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Abstract

Differential chemical=isotopic alteration during forearc devolatilization can strongly influence the cycling of volatile
components, including some trace elements, in subduction zones. The nature and magnitude of this devolatilization
effect are likely to be strongly dependent on the thermal structure of individual convergent margins. A recent model
for metamorphism of the Catalina Schist, involving progressive underplating (at �45 km depths) of rock packets
metamorphosed along successively lower-T prograde P–T paths in a rapidly cooling, newly initiated subduction zone,
affords a unique evaluation of the effects of varying prograde P–T paths on the magnitudes of devolatilization and
chemical=isotopic alteration of subducting rocks. In the Catalina Schist, the most extensive devolatilization occurred in
metasedimentary rocks which experienced prograde P–T paths encountering the epidote–blueschist facies (>350ºC at
9 to 12 kbar) or higher-T conditions; such rocks are depleted in ‘fluid-mobile’ elements such as N, B, Cs, As, and Sb
relative to protoliths. Removal of these elements resulted in changes in B=(Be, Li, La, Zr), Cs=Th, Rb=Cs, As=Ce, Sb=Ce,
and Creduced=N, and increases in δ15N and δ13C. The relative susceptibilities of the ‘fluid-mobile’ elements to loss along
increasingly higher-T P–T paths can be categorized. Boron and Cs show the greatest susceptibility to low-T removal by
fluids, showing >50% depletion in even lawsonite–blueschist-facies metasedimentary rocks which experienced relatively
low-T prograde metamorphic paths. In rocks which experienced higher-T paths, As and Sb (likely in sulfides) show the
greatest depletions (>90%); N, Cs, and B (largely in micas) occur at ¾25% of protolith contents in even partially melted
amphibolite-facies rocks. Variations in B=Be, Cs=Th, As=Ce, and Sb=Ce among arcs from differing convergent-margin
thermal regimes, and conceivably some cross-arc declines in these ratios, are compatible with evidence from the Catalina
Schist for varying degrees of element removal as a function of prograde thermal history. In relatively cool subduction zones
(e.g., Kuriles, Marianas, Aleutians, southern Alaska) with thermal regimes similar to that which formed the low-grade units
of the Catalina Schist (and blueschist-facies rocks in the Franciscan Complex), forearc devolatilization is less profound, B,
Cs, As, Sb, and N are more likely to be deeply subducted, and enriched in arc lavas, and significant devolatilization occurs
at the blueschist-to-eclogite transition. High-grade units could reflect thermal evolution analogous to that of relatively
warm subduction zones (e.g., Cascadia) and back-arcs in which arc lavas are depleted in B, Cs, As, and Sb due to prior
removal by forearc devolatilization. The results of this study also imply less efficient recycling of these elements during
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the warmer Archean subduction which resulted in greater slab melting and production of abundant trondhjemite–tonalite
magmatic suites.  1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has become increasingly accepted that large
amounts of volatile components in subducted rocks
released in forearcs by mechanical expulsion or
devolatilization reactions are cycled back through
forearc regions to the seafloor (or other shallow
reservoirs) or to the mantle, and that this process rep-
resents a major variable in the global mantle–ocean
mass-balance for some of these components [1–3].
However, the processes by which structurally bound
volatile components are released during metamor-
phism, stored at great depths in accretionary com-
plexes (�50 km), or subducted to even greater depths
have received little attention. Significant attention re-
cently has been paid to the chemical characterization
of lithologies being subducted (seafloor sediments
and variably altered oceanic crust), in efforts to con-
struct global chemical models and characterize con-
tributions from subducting slabs to arc lavas [4–7].

Studies of modern forearc sediment and pore fluid
budgets and arc magmatism provide a rich context
into which to place considerations of volatile fluxing
at depth in paleoaccretionary wedges. Von Huene
and Scholl [8] provided estimates of the magni-
tudes of forearc sediment accretion, deep sediment
subduction, and pore fluid expulsion in their global-
perspective analysis of convergent-margin material
fluxes. Studies of arc magmatism have pointed to
the significance of forearc metamorphic processes in
governing the compositions of rocks subducting to
regions beneath arc lava source regions [9–12]. Geo-
chemical studies of forearc serpentinite seamounts
have also yielded insight regarding the degrees and
compositions of forearc fluid fluxing [13–15]. Much
research has concentrated on the shallowest manifes-
tations of fluid expulsion from forearcs in trenches
on the seafloor and along decollement zones [16]; the
shallow fluid budgets are thought to be dominated
by the mechanically expelled pore fluid component
([16]; for examples of chemical=isotopic and experi-
mental studies, see [17,18]).

Uplifted tracts of high-P=T metamorphic rocks
(e.g., blueschists) preserve information regarding the
extents of loss of volatile components during meta-
morphism along relatively cool P–T paths char-
acteristic of subduction-zone regimes (representing
depths of ¾15–50 km in ancient (subduction zones;
[19]). Recent studies have speculated that the ther-
mal structure of subduction zones influences the ef-
ficiency with which volatile components are deeply
subducted [20–25]. Cooler subduction-zone thermal
regimes (those in which relatively old oceanic litho-
sphere is being relatively rapidly subducted; [25]) are
thought to promote the deep retention of volatiles,
perhaps increasing the contributions of volatile com-
ponents to the deep mantle, including arc lava source
regions.

