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Cross-Arc Geochemical Variations in the
Kurile Arc as a Function of Slab Depth

Jeffrey G. Ryan,* Julie Morris,T Fouad Tera, William P. Leeman,
Andrei Tsvetkov

Lavas from transects across the Kurile Islands arc showed geochemical variations related
to changes in the compositions of fluids derived from the subducting slab. Enrichment
factors for boron, cesium, arsenic, and antimony, all elements with strong affinities for
water, decreased across the arc. This decrease is presumably related to losses of water-
rich fluids during the dehydration of the subducting plate. Enrichments of potassium,
barium, beryllium-10, and the light rare earth elements remained constant; these species
may move in silica-rich fluids liberated from the slab at greater depths.

The involvement of slab-derived melts (1,
2) and the importance of nonmagmatic
(that is, fluid) slab components (3—6) in arc
magmatism are uncertain and much debat-
ed. Only recently have clear indicators for
slab contributions been identified: High
concentrations of B and '°Be in arc lavas
require material inputs to arc source regions
from subducted oceanic sediments and al-
tered oceanic crust (4, 7). To better under-
stand magma generation at arcs and the
significance of subduction in crustal recy-
cling, we need to know what processes con-
trol material fluxes from the subducting
plate and how these fluxes interact with the
overlying mantle.

We examined trace element systematics
in suites of lavas from a series of “cross-arc
transects” across the arc of the Kurile Is-
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lands. The volcanoes sampled lie 120 to 250
km above the subducting plate and may
thus reflect slab-mantle interactions occur-
ring over a range of pressure and tempera-
ture conditions. The Kurile Islands are a
stereotypic island arc, erupting medium K
calc-alkaline lavas across an unusually wide
volcanic zone (Table 1) (8). Most Kurile
lavas that have been analyzed have °Be
contents greater than 1.0 X 10° atoms/g,
which indicates subducted sediment (slab)
involvement during magma genesis. Limit-
ed isotopic variation (37%Sr ~ 0.703 to
0.7034 and /'*Nd ~ 0.5130 to 0.5131)
(9) suggests that neither enriched mantle
sources nor crustal assimilation strongly af-
fects lava chemistry.

Data for six Kurile Islands cross-arc
transects are presented in Table 1 and Fig. 1
(10). Incompatible trace elements show a
spectrum of across-arc variation patterns. B
and Sb (II) reflect one extreme (Fig.
1A)—high concentrations in volcanic
front (VF) lavas, with abundances declining
across the arc. Cs and Rb (Fig. 1C) show no
clear pattern of concentration variation,
whereas K, Ba, and most other elements
(Fig. 1, E and G) increase in concentration
across the arc. These element abundance
patterns result from slab inputs, which may
vary with increasing slab depth, and from
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Fig. 1. Plots of element abundance and ratios for
cross-arc transects in the Kurile Islands. Depths to
Benioff zone were determined with the use of data
from (32) and (33); absolute uncertainties in
depths are =10 km, but volcano-to-volcano un-
certainties are much smaller. Gray fields on ratio
diagrams represent ranges for mid-ocean ridge
basalt and Ocean island basalt sources based on
(5) and (35) and references therein. (A and B) B
and B/Be versus depth. (C and D) Cs and Cs/Th
versus depth. (E and F) K,O and K,O/Be versus
depth. (G and H) La and La/Be versus depth.

varying extents of partial melting and crys-
tal fractionation. We disentangled these ef-
fects by determining the ratios of the ele-
ments of interest to other elements with
similar solid-melt distribution coefficients
(Ds) but much lower apparent solid “slab
fluid” Ds. Use of these element ratios min-
imized the effects of processes other than
subduction modification of the mantle.
KO, La, and B all have solid or melt Ds
similar to that of Be; the solid or melt D for
Cs is more similar to that of Th. Thus, in
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Fig. 1, B/Be, Cs/Th, K,O/Be, and La/Be
ratios are plotted versus depth.

