order (0 achieve greater stress sensitivity
(Green & Borch 1989).

What 1s the possibility that the difterence in behavior
of the wet and dry fine grained aggregates s ssmply due
to hydrolyue weakening? Previous studies of coarse
grained albite aggregates (Tullis & Yund 1980) showed
that addition ol - 0.2 wt¥% water caused definite weak-
ening lor deformation within the dislocation creep
regime, consistent with our observations ol reduced
strength ot the wet fine grained aggrepates However,
hydrolytic weakening of the coarse gramned aggrepates
was not assoctaled with significant changes in the defor
mation microstructures; the most obvious eHecl was a
shight increase in the size ot the recrystalhized grains The
microstruclures ol the hne grained aggregales with
approximately the same amount of water (~0.2 wi'%)
detormed at the sume conditions (Y0'C, 2 % 107" s
1500 MPa) are very ditferent (Fig 5f), they are not
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consistent with dislocation creep and therefore cannol
be due to hydrolytic weakening We conclude that
although some ol the reduced strength of the wet fine
pratned aggregales could be due (o hydrolytic weaken
ing, the microstructures reflect a substantial component
ot difusion creep. It remains to be determined whether
coarse grained aggregales with greater amounts of
added water might show evidence of diffusion creep in
their fine grained recrystallized portions

A final pece of evidence tor the dominance of dil
fusion creep in the wet, fine grained aggregates 1s the
simtlarity of the flow stress for samples deformed at 600
and 1500 MPa As mentioned above, this behavior 1s1n
strong contrast to the increasing strength with decreas
ing pressure shown by leldspar (and quartz) aggrepates
undergoing dislocation creep, but it is what one would
expect lor fluid assisted grain boundary ditfusion creep.
Dislocation creep depends on volume diffusion, which
depends on pressure through its strong dependence on
fu,o (Farver & Yund 1990a). Gran boundary dittusion
creep depends on two factors There are few data tor
grain boundary diffuston, but this process should be
much less dependent on pressure, since the openness of
the grain boundary cannot change very much between
600 and 1500 MPa There are also lew dala for the
solubility ol feldspar as a function of pressure, but J
Farver (personal communication 1990) observes no
apparent ncrease 1n solubility of feldspar up to 1500
MPa, 1n strong contrast to the behavior of quartz.

Our evidence indicates that the transition trom dis
location to dittusion creep depends on gran size, water
content, temperature and strain rate At 9N°C,
1500 MPa and 2 x 107> ' and tor a grain size of
2-10um, there appears to be a transiion trom domi
nantly dislocation to diffusion creep as the water content
1s increased from -0 | 1o 0.9 wt% For a grain size ol
2-104m and a waler content of -0.2 wt%, there 1s a
similar transition accompanying an increase ol lempera
ture from 900 to 1100°C or a decrease in strain rate from
2x 107 o2 % 10707

It1s not surpnsing that the transition trom dislocation
to diffusion creep at a given grain size 1s quite sensitive 1o
Auid content Difttusion rates in a grain boundary fuid,
even il 1018 thin and therefore ‘structured’, should be
significantly taster than those in a dry grain boundary
(e.g Rutter 1983, Rubie 1986) The degree of enhance
ment ol grain boundary diffusion creep rates by fluids
will depend on the degree ot wetting of the grain bound
anes. It the wetting angle tor aqueous Auids in feldspar
aggrepatess « 60", as 1t 1s for quartz (Watson & Brenan
1987), then even a very small amount of Auid (-~ 1%) will
form an interconnected network of channels along gram
boundary triple junctions. We have observed evidence
tor these channels as well as tor isolated pores (e.g Fig
4f) These microstructural features, plus the compos
itlonal zoning 1n the two plagioclase samples, indicate
that the difference in deformation mechanmism between
the water added and vacuum dned fine gramed aggre
gates results trom laster difusion due (o the presence of
interconnected fluid channels and pores 1n the tormer
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The compuositional zoning also indicates that the detor

mation occurs by gramn boundary rather than volume
ditfusion creep, verification would require careful evalu
ation of the grain size dependence of the Aow stress