The Catalina Schist (California) records Creta-
ceous accretion and high-P=T metamorphism, and
contains metasedimentary rocks (graywackes and
shales) and metamafic rocks (basalts and gabbros)
ranging in grade from lawsonite–albite to amphi-
bolite facies (peak conditions of ¾275º to 750ºC,
5 to 12 kbar; [26,27]; Fig. 1). Forearc metamor-
phic suites such as the Catalina Schist (and Francis-
can Complex) are dominantly composed of the ter-
rigenous sedimentary lithologies (graywacke, shale)
thought to dominate the subducted sedimentary in-
ventory (cf. [6,8]). The Franciscan Complex con-
sists of ¾80% graywacke, ¾10% micro-graywacke
and shales, ¾10% mafic igneous rocks, and <0.5%
chert and associated shale and limestone [28]. The
Catalina Schist is similarly dominantly metased-
imentary, containing ¾70% metagraywacke and
metashale, with lesser amounts of metabasalt and
metagabbro, metachert, and mélange, and one oc-
currence of metamorphosed calcareous shale [27].
These sedimentary lithologic proportions are similar
to those observed in cores from many carbonate-
poor trench environments [6]. Taking into account
the deep-ocean pelagic section, and incorporating
the massive trench sedimentation (largely sialic) and
the additions of sialic material through subduction
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Fig. 1. Pressure–temperature diagram (simplified from [26]) il-
lustrating the varying prograde thermal histories and timing
of peak metamorphism and cooling of the tectonometamorphic
units of the Catalina Schist. Schematic P–T stability fields of the
prograde metamorphism in each of the units (patterned regions);
sources of generalized phase equilibria for relevant volcanic and
volcaniclastic rocks are given in [26]. The dark lines with ar-
rows represent schematic prograde rock P–T paths in a newly
formed subduction zone as a function of time (based in part
on the calculations of Peacock [2,56]), with the highest-T path
representing the early stages of subduction (labelled 115 Ma)
and other progressively lower-T paths depicting the evolution
toward an overall cooler subduction-zone thermal structure (see
dark line labelled 95 Ma). Overall P–T –t loops for each of the
units would appear clockwise on this diagram (see fig. 9 in [26]);
retrograde paths involving rapid cooling likely resulted in min-
imal impact of retrogradation on trace element compositions of
the prograde metamorphic mineral parageneses. Models of early-
stage thermal evolution (see [2]) indicate that significant cooling
occurs within a few million years of subduction-zone initia-
tion. Abbreviations for metamorphic facies are as follows: LA D
lawsonite–albite; LBS D lawsonite–blueschist; EBS D epidote–
blueschist; EA D epidote–amphibolite; GS D greenschist; AM
D amphibolite. Mineral abbreviations are: Jad D jadeite; Alb D
albite; Qtz D quartz; And D andalusite; Sil D sillimanite; Kya D
kyanite; Cc D calcite; Ar D aragonite.

erosion, von Huene and Scholl [8] estimated that
the deeply subducting sediments are ¾95% terrige-
nous, ¾3% biogenic carbonate, and ¾2% biogenic
siliceous rocks. However, the more carbonate-rich
pelagic section (¾15% biogenic carbonate; [6,29])
may commonly fall below the major decollement

in accretionary prisms [8], resulting in preferential
deeper subduction of carbonate (in subduction zones
with carbonate-rich sediment; [6]) and accounting
for its general absence in accretionary complexes.

In the Catalina Schist, the preservation of a co-
herent set of tectonometamorphic units representing
metamorphism at 15–45 km depths in a rapidly
cooling subduction zone (see discussion of tectonic
model by [26]) allows evaluation of the magnitude of
forearc devolatilization as a function of prograde P–
T history. The amphibolite-facies rocks are believed
to have been accreted to the hanging-wall in the
earliest stages of subduction, experiencing the high-
est-T prograde thermal histories (Fig. 1), whereas
lower-grade units were metamorphosed and accreted
successively during the progressive cooling of the
subduction zone (progressively cooler prograde P–
T paths for the lower-grade units). In this paper,
we present whole-rock major and trace element data
for 42 metasedimentary rocks of the Catalina Schist,
integrating these data with previously presented B–
Be concentration data and C and N isotope data for
the same rocks. We exploit the detailed paleotec-
tonic model for these rocks and present arguments
regarding (1) the evidence for trace element mobi-
lization during devolatilization of the Catalina Schist
metasedimentary rocks along differing prograde P–
T paths, and (2) the extent to which the trace element
data for the Catalina Schist can yield insight into the
trace element budgets in modern (and ancient) sub-
duction zones with differing thermal evolution. We
concentrate on element systems recently used to
trace slab C sediment-derived aqueous fluid (and sil-
icate melt) components in arc lavas (B, Be, Li, LILE,
U–Th, As and Sb; [5,9–12,14]).

2. Analytical techniques

Whole-rock major and trace element data were
acquired for 42 samples of metasedimentary rocks
representing the full range in metamorphic grade
(Table 1; major element data are reported in
the website table; see EPSL Online Background
Dataset 1). Boron, Be, and Li concentration data

1 http://www.elsevier.nl/locate/epsl, mirror site:
http://www.elsevier.com/locate/epsl
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were determined using the inductively coupled
plasma emission spectrometer (ICP) at the Depart-
ment of Terrestrial Magnetism=Geophysical Labo-
ratory (DTM=GL) of the Carnegie Institution of
Washington, and the direct current plasma spectrom-
eter (DCP) at the University of South Florida (USF);
for descriptions of methods, see [30–32]. Analytical
precision for the techniques is š5% for Be and Li;
for B, precision is š5% at concentrations >10 ppm
and š10% for concentrations <10 ppm. Whole-
rock data for most trace elements used in this study
(Table 1) were obtained by instrumental neutron ac-
tivation analysis (INAA; analyzed at Oregon State
University Radiation Center under the Reactor Shar-
ing Program). Accuracy and precision of the INAA
analyses were monitored through replicate analyses
of multiple standards and monitors; precision for
all elements is š15% or better. Elements for which
analyses were less precise (š5–15%) include Zr, Sr,
Ba, and U. Some Ba and Sr data and major element
data for most samples were collected by plasma
spectrometry at DTM=GL and at USF using standard
LiBO2 fluxed fusion techniques.

