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Introduction 

T h e s tudy of fluid flow in m e t a m o r p h i c env ironments 
progressed over the last quadrenn ium m a i n l y from a fo­
cus on the tenets of c o n t i n u u m mechanics , in which rock 
properties such as poros i ty and tortuos i ty tha t control 
flow are as sumed t o be h o m o g e n e o u s over a specified 
finite vo lume. Advances have been afforded by these 
principles not only from their direct appl icat ion , but 
also from tests of their veracity. A s s u m p t i o n s inherent 
in the cont inuum approach are based on the scale of 
observat ion and, in conjunct ion w i t h the advent of new 
analyt ical technologies , have g iven new i m p e t u s for ex­
amining mechan i sms of mater ia l transfer be tween fluids 
and metamorphic rocks at smaller and smaller scales . 
Thus , even as cont inuum mechanics has laudably c o m e 
to be widely uti l ized in the s t u d y of m e t a m o r p h i c fluid 
flow, the "empirical adequacy" [Oreskes et a/., 1994] 
of the m e t h o d o l o g y is be ing assessed through access t o 
previously unat ta inab le scales of observat ion. 

These new deve lopments revealed s o m e u n e x p e c t e d 
results. A m o n g t h e m are indicat ions tha t fluid move­
ment during regional m e t a m o r p h i s m has been , at least 
in s o m e cases, punc tua ted , w i t h indiv idual ep isodes 
last ing as l i t t le as several tens of thousands of years. 
T h i s observat ion is part icularly important in v iew of the 
widespread practice of e s t imat ing quant i t ies of fluid on 
a t ime- integrated basis . Convent iona l ideas about the 
direction of fluid flow in variable t emperature fields, the 
extent of e lementa l mobil i ty , the scale of hydrothermal 
circulation during m e t a m o r p h i s m , and the depth of in­
filtration of surface fluids have all been chal lenged by 
studies comple ted in the past four years. 

The Role of Cont inuum Mechanics 

Unti l recently, a major i ty of s tudies used purely scalar 
properties (e .g . , equi l ibrium t h e r m o d y n a m i c s ) t o de­
scribe m e t a m o r p h i c fluid flow. In the last quadrennium, 
however, there has been widespread, a lbeit be la ted , ac­
knowledgement a m o n g m e t a m o r p h i c petro logis ts and 
geochemis t s tha t fluid flow, be ing an inherent ly vec­
torial p h e n o m e n o n rather t h a n a scalar p h e n o m e n o n , 
must be e x a m i n e d using transport theory; accurate de­
scription of fluid-rock interact ions requires use of field 
variables, variables which are funct ions of b o t h pos i t ion 
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and t ime . C o n t i n u u m mechan ics provides a framework 
for re lat ing b o t h field and scalar-valued variables us ing 
vo lume-averaged propert ies of the porous rock s y s t e m . 
Averag ing is performed over s o m e "representative ele­
m e n t a r y vo lume," or R E V . T h e R E V size for a part icu­
lar s y s t e m depends impl ic i t ly on the scale of observat ion 
but in any case mus t be s ignif icantly larger t h a n the size 
of indiv idual fluid p a t h w a y s ( i .e . , pore size, grain size, 
or fracture w i d t h ) . 

Micrometers to Ki lometers: 
A Prospec tus 

New-sprung e m p h a s i s on the c o n t i n u u m approach 
does not m e a n tha t processes operat ing at s u b - R E V 
scales have been ignored. Indeed it is these p h e n o m ­
e n a tha t de termine the propert ies of the cont inuums , 
and there is an emerg ing need t o characterize l inks be­
tween kinet ic processes tha t operate on disparate scales 
as fluid flows through reactive rock [Torgersen, 1994] . 

T h e exchange of energy be tween react ive m e t a m o r ­
phic rock and flowing fluid has general ly been accounted 
for by adjust ing heat capaci t ies t o a c c o m m o d a t e heats 
of react ion (or s o m e equivalent formal i sm) . W h i l e rates 
of irreversible processes have been inc luded in this ap­
proach, the energetics of irreversibil ity have not because 
rates and coupled heat capaci t ies a lone do not provide 
for irreversible inter convert ibi l i ty a m o n g chemical , m e ­
chanical , and thermal energy. G iven tha t real processes 
are irreversible, is th is p r e t e n t i o n severe? 

Nonequi l ibr ium t h e r m o d y n a m i c s sugges ts tha t en­
tropy might be a useful device for assess ing the i m ­
portance of coupl ing of smal l - sca le irreversibility ( intra-
R E V or in trasys tem p h e n o m e n a ) and larger scale m e t a ­
morphic fluid flow ( in ter -REV p h e n o m e n a ) . 

T h e t i m e (t) evo lu t ion of the entropy (S) of an evolv­
ing rock R E V is c o m p o s e d of a net flow t erm V • J , and 
a product ion t e r m rj: 

Entropy flow results from temperature -normal ized heat 
and mater ia l flows through the s y s t e m . It depicts the 
energy assoc iated w i t h larger scale, in t er -REV processes 
such as fluid flow. Entropy product ion is a pos i t ive def­
inite s u m of fluxes mult ip l ied by forces t h a t drive t h e m . 
It inc ludes i n t r a - R E V force-flux products arising from 
react ion kinet ics , m a s s transfer, heat transfer, and vis ­
cous flow tha t occur at smal l (e .g . , microscopic) scales . 
T h e t i m e rate of change in R E V entropy is thus seen t o 
depend on b o t h macroscop ic and microscopic processes . 

Recent work by Carlson and Denison [1992] and 

41 

Fluid flow in metamorphic environments 

Edward D. Young 
Department of Earth Sciences, University of Oxford, Oxford, United Kingdom 

Paper number 95RG00601. 
8755-1209/95/95RG-00601 $15.00 



42 YOUNG: METAMORPHIC FLUID FLOW 

Denison and Carlson [1993] u n d e r s c o r e s t h e i m p o r t a n c e 
of i n t e g r a t i n g al l sca les of o b s e r v a t i o n . U s i n g h i g h -
r e s o l u t i o n X r a y t o m o g r a p h y t o q u a n t i f y t h e d i spos i ­
t i o n a n d size of m i n e r a l g r a i n s a t t h e m i l l i m e t e r sca le , 
C a r l s o n a n d D e n i s o n s h o w e d t h a t p o r p h y r o b l a s t g r o w t h 
r a t e s a r e c o n t r o l l e d b y i n t e r g r a n u l a r c h e m i c a l diffusion 
in a v a r i e t y of m e t a m o r p h i c rocks , i n c l u d i n g ca lcs i l i ca te 
s k a r n affected b y coeva l fluid in f i l t r a t i on . I n t h e case of 
t h e s k a r n , t h e r e s u l t s i m p l y t h a t r a t e s of i n t e r g r a n u l a r 
diffusion e x c e e d e d fluid p o r e ve loc i t i e s . H a v i n g d o c u ­
m e n t e d t h e p r e v a l e n c e of i r r eve r s ib le ( i .e . , r ea l ) diffusive 
m a s s t r a n s f e r in rock d u r i n g m e t a m o r p h i c fluid flow b y 
v i r t u e of i t s r a t e - l i m i t i n g c h a r a c t e r , we a r e n o w i m p e l l e d 
t o cons ide r t h e e n e r g e t i c s of t h e p r o c e s s . E n t r o p y flow 
a n d p r o d u c t i o n c a n b e u s e d for t h i s p u r p o s e . 

C o n s i d e r t h e case of e n t r o p i c s t e a d y s t a t e w h e r e 
dS/dt = 0. T h e e n t r o p y b u d g e t for i r r eve r s ib le dif­
fusion of spec ies i a t c o n s t a n t t e m p e r a t u r e y ie lds t h e 
c o n s e r v a t i o n r e l a t i o n 

w h e r e J , h a s b e e n w r i t t e n in t e r m s of t e m p e r a t u r e T 
a n d h e a t flux Jq (Jq is c o r r e c t e d for h e a t c o n t r i b u t e d 
b y flowing m a t e r i a l ) , m is t h e c h e m i c a l p o t e n t i a l of dif­
fus ing c o m p o n e n t i, a n d J,- is t h e m o l a r diffusive flux of 
c o m p o n e n t i. T h e e q u a t i o n s h o w s t h a t e n t r o p y p r o d u c ­
t i o n b y i r r eve r s ib l e c h e m i c a l diffusion ( r i g h t - h a n d s ide ) 
c a n , in p r i n c i p l e , inf luence n e t h e a t flux ( l e f t - h a n d s ide) 
d u r i n g m e t a m o r p h i s m . S ince loca l e n t r o p y p r o d u c t i o n 
b y diffusion is p o s i t i v e , so is t h e a s s o c i a t e d c h a n g e in 
h e a t flux. S o m e of t h i s t h e r m a l e n e r g y w a s a d v e c t e d b y 
flowing fluid in t h e case of t h e s k a r n . 

D a t a n e e d e d t o e v a l u a t e s u c h c o u p l i n g s a r e s c a n t a t 
p r e s e n t . However , e s t i m a t e s for diffusive flux a n d c h e m ­
ical p o t e n t i a l g r a d i e n t s s u m m a r i z e d b y Joesten [1991] 
i n d i c a t e t h a t t h e a m o u n t of t h e r m a l e n e r g y l i b e r a t e d 
b y diffusion cou ld b e s u b s t a n t i a l (e .g . , c o m m e n s u r a t e 
w i t h h e a t s of r e a c t i o n ) . 

H o w d o i r r eve r s ib l e p roce s se s like diffusive m a s s t r a n s ­
fer inf luence t h e r m a l b u d g e t s w h e n i n t e g r a t e d over en­
t i r e fluid flow s y s t e m s ? H o w d o e s t h e p r e s e n c e or a b ­
sence of fluid affect 7 7 ? A t w h a t sca les , f r o m m i c r o m e ­
t e r t o k i l o m e t e r , m i g h t w e e x p e c t t o see m a n i f e s t a t i o n s 
of s u c h effects? A n s w e r s t o t h e s e a n d s i m i l a r q u e s ­
t i o n s s h o u l d b e f o r t h c o m i n g as t h e m u t u a l inf luences of 
h y d r o d y n a m i c s a n d g e o c h e m i c a l r e a c t i o n s a r e e x p l o r e d 
over a w i d e r a n g e of sca les b y w o r k e r s in t h e field, in 
t h e l a b o r a t o r y , a n d in t h e r e a l m of n u m e r i c a l m o d e l s . 

Simulat ions 

C o m p u t a t i o n a l s i m u l a t i o n s of m e t a m o r p h i c fluid flow 
s y s t e m s o n t h e sca le of k i l o m e t e r s c o n c e n t r a t e d o n t h e 
i n t e r r e l a t i o n s h i p s a m o n g fluid flow, h e a t t r ans f e r , a n d 
c h e m i c a l r e a c t i o n p r o g r e s s . 

W o r k e r s h a v e t r a d i t i o n a l l y d r a w n c lear d i s t i n c t i o n s 
b e t w e e n m e t a m o r p h i c e n v i r o n m e n t s in w h i c h r e a c t i o n s 
were d r i v e n b y i n f i l t r a t i on of d i s e q u i l i b r i u m fluid, r e ­

fer red t o he r e a s " f lu id-dr iven r e a c t i o n s , " a n d t h o s e in 
w h i c h fluids a n d rock m a i n t a i n e d e q u i l i b r i u m (or n e a r l y 
so) a s r e a c t i o n s p r o c e e d e d in r e s p o n s e t o c h a n g e s in 
o t h e r f ac to r s such as t e m p e r a t u r e or p r e s s u r e . Phillips 
[1991] refers t o t h e l a t t e r a s " g r a d i e n t r e a c t i o n s . " M o d ­
els b y Steeftl and Lasaga [1992] s h o w e d t h a t such dis­
t i n c t i o n s a r e s o m e w h a t ar t i f ic ia l . 

Steefel a n d L a s a g a c o n s t r u c t e d a finite-difference m o d ­
el for t w o - d i m e n s i o n a l flow of su r face -de r ived w a t e r i n t o 
zones of a c t i v e l o w - t e m p e r a t u r e m e t a m o r p h i s m on t h e 
sca le of severa l k i l o m e t e r s . R e s u l t s s h o w t h a t h y d r o d y -
n a m i c d i s p e r s i o n c a n r e su l t in m i x i n g a m o n g pa r t i c l e s 
of fluid h a v i n g different t e m p e r a t u r e - c o m p o s i t i o n h i s to ­
r ies a l o n g closely s p a c e d s t r e a m l ines of flow. T h e sca le 
of d i spe r s ive m i x i n g is c o m m e n s u r a t e w i t h t h e scale of 
s igni f icant t e m p e r a t u r e g r a d i e n t s in t h e fictive s y s t e m , 
i m p l y i n g t h a t t h e d r i v i n g forces for r e a c t i o n s a re likely 
t o i n c l u d e b o t h fluid-driven a n d g r a d i e n t c o m p o n e n t s . 
H y d r o d y n a m i c d i s p e r s i o n c a n n o w b e a d d e d t o t h e list 
of p roces ses t h a t inf luence m e t a m o r p h i c r e a c t i o n p a t h s . 

