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ABSTRACT

Deformation in th€ deep crust is strongly influenced by ihe presence of
melt. Injected melt (or magma) weakens the crust because strain will
tend to localjze where meli is present. The amount of strain a pluton
may accommodate is dependent on th€ lenSih of time it takes for a
pluton to crystaliz€ and the strain mte. For plutons that intrude into
rocks which are near the solidus tempemture of the melt, crystallization
times can be quite lont (> lMyr).

Partial melting of deep crustal rocks can lead to melt-enhan€ed
embrittlement. This occurs because the volume change for most melting
reactions is positive. Therefore, when ihe rate of melt production
outpaces the rat€ at which melt can leave the system, the melt pressure
increases. Eventually, the melt pressure may become sufficiently high
ihat the melting rocks behave in a bittle fashion and fraciure.
Conjugate sets of dilatant shear hactures filled with melt occur in
migmatite from the Central Gneiss belt (Canada), this srggests thai
melt-enhanced embrittlement occuned in these rocks. An expression
which relaies the magnitude of differential stress to the angle between
conjugate dilatant shear fractures is derived. Assuming that migmatite
has a small tensile strength, differential stresses are < 20MPa in
migmatiiic rocks at the time melt-enhanced embrittlement occurs. The
occurrence of melt-enhanced embrittlement shows that a swiich in
deformation mechanism {aom plastic flow to cataclasis is possible in th€
deep crust durint melting. Futh€rmore, repeated episodes of melt-
enlanced embittlement in migmatitic rocks may be an efficieni
mechanism for eatracting melt from partially m€lted terrains.
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Kohlste.lt, 1986, Dell'Angelo and Tullis,
1988). All oI these srudies show that the
strength of ro.ks dedea*s with the
onset of mclting, with dramtic weak
eninS Geveral ordere of maSnitude)
on.e the rheological critical melt per-
ccntage (RCMP) is attained (- 20 30%
by volume melt; Arzi, 1978). In addi-
tion, many, but not all of these studie
show that melting promotes cataclasis.
In the experiments by van der Molen
and Pate6on (1979), cata.lastic beha
viour is reported in all samples run with
different meLt percentages (<3 to 21%),
with melffilled microlractures oriented
at a ldw angle, o. parallel to or. Tle
ubiquitous cataclasu. behaviou. ob
sen€d in these samples is probably
due io the rclatively low conJining
presslft (300 MPa) used in the cxFeri-
ments. In the high .onJining pressurc
expenments 0500 MPa) perfomed by
Dell'An8elo and Tullis (1988), cataclas
tic behaviour is also observed, bDt
Ehicied to hjgh melt percentag6 (10
15Eo) and high strain rates (10 s s r).

However, at lowe. melt percentages
and stiain rates 0o 

6 s 1, thei
samples deformed mostly by dislo.a-
tion dep and/or melt enhanced diffu-
sion creep (Dell'AnSelo and Tullis,
1988). Dell'Angelo and Tullis (1988)
suggest that cataclastic behaviour oc-
.ded in the high melt percen!, hiSh
strain rate experimmts b{ause the melt
could not flow out of the sample fast
enough, .ausinE hi8h pore pre$ures.

All of the aforementioned studies
directly addre$, or have implicatioro
for the role of melt (or melting) during
defomation in the dep .rut. This
paper djstu$es some of the inportant
fadore which ned io be considered
when melt is injected into the deep
crust, or produced i,? si|!.ln the @se of
injecied melt, it is emphasted that the
crystallization time of a pluton is the
impo.tant factor conirolling strain par-
titioning and localization. lor i, sii!
meltin& a natual eranple from Bntish
Columbia (Canada) is pmented where

INTRODUCTION

Many recent studies have addressed the
close association of defonation and the
intrusion of ignous rock during or
o8enesis (e.g. Hutton, 1982; Hollistei
and Crawford, 1986; Davidson et 4i.,
1992, Karlstrom ct a/., 1993). ahese
studies show tnat the emplacement of
granitoid plutos is not restricted to
extensional tectonic settings. Inslead,
plutons are repo.ted to intrude into a
vanety of setti.gs includinE strike slip
fault zones (Huttor! 1982) and compree
siotul shear zones (Davidson dt al., 1992;
Karlstrom er dl., 1993). Furthermore,

HoUister and Crawford (1986) suggest a
po$ibie link between inrrusion of
granitoids and episodes of .apid uplift
in mountain belts ('tetonic surE€s'),
and argue that pluton emplacement
helps to weaken thc crust and concen-
trate strain where melt is preseni

Another area of aent study is the
effect of partial meltinS on the rheology
of rocks. ln contrast to the field{riented
studies mentioned above, most of these
studies are based on experiments per
fomed in the laboratory (Arzi, 1978;
van der Molen and PateFon, 1979;
Paquet and Francois, 1980; Cooper and
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meltiry has promoted bnttb behaviou
duing defomation ('melt{nhdced
dbrittldeng), and we inbodu.e a con-
cept@l model to exptain thjs behaviou.