Mineral analyses for B, Cs, Rb, Sr, and Ba were
obtained using the Cameca ims-4f ion microprobe
at the University of Edinburgh (A.E. Bebout, G.E.
Bebout, and C.M. Graham, manuscript in prepa-
ration; see Moran [31] for detailed description of
analytical conditions, uncertainties, and data reduc-
tion). Thin-sectioned samples were sputtered with
a primary negative 16O� beam (¾15 µm in di-
ameter, 8 nA current), and secondary positive ions
of B, Rb, Cs, and Ba were accelerated (4500 eV)
into the mass spectrometer, separated (mass reso-
lution ¾300), energy filtered (to remove molecular
species), and counted. Spots for these analyses were
in grains previously analyzed for major elements
using an electron microprobe, with peak counting
on 30Si, 11B,85Rb, 133Cs, and 138Ba. Relative ion in-
tensities of each element were calculated relative to
Si; concentrations were calculated from the raw data
by assuming that the relative ion yield for the ele-
ment in the standard (NBS610 standard glass; [33])
equals the relative ion yield for the element in the
unknown. In general, the major source of error in the
analyses is related to sample heterogeneity (within
mineral grains and between similar grains in a rock),
rather than to instrumental (counting) errors. Errors

based on counting statistics vary with the number of
counts, and thus with the sensitivity of the element.
Approximate counting errors in percent are (at the 1
and 500 ppm levels, respectively): for B, Ba, and Rb
(2–4 and 0.2–0.3); for Cs (5–7 and 0.4). Ion probe
accuracy, which depends on standardization and ma-
trix effects, is likely to be worse than the counting
errors; however, relative precision is likely within
the counting errors. Data for relative differences in
concentration between analyses in the same phase
(e.g., for white-mica over a range in metamorphic
grade) should be particularly usable.

3. Results

In the Catalina Schist metasedimentary rocks,
devolatilization reactions released H2O-rich C–O–
H–S–N fluids [3,27,34]. H2O contents in the
rocks decrease from 3–5 wt.% in the lowest-
grade, lawsonite–albite-facies rocks to 1–3 wt.%
in the highest-grade, amphibolite-facies rocks; at
all grades, more aluminous rocks have the high-
est H2O contents [3]. This loss is attributable to
breakdown of chlorite and phengitic white mica to
stabilize muscovite-, biotite-, garnet-, and kyanite-
bearing mineral assemblages (for generalized reac-
tions see [24,34]). The highest-grade, amphibolite-
facies metasedimentary rocks are believed to have
experienced H2O-saturated partial melting resulting
in the production of quartz C plagioclase š mus-
covite leucosomes and pegmatites [27]; their volatile
and trace element concentrations thus reflect the
combined effects of subsolidus devolatilization and
partial melting. Fig. 2 summarizes the mineralogy
and mineral chemistry in metasedimentary rocks in
the Catalina Schist; at each grade, rocks show large
variations in the modal proportions of these min-
erals (reflected in varying major element contents).
Increases in δ15N and decreases in N concentra-
tion in the higher-grade rocks relative to their likely
seafloor sediment protoliths are consistent with de-
volatilization and loss, to fluids, of N2 with δ15N
lower than that of the rocks (Table 1; Fig. 3c), per-
haps during a devolatilization process approximating
Rayleigh distillation [34]. It is important to note that
the lower-grade rocks, because of their contrasting
prograde P–T paths relative to the high-grade rocks
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Fig. 2. Summary of mineral assemblages and mineral chemistry and textures in metasedimentary rocks of varying metamorphic grades
in the Catalina Schist. Mineral assemblage information from [26,39,64,65]. For white micas, total Si atoms per formula unit (based on
11 oxygens) are given (see [26]). Carbonaceous matter in low-grade rocks (at grades if less than epidote–blueschist) is poorly crystalline
material, whereas in the higher-grade rocks, it is more graphitic in structure [65]. The carbonaceous matter shows shift in δ13C which
correlates with N-isotope shifts and the trends in trace element compositions in this paper (C and N isotope and C=N data in [3]).

(Fig. 1), are not directly representative of the earlier
stages of devolatilization of the higher-grade rocks.
However, the lowest-grade (lawsonite–albite-facies)
metasedimentary rocks in the Catalina Schist are
broadly similar, in volatile contents and major and
trace element compositions, to seafloor sediments in
modern trench settings (Fig. 3; [3,24,34]) and are
used as a proxy for the protoliths of the higher-grade
metasedimentary rocks.

The concentrations of some other trace elements
are also depleted at higher metamorphic grades (Ta-
ble 1; Fig. 3). Boron, Cs, Sb, and As display de-
creases in mean concentration and in the range of
concentrations with increasing grade (i.e., the high-
est-grade rocks have lower concentrations and show
less variation in concentration than the lowest-grade
rocks). The losses inferred by comparison of mean
concentrations of the lawsonite–albite and higher-

grade equivalents are in some cases dramatic (Ta-
ble 1; Fig. 3). For example, mean B abundances
decrease from 92 ppm (1¦ D 53 ppm; n D 10) for
lawsonite–albite rocks to 15 ppm (1¦ D 6.4 ppm;
n D 10) for amphibolite-grade equivalents, implying
a possible B loss of ¾85% during prograde meta-
morphism (Fig. 3b; [24]; cf. similar estimates of B
loss with increasing metamorphism by [23]). Simi-
larly, mean Cs contents decrease from 5.8 ppm (1¦
D 2.6 ppm; n D 10) to 1.3 ppm (1¦ D 0.8 ppm;
Fig. 3a), and mean As concentrations decrease from
5.9 ppm (1¦ D 3.6 ppm; n D 7; the value of 62
ppm for sample 9-1-33 is not included in this calcu-
lation) to 0.9 ppm (1¦ D 0.7 ppm; n D 3), perhaps
implying ¾80–85% loss of Cs and As (Fig. 3a,d).
Although fewer data exist for Sb, mean concentra-
tions decrease from 3.4 ppm (1¦ D 2.9 ppm; n D 7)
to 0.17 ppm (1¦ D 0.07 ppm; n D 5), also indicat-
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ing possible dramatic losses (perhaps >90% of the
initial Sb; Fig. 3e). An incomplete Li dataset (Ta-
ble 1) shows significant variation in Li concentration
at single grades, and some possible minor decrease
in mean Li concentrations with increasing metamor-
phic grade (for the lower three grades combined,
mean Li concentration is 26.2 ppm [1¦ D 10.1 ppm;
n D 18]; for the two highest grades, mean Li con-
centration is 18.2 ppm [1¦ D 7.0 ppm; n D 12]).
Assessing whether or not the metasedimentary sam-
ples are changed in their whole-rock major element
compositions during prograde metamorphism and
devolatilization is complicated by the large degree
of variability in composition at any one grade (cf.
[35,36]). The whole-rock metasedimentary samples
of the Catalina Schist do not show obvious trends of
decreasing SiO2=TiO2 or SiO2=Al2O3 (or ratios of
other major oxides to TiO2 and Al2O3) proposed, in
other studies, to decrease with increasing grade (cf.
[35]; see EPSL Online Background Dataset 2).

