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Abstract

A general method is presented by which the composition of phases in metamorphosed

mafic igneous rocks can be used to quantitatively measure the progress of mineral-fluid

reactions which proceed during metamorphism. The method is applied to the experimental

hydrothermal phase equilibrium study of a mid-ocean ridge tholeiite by Spear (1981)' and

metamorphism of mafic rock by a variety of processes is modelled at terilperatures between

600' and 900'C: (a) isobaric contact metamorphism at buffered oxygen fugacity; (b)

isothermal metamorphism with increasing pressure at buffered oxygen fugacity; (c)

metamorphism along a "normal" and a "low" geothermal gradient at buffered oxygen

fugacity; (d) isothermal, isobaric oxidation; and (e) isobaric oxidation with increasing

t"itp"rutur". The model metamorphic events are characterized in terms of (l) overall

protrade mineral-fluid reactions; (2) rock modes; (3) changes in rock volume; (4) identity

and amounts of volatile species evolved and consumed; (5) amount of P-V work performed

by rock on its surroundings or vice versa; (6) amount ofheat absorbed or released by rock;

and (7) the interaction of rock with external fluid reservoirs during progress of the

reactions. Two results are unexpected. First, metamorphism with increasing temperature

at oxygen fugacity controlled by the quartz-fayalite-magnetite (QFM) buffer involves

reduction of rock as mineral-fluid reactions consume H2 and release H2O. In contrast, the

concentration of H2 in fluid during metamorphism under redox conditions controlled by the

hematite-magnetite (HM) buffer is sufficiently small that rock is neither reduced nor

oxidized with increasing temperature. Second, model calculations indicate that at least 14-

23 rock volumes of H2O fluid are required to oxidize mafic rock from conditions of the

QFM buffer to conditions of the HM buffer. The measured progress of dehydration/

oxidation reactions that occur, for example, during contact metamorphism involving

hydrothermal circulation of heated, oxidizing, meteoric water, therefore' may serve as a

very sensitive monitor of the amount and pattern of fluid transport in the earth's crust'

Introduction

Metamorphosed mafic igneous rocks-blueschists,
greenschists, amphibolites, and mafi c granulites-consti-
tute a significant portion of inany metamorphic terranes.
Changes in the mineralogy of these rocks have long been
used as monitors of the grade of progressive metamor-
phism. In the last fifteen years a number of laboratory
phase equilibrium studies have established the relation-
ship between the phase assemblage of metamorphosed
mafic igneous rocks and the pressure, temperature, and
oxygen fugacity which prevailed during their formation
(Binns, 1968;Liou etal.,1974; Spear, 1981; Moody et al.,
1983). Both the experimental studies and recent work on

'Present address: Department of Earth and Planetary Sci-
ences, The Johns Hopkins University, Baltimore, Maryland
21218.

natural metamorphic rocks (e.g., Harte and Graham,
197S;Laird, 1980; Laird and Albee, l98la,b) demonstrate
that prograde mineral reactions in mafic rocks are largely
of the continuous variety (cf. Thompson et al.; 1982).
Although the mineral assemblage in these rocks does
change over large ranges in temperature or grade, there
are significant intervals in temperature or grade in which
mafic rocks contain the same assemblage of minerals; the
minerals react with each other, thereby changing mineral
compositions and proportions, but neither do new miner-
als appear nor do old minerals disappear.

The mineralogical evolution of mafic igneous rocks
during metamorphism has recently been systematized by
Thompson et al. (1982). They factored the overall pro-
grade mineral reaction into a set of component reactions
and presented a method by which the progrgss of the
component reactions (and hence the overall reaction)
could be measured either by modal analysis ofrocks or by
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the composition of constituent mineral phases (or both).
Thompson et al. examined with their strategy mineral
reactions both in natural mafic schists and in the phase
equilibrium experiments of Liou et al. (1974). This paper
builds upon the pioneering study of Thompson et al.
(1982) by developing a model for the metamorphism of
mafic igneous rocks from the experimental study of Spear
(1981). In the first part ofthe paper, a method is presented
by which the compositions of coexisting mineral phases
in mafic rocks can serve as quantitative monitors of
reaction progress. Spear's results are used to measure
reaction progress as a function of changes in pressure,
temperature, and oxygen fugacity, and to determine the
mineralogy of mafic rock under a variety of high-tempera-
ture conditions (600-900"C) appropriate both to contact
and regional metamorphism. Calculated results not only
model the appearance ofnew minerals and disappearance
of old minerals in mafic rocks, but also identify the
continuous reactions that occur over much of the meta-
morphic history of this rock type. Next a number of
metamorphic processes or environments are identified:
(a) isobaric metamorphism causdd by increasing tempera-
ture; (b) isothermal metamorphism caused by increasing
pressure; (c) metamorphism along a "low" geothermal
gradient; (d) metamorphism along a "normal" geother-
mal gradient; (e) isobaric, isothermal metamorphism
caused by oxidation; and (0 isobaric meramorphism
caused by oxidation and increasing temperature. Using
the measured values of reaction progress, metamorphism
in each of the six environments is characterized in terms
of the following: (l) the overall prograde mineral reac-
tions; (2) rock modes; (3) changes in rock volume; (4) the
identity and quantity of volatile species released or con-
sumed; (5) P-V work performed by rock on its environ-
ment or vice versa; (6) interaction of rock with external
heat reservoirs; and (7) interaction of rock with external
fluid reservoirs. Results integrate a variety of phenomena
that occur during metamorphism and show their temporal
interrelationships.

Table l. Phases in metamorphosed mafic igneous rock and
components used to describe their chemical composition

Phase Additive conp6nenr(s) Exchange conpment(s)

FERRY: A MEASURE OF REACTION PROGR'SS

Phases, components, phase composition, and net-
transfer reactions

Phases and phase components

Spear (1981) performed hydrothermal phase equilibri-
um experiments on a mid-ocean ridge olivine tholeiite at a
number of combinations of pressure, temperature, and
oxygen fugacity. This study thus considers metamor-
phism of the same olivine tholeiite. Phases produced
in the experiments include: hematite-ilmenite solid
solution, clinopyroxene, orthopyroxene, olivine, quartz,
sphene, plagioclase, amphibole (hornblende), pseudo-
brookite, and smectite. Pseudobrookite and smectite ap-
peared in small quantities in only a few experimental
products and therefore are not considered further. Spear
also reported rather complete data on the composition of
hornblendes in the experimental products as well as less
complete data on pyroxene, plagioclase, ilmenite, and
hematite composition.

In order to use phase composition to monitor reaction
progress, the composition ofthe phases is first represent-
ed in terms of the scheme developed by Thompson et al.
(1982) and Thompson (1982a).In this scheme the compo-
sition of each mineral phase is expressed as a single
additive component in combination with a variety of
exchange components. The components of the phases
considered in this study are listed in Table l. Following
Thompson's (1982a) suggestion, the additive components
are taken as simple end-member formulas. Seven ex-
change components, in addition, are necessary to account
for the principle variations in mineral chemistry indicated
by Spear's data. Exchange components that involve three
or more atomic species have been given two-letter abbre-
viations consistent with those proposed by Thompson
(1982a): ed : NaAlSi-;; tk = AlzMg-rSi-1; and pl =
NaSiCa-1Al-1. The components in Table I ignore the
small amounts of Mn, K, and P which occur in some of
the phases. The mid-ocean ridge tholeiite studied by
Spear, however, contains only 0.l8Vo KzO,0J8% MnO,
and 0.15% PzOs; the small concentration of the three
elements probably had a negligible affect on the phase
equilibria and can be safely neglected. Phase components
also ignore the small amount of Ti in pyroxene. The phase
equilibrium experiments were conducted in the presence
of an H2-H2O fluid; an additional phase which must be
considered in the treatment of the metamorphism of the
tholeiite therefore is an O-H fluid (Table l).

Phase composition

The composition of quartz and sphene in the experi-
ments is assumed to be fixed and equivalent to the
additive components listed in Table I for the two miner-
als. Hematite and ilmenite solid solutions have composi-
tions represented by a combination of Fe2O3 and TiFe-1,
where X1;p" , = Xr.rio,. Plagioclase solid solutions have
compositions represented by a combination of CaAl2Si2Og
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and pl, where Xor = Xah : | - X^n.The compositions of
hematite, ilmenite, and plagioclase therefore can be di-
rectly related to compositional parameters for the three
minerals reported by Spear. Olivine solid solutions have
compositions represented by Mg2SiOa and FeMg-1,
where Xp"yr_, : ZXr^. Spear reported no olivine eompo-
sitions; olivine composition was estimated from reported
orthopyroxene compositiori and the experimental data on
Fe-Mg partitioning between olivine and orthopyroxene of
Medaris (1969).

