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Abstract

The processes involved in the formation and transport of partial melts above subducting plates remain poorly constrained relative to
those at mid-ocean ridges. In particular, 238U–230Th–226Ra disequilibria, that might normally be used to constrain melting dynamics,
tend to be swamped by the effects of fluid addition from the down-going plate. The 231Pa–235U system provides an exciting exception
to this because the highly incompatible nature of Pa means that fractionation and in-growth during partial melting overwrite the effects
of fluid U addition. We present 231Pa–235U data on 50 well-characterised lavas from seven subduction zones in order to examine partial
melting processes. Measured (231Pa/235U) ratios are all >1 and 15% are >2. Overall (231Pa/235U) shows broad positive correlations with
(230Th/238U) and La/Yb and negative trends against Ba/Th and (226Ra/230Th). These systematics can differ from arc to arc but suggest
that (231Pa/235U) tends to be higher in sediment-rich arc lavas where the effects of fluid addition are muted and there is less of a 231Pa
deficit for melting to overprint. We have explored the effects of decompression melting, frictional drag dynamic melting with and without
ageing subsequent to fluid U addition to the wedge as well as flux melting models. Globally, average (231Pa/235U) appears to correlate
negatively with convergence rate and so in the numerical models we use the local subduction rate for the rate of matrix flow through the
melting zone. Using this assumption and reasonable values for other parameters, the melting models can simulate the overall range of
(231Pa/235U) and some of the data trends. However, it is clear that local variations in some parameters, especially source composition and
extent of melting, exert a major influence on 231Pa–235U disequilibria. Some data, which lie at a high angle to the modelled trends, may be
explained by mixing between small degree hydrous melts formed near the slab and larger degree, decompression melts produced at shal-
low depth.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

Understanding the way in which partial melting occurs
within the Earth is crucial to models for heat transfer
and plate tectonics as well as to the study of volcanism in
general. At mid-ocean ridges, adiabatic decompression
provides a simple and physically robust melting model
and U-series disequilibria data have been used to constrain
the rates at which the up-welling and melting occur as well
as the threshold porosity at which melt is expelled from the
mantle matrix (McKenzie, 1985; Spiegelman and Elliott,
1993). At subduction zones, U-series data have provided
0016-7037/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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a wealth of information on the timing and mechanisms of
fluid addition from the descending plate because of the
preferential mobility of U and Ra relative to Th in oxidis-
ing, aqueous fluids (see Turner et al., 2003 for a recent re-
view). Nevertheless, in contrast to mid-ocean ridges, much
less is known about the processes of partial melt formation
at subduction zones, despite their importance in both the
formation and recycling of crustal materials.

In general, whereas mid-ocean ridge basalts (MORB)
are characterised by excesses of 230Th over 238U, which
can be linked to 230Th in-growth during partial melting
(see Lundstrom, 2003 for a recent review), any such melting
signal in subduction zones is usually obscured by addition
of U from the subducting plate which contributes >80% of
the total U budget in most arc lavas (Fig. 1). These lavas
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Fig. 1. Pa is inferred to behave similarly to Nb in terms of fluid solubility
and incompatibility during mantle melting (cf. Turner et al., 2003) and this
Nb/U versus Nb diagram highlights the fact that 80–98% of the U in most
arc lavas is derived from the subducting plate (see Fig. 2B). The range in
Nb reflects the opposing effects of prior depletion of the mantle wedge and
addition of Nb by the sediment contributions. MORB and OIB average is
taken from Hofmann et al. (1986) and GLOSS is the composition of
average global subducting sediment from Plank and Langmuir (1998).

U–Pa disequilibria in subduction zone lavas 481
most typically preserve 238U excesses, arguably developed
over an integrated time of several 10s kyr (see Bourdon
et al., 2003a,b; Turner et al., 2003 and Peate and Hawkes-
worth, 2005 for recent discussion) and by analogy would be
predicted to have excesses of 235U over 231Pa (for which Nb
provides the closest analogue). Therefore, the observation
that most subduction zone lavas in fact have
(231Pa/235U) > 1 is of fundamental importance because it
suggests that, for this U-series nuclide pair, the effects of
partial melting almost always overprint those of fluid addi-
tion (Bourdon et al., 1999; Dosseto et al., 2003; Pickett and
Murrell, 1997; Thomas et al., 2002). This can be partially
understood in terms of experimental and theoretical parti-
tioning data (Blundy and Wood, 2003) which predict that
DPa/U � 10�3, compared with DTh/U which will be close
to 1 for mineral assemblages is likely to occur in the mantle
wedge above the down-going plate. Nevertheless, none of
these elements are sufficiently compatible for straightfor-
ward batch or fractional partial melting to produce the ob-
served degrees of disequilibria for likely extents of melting
and so the 231Pa excesses (as well as any 230Th excesses) re-
quire a melting process which allows for in-growth (see
Elliott, 1997). This requires that the mantle should not be
static but rather the matrix move through the melting re-
gion remaining above its solidus for �1 Myr (McKenzie,
1985; Spiegelman and Elliott, 1993). Once melts are
formed, the preservation of large, fluid-derived 226Ra
excesses in the erupted lavas suggests that melt segregation
and transport to the surface are highly efficient and occur
in channels at 100–1000s of metres per year (Turner
et al., 2001).

In summary, there is general agreement that 231Pa–235U
systematics provide unique insights into partial melting
processes above subducting plates. However, there remain
many uncertainties as to the details of the process and until
now comprehensive measurements of 231Pa–235U disequi-
libria have been available from only a few localities (Bour-
don et al., 1999; Dosseto et al., 2003; Thomas et al., 2002).
Thus, in order to constrain better the processes of partial
melting above subducting plates, we have undertak-
en231Pa–235U analyses of 50 new lavas encompassing seven
additional arcs.

2. Sample details, analytical techniques, and results

Exceptionally well-characterised lavas from the Lesser
Antilles, Vanuatu, Mariana, Sunda, Alaska-Aleutian, and
Kamchatka arcs were chosen for analysis to significantly
expand the available published database. All have previ-
ously been analysed for 238U–230Th–226Ra disequilibria
by thermal ionisation mass spectrometry and additional
sample information, comprehensive geochemical and isoto-
pic data, and details of analytical techniques are available
in the references cited in Table 1. Several new samples from
Tonga were also analysed to expand the geographic cover-
age available within that unique arc.

Details of the 231Pa analysis techniques employed here
have been described in detail elsewhere (Regelous et al.,
2004). In brief, samples were spiked with a 233Pa tracer,
which was milked from a 237Np solution, and then dis-
solved using standard HF–HCl–HNO3 methods. Protac-
tinium was separated from the bulk of the rock matrix
on anionic exchange resin in HF–HCl and subsequently
cleaned of high field strength elements, transition metals,
and U and Th using TRU Spec resin. Atomic 231Pa/233Pa
ratios were measured on a ThermoFinnigan Neptune mul-
ticollector, inductively coupled plasma mass spectrometer
at the University of Bristol by peak switching on a second-
ary electron multiplier, using admixed U of known isotopic
composition to correct for instrumental mass bias and fluc-
tuations in beam intensity (Regelous et al., 2004). The
internal precision on analyses of solutions containing
about 50–100 fg of Pa was typically 0.4–0.7% (2r), and
the external reproducibility of the method, determined by
repeat analysis of rock samples, is better than 1.5%. Each
batch of 233Pa spike prepared was calibrated against the
rock standard TML, which is widely used as an equilibrium
standard for U series nuclides, including the 231Pa–235U
pair. The accuracy of this method of calibration was as-
sessed by determining 235U and 231Pa concentrations in
several rock samples, which are known to be older than
0.8 Ma and therefore in 231Pa–235U equilibrium. These
measurements that are presented in Regelous et al. (2004)
were performed at the same time as the analyses reported
here and indicate that 231Pa concentrations can be mea-
sured with an accuracy that is within the reproducibility
of the measurements. Activity ratios were calculated using
previously published U concentrations and assuming
k235 = 9.849 · 10�10 y�1 and k231 = 2.116 · 10�5 y�1 based
on the half-lives compiled by Bourdon et al. (2003a,b).



Table 1
Protactinium analyses of subduction zone lavas

Arc/volcano Sample # Age (AD
or years)

SiO2

(wt%)
Th
(ng/g)

U
(ng/g)

231Pa
(fg/g)

(231Pa/235U)a Sources of supporting data for the same samples
*226Ra data in Turner et al. (2001)

Lesser Antilles

Statia SE8228 8250 bp 54.68 0.574 0.290 179.2 1.900 Turner et al. (1996)*

St. Kitts K369 40,000 bp 52.35 0.778 0.384 183.7 1.417 Turner et al. (1996)*

St. Kitts Kit50 200 51.80 0.687 0.353 183.3 1.596 Turner et al. (1996)*

Montserrat MVO244 1998 60.17 2.447 0.783 331.1 1.300 Zellmer et al. (2003)*

Martinique M8225 1929 60.26 2.225 0.686 306.5 1.374 Turner et al. (1996)*

St. Vincent STV354 1979 52.90 1.052 0.534 364.6 2.099 Turner et al. (1996)*, Heath et al. (1998)
St. Vincent STV371 1590 54.81 0.851 0.443 307.1 2.131 Turner et al. (1996)*, Heath et al. (1998)
Ile de Caille RW 33 1000 bp 47.91 2.051 0.763 657.2 2.648 Turner et al. (1996)*

Ile de Caille RW 35 1000 bp 47.19 1.624 0.679 501.5 2.271 Turner et al. (1996)*

Grenada GDA014 <10 kyr 47.89 2.576 1.185 454.0 1.178 Turner et al. (1996)*

Vanuatu

Aoba 68611 <10 kyr 47.81 1.262 0.443 204.3 1.418 Turner et al. (1999)*

Ambrym AMB-26 <2 kyr 51.25 0.928 0.365 142.7 1.202 Turner et al. (1999)*

Lopevi Bomb 1970 50.35 0.561 0.259 110.5 1.312 Turner et al. (1999)*

Karua KB-19 <10 kyr 51.10 0.636 0.399 135.5 1.044 Turner et al. (1999)*

Tanna Yas 1975 1975 54.93 2.376 1.364 472.8 1.066 Turner et al. (1999)*

Tanna Yas 1993 1993 55.98 2.226 1.278 588.9 1.417 Turner et al. (1999)*

Matthew 68553 1940 61.96 1.620 0.682 439.4 1.981 Turner et al. (1999)*

Matthew 68557 1940 63.24 1.314 0.620 390.3 1.935 Turner et al. (1999)*

Tonga

Tafahi TAF45/7 Recent 51.97 0.107 0.072 32.5 1.388 Turner et al. (1997, 2000)
Late Late 7 1790-1854 53.19 0.136 0.111 40.1 1.111 Turner et al. (1997, 2000)
Ata 482-8-3 Recent 53.20 0.417 0.189 89.6 1.457 Turner et al. (1997, 2000)