Signtficance of results for buffered samples

There has been much speculation recently about the
eftect of chemical environment on Aow stress or detor
mation mechanism or both, Hobbs (1985) suggested that
there might be a measurable strength dependence on
hydrogen fugacity for deformation ot silicates in the
distocation creep regime. Ord & Hobbs (1984) reported
that lor quartz single crystals detormed in butlered
assemblies, there was a factor of § decrease in strength
with a decrease n log fy, [rom 4 5 10 -4 5 However,
Kronenberg et al (1986) were unable to duplicate these
results, and Rovetta er al. (1986) tound that quartz
crystals annealed 1in bubered assemblies showed an
increase 1n broad band IR absorbance (correlated with
water weakening) with increasing [y, We have de-
tormed fine gramed quarty aggregates n the climb
accommodated dislocation creep regime (Hirth & Tulhs
in press), using buflered sample assembhies identical to
that shown in Fig |, and found no detectable difference
m strength or microstructure over a range ol eight orders
of magnitude ol fy, (Tulhs & Yund 1988) This 1s
consistent with the recent results of Farver & Yund
{1990b), showing that the oxygen dittusion rate in quartz
(and teldspar) does not depend on [y, or /), although 1t
depends strongly on fiy,¢

The lact that we find no difterences 1n strengths or
microstructures in the wet, fine grained feldspar aggre
gates detormed over a wide range ol fy, and f,,, probably
does not add much to the oniginal debate concerning the
possible effect ot chemical environment on delor
mation, because the original hypotheses were formu
lated for delormation by dislocation creep controlled by
volume diffusion, whereas our buHered samples all
appear to have detormed dominantly by grain boundary
diffusion creep A [ar more important tactor aHecttng,
detormation by this mechamism 1s whether the Auid is
wetling or not (Watson & Brenan 1987, Yund & Farver
1990)

Comparisons with other materials

Our interence of a switch from dislocation to dittusion
creep in the water added, fine grained aggregates 18
based pnmanly on microstructural evidence, but 1s con
sistent with microstructural observations made on other
materials where there 1s additional support trom rheolo
gical studies For dry aggregates of calcite, Schmid et al
(1977, 1980) observed that decreasing grain size caused a
change from dislocation to dittusion creep A1400°C and
107" s™!, decreasing the grain size trom 200 (0 4.2 ym
was accompanied by microstructural changes trom fat
tened, intermally deformed grains with a moderately
high dislocation density and well formed subgrains to
equant, strain free grains with a low dislocation density
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There was a corresponding change in the stress exponent
trom -510 -1

For ohvine, Karato er al (1986) delormed both dry
and wel (-0 2 wi% wiler), coarse (63-8Y gm) and fine
grained (5-104m) aggregates, at 1300°C and 107" 47!
They found that decreasing grain size (wet or dry)
produced a swilch from dislocation to diffusion creep
This was indicated by an observed change in stress
exponent trom -3 0o - 1.0, accompanied by a textural
change trom fAattened, internally detormed grains with a
high average dislocation density (o polygonal strain tree
grains with a low average dislocation density. For the
coarser grain sizes, both the wet and dry olivine aggre
gates showed dislocation creep, wet samples were
weaker and had a shghtly lower siress exponent than dry
samples (3.0 compared to 3.5), perhaps due Lo hydro
lytic weakening. For the finer grain sizes, both wel and
dry samples had a stress exponent of -1, indicating
diftusion creep From a diflerence n the grain size
dependence of the low law, Karato efal. (1986) inlerred
that the dry fine grained aggregates underwent volume
diftusion creep whereas the aggregates with (0 01 wt%
water underwenlt grain boundary diftusion creep. How
ever, Cooper & Kohlstedt (1984) tound that dry 3}
13 im olivine aggregales delormed at almost identical
conditions underwent grain boundary diffusion creep,
and that the only etlect ol adding 4.0 wt% basalt melt
was to increase the creep rate by a tactor ot 2-5.