Ion microprobe and bulk analyses of the principal
metamorphic minerals indicate that B and Cs (and
other LILE) are largely hosted by the micas in the
metasedimentary rocks (Fig. 4; [24,31,37]). For four
metasedimentary samples of epidote–blueschist and
epidote–amphibolite grades, white mica is more en-
riched in B, Cs, Rb, and Ba than the whole-rock
samples. In sample 7-3-43, the biotite is depleted
in B, Rb, and Ba relative to the coexisting white
mica, but is enriched in Cs relative to the white mica.
Plagioclase in sample 6-3-54 is more enriched in
Ba than the plagioclase in the other three samples.
The concentrations of B, Cs, Rb, and Ba in chlorite,
epidote, and amphibole are considerably lower. Ar-
senic and Sb are most likely hosted by the oxides

2 http://www.elsevier.nl/locate/epsl, mirror site:
http://www.elsevier.com/locate/epsl

Fig. 3. (a–e) Evidence for reduction in the concentrations of Cs,
B, N, As, and Sb in metasedimentary rocks of the Catalina Schist
having experienced relatively high-T prograde P–T –t histories
(see Fig. 1). Note the similarity of the concentrations in the low-
est-grade, lawsonite–albite-facies metasedimentary rocks to the
average concentrations of Cs, As, and Sb in the noncalcareous
seafloor sediments from the ODP Leg 765 core (see [4]). Mean
δ15N values (and 1¦ , relative to atmospheric N2; from [34]) are
provided for each grade in (c).
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Fig. 4. (a–d) Ion microprobe B and LILE data for coexisting minerals in one epidote–blueschist-facies metasedimentary rock (sample
6-2-24) and three epidote–amphibolite-facies metasedimentary rocks (samples 6-3-54, 6-3-53, and 7-3-43) of the Catalina Schist (ion
probe data are from [31]). In each of these samples, these elements are strongly enriched in micas (primarily white mica). The residency
of Sr in these rocks strongly differs from that of B, Cs, Rb, and Ba, as Sr is also hosted by clinozoisite, and in lowest-grade rocks, small
amounts of carbonate (see Fig. 2). Lines connecting data for the same mineral in the four rocks emphasize the systematic nature of the
trace element distributions.

and sulfides in the metasedimentary rocks [11,38].
Uranium and thorium, and the REE, are expected
to reside largely in accessory phases such as zircon,
apatite, and titanite. In the high-grade rocks, garnet,
clinozoisite, and zoisite may be important sites for
the REE (cf. [39]).

The effects of varying bulk composition on
whole-rock trace element concentration can be ex-
amined by comparison of the trace element contents
of samples of similar grade if the varying K2O
contents (Table 1), which primarily reflect varying
shale–sandstone proportions, are taken into account.
At any single metamorphic grade, whole-rock K2O
contents correlate with the concentrations of B, Cs,
N, Rb, and Ba, reflecting the principal residence of
these trace elements in micas (the only significant

K2O-bearing mineral in the rocks; Fig. 5; seafloor
sediment data in [6]). However, whole-rock Cs=K2O
and B=K2O (presumably related directly to the con-
centrations of these trace elements in the micas)
are dramatically lower in the epidote–amphibolite-
and amphibolite-facies rocks than in the lower-grade
equivalents (as reflected by the slopes of the lines
on Fig. 5a,b). In contrast with this behavior, K, Ba,
and Rb (hosted in micas) and Sr (hosted in micas,
but also in lawsonite and clinozoisite and, in the
lowest-grade rocks, in finely disseminated carbonate;
[3]) do not show obvious decreases with increasing
metamorphic grade (Fig. 5c,d).

The decreases in B, Cs, As, and Sb contents result
in dramatic shifts in element ratios (see Table 1;
Fig. 6). Cs=Th of the metasedimentary whole-rocks
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Fig. 5. (a–d) Cs–B–Rb–Ba systematics in the metasedimentary rocks of the Catalina Schist (see data in Table 1) relative to whole-rock
K2O in each of the samples. Note that the ratios of B and Cs to K2O are lowered in the high-grade metasedimentary rocks, whereas
the ratios of Rb and Ba to K2O do not show obvious change. Particularly in the low-grade units, the concentrations of these elements
correlate with whole-rock K2O contents (Rb and Cs to a greater extent than B). Lines represent linear regressions through the data for
the lowest-grade rocks (lawsonite–albite-grade samples only). For some elements (B and Cs), most of the data for the higher-grade units
fall below these lines, indicating lowering of the ratios of these trace elements to K2O during devolatilization and release of high-B=K2O
and Cs=K2O fluids (relative to rocks). In (a) and (b), lines are estimated through the data for the highest-grade, amphibolite-facies rocks
(indicating the approximate average Cs=K2O and B=K2O of the high-grade rocks) to demonstrate the likely magnitude of loss of Cs and
B. Changes in slope of such lines drawn through the data for high- and low-grade samples (and the origin) are consistent with ¾80%
loss of B and ¾75% loss of Cs (see similar relations demonstrated for N and K2O by Bebout and Fogel [34]). Note that Rb=K2O and
Ba=K2O of the higher-grade rocks, (c) and (d), do not show obvious change with increasing grade; data for all grades more strongly
overlap, consistent with little effect of prograde metamorphism on these ratios. All but 6 samples have K=Rb of 200 to 500 similar to
that of the ODP Site 765 sediments (see [3]; cf. [4,5]); most samples have K=Ba of 15 to 50 (line on (d) corresponds to a K=Ba of 30).
The symbols are the same as those used in Fig. 3.

