i ARTI Q LE rosmsvonsmems ormes 00 mp s 60 a0 e B0 D00 B0 S S 0 15 S I R R S

U-Th Isotopes in Arc Magmas: Implications for
Element Transfer from the Subducted Crust

C. J. Hawkesworth, S. P. Turner, F. McDermott, D. W. Peate, P. van Calsteren

Uranium-thorium isotope results from island arc volcanic rocks were used to investigate
the rates of transfer of fluids and sediments from the downgoing slab. Uranium, but not
thorium, is readily mobilized in the fluid. A negative array between thorium/cerium and
neodymium-143/neodymium-144 indicates that significant amounts of the thoriumin arc
rocks are derived from subducted sediments, although perhaps only about 30 percent
of the thorium in subducted sediments is returned to the crust in this way. The transfer
times for fluid through the mantle wedge are about 30,000 to 120,000 years, whereas
those for sediment melts may be several million years. The low average uranium/
thorium ratios of bulk crust primarily reflect different crustal generation processes in

the Archaean.

Destructive plate margins are major sites of
differentiation in the evolution of the crust-
mantle system. The mantle is cooled by the
subduction of cold oceanic crust, yet island
arcs contain many of the most active and
hazardous volcanoes on Earth. Partial melt-
ing occurs in response to the introduction
of fluids from the subducted crust, and
many arc magmas contain a significant ad-
ditional contribution from subducted sedi-
ments (I-10). The magmatic flux consti-
tutes a major component of new crust, and
conversely the subduction of oceanic crust
and sediment forms the principal mecha-
nism for recycling of crustal materials into
the upper mantle.

A major goal in the earth sciences is to
understand the physical processes and ele-
ment fluxes involved in the generation of
arc magmas. A number of chemical tracers
for recycled sediments have been devel-
oped, most notably °Be (4), but the bal-
ance of new and recycled material, the con-
trols on magma composition, and the rates
of movement of material from the sub-
ducted slab are not well known. Some ele-
ments are preferentially enriched, and oth-
ers are relatively depleted in arc magmas, as
compared with magmas generated along
mid-ocean ridges and in intra-plate settings.
Different elements behave differently; some
are preferentially mobilized in fluids from
the subducted slab, and the proportions of
recycled and new mantle-derived material
vary from element to element. Kay (11), for
example, argued that ~90% of the K in
island arc magmas was recycled from preex-
isting continental crust, whereas many esti-
mates for elements such as Ta, Nb, and Ti

C. J. Hawkesworth, S. P. Turner, D. W, Peate, and P. van
Calsteren are with the Department of Earth Sciences, The
Open University, Milton Keynes, MK7 6AA, UK. F. Mc-
Dermott is with the Department of Geology, University
College, Dublin, Eire.

http://www.sciencemag.org ¢ SCIENCE ¢ VOL. 276 * 25 APRIL 1997

have suggested that they are derived largely
from the upper mantle, with little or no
contribution from subducted crust (8, 10).

The application of short-lived U-series
isotopes has revolutionized the study of
melt generation processes by providing in-
formation on the time scales of U-Th
fractionation, and hence on the depths
and rates of partial melting (12-14). Ura-
nium and thorium appear to be readily
fractionated in the processes responsible
for island arc magmatism, and they are
involved in radioactive decay schemes
that may be used to investigate processes
that operate on time scales ranging from a
few tens of thousands of years to several
billion years (15-17). Here we report
238J.20Th isotope data on rocks from
widely different island arc suites, chosen
because their minor and trace element
compositions may be modeled in terms of
very different relative contributions from
subducted sediments and fluids from the
downgoing slab. The aim is to clarify the
behavior of U and Th in the generation of
arc magmas, to evaluate the fluxes and
rates of transfer of different materials from
the subducted slab, and to explore the
implications for the generation of bulk
continental crust and the recognition of
recycled crust in oceanic basalts.

