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Fluid Processes in Subduction Zones

SiMmoN M. PEACOCK

Fluids play a critical role in subduction zones and arc
magmatism. At shallow levels in subduction zones (<40
kilometers depth), expulsion of large volumes of pore
waters and CH,;-H,O fluids produced by diagenetic and
low-grade metamorphic reactions affect the thermal and
rheological evolution of the accretionary prism and pro-
vide nutrients for deep-sea biological communities. At
greater depths, H,O and CO, released by metamorphic
reactions in the subducting oceanic crust may alter the
bulk composition. in the overlying mantle wedge and
trigger partial melting reactions. The location and conse-

quences of fluid production in subduction zones can be
constrained by consideration of phase diagrams for rele-
vant bulk compositions in conjunction with fluid and
rock pressure-temperature-time paths predicted by nu-
merical heat-transfer models. Partial melting of subduct-
ing, amphibole-bearing oceanic crust is predicted only
within several tens of million years of the initiation of
subduction in young oceanic lithosphere. In cooler sub-
duction zones, partial melting appears to occur primarily
in the overlying mantle wedge as a result of fluid infiltra-
tion.

UBDUCTION ZONES REPRESENT SITES WHERE OCEANIC
lithosphere, capped by variably hydrated oceanic crust and
sediments, is consumed into the mantle. Volcanism in the
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overriding oceanic or continental plate generally occurs where the
depth to the subducting slab is 80 to >150 km (7). The generation
of magmas and continental crust at convergent plate margins is
intimately linked to the behavior of C-O-H fluids (2) at depth in
subduction zones. Our understanding of processes that occur at
depths of ~100 km in subduction zones is based on geologic studies
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Table 1. Estimates of bound volatiles in subducted oceanic crust, sediments,
and arc magmas. The volume of subducted components in oceanic crust is
based on an average rate of oceanic ridge magmatism (which should equal
the subduction rate) of 20 km® year™' (3), and a 2.5-km-thick basaltic layer

and a 5-km-thick gabbroic layer. The volume of subducted sediments is for
subduction of a 200-m-thick layer of pelagic sediments past the accretionary
prism. The arc magmatism rate of 5 km? year™! falls within the report-
ed range of 3 to 9 km? year™.

Volatile contents Mass subducted or formed

. Volume . . =
Volatile subducted or formed Dcns1£y3 (% by weight) (kg year™)
reservoir Kn® vear™! (kgm ™)
(km” year™") H,0 CO, H,O CO,
Pelagic sediment 0.53 2500 5 12 0.7 x 10" 1.6 x 10"
Oceanic crust
Basalt 6.7 3000 2 0.1 4.0 x 10" 0.2 x 10!
Gabbro 13.3 3000 1 0.1 4.0 x 10" 0.4 x 10"
Total subducted 8.7 x 10'! 2.2 x 10"
Arc magmas 5.0 2700 1 0.05 1.4 x 10" 6.8 x 10°

of metamorphic and igneous rocks brought to the surface from great
depth and indirect methods including laboratory experiments, com-
puter modeling, and inverse geochemical and geophysical tech-
niques. At shallow depths, <10 to 40 km, fluid processes in
subduction zones are relatively well constrained by geological and
geophysical (for example, seismic reflection) studies of active con-
vergent plate margins and by geological studies of ancient subduc-
tion zones. Geologic samples from greater depths are rare and
greater reliance must be placed on computer modeling combined
with the results of experiments conducted at high pressures and
temperatures. In this article, I review current hypotheses and
evidence regarding the role that fluids (primarily H,O) and fluid-
bearing minerals (primarily hydrous silicates) play in subduction
zones. In addition, I describe the evolution of fluids and the possible
effects on arc magmatism using metamorphic rock and fluid pres-
sure-temperature-time paths predicted by computer modeling.

Volatile Budget

Estimates of magma production rates and volatile contents allow
comparison of the mass of volatiles subducted to the mass of
volatiles present in arc magmas (Table 1), illustrate the scale of fluid
involvement, and lead to several key questions regarding the role
and significance of fluids in subduction zones. Currently, magma-
tism at ocean ridges forms ~20 km® of oceanic crust per year (3); a
comparable amount of oceanic crust is subducted each year. The
amount of volatiles subducted to mantle depths consists of two
components: (i) volatiles stored in the oceanic crust and (ii) volatiles
stored in sediments subducted past the accretionary wedge. Each
component undergoes a different history in subduction zones and
needs to be considered separately. Variable amounts of volatiles,
primarily H,O, are added to the basaltic oceanic crust at mid-ocean
ridges during large-scale hydrothermal convection. Pelagic sedi-
ments, containing abundant CO; and H,O in minerals, are deposit-
ed on the oceanic crust as it spreads away from the mid-ocean ridge.
Magmatic fluxes have varied considerably over geologic time, and
the volatile estimates have large uncertainties, but the estimates in
Table 1 suggest that an order of magnitude more H,O and CO; is
subducted each year than may be accounted for in arc magmas.