shows dramatic decrease over this range in grade
(Fig. 6a), only in part due to the somewhat higher
Th contents of the amphibolite-facies rocks (Fig. 7b),
and Rb=Cs increases from ¾20 (for low-grade rocks)
to values approaching 120 (for high-grade rocks;
Fig. 6b; also Fig. 5a,c). B=Be, B=La, and B=Li

show dramatic decrease attributable to significant B
loss (Table 1; Fig. 6c,d; cf. [24]). The lowest-grade,
lawsonite–albite-facies rocks have relatively uniform
Rb=Cs (mean D 21.3 ppm, 1¦ D 5.3 ppm; Table 1;
Fig. 6b) similar to that of unmetamorphosed sedi-
ments (with most seafloor sediments having Rb=Cs
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Fig. 7. (a–c) Demonstration of U–Th systmatics in the metased-
imentary rocks of the Catalina Schist. Note slight statistical
decrease in U ppm (a) in the higher-grade units (see text) and
slight increase in the mean Th concentrations (b) of the higher-
grade rocks. The two subtle trends produce an increase in the
mean Th=U of the amphibolite-grade rocks (c). Ranges of U and
Th concentration and Th=U for sediments in ODP core 765 (see
[4]) are included for comparison (note that U and Th data from
core 765 are for noncalcareous sediments only). The symbols are
the same as those used in Fig. 3.

between 11 and 40; see fig. 2 in Plank and Langmuir
[6] and Hart and Reid [40]), but range widely in
B=Be, B=Li, B=Zr, and B=La (e.g., B=Be range of
25 to 140 for the same grade; Fig. 6c,d). Significant
change is also noted in the ratios of As and Sb to
the HFSE and REE (As=Ce and Sb=Ce in Table 1;

Fig. 6e,f); this change is attributable to As and Sb
loss, as Ce concentrations remain relatively constant.

Whether or not the U–Th systematics were dis-
turbed by prograde devolatilization in the higher-
grade units is less certain (Table 1; Fig. 7); however,
some discussion of the U–Th compositions is war-
ranted because of the possible significance of sub-
duction-zone metamorphic processes in fractionating
these elements (see [11,41]. Lawsonite–albite-facies
metasedimentary rocks have mean U concentrations
of 1.60 ppm (1¦ D 0.28 ppm; n D 9), whereas am-
phibolite-facies equivalents have mean U contents of
1.12 ppm (1¦ D 0.25 ppm; n D 10; Fig. 7a). The
Th=U of these rocks increases with increasing grade,
in large part due to the somewhat higher Th contents
of the amphibolite-facies rocks (Table 1; Fig. 7b,c),
with values ranging from mean Th=U of 3.28 (1¦ D
0.43; n D 9) for lawsonite–albite-facies rocks (see
similar mean values of ¾4, but significant variabil-
ity, for seafloor sediment in fig. 15 in Plank and
Langmuir [6] and Kay and Kay [42]) to mean Th=U
of 7.40 (1¦ D 2.0; n D 10) for amphibolite-facies
equivalents (Table 1).

4. Discussion

4.1. Evidence for varying trace element behavior
during forearc devolatilization

The trace element systematics in the Catalina
Schist metasedimentary rocks can be explained by
varying degrees of element removal by fluids during
devolatilization reactions, with the most depleted ele-
ments being those most strongly partitioned from the
micas (for B, Cs, and N) and other minerals (perhaps
the oxides and sulfides for As and Sb) into meta-
morphic fluids. The lower Cs=K2O and B=K2O in
epidote–amphibolite- and amphibolite-facies rocks
(Fig. 5a,b) are consistent with losses of B and Cs
similar in magnitude to the loss inferred for N in the
same rocks (¾75% loss of N inferred by Bebout and
Fogel [34]; Table 1; Fig. 3c). Preferential removal of
B and Cs relative to Be, Li, Th, Rb, Zr, and La can
explain the decreased B=Be, B=Li, B=La, B=Zr and
Cs=Th and increased Rb=Cs (Fig. 6; Table 1). There
is a weaker suggestion in the Catalina Schist data
(complicated by compositional variability at each
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grade and requiring further testing) that Li partitions
into forearc aqueous fluids to a slightly greater ex-
tent than Be (but to a far lesser extent than B and
Cs). The evolved metamorphic fluids are inferred to
have had complementary, highly fractionated trace
element compositions (high B=Be, B=K2O, B=Li,
B=La, B=Zr, Cs=Th, and Cs=K2O and low Rb=Cs)
relative to the rocks (Figs. 5 and 6).

For each unit, the preferential loss of fluid-mobile
trace elements such as B and Cs relative to Be, Li,
Th, Rb, Zr, and La was probably incremental, oc-
curring over a broad range of pressures and temper-
atures during prograde metamorphism and involv-
ing continuous metamorphic reactions (cf. [24,34]).
These reactions involved progressive changes in the
compositions of minerals such as mica and chlo-
rite (e.g., decreases in the phengite component in
white micas) without marked decrease in the modal
proportions of mica. To a lesser extent, minor break-
down of chlorite and the white micas resulted in the
appearance of phases such as biotite, kyanite, and
garnet (Fig. 2). Thus, the decreases in whole-rock
contents of elements hosted in the micas largely
reflect the progressive reequilibration of the micas
with metamorphic fluids (i.e., repeated fluid–mineral
trace element partitioning with successive ‘batches’
of fluid) rather than breakdown of the micas (pri-
marily white micas) to produce other potassic phases
such as potassium feldspar (which is absent in the
metasedimentary rocks of all grades). In these rocks,
the Rb=Cs systematics (Fig. 6b) most directly reflect
the effects of progressive fluid–mica partitioning,
as both elements are primarily hosted by the micas
(Fig. 4). In contrast, the Cs=Th and B=La systemat-
ics (Fig. 6a,d) are impacted by both the changes in
mica B and Cs contents with increasing metamor-
phic grade and varying relative abundances of the
micas and Th- and La-rich phases at each grade. The
decreases in whole-rock Cs=Th and B=La are pri-
marily the result of dramatic Cs and B loss, largely
from the micas (Fig. 3a,b, Figs. 4–6a,d). The B=Be
systematics differ from those of the other systems
in that Be is more uniformly distributed among the
silicate phases in the metasedimentary samples, oc-
curring at significant concentrations in the micas
(Fig. 6c; [24,37]). In a detailed ion microprobe study
of the trace element concentrations in mineral phases
in the Catalina Schist metasedimentary rocks, A.E.

