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Abstract

The mineral-fluid equilibria that govern silica redistribution by aqueous fluids in subduction
zones were evaluated at constant pressure and temperature in the model system Mg0-5i0,-H,0
(MSH). At <20 kbar and <1000° C, model H,0-Si0, fluids liberated via devolatilization in
subducting crust will be buffered at or near quartz saturation along any specified subduction
P-T path, whereas fluids in equilibrium with model metaperidotites, ranging from dunite to
orthopyroxenite protoliths, have silica concentrations significantly below quartz saturation.
Isothermal-isobaric flow of fluid from the slab to the mantle wedge therefore drives metasomatic
reactions that increase the bulk silica content of metaperidotites and decrease the silica content
of the fluid. The potential for silica metasomatism increases with depth for all subduction paths
and model bulk compositions. At a given depth, the capacity for silica metasomatism increases
with temperature and with abundance of forsterite relative to enstatite. Water-rock ratios
required to produce metasomatic mineral assemblages decrease with increasing pressure and
temperature. Mineral assemblages diagnostic of silica metasomatism at shallow subduction
levels require water-rock ratios of >100 moles fluid/cm? rock; but at depth, flow of only several
moles fluid/cm? rock is sufficient to produce assemblages characteristic of silica metasomatism.
Decreasing temperature with time in most subduction zones suggests that the potential for silica
metasomatism is greatest at early stages of convergence. Subducted ultramafic rocks showing
evidence of high-temperature silica metasomatism therefore may provide windows into early
subduction processes. In general, temporal changes in subduction parameters favoring increas-
ing temperatures will enhance the potential for silica metasomatism, whereas those leading to
lower temperatures should be expected to decrease the capacity for silica transfer with time.

Introduction

SUBDUCTION BRINGS TOGETHER crustal and
mantle lithologies along an interface defined by
the subduction shear zone. This juxtaposition
of rocks of different bulk composition gener-
ates the potential for strong metasomatism asso-
ciated with migrating aqueous fluids. Metaso-
matic transfer of trace elements in subduction-
zone settings has been investigated theoreti-
cally and experimentally (e.g., Navon and
Stolper, 1985; Ayers and Watson, 1993; Brenan
et al., 1995) because this process plays a fun-
damental role in modifying the sources of sub-
duction-related magmas (e.g., Perfit et al.,
1980; Gill, 1981; Arculus and Powell, 1986;
Hawkesworth et al., 1993; Pearce and Peate,
1995). Bebout and Barton (1993) assessed the

fluids relative to their abundance in rocks. They
demonstrated that potentials for C, Si, and
alkali transport were low compared to those for
incompatible elements such as H, which sug-
gests that metasomatism of major elements
should be limited to comparatively small scales
in subduction zones. Although local major-
element metasomatism is illustrated in
numerous examples of exhumed subduction-
zone rocks (e.g., Heinrich, 1982; Kobayashi et
al., 1987; Peacock, 1987; Sorenson, 1988;
Bebout and Barton, 1989, 1993; Bebout, 1991;
Friith-Green, 1994; Harlow, 1995), there are few
quantitative constraints on mineral-fluid equi-
libria at subduction conditions, which means
that critical questions about mass transfer in
these localities remain unanswered. For exam-

likely relative extents of major-element meta-
somatism by estimating ranges in the sol-
ubilities of H, C, O, Si, and alkalis in aqueous
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ple, how does the potential for metasomatism
vary with mineral stability (i.e., P and T)? At
what conditions will metasomatic mass transfer
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Isothermal-Isobaric
Metasomatism at the Slab-Mantle Interface
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Fic. 1. Conceptual model used for analysis of flow of
H,0-Si0, fluid from slab to mantle wedge at constant
pressure and temperature. The mantle wedge is assumed to
be spatially fixed relative to the underthrusting slab, In
detail, processes at the slab-mantle interface probably
involve intimate interslivering of diverse lithologies. This
analysis is appropriate for evaluating transfer from silica-
rich blocks to a silica-poor matrix (inset), or vice versa, as
long as variations in chemical-potential gradient of Si0,
arise predominantly from lithologic contrasts rather than P
and T.

be maximized? And what water-rock ratios are
required to generate observed metasomatic
effects? Answers to such questions require sys-
tematic exploration of metasomatic phase rela-
tions for appropriate chemical systems.
Recently completed experimental studies of
the solubility of quartz in H,O at high pressures
(Manning, 1994) now allow investigation of the
phase-equilibrium controls on metasomatism
of a major rock-forming component (5i0,) in
subduction environments. A necessary first
step toward detailed metasomatic models is an
analysis of the effect of flow across lithologic
contacts at constant pressure and temperature.
In this paper, | examine isothermal-isobaric
reactions at the slab-mantle interface along
different subduction P-T paths using the simple
system MgO-Si0,-H,0. Results in the model
system provide a guide for interpretation of
natural, metasomatized peridotites and yield
insights into the controls on major-element
metasomatism in subduction zones.
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Background

Metasomatic reactions along the path of a
flowing aqueous fluid are driven by changes in
element solubility arising from gradients in
bulk composition, P, and T. Metasomatism in
subduction zones is complex, because the gra-
dients in all three variables may be significant.
To begin to unravel the phase-equilibrium con-
trols on SiO, redistribution, an appropriate
starting point is the assessment of isothermal-
isobaric reactions driven only by lithologic vari-
ation along the flow path. This is the focus of
the present paper. The analysis provides the
background for more complex models of flow
and reaction on paths along which P, T, and bulk
composition vary (Manning, 1996a).