It can be demonstrated that lavas erupt-
ing at the rear of an arc are produced by
generally lower degrees of partial melting
than are those at the VF (12). This effect
will produce positive slopes on abundance
diagrams, both when no slab-related ele-
mental inputs are evident and when inputs
are constant across the arc (Fig. 2A). In
either case, ratio diagrams (Fig. 2B) show
subhorizontal trends versus slab depth, with
trend positions shifted to values higher than
those of the normal upper mantle if inputs
from the slab have occurred. K and Ba
behave as if approximately constant sub-
duction additions occur across the arc,
whereas La shows only slight enrichments
relative to upper mantle values.

As a highly incompatible element, B
should show patterns similar to those in
Figs. 2ZA or 2B, unless its abundance in the
mantle decreases dramatically enough

across the arc to mask the effects on B
concentration of lower degrees of melting
behind the front (Fig. 2, C and D). B/Be
ratios decline from as high as 125 at the VF
to <10 in the rearmost volcanoes, which
suggests that inventories of slab-derived B
in the mantle decrease across the arc (Fig.
1B). Cs/Th ratios (Fig. 1D) show less pro-
nounced but significant across-arc declines,
which indicates that mantle wedge Cs in-
ventories show comparable changes. The
patterns of B/Be and Cs/Th variation across
the - Kurile Islands resemble changes ob-
served in subduction-related metamorphic
massifs such as the Catalina Schist (13, 14),
where reductions in B and Cs concentra-
tions as grade increases correlate with de-
creases in N and H,O concentrations.
The Kurile Islands results demonstrate
that slab signatures extend beyond VF
source regions beneath arcs, and that trans-
port of these signatures into behind-the-
front (BTF) sources produces specific ele-

Table 1. Selected elemental data for Kurile Islands transects. Dashes indicate no analysis.

Sample S SO, MgO K,O

B Be Ba GCs La Th Sb As

depth (weight %) (weight %) (weight %) (ppm) (ppm) (PPM) (PPM) (PPM) (PPM) (PPM) (PPM)

North lturup transect (45° to 46°N)