The composition of hornblende must be represented by
a combination of a single additive component and all of
the exchange components. Thompson (1982a, Table 3b)
presents a transformation of components which converts
amphibole composition in terms of cations per 24 oxygen
atoms into mole fraction of the seven exchange compo-
nents. The component transformation was applied to
Spear's data on amphibole composition (his Table 3);
results are compiled in Table 2,{ of this report. Table 2C

Table 2. Concentrations of exchange components in amphibole
(A) and pyroxene (B) at various P-T-fo2conditions. C. Relation
between the concentration of exchange components in pyroxene

and the number of cations per six oxygen atoms.

Buffer P(bars) 
"(oc) 

x".n*-, \"m-, ll*c"-, xlr Xed X.k \rr.-,

presents a component transformation which converts

pyroxene composition in terms of cations per six oxygen

atoms to mole fraction of six exchange components, and

was derived following procedures described by Thomp-

son (1982a). The component transformation in Table 2C

was applied to Spear's data on pyroxene composition (his

Table 5); results are compiled in Table 28 of this report'

The composition of clinopyroxene must be represented

by a combination of an additive component and five of the

exchange compoirents. The composition of orthopyrox-

ene may be adequately described without consideration
of the components TiFe-1, Pl, and ed.

N e t-transfe r re ac tions

The composition of the fluid-rock system of Spear's
experiments may be adequately described by these sys-
tem components: NazO, CaO, FeO, MgO, FezOr, AlzOr,
SiO2, TiO2, and H2O (very small amounts of MnO, K2O'
and P2O5, as mentioned above, are ignored for simplic-
ity). There are thus cs = 9 system componenis. From
Table 1, there are a total ofcp: 30 phase components.
Following the treatment of Thompson (1982b), chemical
reaction in the system may be fully described by n' = co
- c. : 2l linearly independent reactions. The 2l reac-
tions may be divided into two groups: (a) n"" exchange
reactions which involve exchange components only (e.g.,

FeMg-r(amphibole) : FeMg-r(clinopyroxene)) and (b)

nnt net-transfer reactions which involve two or more
additive components and which may or may not also
involve exchange components. By inspection ofTable I,
there are n"* = 13 linearly independent exchange reac:
tions among the exchange components. The number of
linearly independent net-transfer reactions therefore is no,
- nr n,* = 2l - 13 : 8' There is a wide latitude in
which eight net-transfer reactions may be chosen as the
set; the sole constraint is that they be linearly indepen-
dent. One set is listed in Table 3. The reactions in Table 3
must be linearly independent because each reaction in-
volves the single additive component of a different miner-
al phase (note that the additive components of orthopyr-
oxene and clinopyroxene have the same formulas; they
are different, howev€r, because they refer to two different
phases). An additional reason for formulating the net-
transfer reactions as in Table 3 is that creation or destruc-
tion of each mineral phase is controlled by one and only
one net-transfer reaction. All mass transfer among miner-
als and fluid in the experimental fluid-rock system can be
thoroughly described by the l3 exchange reactions and
the 8 net-transfer reactions in Table 3' The exchange
reactions change the composition of participating phases
and their relative modal abundance, but they in no way
change the number of moles of fluid or mineral species
present. Only the net-transfer reactions are capable of
creating new mirierals or changing the amounts of existing
minerals. The net-transfer reactions, however, may also
change the compositions of phases.

w 1000 650
w 1000 706
HU 1000 754
HM 1000 883

Qm 1000 599
Qro 1000 65r
Qru looo 7o7
QFM 1000 75O
Qru 1000 802
qFM 1000 850

uM 3000 701
su 3000 152
nu 5000 698

Qru 3000 655
Qru 3000 763

A. Anphibole conpositlon

o , 4 7  0 . 4 2  0 . 1 5
0 . 4 3  0 . 4 2  0 . 3 8
0 . 4 5  0 . 4 1  0 . 4 6
0 . 3 1  0 . 6 0  0 . 3 5

L . 5 2  0 . 4 1  0 . 4 6
1 . 5 1  0 . 3 8  0 . 4 7
t . 4 4  0 . 4 5  0 . 3 4
1 . 3 5  0 . 5 1  0 . 2 6
! . 2 9  0 . 6 0  0 . 2 3
\ . 2 2  0 . 6 8  0 . 1 0

0 . t 7  0 . 1 8  0 . 7 2  0 . 0 4
0 . 0 4  0 . 2 4  0 , 5 7  0 . 0 5
0 . 1 4  0 . 2 0  0 . 6 9  0 . 0 5
0 . 2 6  0 . 3 9  0 . 9 4  0 . 1 5

o , 1 2  0 , 2 A  O . 6 9  0 . 0 9
0 . 1 2  0 . 3 5  0 . 7 0  0 . 0 8
0 . 2 5  0 . 2 9  0 . 8 5  0 . 1 2
0 . 2 3  0 . 3 1  0 . 8 8  0 . 1 5
0 . 1 5  0 . 4 5  0 , 9 3  0 . 2 0
0 . 2 9  0 . 3 7  1 . 1 4  0 . 2 4

0 . r 8  0 . 3 2  0 . 7 1  0 . 0 8
0 . 2 3  0 . 2 3  0 . 8 9  0 . 0 7
0 .  1 8  0 . 2 7  0 . 9 8  0 . 0 8

0 . 2 5  0 . 2 3  0 . 8 2  0 . 0 9
0 . 1 9  0 . 3 6  0 . 8 8  0 . 1 5

o , 4 7  0 . 5 2
o . 4 9  0 . 5 2
0 . 5 8  0 . 6 0

1 . 5 1  0 , 4 0
1 . 4 r  0 . 5 1

0 . 1 8
0 . 1 2
0 . 2 0

0 . 2 4
o  " 2 4

B. Pyroxde coryosltlon

Qro 1OOO 850 0 .35  0 .03  0 .24  o '00
QFU 1000 850 0.91 0.02 0.94 0.00
w rooo 883 0 .04  0 .11  0 .12  0 .05

0.0r  0 .04
0 , 0 0  0 . 0 3
0.00  0 .13

c. Conponst transfomatLon fo! pyfoxenes*

1+
I .  \ -n ,  

=  Fe-

- '  'TeUe 
-  

' -
--I

3 "  L - ^ -  = 3 - l t N a - k r . " - l A 1  - s l - c e

4 . x t k - r . 1 * e l + s r - z

5. x.d - lNa + 2 - trr.$ - hA1 - si

6. Xot = LNa + kFe3+ + LAl + 51 - 2

*eq@tiore Nfer tu cdtio@ pet sia oxgga atme in pA@uew.
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Table 3. Net-transfer reactions in metamorphosed mafic igneous rock

( 1 )  6  F e } l C - I + 2  e d + 2 M g c a _ l +  3 H r O  =  F e 2 o 3 + 4  r k + 2  p I + 4  F e A I _ t  + 3 H 2

( 2 )  4 e d  + 3 M g c a _ l + 1 2  F e l t g _ t + 6  H r o = C a M 8 s 1 2 o 6  ( c l l n o p y r o x e n e )  + 4 p t + l 0 r k + 1 2  F e A l _ t + 6 H 2

( 3 )  4 e d + 3 M c C e _ I + 1 2  F e u g _ l + 5 H 2 o - c a H g s t 2 o 6  ( o r t h o p y r o x e n e )  + 4 p t + 1 0  r k + 1 2  F . a l  + 6 c

( 4 )  3  e d +  3  M g c s _ t + 8  F e M g - t  + 4 H r O =  U g 2 S l O 4 +  3  p t  +  7  t k + 8  F e A l _ l + 4 H 2

( 5 )  e d  +  4  F e M g _ l  + M g c a _ t  +  2 H 2 O =  S i O 2  + p I  +  3  t k + 4  F e A l _ l  +  2  H 2

( 5 )  T l F e _ t + 3  e d  + 9  F e l . ( g _ I  +  2  M g c a _ l + 5  H r O =  C a T i S i O 5  + 8  F e A t _ l  + 3  p l +  7  t k + 5  H 2

(7)  5  ed  +  15  Feug_t  +4  Mgca_ l  +  8  H2o -  CaA- lZS l2o8 +5 p l  +  t2  tk+  t6  FeAL_ l  +8  H2

( 8 )  1 3 i l C c e _ r +  1 5  e d + 4 6  F e l i C _ t  + 2 4 H 2 o  =  c a 2 L g 5 S i 8 O 2 2 ( O H ) 2 + 1 5  p l +  3 8  t k + 4 5  F e A l _ l + 2 3 H 2

Measurement of reaction progress with phase
composition

General statement

In order to characterize metamorphism of mafic igne-
ous rocks in the manner proposed, it is sufficient to
monitor only the creation and destruction of minerals
with changing physical conditions. Consequently the pro-
gress ofthe 13 exchange reactions was ignored, and only
the net-transfer reactions were considered. The progress
of net-transfer reactions can be measured from the modes
of rocks. Unfortunately, Spear reports calculated modes
for only a fraction of his experimental products. Conse-
quently a method was developed by which progress of the
net-transfer reactions was monitored by the composition
of phases in the experimental products; it generalizes
certain equations first presented by Thompson et al.
(1982). The method also has application both to experi-
mental studies involving the partial melting of rocks and
to studies of isochemical suites of natural metamorphic
rocks because most workers obtain the compositions of
coexisting phases but rarely do they obtain modes.