Results

2381 decays to stable 2°°Pb via a chain of
short-lived isotopes that includes 2*°Th and
226Ra, The half-life for 228U is 4.47 X 10°
years, and so 2°°Pb/?%*Pb variations in igne-
ous rocks are widely used to evaluate differ-
ences in source components that may have
evolved over hundreds of millions of years
or more (18). In contrast, the half-lives of
230Th and ??°Ra are 75,380 and 1662 years,
so they provide unique insights into the

timing and rates of processes that have frac-
tionated U, Th, and Ra within the past
350,000 years. The approach adopted here
is to evaluate the causes of the fractionation
of U from Th in arc magmas, and then to
use U and Th isotopes to investigate the
rates, and hence the mechanisms, of trans-
fer of material involved in the generation of
arc magmas. Island arc suites were chosen
for which comprehensive data sets were
available and which encompassed a reason-
able range of isotope and trace element
compositions. Rocks from Central America
have been omitted because the subducted
sediments in that area have unusual high
U/Th ratios (19), due to a high proportion
of carbonate, and these result in regionally
distinct mixing vectors on isotope and trace
element diagrams (17, 20).

Results from representative rocks are
presented in Table 1 and, for clarity, anal-
yses from similar arcs are grouped together
in the figures. Thus, those from the arcs
that are more depleted in incompatible el-
ements—the Marianas (21, 22), Tonga-
Kermadecs (23), the South Sandwich Is-
lands (24), and Vanuatu (25)—are consid-
ered together, as are those from the arcs
that are more enriched in incompatible el-
ements—the Aeolian Islands (26, 27), In-
donesia (28-30), and the Philippines (31).
Arcs with intermediate compositions in-
clude the Lesser Antilles (32, 33) and Ja-
pan-Kamchatka (34-36). We only consid-
ered data for basalts and andesites in order
to lessen the effects of fractionation and
crustal contamination on incompatible ele-
ment and isotope ratios.

A distinctive feature of island arc rocks
is that they have high ratios of large ion
lithophile elements (LILEs) to high field
strength elements (HFSEs) (37), and these
ratios are highest in the more depleted,
low-K rocks (5, 8, 10). The high LILE/
HESE ratios are not commonly observed in
other rock types, and so they are widely
attributed to subduction processes and typ-
ically to the preferential mobilization of
LILEs in hydrous fluids from the downgoing
slab. Both U/Th and Ba/Th ratios are high-
est in rocks with low Th abundances (Fig.
1), so it is inferred that in arc magmas U
behaves similarly to LILEs such as Ba,
whereas Th is much less mobile. The arc
rocks with higher Th contents have higher
light rare earth element abundances and

higher Ce/Yb ratios (5), and, as argued be-
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low, they contain a greater contribution
from subducted sediments.

In a diagram of (?*°Th/?*’Th) against
(#38U/%?Th), rocks in which U and Th
have remained unfractionated for more
than 350,000 years will be in isotope equi-
librium and therefore plot on the equiline

on which (%38U/%3°Th) 1. Rocks in
which U and Th have been fractionated
within the past 350,000 years will be out of
isotope equilibrium and will therefore plot
away from the equiline. Many rocks from
destructive plate margins, and particularly
those with low (23°Th/?32Th) ratios, exhibit
little or no 2*8U-?*°Th disequilibrium (38).
In contrast, the rocks that do exhibit 238U-
%Th disequilibrium tend to have high
(#*°Th/**?Th) and U/Th ratios and lower
abundances of Th and other incompatible
elements (compare Fig. 1B and Fig. 2) (16,
17, 38). Island arc rocks exhibit a much
greater range in Th isotope ratios than do
mid-ocean ridge basalts (MORBs) or ocean
island basalts (OIBs), which is consistent
with their greater range in U/Th ratios (Fig.
1). MORBs and OIBs often have (#38U/
30Th) <1 (they plot to the left of the
equiline), and this disequilibrium is widely
attributed to partial melting in the presence
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Fig. 1. Plots of Ba/Th and U/Th ratios versus Th
abundances for basalts and andesites from se-
lected arc suites. For clarity, the data for the more
incompatible element-depleted arcs of the Mari-
anas (21, 22), South Sandwich Islands (24),
Tonga-Kermadecs (23), and Vanuatu (25) have
been grouped together (black circles), as have
those from the more trace element-enriched arcs
of the Aeclian Islands (26, 27), Indonesia (28-30),
and the Philippines (37) (open triangles). Other,
more intermediate data sets are from Japan-
Kamchatka (34-36) and the Lesser Antilles (32,
33) (white diamonds). U/Th = 0.24 in the estimat-
ed GLOSS composition (79).
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of residual gamet in their mantle source
regions (39, 40). In contrast, many of the
island arc rocks that are out of 238U-2°Th
isotope equilibrium have (2*3U/**°Th) >1
(plot to the right of the equiline; Fig. 2).
The observation that 238U-2*°Th isotope
disequilibria are more common in arc rocks

