7 Insights into Magma Genesis at
Convergent Margins from U-series Isotopes

Simon Turner

Department of Earth Sciences
Wills Memorial Building
University of Bristol
Bristol, BS8 1RJ, United Kingdom

Bernard Bourdon

Laboratoire de Géochimie et Cosmochimie
IPGP-CNRS UMR7579

4, Place Jussieu, 75252
Paris cedex 05 France

Jim Gill
Department of Earth Sciences

University of California
Santa Cruz, California, 95064, USA

1. INTRODUCTION

Convergent margins (oceanic and continental arcs) form one of the Earth’s key mass
transfer locations, being sites where melting and transfer of new material to the Earth’s
crust occurs and also where crustal materials, including water, are recycled back into the
mantle. Volcanism in this tectonic setting constitutes ~15% (0.4-0.6 km?/yr) of the total
global output (Crisp 1984) and the composition of the erupted magmas is, on average,
similar to that of the continental crust (Taylor and McLennan 1981). Moreover, many arc
volcanoes have been responsible for the most hazardous, historic volcanic eruptions. Yet,
despite their importance, many fundamental aspects of convergent margin magmatism
remain poorly understood. Key among these are the rates of processes of fluid addition
from the subducting plate. Furthermore, in stark contrast to the ocean ridges, where
adiabatic decompression provides a simple and robust physical model for partial melting,
no consensus has yet been reached about the physics of the partial melting process and
the mechanism of melt extraction beneath arcs.

Preceding chapters concerned with partial melting in this volume (Lundstrom 2003;
Bourdon and Sims 2003) have discussed how the differing half-lives and distribution
coefficients of the various U-series nuclides result in disequilibria through in-growth. This
provides important information on the nature and timing of mantle partial melting
processes. In convergent margin settings the differential fluid mobility of U and Ra relative
to Th and Pa provides an additional source of fractionation leading to in-growth and this is
crucial to understanding the timing and mechanisms of fluid addition. Here we review the
role that the proliferation of high quality U-series isotope data, over the last decade, have
had in obtaining precise information on time scales and the development of quantitative
physical models for convergent margin magmatism. Our approach is to use trace element
and isotope data to determine the nature of the contributing source components and then to
use the U-series isotopes to constrain processes and time scales. We begin with a brief
review of the evidence for multiple source component contributions to most arc magmas
and then summarize the empirical and experimental evidence for the behavior of the U-
series nuclides of interest in aqueous fluids. Subsequent sections look in turn at the U-series
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evidence for the timing and mechanisms of sediment and fluid addition and the important
new constraints that U-series disequilibria are beginning to place on partial melting and
melt extraction processes beneath arc volcanoes. These are followed by brief discussions of
the few data available from rear arc lavas, the processes which might modify source-
derived U-series signals and finally some of the implications of U-Th isotopes as long term
tracers of the evolution of the terrestrial reservoirs.

2. CONVERGENT MARGIN MAGMATISM

Convergent margin magmatism is widely regarded to reflect partial melting that is in
some way linked to the lowering of the peridotite solidus through addition of fluids
released by dehydration reactions in the subducting plate (e.g., Tatsumi et al. 1986;
Davies and Bickle 1991). For example, the relatively constant ~110 km depth to Benioff
zone was, for a long time, taken as evidence that an isobaric dehydration reaction in the
subducting plate is responsible for melting (Gill 1981; Tatsumi et al. 1986). Stolper and
Newman (1994) noted a strong positive correlation between H,O content and inferred
degree of melting in lavas from back arc spreading centers behind the Marianas. A strong
dependence on fluid addition is also consistent with the apparent positive correlation
between volcanic output and rate of subduction from east to west along the Aleutian arc
(Marsh 1987; George et al. 2003). Conversely, there is an absence of volcanism in South
America above the area of subduction of the Chile ridge. This will be the hottest part of
the wedge but also the driest, again suggesting that partial melting is linked to fluid
addition. Exceptions can occur when the subducting plate is sufficiently young to be hot
enough for the altered oceanic crust to undergo hydrous partial melting (Peacock et al.
1994). However, these distinctive, adakitic lavas (Defant and Drummond 1990) appear to
be volumetrically minor in the present day convergent margins (but see also Kelemen et
al. 2003) and their U-series systematics will be considered separately under the section on
partial melting. Finally, amphibole-rich sub arc mantle xenoliths provide direct evidence
for hydration of the mantle wedge (e.g., Maury et al. 1992; Blatter and Carmichael 1998).