Phase composition as a monitor of reaction pro-
gress

The method requires knowing the mineralogy and
proportions of minerals in a single sample equilibrated at
an arbitrary set ofphysical conditions. For this study the
sample equilibrated at 1fi)0 bars, 599'C, and /o2 of the
quartz-fayalite-magnetite (QFM) buffer was chosen as
the reference. According to Figure l4 of Spear (1981), its
mode is: hornblende (56%), plagioclase (4lVo), and ilmen-
ite (3%). Using molar volume data from Robie et al.
(1967) and the mineral composition data of Spear, 10fi)
cm3 of such rock contains approximately 2.026 moles
amphibole, 4.082 moles plagioclase, and 0.951 moles
ilmenite. Using 1000 bars, 599oC, QFM as a reference
point, the net-transfer reactions were calculated which
1000 cm3 of such rock would experience as physical
conditions were changed to the other P-T-foz conditions
at which Spear performed experiments (specifically those
listed in Table 2). The calculations involved simulta-

neously solving a set of mass balance equations of the
form: 

/ \

) , r i ,1n;+ ) ,a , r& = )x l , : {n i *  ) , r .n&)  ( l )
j k j \ u /

where the subscripts i,j, and k refer to exchange compo-
nents, mineral phases or their additive components, and
the different net-transfer reactions, respectively. The 6.'s
are the desired values of reaction progress in units of
moles/1000 cm3 rock. ft for each of the k : l-8 net-
transfer reactions in Table 3 may be formally defined as
the number of moles of additive mineral component
produced (+) or consumed (-) by the kth net-transfer
reaction. &,i is the mole fraction of component i in phase
j; ,ri.r is the stoichiometric coefficient of exchange compo-
nent i in the kth net-transfer reaction (positive for prod-
ucts and negative for reactants), t,r is the stoichiometric
coefficient of additive mineral component j in the kth net-
transfer reaction (always positive), and n; is the number
of moles of mineral phase j. Superscript o refers to initial
conditions before reaction; superscript f refers to final
conditions after reaction. Each equation (l) simply states
that the number of moles of exchange component i in the
system before reaction plus the number of moles of
component i produced by reaction is equal to the number
of moles of i after reaction. Equation (l) islhe generalized
form of equation (26) of Thompson et al. (19E2).

Values of the mole fractions that appear in equation (l)
were taken from the following sources: amphiboles and
pyroxenes-Table 2; hematite, ilmenite, and plagio-
clase-Spear (1981, Table 3); olivine-calculated from
orthopyroxene composition as described previously.
Quartz and sphene were considered pure substances
fixed in composition. Composition data for hematite,
ilmenite, plagioclase, and pyroxene were not reported for
all P-T-fo2 conditions. In these cases, the following
default values were chosen; hematite, Xrir"_, : 0.24;
ilmenite, Xrir"_, : 0.90; plagioclase, Xpr = 0.50; clinopyr-
oxene at./o2 of the QFM bufer, first pyroxene analysis,
Table 28; orthopyroxene, second pyroxene analysis,
Table 28; clinopyroxene atfo2 of the hematite-magnetite
(HM) buffer, third pyroxene analysis, Table 28. The
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Table 4. Sample calculation of rbaction progress from phase composition. Example refers to reaction which would occur in 1000 cm'
mafic rock between 1000 bars; 599'C; QFM and 1000 bars; 883'C; HM.

Exchanqe- ESg DArance eouaEaon
co[DonenE

6Et

TlFe_1

p l

e d

psuc_t-

MeCa -

0 . 0 9 ( 2 . 0 2 6 )  +  0 . 9 ( 0 . 9 5 1 )  =  0 . 1 5 ( 2 . 0 2 6  +  E s )  +  0 . 2 4 ( 0 , 9 5 1  +  € l )

0 . 1 2 ( 2 . 0 2 5 )  +  0 . 5 ( 4 " 0 8 2 )  + 2 E ! +  4 E 2 *  E 5 *  5 E t  +  1 5 8 8  =  O . 2 5 ( 2 , 0 2 6  +  6 8 )  +  0 . 5 8 ( 4 ' 0 8 2  +  E l )  +  0 . 0 5 € 2

0.28(2 .026)  -  21 t  -  4EZ -  ES -  sE l  -  15€8 -  0 .39(2 .026 +  €8)

L . 6 2 ( 2 , O 2 6 )  -  6 E L -  L 2 E 2 -  4 E S -  r 6 E t  -  4 6 t 8  =  0 . 3 r ( 2 . 0 2 6  +  6 8 )  +  0 . 0 4 q 2

0.46(2 ,026)  -  2Et -  3Ez -  Es  -  4Et  -  1388 =  O.J5(2 .026 +  €8)  +  0 '12€2

Soluti.oa: Brcauee rei.ther the initial rcr fircL s@pl.e contains ortlwpynoxene, olioire, ot sphene, Eg = E4 = E6 = 0.

So|ting the abooe fi-oe eqwti.ons eialtmeouely' El = +2'8?4; E2 = +2.6A2; ES = +3.681; EZ = -0'Zge;

E a  =  - 1 ' z z s '

default values are not greatly different from the composi-
tions of mineral phases in any of the experimental prod-
ucts.

Because the initial or reference sample contains amphi-
bole, ilmenite, and plagioclase, all solutions involved f;,
f7, and f6. For every additional mineral phase that occurs
in the final sample, an additional net-transfer reaction is
involved in the mineral-fluid reaction which relates the
two states, and an additional f must be solved for. For
every mineral phase that appears neither in the initial
reference sample nor in the final sample, the progress of
the appropriate net-transfer reaction in Table 3 was set at
zero. Thus the set ofequations that were used to solve for
the f's contained a number of equations exactly equal to
the number of different minerals that occur in either the
initial reference sample or the final sample or both
(hematite and ilmenite were considered different compo-
sitions of the same mineral solid solution). For the
transition from the reference state to either 10fi) bars,
902"C, HM or to 1000 bars, 912"C, QFM, one of the
equations was f8 : - 2.026 (amphibole disappears from
the experimental charges with increasing temperature at
these physical conditions). Table 4 illustrates a sample
calculation that refers to the transition from lfi)0 bars,
599'C, QFM to 10fi) bars, 883'C, HM. No calculation
involved more than five equations of the form of equation
(l). The sample calculation in Table 4 lists the five
exchange components that were chosen to formulate the
mass balance equations. Equations involving the ex-
change components tk and FeAl-1 did not give good
solutions, perhaps because the ferric iron content of the
amphiboles was only approximately determined. When
fewer than five exchange components were required to
obtain a solution, the components chosen were in the
same priority as the order in which they are listed in
Table 4.

Results

Table 5 lists calculated results. The calculations cor-
rectly predict the phase assemblage in samples at each of
the final P-T-foz states with just three exceptions. The
solution for P = 1000 bars, T = 802'C, QFM predicts no
clinopyroxene while clinopyroxene is reported in the run
products; the solution for P : 1000 bars, T: 850'C, QFM
predicts no olivine while a trace of olivine is reported in
the run products; the solution for P : 3fi)0 bars, T :

752"C,HM predicts no sphene while sphene is reported in
the run products. The discrepencies might be explained
by one or more of the following: (a) errors in the chemical
analysis of the mineral phases; (b) error in the assumed
phase compositions used in the solutions (clinopyroxene,
752',802'; hematite, 752'); (c) Iack of complete chemical
equilibrium among the mineral phases in the sample; and/
or (d) the amount of clinopyroxene in the sample equili-
brated at 802"C, the amount of olivine in the sample
equilibrated at 850"C, and the amount of sphene in the
sample equilibrated at752"C is indeed very small. Judging
from data in Spear's Appendix A, explanation (d) is the
most probable reason why olivine did not appear in the
solution for 1000 bars; 850"C; QFM. In support of this
conclusion, the small value of f2 in Table 5 for 3000 bars;
752"C; HM is consistent with only a trace of clinopyrox-
ene in the sample as is reported by Spear (his Appendix
A ) .