Bebout, G.E. Bebout, and C.M. Graham (in prep.)
demonstrated (1) that the concentrations of B and
Cs in white-mica show decreases with increasing
metamorphic grade which parallel the whole-rock
variations (in contrast, Ba and Rb concentrations in
the micas show no decrease with increasing grade),
and (2) that the whole-rock concentrations of the
B, Cs, Rb, and Ba can be roughly reproduced us-
ing the mineral concentrations and mineral modes in
these rocks. Thus, the whole-rock variations in trace
element concentration appear to reflect the effects
of prograde recrystallization and mineral–fluid parti-
tioning rather than other processes such as retrograde
enrichment.

The extent to which trace elements were fraction-
ated by fluid–rock partitioning depended on factors
such as the amount of local fluid loss, which in
turn depended on the chemical composition of the
rocks. Degrees of fluid–rock interaction, involving
either locally or externally derived fluid, and the P-
and T -dependent fluid–mineral partition coefficients
for these elements, may thus dictate the degrees of
depletion of fluid-mobile elements during prograde
metamorphism (see [24] for calculations and discus-
sion). The enhanced partitioning of B, Cs, As, and
Sb (relative to Be, Li, Rb, the HFSE, and the REE)
into metamorphic fluids inferred from this study is,
in general, compatible with the results of experimen-
tal and other field-based studies of element fluid–
mineral partitioning and mobility (see [15,17,43–
49]). The abundances and compositions of micas
in the metasedimentary rocks of the Catalina Schist
strongly control the whole-rock abundances of N, B,
Cs, Rb, and the other LILE (Fig. 4; cf. [24,31,37,
50]). Ion microprobe data demonstrate that B and the
LILE in metamorphosed mafic rocks are also hosted
primarily by muscovite and biotite [31,37]. Thus,
the stability relations (and solubilities) of the micas
may govern the release of these elements from the
subducting slab (see [24,37,51]). The data for amphi-
bolite-grade metasedimentary rocks of the Catalina
Schist, which are believed to have experienced wa-
ter-saturated partial melting, document the retention
to >650ºC of significant concentrations of these
elements, likely in micas. It is possible, in many sub-
duction zones (particularly in relatively warm sub-
duction zones; Fig. 1), that the systematics of some
LILE, B, Be, and Li in subducted argillaceous sed-
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iments during further prograde heating (to >650ºC)
would at greater depths be impacted by dehydration–
melting reactions involving breakdown of micas and
production of high-Si partial melts (cf. [52]).

The mobility of siderophile=chalcophile elements
such as Sb and As likely depends on the stabili-
ties of host oxide and sulfide phases during pro-
grade metamorphism, hence on possible desulfida-
tion of the rocks and local oxygen fugacity relations
[11]. Sulfide minerals (pyrite and pyrrhotite abun-
dant in low-grade metasedimentary rocks) are absent
or minor in abundance in higher-grade rocks (at
grades of epidote–blueschist or higher), providing
a possible explanation for the high degrees of re-
moval of the chalcophile elements As and Sb in
the higher-grade rocks. The partitioning of U into
the metamorphic fluids would also depend critically
on oxygen fugacity, with more oxidizing conditions
favoring the enhanced mobility of U as U6C hy-
droxide form [11,12,44]. Based on the abundance
of graphite (which defines the maximum fO2 ) in all
Catalina Schist metasedimentary samples, and the
existing knowledge of fluid compositions for the
suite (>90 mole% H2O at all grades), oxygen fu-
gacity is regarded as having been near the QFM
(quartz–magnetite–fayalite) buffer (over the range of
400–600ºC at 10 kbar, fO2 of ¾1 log unit above
QFM at lower temperatures, to ¾2 log units below
QFM at the higher temperatures; [53]). This fO2

range is likely to have been sufficiently reducing to
stabilize U4C, known to partition to a lesser extent
than U6C into fluids and melts relative to minerals
[45], as the dominant U complex. The apparent rel-
ative immobility of U in the metamorphic fluids, as
deduced by the lack of obvious evidence for loss of
U from rocks at the higher grades (Fig. 7), can be
explained by the complexing of U predominantly as
the more mineral-compatible U4C. Regarding other
possible effects on the whole-rock U–Th composi-
tions, metasedimentary rocks of all grades contain
varying amounts of zircon and apatite (both known
to incorporate U and Th); however, the modal abun-
dances of clinozoisite=zoisite (lawsonite–albite and
lawsonite–blueschist rocks contain lawsonite as the
Ca–Al–silicate phase; Fig. 2) appear to be lower in
amphibolite-facies rocks, perhaps providing one ex-
planation for the altered Th=U of the highest-grade
rocks (cf. [39]). Perhaps more likely, the stability of

Fig. 8. Plot of mean element concentrations in lawsonite–
blueschist (LBS), epidote–blueschist (EBS), epidote–amphibolite
(EA), and amphibolite (A) facies metasedimentary rocks normal-
ized to the concentrations of the same components in lawsonite–
albite (LA) facies metasedimentary rocks, showing apparent vary-
ing susceptibilities of the components to depletion during meta-
morphism along increasingly higher-T prograde P–T paths (see
inferred prograde paths for the various units in fig. 1 from [26]).
Note that the comparison of the LBS to the LA metasedimentary
rocks (broader line) indicates preferential depletion of Cs and B
relative to K2O, N, As, and Sb along a relatively low-T prograde
metamorphic path (see text for discussion).