The reference frame for evaluating silica
metasomatism at constant P and T is illustrated
in Figure 1. The mantle wedge is assumed to be
stationary (see below), and the subducting slab
moves beneath it along the subduction shear
zone. The sources of aqueous fluid are the
silica-rich crustal lithologies of the subducting
slab. That fraction of fluid that flows across the
subduction shear zone migrates into the silica-
poor mantle wedge at constant P and T. In
detail, the lithologic contrasts in the vicinity of
the subduction shear zone may be structurally
complex, probably consisting of a melange of
different lithologies (e.g., Bebout and Barton,
1989, 1993), but these features simply reflect
small-scale examples of the same lithologic vari-
ations implied by flow across an infinitesimally
narrow shear-zone contact between crustal and
mantle lithologies (Fig. 1). Thus, regardless of
the actual geometry of lithologic contacts, an
analysis of isothermal-isobaric mass transfer is
relevant to metasomatism at scales of a few tens
of meters or less, where chemical-potential dif-
ferences caused by changes in P and T probably
are small compared to those arising from bulk-
compositional contrasts.

In addition to P, T, and bulk composition, the
extent of metasomatism also is controlled by
the kinetics of reaction, the geometry of the
pore network, and the volume of fluid. To
investigate phase-equilibrium controls on
metasomatic reactions, equilibrium is assumed
and fluid migration is taken to be by porous
flow, such that complete exchange between
fluid and rock occurs. Thus, if the volume of
isothermal-isobaric fluid flow is specified,
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metasomatic variations will result from (1) the
gradient in the chemical potential of 5i0,, as
determined by the starting fluid composition
and the bulk composition of the mantle wedge,
and (2) the P-T path of subduction, which
dictates the conditions at which reaction
occurs.

Starting fluid composition

This study assumes a model, two-component
H,0-Si0, fluid. A complete analysis would
require consideration of CO,, NaCl, and other
components, but the effect of fluid composition
on Si0, solubility has not been investigated
experimentally or theoretically at the high pres-
sures of subduction zones. Moreover, a two-
component fluid is useful because SiO, con-
centrations in aqueous fluids typically are sig-
nificantly greater than other components at
moderate to high pressures (e.g., Eugster and
Baumgartner, 1987; Manning and Boettcher,
1994), so the simplified composition provides
a first-order understanding of the phase-equi-
librium controls on Si0, metasomatism.

At a given P and T, the starting SiO, content
of aqueous fluids in the slab will be controlled
by the minerals present when dehydration reac-
tions occur. The volumetrically dominant slab
lithology near the subduction shear zone will be
mafic in composition. Studies of metabasalts
along high-P/T facies series show that quartz
typically is present until anhydrous, eclogite-
facies mineral assemblages develop (e.g., Ernst,
1990; Peacock, 1993a). Fluids liberated from
hydrous metabasalts therefore will be quartz
saturated. Moreover, downgoing slabs are proba-
bly mantled by a veneer of sediment that is
dominated by pelagic material (Moore, 1975;
Plank and Langmuir, 1993). The compositions
of ocean-floor sediments are sufficiently silica-
rich (Hay et al., 1988; Kyte et al., 1993; Plank,
1993) that their metamorphic equivalents will
contain substantial modal volumes of quartz
(e.g., Ernst, 1990), and quartz saturation is
likely to persist as fluid is lost during subduc-
tion (Manning, 1996b). In addition, oceanic
mantle lithosphere also may be a significant
source of fluids in the downgoing slab (e.g.,
Thompson, 1992; Scambelluri et al., 1995;
Ulmer and Trommsdorff, 1995); however,
unless in direct contact with mantle-wedge
lithologies, fluids produced in hydrous mantle
rocks can be expected to flow through and
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equilibrate with quartz-bearing metabasalt or
metasediment. Thus, fluids produced in the
slab are assumed here to be quartz saturated
prior to flow into the mantle wedge.

Subduction P-T paths

As illustrated in Figure 1, the mantle wedge is
postulated as stationary; that is, it does not
deform during metasomatic reaction. Although
the dynamics of mantle deformation in subduc-
tion zones are poorly understood, the region
along the slab-mantle interface where this
assumption is most likely to hold is the mechan-
ical lithosphere (e.g., Davies and Stevenson,
1992; Peacock, 1993b), which is here assumed
to correspond to conditions at which P<20
kbar and T<<1000° C. Because these are the
conditions at which much (but not all) of the
fluid production occurs in the slab (Peacock,
1990, 1993a), it is an appropriate subdivision of
P-T space for analysis of the phase-equilibrium
controls on metasomatic mass transfer.

Figure 2A shows three P-T paths correspond-
ing to the slab-mantle interface to a vertical
depth of ~70 km, or ~200 km of slab length.
The P-T paths are those of Peacock (1993a), in
which the steady-state thermal regimes were
calculated for subduction at 10 em/yr, a sub-
duction angle of 20°, rock densities of 3.0
g/cm?, and increasing shear stress from Path 3
(33 MPa) through Path 2 (67 MPa) to Path 1
(100 MPa). Because the subduction paths differ
in their temperatures at a given depth, they can
be used to illustrate a range in P-T conditions
resulting from different subduction scenarios.
For example, Path 1 represents the P-T regime
that might be expected when young oceanic
crust is subducted, whereas Path 3 probably
best reflects conditions likely in a long-lived
subduction zone and represents an approximate
lower limit on likely subduction-zone tempera-
tures (Peacock, 1993a). Although different,
more complex P-T paths may result from con-
sideration of the brittle-ductile transition (Pea-
cock et al., 1994) or alternative numerical
analyses of heat and mass transfer (e.g., Davies
and Stevenson, 1992), the paths used here serve
to illustrate the effects of different P-T paths on
Si0, metasomatism at the slab-mantle inter-
face. Note that the steady-state conditions of
this analysis dictate that heat liberated or con-
sumed by reaction does not affect the thermal
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Fi. 2. A, Stable phase equilibria in the system Mg0-Si0,-H,0 in the presence of excess H,0 calculated using the
GEO-CALC computer program (Berman et al., 1987). Equilibria are listed in Table 1. Quartz and enstatite are in
their stable structural states at all P and T, although the transition boundaries were omitted for clarity. The
water-ice phase boundary is from Haselton et al. (1995). P-T paths (bold arrows) are from Peacock (1993a). B. MgO-
5i0,-H,0 ternary and H,0-excess binary showing phase compositions (& = anthophyllite).

regime, which is reasonable for most subduec-
tion scenarios (Davies and Stevenson, 1992).