Because there are more exchange components than
f's, the system ofequations l ike (l) is actually overdeter-
mined and a least-squares solution could be obtained.
Least-squares solutions, however, were not sought be-
cause trial calculations involving the components tk and
FeAl-1 produced results which were at odds with Spear's
experimental results (i.e., the solutions predicted appear-
ance of a mineral phase when experiment indicated the
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Table 5. Calculatedvaluesoftheprogressofnet-transferreactionsinmaficigneousrockfortheP-T-/o2intervalbetween 1000bars,
599'C, QFM and the conditions listed in the lefthand three columns of each entry. Values of reaction progress refer to a quantity of

rock with volume 1000 cm3 at 1000 bars, 59"C, QFM.

Buf fe r  P(bars )  r (oc) E .F

QIDI
QFH
qFM

QFM
QFM
QFX

0 0
0 0

1000 650
1000 706
1000 754
1000 883
1000 902

1000 651
1000 707
1000 750
1000 802
1000 850
1000 9L2

3000 701
3000 752
5000 698

3000 555
3000 763

HM
HM
HM
HII
HM

HM
HM
HM

QFM
QFM

+2.L60 0 0
+2 "527  0  0
+3 .875  +2 .674  0
+2 ,874  +2 .667  0
+3 .  375  +4  . 775  0

+0.012 0 0
-0 ,108  0  0
-0 .193  0  0
-0 .116  (0 )  +1 .692
-0 "170  + { . 873  +2 ,O53
r { . 154  +3 .073  J { . 900

+1 .608  0  0
+3.060 +0.018 0
$ . 9 2 7  0  0

-0 .023  0  0
-0 .150  0  0

0  +1 .756
0  +1 .  793
o +2.607
0  +3 .681
o  +2 .993

0 0
0 0
0 0
0 0

(0 )  0
+ 2 , 7 5 6  0

0  + 2 . 7 4 5
0  +1 .351
o  +2 .657

+0.298 +4.549 -0.626
0 +0.900 -0.739
0 +0.469 -L.529
0 -0.293 -L.225
o  +0 .423  -2 .026

0 -0,  394 +0.  118
0  -0 .900  +0 .307
0 -r  .007 +0 .  350
0  +0 .835  -0 .  715
0  +0 .028  -0 .?60
0  +1 .298  -2 .026

+0.300 +0.071 -0.476
(0 )  +1 .391  -0 .945

+0 .406  -0 .431  -0 ,233

0  -0 .685  +0 .235
0 -0.245 +0.089

phase disappeared or vice versa). Because errors in the
mineral compositions used in the calculations are not well
known, no attempt was made to assess the uncertainty
associated with each of the calculated values of reaction
progress in Table 5.

Calculated modes

Using the amounts of minerals in the reference sample
(equilibrated at 1000 bars; 599'C; QFM), the net-transfer
reactions in Table 3, and the calculated progress of the

reactions (Table 5), the identity and amounts of minerals
in samples equilibrated at the other P-T-foz conditions
listed in Table 6 were calculated from the relation:

n j :  n i  + )  t .n& Q)
k

summed over the k net-transfer reactions. Amounts of
minerals were converted to volumes of minerals using
molar volume data (Robie et al., 1967) and reported

Table 6. Calculated modes of metamorphosed mafic igneous rock*

Buffer P(bars) t(oc) Iten/tlo cpr oPx OlIv Qz sph Plag

2 (
0
0
0
0

1000 650
1000 706
1000 754
1000 883
1000 902

1000 599
1 000 651
1000 707
1000 750
1000 802
1000 850
1000 9t2

3000 701
3000 752
5000 698

3000 655
3000 763

ItM
HM
HM
t{M
HM

QIV
QFM
QFM
QF},I
QFM
QFM
QFX

l{M
HM
HM

9 (6 )  o
1l- (9)  o
l s (9 )  18 (11 )
Lz (e )  18 (11 )
14(10) 32(34)

3 ( 3 )  o
3 (3 )  o
3 ( 3 )  o
3 (3 )  o
3 ( 2 )  0 ( 4 ) s
3 ( 2 )  6  ( 6 )
4 (3)  2L(L7'

0  0  4 ( 2 )
0  0  4 (3 )
0  0  6 (2 )
o  o  9 (3 )
0  0  7 (4 ,

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

11 (s )  0  0  0
13  (5 )  0 (3 )  s  0  0
6(21) 13(11) 0 0

2)  47  (45)  38(45)
50(46)  35(42)
47 (46) L4(32)
39(4s)  22(32)
47 (52)  0

41(41)  s5(s6)
3 7 ( 3 9 )  6 0 ( s 8 )
3 2 ( 3 7 )  6 5 ( 6 0 )
3 1 ( 3 6 )  6 6 ( 6 r )
50(40) 36(49)
42(42)  36(41)
56(46) 0

QFM
QFM

8 0 0 0 6 2 4 2 4 2
1 2 0 . 1 0 0 3 9 5 5 3 0
6 0 0 0 6 2 3 7 4 9

3 0 0 0 0 0 3 4 6 3
3 0 0 0 0 0 3 9 5 8

*Atn = qrphiboLe; Sph = sphene; Hm = hmttte; IUn = iLnenite; PLag = plagioeTnse;
8z = qua"tz; C'ry = clircpgroterei Opo = ortlppurome; lliu = oliuine. I,bdes
?eqrted bg Spear (1981) for P = 1000 bars in parentheses.

g"eported in qxpeyinental prcducts but rct prodrced by calaLated rerctLons"
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compositions of the mineral phases. Volume amounts,
normalized to lN%, correspond to modes, and these are
listed in Table 6. Modes calculated for samples equilibrat-
ed at 1000 bars agree very well with those calculated by
Spear from the composition of the mineral phases and the
composition of the starting material of the experiments.

Applications: the model metamorphism of mafic
igneous rock

General statement

Calculated values of f in Table 5 form the basis for
quantitative models of the metamorphism of mafic igne-
ous rock. Six model metamorphic processes or environ-
ments will be characterized and discussed: (l) isobaric
metamorphism with increasing temperature at /o2 buff-
ered by both the QFM and HM buffers; (2) isothermal
metamorphism with increasing pressure at bufered /o2;
(3) metamorphism along a geothermal gradient of 7.4"C1
km at buffered foz; @) metamorphism along a geothermal
gradient of Z2"Clkm at buffered"foz; (5) isobaric, isother-
mal oxidation; and (6) isobaric oxidation with increasing
temperature. Each of the metamorphic environments will
be characterized in terms of prograde mineral reactions,
changes in modes, changes in rock volume, kinds and
amounts of volatile species consumed or released, P-V
work performed by the rock on its environment or vice
versa, and the interaction of mafic rocks with external
heat and fluid reservoirs during metamorphism.

Isobaric metamorphism with increasing tempera-
ture at buffered oxygen fugacity

Experiments performed at 1000 bars pressure with
increasing temperature, serve as a model of contact
metamorphism at a depth of 3-4 km in the crust. Two
models of contact metamorphism are considered: one for
/o2 equivalent to that of the QFM buffer and the other for
/o2 equivalent to the HM buffer.

Mineral reactions. The overall mineral reaction that the
mafic rock used in Spear's experiments undergoes during
the transition between any two of the P-T-fo2 stot€s
listed in Table 5 is:

with the values of {.r taken from Table 3, the values of ft
taken from Table 5, superscript'referring to the initial
state, and superscript f referring to the final state after
reaction. Results for reactions at I 000 bars between 599'C
and 912'C at fo2 of the QFM buffer and between 650'C
and 902"C at fo2 of the HM buffer are presented in Table
7. Exchange components have been omitted from the
reactions in Table 7 in order to highlight which minerals
and fluid species are created and destroyed. All reactions
in Table 7 refer to a quantity ofrock which occupies 1000

cm3 at 599'C and 1000 bars under conditions ofthe QFM
buffer.

At conditions of the QFM buffer the model rock is
composed at 599'C of amphibole, ilmenite, and plagio-
clase. Amphibole initially is produced with increasing
temperature at the expense of plagioclase t ilmenite. At a
temperature between 750'C and 802'C amphibole reacts
to orthopyroxene, ilmenite, and plagioclase. With further
increase in temperature, orthopyroxene and clinopyrox-
ene are products while plagioclase and ilmenite join

amphibole as reactants. Between 850'C and 912'C ortho-
pyroxene and amphibole are reactants while ilmenite,
plagioclase, clinopyroxene, and olivine are products.
Above 912'C the rock no longer contains amphibole;
reaction progress could not be monitored further because
Spear reported no experimental data above 912'C. The
reaction sequence apparently is quite complicated and
not necessarily what one might predict simply from a
knowledge of the equilibrium mineral assemblage at each
temperature.