titanite (sphene) could have played a key role in the
whole-rock U–Th systematics–titanite (which can
host REE, U, and Th; [39]) is present in metased-
imentary rocks at lower grades, but absent and re-
placed by rutile (with ilmenite) as the dominant TiO2

phase in amphibolite-facies rocks.
The data for the relatively ‘fluid-mobile’ trace el-

ements may reflect varying susceptibilities to loss
during devolatilization along increasingly higher-
temperature P–T paths in the Catalina subduc-
tion zone (Fig. 8). In Fig. 8, the volatile contents
of each of the higher-grade units of the Catalina
Schist are compared with the volatile contents of
the lawsonite–albite-grade rocks, which are similar
in their volatile and trace element contents and sta-
ble isotope compositions to likely unmetamorphosed
equivalents. Perhaps the most interesting comparison
is that of the lawsonite–blueschist-grade rocks with
the lawsonite–albite-grade rocks (indicated by the
bolder line). From this comparison, it is evident that
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B and Cs were depleted to a greater degree than N,
As, and Sb during prograde metamorphism along the
relatively low-temperature P–T path experienced
by the lawsonite–blueschist-facies rocks (vertical ar-
rows on Fig. 8). Furthermore, the magnitudes of loss
for B and Cs appear to differ significantly (¾70%
loss for B; ¾50% for Cs). Higher-grade units show
dramatic losses of all five of the elements. However,
B, Cs, and N are retained at significant concentra-
tions in even the amphibolite-facies metasedimen-
tary rocks because of the continued stability of micas
(largely muscovite) at high grades.

4.2. Implications of trace element fractionation
during devolatilization in forearcs

Subduction-zone metamorphism should result in
the development of a variety of geochemical reser-
voirs related to the release of slab fluids (i.e., hy-
drous fluids, silicate liquids), the mobilization of
these fluids at various depths in forearc and subarc
regions, and the transport of devolatilized, chemi-
cally fractionated slabs into the deep mantle [3,14].
Evidence for devolatilization, fluid transport, and
metasomatism in the Catalina Schist (this study;
[3,24,27,34,50]) directly predicts the release and
large-scale mobilization of hydrous fluids (and dis-
solved species) in forearc regions, particularly in
relatively warm subduction zones. Attempts to trace
‘deep-sourced’ fluid contributions (i.e., not merely
compaction-related) in shallow accretionary prisms
have been inconclusive [16]. However, recent geo-
chemical studies of clasts, muds, and low-chlorin-
ity fluids from actively venting forearc serpentinite
seamounts [13–15] have revealed fractionated fluid
elemental abundance patterns in the solids (e.g.,
strongly elevated B contents, possibly elevated con-
tents of Cs, Rb, and Li), and C–H–O isotope fluid
compositions compatible with the addition of slab-
derived fluids with some chemical=isotopic similar-
ities to the fluids released from the Catalina Schist
metasedimentary rocks.

The relationships in Fig. 8 point to differing de-
grees of deep retention (and recycling), among trace
elements, that reflect the differential fluid–mineral
partitioning of these elements during forearc de-
volatilization and as the result of varying prograde,
subduction-zone P–T histories. The higher contents

of fluid-mobile trace elements in the Catalina Schist
metasedimentary rocks representing the lowest-T
prograde paths (the lawsonite–blueschist-facies
rocks; indicated by the broader line in Fig. 8) imply
that, in cool subduction zones, these elements are
efficiently retained in subducting sedimentary rocks
to great depths where they could be available for
addition to arc source regions. Further tests of these
proposed varying trace element susceptibilities to
forearc loss in fluids should be conducted on other
high-P=T metamorphic suites, particularly on suites
representing subduction to depths greater than those
represented by the Catalina Schist (15–45 km).

Variations in B=Be, Cs=Th, As=Ce, and Sb=Ce
among arcs from differing convergent-margin ther-
mal regimes, and conceivably some cross-arc de-
clines in these ratios, can be reconciled with evi-
dence from the Catalina Schist for varying degrees
of forearc element removal as a function of pro-
grade thermal history. We suggest that the shallow
devolatilization (and even melting) experienced by
the higher-grade units of the Catalina Schist (i.e.,
epidote–amphibolite- and amphibolite-facies units)
may be analogous to the processes attending forearc
metamorphism in relatively warm subduction zones
such as the Cascadia plate margin (cf. [54,55]). A
comparison of the volatile and trace element contents
of the epidote–amphibolite- and amphibolite-facies
metasedimentary rocks with those of the lawsonite–
albite-facies rocks (and unmetamorphosed equiva-
lents) suggests that dramatic shallow devolatilization
should occur in such subduction zones. This shal-
low devolatilization should result in smaller hydrous
fluid fluxes beneath arcs and the production of fewer
arc volcanoes [25] which erupt lavas lacking the
distinctive trace element signatures of hydrous fluid
additions but possessing trace element abundances
consistent with additions of slab sediment melts [55].
This warmer thermal evolution is thought to be more
representative of the thermal conditions in Archean
subduction zones; thus, a similar devolatilization
process, selectively removing relatively fluid-mobile
trace elements, is likely to have affected the deep
recycling of these elements in the Archean (cf. [41]).

Later-stage subduction produced the relatively
cooler thermal regimes reflected by the lower-grade
units of the Catalina Schist (Fig. 1) and, for the
lawsonite–blueschist- and epidote–blueschist-facies
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rocks, resulted in less dramatic volatile and trace
element losses during subduction to the same
depths. The lawsonite–blueschist-facies metasedi-
mentary rocks are relatively similar in trace ele-
ment composition to the lawsonite–albite-facies (and
unmetamorphosed) equivalents (Figs. 3 and 5–7).
This similarity reflects the retention of volatiles (in-
cluding the fluid-mobile elements) to far greater
depths at later, cooler stages in the Catalina subduc-
tion zone, perhaps for some volatiles to depths of
the blueschist–eclogite transition ([56]; Fig. 1). The
later-stage thermal regime of the subduction zone
producing the Catalina Schist was perhaps more
similar to that of the present-day Kurile, Marianas,
Aleutian, and southern Alaska subduction zones (cf.
[9–12,25,30,57]): that is, relatively cool, affording
the addition of hydrous fluids with distinctive trace
element signatures (e.g., high B=Be, B=Li, B=La,
B=Zr, Cs=Th, Cs=Rb, As=Ce, and Sb=Ce) to the
mantle wedge beneath the arc.