‘that are more depleted in incompatible el-

ements indicates that the preservation of
such short-lived disequilibria is linked to U
and Th abundances. Thus, the controls on
the development of 238U-23°Th disequilib-
ria in arc rocks are different from those in
MORBs and OIBs, and most authors have
attributed them to the addition of material
that was itself out of isotopic equilibrium
(16, 17, 20, 32, 38, 41, 42). The depleted
arc rocks have high U/Th ratios (Fig. 1),
and many have high (2*3U/?3°Th), which is
consistent with the preferential mobiliza-
tion of U in fluids from the subducted slab.
Moreover, the overall data arrays in Fig. 1
and a plot of (338U/?*°Th) versus Th (38)
can be modeled in terms of a broadly con-
stant flux of U (and Ba) from the subducted
slab, as that contribution is simply less sig-
nificant in the rocks with higher U (and
Ba) contents (17, 38).

More controversial is the cause of the
high abundances of incompatible elements
and lower Th isotope ratios in the rocks
with lower (238U/?32Th) (8, 17, 38). Inter-
pretations are inextricably linked to the
extent to which Th is mobilized from sub-
ducted oceanic crust and whether it is mo-
bilized in the fluid or in some other com-
ponent such as bulk sediment or partial
melts of the subducted crust. The behavior
of Th in this tectonic setting is illustrated
by the variations of St/Th and Th/Ce ratios
with variations in Sr and Nd isotopes (Fig.
3). St/Th ratios vary similarly to Ba/Th
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Fig. 2. Plot of (33°Th/232Th) versus (238U/232Th) for
selected arc suites compared with fields for
MORB and OIB taken from the literature. Symbols

- are as in Fig. 1, data are from (76, 17, 21-23,

30-33, 67-69), and the 30,000-year reference
isochron (dashed line) is the minimum age consis-
tent with the data from the Tonga-Kermadecs (23)
and Marianas (22). Isotope ratios in parentheses
are activity ratios, and activities are the decay
rates of the radioactive isotopes.

ratios in island arc rocks (Fig. 1), and they
may be used to constrain the mixing arrays
for Sr and Th isotopes (Fig. 4). In a plot of
St/Th ratios versus 8’Sr/8Sr, there is a strik-
ing hyperbola in which the more depleted
arc rocks (those with low 87Sr/86Sr) have
high LILE/HFSE ratios, and the rocks with
low Sr/Th and Ba/Th ratios and high Th
contents (Fig. 1) tend to have high 87Sr/
86Sr ratios. The observation that rocks with
high LILE/HFSE ratios have low 87Sr/%¢Sr
ratios indicates that the fluid component
also has relatively low 87Sr/®Sr ratios of
~(0.7035. This is surprising because the av-
erage Sr isotope values for altered oceanic
crust sampled in ophiolites is ~0.7055 (43)
and on the ocean floor is ~0.7046 (44).
Subducted sediments, which should also be
a fertile source of fluids from the subducted
slab, typically have higher 87Sr/®Sr [0.717
in the calculated Global Subducting Sedi-
ment composition (GLOSS) (19)]. The ap-
parent discrepancy between the Sr isotope
ratios of this inferred fluid component in
arc rocks, and those in the likely sources of
fluids in the downgoing slab, has led to
suggestions that the LILE in the inferred
fluid component may have exchanged with
and in part been scavenged from the mantle
wedge, which has low 87Sr/%¢Sr (5, 45, 46).