INJECTED MEIT

There are a numbs of onkoUing
factoF which operate duing the intru-
sion of a pluton which detemine the
mehanical sponse of the pluton and
saouding rccks. Pshaps the m6t
important of th@ aE the lo8th of time
for .rystalization of the pluto4 and, if
presst, the Mtre of regional defoma-
tion offiing at the iime of inirusion.
For rapidly @oled plutoD (systaltiza'
tion tifres ( lMF) and rather slow
strain ht6, th@ is not eno!8h time for
a pluton to accommodate siSnificant
straiB due to rgionaf defonation
while it is partially molten- This G
iUustrated in Fig- 1, where finite strain
is plotted atainst time For a 't}?ical'
g@rogrcar smm raie or LU
(Pfiffne.-and Rmay, 1982), a pluton
which tals 500 ka to crystalliz€ my
have experiened a strain corcponding
to an axial ratio hu.h l6s than 2 wiile

it is above it5 solidus. In contrast, a
pluton which rakes 5 Myr to cr)stallize
my achieve arjal htios of 12 o. more
before crystalizing. Shain rates faster
than 10 ra s r will oI murse all.w
substantially lar8er slrais to ac@mu-
late dring any givs crystaUization

Davidson s.. al. (1992) plesent a
theml frodel which they ue to
.aldlate the dystallization tifres of
silt-shaped plutons intruded into coh-
try rocks at different initial tempera-
tl]B. They show that crystallization
tihs increase markedly as the initial
impemture of the country rocks aP.
Proaches the solidu tempsature of the
melt (Fig. 2), and thar cD6tallizarion
tihs en easily q.eed 1 Myr for sil
shaped plutotr intruded into the hot,

These erdts have pbfodd ifrpli.a-
tioN for the ovsal rhology of a
defonint region in the mst which is
intruded by melt. In Fig. 3, melt and
rccl strengths Given in tel@ of
eff{live vikGin6) are plotted against
lempentue. Diaba* and wet quartzite
a€ used to b.acket rock strogths (Table
1) b€case the strength of most tutal

rocls falls within the region defined by
th6e two endmembs (Knbt 19E3)-
Rock strengths 0\4Pa) are converted to
eff<tive viscositiB (Pas ') assminS a
strain rate of 1 x 10 r{ s r. M€lt
visositi6 are caldlad 6ing the
method of Shaw (1972), and melt
compositions are tak€n from McBimey
(1984). Granodiorite and dionte bracket
most calc-aU<aline melt .mpositiois
and are @mmon in the d@p crust.

It j.s .lear from FE. 3 that comon
melts are orders of magnitude weaker
than most rocks (note lo8 sdle). Mag-
Ms (frelt+crystals) of couree will have
hiSher viscosities than p@ melt. How-
ever this effe.t is expet€d to be minor
at melt percentaS6 above the RCMP.
Rega.dless of the signficane or exa.t
location of the RCMP, most workere
agre that partially molten rock6 are
siSnificantly wskq than soUd reks
eve at melt percentagF below the
RCMP (Aui, 1978; van der Molen and
P^tqs@, \979) Paquet dd Fhn.oit
1980; Dell'Angelo and Tulis, 1988).
Therefore, plutos which remin above
then soldus for lon8 psiods of time in
defoming regioN N dpeted to
accomodate la€e amounis of stcin.

Sill Thicknes

l r *
l t*
n roo.

o 1 2 3 4 5 6 7 8 9 10
Crysrallizarion Time (Ma)

FiE. 7. (W) Finite shoin !s. tiw fut pute dfld sinple shill bdapted
ltun PJiffu* and Rtrrcoy, 1e82).

fig.2. Crytta utiaa hn6 hr sill-hrped pluton< olMtious
thickngs inttuded into @untry tuks ot differdt initiel tenpdota@
Cron Doaidson et al.,1992).
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ROLE OF MELT DURING DEFORMATION
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Fi,A.3.lLelt) Strength (ii tetns olelfe.ti"e tiscBitll) ts. t npentur, t'at cantflon rocks and silkdk 
'ndts. 

Se text lor disa6siafl.
Flg.5. (Right) Equatarcd ltut hffiEphete ptuie.tions of poles to tlte plnis aldiktant shear ln.tufts t'ro'n the Central Gteiss belt. (a)
Fodtrs tuith ddnal ofset. (b) Fflcttes aith sinistfll .ffset. (c) Atoage oient.tioi ol the hm sets ol factures (grent cir.les) uith scnse al
alfct sho@n by thc affi@s. Oli.ntatian of the priflcipk strss dnectlans colcrldt.d lialn the aro.ge fd.ttt arientdtians drt dha lhaun
(ori.ntations at ri\ht nre Siuen in tenns al dip dnrction, ond ansk)

T.ble 1, Plastic flow constarts and tensile str€ngths used in tNs paper.
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For the geoloaist, this is an important
fact to aPpreciate, because much oI that
strain Soes unrecorded due to the
generally weak fabnc prcduced during