Model composition of the mantle wedge

Phase relations were evaluated in the system
MgO-Si0,-H,0 (MSH) to approximate the bulk
composition of mantle lithosphere present
above subducting slabs. Potentially important

components not considered are FeO, Al,O; and
Ca0. The advantage of ignoring these compo-
nents is that analysis of phase relations in the
simple MSH system allows evaluation of the
controls on metasomatism, which then provides
a framework for more complex analyses involv-
ing the additional phases required by other
components. It is particularly important to rec-
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ognize, however, that addition of small amounts
of FeO leads to large shifts in the positions of
equilibria in Figure 2A (e.g., Evans and Gug-
genheim, 1988), leading most importantly to
increased stability of Ca-free amphibole. Ca-
free amphibole (anthophyllite or cumming-
tonite) therefore should be more common in
natural, Fe-bearing peridotites than its stability
field in Figure 2A would suggest. However,
shifts in the locations of individual equilibria
and invariant points from addition of FeO do
not change the fundamental metasomatic
topologies relative to those of the simple MSH
system.

Bulk compositions ranging from forsterite to
enstatite were examined to investigate the
effect of a range in Mg/Si ratios on metasomatic
phase relations. The minerals considered are
shown in Figure 2B in the ternary MgO-SiO.,-
H,0, and projected to the excess-H,O binary
join between MgO and SiO,. Lizardite is not
included in the calculations because the ther-
modynamic properties of Fe-Al-free end mem-
ber are poorly known. In addition, although
field evidence suggests lizardite is a stable ser-
pentine polymorph (e.g., Wicks and O"Hanley,
1988), all experimental syntheses appear to be
metastable with respect to antigorite and
chrysotile, which implies that Al-free lizardite
can be stable only at low temperatures (e.g.,
<250° C at 2 kbar) (Chernosky et al., 1988), if
at all. Thus, natural occurrences of lizardite
likely reflect low temperatures or stabilization
by minor Al or Fe** substitution into the crystal
structure. Because of the higher temperatures
and Al- and Fe-free bulk composition consid-
ered here, lizardite need not be considered
further. Other low-temperature minerals not
considered here are sepiolite, hypothetical
MSH palygorskite, and the Mg-montmorillonite
stevensite, which all are metastable with
respect to tale and chrysotile (Hostetler and
Christ, 1968; Jones, 1986; Stoessel, 1988; Jones
and Gallan, 1988).

High-temperature, high-pressure phases
excluded from this study include the humite-
group minerals, phases “A™ through “E" and
10-8 Mg,Si,0,,(0H),*2H,0 (Sclar and Car-
rison, 1966; Ringwood and Major, 1967;
Yamamoto and Akimoto, 1974, 1977; Bauer and
Sclar, 1979, 1981; Akimoto and Akiogi, 1980;
Liu, 1986, 1987; Kanzaki, 1991; Thompson,
1992; Luth, 1995; Bose and Ganguly, 1995;
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Pawley et al., 1995; Pawley and Wood, 1995).
Their thermodynamic properties are poorly
known, but analyses of phase relations by
Yamamoto and Akimoto (1977), Liu (1987),
Bose and Ganguly (1995), and Pawley and
Wood (1995) show that these minerals are not
likely to be stable at <20 kbar for bulk composi-
tions between forsterite and enstatite. Partial
melting of MSH bulk compositions between
forsterite and enstatite does not occur under
the P-T conditions evaluated (Kushiro et al.,
1968b; Ellis and Wyllie, 1979; Ito and Weidner,
1986; Kanzaki, 1991), although the water-satu-
rated solidi of natural peridotites are inter-
sected at <<1000° C at ~10 to 20 kbar (Kushiro
et al., 1968a; Kushiro, 1970; Green, 1973; Mill-
hollen et al., 1974; Mysen and Boettcher,
1975).

Thermodynamic calculations employed
equations and data of Haar et al. (1984) for
H,0, Berman (1988) for minerals, and Manning
(1994) for aqueous silica. Minerals were
assumed to be stoichiometric and to have unit
activity at all values of P and T. Despite experi-
mental difficulties in determining chrysotile
stability, Berman et al. (1986) and Berman
(1988) assumed it to be a stable phase at low
temperatures based on its widespread occur-
rence in natural serpentinites. Mineral com-
pressibilities of Berman (1988) were assumed
to hold over the pressure range investigated (up
to 20 kbar), although recent analyses of talc
(Bose and Ganguly, 1995; Pawley et al., 1995)
suggest that extrapolation to higher pressures
would be inaccurate. The thermodynamic prop-
erties of the fluid were approximated by pure
H,0 because of the low mole fractions of dis-
solved SiO, over the P-T range of the study.

Figure 2A and Table 1 provide stable phase
equilibria relevant to high-pressure metamor-
phism in the MSH system in the presence of
excess H,0. Figure 2A is similar to P-T pro-
jections provided by Berman et al. (1986) and
Evans and Guggenheim (1988), with the excep-
tion that equilibria were projected from H,0.
Phase boundaries are consistent with the
recent studies of Johnson and Walker (1993),
Pawley and Wood (1995), Bose and Ganguly
(1995), and Ulmer and Trommsdorff (1995).
The P-T projection is consistent with the results
of Chernosky et al. (1985), but differs from the
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TaBLE 1. Selected Equilibria in the System Mg0-Si0,-H,0!