Where is the remaining 90% of the subducted volatiles? Probable
solutions include: (i) volatiles exsolve and escape from arc magmas
during volcanism and plutonism,; (ii) metamorphic reactions release
volatiles from the subducting slab that migrate up along the
subduction shear zone and ultimately reach the surface; (iii) volatiles
released by metamorphic reactions are incorporated into the overly-
ing mantle wedge via hydration and carbonation reactions; (iv) the
slab does not completely devolatilize, and CO,- and H,O-bearing
oceanic crust returns to the deep mantle (>200 km); and (v) some
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volatile-bearing magmas do not reach crustal levels. Field studies of
active and ancient convergent plate margins clearly demonstrate that
processes (1), (ii), and (iii) occur to some degree; processes (iv) and
(v) may occur, but are not required by mass balance constraints
because of the large uncertainties in the volatile estimates.

Fluids in oceanic crust. The primary source of H,O in subduction
zones at magma genesis depths is the breakdown of hydrous
minerals contained in the basaltic, gabbroic, and ultramafic layers of
the oceanic crust. Unaltered basalt samples indicate that magmas
derived from upwelling asthenosphere beneath mid-ocean ridges
contain only minor amounts of volatiles, ~0.15 to 0.40% H,O (by
weight) and <400 ppm CO; (4). Hydrous minerals, mainly prehn-
ite, chlorite, amphibole, and serpentine, form in the oceanic crust as
a result of hydrothermal circulation and metamorphism under
conditions of high temperature and low pressure at mid-ocean
ridges (5). Water is also added to the oceanic crust by the formation
of zeolites and clay minerals during low temperature alteration and
submarine weathering (6). Hydrous minerals are not distributed
homogeneously throughout the oceanic crust (7), but rather occur
preferentially in, and adjacent to, fractures and permeable zones.

The amount of H,O and CO; in altered oceanic crust generally
decreases downward, but the depth of alteration remains uncertain.
Estimates of the volatile content of oceanic crust come from drill
cores, dredge hauls, and ophiolites (fragments of probable oceanic
crust that have been incorporated into continental crust). Relatively
few drill holes have penetrated the crystalline oceanic crust; to date,
the deepest drill hole (DSDP Site 504B) penetrated only ~1 km
into basalt (8). Based on chemical analyses of drill cores of oceanic
crust (8), I estimate that the 2.5-km-thick basaltic layer contains
~2% H,0 and ~0.1% CO, (by weight) bound in minerals (Table
1).
Samples of the deeper oceanic gabbro layer include rare drill cores
and rocks from dredge hauls from oceanic fracture zones that may
have higher average volatile contents than typical oceanic crust.
Ophiolites have undergone a complex emplacement history and
generally are not representative of oceanic crust formed at mid-
ocean ridges (9). The '*0/'®O ratios of gabbroic rocks exposed in
ophiolites, such as the Oman ophiolite, suggest that the rocks have
interacted extensively with fluids at high temperatures but without
accompanying mineralogic alteration (10). Significant amounts of
volatiles may have been added to the gabbros before complete
crystallization by stoping and assimilation of overlying hydrated
basalts (10). Based on the limited available data (11), I estimate that
the 3- to 5-km-thick oceanic gabbro layer contains ~1% H,O and
~0.1% CO, (by weight) (Table 1).

The volatile content of ultramafic rocks beneath the gabbro layer
is poorly constrained, and the only direct samples are from ophio-
lites and samples dredged from fault scarps, which may also not be
representative of the oceanic crust as a whole. Some H,O may be
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present as serpentine or talc in the ultramafic layer of the oceanic
crust, but because of the unknown extent and depth of hydration, a
volatile estimate is not included for ultramafic rocks in Table 1.

Fluids in overlying pelagic sediments. As cooling oceanic lithosphere
spreads away from the mid-ocean ridge, pelagic (deep-sea) sedi-
ments are deposited on the oceanic crust. The primary source of
CO; in subduction zones is the breakdown of carbonate minerals in
pelagic sediments (Table 1). The total mass of pelagic sediment on
the ocean floor is estimated at ~1.4 X 10% kg (12) and consists of
approximately 72% carbonate ooze, 19% red clay, and 9% siliceous
ooze by volume (13). For a given area, the relative proportion of
these sediments depends on several factors including the age of the
oceanic crust, the depth to the ocean floor (a function of time),
latitude, and the proximity of islands and continental land masses
(14). Over geologic time, the evolution and abundance of marine
species, such as calcareous plankton, have also affected the composi-
tion of pelagic sediments. Thus, different subduction zones may
have significantly different pelagic sediment inputs and therefore
different volatile inputs.

Average pelagic sediments contain approximately 12% CO, and
5% H,O (by weight) bound in mineral structures (15) plus up to
50% H,O (by volume) in pore spaces. Roughly ~2 x 10" kg of
bound H,O and ~4 x 10" kg of CO, would be subducted each
year in pelagic sediments if a 200-m-thick column of sediments is
subducted past the accretionary prism (Table 1).

