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Field-Based Evidence for Devolatilization in
Subduction Zones: Implications for Arc Magmatism

Gray E. BEBouT

Metamorphic rocks on Santa Catalina Island, California, afford examination of
fluid-related processes at depths of 15 to 45 kilometers in an Early Cretaceous
subduction zone. A combination of field, stable isotope, and volatile content data for
the Catalina Schist indicates kilometer-scale transport of large amounts of water-rich
fluid with uniform oxygen and hydrogen isotope compositions. The fluids were
liberated in devolatilizing, relatively low-temperature (400° to_600°C) parts of the
subduction zone, primarily by chlorite-breakdown reactions. An evaluation of perti-
nent phase equilibria indicates that chlorite in mafic and sedimentary rocks and
melange may stabilize a large volatile component to great depths ‘(perhaps >100
kilometers), depending on the thermal structure of the subduction zone. This evidence
for deep volatile subduction and large-scale flow of slab-derived, water-rich fluids
lends credence to models that invoke fluid addition to sites of arc magma genesis.

UBDUCTION TRANSFERS VOLATILE-

rich, hydrothermally altered igneous

rocks produced at mid-ocean ridges
and sediments deposited on the sea-floor
abyssal plain and in trenches to the upper
mantle. At deep levels in subduction zones
(>15 km), volatiles released by metamor-
phic devolatilization reactions play key roles
in the geochemical evolution of the slab-
mantle interface and in the overlying mantle
wedge. Petrologic relations and trace ele-
ment and isotopic systematics in arc volcanic
rocks suggest that water-rich fluids flux par-
tial melting in the source regions of arc
magmatism [depths of 80 to 150 km (1)]
and contribute slab-derived chemical com-
ponents to such regions [radiogenic isotopic
signatures of Pb, Sr, and Be, and trace
elements (2)].

Direct field-based studies of the effects
of fluid production and transport at depths
>15 km have been lacking. Evaluations of
the significance of fluid processes at great
depths in subduction zones have been lim-
ited to the study of indirect products of
subduction (arc volcanic rocks) and to the-
oretical models of thermal evolution and
devolatilization (3, 4). Exposures of blue-
schists, eclogites, and other associated meta-
morphic rocks record relatively high-pres-
sure, low-temperature conditions present in
subduction zones at depths of 15 to 90 km

Geophysical Laboratory, Carnegic Institution of Wash-
ington, 5251 Broad Branch Road, NW, Washington,
DC 20015.

(4, 5). They generally contain abundant
veins and other evidence for fluid mobility
and metasomatic interactions during meta-
morphism. These terranes allow direct as-
sessments of volatile reservoirs in subducted
rocks, of progressive volatile release during
metamorphism, and of fluid transport mech-
anisms during subduction. In this report, I
present stable isotope and field evidence,
from blueschist and higher grade metamor-
phic rocks of the Catalina Schist (Santa
Catalina Island, southern California). These
data record the effects of progressive devol-
atilization and large-scale fluid transport at
depths of 15 to 45 km in an Early Creta-
ceous subduction zone and, together with
considerations of plausible subducted vola-
tile reservoirs and rock pressure-temperature
(P-T) histories, allow inference of the de-
volatilization history in deeper parts of sub-
duction zones and its relevance to arc mag-
matism.

The Catalina Schist consists of three ma-
jor metamorphic-tectonic units juxtaposed
along low-angle faults (6). The structurally
lowest, lawsonite-albite to blueschist facies
unit is composed primarily of metasedimen-
tary rocks, with lesser amounts of metamor-
phosed mafic and ultramafic rocks. This unit
is structurally overlain by a unit that ranges
in grade from glaucophanic greenschist to
epidote amphibolite and consists primarily
of metamorphosed mafic and sedimentary
rocks. The structurally highest unit is am-
phibolite grade and contains metamafic and
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meta-ultramafic rock with only minor
amounts of metasedimentary rocks. Zones
of melange throughout the Catalina Schist
represent mechanical mixing of sedimentary,
mafic, and ultramafic rocks. The units were
probably juxtaposed during initiation of
subduction beneath the western margin of
North America in the Early Cretaceous (7).
Rock types similar to those in the Catalina
Schist are found in many other noncolli-
sional subduction-zone metamorphic ter-
ranes, particularly those along the western
margin of North America (8) and on the sea
floor (9).

Evidence for fluid transport and associat-
ed mass transfer during metamorphism in
the Catalina Schist includes veins, reaction
zones between disparate lithologies, changes
in bulk chemical composition, and changes
in isotopic composition (10-12). The wide
range of metamorphic grade represented by
the Catalina Schist (inferred T range of 350°
to 750°C at 5 to 11 kbars) makes these rocks
particularly suitable for observing changes
in volatile content with progressive meta-
morphism, inferring devolatilization histo-
ries, and estimating compositions and mass
transport capabilities of the metamorphic
fluids. The range in metamorphic grade also
permits assessment of large-scale fluid ex-
change between different parts of a single
evolving accretionary complex.