W h e r e a s Steefel and Lasaga [1992] focused on t h e 
effects of h y d r o d y n a m i c p r o p e r t i e s o n t h e m i n e r a l o g -
ical h i s t o r y of rocks , Hanson [1992] a n d Steefel and 
Lasaga [1994] e m p h a s i z e d t h e inf luence of m e t a m o r p h i c 
r e a c t i o n s o n k i l o m e t e r - s c a l e h y d r o d y n a m i c s u s i n g t w o -
d i m e n s i o n a l exp l i c i t a n d imp l i c i t f ini te difference ca lcu­
l a t i o n s , r e spec t ive ly . T h e s t u d i e s b y Hanson [1992] a n d 
Steefel and Lasaga [1994] e x a m i n e d different a s p e c t s of 
t h e p r o b l e m . T h e difference is m a d e e v i d e n t b y s u m m a ­
r iz ing t h e i r w o r k in t e r m s of t h e e q u a t i o n of c o n t i n u i t y 
for fluid flowing t h r o u g h p o r o u s rock: 

T h e l e f t - h a n d t e r m desc r ibe s t h e t i m e r a t e of c h a n g e of 
t h e fluid m a s s w h e r e <j> is t h e v o l u m e t r i c poros i ty , p is 
fluid dens i ty , a n d t is t i m e . T h e first t e r m on t h e r igh t 
de sc r ibe s t h e c h a n g e in m a s s o w i n g t o a n e t c h a n g e in 
fluid flux J m a n d t h e s e c o n d t e r m R r e p r e s e n t s t h e fluid 
sou rce - s ink t e r m . 

Hanson [1992] cons ide r ed t h e inf luence of p r o g r a d e 
d e h y d r a t i o n r e a c t i o n s ( r e a c t i o n s t h a t re lease w a t e r f rom 
m i n e r a l s t r u c t u r e s in r e s p o n s e t o inc reases in t e m p e r a ­
t u r e ) o n flow of fluid w i t h c o n s t a n t po ros i t y . F u r t h e r , 
t h e B o u s s i n e s q a p p r o x i m a t i o n w a s invoked ; fluid ex­
p a n s i v i t y w a s i n c l u d e d in fo rce -ba l ance e q u a t i o n s b u t 
w a s d e e m e d sufficiently s m a l l t h a t i t cou ld b e safely ne ­
g l ec t ed in m a s s - b a l a n c e e q u a t i o n s . I n t e r m s of t h e fluid 
c o n t i n u i t y e q u a t i o n , H a n s o n c o n c e r n e d h imse l f w i t h s i t ­
u a t i o n s in w h i c h t h e r e l a t i o n 

V • Jm = R 

o b t a i n s . He re , R is a t t r i b u t e d t o p rog re s s of m e t a m o r ­
p h i c r e a c t i o n s . 

Steefel and Lasaga [1994], o n t h e o t h e r h a n d , inves­
t i g a t e d t h e effects of m i n e r a l p r e c i p i t a t i o n a n d disso­
l u t i o n o n p a t t e r n s of fluid flow b y a l lowing p o r o s i t y t o 
c h a n g e . W i t h r e s p e c t t o t h e fluid c o n t i n u i t y e q u a t i o n , 
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the i r m o d e l desc r ibes e n v i r o n m e n t s for w h i c h t h e re la­
t ion 

ho lds . W i t h t h e B o u s s i n e s q a p p r o x i m a t i o n t h e left-
h a n d t e r m reflects c h a n g e s in p o r o s i t y only. D e h y d r a ­
t ion a n d h y d r a t i o n r e a c t i o n s were e x c l u d e d in t h e i r cal­
cu l a t i ons ( i .e . , R = 0 ) . 

H a n s o n ' s m o d e l i n g shows t h a t r e a c t i o n s g iv ing r ise 
t o fluid p r o d u c t i o n can s t r o n g l y inf luence t h e p a t t e r n 
of fluid flow d u r i n g c o n t a c t a n d r eg iona l m e t a m o r p h i s m 
where p e r m e a b i l i t i e s a re on t h e o r d e r of 1 x 1 0 ~ 1 6 t o 
1 x 1 0 ~ 1 8 m 2 or less. W i t h i n t h e s t i p u l a t i o n s of t h e 
m o d e l , fluid p r o d u c e d b y p r o g r a d e r e a c t i o n s is expe l l ed 
as convec t ive flow is d i v e r t e d a r o u n d t h e r e s u l t i n g p r e s ­
sure m a x i m u m . F l o w is d o m i n a n t l y d o w n t e m p e r a t u r e 
g r a d i e n t s w h e n t h e r a t e of fluid p r o d u c t i o n is h i g h ( i .e . , 
w h e n d e h y d r a t i o n r e a c t i o n s a re p r o c e e d i n g m o s t v igor ­
ous ly ) . In as l i t t l e as 1 0 5 y ea r s p r o d u c t i o n r a t e s ad j a ­
cent t h e r m a l a n o m a l i e s will dec rease t o t h e p o i n t w h e r e 
expu l s ion gives w a y t o u p - t e m p e r a t u r e fluid ingress as 
d e n s i t y - d r i v e n convec t i on is e s t a b l i s h e d . P e a k fluid-
p r o d u c t i o n r a t e s a re p r e d i c t e d t o occu r ea r ly in t h e 
m e t a m o r p h i c h i s to ry . B a s e d on t h e s e f ind ings , o n e 
conc ludes t h a t m o d e r a t e - g r a d e h y d r o u s m e t a m o r p h i c 
rocks m a y e x p e r i e n c e d r a s t i c c h a n g e s f r o m e x p u l s i o n of 
m e t a m o r p h i c fluid d o w n t e m p e r a t u r e g r a d i e n t s t o u p -
t e m p e r a t u r e convec t ive fluid in f i l t r a t ion a t n e a r - p e a k 
t e m p e r a t u r e s . Such c h a n g e s in flow r e g i m e s w o u l d b e 
a c c o m p a n i e d by c h a n g e s in fluid sou rce a n d , poss ib ly , 
fluid c o m p o s i t i o n , a n d w o u l d occu r over s m a l l t i m e in­
t e rva l s , ~ 1 0 5 yea r s , r e l a t i ve t o t h e t o t a l d u r a t i o n s of 
m o s t m e t a m o r p h i c e v e n t s . 

In t he i r m o d e l i n g , Steefal and Lasaga [1994] d e s c r i b e d 
chemica l r e a c t i o n s b e t w e e n a q u e o u s fluid a n d rock c o m ­
posed of q u a r t z , a l b i t e , K- fe ldpsa r , m u s c o v i t e , a n d kaol i -
n i t e w i t h l inear r a t e e q u a t i o n s in t h e s y s t e m K - N a - S i -
A l - C l - C - H - O . T h e i r r e su l t s d e m o n s t r a t e t h a t t h e p r i n ­
c ipal effect of r e a c t i o n p rog re s s on f r a c t u r e p e r m e a b i l ­
i ty der ives f rom p r e c i p i t a t i o n a n d d i s so lu t i on of q u a r t z 
a long f r a c t u r e wal l s in t h e m o d e l s y s t e m . Q u a r t z p r e ­
c ip i t a t e s in a r e a s of d o w n - t e m p e r a t u r e flow a n d dis ­
solves in zones of u p - t e m p e r a t u r e flow. W i t h t i m e ( 1 0 4 

years ) flow is focused i n t o r eg ions w h e r e fluids m o v e 
u p t e m p e r a t u r e g r a d i e n t s a n d is d i spe r sed w h e r e fluids 
m o v e d o w n t e m p e r a t u r e . Loca l e q u i l i b r i u m b e t w e e n 
fluid flowing t h r o u g h f r ac tu re s a n d h o s t rock is gen­
era l ly n e a r l y a t t a i n e d a t t e m p e r a t u r e s a b o v e a p p r o x i ­
m a t e l y 200° C w h e r e p e r m e a b i l i t i e s a r e on t h e o r d e r of 
1 0 " 1 5 t o 1 0 ~ 1 4 m 2 a n d f r a c t u r e s p a c i n g is less t h a n a p ­
p r o x i m a t e l y 100 m . Loca l d i s e q u i l i b r i u m p reva i l s in t h e 
v ic in i ty of p e r m e a b l e t h e r m a l b o u n d a r y layers . T h e s e 
r e su l t s l end c red ib i l i ty t o m a n y p e t r o l o g i c a l s t u d i e s of 
m e t a m o r p h i c fluid flow t h a t a s s u m e loca l e q u i l i b r i u m . 

M u l t i d i m e n s i o n a l n u m e r i c a l m o d e l s were a l so u s e d t o 
s t u d y fluid flow t h r o u g h m e t a m o r p h o s i n g rock o n t h e 
m e t e r a n d c e n t i m e t e r sca les . Gerdes et al. [1993] con­
s t r u c t e d a f inite e l e m e n t m o d e l t h a t l inks c o m p r e s s i b l e 

fluid flow, t h e r m a l t r a n s p o r t , a n d a d v e c t i v e a n d d i spe r ­
sive m a t e r i a l t r a n s p o r t t o k i n e t i c s of o x y g e n a n d c a r b o n 
i s o t o p e e x c h a n g e b e t w e e n fluids a n d rocks . T h e m o d e l 
c an b e u s e d t o s i m u l a t e t h e f o r m a t i o n of i so top ic ex­
c h a n g e f ron t s in t w o - d i m e n s i o n a l flow s y s t e m s . 

D e t a i l e d s i m u l a t i o n s of t h e effects of fluid flow o n 
m i n e r a l p a r a g e n e s e s h a v e b e e n ca r r i ed o u t i n d e p e n d e n t 
of h y d r o d y n a m i c c o n s i d e r a t i o n s . Symmes and Ferry 
[1991] u sed e q u i l i b r i u m t h e r m o d y n a m i c s c o u p l e d w i t h 
m a s s b a l a n c e c o n s t r a i n t s t o s h o w t h a t m i n e r a l a s s e m ­
b l ag es r e p r e s e n t i n g pe l i t i c rocks of t h e classic B a r r o v i a n 
m e t a m o r p h i c s e q u e n c e c a n o n l y b e r e p r o d u c e d f a i th ­
fully if a q u e o u s fluid, in q u a n t i t i e s e q u i v a l e n t t o t i m e -
i n t e g r a t e d a q u e o u s fluid fluxes of > 1 0 2 m 3 / m 2 , a r e in­
c luded . Foster [1993] f o r m u l a t e d a c o m b i n e d equ i l i b ­
r i u m a n d n o n e q u i l i b r i u m t h e r m o d y n a m i c n u m e r i c a l a p ­
p r o a c h t h a t e n a b l e s s i m u l a t i o n of rock t e x t u r e s f o r m e d 
d u r i n g m i n e r a l g r o w t h in t h e p r e s e n c e of flowing fluid. 

React ions as Moni tors of Fluid Flow 

A l t h o u g h i m p e r f e c t , d i s t i n c t i o n b e t w e e n fluid-driven 
r e a c t i o n s a n d g r a d i e n t r e a c t i o n s is n e v e r t h e l e s s conve­
n i e n t w h e n d e s c r i b i n g t h e d e v e l o p m e n t of c o n c e p t s pe r ­
t a i n i n g t o m e t a m o r p h i c fluid flow t h a t o c c u r r e d over 
t h e l a s t q u a d r e n n i u m . C a t e g o r i z a t i o n of fluid-rock ef­
fects in t h i s r e p o r t is n o t i n t e n d e d t o enforce or a d v o c a t e 
a f o r m of s e m a n t i c s . I n s t e a d , t h e a u t h o r f inds t h a t i t 
serves t o u n d e r s c o r e differences a n d , i n d e e d , similarities 
b e t w e e n t h e v a r i o u s p roces ses c o n s i d e r e d . 

F l u i d - d r i v e n r e a c t i o n s a r e t h o s e for w h i c h t h e sole (or 
p r i n c i p a l ) d r i v i n g force is c o n t i n u e d ingress of fluid t h a t 
e n t e r s t h e flow s y s t e m o u t of e q u i l i b r i u m w i t h t h e re­
a c t i n g rock . In c o n t r a s t , g r a d i e n t r e a c t i o n s a r i se w h e r e 
flowing fluids e n t e r in , a n d m a i n t a i n , e q u i l i b r i u m w i t h 
h o s t rocks . R e a c t i o n p r o g r e s s in a fluid-driven r e a c t i o n 
o c c u r s as t h e rock s t r i ves t o ach ieve e q u i l i b r i u m w i t h 
t h e flowing fluid. C e s s a t i o n of flow causes d e s i s t a n c e 
of r e a c t i o n . In t h e case of g r a d i e n t r e a c t i o n s , r e a c t i o n 
p rog re s s o c c u r s in r e s p o n s e t o t h e p r o l o n g e d ava i lab i l ­
i ty of fluid c o m b i n e d w i t h flow a l o n g e x i s t e n t g r a d i e n t s 
in f ac to r s of s t a t e o t h e r t h a n fluid c o m p o s i t i o n such as 
t e m p e r a t u r e a n d p r e s s u r e . R e a c t i o n e n d s if e i t he r t h e 
flux of fluid or g r a d i e n t s in s t a t e v a r i a b l e s f ade . 