a. 17Mg;Si,05(0H), = 3Mg(OH), + MgsSiy 04 (OH) .,

chrysotile brucite

antigorite

b. 20Mg(OH), + Mg,:Si, 06 (OH) ., = 3dMg,Si0, + 51H,0

brucite antigorite

forsterite

e. MgyuSiy,0ps (0H) 2 = 4Mg,Si,0,,(OH), + 18Mg,Si0, + 27H,0

antigorite tale

forsterite

d. Mg,Si,0,,(0H), + Mg,SiO, = 5MgSi0,+ H,0

tale forsterite enstatite

e. Mgz,Sis 045 (OH) o + 14Mg,Si,0,,(OH), = 90MgSiO,+ 45H,0

antigorite tale

enstatite

. Mg uSiy, 045 (OH) , = 14Mg,SiO, + 20MgSiO .+ 31H,0

antigorite forsterite

enstalite

g IMg.Si,0,,(0H), + 4Mg,Si0, = 5Mg.Si,0,,(0H), + 4H,0

tale forsterite

anthophyllite

h. Mg.Si,0,,(0H), + Mg.Si0, = 9MgSi0, + H,0

anthophyllite

forsterite enstatite

i. Mg:Si,0,,(0H), = Mg,Si,0,,(0H),, + 4MgSi0,

anthophyllite tale

enstatite

j. TMg:Si,0,,(0H), = 3Mg.Si,0,,(0H), + 4Si0, + 4H,0

tale anthophyllite

quartz

k. Mg:Sig0u,(0OH), = TMgSi0, + Si0, + H,0

anthophyllite  enstatite

quartz

I. Mg,5i,0,,(0OH), = 3MgSi0, + Si0, + H,0

tale enstatite  quartz

m. Mg(OH), = MgO + H,0
brucite  periclase

'Reactant assemblage stable at low temperature and fixed pressure.

projections of Delany and Helgeson (1978),
which assume that antigorite is not stable with
chrysotile (Helgeson et al., 1978).

Path 1 traverses Figure 2A at the highest
temperatures at any given pressure. This low
P-T path passes slightly above the maximum
stability of anthophyllite, which makes this
phase metastable at all conditions evaluated
in the present study. Because of the positive
Clapeyron slope of the reaction brucite + an-
tigorite = forsterite + water, forsterite is pro-
duced at the lowest temperature and shallowest
depths along Path 1. Moreover, all initial bulk
compositions (Mg/Si = 2 to 1) will contain
forsterite and enstatite in the presence of H,0
at the shallowest levels on this path. Path 2
represents  intermediate P-T  conditions.
Because it passes above the enstatite-antigorite-

forsterite-talc-H,O invariant point, this path
will produce the unusual assemblage enstatite +
antigorite for appropriate bulk compositions
(see below). The anhydrous assemblage for-
sterite + enstatite is stable with H,0 at some-
what lower temperature than along Path 1, but
at significantly greater depth. Path 3 represents
high P-T subduction paths. The only univariant
equilibrium crossed below 20 kbar is the H,0-
conserving transformation of chrysotile to anti-
gorite + brucite.

Because SiOmaq, mole fractions are low in the
P-T range considered (see below), and because
full hydration of model MSH peridotites
requires comparatively little H,O (Bebout and
Barton, 1993), the starting mineral assemblages
in the mantle wedge can be assumed to be those
in equilibrium with H,O everywhere along the
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Fic. 3. Fully hydrated model MSH peridotite assemblages
as a function of distance along the slab and initial forsterite
mode for Paths 1, 2, and 3.

subduction path. This is tantamount to assum-
ing that prior to Si0, metasomatism, sufficient
quantities of pure H,O react fully with the
mantle wedge so that it is everywhere H,0
saturated. Figure 3 shows the starting H,0-
saturated mantle-wedge mineral assemblages as
a function of the initial ratio of forsterite to
enstatite (Vi) and distance along the subduc-
tion zone as calculated using the reaction coeffi-
cients given in Table 2 (cf. Kitahara et al.,
1966; Yamamoto and Akimoto, 1977; Liu,
1987). Fields in these diagrams correspond to
divariant assemblages, horizontal lines to tri-
variant assemblages, and vertical lines to uni-
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variant MSH equilibria (Fig. 2A). The con-
vergence of all paths at low P and T results in
identical, low-grade mineral assemblages in the
presence of H,0: chrysotile + brucite where
Mg/Si > 3/2, antigorite + chrysotile where 3/2
> Mg/Si > 48/34, and talc + antigorite where
Mg/Si < 48/34. P and T increase along each
path, but to differing degrees. Along Path 3 (Fig.
3C), low temperatures persist to high pressures.
This results in little change in the hydrous MSH
assemblage along the entire path because only
one reaction boundary is crossed. Thus Path 3
generates comparatively large regions of sta-
bility of individual assemblages in distance-
bulk composition space. The higher tempera-
tures of Path 2 mean that more univariant
equilibria are intersected (Fig. 2A), and the
stability regions of low-T assemblages diminish
at the expense of high-temperature assemblages
such as antigorite + forsterite, enstatite +antig-
orite, and enstatite + forsterite (Fig. 3B). Path 1
results in the highest temperatures at a given
distance, producing hydrous-phase stabilities
that are spatially and compositionally the most
restricted. For enstatite-rich bulk composi-
tions, the assemblage talc + antigorite is stable
along much of the slab-mantle interface,
whereas mineral assemblages are more variable
for forsterite-rich bulk compositions,

Silica Metasomatism along the
Slab-Mantle Interface

Quartz solubility and subduction P-T paths

Measured quartz solubilities at high pres-
sures and temperatures allow prediction of the
concentration of Si0, in H,O equilibrium with
quartz from 25° C, 1 bar to >20 kbar and
~1000° C (Manning, 1994). Values of the log-
arithm of aqueous silica molality (logmg;q,(.q)
at quartz-H,0 equilibrium are shown as a func-
tion of P and T in Figure 4, where it can be seen
that quartz solubility increases strongly with
increasing pressure and temperature. Along
Paths 1, 2, and 3, quartz solubility increases
from ~10-* molal at 25° C, 1 bar (6.0 ppm), to
respectively 0.2 molal (0.9 wt%), 1.5 molal (8.1
wt%), and 5.2 molal (24.0 wt%) at the highest
temperature.

The increases in silica solubility at quartz
saturation of 10% to 10*5 times along the P-T
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TaBLE 2. Reaction Coefficients of H,0 and Secondary Minerals
for Hydration of Model Peridotites!