Accretionary Prisms

In some subduction zones, such as the Lesser Antilles, much of
the oceanic sediments and the contained fluids are removed by
offscraping and underplating in accretionary prisms that form on the
overriding plate adjacent to the trench (16). In other subduction
zones, such as the Marianas and Japan trenches, little or no sediment
accretion occurs (17, 18). Thus, different subduction zones differ
greatly in the amount of sedimentary material removed at the
accretionary prism, but in many cases at least some sediment and
bound fluids appear to be subducted to deeper levels. For example, a
seismic reflection study of the Barbados accretionary prism clearly
images offscraping of the upper 250 m of the 1-km-thick sedimenta-
ry column entering the subduction zone (19); additional sedimenta-
ry material is underplated onto the base of the accretionary prism as
the oceanic plate descends beneath the prism, but some sediments
appear to be subducted past the accretionary prism (19). Oceanward
of the Japan trench, new and reactivated normal faults, caused by the
bending of the oceanic lithosphere, form structural basins that can
trap sediments and promote their subduction (18, 20). On the basis
of a mechanical model of subduction zones, Shreve and Cloos
showed that the amount of sediment subducted depends on the
subduction zone geometry, the subduction rate, the sediment input
rate, and the physical properties of the sediments and overriding
plate (21); their model predicts that at least some oceanic sediments
are subducted to depths greater than 100 km. In the Alpine collision
zone, the presence of coesite in high-pressure metasedimentary
rocks requires that sedimentary material was subducted to depths
greater than 90 km (22). Most accretionary prisms consist of
terrigenous sediments derived from nearby island arcs and continen-
tal land masses, lesser amounts of pelagic sediments, and minor
basaltic and ultramafic rocks. Terrigenous sediments occur above,
and are less lithified than, underlying pelagic sediments (23);
terrigenous sediments, therefore, are more likely to be incorporated
in an accretionary prism, and avoid subduction, as compared to
pelagic sediments. Essentially all oceanic crust is subducted past the
accretionary prism.
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In general, the amount of fluids released during subduction
decreases with depth. As pelagic sediments are dragged beneath the
accretionary prism, compaction and lithification results in the
expulsion of large amounts of pore fluids (24). Sediment porosities
range from 10 to 50% whereas low-grade metasedimentary rocks
have porosities of <5 to 10% (24). Observations of active accretion-
ary prisms (Japan, Barbados, Oregon-Washington, Marianas) have
yielded abundant evidence of pore fluid expulsion, including the
presence of biological communities, temperature and geochemical
anomalies, mud volcanos and diapirs, and actual fluid vents (25).

Estimates of fluid fluxes out of accretionary prisms, based on heat
transfer calculations and direct measurements, range from 1072 to
1072 m*® m~? year™! over broad regions to >50 m* m~2 year™! in
local vents (25). The results of deep-sea drilling and submersible
investigations strongly suggest that fluid flow is focused along
faults, fractures, and permeable horizons (25). The presence of
thermogenic methane in expelled fluids requires that fluids that
formed at temperatures >60°C and depths >3 km (and thus tens of
kilometers from the trench) are tapped by the fluid flow system of
the accretionary prism (25). Cloos (26) interpreted landward-
dipping seismic reflections in modern accretionary prisms as possi-
bly representing active dewatering conduits.

Increases in pressure and temperature drive diagenetic and low-
grade metamorphic devolatilization reactions in subducted sedi-
ments and oceanic crust. The transformation of opal-A, the main
component of siliceous oozes, to quartz during diagenesis releases
approximately 5 to 10% H,O (by weight) (27). Clay minerals begin
to break down and release H,O at temperatures of 50° to >150°C
(28). Thermogenic methane is produced by the breakdown of
hydrocarbons at temperatures of ~60° to 150°C (29). At low
temperatures the breakdown of hydrocarbons, clay minerals, and
carbonates will produce C-O-H fluids (30). Below ~350°C, sepa-
rate CHy-rich and H,O-rich fluids appear to coexist as evidenced by
experiments and the presence of separate H,O-rich and CH,-rich
fluid inclusions in high-pressure metasedimentary rocks (30, 31). At
higher temperatures and oxygen fugacities, miscible CO,-H,O
fluids are stable (32).

Two additional processes that appear to occur beneath the
accretionary prism are (i) redistribution of H,O in the subducting
oceanic crust and (ii) possible addition of H,O to the oceanic crust
(33). Exposed basalts that were metamorphosed under blueschist-
facies (high-pressure, low-temperature) conditions have relatively
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Fig. 1. Thermal structure of a subduction zone after 10 million years of
subduction predicted by a numerical, two-dimensional heat transfer model
(38). Contour interval is 100°C. For this calculation, a 27° subduction zone
was formed in 50-million-year-old oceanic crust. The convergence rate (v) is
3 cm year ™!, there is no shear heating, and there is no induced convection in
the overlying mantle wedge. The thermal structure of a subduction zone
evolves with time. Numerical experiments can be used to predict pressure-
temperature-time (P-T-t) paths for rocks in subducting oceanic crust (the
top 7.5 km of the slab, S) and the overlying mantle wedge (MW) as a
function of different subduction parameters; SZ, shear zone separating the
slab from the mantle wedge.
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uniform mineralogies and H,O contents in contrast to the heteroge-
neous distribution of hydrous minerals and H,O in basalts altered at
the mid-ocean ridge. This observation suggests that H,O may be
redistributed in the oceanic crust by local, contemporaneous dehy-
dration and hydration reactions. Blueschists contain an average of
~3% H,O (by weight) (34), slightly higher than the analyses of
altered oceanic crust (Table 1); thus, additional hydration of oceanic
crust may occur at shallow depths in subduction zones. The source
of the additional H,O may be fluids stored in pores or fractures,
diagenetic dehydration reactions occurring in the overlying sedi-
ments, or dehydration reactions occurring at deeper levels in the
subduction zone.