The rocks with higher Th and other
incompatible element abundances tend to
have higher Sr isotope ratios (Fig. 3A), and
in principle these compositions may be due
to the presence of old trace element-en-
riched material in the mantle wedge or the
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Fig. 3. (A) 87Sr/88Sr versus Sr/Th and (B) "*3Nd/
144Nd versus Th/Ce for selected arc suites. Data
sources and symbols are as in Fig. 1 and as dis-
cussed in the text; average MORB and OIB are
from (57). PAAS, post-Archaean average shale
(62); GLOSS, from (79).
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addition of sediment from the subducted
slab (3, 8-10, 47, 48). The plot of Th/Ce
versus “Nd/'**Nd highlights the behavior
of Th in island arc rocks and constrains the
nature of the enriched component (that is,
with high Th and high %Sr/®Sr). If Th
were a relatively fluid mobile element in
arcs, Th/Ce ratios should be highest in the
rocks with high **Nd/"**Nd ratios because,
as outlined above, ratios of a more mobile
element over a less mobile element (such as
LILE/HESE ratios) are higher in the rocks
with the more depleted isotope ratios (low
873r/86Sr and high '**Nd/***Nd). However,
Th/Ce ratios vary inversely with *Nd/
144Nd ratios, so that the rocks with high
143Nd/'*4Nd ratios have low rather than
high Th/Ce ratios (Fig. 3B). Thus, we con-
clude that Th is not preferentially mobilized
in the fluids added to the mantle supplying
arc magmas, which is consistent with the
available experimental evidence (49, 50).
Rocks with low Nd/'*Nd ratios also
have high Th/Ce ratios, and whereas high
Th/Ce ratios are rare in mantle-derived
rocks [Th/Ce = 0.016 and 0.052 in average
MORB and OIB (51)], they are a feature of
sediments with a substantial continental
component [Th/Ce = 0.22 in average post-
Archaean shale (52) and 0.12 in GLOSS
(19)]. The low 3Nd/"**Nd rocks also have
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low U/Th ratios, and it is concluded that
the shift to high Th/Ce and low U/Th
ratios, high Th contents, and more en-
riched isotope ratios in these arc suites is
primarily a result of contributions from sub-
ducted sediments [see also (9)] rather than
an OIB component.

In summary, the isotope and trace ele-
ment compositions of arc magmas require
contributions from three components: (i)
the upper mantle, (ii) (hydrous) fluids from
the subducted crust, and (iii) subducted
sediments (2, 7, 8-10). Uranium is prefer-
entially mobilized in the fluid component,
whereas Th appears only to be mobilized in
the sediment component [high Th/Ce and
low *3Nd/***Nd (Fig. 3)]. This is consistent
with the broad positive array between mea-
sured Th/U and 2%8Pb*/2°°Pb*, which indi-
cates that much of the Th/U variation ob-
served in arc rocks is long lived (16, 17).
Other evidence for contributions from sub-
ducted sediment comes from studies in
which along-arc variations in the signatures
of the volcanic rocks may be linked to those
in sediments in the subducting plate (31,
47), from high '°Be signatures in certain arc
rocks (4, 20, 42), and from the correlations
between fractionation-corrected incompat-
ible element abundances in arc rocks and
the amounts of sediment being subducted
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along different plate margins (9). A number
of studies have used trace element ratios to
argue that the sediment component is
transferred as partial melts rather than bulk