Stable secondary H,0 Brucite  Chrysotile  Antigorite Tale Forsterite  Enstatite
assemblage
: . dny+ no ny-ng nj+ng
Brucite + chrysotile
2 2 2
) o 3ny+ne 10ng - Tny n¢ - ny
Chrysotile + antigorite
2 3 6
3nj+ n¢ Snj+ng  Tn? - 10ny
Antigorite + tale —_—
2 90 45
o Slny+ 17n2  10n§ - Tn2 ng+ng
Antigorite + brucite
34 17 34
. . ; 3lne n 14n?
Forsterite + antigorite ny -
20 20 20
. ny n; n;
Forsterite + tale ng+
5 5 5
) ) o 3lny ny 20ny
Enstatite + antigorite L
14 14 14

Forsterite + enstatite

nf n;

'ny=initial forsterite content (moles); ng = initial enstatite content (moles). Coefficients were derived using molar volumes

from Berman (1988) by simultaneously solving Mg, Si, and H mass-balance expr

paths demonstrate that subduction generates
large gradients in fluid transport capacities that
depend on P and T (see also Bebout and Barton,
1993; Manning, in press, 1996a, 1996b); but
analysis of isothermal-isobaric metasomatism
requires simultaneous consideration of the
effect of bulk composition at each P and T along
the subduction path (e.g., Thompson, 1959;
Khorzhinskii, 1964, 1965; Helgeson, 1967,
1970; Hemley et al., 1977a, 1977b). This is
particularly important in the case of silica meta-
somatism in subduction zones because of the
large gradients in the chemical potential of SiO,
between the Si-rich slab and the Si-poor mantle
wedge. The combined effects of P, T, and bulk
composition on metasomatic phase relations
can be assessed through phase diagrams
illustrating the dependence of fluid composi-
tion on mineral stability.

Metasomatic phase diagrams

Equilibria among Si0,, ) and minerals in the
MSH system were computed along each subduc-

hl

for each g
tion path using the thermodynamic data for
aqueous silica calculated as described by Man-
ning (1996a, 1996b) and the equilibria pre-
sented in Table 3. By adopting standard states of
unit activity of pure phases at any temperature
and pressure and unit activity of a one-molal
solution at infinite dilution and any pressure
and temperature, and by equating Siomq}
activity to its molality (e.g., Hemley et al.,
1977b; Walther and Helgeson, 1977; Walther
and Orville, 1983), the mass-action expressions
for the reactions in Table 3 describe the depen-
dence of mineral stability on SiO,,, concentra-
tion and position along subduction paths.
Reactions in Table 3 employ the conventional
silica species SiO, ). This avoids uncertainties
about silica hydration state by assuming that
the thermodynamic properties of hydrated sil-
ica are the sum of those of SiO,,, and Hy0.
Thus, explicit provision for hydration of aque-
ous silica would change the stoichiometries of
H,0 in the equilibria in Table 3 (e.g., Hemley
et al., 1977b), but would not alter the thermo-
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dynamic properties of the reactions (Walther
and Helgeson, 1977; Walther and Orville,
1083).

Figure 5 shows phase relations along each
subduction path as a function of logmsg;o, (-
The diagrams are similar to isobaric diagrams of
Hemley et al (1977a, 1977b) and Evans and
Guggenheim (1988), except that P and T covary
along the ordinates. Along a specified subduc-
tion path, mineral pairs are univariant in the
presence of a fluid: they fix mg,(,, at a given
point along the slab-mantle interface and they
buffer mg;q, 4y as P and T change. The widths of
divariant one-phase fields define the range in Si
concentration over which the phase is stable.
These fields therefore indicate regions in which
both mg;0,. and position in the subduction
zone may vary independently. Invariant points
are defined by the coexistence of three minerals
with an H,0-5i0, fluid. They fix both solution
composition and position along the path.

In Figure 5, the maximum equilibrium con-
centration of SiOy,, is defined by quartz sat-
uration along each path. Silica concentrations

in excess of quartz saturation do not reflect
equilibrium; such fluids equilibrate by pre-
cipitating quartz, thereby decreasing their
Si0y,y content. Fluids with SiOy,, contents
lower than quartz saturation at any P and T
reflect equilibrium with quartz-undersaturated
bulk compositions. Isothermal, isobaric phase
relations involving an Si-bearing pore fluid (Fig.
5) may be considered for two hypothetical cases
(cf. Hemley et al., 1977b)—reactions in a
closed system with static pore fluid, and reac-
tions in an open system involving a flowing pore

fluid.

Phase relations in closed systems

In fully hydrated MSH peridotites that are
closed with respect to mass exchange with the
adjacent slab, the Si0,,, concentration in the
pore fluid is controlled by rock bulk composi-
tion. Figure 5 shows that Si-exchange equilibria
between all mineral pairs (Table 3) have positive
slopes, which means that SiO,,,,, concentration
in mantle-wedge pore fluids near the slab
increases with depth in the subduction zone,
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TasLE 3. Relevant Silicification Equilibria in the System MgO-Si0,-H,0!

a. 3Mg(OH), + 2Si0),

brucite

= Mg,Si,0.(0H), + H,0

chrysotile

b. 48Mg(OH), + 34Si0,,,, = MgySiy,04(OH) , + 17TH,0

brucite

e. 16Mg,Si,0.(0H), + 2Si0.,

2ag)
chrysotile

d. MgSiy, 04 (0H), + 30550,
antigorite

antigorite

= MgySis0us(OH) ., + H,0

antigorite

= 16Mg,Si,0,,(0H), + 15H,0

lale

e. 3MgSI0, + S0, + H,0 = Mg,Si,0,,(0H),

enstatite tale

f. Mg,SiO, + Si0,,,, = 2MgSi0,

forsterite enstatite

g 3MgSi0, + 55i0,,,,, + 2H,0 = 2Mg,Si,0,,(0H),

forsterite

h. 24Mg,Si0, + 10Si0,
forsterite

{ag)

i Mg1sSizi O (OH) o + 148i0,

fasf)

lale

+31H,0 = Mg,;Siy, 045 (OH)

antigorite

= 48MgSi0), + 31H,0

antigorite enslatite
J- 2Mg0 + 5i0, . = Mg,5i0,
periclase forsterite
k. 2Mg(OH), + 5i0,, = Mg.Si0, + H,0

brucite forsterite

'Reactant assemblage stable at low Si0),,,, activity at fixed temperature and pressure.