High-Pressure, Low-Temperature
Metamorphism

Increases in pressure and temperature, accompanying continued
subduction of oceanic crust and sediments into the mantle, drive
additional devolatilization reactions that reduce the fluid content of
the subducting slab. Surficial heat flow measurements and thermal
models demonstrate that subduction of oceanic lithosphere tends to
cool the surrounding mante (35) (Fig. 1). Compared to rocks
metamorphosed during continent collision or magma intrusion,
rocks in subduction zones are metamorphosed at relatively high
pressures and low temperatures. Metamorphic dehydration reac-
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Fig. 2. Representative pressure-temperature-time (P-T-t) paths in subduc-
tion zones predicted by 2-dimensional, heat-transfer model (38) and selected
pressure-temperature constraints on subduction P-T-t paths based on inves-
tigations of ancient subduction zones (see text for discussion). All calculated
P-T-t paths are for a 27° subduction zone, a convergence rate of 3 cm year ™',
and no induced asthenospheric convection in the overriding plate. Solid
symbols represent intervals of 1 million years; open symbols represent 10-
million-year intervals. Selected P-T-t paths are labeled with letters for use in
later figures. (A) Calculated P-T-t paths for the top of the subducted oceanic
crust as a function of the age (Ma, million years ago) of the incoming oceanic
lithosphere. (B) P-T-t paths followed by the top of the subducting oceanic
crust as a function of the amount of previously subducted lithosphere
(convergence rate X time). (C) P-T-t paths as a function of position
(subducting oceanic crust, mantle wedge) in the subduction zone. Down-
ward conduction of heat into the subducting slab results in warmer P-T-t
paths for the top of the subducting oceanic crust (path B) as compared to the
base (path B'). Mantle wedge material, located 5 km from the top of the
subducting slab, that is not dragged down with the subducting slab will
follow isobaric cooling P-T-t paths. P-T-t path F illustrates the approximate
path followed by mantle material that is dragged down by the subducting
slab. Path F is schematic, and is not a result of the numerical model, which
does not incorporate induced mantle convection (38).
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tions in subducting slabs have been previously investigated by
superposing petrogenetic grids onto representative thermal struc-
tures of subduction zones (36, 37). In this article, I take an
alternative approach and use two-dimensional numerical models of
heat transfer in subduction zones to predict specific P-T-t paths for
rocks in the subducting slab and the overlying mantle wedge (38)
(Fig. 2). Such P-T-t paths can be used to predict the temporal
evolution of fluids and the effects of various parameters. The P-T-t
paths followed by the subducting slab govern the nature and
location of metamorphic and partial melting reactions in subducted
oceanic crust and sediments, the composition and amount of fluids
produced, and fluid fluxes as a function of time and space. Similarly,
P-T-t paths followed by rocks in the overlying mantle wedge
determine the effects of fluid infiltration and location of partial
melting reactions. Possible fluid P-T-t paths are also predicted by
the numerical model (38-40).

Subduction zone P-T-t depend on numerous variables that differ
for each subduction zone. Numerical experiments demonstrate that
among the most important factors are the age of the incoming
oceanic lithosphere, the amount of previously subducted litho-
sphere, the location of the rock in the subduction zone, and the
vigor of convection in the mantle wedge induced by the subducting
slab (Fig. 2). Subduction zones that form in young, relatively hot,
oceanic lithosphere result in warmer slab P-T-t paths as compared to
subduction zones that form in older oceanic lithosphere (Fig. 2A).
For a given subduction zone, incoming oceanic crust and sediments
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follow progressively cooler P-T-t paths as heat is advected from the
system by subducting oceanic lithosphere (Fig. 2B). Qualitatively,
P-T-t paths calculated for mature subduction zones resemble P-T-t
paths calculated for subduction zones developed in older oceanic
lithosphere. Conduction of heat downward from the overlying
mantle wedge into the top of the subducting slab results in warmer
P-T-t paths for the top of the oceanic crust as compared to the base
(Fig. 2C). In subduction zones where induced asthenospheric
convection in the overriding plate is insignificant, the overlying
mantle wedge cools with time (Fig. 2C). In subduction zones with
induced asthenospheric convection, rocks in the mantle wedge near
the subducting slab will first cool, and then heat up as they are
dragged downward. Induced asthenospheric convection will act to
retard the overall cooling of a subduction zone (41).

Additional processes, such as shear heating (frictional heating,
viscous dissipation) and metamorphic reactions, affect subduction
zone P-T-t paths, but only to a minor extent. The thermal effect of
shear heating is proportional to the shear stress in the subduction
shear zone. In numerical experiments that incorporate shear heating,
at a maximum shear stress of 250 bars (42), calculated slab P-T-t
paths are only 50°C warmer than in calculations in which frictional
heating is neglected (43). Incorporation of endothermic, prograde
metamorphic reactions in the subducting slab result in calculated
P-T-t paths that are only 5°C cooler (43).