Compared to these results for ohvine, leldspar aggre
gates detormed at 900°C show some similanties and
some differences Like the ohvine, both wet and dry
coarse-grained aggregales undergo dislocation creep
However, feldspar difters from olivine in that for dry
agpregates, decreasing grain size is not itself sufficient to
cause a transition from dislocation creep to diffusion
creep. For expenments at almost the same grain size (2-
10m) and T/T,, (0.75), the dry olivine aggregates
undergo diffusion creep whereas the dry feldspar aggre-
gates undergo dislocation creep. However, 1f the ditfusi-
vity ot Si1s rate controlling in both matenals, as seems
most likely, and if the dry grain boundary dittusion rate
depends on the absolute temperature rather than 7/T,,
and 1s similar in both matenals, as suggested by Joesten
& Fisher (1985), then it1s quite reasonable tor these two
matenals to show difterent domimnant detormation
mechanisms

Fine-grained aggregates ot both leldspar and ohvine
undergo grain boundary diffusion creep when water 1s
added. There are two possible reasons why addition of
waler should have a greater eHectin teldspar Furst, the
solubility of olivine 1n water 1s much smaller than that of
feldspar Second, the wetting angle for aqueous Auids in
olivine apgregates is 60" whereas in teldspar aggre
gates it appears (0o be < 6" (Watson & Brenan [987).
This indicates that a small amount ot added water should
provide a larger enhancement of grain boundary dif-
fusion creep in teldspar than in olivine aggregates,
because it would provide an interconnected network of
tast ditusivity channels in feldspars, as compared to a
number ot isolated last diffusivily pores in olivine
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A swilch trom dislocation creep (1 - 3) o ditfusion
creep (0 - 1) for hne grained albite aggregates when a
lew percent melt was added was observed by Ji &
Mainprice (1986) 1n room pressure experiments The
same transition in dominant deformation mechanism
was noted in iine grained (2-104m) quartz-microchne -
albite aggregates when small amounts ( -3-5%) of gra
nitic melt were added (Dell’ Angelo ef al 1987) In all
these cases as well as in the present study, last ditfusion
through interconnected fuid hlled pores and channels
presumably enables grain boundary diftusion to accom
modate the imposed strain rate

Implications

Although our results do not include a demonstration
of a change n the flow law, we believe that the contrast
in the microstructures ot the dry and wet fine grained
albite aggregates strongly indicates a transition mn the
dominant deformation mechanism trom dislocation
creep (o grain boundary ditfusion creep. The applica
bility of these expenmental results to naturally de
tormed rocks depends in part on the similanty ol the
amount and configuration ol the grain boundary Auid in
the two situations.

In discussing the implications of the experimental
results for natural deformation, 1t 1s important to
address the question ol the quantity and distribution ol
grain boundary luid Our experniments were undrained;
that s, the added water could not ditfuse out. Water was
present along grain boundary triple junction channels,
as well as some grain boundanes, but no axial cracks
developed This indicates that the Auid pressure was
beiween hydrostatic and lithostatic The ubiquitous
presence ol gquartz veins in detormed metamorphic
rocks indicates that the fluids released by dehydration
reactions cannot diffuse away last enough to maintain
hydrostatic pressure, and that peniodically Auid pressure
builds up to lithustatic, inducing hydrolractures. Thusin
regionally metamorphosed rocks there will probably be
times when the Auid amount and distribution s similar
to that 1n our expenments.

Schematic detormation mechanism maps can be used
lo summanze our observations ol expenmentally de
lormed coarse and fine grained leldspar aggregates as
well as held observations ol teldspathic rocks deformed
over a range ol metamorphic prades. We illustrate two
end-member cases, for ‘dry’ and for ‘wet’ aggregales
(Fig. 7) In both cases the grain size 1s considered to be
= 2-10 gem, this 1s because deformation mechanism maps
can only be constructed tor steady stale flow, and n
leldspar the mechamsms of cataclasuc flow and
recrystallization accommodated dislocation creep both
produce extremely fine grain sizes (¢ g Tullis & Yund
1985, 1987) Theretore steady state creep by these
mechanisms requires a fine grain size Only in the climb
accommaodated dislocation creep regime, which occurs
at high temperatures and natural strain rates, will the
steady-stale grain size be coarser.