2.1. Geochemical signatures of source components

A distinctive geochemical signature of island arc lavas is that, compared to mid-
ocean ridge and ocean island basalts (MORB and OIB), they are enriched in large ion
lithophile elements (LILE), such as Rb, Ba, K, Sr and Pb, and depleted in high field
strength elements (HFSE), such as Ta, Nb and Ti, relative to the rare earth elements
(REE) (e.g., Gill 1981; Hawkesworth et al. 1997a). Similar trace element signatures are
observed in sub arc mantle xenoliths (Maury et al. 1992). Furthermore, Nb and often Zr,
Hf, and Ti abundances in arc lavas are usually depleted with respect to MORB, at a given
MgO content. Consequently, the arc mantle source is often thought to be even more
depleted than the MORB source. Note that with an ionic charge of +4 and ionic radius of
~1 A, Th has an ionic potential (or field strength) <2 and is classified as a HFSE and
whilst U has a similar ionic radius, the fluid mobility of U®" (see Section 4) has lead to U
being considered as similar to a LILE element. If the mantle wedge peridotite is similar to
that of the MORB source, then the incompatible trace element data from arc lavas appear
to require contributions from two additional components. Figure 1a emphasizes this by
showing that the compositions of arc lavas extend well beyond those of MORB and OIB
and demonstrates the need for both an enriched component with elevated La/Sm and a
component with high Ba/Th.

2.2. The enriched component—sediment or OIB?

The upper portions of the subducting plate are comprised of hydrothermally altered
oceanic crust and an overlying layer of sediments, sometime jointly referred to as “the
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Figure 1. (a) Ba/Th versus La/Sm for all published along-arc suites of arc rocks for which both mass
spectrometric U-Th isotope data and a comprehensive range of accompanying trace element and
radiogenic isotope data are available (see Table 1 for data sources). For clarity on this and most
subsequent diagrams only samples with SiO, < 60 wt. % are plotted. Also plotted are typical
compositions for MORB and OIB (Sun and McDonough 1989) and GLOSS (Plank and Langmuir
1998). The array demonstrates the need for contributions from two components in addition to MORB-
source type mantle wedge—an enriched component with elevated La/Sm (sediment) and a component
with high Ba/Th (fluid). (b) Th/Ce versus '“*Nd/'**Nd illustrating that the low '**Nd/'**Nd component in
arc lavas is subducted sediment not OIB-type mantle. The trajectory toward higher Th/Ce ratios than
GLOSS provides one line of evidence that the sediment component is added as a partial melt.
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slab.” The presence of '’Be and negative Ce anomalies in many arc lavas can be taken as
unambiguous evidence for a contribution from the subducted sediments (e.g., Hole et al.
1984; Morris et al. 1990), although neither are universal features of arc lavas. Nevertheless,
at first glance, OIB-type mantle, which also has elevated La/Sm and thus low time-
integrated '“Nd/'**Nd relative to MORB, might be considered as a candidate for the
enriched component (e.g., Morris and Hart 1983). However, OIB are also characterized by
Nb > La and low Th/Ce ratios whereas the enriched component in arc lavas has low Nb/La
and high Th/Ce at low Nd/"**Nd (Fig. 1b) and so the enriched component is unlikely to
reflect OIB material trapped within the mantle wedge (Hawkesworth et al. 1997a).
Sediments have high Th/Ce and Figure 1b shows that the arc lavas form an array toward
high Th/Ce and low '“Nd/'**Nd which is broadly characteristic of average global
subducted sediment GLOSS (Plank and Langmuir 1998). The significance of the array
projecting towards higher Th/Ce than GLOSS will be discussed later. Many oceanic arc
lavas are congested in the lower right corner of Figure 1b where there is a range in
3Nd/"**Nd and low Th/Ce and broad overlap with MORB and OIB. For these lavas, it is
primarily the observation of low Nb/La (and the presence of '“Be and negative Ce
anomalies in some instances) which argues for the presence of a sediment component and
an absence of an OIB component (e.g., Elliott et al. 1997).Thus, on a plot of Th/Nb versus
3Nd/"**Nd (not shown) the different arcs form steep arrays rather than shallow trends
toward a low Th/Nb, low “Nd/'*Nd OIB component. An exception to this is the
northernmost islands of the Tonga arc where decreases in '*Nd/'*Nd are accompanied by
increases in Ta/Nd (Regelous et al. 1997; Turner et al. 1997; Wendt et al. 1997). However,
Turner and Hawkesworth (1998) have argued that this OIB signal was introduced into the
sub arc mantle in the form of volcaniclastic sediments carried on the subducting plate rather
than requiring the presence of OIB mantle in the wedge.