, /V 5I IU MELTING

Anatens of det? .tustai ro.ks is a
common tuature in orogenic belts, and
the petrological consequences of partial
meltin8 and formation of mi6natit6
have ben addre$ed by many authos
(e.8. Ashworth, 1985). Perhaps le$ weli
studied and undeFtood is ihe effeci ot
anatexis on defomation. Many mi6ma
tites show eviden.e for extremely vis
cous and mobite behavior and are
commonly charactenzed by somewhat

chaotic structurs. However, in some
mi8matite tenains, there are structures
preseni whi.h indi.ate that these .ocks
may also behave in a britile fashion (e.g.
Pattisn and Harte, 1988; Fig. 4).

The migmatite shown in Fig. 4 is Ircm
the Central Cneiss beli of noithen
Bntish Columbia (Crawford cl ,1.,
1987). Ths .ock were intruded by
large volunes of tonalitic maEma and
experienced anatexis during uplift and
exhumation beiween 60 ahd 48Ma
(Crawford e. 41., 198D. tlcally within
the Central Cneiss belt, nelffilled
fractures are present (Fig. 4), whi.h
lrave consistent orientations (lig. 5),
and sometimes ocor in conjuSate
Mohrtype sets (Fig. 4b). In addition to
these dilatant shear toa.tures, du.tile

shear zones and semi brittle shear
fractue are prsent. Figlre 4. shows
a ha$ition toom distnbuted ('ductile')
defomation in leucoc.atic laye6, to
semi-britde ftactures filled with melt,
and dnally discrete faultinS (wilh mell
fiIing the fncture) and no st.ain in
adjacent rocks. This clearly points to the
simultaneous activity of defomation
mechanisms provokinS brittle and
'ductile behaviour within tne same

Tne conjugate geometry of thse
toactu.es (Fig. 4b), and ihe obsenation
that helt fills the fEctures, suggest that
these are dilatant shear f.achr.es which
fom€d while the ro.ks wde pa.tiauy
melted. The discontinuous nature of
these melt filled fracturG, and the fact
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FtB.4. Dilatoftt sher lr@turs fi\etl wift
nelt fton thz Cefltaal Cfleiss belt, Btitish
Caltnbit (Canqtla). (a) Note tle chsistenl
onenbtial ol the Jroctures and the single
cotljrs,te t'ftctwe near nadk of
photoStaph. b cfujusate fuctures in
nignetite; iote the thin band of lac@ratic
noteirt (neu) ftting the ftdctu$.
AWrcnMb acute orgle betueet the
conjx&ote fnct"t6 is 45'. @ Tnnsitib
frcn distributed Uactild shuring kmw
A), to emi-btittle tensile ftuctu/e (sone
disttibuted deforution: oru B), to
cmpletely brittle tdsile lnctrre with olhel

that ihe displa.emdts along the fiac-
turs dieout into ductile shqr aB
(Fig. 4c), argue agai.6t the melt filling
PeexistinS fracttle. Below, we Pre
s{t a simple concephlal model to
explain how the dilatant shqr hac-
hrres nay have formed.

Melt-enhanced embrift lement

TIE britde behaviou erhibiied by the
migmatites from the Central Gn€iss belt
suggst a posible swikh in defotm-
tior mechanism hom pldtic now to
catadasis duint meltin& we @[ this
prces melt-dld.ed embrittlement.
The pross by which ihis nffs is

a@lotos to that of hydftulic fractE
ing tsed by reservoi enginers in the

Vobne iftcft@ upon melting

Most mstal rccks experience about a
1070 in@* in volume upon wholesale
melting (Pbilpotts, 1990). How*d, in
migmatit6, melting is probably not
@n8rust, but rathd, is accomplished
by incontrumt melting foming n&
solid phases and a melt phase. Th6e
melting H.tions are predominuuy
fluid-absmt @.tions (that iE, no free
nuid pha* is pr6et). This is beaEe
any frEe ll,O-nch fluid will be con-

sumed imediately duing the eart
stages of deep @stal meltinS due to the
high solubility of HrO in silica€ melts at
p6ure (Burnhm, 1979). Flrthetuore,
for 9?ical water contents of deep
.Mtal ro.IG, nuid-p$ent metting wil
prod!.e orily small amounts of melt (<2
vol.%j Pafino Douce el al., 1990). One,
this fluid-pha* is consmed, meltint
will (fu @der fluid-absent condi
tioB via the breakdown of hydrcB

The most comon hydroDs phases in
metaF€lites are muKvite and/or bia
tite. Experimental inv6ti8atioG on
vapourabsot breajdom of muse
vite and bioute in metapeliies show
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Fig. 4, then the effective normal stress
adoss the lracture mDst be tensile, and a
tetuile (A, Fig. 6a), o. dilatant shea!
fracture will fom (region B, Fi6. 6a).