F l u i d - d r i v e n r e a c t i o n s r e su l t in a b r u p t c h a n g e s in 
p h y s i c a l a n d c h e m i c a l p r o p e r t i e s affected b y r e a c t i o n 
t h a t p r o p a g a t e in t h e d i r e c t i o n of flow. G r a d i e n t r eac ­
t i o n s a l low for g r a d u a l c h a n g e s in t h e p h y s i c o - c h e m i c a l 
p a r a m e t e r of i n t e r e s t . However , e x p l o r a t i o n of t h e s e 
c o n c e p t s h a s s h o w n t h a t d i s c o n t i n u i t i e s s imi l a r t o t h o s e 
a s s o c i a t e d w i t h fluid-driven r e a c t i o n s c a n r e su l t f r o m 
g r a d i e n t r e a c t i o n s in t h e even t t h a t t h e c a p a c i t y of t h e 
rock t o r e a c t w i t h fluid is e x h a u s t e d (e .g . , loss of a r eac -
t a n t m i n e r a l ) . S imi la r ly , fluid-driven r e a c t i o n s c a n give 
r ise t o b r o a d g r a d i e n t s in c h e m i s t r y a n d m i n e r a l o g y in 
s o m e c i r c u m s t a n c e s . Of cou r se , fluid e n t e r i n g in a s t a t e 
of d i s e q u i l i b r i u m a n d flowing a l o n g g r a d i e n t s in s t a t e 
va r i ab l e s will p r o d u c e a h y b r i d force w i t h c o m p o n e n t s 
of b o t h fluid-driven a n d g r a d i e n t r e a c t i o n s . 
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F l u i d - d r i v e n R e a c t i o n s 

I n f i l t r a t i o n of n o n e q u i l i b r i u m fluid causes d o w n ­
s t r e a m p r o p a g a t i o n of p r o n o u n c e d shi f t s in c h e m i s t r y 
a n d m i n e r a l o g y t h a t o r i g i n a t e a t t h e u p s t r e a m e n d of 
t h e flow s y s t e m . T h e s e r e a c t i o n f ron t s were t h e focus of 
n u m e r o u s s t u d i e s in m e t a m o r p h i c e n v i r o n m e n t s as t h e y 
p r o v i d e , p o t e n t i a l l y , t h e m e a n s t o d e t e r m i n e r a t e s of 
fluid flow, fluid c o m p o s i t i o n , a n d fluid t r a n s p o r t m e c h ­
a n i s m s . T h e " t r a c e r s " u s e d t o iden t i fy f ron t s i n c l u d e 
c h a n g e s in m o d a l m i n e r a l o g y r e s u l t i n g f r o m p r o g r e s s of 
fluid-driven n e t - t r a n s f e r r e a c t i o n s , c h a n g e s in e l e m e n t a l 
c o n c e n t r a t i o n s r e s u l t i n g f r o m fluid-rock e x c h a n g e r eac ­
t i o n s , a n d shi f ts in s t a b l e a n d r a d i o g e n i c i s o t o p e r a t i o s 
r e s u l t i n g f r o m fluid-rock i s o t o p e e x c h a n g e r e a c t i o n s . 

D i s p l a c e m e n t s of c h e m i c a l f ron t s a l low e s t i m a t e s of 
o n e - d i m e n s i o n a l fluid fluxes w i t h r e l a t i o n s of t h e f o r m 
[see Blaiiner and Lassey, 1989] : 

*front = < M 

w h e r e Zfront is t h e t r a c e r f ront d i s p l a c e m e n t , \j) is a "car ­
r ier p o r o s i t y " e q u i v a l e n t t o <t)/(<t> + (1 — <f))k) in t e r m s of 
i n t e r c o n n e c t e d p o r o s i t y </> a n d e q u i l i b r i u m d i s t r i b u t i o n 
coefficient k, u is fluid p o r e ve loc i ty , a n d t is t i m e . I t is 
n o w b e c o m i n g c lear , however , t h a t c r i t i ca l a p p l i c a t i o n 
of t h e a b o v e e q u a t i o n t o field r e l a t i o n s is w a r r a n t e d . 
T h e p r o v i s o t h a t k refers o n l y t o e x c h a n g e a b l e q u a n t i ­
t ies of t h e spec ies of i n t e r e s t m e a n s t h a t xp d e p e n d s o n 
t h e m e c h a n i s m of m a s s t r ans f e r ; p rocesses t h a t o p e r a t e 
w i t h i n s y s t e m R E V s m u s t b e k n o w n in d e t a i l if c o n t i n ­
u u m m e c h a n i c s is t o y ie ld useful i n f o r m a t i o n . R e c o g ­
n i t i o n of such c o m p l e x i t i e s is d r i v i n g r e s e a r c h e r s t o ex­
a m i n e m o r e closely t h e f ac to r s t h a t gove rn f o r m a t i o n of 
r e a c t i o n f ron t s . 

T h e duration of flow is a l so of i n t e r e s t if m e t a m o r p h i c 
h y d r o d y n a m i c s is t o b e quan t i f i ed , ye t d e c o n v o l u t i o n of 
I/J, u , a n d t r e q u i r e s a d d i t i o n a l i n d e p e n d e n t i n f o r m a ­
t i o n . S h a p e s of r e a c t i o n f ron t s ( in t e r m s of d i s t a n c e 
ve r sus t r a c e r q u a n t i t y s p a c e ) , c o n t r o l l e d b y d i spe r s ive 
forces t h a t a c t t o d i s t e n d t h e f ron t s , a r e p r o v i d i n g such 
i n f o r m a t i o n . D i s p e r s i v e forces t h a t h a v e b e e n cons id ­
e red i n c l u d e diffusion in t h e fluid a n d sol id p h a s e s , hy ­
d r o d y n a m i c d i s p e r s i o n , a n d t h e k ine t i c s of fluid-mineral 
r e a c t i o n [Bowman and Willett, 1991] . 

Lasaga and Rye [1993] a n a l y z e d t h e effects of k i n e t i c s 
t h a t c a n b e p r o p a g a t e d d o w n s t r e a m d u r i n g fluid-driven 
m e t a m o r p h i c r e a c t i o n s . T h e y p r e s e n t e d s i m p l e a n a l y t i ­
cal e q u a t i o n s s h o w i n g t h a t fluid-rock r e a c t i o n f ron t s de ­
fined b y t h e e x h a u s t i o n of a r e a c t a n t m i n e r a l p r o p a g a t ­
ing in t h e d i r e c t i o n of fluid flow wil l l ikely b e a s s o c i a t e d 
w i t h a zone of m a r k e d n o n e q u i l i b r i u m b e t w e e n fluid a n d 
rock . T h e w i d t h ( in t h e case of o n e - d i m e n s i o n a l flow) 
of t h i s zone is d e t e r m i n e d b y t h e r a t i o of fluid ve loc­
i ty t o r e a c t i o n r a t e . Fo l lowing ear l i e r w o r k b y L a s a g a , 
t h e p r o p a g a t i n g r e a c t i o n f ron t a n d a s s o c i a t e d zone of 
n o n e q u i l i b r i u m is re fe r red t o a s a "k ine t i c i s o g r a d . " 

A c e n t r a l t h e m e in t h e w o r k of L a s a g a a n d R y e is 
t h e c o n c e p t of " s t e a d y s t a t e " in r e a c t i v e rock s y s t e m s 
o p e n t o fluid flow. T h e y s t a t e d t h a t t h e p e r s i s t e n c e 
of n o n e q u i l i b r i u m b e t w e e n fluid a n d rock over a fixed 

g e o m e t r y is a f o r m of s t e a d y s t a t e . I t can b e a r g u e d 
t h a t t h e use of t h e t e r m " s t e a d y s t a t e " in t h i s c o n t e x t 
is u n f o r t u n a t e as i t o b s c u r e s t h e l ikely pe rvas iveness of 
t h e p h e n o m e n o n t h a t t h e y desc r ibe . T h i s is b e c a u s e 
for m a n y worke r s s t e a d y s t a t e h a s a very prec ise m e a n ­
ing : t i m e i n v a r i a n c e for t h e q u a n t i t y of i n t e r e s t . In t he i r 
d e r i v a t i o n s L a s a g a a n d R y e used as t he i r q u a n t i t y of in­
t e r e s t t h e c o n c e n t r a t i o n of a c h e m i c a l spec ies in a packe t 
of fluid t h a t flows t h r o u g h a rock s y s t e m . T i m e invar i ­
a n c e of s o l u t e c o n c e n t r a t i o n c for a flowing fluid packe t 
imp l i e s dc/dt = 0. N o n e q u i l i b r i u m t i m e - i n v a r i a n c e , by 
t h i s def in i t ion , o c c u r s o n l y u n d e r c e r t a i n spec ia l c i r c u m ­
s t a n c e s (for e x a m p l e , in t h e case of n o n l i n e a r r e a c t i o n 
k ine t i c s p r e s e n t e d b y L a s a g a a n d R y e ) a n d acco rd ing ly 
is un l ike ly t o b e t h e g e n e r a l case in n a t u r e . However , 
t h e s t e a d y s t a t e re fer red t o b y L a s a g a a n d R y e is t h e 
loca l t i m e i n v a r i a n c e c u s t o m a r y in fluid m e c h a n i c s a n d 
o t h e r d i sc ip l ines . I n t h i s def in i t ion of s t e a d y s t a t e , t h e 
q u a n t i t y of i n t e r e s t is t h e c o n c e n t r a t i o n in t h e fluid at 
a fixed position in t h e rock c o l u m n r a t h e r t h a n in a 
flowing p a c k e t of fluid. T h a t is , (dc/dt)X)y)Z = 0 (a?, y, 
a n d z a r e s p a t i a l c o o r d i n a t e s ) whi le dc/dt / 0; concen­
t r a t i o n c c h a n g e s b y v i r t u e of m o t i o n t h r o u g h t h e rock 
c o l u m n only . T h e q u a n t i t y u sed in t h e d e r i v a t i o n s is 
n o t t h e s a m e as t h a t u sed t o define s t e a d y s t a t e . W h a t 
is m o r e , t h e r e l evan t e q u a t i o n s a r e de r ived w i t h o u t im­
posing even t h i s less r e s t r i c t i ve s t e a d y s t a t e c o n d i t i o n 
(dc/dt)X}y}Z = 0. T h e l a t t e r is s i m p l y t h e consequence 
of i n v o k i n g s t e a d y r a t e s of fluid flow a n d r e a c t i o n . Lo­
cal c o n c e n t r a t i o n s a t a fixed p o i n t wil l a lways achieve 
t i m e i n v a r i a n c e w h e n s u p p l y a n d w i t h d r a w a l occur a t 
c o n s t a n t r a t e s . 

I t is w o r t h e m p h a s i z i n g t h e n , t h a t t h e conc lus ions 
r e a c h e d b y Lasaga and Rye [1993] do not d e p e n d o n 
f o r t u i t o u s c i r c u m s t a n c e s l e a d i n g t o t i m e inva r i ance b u t 
a r e , in fac t , t h e i n e v i t a b l e consequences of c o n s t a n t 
r a t e s of fluid flow a n d r e a c t i o n ! T h e q u e s t i o n is n o t 
w h e t h e r s t e a d y s t a t e is v i a b l e , b u t r a t h e r w h e t h e r fluid 
ve loc i t ies a n d r e a c t i o n r a t e s a r e l ikely c o n s t a n t (or 
n e a r l y so) for geologica l ly l ong t i m e p e r i o d s . 