Metamorphic rocks preserved in ancient subduction zones serve
as critical tests of the reliability of calculated P-T-t paths (Fig. 2).
P-T-t paths calculated for subduction zones (Fig. 2A) are consistent
with P-T paths deduced for blueschist-facies (high pressure, low
temperature) metamorphic rocks (44) and P-T estimates for high-
grade eclogite blocks found in subduction melanges (45). The
inverted metamorphic gradient preserved in the Catalina Schist
terrane of southern California records progressive underplating
during cooling from ~750° to ~350°C at pressures of ~10 kbar
(39, 46, 47). This record is consistent with the cooling with time
predicted for a given subduction zone (Fig. 2B). Subduction zone
cooling is also consistent with the observation that eclogite blocks,
such as occur in the Franciscan Formation of California, typically
record the highest temperatures and the oldest (earliest) radiometric
ages for a given subduction zone (45). The Central Metamorphic
Belt in northern California records an apparent inverted thermal
gradient developed in subducted oceanic crust (39, 48) consistent
with the conduction of heat downward from the mantle wedge into
the top of the subducting slab (Fig. 2C). The good agreement
between the field data and predicted P-T-t paths at shallow depths
suggests that these thermal models are reasonable and can be used to
predict P-T-t paths and fluid processes at greater depths.

Prograde metamorphism of subducted clay-rich pelagic sediments
and the release of fluids can be modeled with the Al,O3-S10,-H,O
(ASH) system. As shown in Fig. 3, the sequence of reactions en-
countered by subducting clay-rich sediments depends on the P-T-t
path followed by the top of the subducting slab. For a rock
consisting of 1:1 volume mixture of quartz and kaolinite, the first
reaction encountered in cool subduction zones (path C, Fig. 3) will
be the breakdown of kaolinite to quartz + diaspore + H,O; this
reaction releases 90 kg of H,O per cubic meter of rock (Fig. 4). In
cool subduction zones, the second reaction, diaspore + quartz
— kyanite + H,0O, may be encountered at ~450°C and 30 to 40
kbar; it releases an additional 90 kg of H,O per cubic meter of rock.
This second reaction occurs at magma genesis depths and thus
dehydration of diaspore may be an important source of H,O in
mature subduction zones where large amounts of clay-rich pelagic
sediments are subducted (49).

The limitations of this theoretical approach point out critical
research areas. First, the petrogenetic grid was extrapolated from

20 APRIL 1990

thermodynamic data for minerals obtained at pressures less than 10
kbar (50). Uncertainties in the location of reactions at higher
pressures are large. More importantly, this approach does not
consider possible ASH minerals that may be stable at high pressures.
Numerous high-pressure phases have been discovered in experi-
ments conducted in the MgO-SiO,-H,O system (51), and thus
additional high-pressure ASH phases are also likely. Secondly, the
ASH system only approximates the composition of clay-rich pelagic
sediments. A better approximation would include the additional
components CaO, CO,, and Fe,Os. Possible important volatile-
bearing minerals in the expanded chemical system include aragonite,
calcite, clinozoisite, epidote, laumonite, lawsonite, margarite,
meionite, prehnite, waikarite, yugowaralite, and zoisite. The inclu-
sion of CO, results in the necessity of considering mixed-volatile
equilibria and the effects of fluid infiltration on reaction progress. A
probable miscibility gap in the H,O-CO, system at high pressures
and low temperatures is an added complication (32). In addition to
forming new minerals, inclusion of Fe,O; results in solid solutions
in several phases, such as epidote, Ca,Aly(AlFe**)Si;01,(OH),. In
order to model fluid production, accurate solution models are
needed for all phases exhibiting solid solutions. The oxygen fugacity
of the subducting sediments will determine the oxidation state of
iron, and therefore which Fe-bearing phases are stable, as well as
determining the speciation of evolved fluids.

Hydrous silicates present in sedimentary rocks metamorphosed
under blueschist-facies conditions include phengite, glaucophane,
chlorite, lawsonite, and stilpnomelane. At 300°C, aragonite is the
stable CaCOj; polymorph at pressures greater than ~7 kbar (52).
Samples of sedimentary rock metamorphosed at pressures greater
than 10 kbar are extremely rare. The hydrous minerals talc, phen-
gite, glaucophane, ellenbergerite, Mg-Fe carpholite, and Mg-chlor-
rotoid occur in coesite-bearing metasedimentary rocks from the Alps
that were metamorphosed at pressures =28 kbar during continent
collision (22).

Modeling the fluid production of subducting basaltic oceanic
crust is difficult because of its chemical complexity. Basalts consist of
nine major chemical components, K,O, Na,0, CaO, MgO, FeO,
Fe,03, ALO;, SiO,, and H,0, plus several important minor
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Fig. 3. Reactions in the Al;0;-SiO,-H,O system (dashed lines) predicted
from thermodynamic data (50). And, andalusite; Co, corundum; Dsp,
diaspore; Kaol, kaolinite; Ky, kyanite; Qtz, quartz; Sil, sillimanite. Different
dehydration reactions are encountered for different P-T-t paths (solid lines).
Numbers indicate time in millions of years along each path (see Fig. 2).
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1 H,0 ] H,0 ] H,0
Dsp Dsp Dsp,
Kaol
* A
Cor, Qtz  Cor Qtz  Cor, Qtz
A0, Ky SiO, AlL,04 Ky SiO, AlLO, Ky Sio,
1322 kg Qtz 1925 kg Qtz 1623 kg Qtz
1296 kg Kaol 602 kg Dsp 813 kg Ky
(per m®) 90 kg H,0 181 kg H,0