Measured 3'®0 of quartz from veins,
siliceous schists, and melange matrix in the
Catalina Schist decreases with increasing
metamorphic grade, from values near +17.4
per mil in the lawsonite-albite and blueschist
facies rocks (petrologically inferred T,
400°C) to values near +14.4 per mil for the
highest grade amphibolite facies rocks (in-
ferred T, 650°C). On the basis of experi-
mentally derived quartz-water isotope frac-
tionations (Fig. 1A) and the quartz data,
this trend in 3'®0 is interpreted to reflect
equilibration of the quartz in each unit at
petrologically inferred peak metamorphic
temperatures with waters of uniform $'30
of +13 * 1 per mil (see arrows and shaded
region in Fig. 1A). Calculated water 3'%0
values for other minerals in veins and me-
lange matrix yield similar results [see figure
2 in (11)]. 3D values of vein and melange
matrix minerals show increases with increas-
ing metamorphic grade that can be the result
of equilibration at petrologically inferred
temperatures with fluids of uniform 8D
(=15 = 15 per mil; Fig. 1B).

Host rocks have equilibrated with the
vein-forming fluids to varying degrees, as
indicated by shifts from probable protolith
(presubduction) oxygen isotopic composi-
tions toward compositions in isotopic equi-
librium with the fluids at petrologically in-
ferred temperatures [see figure 2 in (11)].
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Quartz-rich rocks interpreted to be meta-
morphosed cherts had initial 3'0 values
between +25 and +35 per mil (13), but
most presently have values identical to those
of the vein quartz (Fig. 1A) (13). The 8'%0
values of many mafic rocks (metamorphosed
basaltic and gabbroic rocks) are shifted from
probable protolith compositions; expected
protolith values are +5 to +9 per mil (14),
whereas measured values range from +10 to
+15 per mil. The 3'%0 values of amphibo-
lite-grade melange matrix are shifted from
values expected for simple mechanical mix-
ing (probably between +5 and +8 per mil)
to higher values [> +8 per mil (12)] that
reflect equilibration with the infiltrating flu-
ids. Some higher grade, particularly am-
phibolite grade, metasedimentary and meta-
mafic rocks away from veins and melange
zones have 3'®0 values indicating failure to
equilibrate with the fluids [high-3'%0
metasedimentary rocks and low-3'%0 meta-
mafic rocks (11)]. Isotopic homogenization
of host rocks is particularly evident near
veins and in melange zones (10, 12); this,
together with vein abundance [up to 50%
by volume in some exposures (11)], suggests
that the fluid flow was primarily localized
along fractures and shear zones.

Calculated O isotope compositions for
the fluids indicate that the fluids originated
through devolatilization reactions in rela-
tively low- T, sediment-rich parts of the sub-
duction zone. Equilibration of water-rich
fluid with metasedimentary rocks similar to
those of the Catalina Schist (quartz 3'%0 of
+16 to +19 per mil in all units) in the
temperature range of ~350° to 600°C (be-
tween curves in the shaded region, Fig. 2)
could produce the inferred +13 = 1 per mil
range in fluid 3'30 values (within dotted
lines, Fig. 2). This inference of a relatively
low- T fluid source is consistent with expect-
ed volatile loss during inferred devolatiliza-
tion reactions and trends in volatile content
in the Catalina Schist with increasing meta-
morphic grade. For both mafic and sedimen-
tary rocks, most of the water loss is expected
to occur during chlorite breakdown reac-
tions (chlorite contains approximately 12%
water by weight), generally over the T
interval of 400° to 600°C. Accordingly, the
water content in mafic and sedimentary
rocks of the Catalina Schist decreases pro-
gressively with decreases in chlorite modal
abundances corresponding to metamor-
phism over this T interval (15, 16).

Petrologic and geochemical evidence, in-
cluding the O and H isotope systematics,
vein mineralogy, fluid inclusion data, and
evidence for partial melting of mafic rocks
(17), suggests that the fluids were water-rich
but contained other C-O-H-S-N species.
Calculations of C-O-H fluid compositions
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in equilibrium with graphite in low:T
metasedimentary rocks (400°C, 10 kbars)
indicate that water-rich fluids (mole fraction
of H,O > 0.98) could have resulted from
devolatilization of such rocks (10). Trends in
N concentration and isotopic composition
and C isotope compositions of metasedi-
mentary rocks with increasing metamorphic
grade indicate that the fluids contained mi-
nor amounts of N, and CH, (10, 12); some
fluid inclusions contain CH, (17). The pres-
ence of sulfide minerals in veins indicates S
mobility in the fluids, probably as H,S (10).