sediment (22, 23, 32, 53).
Rates of Transfer

A robust feature of young sediments is that
they contain '°Be produced by spallation of
oxygen and nitrogen in the atmosphere
(54). Beryllium-10 is radioactive, with a
half-life of 1.5 million years, and so the
presence of °Be in island arc rocks is taken
as compelling evidence for a contribution
from subducted sediment (4, 55). The lack
of 1°Be may reflect either the lack of a
sediment contribution or the fact that the
sediment was too old to retain any °Be.
Few studies have measured °Be and Th
isotopes on the same samples, but in some
arcs 1°Be abundances increase with (23°Th/
232Th) ratios (20, 41, 42). This relation
suggests that the sediment signature as ev-
idenced by '°Be has high (**°Th/**?Th)
ratios, and yet we have argued above that
the sediment contribution in most arc rocks
has low (#°Th/?3?Th). However, the vol-
canic rocks that have high °Be contents
also tend to have high B/Be ratios (4, 54): B
is highly mobile, and so high B/Be ratios are

Table 1. Th, U, and 23°Th/232Th ratios determined on a Finnigan MAT262 with an RPQ-II. Total procedural blanks for U and Th were typically 100 and 50 pg,
and the external reproducibility on U/Th and 23°9Th/232Th ratios was ~1.0% (20). Repeat determinations of the ATHO Th standard yielded (23°Th/2%2Th) =
1.017 = 0.010 (20). Sr and Nd isotope ratios for NBS 987 = 0.71022 * 3 and J&M Nd = 0.511778 * 24 (20). For further detalils, see (32).

873y 143\d (230Th (238  (230Th
Sample Locally Age (years) Sio, Rb Sr Th U Nd  Sm
868I’ 144Nd 232Th) 232Th) 238U)
Vanuatu
MLM-6 Merelava <10,000 52.36 6 290 0.261 0.183 52 1,70 070415 0.51306 1.321 2.134 0.619
MLM-10a  Merelava <10,000 51.38 5 126 0280 0.171 39 140 0.704083 0.51305 1.359 1.857 0.732
AMB-26 Ambrym <2,000 5145 20 437 0.928 0.365 10.7 2.78 - - 1.133 1.193 0.950
Tonga-Kermadec
T113cp Tafahi <10,000 52.84 1.3 145 0.175 0.097 125 046 0.70389 051293 1.200 1.686 0.718
TAF18/10  Tafahi <10,000 52.35 1.8 132 0.097 0.052 1.72 055 0.70387 0.51295 1297 1.643 0.796
26835 Tofua 1792-1959 AD. 53.94 52 210 0.128 0.109 295 097 0.70345 051305 1.595 2584 0.617
26837 Tofua 1792-1959 A.D. 53.54 6.1 226 0.143 0.134 370 1.35 0.70348 0.51305 1.677 2.842 0.595
26907 Tofua 1792-1959 A.D. 53.83 6.1 240 0.130 0.118 348 126 0.70340 0.51303 1.752 2.753 0.642
482-8-11  Ata <10,000 50.40 9 243  0.318 0.154 5.18 1.41 0.70337 0.51304 1.310 1.470 0.898
482-8-12  Ata <10,000 51.90 8 214 0266 0.136 4.60 1.24 070344 051309 1.335 1.543 0.872
HHHTOP  Hunga Ha'apai <2,000 55358 3.8 174 0.164 0.133 34 118 0.70368 0.51305 1.647 2.456 0.671
HHBTM Hunga Ha’apai <2,000 54.44 42 184 0.121 0116 385 12 070371 051304 1.799 2.912 0.618
Philippines
B148 Bicol <30,000 5250 17 519 2230 0.713 13.8 3.1 0.70385 0.51287 0.962 0.970 0.991
B107B Bicol <830,000 53.90 25 392 2,099 0598 99 25 070375 051289 1.070 0.865 1.238
B220 Bicol <30,000 58.30 60 602 10.795 2.766 31.0 6.2 0.70399 0.51294 0.793 0.777 1.020
1968 Bicol 1968 AD. 5474 211 713 1768 0572 196 43 0.70373 0.51287 1.003 0.982 1.022
1984 Bicol 1984 AD. 5470 199 714 2,033 0.603 195 43 0.70373 0.51291 0.887  0.900 0.985
Kamchatka-Aleutians