Sunda

Galunggung 64LG 1982 49.01 0.672 0.163 87.8 1.656 Turner and Foden (2001)*

Rindjani LBK/86/2 1900 53.74 4.273 1.150 439.9 1.176 Turner and Foden (2001)*

Tambora T205/88 1815 55.45 11.857 3.370 1488.0 1.357 Turner and Foden (2001)*

Sangeang Api SA2 1985 48.35 6.802 1.690 995.7 1.811 Turner and Foden (2001)*

Ija (Flores) FL26 1900 51.79 0.439 0.170 138.0 2.496 Turner and Foden (2001)*

Marianas

Pagan PA1 1981 51.54 0.620 0.253 134.3 1.632 McDermott and Hawkesworth (1991), Woodhead (1989)*

Guguan GU6 1883 51.97 0.360 0.191 97.8 1.574 McDermott and Hawkesworth (1991), Woodhead (1989)*

Uracas U4 1952 57.85 0.960 0.355 185.7 1.608 McDermott and Hawkesworth (1991), Woodhead (1989)*

Kamchatka

Sheveluch 2562 1964 58.20 1.228 0.676 284.2 1.292 Turner et al. (1998)*

Tolbachik T889 1976 50.40 1.134 0.707 331.9 1.443 Turner et al. (1998)*

Bakening BAK32 2000 bp 66.00 3.225 1.660 807.4 1.495 Turner et al. (1998)*

Karymsky J4497 1976 62.40 1.692 1.005 451.9 1.382 Turner et al. (1998)*

Karymsky J4499 1971 62.20 1.603 0.968 451.5 1.434 Turner et al. (1998)*

Avachinsky A4-91 1991 55.90 0.639 0.349 194.5 1.713 Turner et al. (1998)*

Gorely G574 600 bp 52.30 0.873 0.392 214.5 1.682 Turner et al. (1998)*

Alaska-Aleutians
Spurr 92JBS02 1992 56.64 0.872 0.250 178.1 2.190 George et al. (2003)
Spurr 85CNS17 1953 54.89 1.430 0.349 254.4 2.241 George et al. (2003)
Redoubt 90CNR12 1989 63.44 1.826 0.754 424.1 1.729 George et al. (2003)
Katmai 97ND02 1912 55.16 1.642 0.759 359.0 1.454 George et al. (2003)
Ukinrek UK-25B 1977 48.98 1.529 0.579 347.5 1.845 George et al. (2003)
Pavlof PAV-86 1996 53.15 0.816 0.448 192.7 1.322 George et al. (2003)
Shishaldin 99 SH 08 1999 49.28 1.257 0.808 429.8 1.635 George et al. (2003)
Akutan 96PS23 1978 55.37 1.673 0.900 419.0 1.431 George et al. (2003)
Bogoslof Bog 1796 1796 61.00 4.814 2.112 1294.8 1.885 George et al. (2003)
Seguam 99SJP01 Historic 52.66 0.900 0.512 232.7 1.397 George et al. (2003)
Kasatochi K81-7Aa 1899 49.07 1.078 0.617 746.2 3.718 George et al. (2003)
Kanaga KAN 5-8a 1900 53.65 3.497 1.663 842.1 1.557 George et al. (2003)
Little Sitkin 52-496 1900 58.63 2.458 1.097 540.6 1.515 George et al. (2003)
Kiska Kiska 62 1962 55.22 1.936 0.936 412.5 1.355 George et al. (2003)

a Activity ratios based on k235 = 9.849 · 10�10 and k231 = 2.116 · 10�5.
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Fig. 2. (A) Plot of (231Pa/235U) versus (230Th/238U) with data from island
arc lavas. The equipoint occurs at the intersection of the two dashed lines
which identify secular equilibrium in each parent-daughter system.
Vectors show the sense of displacement due to fluid addition and partial
melting (D231Pa). Dashed field identifies the anomalous samples from the
southern Lesser Antilles and the Iya sample from the Sunda arc. MORB
field from Lundstrom (2003). (B) Plot of (231Pa/235U) versus Nb/U ratio
with mass balance vectors to show that much of the total U added to the
wedge (cf. Fig. 1) occurred >100 kyr ago, most likely in the form of
sediment. We assume this is either added as bulk sediment (path 1) or as a
U-enriched melt sufficiently long ago that the mantle has returned to
secular equilibrium (path 2). Recent addition of 0.02 ppm U by fluids
(path 3) results in (231Pa/235U) �0.5 superimposed upon which is the effect
of 231Pa in-growth during partial melting which leads to (231Pa/235U) > 1.
DMM is the depleted MORB mantle source composition from Salters and
Stracke (2004) and GLOSS is the composition of average global
subducting sediment from Plank and Langmuir (1998). Data from Table
1, Pickett and Murrell (1997), Bourdon et al. (1999), Dosseto et al. (2003),
and Thomas et al. (2002).
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Since nearly all of the samples have 226Ra excesses (includ-
ing the non-historic samples RW33, Taf45/7, and 482-8-3),
none of the 231Pa data were age corrected.

The new data show considerable variation within each
subduction zone (Table 1) and expand the known range
of (231Pa/235U) ratios in arc lavas to something more akin
to that observed in MORB (1.5–3.5), although the average
arc value of 1.65 ± 0.47 (excluding Kasatochi; see below) is
significantly lower than the average MORB value
(2.53 ± 0.62). When combined with published data (Bour-
don et al., 1999; Dosseto et al., 2003; Pickett and Murrell,
1997), the (231Pa/235U) ratios range from 1.18 to 2.65 in the
Lesser Antilles, 1.04 to 1.98 in Vanuatu, 0.81 to 1.69 in
Tonga–Kermadec, 1.18 to 2.50 in the Sunda arc, 1.61 in
the Marianas, 1.22 to 1.71 in Kamchatka, and 1.32 to
2.24 in the Aleutians. The lava from Kasatochi in the Aleu-
tians yielded a (231Pa/235U) ratio of 3.72 which represents
the highest (231Pa/235U) ratio yet measured from any arc
and is similar to the highest ratios observed in MORB
(Lundstrom et al., 1999). Unfortunately, no material re-
mained available to check this result and so this analysis
is not included in most of the diagrams plotted. Published
data from Nicaragua and Costa Rica in central America
(Thomas et al., 2002) have (231Pa/235U) ratios ranging from
1.26 to 1.77.

3. Global 231Pa–235U systematics

The combined global arc dataset is presented in the plot
of (231Pa/235U) versus (230Th/238U) in Fig. 2A along with
the field for MORB. We consider initially the effects of flu-
id addition, of ageing since fluid addition, the consequences
of sediment subduction and of partial melting. As dis-
cussed below, the five samples from the southern Lesser
Antilles have very high (231Pa/235U) at moderate to low
(230Th/238U). These include the sample from Kick �em Jen-
ny which is anomalous in most datasets for having very low
(230Th/238U) compared with those of samples from adja-
cent volcanoes. Interestingly, the Iya sample from the Sun-
da arc is similar to that from Kick �em Jenny in having very
low (230Th/238U) compared with the rest of that arc and
this is the sample with the highest (231Pa/235U) and lowest
(230Th/238U). If these six samples are considered as a sepa-
rate group in Fig. 2A (and also in Figs. 3A and 4C), then
the rest of the global dataset form a broad, largely positive-
ly sloped array which lies largely above (231Pa/235U) = 1
and spreads to both sides of the (230Th/238U) = 1 line, as
originally observed by Pickett and Murrell (1997). Thomas
et al. (2002) identified sub-parallel tiers within their central
American data in this diagram, but our data reveal that the
slope of the data arrays in the (231Pa/235U)–(230Th/238U)
diagram can vary significantly from arc to arc (see
Section 5).

Recent addition of U by fluids will result in a vector
directed towards the origin as shown in Fig. 2A and be-
cause the half-life of 230Th (�76 kyr) is more than twice
that of 231Pa (�33 kyr) any ageing subsequent to fluid U
addition results in a curved path back towards the equi-
point (see Fig. 2A). The displacement above this vector
then provides a measure of the combined effects of partial
melting and/or any elapsed time between fluid U addition
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and partial melting on the (231Pa/235U) ratio. We assume
that melting often has much less effect upon (230Th/238U)
ratios in arcs (but see George et al., 2003) since DU/Th is
close to 1 in clinopyroxene at depths of 80–100 km near
the slab (we assume DTh/U = 0.8 based on Landwehr
et al., 2001) and garnet is unlikely to be a major residual
phase for these rocks (see below). Note also that, if the
duration of ageing since fluid U addition is a couple of
half-lives of 231Pa or more, then the measured
(231Pa/235U) ratio, rather than the displacement above the
fluid addition line in Fig. 2A, may more accurately isolate
the displacement due to melting. In contrast, it has been ar-
gued that for most lavas from Tonga there has been little
231Pa–235U fractionation during melting due to an absence
of residual clinopyroxene and so the displacement of these
samples above the fluid addition line (see Fig. 2A) has
been inferred to reflect 50–60 kyr of ageing since fluid addi-
tion of U (Bourdon et al., 1999). The effects of fluid
addition and melting will be harder to deconvolve if
fluid addition and melting are coupled (e.g., Bourdon
et al., 2003a,b; Thomas et al., 2002). Either way, excluding
most of the lavas from Tonga, all samples analysed have
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(231Pa/235U) > 1 and so partial melting effects appear to be
observable in the 231Pa–235U systematics of almost all arc
lavas.