B-15-392 125 57.4 5.51 0.77 29.0 023 191 14 45 09 044 47
B-15-394 125 51.0 3.63 0.27 86 022 8 018 25 03 0711 1.2
B-15-81/1 170 54.3 4.77 166 129 084 378 1.8 149 46 0.10 0.78
B-15-80/5 190 64.6 1.37 1.22 86 071 281 1.1 118 3.0 007 048
B-15-73/1 240 60.6 3.51 356 122 155 629 38 243 6.6 0.710 0.88
South lturup transect (44° to 45°N)
B17-643 125 49.1 4.80 0.15 51 019 275 056 11 02 - -
B17-642 125 59.6 3.1 0.63 138 041 365 034 37 09 0.17 24
B-15-356 125 65.7 1.38 0.88 16.0 052 242 - - - - -
B17-640 140 50.2 4.25 0.46 8.7 045 319 041 41 04 - -
B17-34/1 195 57.8 3.88 195 124 111 844 29 234 7.6 0.07 0.90
Chirpoy transect (46°30'N)
B-15-325 140 60.7 3.10 142 280 053 237 15 92 26 04 651
B-17-684 140 51.1 5.05 0.60 8.2 033 138 047 49 1.0 008 092
B-17-603 225 52.3 7.70 1.40 45 075 341 0.31 140 2.7 0.05 044
Chirinkotan transect (48° to 49°N)
B-11-112/9 130 55.3 4.27 1.06 126 052 246 1.1 79 24 007 17
B-11-111/7 130 56.8 3.67 0.48 169 042 137 - - - - -
B-11-111/3 130 59.4 3.52 114 129 126 276 080 84 21 017 095
B-11-569 150 56.3 413 1.05 103 043 239 - - - - -
B-11-570 150 58.5 4.00 125 147 051 432 1.2 6.2 1.7 009 20
B-11-527 190 56.3 2.80 195 13.0 0.89 638 2.7 84 49 - 089
Onekotan transect (49°15' to 50°N)
H-3 120 61.5 2.08 0.88 341 046 269 082 38 08 054 57
8322/3 120 64.7 1.93 1.31 496 0.61 307 24 7.7 20 070 9.2
B11-81/4 155 60.1 3.19 2.29 9.4 093 725 23 141 51 - 13
B-11-504 160 56.6 4.74 1.67 8.4 0.77 436 - - - - -
B-11-75/4 180 52.2 4.47 1.58 89 073 399 14 127 3.0 0.09 0.87
B-11-73/13 180 62.4 2.41 2.43 - 096 657 29 163 65 011 20
B11-74/1 180 50.9 5.21 1.65 59 064 499 091 105 23 - -
B-11-72/3 200 48.0 5.24 1.60 46 055 359 0.89 10.8 2.1 0.04 057
Paramushir-Alaid transect (50°30' to 51°N)
4/2 81 150 58.4 3.40 117 107 068 420 - - - - -
B25-865 150 58.4 2.54 0.82 114 067 396 024 65 07 005 1.3
PARA 16-1 150 53.0 3.97 0.86 118 050 38 073 6.2 1.1 009 1.8
B-11-575 190 50.4 4.41 1.79 9.7 088 341 12 123 22 - -
2/381 190 51.2 3.82 1.60 79 088 332 - - - - -
B-11-576 190 51.0 4.23 158 11.0 0.85 313 - - - - -
K-8 190 51.3 4.03 184 1830 0.88 372 13 134 25 030 -
B-11-52/1 225 47.2 5.07 1.38 - - 221 - - - - -
B-11-52/2 225 47.8 6.44 1.33 - - 236 - - - - -
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mental fractionations. Mechanisms for slab-
mantle chemical exchange beneath arcs
must explain the differing trace element
variation patterns observed across the
Kuriles. Inputs of slab sediment melts will
explain enrichments of K, Ba, Sr, and La in
arc lavas (2), but cannot reconcile across-
arc changes in the abundances of similarly
incompatible elements such as B. Metamor-
phic devolatilization processes progressively
remove B and Cs from the slab sediments
beginning at relatively low grades (13-17),
but do not substantially mobilize K or Ba
over the same range of pressure and tem-
perature. Fluids derived from metamorphos-
ing oceanic crust have been proposed to
balance the Sr and Pb budgets of arcs (18)
and to explain B isotope systematics across
arcs (19). Such fluids could both trigger
sediment melting and enrich the melts in
fluid-soluble species. However, B and Cs
abundances in old ocean crust are much
lower than in trench sediments (2, 20).
Also, the high ™Be concentrations and
19Be/Be ratios in Kurile Islands lavas re-
quire slab inputs in which 100% of the °Be
is provided by subducted sediments (4).
Thus, it is likely that large amounts of B and
of most other trace elements added to arc
source regions are derived from subducted
sediments, the origins of slab fluids not-
withstanding.

Current models of subduction zone
chemical exchanges envision the slab input
process as a point-source event, with the
slab signature transported either downdip in
hydrated mantle near the slab (21) or sub-
horizontally through the wedge to magmat-
ic source regions (22). The horizontal trans-

Concentrations Element ratios

LEEEEEEREEEY: -8

Magnitudes

Increasing depth to Benioff zone

Fig. 2. Schematic illustration of concentration and
ratio systematics. Fields depict lava concentration
trends; arrows show trajectories produced by
progressive variations in extents of melting or
crystallization. LREE are the light rare earth ele-
ments. (A and B) Concentration and ratio patterns
versus depth for trace elements, which show uni-
form or minimal inputs from the subducting plate
over a range of depths. (C and D) Content and
ratio patterns for elements such as B, in which
inputs from the subducting plate vary as a function
of slab depth. Gray regionsin (B) and (D) represent
ratio values for oceanic mantle sources.