The units of the Catalina Schist represent
progressive underplating of sedimentary,
mafic, and ultramafic rocks during early
stages of subduction (Fig. 3) (6). Such a
setting accounts for the relatively high in-
ferred temperatures (400° and 600°C iso-
therms on Fig. 3) (18). The O isotope data
indicate that some up- T fluid flow occurred
during metamorphism (arrows labeled 1 on
Fig. 3). Most of the fluid flow was probably
down-T, however, parallel to the thrust
surface (arrow 2 in Fig. 3); precipitation of
the abundant quartz veins in the lower grade
units is best explained by down- T flow (11,
19). The inferred O isotope compositions of
the fluids are probably the result of equili-
bration with metasedimentary rocks similar
to those of the Catalina Schist at tempera-
tures similar to those inferred for the lower
grade units (400° to 600°C). This suggests a
fluid source in devolatilizing, relatively
low-T parts of the subduction zone. How-
ever, the fluids need not have been derived
from the low-grade units as exposed and are
likely to have been derived from greater
depths (see inferred “Catalina depths™ and
fluid flow arrows in Fig. 3) (20). If so, fluids
would have risen along flow paths that are
dominantly parallel to the subduction
thrust.

Inferred devolatilization reaction histories
predict that substantial water release in sub-

ducted mafic and sedimentary rocks occurs,
in general, in the P-T interval over which
chlorite breaks down. (21, 22). Most devol-
atilization reactions are relatively insensitive
to P; thus, chlorite breakdown probably
occurs over a similar 400° to 600°C T
interval for a wide range of P. Much of the
loss of water-soluble species (large-ion litho-
phile elements, B, N,, and so forth) may
occur over this breakdown interval. The
depth at which this fluid release occurs is
largely dependent on the thermal structure
of the subduction zone. For early stages of
subduction (Fig. 4, rock P-T-time path A)
and for cases where young, hot oceanic crust
is subducted (path B), rocks experience rel-
atively high-temperature P-T-time paths.
Rocks encounter the 400° to 600°C interval
of chlorite or chloritoid breakdown at rela-
tively shallow levels, as recorded by the
Catalina Schist (Figs. 3 and 4). Relatively
cool P-T-time paths taken by rocks during
later stages of subduction (4) could result in
water loss at much greater depths (path C
corresponds to subduction of ~500 km of
oceanic crust), perhaps to more than 100
km. Most numerical models suggest that, in
mature subduction zones, subsolidus 400°
to 600°C conditions along the slab-mantle
interface may extend to depths equal to or
greater than those inferred for sites of arc
magma genesis (80 to 150 km) (4, 18, 23).

Mechanical mixing and fluid-rock interac-
tion in the melange of the amphibolite unit
gave rise to chlorite- and talc-rich assem-
blages [some nearly monomineralic (24)]. In
more ultramafic bulk compositions, break-
down of chlorite and talc occurs at higher
temperatures (see Tc and Chl curves in Fig.
4), compared with the 400° to 600°C inter-
val of maximum chlorite breakdown in mafic
and sedimentary bulk compositions (shaded
area in Fig. 4). The development of such
mixing zones could thus result in the stabi-
lization of extremely volatile-rich assemblag-
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es to great depths (>>100 km), where they
could release large amounts of water-rich
fluid.

The evidence presented here for devolatil-
ization and large-scale fluid transport, to-
gether with evidence for mass transfer in the
fluids (11), lends credence to models invok-
ing fluid-mediated additions to arc magma
source regions (2). If deep volatile subduc-
tion occurs in chlorite-bearing mafic and
sedimentary rocks and melange, previous
studies may underestimate the slab volatile
component subducted to depths of arc mag-
ma source regions (1). The results from the
Catalina Schist indicate that, despite the
highly heterogeneous nature of the rock
package subducted, devolatilization and flu-
id-rock interactions at depths of 15 to 45 km
produced a fluid composition homogenized
with respect to stable isotope systematics.
Such homogenization is compatible with
the findings of Morris et al. (25) and with
their interpretation that the slab-derived
component is homogeneous in B-Be system-
atics. Fluids like those that affected the
Catalina Schist could contribute significant-
ly to mantle wedge budgets for C, H, S, N,
F, and Cl (26). Known variations in the
nature of the subducted lithologic package
(8, 9, 27) and variations in geometric and
mechanical factors affecting thermal evolu-
tion of subduction zones (23) point to the
necessity of considering geochemical evolu-
tion at convergent margins on a system-by-
system basis. It may ultimately be possible to
correlate devolatilization histories inferred
from lithologic and geophysical data with
the petrology and geochemistry of arc-vol-
canic rocks for single subduction systems.
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