It should be stressed that only some fraction of the U
enrichment in arc lavas identified in Fig. 1 is due to recent
fluid addition or recorded by U-series disequilibria. This is
highlighted in the plot of (231Pa/235U) versus Nb/U in
Fig. 2B. If all of the decrease in Nb/U ratio in the arc lavas
were due to recent fluid addition of U, then the
(231Pa/235U) ratios of the subduction modified wedge prior
to partial melting would lie between 0.05 and 0.25. None of
the available melting models could achieve the measured
(231Pa/235U) ratios of 0.8–2.5 from such low starting ratios,
assuming parameters appropriate to melting beneath arcs
(see below). However, many studies of arc lavas have ar-
gued for a three component mass balance (e.g., Ellam
and Hawkesworth, 1988; McDermott et al., 1993) which
includes addition of 61% sediment to the wedge as well
as the fluid component assumed responsible for 238U
excesses (e.g., Elliott et al., 1997; Hawkesworth et al.,
1997; Regelous et al., 1997; Turner et al., 1997). As illus-
trated in Fig. 2B, the consequence of �1% sediment addi-
tion is to reduce the Nb/U ratio of the mantle wedge
from 45, a value typical of the MORB or OIB (ocean island
basalt) source (Hofmann et al., 1986), down to 14. In con-
trast, we assume there is no net effect on (231Pa/235U) either
because sediment was added without fractionating
(231Pa/235U) or because it occurred sufficiently long ago
that any U-series disequilibria have since returned to secu-
lar equilibrium (e.g., Bourdon et al., 1999; Elliott et al.,
1997; George et al., 2003, 2005; Turner et al., 1997). More
recent addition of as little as 0.02 ppm U by fluids further
lowers the Nb/U ratio of this source to 7 and results in
(231Pa/235U) ratios between 1 and 0.5, comparable to those
implied from the 1:1 U-addition vector in Fig. 2A. Super-
imposed upon the final composition of this multiply meta-
somatised mantle wedge is the effect of 231Pa in-growth
during partial melting which leads to increases in
(231Pa/235U) which typically overprint any fluid related
U-excesses and result in (231Pa/235U) ratios >1 (Fig. 2B).

The preceding discussion emphasises that the amount of
U from the slab inferred from Nb/U is much greater than
that from U–Th disequilibria, and for that reason the data
require at least two steps of U addition of different ages,
with much of the U being added at least several 100 kyr
ago in a component that may have been dominated by con-
tributions from subducted sediment. In Fig. 2A, the global
array is broadly parallel to the fluid addition vector and so
the (231Pa/235U) ratios are inversely correlated with the rel-
ative effects of fluid addition as reflected in the (230Th/238U)
ratio. Elevated Ba/Th ratios are also often regarded as a
hallmark of fluid addition in subduction zone lavas due
to the orders of magnitude greater fluid-mobility of Ba rel-
ative to that of Th (Brenan et al., 1995) and there is also a
weak negative array between Ba/Th and (231Pa/235U) at the
global scale (Fig. 3A). Disequilibria between 226Ra and
230Th can be extreme in arc lavas and tend to be positively
correlated with fluid indices like Ba/Th. This has been
attributed to addition of Ra by the last increments of fluid
addition and rapid melt extraction (Turner et al., 2001).
Although there is no clear correlation between
(231Pa/235U) and (226Ra/230Th), Fig. 3B does suggest that
the highest (231Pa/235U) ratios are found in those samples
with the lower (226Ra/230Th) and vice versa.

If the source composition were known, trace element ra-
tios can be inverted to constrain the total extent of melting.
Such an approach is used in Fig. 4A which shows the range
in Tb/Yb and La/Yb resulting from melting of the depleted
MORB source (DMM) composition of Salters and Stracke
(2004). At face value, the results suggest that the majority
of arc lavas analysed for 231Pa reflect moderate to large
(4–15%) degrees of partial melting, consistent with their
major element chemistry. However, the rare earth element
abundances in the mantle wedge will also be affected by the
addition of sediment which will increase La/Yb and Tb/Yb
such that the estimates from Fig. 4A should be treated as
minimum constraints on the extent of melting. Elevated
Tb/Yb can result from melting in the presence of residual
garnet and the contours in Fig. 4A also provide a maxi-
mum constraint on the likely amount of residual garnet
for the arc lavas (64%). However, we do not believe that
garnet is a residual phase during melting in the wedge,
but rather that the elevated La/Yb and Tb/Yb ratios can
be attributed to sediment addition (see below). Further-
more, a number of studies (e.g., Class et al., 2000; Elliott
et al., 1997; Hawkesworth et al., 1997; Johnson and Plank,
1999) have found evidence that the sediment component is
added as a partial melt in equilibrium with residual garnet
and an accessory phase(s) such as allanite (Plank, 2005)
which preferentially retain high field strength elements such
as Nb (and by analogy Pa) and Th over U (as implied in
Fig. 2B for example). Model 10% melts of average global
subducting sediment (GLOSS) using the bulk partition
coefficients from Johnson and Plank (1999) have La/
Yb = 40 and so have significant leverage in Fig. 4. Conse-
quently, these garnet signatures are likely to be derived
from the slab and we suggest that most of the arc lavas
studied reflect 8–15% partial melting (cf. Pearce and Par-
kinson, 1993) with little or no residual garnet in the mantle
wedge (potassic lavas from Sangeang Api and Tambora are
probable exceptions to the latter constraint). In any case,
despite garnet being the one mantle phase in which DPa/U

is predicted to be >0.01 (Blundy and Wood, 2003), even
the maximum amounts of residual garnet allowed by
Fig. 4A have a negligible effect upon bulk DPa/U.

In Fig. 4B there is a very broad positive correlation be-
tween La/Yb and Th/Ce, the latter index being sensitive to
sediment addition (Hawkesworth et al., 1997). This sup-
ports the preceding arguments that at least some of the var-
iation in La/Yb is related to sediment or sediment melt
(Th/Ce = 0.24) addition and, if the southern Lesser Antil-
les samples and the Iya sample from Flores are again con-
sidered as a separate group, there is also a broad positive
correlation between (231Pa/235U) and La/Yb (and Tb/Yb



486 S. Turner et al. 70 (2006) 480–503
not shown) in Fig. 4C. Such correlations might be used to
infer a link between 231Pa–235U disequilibria and the inte-
grated extent of partial melting (cf. Fig. 4A). Instead, the
key to understanding these correlations may be that the
more sediment-rich sources (higher La/Yb and Th/Ce)
are less sensitive to the effects of addition of a relatively
constant amount of U by fluids because they had higher
Th and U concentrations to begin with (Elliott et al.,
1997; Hawkesworth et al., 1997; McDermott and Hawkes-
worth, 1991; Regelous et al., 1997; Turner et al., 1997).
Consequently, these sources suffer the least displacement
along the U addition vector in Fig. 2A so that the effects
of partial melting have less of a deficit of 231Pa relative to
235U to overprint. Thus, partial melting leads to higher
absolute (231Pa/235U) ratios from more sediment-rich,
higher (230Th/238U) sources and contours for a constant
partial melting effect in Fig. 2A are parallel to the fluid
addition vector (see Fig. 17c in Turner et al., 2003). This
is in contrast to MORB and OIB where the slopes of arrays
in (231Pa/235U) versus (230Th/238U) space reflect the clino-
pyroxene/garnet ratio in the source (Bourdon and Sims,
2003). By analogy lower Ba/Th and (226Ra/230Th) ratios
are found in samples from the more sediment-rich, fluid-in-
sensitive sources and these start with higher (231Pa/235U)
ratios before melting leading to the broadly negative corre-
lations in Fig. 3.

In principle, the effects of any ageing between the time of
U fluid addition and partial melting should be distinguish-
able. However, this has proved difficult in practice. Ageing
will reduce the slope of any correlations in Figs. 2A, 3A,
and 4C and so it may be that the extent to which any such
ageing can be identified relies on the ability to discern
slopes on these diagrams within individual arcs and this
is explored in further detail below.

4. Models for partial melting in the mantle wedge

Whereas the main controls on stable trace element ratios
are source composition and residual mineralogy, bulk par-
tition coefficients, and the integrated extent of partial melt-
ing, U-series isotope ratios are also affected by the time
scale of melting. For example, batch melting models re-
quire degrees of partial melting less than 1% in order to ob-
tain (231Pa/235U) ratios >1.5, and since such small degrees
of melting are unlikely for arc magmas (cf. Fig. 4A) this
indicates that in-growth models are required to explain
the arc lava data. Assuming very rapid melt extraction
(see below), the key factor in such models is the velocity
at which the matrix passes through the melting region be-
cause this determines the amount of time available for U-
series nuclide in-growth (see Elliott, 1997, and Lundstrom,
2003, for overviews). One end-member in-growth melting
model produces disequilibria via continuing chromato-
graphic equilibration with peridotite wall-rocks as the melt
ascends large distances (and over time periods of 10s kyr)
via porous flow (Spiegelman and Elliott, 1993). However,
at subduction zones the rapid channelled melt transport in-
ferred from 226Ra systematics (Sigmarsson et al., 2002;
Turner et al., 2001) suggests that such interaction will be
minimal and is unlikely to be the origin of the 231Pa excess-
es in arc lavas (Bourdon et al., 2003a,b; Dosseto et al.,
2003; Turner et al., 2003). Accordingly, most recent models
for arc lavas have invoked some variation on the theme of
dynamic melting involving protracted melt production but
fast melt extraction using the numerical treatment of
McKenzie (1985) and Williams and Gill (1989).

At mid-ocean ridges, the mantle flows upwards due to
plate separation and so this has provided the incentive to
relate the matrix flow rate inferred from U-series disequi-
libria to physical observables such as axial spreading rate
(see Lundstrom, 2003, for a recent review). The situation
is less straightforward in arcs and an outstanding question
concerns the nature of matrix flow through the melting
zone that is recorded by the 231Pa excesses. There are a
range of possible physical models which would result in
dynamic melting in the mantle wedge and in Fig. 5 we illus-
trate three we have chosen to explore quantitatively in the
remainder of this paper. All three assume that melt ascent
is effectively instantaneous.