At conditions of the HM buffer, the model rock is
composed initially at 650"C of amphibole, sphene, quartz,
hematite, and plagioclase. With increasing temperature,
amphibole and sphene react to produce hematite, plagio-
clase, and quartz. After sphene is completely consumed,
amphibole and plagioclase react to form hematite, qtartz,
and clinopyroxene. Between 754"C and 883'C, plagio-
clase, hematite, and a very small amount of clinopyrox-
ene react to form amphibole. Finally between 883'C and
902'C amphibole is consumed through reaction with
quartz to produce hematite, clinopyroxene, and plagio-
clase. Oxygen fugacity obviously has a profound influ-
ence on the mineral phases which appear in the rock
during contact metamorphism. As under conditions of the
QFM buffer, the prograde reaction sequence is complicat-
ed.

Change in modes. The change in rock mode during
isobaric contact metamorphism at buffered oxygen fugac-
ity is illustrated in Figure I (data compiled from Table 6).
The calculated changes in rock mode with increasing
temperature reflect the prograde reactions described pre-
viously.

Change in rock volume. During the transition between
any two P-T-fo2 states in Table 5 the overall mineral-
fluid reaction may cause a change in rock volume. The
final rock volume was calculated by converting the
amounts of minerals in a sample after reaction into
volumes of minerals, as described previously, and sum-
ming together the volumes of minerals. The calculation of
rock volume assumes that metamorphic rock contains
negligible porosity during its crystallization and that
volatiles produced by the mineral reactions leak away
from the rock shortly after they are generated. Results for
model isobaric contact metamorphism are presented in
Figure 2. Rock volume decreases with increasing tem-
perature because the devolatilization reactions which
occur during metamorphism are generally characterized

?17.-o,l(4-ril:o (3)
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Table 7. Overall mineral-fluid reaction which occurs in mafic igneous rocks as physical conditions change between the two sets of
physical conditions listed in the lefthand six columns ofeach entry (exchange components omitted). Reactions refer to a quantity of

rock with volume l0& cm3 at lfi)0 bars; 59"C; QFM.*

Po To Bo pf tf af overelr Dlneral-fluld reaction

Isobaric

t000 599 Qn,l 1OO0 55I qn 0.394P1as + 0,413H2 - 0.0I2I1n + 0.118AD + 0,295H2o

1000 651 qFM 1000 707 qFM O.l21I1D + 0.505Plag + 0,048H2 + 0.141H2o - 0.l89An

t0o0 707 QFH 1000 750 Qnl 0.085I1o + o.l07P1ag + 0.1211t2 - 0.043Am + 0.078H2o

1000 750 Qn{ 1000 802 QIM.056Ar - 0.077I1o + 1.692oPx + l.842P1ag + 0'508H2 + 0.458H20

1 0 0 0  8 0 2  Q F i l  1 0 0 0  8 5 0  Q F l r  O . O 5 3 I I E + O . 8 O 7 P I a g + 0 , 0 4 5 A n + O , 2 4 4 H 2 - 0 . 8 7 3 c p x + 0 . 3 6 1 0 p x + 0 . 2 8 8 H 2 o

1 O O 0  8 5 0  Q F l l  1 0 0 0  9 1 2  Q F M  1 . l 5 3 o p x + 1 . . 2 6 6 A n + 0 . 6 7 3 H . = 0 , 3 2 3 I h + 2 . 2 0 0 c p x + 2 . 7 5 6 O 1 1 v + 1 . 2 7 0 P 1 a 9 + l . 9 3 9 H r O

1000 650 Ru I0O0 706 Hll 0.298sph + 0.1l3An + 0.097H2 . 0.367HeD + 0.035q2 + 0.352PIag + 0.2O9Azo

1000 705 HM 1000 754 IlI. l  0.431Plag + 0.789Ar! = 1.347lten + 2,674Cp\ + 0.8l5Qz + 0,It2H2 + 0.678Hio

1000 754 llx lO0O 883 nU 1.000HeD + 0.007cpx + 0.763P16g + 0.012H2 + 0.291H20 - I.074Qz + 0.304An

1000 883 ll l{ 1000 902 RH 0.688Q2 + 0,801Ao - 0.501Hen + 2.l09cpx + 0.7t6Pta8 + 0.082H2 + O.7l9ll2o

Isotherul Lncreaae fn@

1 O O 0  7 0 6  H M  3 O 0 O  7 0 1  H U  O . g l g H f l + 0 . 8 2 9 p t a g + O , 3 2 5 H 2 O - 0 . 9 5 2 Q 2 + 0 . 3 0 0 s p h + 0 . 2 6 3 A r + 0 , 0 6 2 H 2

30OO 701 HM 5000 698 Hll 0.681llen + 0.088q2 + 0.503P1ag + 0.103112 + 0.14IH2O ' 0.107sph + 0.244An

ceothetul Sradient - 7.4o/kE, buf fered oryBen fugacltv

1000 599 Qn{ 3000 555 QF}l 0,024I1n + 0.685P148 + 0.154H2 + 0,080R20 ' 0.235An

ceotheml Sradlent - 22olkE, buffered ory8en fugacltv

1000 599 QFU 3000 763 QFlt 0.150IIo + 0.245P1as + 0.369H2 - 0,089Am + 0.280H2o

3 0 0 0  7 6 3  Q r u  3 0 0 0  7 5 2  H M  0 . 8 0 1 I 1 n + 1 . 0 3 4 A m + O , 7 1 I H 2 O = 4 . 0 1 I H e E + 0 . 0 1 8 c p x + I . 3 5 0 Q 2 + l . 5 3 6 P l a g + I . 7 4 5 H 2

1 0 0 0  6 5 1  q F M  r 0 O O  6 5 0  H l . l  0 . 9 5 3 I 1 n + 0 . 7 4 4 A n + 0 . 9 8 8 H 2 O - 3 . l l l l t e n + 1 . 7 5 5 Q 2 + 0 , 2 9 8 s p h + 0 . 9 4 3 P l a g + L . 9 2 2 H z

1 0 0 0  8 5 0  q m  1 0 0 0  8 8 3  H U  0 . 7 8 u l h + 2 . 0 5 3 o p x + 0 . 3 2 l P l a g + 0 , 4 6 5 A n + l , 2 ] . 7 H 2 O  = 3 , 8 2 5 H e n + 1 . 7 9 4 c p x + 3 . 5 8 1 Q 2 + 1 . 6 8 1 1 1 2

1 0 0 0  9 f 2  Q F M  1 0 0 0  9 0 2  H I t {  1 . 1 0 5 I 1 u + 0 . 9 0 0 o p x + 2 . 7 5 6 O U v + 0 . 8 7 6 P 1 a g + 2 . 4 3 7 H . O - 4 . 3 2 7 H e m + 1 . 7 0 3 c p x + 2 . 9 9 3 Q 2 + 2 . 4 3 7 1 1 a

1 0 0 0  5 9 9  Q F M  1 0 0 0  7 5 4  l l M  0 . 9 5 1 I 1 u + L 5 2 9 A n - 4 . 8 2 5 H e r + 2 . 5 7 4 c p x + 2 . 6 0 8 Q 2 + 0 . 4 6 9 P 1 e 9 + r . 4 7 6 H 2 + 0 . 0 5 3 H 2 O

1 0 0 0  5 9 9  Q F } |  1 0 O O  8 8 3  H U  0 . 9 5 l l l u + 1 . 2 2 5 A m + 0 . 2 9 3 P 1 a g + 0 , 2 3 9 1 1 2 0 - 3 . 8 2 5 H e o + 2 . 6 6 7 q p x + 3 . 6 8 1 Q 2 + L . A 6 4 H z

1000 599 QFM 1000 902 HX 0 .95 [ lm +  2 .026Ah.  4 .325He8 +  4 .776Cpx +  2 ,991Q2 +  0 ,423PIeg +  I .545H2 +  0 .480H2O

tsee f@trcte tn Table 6 fo" plase rctuti,on.

f = i n i . t i a l p " e s a w e f t w d ; f = f i r c L p r e e n w b a r d ; f = i n i t t a l t e n p e r u t a " e f O ; r f , = f i m l t e n p e n a t w e ( C ) ;

Bo = iri.tial f^ buffer; nf - p*t f^ buffer.
"2 "2

by a negative change of volume of solids. The fully where species j refers either to H2O or H2. Cumulative
anhydrous mafic rocks at temperatures above 900oC moles volatiles involved in the model prograde contact
occupy a volume 3-4Vo less than the hydrous amphibo- metamorphism, calculated from equation (4), are plotted
lites from which they evolved at 600-650"C. in Figure 3 as a function of temperature. Reactions at