Fig. 4. Ternary diagrams illustrating phase topology for three different P-T
regions (I, II, and III) encountered by P-T-t path C in Fig. 3. Numbers
beneath ternary diagrams represent masses of each phase per cubic meter of
initial sediment, assuming no fluids leave the system. In real subduction
zones, fluids produced by devolatilization reactions will escape. (Left) Initial
bulk composition (solid triangle) representing a 1:1 volumetric mixture of
quartz and kaolinite. (Center) The reaction Kaol = Dsp + Qtz + H,O
releases 90 kg of H,O per m’. (Right) The reaction Dsp +
Qtz = Ky + H,O releases an additional 90 kg of H,O per m®. Fluids
released by the breakdown of diaspore may be a significant source of H,O in
cool subduction zones at magma genesis depths.

components, MnO, TiO,, and CO,. Important hydrous minerals,
such as amphibole, mica, and chlorite, exhibit complex solid solu-
tions that are functions of pressure, temperature, oxygen fugacity,
and bulk composition.

The complex phase relations of metabasalts have been elucidated
at pressures less than 10 kbar (~35 km) (53), but few subsolidus
experiments have been performed in basaltic bulk compositions at
pressures between 10 and 50 kbar. We have only limited knowledge
of basaltic phase relations at P-T conditions appropriate for subduct-
ed oceanic crust and thus predicting fluid production in subducting
oceanic crust is speculative. Most of our current understanding of
subduction zone metamorphism of basalt comes from the study of
rocks in ancient subduction zones, such as the Franciscan Complex
in California. Diagnostic minerals developed in metabasalt under
high-pressure, low-temperature conditions include pyrope and jade-
ite, and the hydrous minerals glaucophane, lawsonite, and phengite
(54). Amphiboles of varying composition are stable in metabasalts
over a wide range of P-T conditions; sodic amphibole is probably
an important H,O reservoir in subducted oceanic crust. If the
ultramafic ‘layer of the oceanic crust is substantially hydrated at
the mid-ocean ridge or beneath the accretionary prism, then serpen-
tine and talc will also be important H,O reservoirs in subducting
slabs.

In relatively warm subduction zones, developed in young oceanic
lithosphere (path A, Fig. 5), subducting slab P-T-t paths intersect
the wet solidus at pressures of 10 to 28 kbar. The amount of H,O
present in the rock as a free fluid phase will determine the amount of
melt generated. The porosity of metabasalt at high pressures is
unknown, but probably low (~0.1% or less). Unless subducting
oceanic crust is infiltrated by substantial amounts of H,O produced
by dehydration reactions in rocks located upstream, only a small
amount of partial melt should form. At pressures <28 kbar metaba-
salt will contain hornblende. When the rock crosses the HBL OUT
curve (Fig. 5), fluid-absent partial melting occurs associated with
the breakdown of hornblende. Any H,O bound in the hornblende
crystal lattice partitions directly into the partial melt, without
forming a separate aqueous fluid.

The P-T-t paths calculated for cool subduction zones (path C,
Fig. 5) do not intersect the wet basalt solidus at pressures <50 kbar;
these relations suggest that melting of oceanic crust is an unlikely
source of arc magmas in mature subduction zones or subduction
zones that form in old oceanic lithosphere. Whether hydrous
minerals are stable in metabasaltic compositions at pressures of 30 to
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50 kbar remains a major unresolved question. If hydrous minerals
are stable, then H,O may be subducted into the deep mantle past
the source region of arc magmas. If hydrous minerals are not stable,
then complete dehydration of subducted oceanic crust will provide a
source of H,O fluids that may trigger melting in overlying rocks.
The generation of pore fluids during dehydration reactions reduces
the effective stress on the rock and promotes brittle failure (55);
serpentine dehydration has been proposed as a possible triggering
mechanism for deep (>300 km) earthquakes (56).

Numerical models predict that the base of the hydrated oceanic
crust will dehydrate last for a temperature-sensitive dehydration
reaction, such as the breakdown of tremolite (Fig. 5). During early
subduction, fluids released from deep levels flow up temperature if
they flow toward the subduction shear zone because of the tempera-
ture inversion present at the top of the subducting slab. Thus, fluids
may trigger melting in the overlying oceanic crust if the temperature
there exceeds the wet solidus. For example, consider P-T-t paths B
and B’ (Fig. 5), which represent conditions encountered during
subduction by the top and base of the subducting oceanic crust,
respectively. If the tremolite breakdown reaction is used as a model,
the top of the oceanic crust will dehydrate at ~28 kbar. The
dehydration front will move downward with time until the base of
the oceanic crust dehydrates at ~34 kbar. As H,O flows upward, it
will encounter anhydrous oceanic crust at temperatures above the
wet solidus and trigger fluid-present partial melting in the top of the
oceanic crust. In cooler subduction zones, possible fluid P-T-t paths
through subducting oceanic crust do not cross the wet basaltic
solidus, and partial melting of the slab is not predicted.