G r a d i e n t R e a c t i o n s 

P e r h a p s t h e m o s t s igni f icant c h a n g e in t h e field of 
m e t a m o r p h i c fluid flow over t h e l a s t q u a d r e n n i u m w a s 
t h e t r e n d t o w a r d a b a n d o n m e n t of fluid-rock r a t i o s in fa­
vor of t i m e - i n t e g r a t e d fluid fluxes as t h e p r i n c i p a l m e a ­
su re s of " a m o u n t s " of fluid t h a t flowed d u r i n g m e t a m o r ­
p h i s m . A l t h o u g h b o t h p a r a m e t e r s c an se rve as r e l a t ive 
m e a s u r e s of t h e deg ree of fluid-rock i n t e r a c t i o n , fluid 
fluxes a r e p re fe r red over fluid-rock r a t i o s b e c a u s e nu ­
m e r i c a l va lues for t h e l a t t e r a r e difficult t o i n t e r p r e t in 
t e r m s of h y d r o d y n a m i c s . For e x a m p l e , a r eac t ive rock 
c o l u m n t h a t h a s e x p e r i e n c e d s t e a d y o n e - d i m e n s i o n a l 
a d v e c t i o n of fluid for a n a r b i t r a r y t i m e in t e rva l can 
r eco rd fluid-rock r a t i o s r a n g i n g f rom 0 t o oo a l o n g t h e 
flow p a t h wh i l e s i m u l t a n e o u s l y r e c o r d i n g a s ingle t i m e -
i n t e g r a t e d flux of fluid. T h e l a t t e r q u a n t i t y h a s m o r e 
p h y s i c a l s ignif icance t h a n t h e f o r m e r in t h a t i t was s t i p ­
u l a t e d t h a t fluid d id i n d e e d p a s s e v e r y w h e r e t h r o u g h 
t h e e n t i r e l e n g t h of t h e c o l u m n . 
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T h e shift a w a y f rom f lu id-rock r a t i o s a n d t o w a r d fluid 
fluxes was d u e l a rge ly t o a p a p e r b y Baumgartner and 
Ferry [1991]. T h e y s h o w e d t h a t t h e t i m e - i n t e g r a t e d 
fo rm of t h e e q u a t i o n of c o n t i n u i t y , or m a s s b a l a n c e 
e q u a t i o n , for a spec ies i in t h e fluid p h a s e , 

A n ; = V - ( x t - J t ) , 

can b e r e a r r a n g e d t o y ie ld a s t r a i g h t f o r w a r d e q u a t i o n 
t h a t r e l a t e s t i m e - i n t e g r a t e d m o l a r fluid flux J t ( m o l / m 2 ) 
t o r e a c t i o n p rog re s s £: 

whe re is t h e t o t a l m o l e s of fluid spec ies i p r o d u c e d 
or c o n s u m e d pe r u n i t rock v o l u m e , X{ is t h e m o l e frac­
t i o n of i in t h e fluid p h a s e , a n d Vj a r e s t o i c h i o m e t r i c 
coefficients for fluid spec ies j in t h e r e a c t i o n . I m p l i c i t 
is a low p o r o s i t y a n d p r e d o m i n a n c e of a d v e c t i o n of fluid 
over d i spers ive t r a n s p o r t . I n cases of m o r e c o m p l i c a t e d 
r eac t i ons , J t c an b e w r i t t e n as a s u m over each of t h e 
c o m p o n e n t l i nea r ly i n d e p e n d e n t r e a c t i o n s t h a t d e s c r i b e 
t h e c o m p l e t e r e a c t i o n h i s t o r y of t h e rock [Young and 
Morrison, 1992] . 

A s s u m i n g t h a t e q u i l i b r i u m b e t w e e n fluid a n d rock is 
m a i n t a i n e d t h r o u g h o u t t h e flow p a t h , B a u m g a r t n e r a n d 
Fer ry e x p a n d e d V x ; t o y ie ld : 

( W ) p V T + ( ! t O t V P ' 

T h e specified c h a n g e s in X{ w i t h T a n d p r e s s u r e P a r e 
c o n s t r a i n e d by p h a s e e q u i l i b r i a o w i n g t o t h e a s s u m p ­
t i o n of loca l e q u i l i b r i u m . T h e e x p a n d e d e q u a t i o n t h u s 
desc r ibes g r a d i e n t r e a c t i o n s w h e r e V T a n d V P a re t h e 
d r iv ing forces. T h e flux J* is a m e a s u r e of fluid avai l ­
ab le for r e a c t i o n , b u t r ega rd l e s s of i t s m a g n i t u d e n o 
reac t i on is p e r m i t t e d for V T = V P = 0 b e c a u s e of t h e 
a s s u m p t i o n of loca l e q u i l i b r i u m . Usua l ly , V T ^> V P 
a n d so t h e d i s t r i b u t i o n a n d e x t e n t of fluid-rock r eac ­
t i o n is con t ro l l ed b y V T a n d Jt. Phillips [1991] n o t e d 
t h a t t h e p r o d u c t J t • V T is s o m e t i m e s re fer red t o as t h e 
"rock a l t e r a t i o n i n d e x " for t h i s r e a s o n . 

O n e of t h e p r i n c i p a l uses of t h e e q u a t i o n p r e s e n t e d 
by Baumgartner and Ferry [1991] h a s b e e n a s s e s s m e n t 
of t h e d i r ec t i on of fluid flow r e l a t i v e t o t h e r m a l g r a d i ­
e n t s in c o n t a c t a n d r e g i o n a l m e t a m o r p h i c t e r r a n e s . For 
t h i s p u r p o s e on ly t h e s igns of t h e v a r i o u s t e r m s a r e de­
cisive. In m a n y c o m m o n m e t a m o r p h i c t e r r a n e s p h a s e 
equ i l i b r i a d i c t a t e s p o s i t i v e (dxi/dT)p. T h e s ign of t h e 
rock a l t e r a t i o n i n d e x , a n d h e n c e t h e p o l a r i t y of r eac ­
t i o n p rog res s , is t h e n d e t e r m i n e d b y t h e s ign of V T 
(flux is pos i t i ve b y de f in i t ion ) . B a u m g a r t n e r a n d Fe r ry 
a r g u e d t h a t for f o r w a r d p r o g r e s s of m a n y m e t a m o r p h i c 
r e a c t i o n s t o h a v e o c c u r r e d , as i n d i c a t e d b y field obse r ­
v a t i o n s , V T m u s t h a v e b e e n p o s i t i v e , i .e. , flow m u s t 
h a v e b e e n in t h e d i r e c t i o n of i n c r e a s i n g t e m p e r a t u r e . 

Dipple and Ferry [1992] p r e s e n t e d e q u a t i o n s a n d in­
t e r p r e t a t i o n s s imi l a r t o t h o s e of B a u m g a r t n e r a n d Fer ry , 

b u t f o r m u l a t e d exp l i c i t l y for s t a b l e i s o t o p e e x c h a n g e re ­
a c t i o n s b e t w e e n fluid a n d rock . A l t h o u g h n o t e x p r e s s e d 
in t h e s a m e f a sh ion , for p u r p o s e s of i l l u s t r a t i o n o n e c a n 
s h o w t h a t t h e sa l i en t f e a t u r e s of t h e m o d e l of D i p p l e a n d 
F e r r y a r e e m b o d i e d in a t i m e - i n t e g r a t e d flux-reaction 
p r o g r e s s e q u a t i o n a n a l o g o u s t o t h a t of B a u m g a r t n e r 
a n d F e r r y : 

6 l s 0 rock - 6 1 8 0 ° rock 

w h e r e a is t h e e q u i l i b r i u m r o c k / f l u i d i s o t o p e r a t i o f rac­
t i o n a t i o n f ac to r ( e s sen t i a l ly 1) , J I S Q is a t i m e - i n t e g r a t e d 
flux of fluid o x y g e n (as t r a c e d b y 1 8 0 , p a r a m e t e r Bt of 
D i p p l e a n d F e r r y ) , a n d S180°rock (S180 is t h e p e r m i l 
d e v i a t i o n of 1 8 0 / 1 6 0 f r o m a s t a n d a r d ) signifies t h e ini ­
t i a l <S 1 80 for t h e rock a t a p a r t i c u l a r p o s i t i o n a l o n g t h e 
flow p a t h . D i p p l e a n d F e r r y p r e s e n t e d d e t a i l e d 6 1 8 0 
d i s t a n c e profi les for a v a r i e t y of c i r c u m s t a n c e s . T h e 
p r i n c i p a l i m p l i c a t i o n s of t h e s e profi les a r e g l e a n e d f r o m 
t h e e q u a t i o n a b o v e . T h e e q u a t i o n is seen i m m e d i a t e l y 
t o a p p l y t o g r a d i e n t - c o n t r o l l e d e x c h a n g e of 1 8 0 a n d 1 6 0 
b e t w e e n fluid a n d rock ; in t h e a b s e n c e of a t e m p e r a t u r e 
g r a d i e n t V T , n o shift in rock 6 1 8 0 o c c u r s a n d t h e ex­
t e n t of i so top i c a l t e r a t i o n is a f u n c t i o n of t h e rock a l ­
t e r a t i o n i n d e x J I S Q • V T . For t h e t y p i c a l case of flow of 
H2O t h r o u g h c a r b o n a t e or q u a r t z o - f e l d s p a t h i c l i t ho lo -
gies , ( 9 6 1 8 0 fluid/dT) is p o s i t i v e so t h a t flow u p t e m ­
p e r a t u r e , or p o s i t i v e V T , r e s u l t s in a dec rease in rock 
<S 1 80 a t a n y l o c a t i o n o n t h e flow p a t h , wh i l e flow d o w n 
t e m p e r a t u r e , or n e g a t i v e V T , r e s u l t s in a n inc rea se in 
rock <51 80. 

In t h e i r a n a l y s i s of i s o t o p e e x c h a n g e D i p p l e a n d F e r r y 
gave a cogen t i l l u s t r a t i o n of t h e effects of e x h a u s t i o n of 
a r e a c t a n t d u r i n g p r o g r e s s of a g r a d i e n t r e a c t i o n in a 
c o n t i n u u m . I n t h i s case i t is t h e 1 8 0 1 6 0 _ i e x c h a n g e 
c a p a c i t y of t h e rock t h a t is d e p l e t e d . A n i so top i c f ron t 
t h e n d e v e l o p s . U n l i k e fluid-driven f ron t s , t h e s h a p e of 
t h e g r a d i e n t r e a c t i o n f ron t s a r e s t r o n g l y inf luenced by 
t h e rock a l t e r a t i o n i n d e x . B e c a u s e t h e in f i l t r a t ed fluid 
e n t e r s t h e s y s t e m in e q u i l i b r i u m w i t h t h e rock t h e r e is 
n o s t e p in <S 1 80 t o b e p r o p a g a t e d d o w n s t r e a m , as t h e r e 
is in a fluid-driven f ron t . T h e g r a d i e n t f ron t is t h e r e ­
fore def ined b y a d i s c o n t i n u i t y in 6 1 8 0 r a t h e r t h a n a 
s t e p . T h e difference b e t w e e n fluid-driven a n d g r a d i e n t 
e x c h a n g e 6 1 8 0 f ron t s is t o p o l o g i c a l l y r e m i n i s c e n t of t h e 
d i s s e m b l a n c e b e t w e e n f i r s t -o rder a n d s e c o n d - o r d e r re ­
a c t i o n e n t h a l p i e s , r e s p e c t i v e l y (for t h e t h e r m o d y n a m i -
cal ly inc l ined r e a d e r ) . U p s t r e a m of t h e g r a d i e n t i s o t o p e 
e x c h a n g e f ron t <5180fluid is c o n s t a n t a n d e q u a l t o t h e 
in i t i a l v a l u e a t t h e in le t of t h e flow s y s t e m . R o c k <S 1 80 
va lues a r e c o n t r o l l e d b y t h i s c o n s t a n t i n i t i a l fluid 6 1 8 0 
a n d t e m p e r a t u r e . D o w n s t r e a m t h e s y s t e m e x h i b i t s t h e 
g r a d u a l c h a n g e s t y p i c a l of g r a d i e n t r e a c t i o n s . 

The Nature of Permeabi l i ty 

F r o m t h e p e r s p e c t i v e of p u r e c o n t i n u u m t h e o r y , pe r ­
m e a b i l i t y in rocks c a n b e t r e a t e d as a s t a t i s t i c a l p r o b ­
l e m . In a r e c e n t l y p u b l i s h e d m o n o g r a p h , Turcotte [1992] 
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p r o v i d e d a n ove rv i ew of t h i s p r o b a b i l i s t i c v iew of pe r ­
m e a b i l i t y . T h i s so r t of a n a l y s i s p r e d i c t s t h a t t h e r e will 
b e a s u d d e n o n s e t of m a c r o s c o p i c , i n t e r - R E V p e r m e a b i l ­
i ty a t s o m e c r i t i ca l v a l u e of p o r o s i t y . Acco rd ing ly , m e t a ­
m o r p h i c f luid flow is e x p e c t e d t o b e e p i s o d i c if p o r o s i t y 
is a l t e r e d b y r e a c t i o n s a n d s t r a i n . 

I den t i f i c a t i on of t h e p h y s i c a l f e a t u r e s t h a t a c t u a l l y 
g ive r ise t o m e t a m o r p h i c p e r m e a b i l i t y a t s u b - R E V scales 
r e m a i n e d a n a c t i v e a r e a of r e s e a r c h (see Brenan [1991] 
for a s u m m a r y t h r o u g h 1991) . C o n n e c t e d g r a i n edges , 
m i c r o c r a c k s , a n d f r a c t u r e s a r e all p o s i t e d as b e i n g p o ­
t e n t d e t e r m i n a n t s of p e r m e a b i l i t y . T h e effects of fluid 
c o m p o s i t i o n o n f o r m a t i o n a n d p e r s i s t e n c e of t h e s e fea­
t u r e s w a s r e c o g n i z e d a s a n issue of c a r d i n a l i m p o r t a n c e 
in t h e l a s t q u a d r e n n i u m . 