The aforementioned relationships are illustrated
using representative volcanic arc data in Fig. 9, in
which element ratios (Cs=Th, Rb=Cs, B=Be, B=La,
As=Ce, and Sb=Ce) are plotted versus K2O contents.
Here, data are shown for a relatively warm sub-
duction zone (Cascades) and two cooler subduction
zones (Marianas and Kuriles; cf. [58,59]). For com-
parison, representative data (in labelled, patterned
fields) are shown for oceanic island basalts (OIB)
and less altered mid-ocean ridge basalts (MORB)
which collectively are taken as representative of
normal sub-oceanic mantle domains where there is
little or no subduction contribution. Contents of K2O
generally increase toward back-arc regions and typ-
ically are correlated with progressive depletion of
the ‘fluid-mobile’ elements (B, Cs, As, and Sb; cf.
[10,14]); the across-arc trends of decreasing B, Cs,
As, and Sb abundance are subdued in the relatively
‘hot’ Cascades arc, presumably due to the greater
prior removal of these elements during relatively
high-T forearc metamorphism. In all three arc sys-
tems (and particularly for the Cascades arc), the trace
element ratios in volcanic rocks toward back-arc
regions approach the ratios in OIB and unaltered
MORB. Thus, the significant enrichments of B, Cs,
As, and Sb in typical arc magmas can be reconciled
with variably efficient transfer of these elements
from subducted slabs (sediment and=or ocean crust

components) to the respective arc magma sources.
The fact that many of the element ratios used are
not significantly fractionated by partial melting pro-
cesses argues both against direct melting of the slabs
and for a multi-stage process in forming arc magma
sources [10,30,59]. Progressive across-arc declines
in B=Be, Cs=Th, As=Ce, and Sb=Ce (e.g., as docu-
mented for the Kurile [10,11] and other arcs [9,30];
Fig. 9) are viewed as reflecting diminished inputs
of hydrous slab-derived fluids, but may also indicate
changes with depth in the trace element ratios of
evolved metamorphic fluids and the increased im-
pact of melt inputs from the slab (see [14,24,46]).
Any shift in the stable isotope compositions of rocks
during forearc devolatilization will strongly impact
the stable isotope compositions of partial melts gen-
erated at higher temperatures [3,49,60].

5. Conclusions

In the Catalina Schist, the preservation of
tectonometamorphic units representing a rapidly
cooling subduction zone has allowed us to exam-
ine forearc devolatilization as a function of varying
prograde thermal history. Such information can be
directly applied to understanding the chemical evo-
lution of present-day subduction zones of varied
thermal structures, pointing to specific mass-balance
experiments for individual arcs which could test the
efficiency of seafloor-to-arc transfer. The trace ele-
ment data for metasedimentary rocks in the Catalina
Schist indicate systematics in the differential extents
of element loss that can be related to the relative
stabilities of the elements’ mineral hosts (particu-
larly the micas and sulfides). Our results (also see
[23,24]) complement recent examinations of conver-
gent-margin trace element mobility based on analy-
sis of the sediments outboard of trenches, investiga-
tion of trace element and stable isotope systematics
in arc volcanic rocks and serpentinite seamounts,
and experimental studies of the effects of meta-
morphic fluid–rock interactions on the compositions
of both subducting lithologies and their liberated
fluid phases. A more complete understanding of the
effects of devolatilization and melting on the chem-
ical compositions of subducting slabs awaits more
detailed study of trace element behavior during sub-
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Fig. 9. (a–f) Ratios of fluid-mobile elements to other incompatible elements as a function of K2O content (K2O in wt.%) for selected lavas from the Kurile, Marianas, and
Cascades volcanic arcs and basalts from oceanic islands (OIB) and mid-ocean ridges (MORB; less altered in shaded region). The data used are as follows. As and Sb data ([11],
and [58], and references therein); Be and B: altered MORB, Marianas (W.P. Leeman, unpubl. data), Kuriles [10], Cascades [55], MORB and OIB [59,66], W.P. Leeman, unpubl.
data; Rb, Cs, Th ([58], and references therein; W.P. Leeman, unpubl. data). Fat, darkly patterned arrows indicate the general trajectories of the ratios in volcanic rocks across
arcs, and the finer, black arrows indicate trajectories from fresh MORB toward values for seafloor altered MORB (approximate fields shown in patterned regions in (c) and (d)).
In all three of the arcs, enrichments in the fluid-mobile elements show declines with increasing K2O content, which correlates with degrees of melting, decreasing slab inputs,
and in across-arc suites, depth-to-slab. Fresh MORB and OIB tend to have similar ranges for the ratios plotted despite degree of differentiation (range in K2O). The ‘cooler’
Kurile and Mariana arcs show more dramatic enrichments in the fluid-mobile elements consistent with greater additions in slab-derived ‘fluids’ whereas, in the ‘hot’ Cascades
arc, enrichments in these elements (and across-arc variation in these element ratios) are smaller, consistent with the presence of a more devolatilized slab beneath the Cascades
arc. Overlap of data for the Cascades with data for OIB and fresh (unaltered) MORB further confirms the similarity in the respective magma sources.
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duction-zone metamorphism of metabasaltic rocks
(see [51,61]). Studies of blueschist- and eclogite-
facies suites representing high-P=T metamorphism
at pressures greater than those represented by the
Catalina Schist forearc suite (>50 km; e.g., [61,62]),
and additional experimental approaches (e.g., [43–
48,63]), are required to elucidate trace element be-
havior during devolatilization at the greater depths
beneath arcs.

Devolatilization in forearc regions probably
strongly influences the global budgets of trace el-
ements such as B, Cs, As, Sb, and perhaps U (and
other volatile components; e.g., H2O, C, N; see [3]),
preventing their deep subduction to varying degrees
depending on the thermal evolution of the subduc-
tion zones. As the result of forearc devolatilization,
these elements may be returned toward the surface in
Catalina-like H2O-rich fluids which contribute sig-
nificantly to the production of forearc serpentinite
seamounts and the fluid budgets in shallow parts
of accretionary complexes. It should ultimately be
possible to refine our understanding of these fluxes
by combining information regarding thermal struc-
ture of modern subduction zones with the informa-
tion regarding relative efficiency of subduction as
a function of thermal history gained through study
of high-P=T metamorphic suites, and with the geo-
chemistry of the arc lavas, in studies evaluating the
recycling behavior of individual elements at individ-
ual convergent margins.
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