Stdte of sttss ond pennedbllit!

ln a region undergoing partial meltin&
one on imEine a complex interplay
betwen rate oI meltinE, melt Frme-
ability, state of stress, and shain .ate.
Because of the high tempdatus,
deviatonc shesses will be relatively
low; that is, at or below the stl6s
needed for plastic flow (crystat-ptasti.
o. melt enhanced diftusion (rep). In
order for the melt pressure to inqease
and embrittlement to o.or melt per
meability nust be sufficiently low that
the flow mte of the melt is lower than
the rate of melting. Pemeability, in
turn, is dependent on the geometry of
the melt phas€ with respet to the
crystailine phases. The gometry of the
melt pha* in partially melted rocks is
dependent upon a number of factors
includinE melt fraction, wettinS angles,
and (probably) state of stress 0uewie

Partiat melting expenments under
hydrostati. conditions in Eranitic s)s
tems suggest that for an equilibriffi
melt fraction (the amout of melt
needed to minimize the total surface
energy of the systen), the melt phase
forms an intmonn*ted network of
hiple jmcrion chamels 0urewicz and
watson 1985, De]l Angelo dd Tulis,
1988). For melt fractions above this
amount 2 47o, Jurewicz and Watson,
1985), nelt tends to fom isolated pools.
These results suggest that a finite
pemeabiliry do$ exist in partialy
melted .ocks; however, the brjttle
behaviour seen in the expe.iments of
Del'An8elo and TuUis (1988), and the
natdal example from the Cenhal
Cneiss belt, suggest that rock peme,
ability to helt must be relatively low in
some padialty melted rocks, thG auow
ing the generation of hjSh pore pF
sres which leads to cataclasis and/or

state of etress and m€lGenhanced

The differential stress (Ao) when melt-
enhan ed embnftlement occuB @n be

on

FiE 6. Corceptual nodel fu nelrenhaned mbrittlmdt EprNted an o Mohr-qpe dinyan.
m? fuilurc enrclape is Eiun b! Grilfith's th@ry lot a,, < 2To. Tensik ltd.tuft onentul tntdllel
to q fuft atEn the Maht cncb btches the fuiltte enulope at A (Ee iflset, dibtont shdt
factures fom in resion B G, <0, anrt cMresioldt shur facturc Fn'i in rcgan C. @ Ro*
uith an inpas.rl dillercntial stnss piat to netiry uhth is tu\tu thir neded fu fucture. (b)
upak mehing, the neh pBsrrc (P,,,) incruss.nd the eJfatiu natnol sh$es ote rcdu.ed by
dn anoa t eq,at to the tub pr6sw (ttu af 4ftctbe sbe$, wher o,,+ =h\e elldtiu naffiol
stre$)- Eomtually the 

'nelt 
prssfte is suiicicftly high that tfu Mohl circle touclts the biture

.n?elope, nntl the partinll! nelted rck fucht6. tltl'e Moh. ricle touches the failwe enulope
in Egion B Gu db@e), thek hrr potenti^l aridtatians oJ dilotint sher f.ctutes nay fuhn
uhich hnac an acute ahgb of 20 beh,M thm.

that significant nelt production (>r07, the rate of melting exceeds the rate at
does not ocdr until the initiation of whi.h the melt can escape, the melt
biotite breakdown (Vielzeuf and Hollo- preure (equivalent to the pore-fluid
way, 1988; LeBreton and Thompson, pessure, be.a6e the vis.osity of nelt is
i988). The slopes of these breakdown very mu.h lower than solids, Fi8.3) will
reactions are steep and positive in P-T increae dranatically in a given volume
space (Le b.eton and Thompson, 1988), of.ock with very snall percent meltinE.
and the .hange in enhopy of the If this ro.k mit js hder a deviatoric
melting reaction (AS,) mst be positive stress (Ao), then the effetive nomal
(producing a disordered melt phase stre$6 will be reduced by an amount
from crystaline phases), the.efo.e, the equal to the melt pressue oaw of
volme change of the reaction (dv.) eff{tive stress). Eventuauy, the melt
must also be posihve (dPldT=AS./ pressure will increase to a point where
dv,). The pEence of smallicale folds the rock Gn no lonEer support the
commonly found in migmatits lsimi]ar imposed do, and the ro.k will fiacture
to those foud in hydrated annydrite (Iig. 6). The mod€ of fra.tue depends
Gpsum)l also suggest a positive Av. on where the Mohr circle (diameter=

Since the common melt foming A6) torches the fracture envelope as it is
rea.tions have a positive Ay., melting tratulated to the left (lig. 6a). lf a
creates a space prcblem. Therefore, if toa.ture is filled wjth melt as shown in
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6timted (in theory) if the shape of the
failure envelope {FiB. 6) is known. As
will be shown below, the important
pa.amete. for detemininS Ao for a
dilatant shear ha.ture is the value of
the tensile strenSth (T"), or even better,
tnowledg€ of rhe exact shaPe of the
failue envelope in the .egion where d,,
is tensile (FiB. 6a). Unfortunatel, the
q?e of data are difficult to obtain:
experimental detemimtions of To for
any given ro.k vary signifi.antly de
pending on the method u*d (e.g. table
I 1 in Pnce and Cctrcve, 1990); and
(because of the diffitulb/) very fo
experiments have been attempted to
try and coGtrain ihe shape of the
railure envelope in the redon where
dilatant shear fractures fon Gne and
Cosgrove, 1990).