2.3. The fluid component

Undegassed, primitive arc lavas are uncommon but available analyses generally
show elevated volatile contents relative to MORB (e.g., Harris and Anderson 1984;
Sisson and Layne 1993), although some exceptions do occur (Sisson and Bronto 1998).
Phase relations indicate that the amount of H,O available in the subducting plate at ~ 100
km depth beneath arc front volcanoes will be in the range 1-5% (Poli and Schmidt 1995).
Experimental data suggest that the high LIL/HFSE ratios in arc lavas reflect the relative
mobility and immobility (respectively) of these elements in aqueous fluids (Section 4.3)
and empirical evidence supports this. For example elements like Cl, Ba and U all
correlate positively with H,O content in the Mariana back arc lavas (Stolper and Newman
1994). Consequently, the high Ba/Th component in Figures 1 and 2 is inferred to reflect
fluid addition. Importantly, the highest LIL/HFSE ratios (e.g., Ba/Th) are usually found
in those rocks with the highest '*Nd/'**Nd (and lowest *’Sr/**Sr + 2°Pb/”**Pb) ratios
(Fig. 2a) from which it has been inferred that the fluid end-member is most typically
derived more from the subducting altered basaltic crust rather than the overlying
sediments (Miller et al. 1994; Turner et al. 1996; Turner and Hawkesworth 1997). This is
consistent with flux calculations by Staudigel et al. (1996) which showed that the altered
oceanic crust potentially can contribute ~ 70% of the U recycled into the arc crust.
However, we also note that several studies have provided evidence for transport of some
of the sediment components in a fluid (Morris et al. 1990; Class et al. 2000; Hochstaedter
et al., 2001; Sigmarsson et al. 2002) and so the relative role of altered oceanic crust
versus sediment as source of the fluid apparently varies substantially between and even
within arcs.

In summary, many recent studies have argued for three components in most arc
lavas: depleted mantle, basalt-derived fluid, and sediment (in bulk, via fluid, or via melt)



Ba/Th

Ba/Th

Magma Genesis at Convergent Margins

259

1200
(a) 0
1000 1 .
800 1 Lo
. s ® A
600 | Oa
.£ 0 A
400 | -3
S0k
to -
200 1 GLoss OIB ﬁ%ﬂ
-
- - MORB
0 -+. : .
05124 05126 05128 05130  0.5132
143Nd/1 44Nd
1200

—
o]

(o]

B>

[
)
i
L
-

.,
%

(b)

% closs +% 4t
o IMORB 016" 'F|-++T + -
0 5 10 15

Th

Figure 2. (a) Ba/Th versus 'Nd/'*Nd for arc lavas illustrating that the fluid component (elevated
Ba/Th) has high "Nd/"**Nd and must therefore generally be derived from the subducting altered
oceanic crust. (b) Ba/Th ratio versus Th content from which is can be inferred that Th is less mobilized
in the fluid component and that the relative effect of the fluid component is more pronounced in the
more depleted lavas with the lowest Th contents. Symbols and data sources as in Figure 1.