Evolved volatiles. During the transition between any conditions both of the QFM and HM buffers release a net
two P-T-fo2 points in Table 5, mineral-fluid reactions amount of 1.3-2.9 moles H2O. More H2O is released at
will release or consume the volatile species HzO and Hz. conditions of the QFM buffer, in part, because the mafic
The molar amount of fluid species released (+) or con- rock initially contains more amphibole under conditions
sumed (-) per 1000 cmr rock may be calculated from: of the QFM buffer. Mineral-fluid reactions on the QFM

buffer consume approximately one cumulative mole H2

,f : > t.dd - 6il (4) P"t*:"l 6fi)"C and 912"C, a phenomenon not usually
k included in conventional treatments of prograde mineral
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Fig. l. Calculated modes of metamorphosed mafic igneous
rock at 1000 bars as a function of temperature. A. /o2 defined by
the QFM buffer; B. &z defined by the HM buffer.

reactions in mafic schists. Because the model mafic rock
is anhydrous at temperatures above 912"C,H2 consumed
by reaction is released as H2O. Even though metamor-
phism proceeded atlo2 bufered by the QFM buffer, the
rock was nevertheless reduced during the prograde reac-

oooo 8oo'

T ("C)
Fig. 3. Cumulative moles volatiles released (+) or consumed

(-) during metamorphism of mafic igneous rock at 1000 bars
pressure as a function of temperature and oxygen fugacity.
Number of moles volatiles refers to a quantity of rock with
volume lfr)0 cm3 at i000 bars, 599'C, QFM.

tion sequence. In retrospect, the reduction of mafic rock
with increasing temperature under conditions of the QFM
buffer could have been predicted from the lower thermal
stability of amphibole under conditions of the HM buffer
than under conditions of the QFM buffer (F. S. Spear,
pers. comm., 1983). In contrast, there was essentially no
net gain or loss of H2 by the model rock metamorphosed
on the HM buffer. The reason for the difference in
behavior of the mafic rock under the two different oxida-
tion states is the composition of the coexisting aqueous
fluid. The mole fraction of hydrogen in fluid coexisting
with rock at the HM buffer was <0.0001 at lfiX) bars and
600-900"C; the small concentration of hydrogen in the
fluid precludes any significant exchange of the species
between rock and fluid. The mole fraction of H2 in O-H
fluid at conditions of the QFM buffer in the same range of
pressure and temperature is 0.002-0.01; the larger con-
centration of hydrogen in the fluid permits exchange of
the species between rock and fluid. (The species compo-
sition of G-H fluid was calculated from data in Ohmoto
and Kerrick, 1977, or Hewitt, 1978, assuming ideal mix-
ing and using fugacity coemcients for H2O and H2 from
Burnham et al., 1969 and Ryzhenko and Volkov,1971,
respectively). The consumption of H2 by reactions on the

QFM buffer and its later release as HzO also explains why
the mafic rock released over twice as much H2O during
metamorphism under conditions of the QFM buffer than
was released by reactions on the HM buffer.

P-V work" The amount of P-V work performed by
mafic rock on its surroundings (or vice versa) during the
model metamorphic event may be calculated from:

LOO

\ o.9t
7

o.95

oooo 7oo' aooo gooo

T ("C)

Fig. 2. Calculated cumulative change in volume of
metamorphosed mafic igneous rock at 1000 bars pressure as a
function of temperature and oxygen fugacity. V is rock volume at
temperature, V' is rock volume at 599"C for model
metamorphism on the QFM buffer and at 650"C for
metamorphism on the HM butrer.

I
w : - P I A V . + ) l 4 { = o , r . ( 4

L k +

- filVx.o
I

) ar,.nt€l - gi)VH. | (5)
k l
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FeMg_l CaFeSi206 - CaMgSl2O5

M c C a - 1  2 1 1 9 s 1 0 3 - C s M C S l Z o 6

FeAl_1 L(Fe2o3 - Ar2o3)

TiIe_1 FeTio3 - Ie2O3

p1 Na-A,1Si3O8 - CaAlZSt2oE

e d  N a A L S i 3 o 8 - 4 S i 0 2

tk Nae2Mc+A13si60ZZ(ff i )Z + 4 s102 -

ca2Me5s18o22(0H) 2 
-  NaAlSi3oS

Table 8. Compounds whose enthalpies were used to estimate
the enthalpies of the exchange components.

Exchange Compounds used to estlffite enthalpies
co4onent of exchaqge *';;;;;.;---'---'--- 

source ot enthalPv data

baric metamorphism between 600' and 912'C under con-
ditions of both the QFM and HM buffers is plotted against
Tin Figure 4. On the QFM buffer, approximately 10fi) cal
P-V work was initially performed on the mafic rock by its
surroundings. Between 750' and 912"C, however, the
rock did approximately 4000 cal work on its surround-
ings; a net amount of P-V work was therefore performed
by the rock. A net 19fi) cal P-V work was performed by
the mafic rock during model metaniorphism under condi-
tions of the HM buffer between 650'C and 9fi)"C. The
smaller amount of P-V work performed under the more
oxidizing conditions is simply a reflection of the less
intense devolatilization that the rock experienced on the
HM buffer compared to conditions on the QFM buffer
(Fie. 3).

Heat budget. The amount ofheat absorbed or released
by the mafic rock during metamorphism (Or) may be
calculated from:

Qr : Cp(rf - r") + 
?o4't 

(6[ - gil (6)

where Cp is heat capacity unO A-H"'t is the enthalpy of
reaction k at the P-Z conditions of the reaction. The
terms of (t' - T") and (6[ - f[) refer to the difference in
the variables between any two P-T-foz conditions listed
in Table 5. The value of Cp was calculated for the
amphibole-plagioclase-ilmenite rock at 1000 bars, 599'C,
QFM from data in Robie et al. (1978) and was as-
sumed to be constant over the range in P and T dis-
cussed in this paper (0.808 cal/cm3-'C). Values of AF['r
were calculated from data of Helgeson et al. (1978),
Robie et al. (1978), and Burnham et al. (1969), and refer
to P-T conditions at the midpoint of the two P-T-f o2

Helgeson e t  a1"  (1978)

He lgeson e t  a1 .  (1978)

He lseson e t  a1 .  (1978)

Rob ie  e t  a1 .  (1978)

He lgeson e t  a l .  (1978)

tse lgesoE e t  a1 .  (1978)

He lBeson e t  a1 .  ( f978)

with the change in rock volume, AV., calculated as
described previously and the values of {,r and $. from
Tables 3 and 5, respectively. Molar volumes of H2O were
taken from Burnham et al. (1969); molar volumes for H2
were calculated from the modified Redlich-Kwong equa-
tion of state of Holloway (1981). Molar volumes of fluid
species were entered as those at the midpoint of the P-f
interval considered. Equation (5) implies a momentary
retention of volatiles, generated by mineral reaction,
within mafic rock during metamorphism. This behavior of
fluid superficially differs from the behavior of fluid as-
sumed in the calculation of change in rock volume and
therefore deserves further explanation. Change in rock
volume (Fig. 2) was calculated assuming that fluid gener-
ated by mineral reactions leaks from the rock shortly after
it is generated. Leakage, however, requires a finite time
and the instant that the volatiles are generated, they
remain in the rock. The amount of P-V work associated
instantaneously with mineral reaction therefore was cal-
culated considering momentary retention of volatiles gen-
erated within the rock and hence using the change in
volume of both mineral and fluid phases due to reaction.
Equation (5) provides an estimate of the cumulative
amount of P-V work instantaneously performed by the
rock on its surroundings or vice versa during a given
interval of reaction progress, fl - 6. The equation does
not, however, consider any P-V work which might occur
as volatiles, produced within the rock, leak off. Calculat-
ed values of P-V work may be significant because they
represent a quantitative measure of the hydrofracture
potential of rock undergoing mineral reaction. Negative
values of 1;Iz indicate the conversion of chemical work into
mechanical (P-V) work which, if of sufficient magnitude,
could fracture the rock undergoing reaction. The frac-
tures would then provide avenues for the escape of fluid
from the rock (cf. Walther and Orville, 1982). Calculated
values of P-V work may be useful in understanding the
mechanisms by which volatiles escape from rock during
metamorphic events.

The cumulative amount of P-v work involved in iso-

+ l

o
c)

6 o
I

J .

=

oooe zoo" Eooo goo'

T (oC)

Fig. 4. Cumulative P-V work performed by mafic igneous
rock on i ts environment (-) or vice versa (+) during
metamorphism at 1000 bars as a function of temperature and
oxygen fugacity. Amount of work refers to a quantity of rock
with volume 1000 cm3 at 1000 bars, 599'C, QFM. The value of l,lz
was set to 0 at 599'C for model metamorphism on the QFM
buffer and at 650"C for metamomhism on the HM buffer.