T h e ro le of i n t e r g r a n u l a r p e r m e a b i l i t y d e p e n d s on t h e 
e x t e n t t o w h i c h fluid-filled g r a i n edges a r e c o n n e c t e d . I t 
is n o w well e s t a b l i s h e d t h a t u p o n a t t a i n m e n t of t e x t u r a l 
e q u i l i b r i u m , g r a i n - e d g e c o n n e c t i v i t y o c c u r s in i so t rop i c 
p o r o u s m e d i a w h e n t h e sol id-sol id-f lu id d i h e d r a l a n g l e 0 
is less t h a n 60° (for rea l i s t i c p o r o s i t i e s ) . A s s e s s m e n t of 
t h e efficacy of p e r v a s i v e i n t e r g r a n u l a r fluid flow d u r i n g 
m e t a m o r p h i s m is u n d e r w a y a n d e n t a i l s i den t i f i ca t i on of 
t h e f a c t o r s t h a t c o n t r o l g r a i n - e d g e fluid c o n n e c t i v i t y in 
different m ine ra l - f l u id s y s t e m s . 

Fo l lowing o r ig ina l e x p e r i m e n t s b y Watson and Bre­
nan [1987], Lee et al [1991], Laporte and Watson [1991], 
Holness [1992], a n d Holness [1993] e x a m i n e d t h e effects 
of p r e s s u r e , t e m p e r a t u r e , a n d fluid c o m p o s i t i o n o n in­
t e r g r a n u l a r c o n n e c t i v i t y of H20-C02-alkal i-hal ide s a l t 
fluids in p o l y c r y s t a l l i n e Si02- In conce r t , t h e expe r ­
i m e n t a l d a t a s h o w a b r o a d l y n e g a t i v e c o r r e l a t i o n b e ­
t w e e n p r e s s u r e a n d 0 , a p o s i t i v e c o r r e l a t i o n b e t w e e n 
t h e m o l e f r ac t i on of CO2 in t h e fluid p h a s e (Xco2) a n d 
0 , a n d a n e g a t i v e c o r r e l a t i o n b e t w e e n c o n c e n t r a t i o n s 
of d i sso lved a lka l i -ha l ide s a l t a n d 0 . O n e c o n c l u d e s 
t h a t q u a r t z o s e l i tho log ies in t e x t u r a l e q u i l i b r i u m will 
b e p e r m e a b l e t o i n t e r g r a n u l a r flow of H2O a n d a q u e ­
o u s b r i n e s in t h e u p p e r a n d m i d d l e c r u s t ( < 0 . 6 G P a ) 
if t e m p e r a t u r e s a r e less t h a n ca . 400° t o 500° C , re­
spec t ive ly . P e r v a s i v e i n t e r g r a n u l a r flow of a q u e o u s fluid 
d u r i n g h i g h - g r a d e m e t a m o r p h i s m in u p p e r - a n d m i d d l e -
c r u s t a l q u a r t z i t e s is a p p a r e n t l y p r e c l u d e d . I n t e r g r a n u ­
la r flow of C02-rich fluid (XQO2 > 0-5) in q u a r t z i t e a t 
al l m e t a m o r p h i c c o n d i t i o n s a l so a p p e a r s unl ike ly . 

Holness and Graham [1991] d e m o n s t r a t e d t h a t © for 
ca lc i t e a n d a q u e o u s fluid dec rea se s w i t h i n c r e a s i n g N a C l 
c o n c e n t r a t i o n , c o n s i s t e n t w i t h t h e r e s u l t s o b t a i n e d p r e ­
v ious ly for q u a r t z a n d w a t e r - r i c h fluid [e.g., Watson 
and Brenan, 1987] . In c o n t r a s t t o qua r t z - f l u id e x p e r i ­
m e n t s , howeve r , Holness and Graham [1991] a l so f o u n d 
t h a t calci te-calci te-(H20-C02) fluid 0 does n o t i nc rea se 
m o n o t o n i c a l l y w i t h XQO2 in t h e fluid p h a s e . I n s t e a d , 0 
e x h i b i t s a m i n i m u m a t XQO2

 = 0-5 for a t e m p e r a t u r e 
a n d p r e s s u r e of 650° C a n d 0.1 G P a , r e spec t ive ly . T h e 
c r i t i ca l c o n d i t i o n for c o n n e c t i v i t y , 0 < 6 0 ° , w a s f o u n d 
t o o c c u r for XQO2 b e t w e e n 0.2 a n d 0 .6 . T h e s e d a t a sug ­
ges t t h a t t h e effects of fluid c o m p o s i t i o n o n 0 c a n b e 
h i g h l y m i n e r a l specific. R e l a t i o n s in t h e calcite-H20-
CO2 s y s t e m a r e as ye t u n r e s o l v e d , however , a s Koga 

[1993] r e p o r t s a m o n o t o n i c inc rease in ca lc i te -ca lc i te -
(H2O-CO2) fluid 0 w i t h Xco2 a t h i g h e r p r e s su re s . 

T h e i m p l i c a t i o n s of t h e s e d a t a a r e far r e a c h i n g . Per ­
m e a b i l i t y e n h a n c e m e n t or d i m i n u t i o n is revea led t o be 
c h e m i c a l a n d n o t s i m p l y m e c h a n i c a l . F e e d b a c k effects 
in w h i c h buffer ing of in f i l t r a t ed fluid c o m p o s i t i o n a l t e r s 
t h e p e r m e a b i l i t y of t h e h o s t rock m u s t n o w b e consid­
e red . 

A n i s o t r o p i c in te r fac ia l ene rg ies will affect solid-fluid 
d i h e d r a l ang le s . T h e 60° cr i t i ca l va lue is therefore 
n o t necessa r i ly a p p l i c a b l e in p o l y m i n e r a l i c m e t a m o r ­
p h i c 
rocks . In o r d e r t o c i r c u m v e n t r e l i ance on d i h e d r a l 
ang le s , a n d t o assess t h e r o b u s t n e s s of t h e 0 cr i te­
r ion in a n i s o t r o p i c m e d i a , m e a s u r e m e n t s of b u l k t r a n s ­
p o r t p r o p e r t i e s of fluid-bearing rock m a t e r i a l s a t rele­
v a n t P - T c o n d i t i o n s a r e b e i n g used t o d e t e r m i n e in te r ­
g r a n u l a r fluid connec t i v i t y . Diffusivit ies of o x y g e n a n d 
ch lo r ine in p o r o u s p o l y c r y s t a l l i n e q u a r t z m e a s u r e d by 
Farver and Yund [1992] a n d Brenan [1993], respec t ive ly , 
e x h i b i t p o s i t i v e c o r r e l a t i o n w i t h t e x t u r a l ev idence for 
g r a i n - e d g e fluid connec t i v i t y . T h e diffusion d a t a cor­
r o b o r a t e m a n y of t h e r e l a t i o n s b e t w e e n fluid compos i ­
t i o n a n d i n t e r g r a n u l a r fluid c o n n e c t i v i t y p rev ious ly de­
r ived m a i n l y f r o m m e a s u r e m e n t s of 0 , a l t h o u g h t h e 0 -
c r i t e r i on w a s s h o w n t o b e fal l ible a t very low poros i t i e s 
[Brenan, 1993] . 

W h e r e fluid c o m p o s i t i o n or a m b i e n t c o n d i t i o n s p re ­
ven t i n t e r g r a n u l a r flow, m i c r o c r a c k s a n d f r ac tu re s m u s t 
a c c o m m o d a t e fluid a d v e c t i o n . Brantley [1992] showed 
t h a t , in g e n e r a l , fluid c o m p o s i t i o n s t h a t p r o m o t e g ra in -
edge c o n n e c t i v i t y (e .g . , a q u e o u s b r ines ) a lso p r o m o t e 
h e a l i n g of m i c r o c r a c k s in q u a r t z . T h e s e d a t a sugges t a 
poss ib l e d e l i n e a t i o n of i n t e r g r a n u l a r flow a n d microf rac ­
t u r e flow r e g i m e s in q u a r t z o s e rocks o n t h e bas i s of 
fluid c o m p o s i t i o n . H e a l i n g in all fluid c o m p o s i t i o n s was 
s h o w n b y B r a n t l e y t o b e v i r t u a l l y i n s t a n t a n e o u s ( < 1 0 0 
y e a r s ) , however , a n d so i t a p p e a r s t h a t fluid overpres ­
su re s a r e r e q u i r e d t o m a i n t a i n flow a l o n g c o n n e c t e d m i ­
c ro f r ac tu r e n e t w o r k s d u r i n g m e t a m o r p h i s m regard less 
of fluid c o m p o s i t i o n . Dutrow [1994] c o n c l u d e d t h a t such 
o v e r p r e s s u r e s wil l p r o d u c e d i a c h r o n o u s a n d ep i sod ic 
fluid flow d u r i n g m e t a m o r p h i s m . E p i s o d i c f r a c t u r e flow 
w a s a lso p r e d i c t e d b y Germanovich and Lowell [1992]. 

Fisher and Brantley [1992] used t e x t u r a l obse rva ­
t i o n s , ve in d i s t r i b u t i o n s , a n d k ine t i c m o d e l c a l cu l a t i ons 
t o i n v e s t i g a t e t h e t i m e sca le of f r a c t u r e flow in s la tes 
f r o m K o d i a k a n d A f o g n a k I s l a n d s , A la ska . T h e y con­
c l u d e d t h a t c rack a n d seal e v e n t s l a s t e d a p p r o x i m a t e l y 
1 0 2 t o 1 0 4 y e a r s w i t h a c u m u l a t i v e d u r a t i o n of 1 0 3 t o 
1 0 6 y e a r s . S o m e ve ins show t e x t u r a l ev idence for h a v i n g 
r e m a i n e d o p e n for 1 0 5 t o 1 0 6 y e a r s . 

T h e p o t e n t i a l e x t e n t of fluid-rock i n t e r a c t i o n afforded 
b y f r a c t u r e flow is con t ro l l ed by t h e s p a t i a l d i s t r i b u t i o n 
of f r a c t u r e s . Manning [1994] s h o w e d t h a t t h e d i s t r i b u ­
t i o n s of s u b p a r a l l e l ve ins ( r e p r e s e n t i n g fluid p a t h w a y s ) 
in severa l a m p h i b o l i t e t o g reensch i s t facies m e t a m o r ­
p h i c t e r r a n e s a r e self s im i l a r . M a n n i n g s u g g e s t e d t h a t 
t h e f r ac t a l d i m e n s i o n of each vein set can there fore b e 
u s e d t o q u a n t i f y t h e degree t o w h i c h f r a c t u r e flow was 
c h a n n e l i z e d or pe rvas ive . 
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Isotope Tracers 

Rumble et al [1991] f o u n d t h a t 1 8 0 / 1 6 0 va lues for 
m a r b l e s f rom s o u t h e r n M a i n e a r e cons i s t en t w i t h ei-
ther ex t ens ive fluid-rock i n t e r a c t i o n d u r i n g m e t a m o r ­
p h i s m or p r e m e t a m o r p h i c d i agenes i s . U n t i l r ecen t ly , 
t h e a m b i g u i t y suffered b y R u m b l e e t a l . w a s i n d i c a t i v e 
of a n a g g i n g f o u n d a t i o n a l u n c e r t a i n t y in t h e s t u d y of 
oxygen i s o t o p e s in m e t a m o r p h i c rocks ; indisputable ev­
idence t h a t obse rved h e t e r o g e n e i t i e s in m i n e r a l 1 8 0 / 1 6 0 
i nd i ca t i ve of fluid flow o c c u r r e d during m e t a m o r p h i s m 
w a s l ack ing . M e a s u r e m e n t s of sma l l - s ca l e i n t r a c r y s -
t a l l ine 1 8 0 / 1 6 0 v a r i a t i o n s in m e t a m o r p h i c m i n e r a l s d u r ­
ing t h i s p a s t q u a d r e n n i u m h a v e p r o v i d e d u s w i t h t h i s 
p rev ious ly l ack ing e v i d e n c e . 

Chamberlain and Conrad [1991] m e a s u r e d 1 8 0 / 1 6 0 
in four m e t a m o r p h i c g a r n e t s f r o m t h r e e loca l i t i e s u s i n g 
t h e CO2 l a s e r - h e a t i n g fluorination m e t h o d desc r ibed b y 
Sharp [1990]. O n e of t h e a n a l y z e d g a r n e t s , f r o m t h e 
G a s s e t t s sch is t of s o u t h e a s t e r n V e r m o n t , e x h i b i t s a de ­
crease in 6180 of 2%o f r o m core t o r i m t h a t c a n o n l y 
b e e x p l a i n e d b y e x c h a n g e w i t h a m o b i l e fluid p h a s e . 
By d o c u m e n t i n g t h e ex i s t ence of t h i s p a t t e r n of oxy­
gen i s o t o p e z o n i n g in a p a t e n t l y m e t a m o r p h i c m i n e r a l , 
i t was s h o w n u n e q u i v o c a l l y t h a t e x t e r n a l l y de r ived flu­
ids were t h e p r o g e n i t o r s of s igni f icant shif ts in 1 8 0 / 1 6 0 
d u r i n g m e t a m o r p h i s m . C h a m b e r l a i n a n d C o n r a d sug ­
ges ted t h a t t h e z o n i n g profi le of t h i s g a r n e t r e s u l t e d 
f rom e x c h a n g e w i t h a low-<5 1 8 0 fluid p h a s e t h a t infil­
t r a t e d t h e rock d u r i n g l a t e s t a g e s of g a r n e t g r o w t h . 