In a subduction zone, hydrous minerals are concentrated in the
basaltic oceanic crust whereas carbonates are concentrated in overly-
ing pelagic sediments. Upward flow of H,O-rich fluids released by
dehydration reactions in the oceanic crust may drive decarbonation
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Fig. 5. Representative P-T-t paths (solid lines) and experimental melting
relations (short dashed lines) for the basalt + H,O system (65). The addition
of excess H,O drastically decreases the melting temperature of basalt
(compare dry versus wet solidi). Hbl out curve represents fluid-absent partial
melting of hornblende-bearing metabasalt. Long dashed line represents
calculated tremolite dehydration reaction (50), which is similar to the
stability field of chemically complex amphiboles synthesized experimentally
(66). Subducted oceanic crust following P-T-t paths cooler than path B will
dehydrate before reaching melting reactions; this relation suggests that arc
magmas in cool subduction zones are not derived from partial melting of the
oceanic crust. Warmer P-T-t paths predicted for subduction zones developed
in young oceanic lithosphere result in substantial partial melting associated
with the breakdown of hornblende at pressures less than ~28 kbar.
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reactions in the overlying pelagic sediments (57).

Fluids released by devolatilization reactions will tend to migrate
upward because H,O and CO; fluids are one half to one third as
dense as rock under subduction zone conditions. Fluid flow, like all
advective heat-transfer mechanisms, essentially translates the thermal
structure from upstream to downstream areas. In a subduction zone,
inverted thermal gradients occur at the slab-mantle interface (Fig.
1). Fluids migrating upward from the cooler, subducting slab into
the warmer, overlying mantle will tend to cool the overlying mantle.
Fluids migrating up along the subduction shear zone will travel
down thermal gradients and therefore tend to warm rocks in the
shear zone. The magnitude of the thermal perturbation caused by
fluid flow is proportional to the thermal gradient along the fluid
flow path and the volumetric fluid flux (the volume of fluid passing
through a cross-sectional area per time). As discussed above, most
pore fluids will be expelled at depths of <10 to 40 km. At greater
depths devolatilization reactions provide the only source of fluids,
and fluid fluxes should be much lower than those observed in
accretionary prisms. Numerical models of metamorphic reactions
suggest vertical fluid fluxes out of subducting oceanic crust range
from a maximum of 107 m® m™2 year™! associated with discontin-
uous dehydration reactions to less than 107 m*® m™2 year™' for
continuous dehydration reactions (40, 58). Heat transfer calcula-
tions indicate that the thermal effect of these fluid fluxes are minor
(40, 58). The thermal structure of subduction zones at depths >40
km is controlled primarily by heat conduction and the advection of
heat by subducting oceanic lithosphere; heat advection by fluid flow
is relatively insignificant.

Fluid Infiltration and Partial Melting of the
Mantle Wedge

Investigations of active and ancient subduction zones demon-
strate that at least some of the fluids released from the subducting
slab migrate upward into the overlying mantle wedge. Serpentinite
diapirs present in the Marianas forearc appear to result from
hydration of the mantle wedge above the subducting slab (59). In
the Trinity thrust system (northern California) and the Catalina
Schist terrane (southern California), fluids derived from subducted
basalt and sediments reacted with the mantle wedge to form
carbonates and hydrous silicates, such as serpentine, talc, and Mg-
amphibole, at pressures of 5 to 10 kbar (47, 60). The infiltrating
H,0-CO, fluids also carried dissolved chemical species, such as
SiO, and CaO, that were added to the mantle wedge, thereby
changing its bulk composition (47, 60). At deeper levels in subduc-
tion zones similar hydration, carbonation, and metasomatic process-
es should occur in the mantle wedge above devolatilization reaction
sites in the subducting slab.

Predicting the consequences of fluid infiltration at depths >50 km
requires knowledge of the phase equilibria, dynamic processes, and
P-T-t paths appropriate for the mantle wedge. Several possible P-T-t
paths are illustrated in Fig. 6, which shows selected phase equilibria
for the system peridotite = H,O. For P-T-t path D (Fig. 6), H,O
infiltration at temperatures greater than the phlogopite-out curve
will trigger partial melting of peridotite. However, when subduc-
tion begins the mantle wedge cools substantially before hydrous
oceanic crust reaches 125 km depth. Fluids infiltrating the mantle
wedge at temperatures below 1200°C will react with peridotite to
form phlogopite, subject to the amount of K,O and H,O available
in the rock and fluid. After all possible phlogopite has been formed,
further H,O infiltration will either (i) trigger fluid-present partial
melting at temperatures above the wet solidus (>900°C) or (ii) not
react with the rock (at 900° to 700°C) unless an additional hydrous
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phase is stable in the peridotite + H,O system. In case (ii), fluid will
continue to flow upward until it encounters mantle with unreacted
K70, such that phlogopite may form, or reaches shallow pressures
where hornblende forms. With time, a metasomatic front, defined
by the formation of phlogopite, will migrate upward in the mantle
until the front reaches pressure-temperature conditions above the
wet solidus where fluid-present partial melting will occur.

For P-T-t path E (Fig. 6), H,O infiltration at temperatures
greater than 850°C will form amphibole and phlogopite; fluid-
present partial melting will occur only after the capacity of the rock
to form hornblende and phlogopite has been exceeded. Mantle
wedge material that is dragged down with the subducting slab
(P-T-t path F, Fig. 6) may undergo hydration first and then partial
melting at deeper levels as the P-T-t path crosses the fluid-absent,
hornblende- and phlogopite-out melting reactions (61). The extent
to which induced convection of the mantle wedge occurs depends in
part on the unknown rheology of hydrated mantle at depth. At
temperatures less than 700°C, experiments demonstrate that talc is
the stable hydrous phase that coexists with forsterite + enstatite in
the MgO-SiO,-H,O system (Fig. 6). Once enstatite is converted to
talc by hydration, further H,O infiltration should stabilize serpen-
tine at temperatures less than ~600°C. The calculated stability field
of tremolite and the location of the experimentally determined,
fluid-absent hornblende-melting curve suggest that amphibole may
be stable in hydrated peridotite at pressures less than ~30 kbar. An
understanding of the composition and stability field of amphibole in
the mantle wedge awaits subsolidus experiments in the peridoti-
te + H,O system.