R.lotbnship of ,16 okd 2A

The shape of ihe tensile portion of the
failure envelope (o,<0) shom in Fig.
6 ie given by Griffith's theory and
appeare to be gendally valid for most
rocks where o1<l5Tol (Suppe, 1985).
The Griffith equation can be rewntten
in tems of the principal sh6s6 dd

(d1 d3)'z 8ro(d, + d3) = o, (1)

where To=l?ol, dl and o3 ae the
mximum and minihm (comprsion
positive) stre$es, respectively, and or
> 3d3 Gatson, 1978). In addition,
Griffith denved an expHsion which
relates the principal stress and 29':

cost2et=::ru \2)
2(61 + Ol)

where 0' is the angie betwm 01 and the
majo. axis of the elipticat flaw (Pater-
son, 1978). Implicitly a$uming that the
da.k will spread in its om plane (an
assmption tude automatically when
applyinS Griffith thsry; see disGsion
in Paterson, 1978), 0' may be equated
with 0, the angle between 6r and the
potential plane of failu.e (Fig. 6b).
Combinin8 equatioN (1) and (2) dd
assuming0'=0giv6:

This is a etul datioahip beou* the
magnihrde of the differential stre$ (in
term of Td can be detemined from field
measuements of dilatant shed fiactures.
Furrhem@, Gntrith's theory predicts
that 20 vdis froh 0" (o3=To) to 4s'
(6r=0) in the region where o'<0.
Therefore from equation (3) the @gni
tude of Ao is ocbained betwed 4Io
and 5.66T0. lPrice and Ccgole (190)
arived at similar limiting valu6 using
Emphiol corutructioro.l

The aote angle (20) betw@n the
conjugate fractures shown in Fig. 4b is
45) with an €ro. of about +5' and 3'.
(This asdes a 15' eno. in dip, and
no eror in stlike as heaslred in the
field). This measured anSle sugSests
that th6e frachrres fomed when
oz ! 0, which implies that there shoul.l
have been little or no opening of the
tacture. Tlis is ind€ed what is ob-
swed, whde orLly a thin film of melt
is sen along the fia.tu6 (Fig. 4b). This
sugSests that thse lractues fomed
when  0=5.66T0 (+0.56T0, -0.28T0).
If we take the 20 anSle between ihe
average orientation of alt the dextrat
and sinistral melt-fiiled ftactus mea-
sured in rhe field (26., Fi8. 5c), we
obtain do=4.45To (no dor estimate

In an attempt to plae actual nMbs
on these sti@tes of Ao, we use two
values of Io taka f.om the literature
which define the range of measured Io
for @t]mon rocrs: To= -,l0MPa (Ire
deri.k diab6e); and Io= 3.6 MPa
(Gosford sandstone) (Table 1)- These
varues of To Aiee Ao =2438 G2.02,

1.06) MPa and Lo =226.4 (+22.4,
11.2) MPa fo. 2e=45., and

Ao=16.02 MPa and 46=178 MPa for
20=26', for G6ford sandstone and
Fiederick diabase, respectively. For a
tereional shear fra.tue with 20=0',

Ao= 14.4 MPa for Cosford sandstone,
dd Ao=160 MPa, for Frederick dia-
base. TherefoF, these values of To
define a range of do for the fo@tion
of a tensional shear lractures from 14
MPa to 226 MPa (Table 2).

Unfortunately, these estimtes of  o
a.e less than satisfactory bdause they
span more than an oder of magnitude.
lunhemoF, diflerential stresses in
excs of 100 MPa seem exceedingly
hiSh in view of the low strength
eyected for miSmatite. Cosford sand
stone which 6ives lower estimates Ao
valus (Table 2), is des.ribed by Jae8er
and Hoskins (1966) as a 'rather weakly
.emented quartz sandstone'. Partially
melted ro.ks with an inte.connected
network of melt filed .hamels would
probably have a similar, or p.obably
lower, tensile slrength. Th*efore, do
valu6 ior the fomation of dilalant
shear fractuH fomed duing melf
enranced emb.ittlement are probably
only a 1bw hundred bar ( < 20 MPa), or
low*. This illustrates the following
major point that is, frachrnnS i.
migmatites a$ociated with melt en
han ed embrittlement dos not require
high diffeMtial stresses, as mi8ht be

strain rate, melt pressur€, and melt-
€nhanced embdttlement

Undl now, only the formation of brittle
Iia.tues has been addresed. Howevet
in the Certral Gneiss belt, a range of
behaviour noD briitle fracture to plastic
(ductile) flow aton8 a single 'fracture'
(Fig. 4c) was ob*ned. This suSgests
that melt€nhanced embrittldent oc-
oned @nterporaneus\ with high
temPerat@ plastic now. lf the concep-
tual model for melcenlan.ed embnfth'
ment is conet, then the melt p6su.e at

Table 2, Calculated diiferential strsss, strain ratc, and melt pessus.

e (wet quanzib) a (diaba*) L
MPa) (s | 6 ') (P,".r,/P".")