port scenario requires that phases hosting
slab-derived species survive melting events
at the VF (and one or more BTF melting
events) and that the observed elemental
fractionations be generated largely through
mineral-melt equilibria. However, many
phases proposed to host slab fluids in the
wedge [for example, antigorite, lawsonite,
and “phase A” (23, 24)] decompose well
below sub-arc melting temperatures. Am-
phibole and phlogopite are stable at higher
temperatures but will be preferentially con-
sumed during melting. Transport of fluids in
the absence of hydrous phases (that is, as
H,O dissolved in “dry” mantle minerals)
also seems unlikely, as the solid-melt distri-
bution behavior of H,O is similar to that of
Ce (25). Arc melting would thus extract
H,O, K, B, and other incompatibles from
the mantle with similar efficiency, preclud-
ing substantial across-arc fractionations.
Transport of the slab signature in hydrat-
ed mantle near the slab circumvents thermal
stability problems, but requires that parti-
tioning between solids and fluids during
mineral decompositions generate across-arc
elemental fractionations. Experimental re-
sults on antigorite decomposition suggest an
inverse correlation between the ionic radius
and the solid-fluid partition coefficient for
alkaline elements (23). However, new data
for- subduction-related serpentines suggest
that antigorite may be a poor host for Ba and
K (26). Lawsonite hosts Sr well but hosts
other alkaline elements only poorly; amphi-
boles and phlogopites, however, may retain
inventories of K, Ba, and other alkaline spe-
cies (24, 27). B partitions strongly into ser-
pentines (26) and may partition modestly
into lawsonite (24), but B partitioning affin-
ities into amphibole or phlogopite (and the
partitioning of Sb or As into any of the
above phases) are unknown. To generate the
across-arc changes in B and like species,
however, the solid-fluid partition coeffi-
cients of these elements during mantle de-
hydration must be <1, so that slab-derived
inventories are depleted with depth. An add-
ed constraint on all mantle transport models
relates to observed '°Be wvariations (28):
Transport times from the VF to the rearmost
centers in the Kurile Islands cannot exceed
one '°Be half-life. The slab signature must
therefore travel into BTF source regions at a
velocity comparable to that of the slab.
Implicit in the above models is the pre-
sumption that the slab dehydrates at depths
too shallow to generate arc lavas. If, howev-
er, the slab can retain fluids to greater
depths, complications such as the °Be tim-
ing constraint disappear. As mentioned
above, B, Cs, N, and H,O all show regular
abundance declines with increasing pressures
and temperatures in metamorphic massifs
believed to represent emplaced portions of
slabs. All of these species, and most other
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alkaline elements, are predominantly hosted
by phengitic white micas (24). White mica
persists over a large range of pressure and
temperature conditions during metamor-
phism and may be stable to <200 km on the
slab (29). Fluid compositions during slab de-
hydration would thus be controlled by white
mica re-equilibrations with increasing depth,
resulting in the liberation of B, Sb, and Cs
(but not of K, Ba, or La) in hydrous fluids.
For an on-slab transport model to pro-
duce the across-arc elemental patterns of
the Kurile Islands, a mechanism must also
exist to mobilize elements such as K and La
[and Be (4, 12)], which appear not to par-
tition strongly into fluids that transport B
and Cs. Melts of slab sediments in response
to mica dehydration are capable of mobiliz-
ing these species in appropriate relative pro-
portions (2, 30). It is thus possible that a
mixed slab flux, composed of both hydrous
fluids and sediment melts, is input to the
mantle beneath the Kurile Islands and oth-
er arcs. High-grade rocks of the Catalina
schist include both veins and pegmatites,
which suggests that liberating two compo-
sitionally different “fluids” from the slab
under the same pressure and temperature
conditions is possible (31). Variations in
element ratios among VF lavas may thus
relate to differing proportions of fluid and
melt inputs to VF sources, whereas BTF
magmas may record the “drying out” of the
slab as hydrous fluids (with B, Sb, and Cs)
are driven off with increasing depth. Be-
cause all Kurile Islands lavas show similar
K/Be and Ba/Be ratios, all source regions
across the arc must receive inputs of com-
positionally similar melts. Minimum VF
slab temperatures may thus be approximate-
ly equivalent to those encountered during
amphibolite grade metamorphism. Suffi-
cient B can persist on the slab at these
temperatures to generate the elevated B/Be
ratios observed in VF lavas from the Kurile
[slands and other arcs (13, 17). Further
metamorphism with deeper subduction will
drive off the remaining inventories of B and
like elements, producing their depleting
across-arc variation patterns. But melt in-
puts, even if reduced in magnitude in re-
sponse to dehydration at depth, should
maintain trace element signatures reflecting
equilibration with slab residues.
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