4.1. Decompression dynamic melting

Major and trace element data as well as the tempera-
tures and volatile contents of some arc lavas have long
been used to argue for a component of decompression
melting beneath arcs (e.g., Parkinson and Arculus, 1999;
Pearce and Parkinson, 1993; Plank and Langmuir, 1988;
Sisson and Bronto, 1998). Upwelling might occur because
small density and viscosity contrasts arising from the addi-
tion of volatiles and the presence of partial melt are suffi-
cient to cause gravitational instabilities leading to
localised, diapiric, peridotite upwelling (Brémond d�Ars
et al., 1995; Gerya and Yuen, 2003). Alternatively, recent
dynamic modelling has shown that implementation of tem-
perature-dependent viscosity leads to a component of up-
ward flow beneath arcs (Furukawa, 1993; Kincaid and
Sacks, 1997; van Keken et al., 2002) which could lead to
decompression melting (Conder et al., 2002) as illustrated
in Fig. 5A. This might be accentuated by extensional tec-
tonics within the arc or back-arc. An attraction of this
model is that it can reconcile evidence that at least some
arc magmas last equilibrated with mantle peridotite at high
temperatures at low pressures (e.g., Elkins Tanton et al.,
2001). During decompression melting, 231Pa excesses would
be controlled by both the rate of upwelling and length of
the melting column (Bourdon et al., 1999) which will be
influenced by crustal thickness (e.g., Plank and Langmuir,
1988). Note that the use of the term ‘‘melt column’’ simply
refers to the along-flow dimension of the melting region
and does not imply a vertical column. It is not clear how
peridotite migrating along the upwelling convection limb
would have received the metasomatic signature of sediment
(melt) and fluid addition that is characteristic of arc lavas,
and dynamic melts of unmetasomatised wedge material
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Fig. 5. Illustrationsof thedifferentmeltingmodels investigated in this study.
In (A), partial melting occurs predominantly in response to decompression
along the upwelling limb of convection in the mantle wedge. In (B), partial
meltingoccurs asmantlewedgematerial that has beenhydratedduring prior
(up-dip) episodes of fluid addition crosses the hydrous peridotite solidus.
The models shown in (A) and (B) are analogous to an inclined dynamic
MORB melting column in which the matrix enters the melting region and
melt is extracted in a stepwise fashionwhenever themelt fraction exceeds the
threshold porosity (/). Each parcel of matrix flows through the melting
region at velocity (W) and U-series nuclide in-growth occurs between each
extraction step in proportion to W and the relevant decay constant (k). In
(A), the length of the melting column is limited by the thickness of the
overlying lithosphere, whereas in (B) a primary control on the extent of
U-seriesdisequilibriaproduced isWwhichwill be controlledby the local rate
of convergence. The fluxmeltingmodel of Thomas et al. (2002) is illustrated
in (C) where fluid addition and partial melting are coupled in a synchronous
continuum and in-growth again occurs between each step. Note that in all
three models the melt column is inclined and we use of the term ‘‘melt
column’’ to refer to the along-flow dimension of the melting region.
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might be expected to resemble MORB unless mixed with
deeper, hydrous melts (see Section 7). Nevertheless, many
back-arc lavas do have elevated H2O contents and preserve
238U excesses (e.g., Peate et al., 2001; Stolper and Newman,
1994).

4.2. Frictional drag melting with or without ageing since fluid

U addition

It has long been recognised that frictional drag against
the subducting plate will induce downward directed con-
vection in the wedge, at least close to the wedge–plate inter-
face. In the second model illustrated (Fig. 5B), 231Pa in-
growth reflects the rate of downward convection through
a region where partial melting is occurring as this motion
translates hydrated peridotite across its solidus. It is as-
sumed that fluid addition lowers the peridotite solidus
but that this hydrated peridotite does not melt until con-
vection drags it across its solidus. In other words, the onset
of melting is controlled by the location of an isotherm
(England et al., 2004; Tatsumi et al., 1986) and continues
because material is translated obliquely across the iso-
therms into increasingly hotter parts of the wedge.

The simplest numerical simulation of this model is
shown in Fig. 6 employing diagrams to be used in Appen-
dix A and subsequent sections, and which, along with
Fig. 7, illustrate the effects of varying the principal vari-
ables in the models. The model involves dynamic melting
of a variably metasomatised mantle wedge using extended
versions of the equations presented by Williams and Gill
(1989). The source region is composed of peridotite that
has been enriched by sediment (melt) addition at some
stage in the past but is assumed to be in secular equilibrium
prior to fluid addition. We simulate this enriched source by
three increments of addition of a fluid with a fixed compo-
sition (see Fig. 6). The thin lines in Fig. 6 show the resul-
tant compositions after 10% dynamic melting of this
range of source compositions and that those sources with
a greater relative fluid contribution achieve the lowest
(231Pa/235U) and (230Th/238U) ratios after melting. The
double-headed arrow indicates the effect of varying the de-
gree of melting of the 30 ppb U source to 8 or 15%.

A variation of this model allows for ageing of the meta-
somatised wedge after U addition by fluids (e.g., Tatsumi
et al., 1986). We have inferred the duration of this ageing
from the slope of arrays in the U–Th equiline diagram as
discussed in the references listed in Table 1. Note that these
ages are inferred to reflect the integrated age of fluid U
addition rather than any discrete event and that this is as-
sumed not to affect 226Ra which is inferred to reflect the fi-
nal stages of fluid addition (Turner et al., 2000). This aged
source then undergoes 10% dynamic melting and so we re-
fer to this model as ‘‘ageing + dynamic melting.’’ The Nb-
normalised ‘‘isochron’’ diagram of Bourdon et al. (1999) in
Fig. 6C is utilised here because it most clearly illustrates the
multi-stage evolution simulated by the ‘‘ageing + dynamic
melting’’ model. Note that the ageing + dynamic melting
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Fig. 6. Plots of (A) (231Pa/235U) versus (230Th/238U), (B) (231Pa/235U)
versus Ba/Th, and (C) (231Pa)/Nb versus (235U)/Nb to illustrate the
various melting models investigated. The source region is composed of
peridotite that has been enriched by sediment (melt) addition at some
stage in the past but is assumed to be in secular equilibrium prior to fluid
addition. In the dynamic melting models, this enriched source is then
metasomatised by three increments of addition of a fluid with a fixed
composition (5 ppb U, 2 ppm Ba). The thin line shows the composition
after 10% dynamic melting of this range of source compositions and the
double-headed arrow indicates how the composition of the 30 ppb source
melt would vary if the extent of melting were 8 or 15%. The ‘‘ageing and
dynamic melting’’ line shows the results of dynamic melting of the same
source (X�s along the curve indicate the same range of initial source
compositions) after it has undergone 40 kyr ageing since fluid U addition
(see source composition after 40 kyr ageing on (C)). The flux melting curve
shows the results of calculations based on the model presented by Thomas
et al. (2002) and has the total extent of melting (F) indicated in %. The
relevant parameters for the models shown in Figs. 6 and Fig. 11–18 are
given in Tables 2 and 3 (see text for discussion).
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Fig. 7. Plots of average (231Pa/235U) for lavas from individual arcs versus
(A) crustal thickness (compiled from Clift and Vannucchi, 2004; Plank
and Langmuir, 1988) and (B) subduction velocity (from the compilation in
Plank and Langmuir, 1998). Vertical grey lines represent 1 standard
deviation of the variation within each arc (Tonga, Ton; Kermadec, Ker;
Philippines, Phil; Aleutians, Aleu; Mariana, Mar; Vanuatu, Van; Lesser
Antilles, Ant; Sunda, Sun; Stromboli, Str; Alaska, Alas; Central America,
Cen; Kamchatka, Kam; Sth. Chile, Chil; Mexico, Mex). The grey circle for
Tonga represents the average of samples with (231Pa/235U) ratios >1 from
this arc. Also shown are the results for a dynamic melting simulation
based on the equations of Williams and Gill (1989) with variable matrix
flow (i.e., subduction) rate (W) and the following fixed parameters: bulk
partition coefficient for U = 0.0058 and Pa = 2.2 · 10�6 based on Blundy
and Wood (2003), extent of melting F = 0.15, porosity / = 0.002, and
melting column base = 100 km. The source composition was assumed to
have initially been in secular equilibrium with a U concentration of
0.00514 ppm. To simulate the island arc environment, this was enhanced
by variable addition of U by fluids 30 kyr prior to partial melting leading
to the following range of compositions at the time of melting:
U = 0.00514–0.02014 ppm; (231Pa/235U) = 1–0.435. The plotted values of
(231Pa/235U) are the average (231Pa/235U) ratio for this range of source
compositions. The model in (A) varies the crustal thickness (top of the
melt column) and assumes a constant matrix velocity (subduction rate) of
5 cm/yr. The model in (B) varies the matrix velocity and assumes a
constant top for the melting column of 20 km.
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model could in principle apply to the decompression model
in Fig. 5A as well. As Figs. 6A and B show, the primary
effect of ageing for several 10s kyr is to elevate and reduce
the range in (231Pa/235U) ratios and the slope of the curves
in the (231Pa/235U) versus (230Th/238U) and (231Pa/235U)
versus Ba/Th diagrams.

4.3. Flux melting

The third model illustrated in Fig. 5C is flux melting.
The basic distinction of this model is the assumption that
the continuum of dehydration reactions occurring in the
subducting plate (Poli and Schmidt, 1995; Schmidt and
Poli, 1998) directly induces melting each time they are
injected into the wedge so that small melt fractions are pro-
duced for each increment of fluid addition and then coa-
lesce (Bourdon et al., 2003a,b; Dosseto et al., 2003;
Thomas et al., 2002). Melting continues in this model be-
cause fluid is continually being added. Since the wedge is
convecting and melt is extracted as soon as the critical
threshold porosity (often referred to as the residual poros-
ity) is exceeded, 231Pa in-growth occurs in the down-
dragged matrix between each increment of fluid addition
and is again linked to the rate of downward convection.
The flux melting simulation employed here uses the calcu-
lations described in detail in Thomas et al. (2002), although
Th and Pa are assumed to be fluid immobile (see Section 6).
Because the variations produced in fluid mobile element
concentrations and U-series nuclide in-growth are linked
to the number of iterative fluid addition and melting epi-
sodes, these parameters are strongly correlated with the
overall summed extent of partial melting. Thus, in these
models, the lowest (231Pa/235U) and (230Th/238U) ratios re-
sult from the largest degrees of partial melting (see Fig. 6).

4.4. Links with physical observables

In all of the models described above, the extent of 231Pa
in-growth should be linked to the rate of matrix transfer.
For the latter two models, especially, this is likely to be
controlled by the local subduction rate assuming that there
is strong coupling between the descending plate and con-
vection in the mantle wedge (but see also Turner and Haw-
kesworth, 1997; Honda and Yoshida, 2005). However, in
the case of the decompression model, 231Pa in-growth
may also be influenced by extensional tectonics and the
length of the melt column which would imply a potential
link with crustal thickness. Therefore, in a first order at-
tempt to try to discriminate between these models we have
plotted the average (231Pa/235U) ratios for each subduction
zone against crustal thickness and the velocity of the sub-
ducting plate in Fig. 7.

A hint of a positive correlation between (231Pa/235U)
and crustal thickness was found by Bourdon et al.
(2003a,b) and Turner et al. (2003) using the early dataset
of Pickett and Murrell (1997). Our new dataset shows that
a broad positive correlation exists between average
(231Pa/235U) and crustal thickness for oceanic arcs
(although there are a wide range of values within each
arc, Fig. 7A), and that the opposite is observed for arcs
built upon continental crust. Thus, there is no simple glob-
al correlation with crustal thickness. A seemingly better
global correlation emerges between average (231Pa/235U)
ratios and the velocity of the subducting plate in Fig. 7B.
Although the correlation is largely controlled by data from
Tonga, where (231Pa/235U) ratios <1 are thought to reflect a
lack of residual clinopyroxene during melting (Bourdon
et al., 1999), a reasonable correlation still exists if only
the Tonga samples with (231Pa/235U) ratios >1 are averaged
(see Fig. 7B).