Young and Rumble [1993], s t u d y i n g a s a m p l e of G a s -
s e t t s schis t s imi l a r t o t h a t e x a m i n e d b y Chamberlain 
and Conrad [1991], i l l u s t r a t e d t h e usefu lness of mi l l i ­
m e t e r - s c a l e m e a s u r e m e n t s of 1 8 0 / 1 6 0 in severa l m i n e r ­
als for ch ron ic l ing b o t h fluid-rock r e a c t i o n h i s to r i e s a n d 
d u r a t i o n s of fluid flow d u r i n g m e t a m o r p h i s m . Y o u n g 
a n d R u m b l e ' s ana ly s i s s u g g e s t s t h a t o x y g e n ca r r i ed b y 
a d v e c t i n g fluid c a n find i t s w a y i n t o m i n e r a l s even af­
te r ce s sa t ion of flow b y a c t i o n of n e t - t r a n s f e r r e a c t i o n s . 
T h u s t h e p r e sence of fluid-derived o x y g e n in a m e t a ­
m o r p h i c m i n e r a l , as a s c e r t a i n e d f r o m m e a s u r e d 6 1 8 0 , 
does n o t a priori c o n s t i t u t e ev idence for g r o w t h during 
fluid in f i l t r a t ion . In t h e case of t h e G a s s e t t s sch is t s a m ­
ple , i t w a s s h o w n t h a t t h e f l u id -bo rne low-<5 1 8 0 o x y g e n 
ev idenced b y g a r n e t z o n i n g m a y h a v e b e e n s e q u e s t e r e d 
b y t h e rock in i t i a l ly in t h e m i n e r a l ch lo r i t e d u r i n g h y ­
d r a t i o n r e a c t i o n s , a n d t h a t g a r n e t a c q u i r e d t h i s low 
<5 1 8 0 o x y g e n f r o m ch lo r i t e d u r i n g s u b s e q u e n t pos t - f lu id 
m i n e r a l - m i n e r a l r e a c t i o n . T h e sma l l - sca l e i s o t o p e m e a ­
s u r e m e n t s sugges t t h a t fluid i n f i l t r a t i on d u r i n g m e t a ­
m o r p h i s m of t h e s a m p l e s t u d i e d m u s t h a v e b e e n s h o r t ­
l ived w i t h t h e t o t a l d u r a t i o n of flow b e i n g < 1 0 5 y e a r s . 
P r e s e r v a t i o n of n o n e q u i l i b r i u m S180 va lues b e t w e e n 
t w o different m i c a m i n e r a l s w i t h s i m i l a r o x y g e n diffu-
s ivi t ies w a s a c ruc ia l o b s e r v a t i o n in t h i s w o r k . 

T h e i m p o r t a n c e of t h e s e t y p e s of m e a s u r e m e n t s s h o u l d 
n o t b e ove r looked . P r e v i o u s l y p u b l i s h e d g e o c h r o n o l o g y 
d a t a sugges t g a r n e t g r o w t h in pe l i t i c rocks m a y t a k e 
a p p r o x i m a t e l y 1 0 7 y e a r s . If so , t h e s t u d y b y Chamber­
lain and Conrad [1991] i m p l i e s p r o t r a c t e d c o n t i n u o u s 

flow of w a t e r s p a n n i n g mi l l i ons of y e a r s . A l t e r n a t i v e l y , 
t h e a n a l y s i s of Young and Rumble [1993] i n d i c a t e s fluid 
t h a t w a s t h e s o u r c e of t h e low 1 8 0 / 1 6 0 o x y g e n flowed 
for 100,000 y e a r s or less . 

Chamberlain and Conrad [1993] a t t r i b u t e d m e t e r -
sca le s p a t i a l v a r i a t i o n s in t h e a m p l i t u d e of m e t a m o r ­
p h i c g a r n e t 1 8 0 / 1 6 0 z o n i n g t o g r o w t h of g a r n e t d u r i n g 
p a s s a g e of a n o x y g e n i s o t o p i c f ron t p r o p a g a t e d b y a d ­
v e c t i n g fluid over a p e r i o d of 10 M a . S u c h a l o n g p e r i o d 
of flow of e x o g e n o u s fluid h a s t e s t a b l e c o n s e q u e n c e s for 
t h e 1 8 0 / 1 6 0 c o m p o s i t i o n of o t h e r m i n e r a l s in t h e rock . 
For e x a m p l e , m i c a m i n e r a l s , w h i c h h a v e c o m p a r a t i v e l y 
l a rg e o x y g e n diffusivi t ies , s h o u l d s h o w 6180 va lues re ­
flective of e q u i l i b r i u m w i t h t h e fluid u p s t r e a m of t h e 
f ron t (for m i c a s , see b e l o w ) r e g a r d l e s s of t h e i r ro le in 
t h e g a r n e t - p r o d u c i n g r e a c t i o n . 

T h e s t u d y b y Chamberlain and Conrad [1993] r a i ses 
t h e i ssue of h o w t o define 1 8 0 / 1 6 0 f ron t s in p o l y m i n ­
er al ic rocks i m p a r t e d b y flow of n o n e q u i l i b r i u m fluid. 
R e c a l l i n g t h a t t h e d i s p l a c e m e n t of a 1 8 0 / 1 6 0 f ront is a 
f u n c t i o n of t h e a m o u n t of e x c h a n g e a b l e o x y g e n in t h e 
so l id , a n d c o n s i d e r i n g t h a t t h e a m o u n t of e x c h a n g e a b l e 
o x y g e n is a f u n c t i o n of o x y g e n diffusivity, a p a r a m e t e r 
t h a t va r ies over fifteen o r d e r s of m a g n i t u d e f r o m m i n ­
e ra l t o m i n e r a l in s o m e rocks , i t is c lear t h a t t h e r e will 
b e different 1 8 0 / 1 6 0 f ron t p o s i t i o n s for different m i n ­
e ra l s . M o r e o v e r , minera l - spec i f i c f ron t s m a y o n l y b e 
e v i d e n t in p o r t i o n s of i n d i v i d u a l g r a i n s a s a r e su l t of 
d i f fus ion- l imi ted z o n i n g . 

T h e h i g h s p a t i a l r e s o l u t i o n t h a t is u n i q u e t o t h e ion 
m i c r o p r o b e a l so c o n t r i b u t e d t o o u r u n d e r s t a n d i n g of 
i s o t o p e e x c h a n g e b e t w e e n fluid a n d rock d u r i n g m e t a ­
m o r p h i s m t h r o u g h t h e a d v e n t of n e w m e t h o d s a n d in­
s t r u m e n t a t i o n . Valley and Graham [1991] u s e d t h i s 
t e c h n o l o g y t o m e a s u r e m a g n e t i t e 1 8 0 / 1 6 0 o n a n u n ­
p r e c e d e n t e d s m a l l sca le . A l t h o u g h t h e a n a l y t i c a l p rec i ­
s ion of t h e a n a l y s e s is a n o r d e r of m a g n i t u d e l a rge r t h a n 
l a s e r - h e a t i n g a n d c o n v e n t i o n a l b o m b a n a l y s e s , t h e d a t a 
r evea l a d r a m a t i c 9%o d e c r e a s e in < 5 1 8 0 a t t h e o u t e r 10 
/ i m e d g e of t h e m a g n e t i t e g r a i n s t h a t cou ld n o t h a v e 
b e e n ident i f ied b y o t h e r m e a n s . Val ley a n d G r a h a m 
c o n c l u d e d t h a t t h e n a r r o w zones of 1 8 0 d e p l e t i o n a r e 
t h e r e su l t of diffusive e x c h a n g e of o x y g e n w i t h a h y d r o u s 
fluid d u r i n g t h e w a n i n g s t a g e s of g r a n u l i t e facies m e t a ­
m o r p h i s m . T h e w i d t h of t h e d e p l e t e d edges a n d k n o w n 
o x y g e n diffusivi t ies in m a g n e t i t e were u s e d t o infer t h a t 
r e t r o g r a d e fluid flow a p p a r e n t l y l a s t e d b e t w e e n 1 x 1 0 7 

a n d 9 x 1 0 3 y e a r s . 
S a m p l e c h a r g i n g h a s h a m p e r e d s imi l a r efforts in in­

s u l a t i n g m a t e r i a l s . N e w m e t h o d s of a n a l y s i s a r e n e v ­
e r t h e l e s s a i d i n g in o b t a i n i n g 1 8 0 / 1 6 0 ion m i c r o p r o b e 
a n a l y s e s of useful p rec i s ion in s i l i ca tes . Jamtveit and 
Hervig [1994] u s e d " e x t r e m e e n e r g y f i l t e r ing" t o o b t a i n 
< 5 1 8 0 a n a l y s e s of h y d r o t h e r m a l g a r n e t w i t h a n a l y t i c a l 
p rec i s ion o n t h e o r d e r of ±2%o . T h e d a t a a r e suffi­
c ient t o d e l i n e a t e a n a b r u p t d e c r e a s e in < 5 1 8 0 of 5%o 
f r o m core t o r i m w i t h a s p a t i a l r e s o l u t i o n of 50 fim. 
J a m t v e i t a n d H e r v i g a t t r i b u t e d t h e shif t t o a t r a n s i t i o n 
f r o m m a g m a t i c fluid t o m e t e o r i c fluid c o m p o s i t i o n s a s 
t h e s y s t e m evo lved f r o m a d u c t i l e t o a b r i t t l e s t r a i n 
r e g i m e . 



4 8 YOUNG: METAMORPHIC FLUID FLOW 

D u r i n g t h i s l a s t q u a d r e n n i u m , seve ra l l a b o r a t o r i e s 
[e.g., Weichert and Hoefs, 1993 ; Rumble et al., 1994] b e ­
g a n i n v e s t i g a t i o n s of t h e v i a b i l i t y of s u b s t i t u t i n g u l t r a ­
v io le t ( U V ) lase r s for i n f r a red l ase rs in o r d e r t o o b t a i n 
h i g h - s p a t i a l r e s o l u t i o n a n a l y s e s of o x y g e n i s o t o p e r a t i o s 
in m i n e r a l s . U l t r a v i o l e t laser l igh t is a b s o r b e d i n t r i n s i ­
ca l ly b y e l ec t ron i c t r a n s i t i o n s in m i n e r a l s . O x y g e n c a n 
the re fo re b e l i b e r a t e d b y U V i r r a d i a t i o n w i t h o u t t h e 
loca l ized h e a t i n g t h a t l i m i t s t h e s p a t i a l r e s o l u t i o n of 
in f ra red laser m e t h o d s . W h e n c o m b i n e d w i t h n e w He-
e n t r a i n m e n t m a s s s p e c t r o m e t r y t e c h n i q u e s [e.g., Hayes 
et al., 1990] , t h e U V laser m a y s u b s t a n t i a l l y i m p r o v e 
o u r ab i l i t y t o p r o b e m a s s t r a n s f e r b e t w e e n fluids a n d 
m e t a m o r p h i c rocks o n t h e m i c r o m e t e r sca le . 

S t u d i e s of sma l l - s ca l e v a r i a t i o n s in 1 8 0 / 1 6 0 over t h e 
p a s t severa l y e a r s s h o w e d t h a t e x c h a n g e of o x y g e n iso­
t o p e s b e t w e e n m e t a m o r p h i c fluids a n d m i n e r a l s c a n n o 
longe r b e r e g a r d e d as s e p a r a t e a n d i n d e p e n d e n t f r o m 
a d v a n c e of n e t - t r a n s f e r r e a c t i o n s . Young [1993] p r e ­
s e n t e d a m e t h o d o l o g y b a s e d o n dif ferent ia l t h e r m o d y ­
n a m i c s t h a t c o n s t i t u t e s a n e c e s s a r y f r a m e w o r k for eva l ­
u a t i n g sma l l - s ca l e v a r i a t i o n s in 1 8 0 / 1 6 0 in t h e c o n t e x t 
of m e t a m o r p h i c p a r a g e n e s e s f o r m e d d u r i n g fluid flow. 
C a l c u l a t i o n s of t h i s t y p e s h o w e d t h a t n e t - t r a n s f e r r e a c ­
t i o n p a t h s c a n s t r o n g l y inf luence t h e ab i l i t y of a n ex­
t e r n a l fluid t o effect c h a n g e s in m i n e r a l <5 1 80 va lue s . 

O x y g e n a n d c a r b o n i s o t o p e s a r e we l l - su i t ed as t r a c e r s 
of m a s s t r a n s f e r a n d t r a n s p o r t in m e t a m o r p h i c rocks , 
b u t t h e need t o iden t i fy t h e sources of m e t a m o r p h i c flu­
ids w i t h i m p r o v e d c e r t a i n t y h a s p r o m p t e d d e v e l o p m e n t 
of o t h e r i s o t o p e t r a c e r s over t h e l a s t severa l y e a r s . N o ­
t a b l e a m o n g t h e s e a r e t h e i s o t o p e s of t h e n o b l e gases He , 
Ne , A r , K r , a n d X e . Irwin [1993] r e p o r t e d p r e l i m i n a r y 
r e s u l t s of laser m i c r o p r o b e n o b l e g a s m a s s s p e c t r o m e t r y 
t h a t i l l u s t r a t e t h e p o t e n t i a l of t h e i s o t o p e s of h e a v y n o ­
b le g a s e l e m e n t s ( A r , K r ) for c o n s t r a i n i n g t h e o r ig in of 
fluid t r a p p e d in i n d i v i d u a l m e t a m o r p h i c m i n e r a l g r a i n s . 