A4-91 Avachinsky 1991 AD. 5590 21 359 0.639 0.349 10.7 297 0.70338 0.51305 1.262 1.659 0.767
TB-9-7-76  Tolbachik 19756 AD. 4970 25 206 0.527 0.336 12,1 332 0.70339 0.51311 1.877 1.948 0.972
7889 Tolbachik 1976 AD. 5040 39 314 1184 0.707 202 496 0.70838 0.51308 1.816 1.891 0.968
J4662 Kizimen 1745 AD. 5530 20 349 1.312 0.763 12.3 3.25 0.70841 0.51305 1.739 1.765 0.994
Vil 4-92 Vilyuchinsky 2,000 5890 20 462 1.646 0.746 163 3.8 0.70332 051297 1.236 1.375 0.907
C-11217 Ksudach 2,500 50.30 10 343 0563 0219 97 29 070336 0.51306 1.167 1.182 0.996
BAK32 Bakening 1495 AD. 66.00 428 440 3225 1.660 129 2.5 0.70338 0.51306 1.552 1.562 1.002
um21 Umnak 1946 AD. 5224 16 360 1.174 0.610 109 29 0.70830 0.51299 1.286 1.576 0.823
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evidently a feature of the fluid component
that has high Ba/Th and U/Th ratios (56)
(Fig. 1). One interpretation therefore is
that the inferred slab-derived fluids, which
have high LILE/HFSE ratios, may contain
small amounts of °Be as well as high U/Th
and (#8U/**°Th) ratios. The implication is
that the fluids contain a small contribution
from subducted sediment, and they were
transferred to the surface relatively rapidly
because a number of young arc rocks still
preserve U-Th isotope disequilibrium with
high (?*8U/**°Th) ratios (Fig. 2). In con-
trast, the component with low Th isotope
and low U/Th ratios identified as sediment-
derived on the basis of trace element and Sr
and Nd isotope ratios, is characterized by
low °Be/’Be ratios and 2*3U-23°Th equilib-
rium, and so it would appear to have taken
substantially longer to have been trans-
ferred from the slab to the surface (several
million years). An alternative explanation
is that this component was derived from
relatively old sediments in the subducted
slab, and the rate of transfer of the sediment
component is not constrained by the pres-
ence or absence of 1°Be.

As illustrated in Fig. 2, many arc rocks
have higher (?*3U/?*°Th) ratios than those
in MORBs and OIBs, and some exhibit
238J.230Th isotope disequilibria, typically
with (2*8U/#°Th) >1. The high U/Th ra-
tios are presumed to be associated with
subduction and to be due to the preferential
mobilization of U in hydrous fluids from the
subducted slab. If erupted magmas are in
28U-2%Th equilibrium, the time since the
generation of their high U/Th ratios must
be >350,000 years; but if they preserve
238J.230Th disequilibrium, the timing can
be more precisely determined. Such calcu-
lations require an estimate of the initial Th
isotope ratios at the time of the develop-

Fig. 4. (>°°Th/2%2Th) versus 87Sr/868r for the se-
lected arc suites (16, 17, 21-23, 30-33). Symbols
are asin Fig. 1. Curve 1 is a mixing curve between
MORB-type mantle wedge plus fluid and sub-
ducted sediment, as constrained from the hyper-
bolic relation between 87Sr/86Sr and Sr/Th ratios
in Fig. 3A. The wedge and fluid end-member is
assumed to have (2%°Th/2%2Th) ratios similar to
those of MORBs (in isotope equilibrium), and 87Sr/
865y = ~0,7034 from the array in Fig. 3A. The
(339Th/2%2Th) of the sediment component is that at
isotope equilibrium with average sediment U/Th
(0.21 = 0.05) and its 87Sr/%8Sr is taken to be
0.710, but that need not be precisely known in

FE

ment of the relatively high U/Th ratios, and
these can be constrained from (i) the vari-
ation in Sr and Th isotopes and (ii) linear
arrays of bulk rock analyses on the 2*8U-
239Th equiline diagram.