The schematic map for dry, fine gramned feldspar
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aggrepates (Fig 7a) shows that at an expenmental strain
rate of 107> s~' there is a transition with increasing
temperature from calaclastic Row to recrystallization

accommodated dislocation creep (Tullis & Yund 1987).
Although dislocation climb becomes easier with increas

ing lemperature, melling precludes any experimental
investigation of chmb-accommodated dislocation creep.
The natural strain rate contour (107" s7') shows a
transition from cataclastic flow to recrystallization

accommodated dislocation creep at low lo moderate
metamorphic grades (e.g Evans 1988), and a transition
to climb accommodated dislocation creep at high grades
(e.g. Simpson 1985, While & Mawer 1986). The latter
transition is the least-well constrained at present: the
slow natural strain rates should allow ditfusion creep to
occur in dner and coarser aggregates than 1s the case at
expernimental strain rates, but we have no way of know
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ing whether the equilibrium recrystallized gram size 14
larger or smaller than the critical size lor dittusion creep

The schematic detormation mechanism map for wer,
fine grained leldspar aggregates (Fig. 7b) shows a ditter
ent contiguration Because ot the taster difusion rate
through fluid pores, channels and hAlms, the diftusion
creep field 1s expanded al the expense of the dislocation
creep field. At expenmental strain rates there 1s a
transiion directly trom cataclastic flow to fuid assisted
grain boundary diftusion creep At natural strain rates,
we anler that this same transition will occur at lower
temperatures Confirmation of this1s provided by Shel
ley's (1989) observation that albite in lower greenschist
grade schists shows textures and preterred onientations
indicative ol amisotropic selective growth, rather than
cataclastic or plastic deformation. (1t 1s important to
nole that wet, coarse-grained teldspar aggregates would
be able to detorm at high metamorphic grades at natural
strain rates by climb accommodated dislocation creep
without significant grain size reduction, and so on
delormation mechamsm map for this situation the dislo
cation creep field would be larger than that shown here.)

There are several implications ot the experimental
results for naturally deformed feldspathic rocks
Recrystallization accommodated dislocation creeptself
produces strain weakening that can lead to ductile shear
zones (Tullis er al 1990) However, at natural strain
rates, and especially in the presence ot a grain boundary
Auid phase, dynamically recrystallized grains would
almost certanly be small enough to allow a switch in the
domimant deformation mechanism to grain boundary
dittusion creep, and this would allow even more strain
localization, perhaps leading to the 'superplastic’ mylo
niles described by Boullier & Gueguen (1975) Simi
larly, the extreme gram size reduction produced dunng
tnctional sliding or cataclastic Alow of teldspars (Tullis &
Yund 1987, Yund ef al 1990), coupled with the Auid
influx likely in such dilatant rocks, could promote a
swilch lo diffusion creep even at relatively low tempera
tures Of course 1t 18 also hikely that fine gran size and
flurd iInAux would promolte reaction to weaker, hydrous
phases (e.g Mitra 1978, Evans 1988)

CONCLUSIONS

A regime in which grain boundary diftusion creep 1s
dominant has been identified in experimentally de
lormed fine grained (2-10m) leldspar aggregates, on
the basis ol mechanical and microstructural evidence
This detormation mechanism 1s enhanced by increasing
amounts of water, increasing temperature, and decreas
ing strain rate. For example, at 800-900"C and 2 ¥ 107"
s~ ! deformation occurs dominantly by recrystallization
accommodalted dislocation creep when the aggrepales
contain -0 2 wt% water, bul by grain boundary dil
tusion creep when the aggregates contain -0.9 wt%
water Conversely, for samples containing 0.2 wt'%
water, delormation occurs dominantly by dislocation
creep at 900°C and 2 ¥ 107" 7', but dominantly by
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dittuston creep at LHHOPCand 2 = 107"s™", and at Y00°C
and 2 ¥ 107" 57" Al natural strain rates the transition
should occur at lower (emperatures and larger gramn
sizes, and may be importantin ductile shear zone forma
tion
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