regardless of bulk composition. For example,
for Vi, = 80%, the mineral assemblage stable at
low pressures and temperatures is chrysotile +
brucite (Fig. 3), so SiO,,,, concentration will
be buffered by this phase ?:»oundary below 10-¢
molal at shallow levels of subduction zones,
regardless of P-T path. As depth increases,
M50 (aq) becomes greater until the chrysotile-
brucite-antigorite invariant point is reached at
Msi0y(aq) ~~ 1077 and the mineral assemblage con-
verts to antigorite + brucite. Depending on P/T,
the new antigorite + brucite assemblage may
continue to buffer mgq,(,, to beyond 20 kbar
(Path 3), or additional invariant points may be
encountered (Paths 1 and 2). For example,
along Path 2, SiO,,., concentration increases
with depth as controlled by brucite + antigorite
stability until the brucite + antigorite + for-
sterite invariant point is encountered at ~8
kbar and logmgg, .y = 3.2, and the mineral
assemblage converts to forsterite + antigorite.
At greater depths, the concentration of Si();mqi

continues to increase to the next invariant
point, where forsterite + enstatite become sta-
ble. Note that talc does not appear for this bulk
composition because of the narrow stability
field of antigorite + enstatite (Figs. 2A and 5).
In general, the changes in the composition of
stationary pore fluid in an isochemical, station-
ary rock volume in the mantle wedge can be
determined by identifying the progression of
mineral assemblages for a given bulk composi-
tion in Figure 3, and then determining the
Si0y,y concentration required for the position
on the path of interest in Figure 5.

Figure 5 shows that the SiO, . content of
static pore fluids in model MSH peridotites
increase with increasing depth in subduction
zones, regardless of P-T path or starting model
bulk composition. All three paths begin at 1 bar
and 1° C, where chrysotile + brucite in fully
hydrated forsterite-rich bulk compositions
(Mg/Si > 3/2) buffer SiO,,, concentration at

10-975 molal. More enstatite-rich compositions



1084

A 20 T T -

PATH1 periclase / : y 1000’"‘
é“ 15 - 8
P <1800 ©
g 10 brucite i ‘g
4 1600 §
o 5 pchrysotile ! 1400 E

o 53 u!.aflﬂn E %00
-6 5 4 -3 2 1 0 1

B 20 T T T v

PATH 2 enstalite 4700

farsterite 4600

brucite

- 400

quanz
saturation

Pressure (kb)
=

5F chrysotile antigorite

P

o

o
Temperature (°C)

1 1 il ]
065 2 5 2 1 0 1

(]
]
{=]

PATHE?
15

brucite

antigonte
chrysotile

Pressure (kb)
=)

quartz 1200
saturation

w

(=]

o
Temperature (°C)

-6 -5 -4 -3 -2 -1
log MSi02(aq)

Fic. 5. Metasomatic phase diagrams showing mineral-
solution equilibria along Paths 1-3 in the system MgO-
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lead to 10-7-72 (antigorite + brucite, 3/2 > Mg/
Si >48/34) and 10+ molal (antigorite + talc,
48/34 > Mg/Si > 1). At 20 kbar along Path 3,
antigorite + brucite equilibrium requires
Si0y,q = 1028 molal, so mgg,q in a static
wedge pore fluid increases by nearly seven
orders of magnitude. More enstatite-rich bulk
compositions are composed of antigorite + talc
to 20 kbar, where M0 (aq) = 10-137. The increase
in Si0,,, molality for these more silica-rich
bulk compositions is thus ~3.5 orders of magni-
tude to 20 kbar. Along the higher temperature
paths, forsterite + enstatite are stable at 20 kbar,
so pore-fluid composition depends only on sub-
duction path. At 20 kbar, forsterite + enstatite
require that SiO,,, = 10-°% molal on Path 2
and 10%1¢ molal on Path 1. Thus, static pore
fluids in the mantle wedge display increases in
MSi05(aq) of about 8.5 to 9 orders of magnitude
along high-temperature paths. Such large
increases dramatically exceed those experi-
enced by quartz-saturated rocks (Fig. 4).

CRAIG E. MANNING
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Fic. 6. Schematic diagram showing framework for eval-
uating isothermal-isobaric metasomatic reactions along the
slab-mantle interface at different depths and initial fos-
terite-enstatite ratios.

Phase relations in open systems

Isothermal-isobaric flow of Si0,-H,0 fluids
from the silica-rich slab to the silica-poor
mantle wedge will result in silica metasoma-
tism. The metasomatic reference frame adopted
here (Fig. 3) leads to reaction paths such as
those illustrated in Figure 6. Flow at constant P
and T requires changes in the Si0, content of
both fluid and rock. These can be determined
from Figure 5. Qualitatively, fluid in equi-
librium with quartz and liberated from the slab
and flowing across the subduction shear zone
into a lithology with high Mg/Si decreases its
Msi0,sq) At constant P and T by dissolution of
the silica-poor phase and growth of the silica-
rich phase (Fig. 6). Along reaction path B, in
Figure 6, these phases correspond to forsterite
and antigorite, respectively (reaction h, Table
3). Dissolution of forsterite continues until it is
completely expended and a rock composed of
100% antigorite is produced. Equilibration of
the next aliquot of quartz-saturated fluid
requires consumption of Si0,,, which can
occur only by dissolution of antigorite and
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nucleation and growth of talc (reaction d, Table
3). Once this occurs, the final fluid composi-
tion shifts to antigorite-tale equilibrium, the
reaction path corresponds to B, and antigorite
dissolves as tale grows until a rock composed of
pure talc is produced. The next aliquot of fluid
will cause quartz to nucleate, after which there
is no further net transfer of silica between rock
and fluid. As illustrated by reaction paths A and
C in Figure 6, the nature of the mineral-fluid
reactions and the magnitudes of the required
shifts in fluid composition vary depending on
position in the subduction zone and initial bulk
composition.