Strontium/thorium ratios in arc rocks
vary systematically with 87Sr/6Sr ratios
(Fig. 3A), and this trend can be used to
evaluate the initial mixing arrays between
Sr and Th isotopes. Data from arc rocks
show no correlation between Sr and Th
isotopes (Fig. 4), but that is to be expected
because Th isotopes reflect changes in
U/Th ratios associated with subduction on
time scales of tens to hundreds of thousands
of years, whereas the half-life for the decay
of 8Rb to 87Sr is 4.88 X 10%° years. The
data arrays in Figs. 1 and 2 suggest that at
the time of U-Th fractionation, the Sr and
Th isotope ratios primarily reflected mixing
between the fluid, the mantle wedge, and
subducted sediment. Both MORBs (and
hence by inference depleted mantle in the
wedge) and the fluid component have high
St/Th ratios, albeit for different reasons.
MORB-source mantle has high Sr/Th ratios
(~750) (51) because Sr is preferentially
retained in clinopyroxene during melting,
whereas the fluid component in arc rocks
has high Sr/Th ratios because Sr is more
mobile than Th in hydrous fluids (50) (Fig.
3A). A consequence is that the curvature of
Sr-Th isotope mixing arrays between sub-
ducted sediments and contributions from
the mantle wedge and the fluid are con-
strained irrespective of the relative contri-
butions of the wedge and the fluid to the
melt.

In detail, the relation between Th and
Sr isotopes is complex, primarily because
some arc rocks are in 2*8U-23Th equilibri-
um and others are not, and because the

U/Th and (3*°Th/?**Th) ratios of subducted
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Kermadecs,
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view of the shape of the Th-Sr mixing line. It is assumed that there is a constant fluid contribution of 0.14
ppm of U (32, 38) and that that results in variable excess 2%®U, depending on the proportion of sediment
to fluid in each sample. The percentage of sediment is indicated along the lower curve, and these
percentages will change if the low 87Sr/86Sr wedge end member locally has higher incompatible element
abundances than those in MORB-type mantle. With time, samples evolve vertically, and the upper curve
(curve 2) illustrates the Th isotope ratios that develop from the resultant U/Th ratios after 350,000 years.
The measured Th isotope ratio of each rock depends on the contribution from the subducted sediments

and the value and age of their measured U/Th.
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sediments are likely to vary regionally. In
particular, carbonate-rich sediments have
high U/Th ratios, and so mixing arrays will
be different for arcs in areas where there is
a high proportion of carbonate in the down-
going slab, such as Central America (19,
20). Nonetheless, most of the arc rocks plot
between the curves of wedge plus fluid and
sediment mixing (curve 1, Fig. 4) and their
Th and Sr isotope ratios after 350,000 years
(curve 2). Such mixing curves provide a
minimum estimate of the Th isotope ratios
at the time of U-Th fractionation, and for
rocks with (2*8U/2°Th) > 1 they provide
an upper limit-on the age of that fraction-
ation. The ages calculated are typically
<120,000 years ago, and these are similar to
those determined from suites of rocks from
individual island arcs such as the Marianas
(22) and Tonga-Kermadec (23), which are
30,000 to 50,000 years ago. Such results
indicate that 30,000 to 120,000 years have
elapsed since the fluid was released from the
subducted slab and that average transport
rates through the mantle wedge are ~1 to 4
m/year. In practice, the release of hydrous
fluids is likely to form amphibole peridotite,
and so the rates of transfer are linked to the
rates of convection in the mantle wedge
(3). A recent study concluded that the fluid
component would traverse just 1 to 2 km in
50,000 years, and that relatively hot mantle
therefore lies close to the subducted slab at
the depths of melt generation beneath is-
land arcs (23, 57). Alternatively, fluid
transfer may be by hydraulic fracture, and
therefore much faster than that inferred
from convection rates in the mantle wedge
(58). Finally, some arc rocks preserve excess
226Ra (16), but these cannot reflect the
same processes as those responsible for the
high (?*8U/**°Th), because fractionated
(?%%Ra/**°Th) ratios return to isotope equi-
librium in ~8000 years. Thus, the **8U-
230Th and ?*°Ra-#*°Th disequilibria would
appear to be decoupled in arc rocks, and the
latter may reflect melt generation processes
rather than the release of fluids from the
subducted slab (23).