(e.g., Kay 1980; Ellam and Hawkesworth 1988; Miller et al. 1994; Turner et al. 1996,
1997, Elliott et al. 1997; Hawkesworth et al. 1997a). Debate continues about whether and
where enriched mantle (e.g., Morris and Hart 1983) and basalt melts (adakites) are
involved (e.g., Kelemen et al. 2003; George et al. 2003).
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2.4. Relative depletion of the mantle wedge

A final and most important point to emphasize before turning to the implications of
U-series isotope data is that the nature of the arc lava array in Figure 2a requires that the
relative contributions of the fluid and sediment components vary both within individual
arcs as well as from arc to arc. Figure 2b shows that Ba/Th ratio varies inversely with Th
content and thus the largest fluid signals are found in those lavas with the lowest Th
contents (Condomines and Sigmarsson 1993; McDermott and Hawkesworth 1991). This
provides one line of evidence that Th is not strongly mobilized in the fluid (see Section 4)
and it is argued that much of the Th abundances in arc lavas are controlled by the
competing effects of prior melt depletion of the mantle wedge (Ewart and Hawkesworth
1987; Woodhead et al. 1993; Stolper and Newman 1994), which acts to lower the Th
contents, and addition of sediment which has a high Th/U ratio relative to MORB (Fig. 3)
and thus has the opposite effect of enriching Th (see Section 5.1). For this reason,
sediment-rich arc lavas with high Th contents are often referred to as “enriched” and the
nature of the arrays in Figures 2a and b are consistent with a mass balance model in
which a broadly similar fluid flux is added to sources containing a variable sediment
component (Condomines and Sigmarsson 1993; Turner et al. 1996, 1997; Elliott et al.
1997; Hawkesworth et al. 1997a, b). Note that flux melting models (e.g., Stolper and
Newman 1994; Eiler et al. 2000; Thomas et al. 2002) in which the decreases in Th
content on Fig. 2b are thought to reflect increasing degrees of partial melting due to a
higher fluid flux (i.e., and thus higher Ba/Th) do not predict the broad associated change
in "®Nd/"**Nd observed in Fig. 2a.

3. U-SERIES ISOTOPES IN ARC LAVAS

Since publication of the second edition of Ivanovich and Harmon (1992) there has
been a proliferation of high quality U-series isotope data, the majority of which have
been analyzed by thermal- and, more recently, plasma-source mass spectrometry. Table 1
represents an updated version of Table 7.1 from Gill et al. (1992) and summarizes (to the
best of our knowledge) specific arc studies which have been divided into a three-tier
hierarchy of global surveys, along-arc studies and studies of individual volcanoes. For the
purposes of much of the discussion in this chapter and for most of the figures we
concentrate on the data sets from along-arc suites of arc rocks for which both mass
spectrometric U-series isotope data and a comprehensive range of accompanying trace
element and radiogenic isotope data are available. For clarity we have restricted the
dataset to only samples with SiO, < 60 wt. % unless otherwise specified. The data from
numerous studies of individual volcanoes have also been omitted since the variations in
recent lavas from individual volcanoes are likely to dominantly reflect the effects of
magma chamber processes which are less relevant to this chapter and are discussed
separately by Condomines et al. (2003).