FERRY: A MEASURE OF REACTION PROGRESS

Table 9. Estimated enthalpies of selected exchange reactions of P = | bar and f : 1000 K

687

Exchange reaction or1  
bar ,  looooK(ca l )

LFe2SiO4 + MgSiO3 ='4l,IC2SiO4 + FeSlO3

FeMg_r(olivlne) = FeMg_l(orthopyroxene)

MCSiO3 + CaMCSiO4 = CaSlO3 + Mg2SiO4

MBCa-, (pyroxene /pyroxenoid) = l4gca_l (olivlne)

tCa3AL2Si3Ot2 + CarFeAl-rSirOrr(OH) = LCarFerSirOr, + Ca2A13St3Ot2(OH)

FeAl_1(epldote) = FeAl_r(gamet)

2sto2 + NaA13s130rO(oH)2 = NaAlslo4 + A12si4o1'(oH)2

ed(dioctahedral sheet ail icate) = ed(nepheline/tridlrite)

Ca2LL 2s1O j 
+ CaMgSi2o6 = Ca 2t4gSI 20 7 

+ CaA12S106

tk(akemnite/gehlenite) = tk(clinopyroxene)

Fe3O4 + FeTlO3 = Fe2TiO4 + Fe2O3

TiFe_l(rhonbohedral oxide) = TlFe_r(spinel)

CaAl2Si2OB + NaA1Si2O6 = NaAlSi3OB + CaA12SiO6

p1(clinopyroxene) = pl(feldspar)

730

1078

+
2697

5764*

O b I I

6644-

8661

+?eaction metaetable abooe 700oK. *reaction metastuabLe aboue 800oK; calcuLated. using

datu fot'qua?tz=t"ltdryite fron Robie et aL, (1978). gfnon Spercer and Linlsley (198L).

states which enter into calculations using equation (6).
The enthalpies of the exchange components in reactions
(l)-(8), Table 3, were estimated as the difference between
the enthalpies of the various compounds listed in Table 8.
Table 9 lists enthalpies of exchange reactions, involving
each of the seven exchange components in Table 1,
calculated for P : I bar, T = 1000'K from data in
Helgeson et al. (1978) (except where noted). Tabulated
values are 0.7-8.7 kcal compared to enthalpies of net-
transfer reactions (1H8), Table 3, which are in the range
of 49.6-616.4 kcal at I bar, 1000'K. Not all reactions in
Table 9 are directly applicable to phases that occur in
metamorphosed mafic igneous rocks (thermodynamic
data for minerals is limited). Nevertheless the values of
A.tI listed in Table 9 can probably be taken as good
evidence that the enthalpies of exchange reactions are
negligible compared to those ofthe net-transfer reactions.
The exchange reactions were therefore ignored in the
calculations of the heat budgets of the model metamor-
phic events. The cumulative amount of heat involved in
isobaric metamorphism between 599"C and 912'C under
conditions of both the QFM and HM buffers is plotted as
a function of temperature in Figure 5. Not surprisingly,
the overall model prograde metamorphic event involves
absorption of heat by the mafic rock from its surround-
ings. The net amount of heat absorbed, approximately
3fi) cal/cm3 rock between 599'C and 912'C, is dominated
by the CpAT term in equation (6). Under conditions of the
QFM buffer only approximately llVo of the total, cumula-

tive heat budget is used to drive prograde mineral reac-
tions; under conditions of the HM buffer, the proportion
is 8Vo. The behavior of mafic rocks differs greatly from
that of pelitic schists and impure carbonate rocks during
metamorphism. Approximately 4070 of the metamorphic

+300

6 +20O
o

o

T

9  + roo

T fC)
Fig. 5. Cumulative heat absorbed by mafic igneous rock from

its environment during metamorphism at 1000 bars as a function
of temperature and oxygen fugacity. Amount of heat refers to a
quantity of rock with volume 1000 cmr at 1000 bars, 599'C,

QFM. Dotted lines refer to the cumulative CpAI contribution to

Qa for each oxygen fugacity. The value of p1 was set to 0 at
59fC for model metamorphism on the QFM bufer and at 650'C
for metamorohism on the HM buffer.

I
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Table 10. Final rock volume, moles volatiles evolved or consumed, heat absorbed or released, P-V work, and volume of H2O fluid
involved in metamorphism of mafic igneous rock between the two sets of physical conditions listed in the lefthand seven columns of

each entry.*

To Bo
"2"  "2

QTB- V-
t

vo
f

urro

1000 706 HM
3000 'tor Hu

Igotherul ltrcrease ltr Dreaaure, buffered oxyS€n fugacltv

1002 3ooo 701 Hr.r 1002 -0.325 +0.052 +L9.2 +404
1002 5000 698 Hl.{ 1002 -0.141 -0.103 +r4.0 +709

+7261000 599 QFM 1000 3000 655 QFt{ 995 -0.080 -0.154 +53.1

ceothe@l gradlent - 22o/kn. buffered o:.JFen fugaclty

1000 599 QFU 1000 3000 763 qFM 995 +0.280 -0.369 +128'5

I6obarl.c, laothe@l oxldatlon

995 3000 752 HM tO02 -O.?LL +1,745 -50,1

993 rO00 650 HM 1.002 -0.988 +1,922 -L7 '2
977 1oO0 883 HM 981 -1 .217 +1.681 +3.0
963 l00o 902 HM 972 -2 .437 +2.431 -39 . r

+703

-4254 14 ,700
-2986 18,200
- r838 15 ,500
-1224 22 ,900

r { .053 +1.476 +96.0  -2803 13 ,900
-0.239 +t.464 +226.8 -25L4 13,600
€.480 +1.545 +243.3  -3734 14 ,300

3000 753 QFM
1000 651 QFM
1000 850 qrM
1000 9L2 qn{

1000 599 QFt{
1000 599 QFM
1000 599 QFX

1000 1000 154 Hlr 979
1000 1000 883 Hr'r 981
1000 1000 902 r{M 972

*f = initial p?eeawe (bare); { = fi.rul prelnwe (bane); f = initia| tanperutwe (c);

'1i = yt*t teftperutwe (c); so = initial forbuffer; f = fircl forbuffer; tfo = initial roak

uo lwe (q3) ;  
{=  n* t  rockw\we { -3 ) ; i r ro=rcLea HzT ewl teZ ( i  o t  emed ( ' ) ;  n r r=

rcLes H2 eulued (il or conwed ('); Q, = heat qbeorbed (il ot reLeased (-) (kcal); w = P-v

wnk penfored bg rock on its ewroundings (') on tiee !e"e (il (mL); Vroo = polme of H2O

reqtired. to Nidize rock (q3) ' ALL eatensiDe q*ntities refe" to o q*nity of rcek t'tith

uolwe 1000 m3 at eottditi.ons P = 1000 Lare; ? = Sggoc; foodefi.red by tha qFM buffer.

heat budget of pelitic rocks is used to drive the prograde
mineral reactions (Walther and Orville, 1982) while 75-
90% of the heat budget drives mineral reactions during
metamorphism of impure carbonate rocks (Ferry, 1983a).
The enthalpy of a reaction is positively correlated with
the number of moles volatile species evolved (Walther
and Orville, 1982), The difference in behavior of amphibo-
lites, therefore, is likely a consequence of their smaller
volatile content compared to pelitic schists and metacar-
bonate rocks. The volatile content of greenschists, how-
ever, is larger than that of amphibolites and the percent-
age of a mafic rock's heat budget used to drive mineral
reactions might be much larger than llVo at metamorphic
temperatures below 600'C, particularily at the transition
from greenschist to amphibolite facies conditions.

Isothermal metamorphism with increasing
pressure at buffered oxygen fugacity

Experiments at approximately 700"C; 1000, 3000, and
50fi) bars pressure; and under conditions of the HM
buffer model isothermal metamorphism which might oc-
cur, for example, shortly after the emplacement of a
thick, cold thrust sheet or a pile of cold nappes. The

overall prograde mineral reaction which would occur
during the transition from lfiX) bars to 50fi) bars pressure
is listed in Table 7; data in Table 6 indicate the corre-
sponding change in rock mode. Table l0 lists the changes
in rock volume which would occur as well as the number
of moles of volatiles consumed and released, and the
amount of heat and P-V work associated with prograde
mineral-fluid reaction. All values in Tables 6, 7, and l0
were calculated using equations (2)-(6) as discussed pre-
viously.

During isothermal metamorphism induced by increas-
ing pressure, the mafic rock develops amphibole +
sphenetquartz at the expense ofplagioclase and hemati-
te+quartz. Although the reaction is endothermic, a small
net amount of H2O is consumed. Rock volume remains
essentially unchanged. Because the overall prograde re-
action involves hydration, P-V work is done on the rock
by its environment.