20=0"

20 =45'

l.4x l0 '2 0.99589
5.ox1o'  0.95430

4.6x lO 1z 0.99418
1.6 x 10 ' 0.93534

)4.4
r60.0

24.4
226.4

95x 10 t

5.Ox 1O 6

2.4x r0_'
1.2 x 10 s
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I

Differential Stress (ol - 03) --------+-

1.,

Differential Stress (MPa)
50 100 150 200

10 kn and 16 km (dTldz=ls'C lm '
,. LnGas'ng rhe pore

pr6sue above hydrcstati. indeass the
depth of the bntdeplasiic iEreition
(Fig. 4, and at very high pore pressures
(as i. 

- 
1), b.ittle fla.ture hay ocor at

any depth. If the fluid phase is a silidte
melt rather than an aqueus fluid, ], will
tend to be clo* to 1 be@use of the hishs
de6iti6 of melts (about 2.4 g ; 3

for silicic melts; Lange and Camichael,
1990). Of coEe it is unrealistic to
exPect an intercomected netwo.k of
melt to eist all the way to the sufacet
however ior now it is a .oneptual
convenience to assume that P-=psft
(Pn js nelt pressue, p is density of the

50

bo

10

FiE 7. Schnatic diagran ol tuiihln difetuhtiol str$ xs. depth fur
thc Eatth's rtrst there the uppd oust is doftinetcd W brittk
behaoiotr afld thc lawq crqst W ptasti. fau. Dillbtentjot str$es
uri.\ a,.u' ta ttp aght oJ thp ru4p< btp tn.tdblr AF ncna* tn
pote ltuid pftssurc krptessed in tms of t, se tett) furcs the brittk
strength crtue to the kJt- Melt'dhoned nbrittlmdt o.ca6 uhd
ptu t ioltt hdktt rc.k ahi.h arc d.tomrry br plast t tltu t a aspoa*
to on inp%ea dillerential s'es dt paint A, ate iitefs{ted W the
btittle strtngth.ttue O.) dae ta on iflodse in flelt presate. Il the
salne rocks are undq sone la@er difletdtiol stre$ (not lltuiry at
reasanable stnin rates), the highet nelt presswes 0.! ate fleeded fur
enbtittlehent to accur (poinl B).
FiE a. (Right) Motmun diferdtiol stres os. rlepth lot the Eanh's
$ust ossuning dilferdt mstal rheol%ies. Css antl Ed ate tuck
st1ryths hr G6t'a sandstone akd Frcddicl diabose, Bprctiady,
mtcutated t'tun eqadtian (3) fot diffrent uolrcs of 20. Dat1lashed
.tfl$ or fot uet queizite and solid curues ate Jot diobdse thdlasles
calculaterl t'al the stnin /dte shtufl (Tobk 2). i is cakulated sa that
the bittle cutue pases through the d6ned rcck strdgth. (r) Rock
streflgths ofttl pore pre$t6 lor 2A = a' . &) Rack 

'treryths 
dnd pote

ptessurs fat 2A =45'. see tert lot dis.lssion.

the time of embrittlement will be close
to the confininS pEsure, and the
strengih of the migmatite will be the
same both in respdt to brittle fracture
and plastic flow. This latts point is
visualized in Fig. Z where deviatori.
stre$ is plotted agaiGt depth (se Brace
and Kohlstedt, 1980). The 'bri$ld and
?lastic' strength cuwes in Fig. 7 define
the deviatonc shess a ro.k .an with
stand (its shength) before the onset of
defomtion a$ociated with brittle
behaviour or plasnc flow. The mxi
mum stren8th oI the tust octus at the
inters(tion of these two dryes, which
is often referred to as the 'bntde-ductile'
traNition, and which we Eie. to as the

brittleplastic transihon. The position of
th€ bnftle (]Ne is m6tiy depddent on
the lithostatic pressure gradient and the
fluid pre$ue. The position md shape
of the plasti. cae is dependent on
compositior! strain rate, and the td-
pelature gradient in the crust (Brace and
Kohlstedt, 1980).

For a given .omp6ition, shain iate,
and th()rml structure, the depth of the
bntileplastic transition is solely depo-
dot on the porefluid pr*ure. U the
poe pressue is hydrostatic (I:0.37
where ," = Prlqrh, and where P. i5 fluid
pressure and Ad is lithoslatic load),
tho the brittleplasti. transition in a
qurtz-domimted rut 0.(]8 between
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melt, I is a.celoation dDe to Sravity,
and ir is depth), so that we hay
visualze how melFenhanced embrittle-
ment work (Fi8.7, and see bclow).