In Figure 3 we have plotted histograms of U/Th, (**°Th/*®*U), (*'Pa/**°U) and
(**Ra/*Th) in arc lavas and compared these with MORB (data sources from Lundstrom
2003). This shows that the majority of arc lavas have higher U/Th ratios and the opposite
sense of fractionation of (**°Th/***U) to MORB with the majority being characterized by
excesses of 2**U over #*°Th, though many are close to **°Th-***U equilibrium and some
have **°Th-excesses (e.g., Reagan and Gill 1989; Reagan et al. 1994; George et al. 2003).
This observation has not changed significantly since the early global surveys of Gill and
Williams (1990), McDermott and Hawkesworth (1991) and Condomines and Sigmarsson
(1993) excepting that the advances in analytical techniques have allowed more highly
depleted arc rocks to be analyzed and this has increased the total number analyzed that
have large #*U-excesses. Note that the U/Th ratio of GLOSS is lower than most MORB
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Figure 3. Histograms of U/Th, (3*°Th/*%U), (**'Pa/***U) and (***Ra/**°Th) for arc lavas (data sources as
in Figure 1) compared with MORB (data sources from Lundstrom 2003). Note that the U/Th ratio of
GLOSS (Plank and Langmuir 1998) is lower than that in most MORB or arc lavas.

or arc lavas (Fig. 3). Due to analytical difficulties »*'Pa-***U data are much scarcer but
the histogram shows that arc lavas have the same sense of **'Pa-***U disequilibria to
MORB but that the absolute size of the disequilibria is typically less, and similar to OIB.
Exce}z)tions to this are the lavas from Tonga which are characterized by excesses of **°U
over *'Pa, or (**'Pa/***U)< 1 (Bourdon et al. 1999). The third U-series system for which
there are appreciable mass spectrometric data is the *°Ra-***Th system and the histogram
shows that whilst the sense and median size of fractionation is similar to that observed in
MORB, the arc data extend to (**Ra/**°Th) ratios > 6 that are far larger than those
observed in MORB.

The most important observations about U-series isotopes in arc lavas for this chapter
are: (1) the widespread excess of 2**U over »°Th but deficit of **°U with respect to **'Pa;
and (2) the extreme **°Ra enrichments in some arc lavas. We will explore the profound
implications of these for magma genesis and transport at subduction zones. The
conclusions apply most convincingly to the oceanic arcs where the observations are most
extreme (the volcanic fronts of Tonga, Marianas, and eastern Sunda, and one or two
volcanoes in some other arcs). Whether the conclusions apply elsewhere is harder to verify
but there is no convincing reason with respect to U-series data to believe that they do not.

4. BEHAVIOUR OF THE U-SERIES NUCLIDES IN AQUEOUS FLUIDS

Most of the differences between arc magmas and those from other tectonic settings
result from oxidation (Wood et al. 1990; Blatter and Carmichael 1998; Parkinson and
Arculus 1999) and hydration (Blatter and Carmichael 1998) of arc magma sources by
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aqueous fluids. The single-most striking U-series observation, that is largely unique to the
arc environment, is the tendency towards excesses of **®U over **Th. This has been
attributed for over two decades to the addition of U by fluids from the subducting plate
(e.g., Gill, 1981; Allegre and Condomines 1982). The inference that aqueous fluids have
a particularly strong effect on partitioning between U and its daughter nuclides dictates
that any interpretation requires constraints on their solid/fluid partitioning behavior. As
we will see later (Section 8), whether or not small amounts of Th and Pa are mobilized in
subduction zone fluids is critical to many of the U-series time scale interpretations. We
will now look at the evidence for U-series nuclide solid/fluid partitioning in closer detail.