T h e Sign of J • VT: A Quest ion of Fluid 
Source? 

D e b a t e s over d i r e c t i o n s of fluid flow in t h e p r e s e n c e 
of t e m p e r a t u r e g r a d i e n t s r evo lve a r o u n d i m p l i c a t i o n s 
for c o n t a c t m e t a m o r p h i c t e r r a n e s . S t u d i e s of t h e N o t c h 
P e a k c o n t a c t - m e t a m o r p h i c a u r e o l e b y Ferry and Dip-
pie [1992] a n d Nabelek and Labotka [1993] focused t h e 
d e l i b e r a t i o n s . 

Ferry and Dipple [1992] p r o p o s e d t h a t H 2 0 - r i c h flu­
ids t h a t d r o v e d e c a r b o n a t i o n r e a c t i o n s in t h e a u r e o l e 
flowed u p t e m p e r a t u r e f r o m l o w - g r a d e rocks t o w a r d 
t h e i g n e o u s p l u t o n t h a t w a s t h e s o u r c e of h e a t d u r i n g 
m e t a m o r p h i s m . Nabelek and Labotka [1993], b u i l d i n g 
o n t h e i r p r e v i o u s s t u d i e s a n d t h o s e of t h e i r co -worke r s , 
p r e s e n t e d e v i d e n c e i n t e n d e d t o c o n t r o v e r t t h e m o d e l of 
F e r r y a n d D i p p l e . T h e y a r g u e d t h a t t h e flow of a q u e o u s 
fluid w a s d o w n t e m p e r a t u r e a w a y f r o m t h e p l u t o n . 

B o t h p r o p o s e d flow r e g i m e s a r e a d e q u a t e t o e x p l a i n 
t h e m a j o r f e a t u r e s of t h e a u r e o l e : a s e q u e n c e of d i o p -
s ide a n d w o l l a s t o n i t e i s o g r a d s in c a l c a r e o u s a rg i l l i t es 

u p t e m p e r a t u r e t o w a r d t h e p l u t o n , a n d a gene ra l de­
crease in who le - rock a rg i l l i t e c a r b o n a t e <5 1 80 va lues t o ­
w a r d t h e p l u t o n . A l t h o u g h t h e d i s t i n c t i o n b e t w e e n t h e 
p r o p o s e d m o d e l s is u s u a l l y cas t in t e r m s of d i r ec t ion of 
flow r e l a t i v e t o t e m p e r a t u r e , t h e essence of t h e d e b a t e 
h a s as m u c h t o d o w i t h g r a d i e n t ve r sus fluid-driven re­
a c t i o n s a n d , b y coro l la ry , t h e or ig in of t h e in f i l t r a ted 
fluid. F e r r y a n d D i p p l e p r o p o s e flow coup led w i t h g ra ­
d i en t r e a c t i o n s wh i l e N a b e l e k a n d L a b o t k a p r o p o s e flow 
c o u p l e d w i t h fluid-driven r e a c t i o n s . 

F e r r y a n d D i p p l e b a s e d t h e i r m o d e l o n t h e a s s u m p ­
t i o n t h a t fluid e n t e r e d t h e au reo l e in c h e m i c a l a n d iso­
t o p i c e q u i l i b r i u m w i t h t h e d i s t a l c o u n t r y rock . T h e 
r e a c t i o n s t h a t e n s u e d were t h u s env i saged t o h a v e b e e n 
g r a d i e n t r e a c t i o n s . R e a c t a n t a n d p r o d u c t m i n e r a l s a re 
p r e d i c t e d t o coex is t over a d i s t a n c e p r e s c r i b e d by t h e 
rock a l t e r a t i o n i n d e x J* • V T , a n d c o n s u m p t i o n of reac-
t a n t p h a s e s , c o m p r i s i n g g r a d i e n t r e a c t i o n f ron ts , s h o u l d 
n o t co inc ide w i t h i s o g r a d s if t h i s m o d e l is cor rec t ( iso-
g r a d is u s e d he r e t o refer t o t h e first a p p e a r a n c e of p r o d ­
u c t m i n e r a l s u p t e m p e r a t u r e ) . Accord ing ly , Fe r ry a n d 
D i p p l e focused o n field r e l a t i o n s in t h e zones b e t w e e n 
t h e d i o p s i d e a n d w o l l a s t o n i t e i s o g r a d s in wh ich t h e rela­
t ive p o s i t i o n s of l ines t h a t a p p a r e n t l y d e m a r c a t e loss of 
r e a c t a n t m i n e r a l s ( g r a d i e n t f ron ts ) r e l a t i ve t o i sog rads 
serve t o c o n s t r a i n t h e i r m o d e l . F l o w u p - t e m p e r a t u r e t o ­
w a r d t h e p l u t o n r e p r o d u c e s t h e s e r e l a t i o n s . T h e y in te r ­
p r e t e d t h e i s o t o p e d a t a as b e i n g i n d i c a t i v e of a g r a d u a l 
c h a n g e in 6 1 8 0 w i t h d i s t a n c e as is e x p e c t e d for g r a d i e n t 
i so top i c e x c h a n g e . U p - t e m p e r a t u r e flow w a s invoked t o 
e x p l a i n t h e dec rea se in a rg i l l i t e 6180 t o w a r d t h e p l u t o n . 

N a b e l e k a n d L a b o t k a p r e s e n t e d t r a c e e l e m e n t evi­
dence t h a t i n d i c a t e fluid t h a t in f i l t r a t ed t h e aureo le 
c a m e f r o m t h e p l u t o n a n d w a s n o t in e q u i l i b r i u m w i t h 
t h e c o u n t r y rock . F l u i d - r o c k r e a c t i o n s were there fore 
e n v i s a g e d t o b e fluid-driven. R e a c t a n t a n d p r o d u c t 
m i n e r a l s a r e n o t e x p e c t e d t o coexis t over f inite dis­
t a n c e s b e c a u s e r e a c t i o n p rog re s s is d r i v e n t o c o m p l e t i o n 
b y t h e difference in c o m p o s i t i o n b e t w e e n in f i l t r a t ed a n d 
e q u i l i b r a t e d fluid. I s o g r a d s a r e t h u s fluid-driven reac­
t i o n f ron t s in t h i s m o d e l , a n d t h e i r p o s i t i o n s a r e con­
t r o l l e d b y 3t a n d t h e difference in c o m p o s i t i o n b e t w e e n 
in f i l t r a t ed a n d e q u i l i b r a t e d fluid. B e c a u s e fluid com­
p o s i t i o n s a t e q u i l i b r i u m a re a func t i on of t e m p e r a t u r e , 
t h e p o s i t i o n s of t h e f ron t s e n v i s a g e d by N a b e l e k a n d 
L a b o t k a a r e a f u n c t i o n of V T . In t h i s c i r c u m s t a n c e t h e 
rock a l t e r a t i o n i n d e x inf luences t h e p o s i t i o n s of b o t h 
g r a d i e n t a n d fluid-driven f ron t s , a l t h o u g h in different 
w a y s . N a b e l e k a n d L a b o t k a i n t e r p r e t e d t h e i s o t o p e 
d a t a as def in ing a s h a r p s t ep- l ike c h a n g e in 6180 w i t h 
d i s t a n c e , cons i s t en t w i t h a fluid-driven e x c h a n g e f ront . 

T h e f u n d a m e n t a l u n k n o w n s a r e t h e c o m p o s i t i o n of 
t h e fluid r e l a t i v e t o rock a n d t h e n a t u r e of t h e fluid-
rock r e a c t i o n . D e r i v a t i o n of r e a c t i v e fluid f rom t h e p lu­
t o n implies d o w n - t e m p e r a t u r e flow, a n d d e r i v a t i o n f rom 
d i s t a l c o u n t r y rock implies u p - t e m p e r a t u r e flow a s s u m ­
ing s i m p l e r a d i a l fluid s t r e a m l ines , b u t t h e r e is l i t t l e 
i n h e r e n t in t h e d i r e c t i o n of flow re l a t i ve t o V T itself 
t h a t r e q u i r e s o n e m o d e l or t h e o t h e r . T h e sa l i en t fea­
t u r e s of t h e i s o t o p e d a t a , for e x a m p l e , i n c l u d i n g t h e 
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ex i s tence of a f ront l ike t h a t d e s c r i b e d b y N a b e l e k a n d 
L a b o t k a , cou ld b e e x p l a i n e d b y u p - t e m p e r a t u r e flow 
of a n o n e q u i l i b r i u m fluid ( i n s t e a d of t h e d o w n - T flow 
p o s i t e d by t h e l a t t e r a u t h o r s ) if t h a t fluid h a d 6lsO 
va lues severa l p e r mi l greater t h a n i n d i c a t e d b y equ i l i ­
b r a t i o n w i t h d i s t a l c o u n t r y rock [figure 2 of Dipple and 
Ferry, 1992]. O n e conc ludes t h a t t h e o x y g e n i s o t o p e 
d a t a can b e e x p l a i n e d b y flow e i the r u p or d o w n t e m ­
p e r a t u r e g iven s u i t a b l e i n i t i a l < 5 1 8 0 for t h e i n f i l t r a t ed 
fluid. T h e m o s t c o n s p i c u o u s m i n e r a l o g i c a l f e a t u r e s of 
t h e au reo le a re a lso e x p l a i n e d b y e i t he r u p or d o w n -
t e m p e r a t u r e flow, b u t o n l y w h e r e t h e degree of equ i ­
l i b r a t i o n b e t w e e n fluid a n d rock is specified express ly . 
For e x a m p l e , n o o n e h a s s u g g e s t e d t h a t fluid in equi­
librium w i t h t h e c o u n t r y rock flowed d o w n t e m p e r a ­
t u r e in t h e au reo le b e c a u s e such a flow r e g i m e w o u l d 
have caused m i n e r a l o g i c a l r e a c t i o n s t o p r o g r e s s in d i rec­
t i ons o p p o s i t e t o t h o s e o b s e r v e d [e.g., Dipple and Ferry, 
1992; Ferry, 1991] . D o w n - t e m p e r a t u r e flow is p e r m i t t e d 
for fluid-driven r e a c t i o n s b u t g r a d i e n t r e a c t i o n s c o u p l e d 
w i t h d o w n - t e m p e r a t u r e flow a re p r e c l u d e d b y first-order 
o b s e r v a t i o n s . 

B o t h m o d e l s for d e v e l o p m e n t of t h e N o t c h P e a k a u ­
reole a re b a s e d on c o n t i n u u m m e c h a n i c s a n d were ac ­
k n o w l e d g e d by t h e p r o t a g o n i s t s t o b e a t l eas t p a r t l y 
s c h e m a t i c . In t h e f u t u r e , t h e a s s u m p t i o n s i n h e r e n t in 
t h e c o n t i n u u m m o d e l s c an b e t e s t e d a t s u b - R E V sca les . 
Such i n v e s t i g a t i o n s s h o u l d h e l p s h a r p e n o u r p i c t u r e of 
aureo le f o r m a t i o n . N a b e l e k a n d L a b o t k a a l l u d e d t o t h i s 
fact in the i r d i scuss ion of e n h a n c e d f r a c t u r e flow in t h e 
wo l l a s ton i t e zone r e l a t i ve t o t h e o u t e r au r eo l e . 

Allochemical M e t a m o r p h i s m by Fluid 
Flow 

A l l o c h e m i c a l m e t a m o r p h i s m is a n o ld i d e a r e c e n t l y 
rev ived b y s t u d i e s of m e t a m o r p h i c fluid flow in sev­
era l d iverse m e t a m o r p h i c s e t t i n g s . Ague [1994a, 1994b] 
e x a m i n e d m a s s t r ans fe r a t t e n d i n g B a r r o v i a n s ty l e re­
g iona l m e t a m o r p h i s m of t h e W e p a w a u g Sch i s t , C o n ­
n e c t i c u t . He d o c u m e n t e d c o r r e l a t i o n s a m o n g m e t a m o r ­
ph i c g r a d e , q u a r t z ve in dens i ty , a n d vein accessory-
p h a s e m i n e r a l o g y . A m p h i b o l i t e - f a c i e s ve ins were f o u n d 
t o b e s u r r o u n d e d b y a l u m i n o u s se lvages , a n d s t a u r o l i t e 
a n d k y a n i t e were seen t o o c c u r p re fe ren t i a l l y w i t h i n t h e 
selvages . A g u e c a l c u l a t e d t h a t t h e se lvages a r e t h e re ­
su l t of a 3 5 % r e d u c t i o n in m a s s d u r i n g m e t a m o r p h i s m , 
a n d he c o n c l u d e d t h a t g r o w t h of s t a u r o l i t e a n d k y a n i t e 
was t h e d i rec t r e su l t of m e t a s o m a t i s m b o r n of r eg iona l -
scale fluid flow. T h e i m p l i c a t i o n is t h a t t h e p o s i t i o n s of 
s t a u r o l i t e a n d k y a n i t e i s o g r a d s in B a r r o v i a n m e t a m o r ­
ph ic t e r r a n e s d e l i m i t t h e l o c a t i o n s of fossil fluid-filled 
f r ac tu re n e t w o r k s as well as p e r t i n e n t i s o t h e r m s a n d 
i soba r s . 