For the case of partial meltinS and
melt-enhanced embrittlement, one.an
imaSine a situation where deep crustal
.ocks are at then meltin8 tempe.atue,
and are flowing in reponse to d
imposed Ao (point A, Fig. 7). lnitially
thee rocks deform by plastic flow
because ponrt A is situated below the
.nti.al shess needed for bnttb defor
hation (r,, FiC. 7). As these rocks melt,
I beAins to nuease and the bnfth
sbength turve in Fig. 7 mov6 to the
left. Eventually, I becomes sufficiently
hiSh 0,,, Fig. 7) tlat bnttle strength
equals plastic shen8ih (point A, FiE. 7)
and the mignatite tray f.actde or flow
contemporaneously, as ob*rvol in Fi8.
4c. Altematively, A6 may be less than
the deviatori. stress needed for plasti.
flow at reasonable strain rates (point B,
Fig. 7). In such a case, I needs to be even
hi8he. (13, FiE. 7) to prcmote fractue. For
the fi6t.ae (point A, lig. 7), an 6timte
of the Idal strah rate and melt p€sre
@n (in th@ry) be calculated nom the
tugnitude of the diffe.entjal strss
(detemincd froF eqution 3) if, at the
time of emblitdement, the depth at which
dbnttbhent took pla.e the tempe6hF
prcfile, dd the appropriate ro.k pofs
ti6 for the @st e known.

In practice, most of these variabls are
too poody.o6bained to nake any kind
oI meaninSful estimate, lowryer it is
i.structive to look at a general case,
using a given temperatue profrle depth,
the valus of Ao deteminst previously,
and exhene valus for the flow laws
(Fi8. 8). ligure 8 is costructed using
Bydle's law (46 = 3.9d3i; 03<120 MPa)
fo! the blitde portion of the cwes
assuminE t|at 6r is horizontal and
63i= p8l(1 L) (Knby, 1983). Note that
the sbength of brittley defomed ro.ls C
approximated with frictional strenSth
fouownr8 a prccedure used by most
authore when dimssinE rock stren8dr
as a tunction of depth and pore prsure
(e.9. Brae and Kohlstedt, 1980, Moinat
1992). This app.oximation is .o$idered
reasonabie beca6e problehs such as
fracture propagation and mechanism
or failure are noi addrGsed G@ Spence
and Turcotte, 1985; Rubirr 1993). The
plasti. tuaes are .al.ulated usin6 the
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sane flow lawdata used in Fig.3 (Table
I ) Io. diffe.ent strain rates. A geothemal
gradient oI 25'C !s ' is ued, which
giv6 850'C (approximtely the tempe.a
ture for biotite breakdown and signifi-
.ant meltin8 in fluid absent pelitic r@ks;
see Previous sectio6) at a depth of
34 km. For a 6iven magnitu.le of Ao,
valu6 of L and st ain rate are adjusted
until the brittle, wet quartzite, and
diabasecuwes intereet at 34 km depih.

The calculated strain rats from the
above exercise (Table 2) range over
many orde6 of magnitude O0 '
l0 '' s '). It is interesiing to note thar
all oI the calculated rates are substan-
tially faster than thoe quoted in the
literature as 'typical (10 r3 10 '5 s 'i
e.g. Pfifhs ald Ramsy, 1982). Strain
.ats calclrlated 6in6 the teruile strength
ofcosiord sandstone tuge froh 10 3to

10 '' s '. However, for bws valus of
To 6s erpe.terl for mighatite), shain Et6
will be slower. In ordd to obtain a st ain
raie of 10 ri s r, To valus of - 0.01 {.8
MPa are needed. Such low To valus
otuot be ddud€d in the cae of pariiauy

While stEin rate estimat4 heavily
depend on the (difficdt to estimate) T0
values, the values of I are .o$istently
hign (>0.9). This is to be exp{ted at gleat
depths where bntb behaviour can only
succestully compete with plasttic flow if
britde strsgth js very low (that is, ?. very
high). While constant t valu6 were orlly
chosen as a conceptual convenience in
constru.ting F18s 7 and 8, high melt

P6ures are exPect€d to build-uP
lo.ally (and temporanly) due to the
voiuhe indease dunnE padial meltinS
if the pemeability of the partially molten
rock is low. ln addjtioo note that lower
values of To yield higher valu6 of ].,
therefore, melFenhanced embrittlement
in migmatile may imply extremely high
melt pressures (b0.99). Of .ourse, if
melt enhaned embntthment ocaF at
shallower levels in the.tust, tho I will
be somewhat lower (for the same Aa),
however, not signjfi.antiy lower, be-
.ase of th€ high temperatDre Sradiena
needed to piomote melting. (A highd
tenperaturc gradient simply shifts the
plastic ar6 to shallower levels).