The phase-equilibrium controls on silica
metasomatism resulting from flow across the
slab-mantle interface were derived using the
phase relations in Figure 5 and mass-balance
constraints (Ferry, 1986) for a given number of
moles of fluid (np) per em?® of rock. Figure 7
illustrates effects of flow of different quantities
of quartz-saturated fluid on model hydrated
peridotites in terms of position along the slab-
mantle interface and starting bulk composition.
As in Figure 3, initial bulk composition is
expressed by the initial mode of forsterite to
provide a convenient reference frame. At water-
rock ratios only slightly greater than those
causing complete peridotite hydration, phase
relations in Figure 7 are similar to those in
Figure 3. However, increasing water-rock ratios
lead to metasomatic modification of the min-
eral assemblages. As ny increases for each sub-
duction path, the stability fields of silica-
rich assemblages expand at the expense of
silica-poor initial assemblages. Silica-rich
assemblages expand upward from siliceous
(enstatite-rich) compositions to magnesian
(forsterite-rich) compositions in the diagrams.
This is because less fluid is required to drive
silicification reactions to completion in
lithologies already rich in SiO,. Given an
increasing water-rock ratio, three-mineral
zones (invariant assemblages), denoted by ver-
tical lines in Figure 7, retreat to progressively
more magnesian compositions (and eventually
off the diagrams) as they are replaced by higher-
variance assemblages. This pattern of increas-
ing variance of phase assemblages is a hallmark
of the metasomatic process (e.g., Thompson,
1959).

Expansion of the stabilities of silica-rich
assemblages is expressed in the steepening of
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the slopes of monomineralic chrysotile and
antigorite zones (Fig. 7). Slopes of these zones
are horizontal (depth-independent) prior to
Si0, metasomatism. After reaction with ng
moles of quartz-saturated fluid, their slopes
increase with increasing depth because of the
progressively greater difference between the
Si0, content of quartz-saturated fluid and that
of fluid in equilibrium with the relevant min-
eral assemblage. This steepening causes mono-
mineralic mineral zones to become increasingly
restricted  spatially as  water-rock ratios
increase. Note that diffusive or advective mass
transfer with updip or downdip lithologies is
not considered, so the monomineralic zones
have infinitesimal width. In reality, exchange
with adjacent lithologies would cause mono-
mineralic zones to widen with time (Thompson,
1959), and the extent of widening would
depend on the variation in transport parameters
with subduction depth.

An exception to the general pattern of steep-
ening of monomineralic zones in modal vol-
ume-distance space occurs for tale on Paths 1
and 2 (Fig. 7). Monomineralic tale composi-
tions bound talc + quartz rocks, which, for a
given np expand initially to more magnesian
compositions with subduction depth, reach a
maximum, and then diminish. On Path 1, this
boundary never intersects the invariant
assemblage enstatite + talc + quartz, which
means that for all bulk compositions, a tale +
quartz assemblage cannot transform directly to
enstatite + quartz; enstatite + talc assemblages
will always intervene. This interesting behavior
occurs because flow is assumed to take place at
constant P and T, and because of the intersec-
tion of the enstatite-tale phase boundary and
the quartz-saturation limit in Figure 5A. As the
intersection is approached, the compositional
difference between a quartz-saturated fluid and
one in equilibrium with enstatite + talc dimin-
ishes to zero; at an infinitesimal distance from
the intersection, an infinite amount of fluid is
required to supply sufficient SiO, to convert
enstatite to talc.

Although not shown in Figure 7, mineral
modes vary within bimineralic fields. The
slopes of modal isopleths within these fields are
parallel to the slopes of the bounding mono-
mineralic zones. For example, for V{, = 60% on
Path 2, flow and reaction with 2 moles of quartz-
saturated fluid would produce the following
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downdip sequence of mineral zones in which
the modal abundance of the silica-rich phase
increases with depth in each bimineralic field:
chrysotile + brucite; chrysotile; antigorite +
chrysotile; antigorite; tale + antigorite; etc. In
general, because rock composition is fixed in
monomineralic zones, they track changes in the
spatial gradients in bulk composition with
changes in the water-rock ratio. For example,
values of Vi, that can be converted to pure
antigorite increase with subduction depth. For a
given V{ . the depth at which it can be converted
to 100% antigorite by flow at constant P and T
decreases with increasing water-rock ratio.

The total amount of silica available to drive
reaction also increases with increasing tempera-
ture at fixed pressure (Fig. 5). Thus, water-rock
ratios required to cause a given mineralogic
change decrease from Path 3 to Path 1. For
example, after interaction with 10 moles of
fluid, a peridotite with V{, = 80% will consist of
antigorite + brucite at 70 km along the slab on
Path 3. The same conditions will produce a tale
+ antigorite rock on Path 2, and a talc + quartz
rock on Path 1.

Discussion

For a given subduction path, Figure 7 pro-
vides chemical maps that allow specific mineral
assemblages to be related to water-rock ratios if
initial MSH bulk compositions are known. For
collision of oceanic plates, mantle-wedge peri-
dotites at lithospheric depths are probably simi-
lar to abyssal and alpine ultramafic rocks. Dick
et al. (1984) showed that typical abyssal peri-
dotites are spinel harzburgites with 75 £ 5% (1
S.D.) olivine, 21 * 4% enstatite, 3.6 + 2.0%
diopside, and 0.5 & 0.2% spinel. The average
phase proportions translate to a model MSH
rock of 78% forsterite and 22% forsterite.
Alpine ultramafics representing oceanic mantle
lithosphere are similar in modal mineralogy
(Dick and Bullen, 1984). Metasomatic phase
relations derived for Vi, = 80% therefore pro-
vide the closest approximation of fluid-rock
interaction in natural mantle-wedge peridotites
above subducting oceanic lithosphere.