Setyerstone et al. [1991] f o u n d t h a t fluid flow t h a t 
accompanied ductile shearing in the Tauern Window 
of t h e e a s t e r n A l p s , A u s t r i a , t r a n s f o r m e d m e t a g r a n -
o d i o r i t e p r o t o l i t h i n t o a l u m i n o u s sch is t a l o n g a s h e a r 
zone . W e i g h t loss in t h i s p r o c e s s w a s a s m u c h as 6 0 % . 

T h e a l u m i n o u s c o m p o s i t i o n c a u s e d b y m e t a s o m a t i s m of 
t h e s h e a r zone r e s u l t e d in f o r m a t i o n of g a r n e t - c h l o r i t e -
s t a u r o l i t e sch is t d u r i n g m e t a m o r p h i s m t o a m p h i b o l i t e 
facies c o n d i t i o n s s o o n af ter s h e a r i n g . 

T h e p r o c e s s d e s c r i b e d b y S e l v e r s t o n e e t a l . is es­
s en t i a l l y a n e x t r e m e e x a m p l e of t h e p h e n o m e n o n de ­
s c r i bed b y A g u e b r o u g h t a b o u t b y c o m p a r a t i v e l y l a rge 
fluxes of fluid. A g u e a t t r i b u t e d m e t a s o m a t i s m in t h e 
B a r r o v i a n t e r r a n e t o a t i m e - i n t e g r a t e d fluid flux of 1 0 5 

m 3 / m 2 . S e l v e r s t o n e e t a l . c a l c u l a t e d a l a rge r flux of 
> 1 0 6 m 3 / m 2 for s h e a r - z o n e m e t a s o m a t i s m . 

Scales of Fluid Advec t ion 

F l u i d s de r ived f r o m m e t a m o r p h i s m of s u b d u c t i n g 
l i t h o s p h e r e a r e of ten c i t ed as a g e n t s for m e t a s o m a t i s m 
of ove r ly ing m a n t l e wedges in s t u d i e s of a r c m a g m a t i s m . 
T w o different v i ews of t h e efficacy of m a s s t r a n s p o r t by 
fluid a d v e c t i o n d u r i n g h i g h - p r e s s u r e l o w - t e m p e r a t u r e 
m e t a m o r p h i s m of p a l e o s u b d u c t i o n c o m p l e x e s e m e r g e d 
f r o m s t u d i e s in s o u t h e r n Ca l i fo rn i a , a n d in t h e e a s t e r n 
a n d w e s t e r n A l p s . 

Bebout and Barton [1993] d e s c r i b e d e v i d e n c e for w ide ­
s p r e a d m e t a s o m a t i s m effected b y flow of a q u e o u s fluids 
in t h e C a t a l i n a s u b d u c t i o n c o m p l e x of S a n t a C a t a l i n a 
I s l a n d , s o u t h e r n Ca l i fo rn i a . T h e a d v e c t e d H 2 0 - r i c h flu­
ids were a p p a r e n t l y de r ived f r o m s e d i m e n t a r y rocks of 
t h e c o m p l e x . S t r u c t u r a l d i s c o n t i n u i t i e s a s s o c i a t e d w i t h 
m e l a n g e zones in t h e C a t a l i n a rocks f a c i l i t a t e d l a rge -
sca le ( k i l o m e t e r ) flow a t d e p t h s of 15 t o 40 k i l o m e t e r s . 

Un l ike a t C a t a l i n a , Philippot and Selverstone [1991] 
f o u n d fluid i nc lus ion e v i d e n c e for u b i q u i t o u s loca l h e t ­
e r o g e n e i t y of fossil fluid c o m p o s i t i o n s in ec log i te ve ins 
f r o m t h e M o n v i s o o p h i o l i t i c c o m p l e x of t h e w e s t e r n 
A l p s , a n d Selverstone et al. [1992] s h o w e d t h a t m i n e r a l 
a s s e m b l a g e s r e c o r d s imi l a r h e t e r o g e n e i t y in t h e eclog­
i t e zone of t h e T a u e r n W i n d o w , e a s t e r n A l p s . P h i l i p -
p o t a n d S e l v e r s t o n e a n d S e l v e r s t o n e e t a l . n o t e d t h a t 
h e t e r o g e n e o u s fluid c o m p o s i t i o n s a r e a n i n d i c a t i o n t h a t 
l a rge - sca le m e t a m o r p h i c fluid flow d id n o t o c c u r in t h e s e 
a n c i e n t s u b d u c t i o n c o m p l e x e s . A s t h e T a u e r n eclog­
i tes a r e r e m n a n t s of l i t h o s p h e r e s u b d u c t e d t o d e p t h s of 
70 k i l o m e t e r s , t h e s e d a t a i m p l y t h a t m e t a s o m a t i s m of 
ove r ly ing m a n t l e b y fluid t h a t flowed f r o m s u b d u c t i n g 
a n d m e t a m o r p h o s i n g l i t h o s p h e r e w a s unl ike ly . I t fol­
lows t h a t fluids m a y b e e n t r a i n e d b y t h e d o w n - g o i n g 
l i t h o s p h e r i c s l a b t o zones of p a r t i a l m e l t i n g ( t h o u g h t t o 
o c c u r a t d e p t h s of a p p r o x i m a t e l y 100 k i l o m e t e r s ) . 

O u r n o t i o n of t h e p o t e n t i a l m a g n i t u d e of t h e effects 
of fluid flow o n t h e e v o l u t i o n of o r o g e n i c b e l t s w a s a l ­
t e r e d in t h i s l a s t q u a d r e n n i u m . Ferry [1992], Stern et al. 
[1992], a n d Leger and Ferry [1993] p r o p o s e d t h a t D e v o ­
n i a n B a r r o v i a n - t y p e r e g i o n a l m e t a m o r p h i s m in e a s t e r n 
V e r m o n t , U . S . A . , w a s inf luenced b y t h e a c t i o n of "gi­
a n t " h y d r o t h e r m a l s y s t e m s t h a t o p e r a t e d a t d e p t h s of 
25 k i l o m e t e r s over a n a r e a of ~ 2 , 0 0 0 s q u a r e k i l o m e t e r s 
for perhaps millions of years. They based their conclu­
sions o n t h e d i s t r i b u t i o n s of p r o g r a d e n e t - t r a n s f e r r e a c ­
t i o n p r o g r e s s i n d i c a t o r s a n d t i m e - i n t e g r a t e d fluid fluxes 
i m p l i e d b y t h e s e i n d i c a t o r s , a n d o n c a r b o n a t e 1 8 0 / 1 6 0 
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a n d 1 3 C / 1 2 C d a t a in t h e r eg ion . A q u e o u s fluid is env i s ­
a g e d t o h a v e b e e n focused t h r o u g h s u b h o r i z o n t a l flow 
u p t e m p e r a t u r e f r o m t h e cool flanks of r eg iona l - sca l e 
a n t i f o r m s t o w a r d t h e i r h o t t e r cores . U p - t e m p e r a t u r e 
flow e n a b l e d p r o g r e s s of g r a d i e n t r e a c t i o n s . U p o n r each ­
i n g t h e axes of t h e d o m e s , fluids flowed s u b ve r t i ca l ly 
d o w n t e m p e r a t u r e a s e v i d e n c e d b y a b u n d a n t q u a r t z 
ve ins . F e r r y n o t e d t h a t t h e t i m e - i n t e g r a t e d fluxes of 
a p p r o x i m a t e l y 1 0 3 t o 1 0 4 m 3 / m 2 , c o m b i n e d w i t h es­
t i m a t e s for t h e d u r a t i o n of m e t a m o r p h i s m of a p p r o x ­
i m a t e l y 1 0 7 y e a r s , i m p l y t h a t t h e " g i a n t " h y d r o t h e r ­
m a l cells t h a t a t t e n d e d B a r r o v i a n m e t a m o r p h i s m h a d 
fluid fluxes e q u i v a l e n t t o < 2 % of t h e m e a n flux assoc i ­
a t e d w i t h m i d - o c e a n r i dge h y d r o t h e r m a l ac t i v i t y . T h e 
sou rce ( s ) of t h e fluids a r e n o t k n o w n . 

D e p t h of Meteor ic Fluid Penetrat ion 

T h e m a x i m u m d e p t h of m e t e o r i c fluid ingress i n t o 
E a r t h ' s l i t h o s p h e r e is n o t well c o n s t r a i n e d . A p r i n c i p a l 
b a r r i e r t o su r face fluid p e n e t r a t i o n is t h o u g h t t o b e t h e 
t r a n s i t i o n f r o m b r i t t l e t o d u c t i l e s t r e s s - s t r a i n r e g i m e s 
in t h e c r u s t b e c a u s e of t h e imp l i c i t shift f r o m h y d r o ­
s t a t i c t o l i t h o s t a t i c fluid p r e s s u r e s . S t u d i e s of T e r t i a r y 
m e t a m o r p h i c core c o m p l e x e s e x p o s e d in t h e C o r d i l l e r a n 
o r o g e n of t h e s o u t h w e s t e r n U n i t e d S t a t e s a d d r e s s e d t h e 
q u e s t i o n of w h e t h e r or n o t su r face fluids b r e a c h e d t h e 
d u c t i l e - b r i t t l e t r a n s i t i o n . 

T h e lower p l a t e s of core c o m p l e x e s a r e e x h u m e d a l o n g 
c r u s t a l - s c a l e s h e a r zones ( d e t a c h m e n t f au l t s ) t h a t s p a n 
t h e d u c t i l e - b r i t t l e t r a n s i t i o n . L o w e r - p l a t e rocks h a v e 
t h u s u n d e r g o n e d u c t i l e s t r a i n fol lowed b y b r i t t l e defor­
m a t i o n d u r i n g t h e i r u n r o o f i n g . T h e r e is a b u n d a n t evi ­
dence for r e a c t i o n w i t h fluids b o t h a b o v e a n d be low core 
c o m p l e x d e t a c h m e n t f a u l t s . I n d i c a t i o n s a r e t h a t s o m e 
of t h e s e fossil fluids were su r f ace -de r ived . T h e t i m i n g of 
fluid-rock i n t e r a c t i o n b e l o w d e t a c h m e n t f a u l t s t he re fo re 
h a s i m p o r t a n t i m p l i c a t i o n s for t h e d e p t h of m e t e o r i c 
fluid p e n e t r a t i o n . 

Fricke et al. [1992] a n d Morrison [1994] e x a m i n e d in­
d i c a t o r s of fluid-rock r e a c t i o n in t h e lower p l a t e s of t h e 
R u b y M o u n t a i n s - E a s t H u m b o l d t R a n g e core c o m p l e x of 
n o r t h e a s t e r n N e v a d a a n d t h e W h i p p l e M o u n t a i n s core 
c o m p l e x of s o u t h e a s t e r n Ca l i fo rn i a , r e spec t ive ly . B o t h 
s t u d i e s f o u n d t h a t q u a r t z - f e l d s p a r 1 8 0 / 1 6 0 s y s t e m a t ­
ics were i n d i c a t i v e of e x c h a n g e w i t h m e t e o r i c fluid, b u t 
Fr icke e t a l . c o n c l u d e d t h a t 1 8 0 1 6 0 _ i e x c h a n g e oc ­
c u r r e d d u r i n g t h e w a n i n g s t a g e s of d u c t i l e d e f o r m a t i o n 
of t h e lower p l a t e wh i l e M o r r i s o n a s s e r t e d t h a t e x c h a n g e 
o c c u r r e d af ter p a s s a g e of t h e lower p l a t e rocks i n t o t h e 
b r i t t l e r e g i m e . T h e c r i t i ca l q u e s t i o n of w h e t h e r or n o t 
m e t e o r i c fluids p a s s e d t h r o u g h t h e d u c t i l e - b r i t t l e t r a n ­
s i t i o n r e m a i n s u n r e s o l v e d . O u t s t a n d i n g difficulties in­
c lude e s t i m a t i n g d e p t h s f r o m t e m p e r a t u r e s in t e c h n i ­
ca l ly a c t i v e t e r r a n e s , a n d a c c o u n t i n g for t h e c o m p l e x i t y 
of v a r i a b l e s t r a i n r a t e s . 

A c k n o w l e d g m e n t s . The author has benefitted from 
valuable discussions with D. Rumble, R. Ilchik, D. Bell, J.D. 
Frantz, J.M. Brenan, J.M. Palin, and J. Morrison during 

compilation of this report. Reviews by two anonymous ref­
erees, J.M. Brenan, K. Verosub, and R. Pielke improved the 
clarity of presentation. 
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