coNcLUstoNs

The p.sence of melt in the dep crust

has important implications for the
deformational behaviour of deep ms
tal rocks. Since ine strength contrast is
significant between rock and melt (Iig.
3), melt (or mgha) inj€hd nrb dep
cruslal rocls weakens the ftst locally,
and st ain is tempo.anly concentrated
where melt is present. The len8th of
time for crystallization of a pluton is the
important lactor in determining how
duch oI an effect pluton emplacement
wil have on st ain locaiization. if a
pluton intrudes into rocks which are at
temperatures near the solidus tehpera-
ture of the melt, then the pluton may
remain above its solidus for 1on6
periods of time (>1 Myr; Fig. 2). Large
amounts of strain in a pluton may go
unrecorded if one onsiders the amount
of strain a partialy molten pluton could
accommodate over a few million years
under 'nomal' sbain rates (Fi8. 1), and
it lhe fabric produ.ed by magnatic flow
is weak, as comnonly obsened. How
eve., weak maSmatic fabrics are some-
tihes asso.iated with defomed enclaves
which demonshate large st.ains and are
consistent with the solid state st.ais
obsened in the suroDnding rocks due
to regionat deformation (Davidson cr nl.,
1992; Vogler and Voll, 1981).

PartialmeltinS ofdep crustal rocks is
another important prtress which occurs
during oroSenesis. During partial melr
ing, a space problem arises due to the
positive volume chanSe of nelting. If
the rate of meLt prcduction outpaces tlE
rate at which mell can escape from the
system, the melt pressure (por*fluid

Pressure) will indease .apidly. Even'
tually, the melt pre$ure may become
sDfficiently higl that the melting .ocks
behave in a bnttle lashion and fracture
(Figs 4 and 6). This process is caued
meltanhanced embrittLement.

The differential stress at the time
melt-enlan ed embnftlement occur€d
<an be estimted f'om conjuSate sets of
dilatant shear lractures if one assums
that dilatant shear fra.turs lollow
Griffith s law of failure, and that the
tensile shegth of the rcck is known (3).
Conve6el, (3) can be used to calculate
the tensne st.ength of rcck if the
hagnitude of do is $mehow Nnown
or can be 6tiMted. In view ol the low
dilferential stresses expected to prevail
in migmatilc terranes, the tensile
strength oi parhaliy melted rock must
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be very low Gimilar to, or less than that
of Cosford sadstone). The major point
emerging from our simple calrulation is
that embrittiement does not .equire
high ditferential stresses in migmatiti.

Melt-enhanced embrittlement may act
to turther weaken rcck to very low
differential st esses (below Ao needcd
for plasti. flow; pt. B, FiE. 7); or, may
occur while the rocks are flowing
plasiically in r6ponse to an imposed
Ao (pt. A, Fi6. 7). The Iatter situation js

common in partially melted tenains
lnder compression, and is of ehe
interet because sbanr rats and melt
pressures.an be estimated (in thery) if
dilatant shcar lractures fom (Fig. 8).
The strain ratc calculations depend
heavily or the values used ior the
teNle strength. St6n etes of lO rr.to

,u s . as .omoruy quoPd h rne
literature, requi.e very low tensile
strenSths (0.01 1.7 MPa). Howevet
strain rates faster than 'norml' aF
expected in major crustal shear zones.
Hd.e we a.e not forced to assume
extremely low To values a prion.
Calculated melt plsures, on the other
hand, a.e ubiquitously high (].>0.9)
regardle$ of the bck properties cho
sen.In addition, for rocks with very lotu
tetuile st en6ih, extremely hiSh melt

Pressues (l>0.99) are neded for
.mbritdement to octu. This impliF
that very low permeabilities are pcsi
ble in partiauy molten rocks as iD our
rield example (Fig. 4).

To conclude, melt-enlanced embrit-
tlement does M.u in the dep crust as
evjdenced by mighatites Fom the
Central Cneiss belt (Fig. 4). This shows
that a switch in detormation mechanism
hon plastic flow to cataclasis is possible
in the deep mst duiing meltin6.
However, presewation of structures
whi.h indicate that melt enhanced em-
brittlement oc.aed is probably rare
beause oI subsequent elimitution of
th6e strDcture by plastic flow, In our
erample ftom the Cenkal Gneiss belt
(Fi8. 4), the lo.al diffelential stess at the
time of embntthment was probably
below that needed fo. plastic now.
Subsequent uplift and e.osion eflec
tively quenched the rocks and p.e
sered the dilaiant shcar flactures. For
the more .ommon case/ where plastic
flow elimlnates these f.actre wit|

time, a scenario can be envisioned
where plastic flow of paniaUy mclted
rocks is punctuated bI episodes of melt-
enhanced embrittlehent. After each
event, dre melt p6ure will drop as
the helt .lraiN f.om the system alonS
the newly fom€d ilactues, followed by
a rise in melt prssure until ihe next
event. This episodic nature of melF
extraction may offer a convenient way
to extract melt from partially melted
tenanE, and may be partially respon
sible for the chaotic structures often
obserued in migmatites.
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