Metamorphism along a geothermal gradient at
buffered oxy ge n fugacity

Calculated results under conditions of the QFM buffer
at (a) 599'C, 1000 bars; (b) 655"C, 3000 bars; and (c)



763'C, 3000 bars were used to model prograde metamor-
phism of mafic igneous rock along two geothermal gradi-
ents. The difference between P-T conditions (a) and (b)
corresponds to a geothermal gradient of approximately
7.4'Clkm and models the high-pressure facies series
metamorphism that occurs, for example, in subducted
oceanic crust. The difference between P-T conditions (a)
and (c) corresponds to a geothermal gradient of approxi-
mately 22"Clkm and models the intermediate-pressure
facies series of "normal" regional metamorphism. The
overall mineral reactions, changes in modes, changes in
rock volume, amounts of volatiles evolved or consumed,
and the amount of heat and P-V work involved in model
metamorphism of mafic igneous rock along each of the
two geothermal gradients are summarized in Tables 6, 7,
and 10.

Metamorphism along the 7.4"C/km gradient is qualita-
tively similar to isothermal metamorphism with increas-
ing pressure: the overall mineral reaction produces am-
phibole at the expense of plagioclase, Fe-Ti oxide, and
HzO; rock volume changes negligibly; P-V work is done
on the rock by its surroundings; and a small amount of
heat is absorbed by the rock from its surroundings.

Metamorphism along the 22"C/km gradient is qualita-
tively similar to model isobaric contact metamorphism in
the temperature range 599-750'C: the overall mineral
reaction creates amphibole from plagioclase and ilmenite;
much heat is absorbed by the rock from its environment;
and P-V work is performed on the rock by its surround-
ings.

Isothermal, isobaric oxidation

Calculated results at (a) -750"C, 3000 bars; (b) -650'C,
10fi) bars; (c) -E50'C, 1000 bars; and (d) -900'C, 1000
bars under conditions of both the QFM and HM buffers
models isobaric and approximately isothermal oxidation
of metamorphosed mafic igneous rock. Isothermal, iso-
baric oxidation of rock might occur, for example, during
some instances of hydrothermal alteration. Tables 6, 7,
and l0 list mineral-fluid reactions; changes in rock mode;
changes in rock volume; moles volatiles released and
consumed; and amounts of heat and P-V work involved
in model oxidation of mafic rock. The overall reaction
that occurs during oxidation of amphibole-bearing rocks
is similar at the three different temperatures investigated:
amphibole and ilmenite are replaced by hematite and
quartztclinopyroxenetplagioclase+-sphene. In every re-
action oxidation of rock is accomplished by consumption
of H2O by the mineral reaction and release of H2 by the
rock to its surroundings. Reactions may be either exo-
thermic or slightly endothermic, but all involve P-V work
done by the rock on its environment. Rock volume
increases by less than lVo.

The oxidation reactions in Table 7 can be used along
with calculated concentrations of species in O-H fluid in
equilibrium with metamorphosed mafic igneous rock to
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quantitatively estimate the amount of fluid involved in
oxidation of rock. The calculation assumes a model
reaction mechanism by which rock is oxidized through its
interaction with oxidizing O-H fluid. The fluid before
interaction with rock has composition of an G-H fluid in
equilibrium with hematite + magnetite at the P-T condi-
tions of reaction (i.e., Xnz = -0). Both seawater and
meteoric water would be examples of geologically mean-
ingful aqueous fluids with XH2 : -0. The fluid after
interaction with rock is assumed to be an O-H fluid in
equilibrium with quartz + fayalite + magnetite at the P-?
conditions of reaction (Xn, = 0.002-0.01 depending on P
and 4. The volume of oxidizing fluid required to drive the
calculated oxidation reaction (Vn.o) may be determined
from the following equation:

Xs. =
) ttt,,*(Et* - fl)
k

) (,+r,,* + ,+r,o,rJ(frr - frJ + VrroV'[ro
k

where Vfi$ is the molar volume of H2O at the P-T
conditions of the reaction (from Burnham et al., 1969),
r4r,o,r and rfi.,1 ar€ the stoichiometric coefficients of H2O
and H2 in the oxidation reactions (from Table 3), Xn.
refers to the concentration ofhydrogen in fluid in equilib-
rium with the mafic rock under conditions of the QFM
buffer (calculated as discussed previously), and (6[ - 6i)
refers to the difference in fbetween the fourpairs of P-T-
/o2 conditions investigated. The calculation assumes that
/o2 is fixed at the value defined by QFM throughout rock
oxidation. During actual oxidation of mafic rock, /oz
would change during mineral-fluid reaction from that of
QFM to that defined by HM. The XH2 of fluid in equilibri-
um with rock would therefore decrease with progress of
the reaction. Consequently volumes of fluid calculated by
equation (7) represent minimum estimates of the amount
of fluid required to oxidize -1fi)0 cm3 metamorphosed
mafic igneous rock. More accurate estimates of fluid
volumes could be obtained if the relation between/o2 and
reaction progress during oxidation were known, but this
information cannot be extracted from Spear's experimen-
tal data. Results calculated from equation (7) are present-
ed in the right-hand column of Table 10. Observed
degrees of oxidation require interaction of mafic rock
with at least 14.7-22.9 rock volumes H2O fluid. The
model calculations presented here emphasize that the
measured progress of oxidation reactions in natural meta-
morphosed mafic igneous rocks may have important
applications in monitoring water-rock interaction during
hydrothermal alteration (e.9., Ferry, l 9E3b).

Isobaric oxidation with increasing temperature

Comparison of calculated results at 599"C, QFM with
those at (a) 754"C, HM; (b) 8E3"C, HM; and (c) 902"C,
HM describes oxidation of metamorphosed mafic igneous
rock with an isobaric increase in temperature at lfi)0 bars

FERRY: A MEASURE OF REACTION PROGRESS
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pressure. Oxidation of rock with an increase in tempera-
ture at 1000 bars models fluid-rock interaction during
shallow-level (3-4 km depth) contact metamorphism
which involves circulation of heated, oxidizing, meteoric
water through the aureole (cf., Taylor, 1974).The overall
prograde mineral-fluid reactions; changes in rock mode;
changes in rock volume; moles fluid species consumed
and evolved; and the amount of heat and P-V work
involved in model prograde oxidation/metamorphism of
mafic rock are summarized in Tables 6. 7. and 10. The
change in mode of the mafic rock is qualitatively similar
to the change associated with isothermal, isobaric oxida-
tion. Model prograde metamorphism involves absorption
of much heat by the rock from its surroundings and P-V
work performed by the rock on its environment. The
reactions in Table 7 reveal that the mechanism of oxida-
tion is evolution of H2 by the rock during reaction with
little release or consumption of H2O. The H2 released by
the mafic rock in nature would be carried away by a
metamorphic fluid. Because the concentration of H2 in
O-H fluids is small, a substantial amount of fluid is
required. If the metamorphic fluid were an O-H fluid that
contained no H2 before fluid-rock interaction (e.9., it was
in equilibrium with hematite + magnetite) and contained
an amount of H2 after reaction corresponding to equilibri-
um with quartz + fayalite + magnetite, then the volume
of fluid needed to accomplish the oxidation may be
calculated using equation (7). Values for the intensive
variables in equation (7) were chosen as appropriate for
the midpoint of the temperature interval in which reaction
proceeded in the three cases investigated. Calculated
results appear in the right-hand column of Table l0 and,
as mentioned previously, represent minimum estimates of
the actual amount of fluid required to oxidize - 1000 cm3
metamorphosed mafic igneous rock. According to this
model, calculated degrees of oxidation with increasing
temperature require the participation of at least 13.6-14.3
rock volumes O-H fluid depending on the temperature
interval considered. Calculated results indicate that the
measured progress of oxidation/dehydration reactions in
contact metamorphosed rocks may act as extremely
sensitive monitors of fluid-rock interaction in the crust
and could serve as a useful complement to geochemical
studies involving the stable isotopes of hydrogen and
oxygen.

Conclusions

The change in mineral composition observed in meta-
morphosed mafic igneous rocks acts as a quantitative
record of the progress of the prograde mineral-fluid
reactions that occurred during their metamorphic evolu-
tion. Measured values of reaction progress, in turn, can
be used to determine the mineral reactions, changes in
mode, changes in rock volume, identity and amount of
volatile species released or consumed, and the amount of
P-V work associated with the metamorphism of individ-

ual rock samples. Perhaps more importantly, measure-

ment of reaction progress allows quantitative character-

ization of the way in which rocks interact with external

heat and fluid reservoirs during metamorphism. Mea-

sured values ofreaction progress, therefore, have impor-

tant applications in determining the amount and pattern of

mass and energy transfer which occurs in the crust during

metamorphic events. The model calculations presented in

this study indicate what kinds ofheat-rock and fluid-rock

interactions are likely to occur during high-temperature

metamorphism of mafic igneous rock in a variety of

metamorphic environments. Although calculations were

based on laboratory phase equilibrium studies, they are

equally applicable not only to investigations of natural

mafis metamorphic rocks but also to metamorphic rocks

of other bulk compositions.
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