Since the matrix flow rate and melting column length are
key variables in all dynamic melting models, it is possible
to forward model possible relationships in Fig. 7 using a
dynamic melting simulation (e.g., Williams and Gill,
1989) and reasonable input parameters for the other vari-
ables such as extent of melting, melt column length, resid-
ual porosity, bulk partition coefficients, and source
composition. The results also serve to illustrate the effects
of varying melt column length and matrix flow rate whilst
keeping all other parameters constant. The curve in Fig. 7A
shows that increasing crustal thickness (i.e., decreasing the
length of the melting column) at constant matrix flow and
melting rate leads to a trend of decreasing average
(231Pa/235U) with increasing crustal thickness. This is the
opposite slope to that defined by the oceanic arcs. A posi-
tive correlation would require that the melting rate or total
extent of melting also decreased with increasing crustal
thickness but, as we discuss in Section 6, there appears to
be little evidence for this. In contrast, continental arcs do
form a negative slope but one which has a much steeper
trend than the model results. Nevertheless, it is not clear
why the extent of melting would vary with crustal thickness
in oceanic arcs yet remain constant beneath continental
arcs or why the continental arcs are not systematically dis-
placed to higher (231Pa/235U) than the oceanic arcs. In sum-
mary, there does not appear to be any convincing evidence
that crustal thickness plays a first order control on
231Pa–235U systematics at a global scale. Instead, the trend
in global averages is in much better agreement with the
modelled decreases in (231Pa/235U) that result from increas-
ing the matrix flow rate (i.e., subduction velocity) at a con-
stant melt column length (Fig. 7B).

5. Variations within subduction zones

A caveat to the treatment in Fig. 7 is that the use of
average (231Pa/235U) ratios hides both the large variations
present within each arc, and proposed differences in the
controlling mineralogy, as in Tonga and the southern Less-
er Antilles. Accordingly we have also examined the varia-
tions within each individual subduction zone in detail
(see Appendix A), since each arc has a number of different
tectonic attributes which might be anticipated to link to
partial melting processes. In particular, we have subdivided
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the different arcs according to their slope in the
(231Pa/235U) versus (230Th/238U) diagram. A positive slope
may imply relatively little elapsed time between fluid addi-
tion of U and partial melting, and that the slope is largely
determined by fluid addition, whereas a horizontal slope,
as observed in central America (Thomas et al., 2002), or
a negative slope requires more complex models.

Although the data trends are often scattered and may re-
quire further analyses to firm up in some instances, it is
apparent from Appendix A and Figs. 11–18 that there
are significant intra-arc differences in 231Pa–235U behav-
iour. In the (231Pa/235U) versus (230Th/238U) diagram, only
Vanuatu and the Alaska-Aleutian arcs form positive
trends; Tonga is also positive but that is because the fluid
addition signal has not been overprinted by the effects of
melting due to the inferred absence of residual clinopyrox-
ene (Bourdon et al., 1999). In comparison, the Mariana,
Kermadec, and central American suite form roughly hori-
zontal (231Pa/235U)–(230Th/238U) trends (Figs. 12 and 16;
Bourdon et al., 1999; Thomas et al., 2002) whereas the
northern Lesser Antilles, Kamchatka, and possibly Sunda
arcs show negative trends.

In presenting the data we also explore the applicability
of the dynamic, dynamic + ageing, and the flux melting
models described above and use the (231Pa/235U) versus
(230Th/238U) and (231Pa/235U) versus Ba/Th diagrams from
Fig. 6 to facilitate direct comparisons (the possible role for
decompression melting will be revisited in Section 7). Be-
cause the rate of matrix flow is likely to be linked to sub-
duction rate in all of the models considered here (cf.
Fig. 5) and arguably correlates with average (231Pa/235U)
in Fig. 7B, we have taken the local subduction rate to be
indicative of this matrix flow rate. U, Ba, and Ra are as-
sumed to be fluid mobile whereas Th and Pa are not (but
see Section 6). In an effort to permit fair comparison of
these three different models, we have attempted to make
all common parameters (e.g., partition coefficients, mantle
mineralogy, etc.) identical. These and the other key param-
eters used for each arc are listed in Tables 2 and 3.

6. Comparison of the partial melting models

Overall, the models do a poor job in simulating the data
which, admittedly, are often scattered. Although the posi-
tions of the model curves can be moved around in Figs.
11–18 by varying some of the input parameters in Table
Table 2
Source mode and partition coefficients used in numerical modelsa

Phase Fertile mode Depleted modeb U Th Pa

Olivine 52 65 6.0E�05 9.5E�06 6.0
Orthopyroxene 28 35 7.8E�03 3.0E�03 7.8
Clinopyroxene 18 0 1.8E�02 2.1E�02 1.8
Garnet 2 0 1.7E�02 3.3E�03 5.8

a Based on Blundy and Wood (2003), Blundy et al. (1998) and the compilat
b Used for Tonga models only.
3, their general orientation will remain unaltered. Thus,
for example, the positive (231Pa/235U)–Ba/Th trends in
the Vanuatu, Sunda, and Alaska-Aleutian arcs cannot be
simulated. In the Lesser Antilles, no model can reproduce
the data from the northern islands and in Vanuatu the age-
ing + dynamic melting models provide reasonable fits to
some of the data but cannot replicate the data from Mat-
thew or the apparent positive trend formed by the other is-
lands in Fig. 14. This emphasises that large differences in
(231Pa/235U) ratios within several individual arcs, such as
the Lesser Antilles and Vanuatu, are difficult to replicate
without significant changes in melting parameters. In the
Sunda arc, for example, the significantly higher
(231Pa/235U) ratio of the Iya sample compared with the
other arc front volcanoes could be reproduced by lowering
the extent of melting, residual porosity or increasing the
length of the melting region but there is no independent
evidence for this (see also Section 7). To the contrary in
fact, the (231Pa/235U) ratios are lower at Sangeang
Api and Tambora where the extent of melting is arguably
lower (cf. Fig. 4A). Implicit in all of the models is that
the source region is homogeneous on the scale of
100s km, yet Fig. 4 highlights that most arcs also show
evidence for significant variations in local source composi-
tion (variable depletion, sediment amount/composition,
and Indian vs Pacific wedge material) which must play a
role in addition to variations in the melting parameters.
In summary, it is clear that local as well as global variations
in critical parameters must exert a major influence on
231Pa–235U disequilibria.

The different models discussed all have physical plausi-
bility but the general lack of coherent data trends means
that it is not easy to distinguish between them in Figs.
11–18. The effect of ageing subsequent to fluid U addition,
typically for 10s–1000s of years prior to melting, arguably
better simulates the data in the Nb-normalised diagrams
for the Vanuatu, Sunda, Mariana, and Kamchatka arcs.
This is consistent with inferences about the significance of
inclined U–Th arrays generally (Bourdon et al., 2003a,b),
but also naturally leads to a range in final (231Pa/235U)
and (230Th/238U) ratios that are more restricted than ob-
served. Conversely, the larger range in (231Pa/235U) and
(230Th/238U) ratios in the flux melting models stems from
a very big range in total extent of melting (1–15%) which
seems unrealistic considering the tholeiitic to calc-alkaline
nature of the majority of rocks analysed and given that
Ra Ba Nb La Tb Yb

E�08 5.8E�08 5.0E�06 5.0E�05 2.0E�04 1.5E�03 2.4E�02
E�06 6.0E�07 6.0E�06 3.0E�04 3.1E�03 1.9E�02 3.8E�02
E�09 4.1E�06 3.0E�04 8.9E�03 8.9E�02 1.1E+00 1.4E+00
E�04 7.0E�09 7.0E�05 3.5E�03 1.0E�02 7.5E�01 4.0E+00

ion of Halliday et al. (1995).



Table 3
Parameters employed in ageing + dynamic melting and flux melting calculations shown in Figs. 6, 11–18 (partition coefficients as in Table 2)

Fig. 6 Tonga Kermadec Lesser Antilles Vanuatu Sunda Mariana Kamchatka Alaska-Aleutians

Physical parameters

Melt fraction in ageing + dynamic models (X) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
F step in flux melting models (%) 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Residual porosity (/) 0.002 0.002 0.002 0.002 0.001 0.002 0.002 0.001 0.001
Melt density (qm0 , kg/m3) 2800 2800 2800 2800 2800 2800 2800 2800 2800
Solid density (qs0 , kg/m

3) 3300 3300 3300 3300 3300 3300 3300 3300 3300
Subduction rate (=W, cm/yr)a 2.4 17 7 2.4 11 6.7 4.8 9 6.2
Dip(h)a 22 28 30 22 44 21 24 25 50
Melting rate (M, kg/m3/yr) 1.32E�04 7.01E�04 4.60E�04 1.98E�04 7.26E�04 5.53E�04 3.17E�04 5.94E�04 4.09E�04
Melt region length, km (ageing + dynamic) 60 80 50 40 50 40 50 50 50
Melt region down dip length, km (flux melting) 180 240 150 120 150 120 150 150 150

Mantle composition prior to fluid additionb

U (ppm) 0.015 0.006 0.01 0.015 0.015 0.015 0.015 0.015 0.015
Th (ppm) 0.046 0.017 0.031 0.046 0.046 0.046 0.046 0.046 0.046
Ba (ppm) 1.2 5 5 1.2 2 1.2 10 10 7
Nb (ppm) 0.15 0.05 0.1 0.15 0.1 0.14 0.12 0.2 0.15

Fluid composition per increment in aging + dynamic ageing models

U (ppm) 0.005 0.008 0.015 0.015 0.03 0.015 0.04 0.02 0.03
Ba (ppm) 2 4 7 2 5 2 7 12 8
(226Ra/230Th) 2 2 2 2 2 2 2 2 2
Duration of ageing after U addition (kyr)c 40 50 50 90 60 90 30 150 10

Fluid composition per increment in flux melting models

dU/dF (ppm) 0.025 0.04 0.075 0.075 0.06 0.075 0.2 0.1 0.15
Fluid Ba/U 300 300 300 300 300 300 300 300 300
Fluid Ra/U 30 30 30 30 30 30 30 30 30

a Based on values given in Jarrard (1986) and Plank and Langmuir (1998).
b Source (peridotite + sediment) is assumed to be in secular equilibrium prior to fluid addition of U, Ba, and Ra.
c Used in ageing + dynamic melting models only and based on U–Th equiline age interpretations in references cited in Table 1.
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much of the variation in La/Yb in Fig. 4A is likely to reflect
the opposing effects of sediment (melt) addition and prior
melt depletion. Another important control on the extent
of 231Pa in-growth and final (231Pa/235U) ratios is the
dimension of the melting region which will always be big-
ger in the flux melting model compared with that the
dynamic melting model for a given (231Pa/235U) ratio.
For the models shown in Figs. 11–18 the down-dip dimen-
sion of the melting region in the flux melting model is three
times longer than that used in the dynamic models and
Bourdon et al. (2003a,b) have questioned whether melts
formed across such a large region can be efficiently fo-
cussed to the line of arc front volcanoes.