For V{, = 80%, as for other bulk composi-
tions, certain mineral assemblages are diagnos-
tic of SiO, addition by fluid flow along each
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Fic. 8. Variation in water-rock ratios required to produce metasomatic mineral assemblages with distance along
slab for different P-T paths and initial forsterite contents (e.g., FoB0 = 80% forsterite by volume).

path (cf. Ferry, 1994). This can be seen in
Figure 8, where mineral stability fields are
given in terms of position along the slab and
water-rock ratio for Vi, = 80% (along with more
siliceous bulk compositions for comparison).
On Path 3, the assemblages chrysotile + antig-
orite, antigorite + talc, or tale + quartz require
addition of silica to a peridotite with Vi, =80%
(Figs. 3 and 7). At = 20 kbar, production of
chrysotile + brucite requires = 2 mol/cm?,
whereas production of tale + quartz requires
more than about 15 mol/cm®. Regardless of

path, tale + quartz, talc + enstatite, and enstatite
+ quartz assemblages require metasomatic silica
addition if the rock bulk-composition originally
lies between enstatite and forsterite. Similarly,
independent of bulk composition, talc + quartz
implies a water-rock ratio of >1 mol/em? and
talc + enstatite and enstatite + quartz indicate
>0.1 mol/cm?. In addition, maximum limits on
the water-rock ratio can be inferred from Figure
8 if starting fluid is known to be quartz-satu-
rated. On the other hand, Figure 8 also illus-
trates the importance of knowing the pressure
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and temperature at which metasomatic reac-
tions take place; for example, production of an
antigorite-talc rock at Vi, = 50% on Path 2 may
indicate anywhere from <0.1 to >100 mol/
cm?, depending on location in the subduction
zone.

Figure 8 also illustrates the phase-equi-
librium constraints on the decrease in water-
rock ratio required to drive discontinuous reac-
tions. With the exception of the equilibrium
enstatite + SiO,,, + H,0 = talc (see above),
fluid volumes necessary to produce a given
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assemblage decrease with increasing depth,
both along each path and with increasing tem-
perature at a constant pressure. These results
are not, in principle, required by the negative
dP/dT of mg, isopleths at quartz saturation
(Fig. 4); rather, they result from the negative
dP/dT of all relevant mg,q, buffers presented in
Table 3.

Figures 7 and 8 show that, at steady state in
the deeper levels of subduction zones or along
high-T subduction paths, natural mantle-wedge
peridotites at the slab-mantle interface may be
expected to have their bulk Si0, contents modi-
fied by the influx of modest quantities of fluids
from the slab, similar to the changes that occur
when ultramafic and siliceous rocks are jux-
taposed in crustal metamorphic environments
(e.g., Jahns, 1967; Evans and Trommsdorff,
1974: Frost, 1975; Evans, 1977; Sanford, 1982;
Rosing, 1989). Conversely, influx of quartz-
saturated fluid into natural peridotites at shal-
low, low-temperature portions of subduction
zones is unlikely to cause obvious shifts in bulk
Si0, content or modal mineralogy, even at high
water-rock ratios. This observation is consis-
tent with the fact that there is well-documented
evidence of silica addition to peridotites in
some high-temperature subduction com-
plexes—e.g., Santa Catalina Island, California
(Bebout and Barton, 1989, 1993; Bebout,
1991) —whereas extensively hydrated ultra-
mafic rocks from low-temperature complexes
display little silicification—e.g., New Idria, Cal-
ifornia (Coleman, 1961) and forearc serpen-
tinite seamounts, Marianas (Fryer et al., 1985,
1990).

These observations, based on steady-state P-T
paths, also can be extended to time-dependent
changes in subduction zones. Perhaps the most
important temporal change is that temperature
declines as subduction zones evolve (e.g., Pea-
cock, 1993a). This suggests that the potential
for silica metasomatism is greatest at a given
point in any subduction zone early in its history,
which in turn implies that high-temperature
silica metasomatism of ultramafic rocks in
exhumed subduction complexes might contain
a record of processes associated with the initial
stages of subduction. Other factors favoring
decreasing temperature with time—such as
increasing subduction rate, greater age of sub-
ducted lithosphere, or decreasing shear stress—
also will decrease the potential for silica meta-
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somatism near the slab-mantle interface. Con-
versely, the opposite changes in these condi-
tions will favor increasing temperature with
time, and therefore will enhance the potential
for silica metasomatism of the mantle wedge.

Conclusions

1. Concentrations of silica dissolved in H,0
generally are low throughout the range of sub-
duction conditions considered (P < 20 kbar; T
< 1000° C).

2. Mineral buffers require that S5i0,,, con-
centration in metaperidotite pore fluids
increases with depth in subduction zones,
regardless of P-T path or relative modal abun-
dance of forsterite and enstatite in the starting
model mantle-wedge.

3. At any given depth, SiO, ., concentration
in metaperidotite pore fluids increases with
temperature.

4. Water-rock ratios required to generate
metasomatic mineral assemblages that differ
from the hydrous equivalents of model mantle-
wedge peridotites decrease with increasing pres-
sure and temperature. At shallow levels of sub-
duction zones, mineral assemblages diagnostic
of silica metasomatism indicate water-rock
ratios of > 100 moles fluid/em? rock, whereas
at depth, flow of several moles fluid/cm? rock is
sufficient to produce assemblages diagnostic of
silica metasomatism.

5. Decreasing temperature with time in most
subduction zones suggests that the potential for
silica metasomatism is greatest in the initial
stages of motion along the slab-mantle inter-
face. Subducted ultramafic rocks showing evi-
dence of high-temperature silica metasomatism
may therefore contain a record of early subduc-
tion processes. In general, temporal changes in
subduction parameters favoring declining tem-
peratures will diminish the potential for silica
metasomatism, whereas those leading to higher
temperatures will increase the likely extents
and magnitudes of silica transfer with time.
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