Geochemical evidence indicates that there is a direct chemical
connection between the subducted slab and magmas formed at
selected convergent plate margins. The radiogenic isotopic and trace
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Fig. 6. Experimental partial-melting (short dashed lines) and subsolidus
phase relations (long dashed lines) applicable to the peridotite + H,O
system (67, 68). As in the basalt system, the presence of excess H,O decreases
the melting temperature of peridotite. Chemically-complex amphibole and
phlogopite are stable on the solidus up to ~30 kbar and >50 kbar,
respectively. Hbl out and Phlog out curves represent fluid-absent partial
melting of hornblende-bearing and phlogopite-bearing peridotite, respec-
tively. Minerals associated with subsolidus reactions represent the stable
hydrous phase that coexists with forsterite and enstatite in the simplified
MgO-SiO,-H,O peridotite system (68). Thermodynamic calculations (50)
suggest that serpentine may coexist with forsterite and enstatite at tempera-
tures <600°C and pressures =20 kbar. P-T-t paths (solid lines) D and E
represent isobaric cooling of the mantle wedge at 80 and 120 km depth,
respectively. P-T-t path F represents P-T conditions encountered by mantle
wedge that is dragged down with the subducting slab.
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clement systematics of some island arc volcanic rocks suggest that
there is a contribution to arc magmas from subducted oceanic crust
(1, 62). The recent discovery of elevated concentrations of '“Be in
lavas from the Japan, Aleutian, and Central American arcs has
provided direct evidence of a young, subducted sedimentary compo-
nent in arc magmas (63).

The question remains as to the physical nature of the slab
component observed in arc magmas. The slab component may be
carried by partial melts derived from subducted oceanic crust and
sediment. Melting experiments at high pressures, however, appear
to rule out the possibility that arc magmas are derived solely from
partial melting of subducted oceanic crust (64). Alternatively, the
slab component may be carried by low viscosity, HO-CO, fluids
derived from devolatilization reactions in the subducted slab that
migrated upward resulting in metasomatism and partial melting of
the overlying mantle. If partial melting occurs solely within the
mantle wedge, then infiltrating aqueous fluids must carry substantial
amounts of silica, incompatible elements (for example, K,O and
TiO,), and radiogenic components (for example, #’Sr) in order to
account for the composition of arc magmas (1).

Based on the model P-T-t paths discussed above, partial melting
of subducting oceanic crust and sediments appear most likely to
occur within a few tens of millions of years of the initiation of
subduction in young oceanic lithosphere (<50 million years old). In
more mature subduction zones and in subduction zones formed in
older oceanic lithosphere, partial melting appears more likely to
occur as a result of H,O infiltration of the overlying mantle wedge.
Fluids, whether present as a distinct volatile phase or bound in the
crystal structure of minerals, play a crucial role in all subduction-
zone partial melting scenarios.
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Mantle Oxidation State and Its Relationship to
Tectonic Environment and Fluid Speciation

BERNARD J. WooD, L. TARAS BRYNDZIA, KATHLEEN E. JOHNSON

The earth’s mantle is degassed along mid-ocean ridges,
while rehydration and possibly recarbonation occurs at
subduction zones. These processes and the speciation of
C-H-O fluids in the mantle are related to the oxidation
state of mantle peridotite. Peridotite xenoliths from con-
tinental localities exhibit an oxygen fugacity (fo,) range
from —1.5 to +1.5 log units relative to the FMQ (faya-
lite-magnetite-quartz) buffer. The lowest values are from
zones of continental extension. Highly oxidized xenoliths
(fo, greater than FMQ) come from regions of recent or
active subduction (for example, Ichinomegata, Japan), are
commonly amphibole-bearing, and show trace element
and isotopic evidence of fluid-rock interaction. Perido-
tites from ocean ridges are reduced and have an average
Jo, of about —0.9 log units relative to FMQ, vi y

coincident with values obtained from mid-ocean ridge
basalt (MORB) glasses. These data are further evidence of
the genetic link between MORB liquids and residual
peridotite and indicate that the asthenosphere, although
reducing, has CO, and H,O as its major fluid species.
Incorporation of oxidized material from subduction
zones into the continental lithosphere produces xenoliths
that have both asthenospheric and subduction signatures.
Fluids in the lithosphere are also dominated by CO, and
H,0, and native C is generally unstable. Although the
occurrence of native C (diamond) in deep-seated garnetif-
erous xenoliths and kimberlites does not require reducing
conditions, calculations indicate that high Fe** contents
are stabilized in the garnet structure and that fo, de-
creases with increasing depth.

HE MANTLE, REPRESENTING THAT VOLUME OF THE EARTH
below the crust (10 to 40 km) and above the core (at 3200
km depth), may be presumed to have oxidation states
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ranging from equilibrium with Fe metal at the core-mantle bound-
ary up to equilibrium with Fe**-rich silicate melts in the near-
surface region. In this range, most major elements (for example, Si,
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