There has also been considerable recent discussion as to
whether Th and Pa may have enough mobility in subduc-
tion zone fluids to influence U–Th–Pa disequilibria (e.g.,
Bourdon et al., 2003a,b; Sigmarsson et al., personal com-
munication; Thomas et al., 2002). The grey curves in Figs.
13–18 show that simulating the steeper trends in the Nb-
normalised diagrams would require a (231Pa/235U) ratio
of 2 in the fluid in the flux melting models which seems
extremely implausible given the insolubility of Pa relative
to U. Moreover, although the presence of Pa in the fluid
might help explain possible inverse correlations between
(231Pa/235U) and (230Th/238U) in the Sunda and Central
Kamchatka Depression (see Figs. 14A and B, and 15A
and B), the existence of the former trend relies heavily on
the Iya sample which may be anomalous (cf. Section 3)
and the latter has been explained by mixing with eclogitic
slab melts (Dosseto et al., 2003). The southern Lesser
Antilles data might be simulated with Pa in the fluid but
adopting such a model would significantly overestimate
the (231Pa/235U) ratios of the northern Antilles lavas and
produce the wrong slope in the (231Pa/235U) versus Ba/Th
diagram (see Figs. 13A and B). Moreover, the results of
the flux melting model containing Pa in the fluid are
demonstrably inapplicable to the (231Pa/235U) versus
(230Th/238U) and (231Pa/235U) versus Ba/Th trends ob-
served in the Vanuatu, Mariana, and Alaska-Aleutian arcs
(Figs. 14A and B, 16A and B, and 18A and B). Thus, until
experimental or theoretical data indicate otherwise we re-
main sceptical that subduction zone fluids carry sufficient
Pa (or Th) to significantly affect 231Pa–235U (or
230Th–238U) disequilibria and appeal below to intra-wedge
mixing effects to explain some of the apparently anomalous
data.

Thomas et al. (2002) utilised a plot of (231Pa/230Th) ver-
sus (238U/230Th) to illustrate their flux melting model. In
this diagram mixing is linear, fluid addition is horizontal
to the right, and the effects of ageing and in-growth curve
upward to the left (see Thomas et al., 2002). We plot the
global dataset in such a diagram in Fig. 8 which shows that
most arcs other than Tonga form relatively steep trends.
Representative numerical models show that overall the flux
melting models produce shallower trends than the dynam-
ic + ageing models. The shallow Tonga trend can reason-
ably be reproduced by either model but the steeper trends
from many of the other arcs are perhaps better simulated
by dynamic melting + ageing. However, whereas the slope
can be approximated by the latter models, the range of
data cannot and this again emphasises that along-arc
source variations, which allow for a greater relative frac-
tionation of U/Th ratios, must be important.

We have not focussed on the 226Ra–230Th system be-
cause the timing of addition of the final fluid contributions
(which are inferred to be largely responsible for observed
226Ra excesses) and partial melting are likely to overlap.
Furthermore, there is good evidence for a decrease in
(226Ra/230Th) with increasing SiO2 in a number of arcs,
suggesting that the primary 226Ra–230Th signature may of-
ten be modified by decay during differentiation in the crust
(e.g., Turner et al., 2001). Nevertheless, both the age-
ing + dynamic melting and flux melting models can pro-
duce primary (226Ra/230Th) ratios >4 and predict a
negative correlation between (226Ra/230Th) and
(231Pa/235U) as broadly observed in the global dataset
(see Fig. 3A).

7. A role for mixing

Much of the preceding discussion highlights that there is
no single model which can replicate all of the data trends
and in a number of instances the data lie at a high angle
to those predicted by any of the models (e.g., Figs. 13A
and B, 14B, and 18B). This is somewhat reminiscent of
the global and local vectors in the Fe8.0–Na8.0 systematics
of MORB, the latter being attributed to mixing between
small melt fractions formed deep in the melting column
with larger degree melts produced higher up (Brodholt
and Batiza, 1989; Klein and Langmuir, 1989). In subduc-
tion zones, Fe8.0–Na8.0 systematics can be strongly influ-
enced by the effects of depletion due to prior melt
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extraction in the back-arc environment (e.g., Taylor and
Martinez, 2003; Turner et al., 1997). By analogy with the
MORB models, we now explore likely intra-wedge effects
on 231Pa–235U isotopes by investigating mixing between a
small degree dynamic melt formed at depth with a larger
degree melt formed more shallowly and over a larger melt
column. In practice, in the arc environment this model may
reflect mixing of deeper, hydrous melts produced just
above the slab (cf. Figs. 5B or C) with hotter, dryer melts
(e.g., Elkins Tanton et al., 2001; Sisson and Bronto,
1998) produced at shallower depths by decompression in
the upwelling limb of induced convection (cf. Fig. 5A; Con-
der et al., 2002) as illustrated in Fig. 9. Indeed, the high
(230Th/238U) end of the global array in Fig. 2A is tied to
samples with 230Th excesses that, from a U-series perspec-
tive, look like conventional decompression melts of anhy-
drous peridotite (i.e., MORB; see Fig. 2A) and addition
of these may be required in order to achieve an integrated
15% melting in light of the low melt productivity of hy-
drous peridotite (Gaetani and Grove, 1998; Hirschmann
et al., 1999).

Melt productivity from hydrous peridotite at the onset
of melting is lower than for anhydrous peridotite even
though melting initiates at a lower temperature (Gaetani
and Grove, 1998; Hirschmann et al., 1999). The combina-
tion of fluid addition, and low rates and degrees of melting
results in greater extents of 231Pa–235U disequilibria in the
model deep melts relative to the shallow ones and might ex-
plain why the Iya and Matthew samples have so much
higher (231Pa/235U) ratios than those of other samples from
the same arcs. In Fig. 10 we illustrate how intra-wedge mix-
ing can also lead to negative trends between (231Pa/235U)
and (230Th/238U) coupled with positive trends between
(231Pa/235U) and Ba/Th. This provides a potential explana-
tion for the northern Antilles and Sunda data, and perhaps
the positive (231Pa/235U) versus Ba/Th correlations in the
Vanuatu and Alaska-Aleutian arcs. An important corol-
lary is that the effects of mixing may remove any necessity
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in our data to mobilise Pa (or Th) in the fluid phase. Inter-
estingly, mixing effects also lead to a steep vector on the
Nb-normalised diagram (Fig. 10C) and so this may also ex-
plain why the data from some arcs, such as Sunda, are
quite scattered in this diagram (see Fig. 15C) whereas oth-
ers, exemplified by the Marianas (Fig. 16C), form well-cor-
related linear arrays. Lastly, the effect of mixing is also to
produce a negative correlation between (226Ra/230Th) and
(231Pa/235U) as broadly observed in Fig. 3B. Unfortunate-
ly, possible 226Ra decay during differentiation makes this
prediction hard to test without an expanded suite of very
primitive lavas.

8. Concluding remarks and summary

We have presented new 231Pa data for 50 well-character-
ised lavas from seven different arcs to significantly expand
the published database. The original intention of this work
was to investigate potential global systematics, such as
those broadly found for the 230Th–238U and 226Ra–230Th
systems. Although no such simple picture has emerged,
broad positive correlations between (231Pa/235U) and
(230Th/238U) and La/Yb, and much weaker negative tends
between (231Pa/235U), and both Ba/Th and (226Ra/230Th)
suggest that (231Pa/235U) tends to be higher in sediment-
rich arc lavas because the effects of fluid addition are muted
and so there is less of a deficit of 231Pa for the melting effect
to overprint. It appears that either ageing + dynamic melt-
ing or flux melting can explain the range of (231Pa–235U) ra-
tios in arc lavas without recourse to invoking Pa or Th in
the fluid (but see also Thomas et al., 2002). However, data
from individual arcs are often scattered. Consequently, it is
not easy to discriminate between these two models which in
essence do very similar things because the progressive
incremental fluid addition in the flux models leads to age-
ing of the average integrated time of fluid U addition
(Thomas et al., 2002). It appears that variable source com-
position, degree of melting, and the effects of mixing of
magmas generated at different depths and under different
conditions in the mantle wedge must be important in some
segments of several different arcs.

In summary, the new Pa–U data, together with the re-
sults of previous Th–U and Ra–Th studies of arc lavas,
show that:

• (230Th/238U) ratios are typically <1 reflecting fluid U
addition from the slab; debate continues as to whether
the inclined arrays on the U–Th equiline diagram reflect
the integrated time since fluid U addition (but see discus-
sions by Bourdon et al., 2003a,b and Turner et al.,
2003), the effects of partial melting (e.g., George et al.,
2003) or the presence of some Th in the fluid (e.g.,
Thomas et al., 2002).

• (231Pa/235U) ratios are almost ubiquitously >1 (cf. Pick-
ett and Murrell, 1997) requiring that the effects of partial
melting overprint those of sediment (melt) and fluid
addition.
• The magnitude of the (231Pa/235U) ratios requires in-
growth melting models in which the peridotite matrix
moves through the melting region, remaining above its
solidus, for �1 Myr and 231Pa–235U disequilibria are
sensitive to anything which affects that. The movement
of the peridotite matrix may be due to decompression
or, because it is coupled to the subducting slab and con-
sequently dragged down through the zone of melt gener-
ation. The models presented in Figs. 6, 7, and, 12–18 are
certainly permissive of the hypothesis that the matrix
movement is linked to convection in the mantle wedge
and the rate of subduction.

• Overall there is a positive correlation between
(231Pa/235U) and (230Th/238U) (Fig. 2A). The samples
lie on an array broadly parallel to the U addition vector
which results from the combined effects of fluid addition
and in-growth melting, rather than reflecting the clino-
pyroxene/garnet ratio during melting as is inferred for
MORB and OIB (Bourdon and Sims, 2003).