Implications and Conclusions

The U and Th abundances and isotope
ratios in arc rocks indicate that U, but not
Th, is mobilized in fluids derived from the
subducted slab. Variations in the Th con-
tents of primary island arc magmas largely
depend on the contribution from subducted
sediments (Figs. 1 and 2) (9, 32), and so
substantial amounts of Th and other HSFEs
in arc rocks are derived from recycled crust-
al material in the sediments of the sub-
ducted slab. Th/Ta ratios appear to have
been increased during partial melting of
subducted sediments beneath some arcs

SCIENCE ¢ VOL. 276 * 25 APRIL 1997  http://www.sciencemag.org



E s e T S S e
R

(22), but in general the distinctive high
Th/Ta ratios of arc magmas are broadly
similar to those in clay-rich sediments (19,
52). Thus, such high Th/Ta ratios may
also reflect processes other than those as-
sociated with recent subduction-related
magmatism, and high Th/Ta or Th/Nb
ratios should provide more robust evi-
dence for contributions from recycled sed-
iments in OIBs than, for example, Nb/U
ratios, which are more likely to have been
modified during dehydration of the sub-
ducted slab (59, 60).

The fluid and sediment components in
arc rocks, identified on the basis of trace
element ratios, appear to be characterized
by different transfer times through the man-
tle wedge. The fluid component contains U
but little if any Th, and the resultant 238U-
230Th disequilibria indicate typical transfer
times of 30,000 to 120,000 years (Figs. 2
and 4). In contrast, rocks with a greater
contribution from subducted sediments
[high Th/Ce and low **Nd/**Nd ratios
(Fig. 3)] tend to have (#*8U/?*°Th) ratios
~1 and low '°Be, which suggests transfer
times of several million years.

The observation that the distinctive high
LILE/HFSE ratios are best developed in the
more depleted arc rocks is consistent with a
similar flux of the more mobile elements in
the fluid along different plate margins (5, 17).
Condomines and Sigmarsson (38) estimated
that for U such a flux might constitute 0.14
uglg of arc magma, and the intercepts of the
straight line relations between fractionation-
corrected trace element abundances in arc
magmas and regional sediment fluxes (9) in-
dicate that the size of the fluid contribution
may be independent of the size of the sedi-
ment flux for U but not for Th. A recent
estimate suggests that ~90% of the Th in an
average arc composition is from subducted
sediment, and perhaps only ~30% of the Th
in subducted sediment is returned to the crust
in arc magmas (61), which is consistent with
previous estimates (53).

Bulk continental crust has a lower
U/Th ratio (0.25) (62) than at least some
estimates for the bulk Earth (0.26) (63)
and the depleted upper mantle (0.39)
(51). However, the island arc rocks with
low U/Th ratios appear to have inherited
those from subducted sediments, and arc
rocks with 'a low sediment contribution
have significantly higher U/Th ratios (av-
erage, 0.44; Fig. 1). Thus, the U/Th ratios
of new crustal material generated along
destructive plate margins are significantly
higher than those of bulk continental
crust. The low average U/Th ratios of bulk
crust may primarily reflect different crustal
generation processes in the Archaean,

http://www.sciencemag.org * SCIENCE * VOL. 276 * 25 APRIL 1997

when U would be less mobile because
conditions were less oxidizing and when
residual garnet may have had more of a
role in crust generation processes (64, 65).
The inferred fractionation of U and Th
between the crust and the upper mantle
requires the presence of residual garnet, as
does the fractionation of Sm from Nd

(66).
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