• Variations in critical parameters (e.g., source composi-
tion and extent of melting) both between different sub-
duction zones and even within individual subduction
zones exert a major influence in controlling variations
in 231Pa–235U disequilibria in arc lavas.

• Mixing effects may be important in a number of arc seg-
ments and highlight that each dataset should be evaluat-
ed individually. Mixing may occur between shallower,
high temperature, drier decompression melts and deep-
er, lower temperature, and wetter melts formed just
above the subducting plate.

• Melt segregation and ascent is constrained by
(226Ra/230Th) > 1 and (228Ra/232Th) = 1 (Turner et al.,
2004) to occur in less than a few 1000 but more than
30 years implying rapid transport of melts and therefore
minimal chromatographic melt–wall rock interaction;
the formation of some 226Ra–230Th disequilibria via
steady-state diffusion in the source (Feineman and
DePaolo, 2000) does not relax this constraint (George
et al., 2004).
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Appendix A. Variations within subduction zones

A.1. Tonga

We start by briefly reviewing Tonga because this arc
forms an end-member due to its highly depleted nature
and the preservation of 231Pa deficits (Bourdon et al.,
1999; Turner et al., 1997, 2000). Plotted in Fig. 11 are the
data from Bourdon et al. (1999) combined with the new
analyses presented in Table 1 showing that half have
231Pa deficits. Overall the data form a positive array in
the plot of (231Pa/235U) versus (230Th/238U) in Fig. 8A with
two of the new analyses (Tafahi and �Ata) at quite high
(231Pa/235U). In the (231Pa/235U) versus Ba/Th diagram
the data form a scattered negative array if the Tafahi and
�Ata samples are included.

The original finding of Bourdon et al. (1999) was that
many of the Tonga lavas (and one Kermadec lava) form
a line on the Nb-normalised isochron diagram which corre-
sponds to 60 kyr similar to the 50 kyr line through the same
data in a U–Th equiline diagram (Turner et al., 1997).
Fig. 11C shows that, including the new data, four samples
lie above these lowermost data. Bourdon et al. (1999) in-
ferred that the Tonga samples had not had their
231Pa–235U systematics significantly affected by partial
melting due to a lack of residual clinopyroxene. However,
our modelling shows that even a source composed only of
olivine and orthopyroxene will lead to an increase in
(231Pa/235U) during melting, although neither dynamic
melting without ageing nor flux melting can easily simulate
the data (see Fig. 11C). In Fig. 11C we show the effects of
dynamic melting of a clinopyroxene- (and garnet-) free
source which had undergone fluid U addition 50 kyr earlier
and this bisects the data suggesting that the simplest expla-
nation for the four samples with higher (231Pa/235U) ratios
is that they contain the greatest melting effect. Returning to
Figs. 11A and B it can be argued that the same dynam-
ic + ageing model best replicates the systematics of the
Tonga data in these diagrams.

A.2. Kermadec

The Kermadec data are plotted in Fig. 12 forming a
more scattered (231Pa/235U) versus (230Th/238U) array and
a steep (231Pa/235U) versus Ba/Th array (Figs. 12A and
B). One sample has a 231Pa deficit and also lies on the
60 kyr line in Fig. 12C. For our modelling of the Kermadec
data we have assumed a slower convergence and matrix
flowrate, and a more fertile source and source mineralogy
(Tables 2 and 3). Interestingly, it is the dynamic melting
without ageing and flux melting models which most closely
replicates the slopes of the arrays formed by the data in
Figs. 12A and B. However, the two samples with highest
(231Pa/235U) would appear to be more consistent with
50 kyr of ageing between fluid U addition and partial melt-
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ing. In Fig. 12C, four of the five samples with 231Pa excess-
es lie close to the dynamic + ageing model curve.

In summary, some melting effects are discernible in the
Tonga–Kermadec 231Pa–235U data. With the exception of
the Tafahi sample, (231Pa/235U) generally increases south-
wards along the arc and we infer that this reflects an increas-
ing proportion of residual clinopyroxenes during melting.
However, if the fast subduction rate in Tonga corresponds
to a fast matrix flow rate, then this will also act to diminish
the effects of melting on U-series disequilibria (cf. Fig. 7).
As we will see below, the lack of consistent adherence of
the data to any one of the three melting models being tested
is a repetitive feature of the arc datasets and may say as
much about the similarities of the models as anything else.

A.3. Lesser Antilles

The Lesser Antilles arc has a very slow subduction rate
and the eruptive products broadly change from tholeiitic to
calc-alkaline to increasingly alkalic southwards along the
arc (Macdonald et al., 2000). This affords the opportunity
to investigatevariations in 231Pa–235Udisequilibriawithbulk
rock composition and magmatic affinity which may, in part,
be linked to changing depth and degrees of partial melting.
The 231Pa data are plotted inFig. 13, subdivided into samples
from the northern and southern parts of the arc which high-
lights the significantlyhigher (231Pa/235U) ratios in themajor-
ity of the southern lavas. The exception is a sample from
Grenada but the age of this sample is poorly constrained
and so an unknown amount of decay may have occurred
since eruption. Nevertheless, the difference between north
and south in the arc could, in the dynamicmeltingmodels, re-
flect significantly lower average degrees of melting in the
south. The oceanic plate also subducts more obliquely at a
shallower dip in the south which might lead to lower wedge
temperatures and slower melting rates (cf. Bourdon et al.,
2003a,b) which would also serve to increase (231Pa/235U) ra-
tios. Interestingly, whilst several authors have invoked a sig-
nificant role for residual garnet in the southernAntilles (e.g.,
Shimizu and Arculus, 1975), this should produce lower
(231Pa/235U) and higher La/Yb, both of which are the oppo-
site of what is actually observed (Figs. 4C and 13A).

On the (231Pa/235U) versus (230Th/238U) plot in
Fig. 13A, the Antilles lavas broadly form a negative array,
especially the northern lavas, and the northern and south-
ern samples (excepting Grenada) form divergent trends in
Fig. 13B. The Nb-normalised plot in Fig. 13C shows that
the Antilles lavas form a very steep array above the ‘‘equi-
line.’’ Whilst mixing can produce straight arrays on this
diagram, simple two-end-member mixing is ruled out by
the divergent arrays in Fig. 13B. Using the parameters in
Tables 2 and 3, the dynamic, ageing + dynamic melting,
and the flux melting models can all reproduce the average
compositions of the southern lavas in Fig. 13 but none is
able to reproduce the negative trend of the northern Antil-
les lavas in Fig. 13A or their positive trend in Fig. 13B. In
the Nb-normalised diagram, the ageing + dynamic melting
model produces a steeper trend than the flux melting model
because the 90 kyr of ageing subsequent to fluid U addition
(cf. Turner et al., 1996) results in the wedge compositions
lying along a relatively steep array before the effects of par-
tial melting are superimposed. However, the combined
data array is steeper than that of any of the models.
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Fig. 13. Plots of (A) (231Pa/235U) versus (230Th/238U), (B) (231Pa/235U)
versus Ba/Th, and (C) (231Pa)/Nb versus (235U)/Nb for the Lesser Antilles
along with various melting models as illustrated in Fig. 7 (input
parameters are given in Tables 2 and 3). Shaded symbols are data from
the southern islands, St. Vincent to Grenada, including the data for Kick
�em Jenny. Data from Table 1 and Pickett and Murrell (1997).
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A.4. Vanuatu

Some of the interesting features of the Vanutau arc in-
clude the tendency for the erupted products to be very
primitive and often picritic (e.g., Eggins, 1993), and the
collision with the D�Entrecasteaux Ridge which results in
a decrease in subduction rate in this locality (Taylor
et al., 1995). This region is also characterised by a change
from Pacific- to Indian-type mantle composition (Craw-
ford et al., 1995). Turner et al. (1999) found that the U–
Th isotope systematics differed across these regions and
that there was an inferred decrease in the integrated timing
of fluid U addition in the zone of collision. Nevertheless,
from Fig. 14 it appears that there is no simple distinction
in the 231Pa systematics between the samples taken from
the collision zone and those outside its influence.

In contrast to the Lesser Antilles, (231Pa/235U) is broadly
positively correlated with (230Th/238U) in Fig. 14A
although the two samples from the southernmost island
of Matthew are displaced to higher (231Pa/235U). The Mat-
thew samples have high Zr/Y (and Sr/Y) compared with
the rest of the Vanuatu samples which along with their high
(231Pa/235U) may reflect lower average degrees of melting in
a cooler corner portion of the arc. The dynamic, age-
ing + dynamic melting, and the flux melting models can
produce positive trends which pass through the majority
of data in this diagram excepting the Matthew samples in
Fig. 14A. In the plot of (231Pa/235U) versus Ba/Th
(Fig. 14B) six of the samples seem to form a positive array
although the displacement of the two Matthew samples to
higher (231Pa/235U) and lower Ba/Th is consistent with the
broad negative correlation in the global dataset in Fig. 3A.
As noted above, both the dynamic melting and the flux
melting models produce negative trends in Fig. 14B which
pass below any of the data. The ageing + dynamic melting
model yields higher (231Pa/235U) ratios and can pass
through the data, albeit without reproducing the apparent
positive trend in the data. Finally, in the Nb-normalised
diagram (Fig. 14C), neither the dynamic nor flux melting
models can produce trends with slopes as steep as the data.
In contrast, the ageing + dynamic melting model can pro-
duce a trend which passes through the centre of the scat-
tered data if the time since fluid U addition is �60 kyr.
This is consistent with the apparent U–Th isochron
through the non-collision zone lavas (Turner et al., 1999)
but ageing for only 16 kyr, as inferred for those volcanoes
away from the D�Entrecasteaux collision zone (Turner
et al., 1999), does not allow sufficiently steep trends to be
reproduced in Fig. 14C without reducing either the extent
of melting or residual porosity or increasing the length of
the melting column. Matthew lies off all single source
models.

A.5. Sunda

The Sunda samples come from the arc segment which is
built upon oceanic crust between Java and the site of the
Australian collision to the east of Flores (Hamilton,
1979). The arc front samples include a close to primary
composition basalt from Galunggung in Java (Gerbe
et al., 1992), which has a (231Pa/235U) ratio of 1.6. This
may be contrasted with the arc front sample from Iya in
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versus Ba/Th, and (C) (231Pa)/Nb versus (235U)/Nb for Vanuatu along
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Zone. Data from Table 1.
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Flores which has a much more pronounced fluid signal
(Ba/Th = 217, (230Th/238U) = 0.55) but an even higher
(231Pa/235U) ratio of 2.4 or from Rindjani which has a
much lower (231Pa/235U) ratio of 1.1. This arc also provides
the opportunity to investigate changes in melting signature
with increasing depth to Benioff zone (e.g., Hutchison,
1976) because, on Sumbawa, the samples from Sangenang
Api and Tambora lie significantly behind the arc front vol-
cano of Rindjani. Interestingly, the (231Pa/235U) ratios
from Sangenang Api and Tambora are significantly higher
(1.3 and 1.8, respectively) than that from Rindjani (1.1)
and this may reflect the lower extents of melting initiated
at greater depths beneath these rear-arc volcanoes. Howev-
er, Iya from nearby Flores on the arc front has a
(231Pa/235U) ratio of 2.4.

In Fig. 15A, the Sunda data form a cluster on a plot of
(231Pa/235U) versus (230Th/238U). As noted earlier, the Iya
sample lies at much higher (231Pa/235U) than most arc
front, low-K lavas having low (230Th/238U). This may hint
at an overall negative correlation, as observed in the Lesser
Antilles. However, the melting signature appears to be
highly variable along the arc front and overall the data
form a positive array in Fig. 15B which differs from the
apparent anti-correlation hinted at in the global array in
Fig. 3A. The ageing + dynamic melting and the flux melt-
ing models pass through the main cluster of data in Figs.
15A though the dynamic melting without ageing model
produces (231Pa/235U) ratios which are too low at a given
Ba/Th ratio in Fig. 15B. Because all these models produce
negative tends in Fig. 15B, they cannot extend to the anom-
alous Iya data point. In Fig. 15C, the Sunda samples form
rather scattered positive trends between (231Pa)/Nb and
(235U)/Nb. These samples are also dispersed on the U–Th
equiline diagram, with the Iya data suggesting very recent
fluid U addition whereas most other samples have higher
(230Th/232Th) possibly indicating a longer integrated time
since fluid U addition (Turner and Foden, 2001). If Iya is
excluded and we allow 90 kyr of ageing between fluid U
addition and partial melting, the ageing + dynamic melting
model can transect the data in Fig. 15C whereas the
dynamic without ageing and flux melting models produce
much shallower trends which do not pass close to the
majority of data.

A.6. Marianas

The Mariana arc is entirely intra-oceanic with an exten-
sive back-arc spreading system (Stolper and Newman,
1994) and the composition of the wedge and incoming sed-
iments is apparently relatively constant (Elliott et al., 1997;
Plank and Langmuir, 1998). This one of the simplest sys-
tems and has produced one of the more coherent geochem-
ical datasets (Elliott et al., 1997). We present 231Pa data on
three samples which have been combined with two further
samples analysed by Pickett and Murrell (1997) to allow a
preliminary investigation of 231Pa–235U systematics in this
arc but a far more comprehensive dataset (Elliott et al.,
2001; Elliott, pers. comm.) is soon to be published. A note-
worthy feature of the present dataset is that there is much
less variation in (231Pa/235U) ratios (1.36–1.57) than that
observed in any of the other arcs studied, suggesting that
the partial melting process may be relatively uniform along



(2
31

P
a/

23
5 U

)
(2

31
P

a/
23

5 U
)

(230Th/238U)

ageing &
dynamic melting

flux
melting

Ba/Th

initial source

90 kyr
source

(2
31

P
a)

/N
b 

dp
m

/p
pm

(235U)/Nb dpm/ppm

flux melting
(Pa in fluid)

dynamic
melting

Sunda

0.5

0.7

0.9

1.1

1.3

1.5

1.7

1.9

2.1

2.3

2.5

0.5 0.7 0.9 1.1

0.5

0.7

0.9

1.1

1.3

1.5

1.7

1.9

2.1

2.3

2.5

0 50 100 150 200 250

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.020

0.000 0.004 0.008 0.012 0.016

dynamic
melting

ageing &
dynamic
melting

Iya

Iya

A

B

C
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along with melting models as illustrated in Fig. 7 (input parameters are
given in Tables 2 and 3). Data from Table 1 and Pickett and Murrell
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the arc and that the effects of partial melting are less sensi-
tive to the variations in the relative amounts of fluid addi-
tion inferred here.

Accordingly, the data form relatively horizontal arrays
on the diagrams of (231Pa/235U) versus (230Th/238U) and
(231Pa/235U) versus Ba/Th (Figs. 16A and B). In contrast,
the dynamic melting, ageing + dynamic melting, and the
flux melting models all produce positively sloped trends
in Fig. 16A and whilst these can reproduce the average
(231Pa/235U) and (230Th/238U) ratios, they form trends at
a significant angle to the data. However, they do predict
a trend of decreasing (231Pa/235U) with increasing Ba/Th
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ratio which is similar to the global observation in Fig. 3A
and can adequately replicate the observed data in
Fig. 16B. On the Nb-normalised diagram (Fig. 16C), the
data form a linear array (R2 = 0.9997) and such arrays
have been interpreted to have age significance (Bourdon
et al., 1999). Interestingly, the dynamic melting and flux
melting models underestimate the slope of this array, espe-
cially when the Pagan sample at high (235U)/Nb, high
(231Pa)/Nb is considered. However, allowing the metaso-
matised wedge to age for 30 kyr subsequent to fluid U addi-
tion (Elliott et al., 1997) followed by dynamic melting
produces a very good simulation of the data.

A.7. Kamchatka

The Kamchatka arc is of interest for several reasons. It
is the only arc studied here that is built upon thick conti-
nental crust and there are two volcanic chains; the Eastern
Volcanic Front (EVF) and the Central Kamchatka Depres-
sion (CKD) which lies behind the volcanic front in a zone
of extension (Geist et al., 1994; Kepezhinskas et al., 1997).
Therefore, this arc affords the opportunity to examine po-
tential changes in melting regime with varying depth to the
Benioff zone and crustal thickness. However, there is no
clear separation of the EFV and CKD samples in
231Pa–235U systematics in Fig. 14A. The subducting slab
is tearing beneath the northern part of the CKD giving rise
to localised slab melts (so-called adakites) that are erupted
at Sheveluch volcano in particular (Yogodzinsky et al.,
2001). The high modal proportion of garnet in the slab
compared to that of the mantle wedge should facilitate
identification of slab melts and Dosseto et al. (2003) have
inferred such components to have (230Th/238U) P 1 and
(231Pa/235U) � 1 in a study of lavas from the Klyuchevskoy
volcano group, which lies to the south of Sheveluch. Our
silicic andesite sample from Sheveluch has the lowest
(231Pa/235U) ratio of all of our samples from this arc but
has a (230Th/238U) ratio of 0.94 and Sr/Y = 36.

In Fig. 17A, the Kamchatka samples form a cluster or
possible negative (231Pa/235U)–(230Th/238U) array which
cannot be simulated using any of the dynamic, age-
ing + dynamic melting or flux melting models. Dosseto
et al. (2003) interpreted a similar array in their Klyuchev-
skoy suite in terms of mixing between slab and wedge melts
but the U-excess of our Sheveluch sample does not seem to
conform to this model easily. Interestingly, the CKD and
EVF samples seem to form two positively sloped arrays
on the (231Pa/235U) versus Ba/Th plot (Fig. 17B) whereas
all of the numerical models yield negative trends. The
steeper arrays formed by the dynamic without ageing or
flux melting models can fit a mix of many of the CKD
and EVF data, whereas the shallower ageing + dynamic
melting model can fit the remainder. A key difference be-
tween the application of these models to this arc is that
we have allowed for 150 kys of ageing after fluid U addi-
tion prior to melting (Turner et al., 1998) in the age-
ing + dynamic melting model. The consequence of this is
that the 231Pa–235U system will have virtually returned to
secular equilibrium as illustrated on the Nb-normalised
diagram in Fig. 17C and the end result is that the
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ageing + dynamic melting produces a shallower trend in
Figs. 17A and B but a steeper one in Fig. 17C which passes
through the majority of data. In contrast, neither the
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dynamic melting without ageing or flux melting models
can produce sufficiently steep trends in Fig. 17C.

A.8. Alaska-Aleutians

The Alaska-Aleutian arc was one of the first in which it
has been suggested that partial melting has a significant ef-
fect upon 230Th–238U systematics (George et al., 2003) and
the new 231Pa data allow for further investigation of melt-
ing processes here. Furthermore, the arc spans across con-
tinental and oceanic crust and there is a smooth
progression in a number of tectonic and geochemical vari-
ables along the arc (George et al., 2003). However, recent
geophysical studies have suggested that the depth to
Moho may remain relatively constant along most of the
arc (Fliedner and Klemperer, 2000). The continental Alas-
kan lavas generally have (231Pa/235U) higher than those of
their oceanic Aleutian counterparts in Fig. 18. Finally,
there is also a rear-arc volcano, Bogoslof, which allows
for comparison with the arc front and intriguingly, the
(231Pa/235U) ratio of our sample from this island is signif-
icantly higher than that obtained from the neighbouring
arc front volcanoes of Akutan and Seguam (see Table
1), analogous to the variation observed amongst volcanoes
from Sumbawa in the Sunda arc.

Another attribute of the Alaska-Aleutian arc is that the
near horizontal base to theU–Th isotope array suggests that
the time since fluid U addition can be modelled as close to
zero (George et al., 2003), and dynamic melting and age-
ing + dynamic melting models are virtually indistinguish-
able if the duration of ageing is 610 kyr. In the
(231Pa/235U) versus (230Th/238U) plot (Fig. 18A), the Alas-
ka-Aleutian data form a scattered array and the range in
(231Pa/235U) ratios can be broadlymatched by both the (age-
ing+) dynamicmelting and fluxmeltingmodels. InFig. 18B,
the data form a positive array in the plot of (231Pa/235U)
against Ba/Th which cannot be simulated by either of the
models illustrated. However, Ba/Th ratios do not behave
as simply in this arc as inmany others because they are signif-
icantly influenced by the high and variable Ba contents of the
subducting sediments (George et al., 2003). Fig. 18C shows
that it is still possible to broadly replicate the slope of the
data on the Nb-normalised diagram even when the ageing
since fluid U addition is kept to a minimum. In detail, the
subduction rate changes progressively along the arc due to
the oblique angle of convergence of the Pacific plate. Regret-
tably, there is no systematic variation in (231Pa/235U) ratios
along the arc to mirror this variation, as would be expected
if subduction rate were the only variable controlling the ex-
tent of 231Pa in-growth during partial melting.
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