4.1. General empirical evidence

The behavior of the U-series nuclides at the Earth’s surface, in the oceans and in
ground waters is discussed at length in chapters 8-14 of this volume and the reader is
referred to these for details of the following summary. U is characterized by two main
oxidation states (+4 and +6) with the hexavalent state occurring under oxidizing
conditions in which the uranyl ion (UO,*") is highly fluid mobile. This is manifest at the
Earth’s surface by elevated U concentrations in surficial and ground waters (Porcelli
2003) and a long residence time in the oceans (Cochran and Masque 2003). Ra, whose
closest chemical analogue is Ba, is an alkaline earth element which forms the +2
oxidation state and is also commonly mobile in fluids. Th on the other hand only forms
the +4 oxidation state and is generally immobile in aqueous fluids at the Earths surface as
evidenced by its insolubility in the laboratory (Goldstein and Stirling 2003), surface and
ground waters and its short residence time in the oceans (Cochran and Masque 2003).
Less information is available for Pa which adopts the +5 oxidation state and for which the
best chemical analogue may be the HFSE Nb or Ta (Lundstrom et al. 1994). Various
lines of evidence suggest that Pa is highly fluid immobile (Guillaumont et al. 1968), and
certainly Pa is even harder to keep in solution than Th in the laboratory (Goldstein and
Stirling 2003). At depths within the crust, the formation of barite and uranium deposits
but absence of thorium deposits suggests that U and Ra are still fluid mobile whilst Th is
much less so and we infer the same for Pa. More difficult is inferring the behavior of
these nuclides at the temperatures and pressures appropriate to the dehydration of
subducting oceanic plates beneath arcs and in the likely presence of additional solute
species like Na and Cl. For information on relative fluid mobility under these conditions
we are restricted to inferences from empirical observations and the few available results
from very difficult fluid-mineral partitioning experiments.

4.2. Empirical observations from arc lavas

The fact that the that highest U/Th ratios are found in the arc lavas with the lowest
Th contents (Gill and Williams 1990; McDermott and Hawkesworth 1991; Condomines
and Sigmarsson 1993; Hawkesworth et al. 1997a,b), that excesses of 28U over #*°Th are
rare apart from arc lavas, and that **U-excesses often correlate positively with fluid-
mobile elements within arc lavas, provides strong empirical evidence that U is
significantly more fluid mobile than Th. Secondly, Stolper and Newman (1994) found a
good positive correlation between U and H,O in the Marianas back arc lavas. Thirdly,
Hawkesworth et al. (1997a) showed that Th/Nd ratios in arc lavas converge towards those
of MORB at high "*Nd/'*Nd ratios rather than the opposite correlation for Ba/Th in
Figure 2a which would be expected if Th was more mobilized than Ba in the fluid.
Finally, Plank and Langmuir (1993) investigated the correlations between sedimentary
influx and volcanic output for a range of elements enriched in arc lavas from a number of
arcs worldwide. Plots of those elements extrapolated to 6% MgO (to correct for magma
differentiation) and normalized to Na at 6% MgO (to correct for relative dilution due to
variation in the degree of melting) versus sediment flux yield strong positive correlations



264 Turner, Bourdon & Gill

implicating the sediments as the major source of those elements. Importantly, the
correlation for Th passes through the origin implying zero Th flux at zero sediment input
whereas those for U and Ba intercept at elevated Ba¢/Nags and U¢/Nag (Fig. 4) which
requires a semi-constant flux of U and Ba in addition to that supplied by the subducting
sediment and that is inferred to be the fluid contribution. Thus, this approach also
suggests that U and Ba are added in the fluid component much more than Th.

An important aspect in the preceding discussion is the need to separate the fluid and
sediment components spatially and (as we will see) also temporally. Quantitative mass
balance estimates (e.g., McCulloch and Gamble 1991; Stolper and Newman 1994; Ayers
1998) often conclude that there is as much, or even more, Th and U in the bulk “slab
component” (i.e., sediment plus fluid from the altered oceanic crust). However, if the
sediment component added is in U-Th isotope equilibrium (or returns to this state prior to
fluid addition; see Section 5.3), then addition of only 0.02 ppm U in the fluid will result
in significant ***U-excesss in the composite source (e.g., Condomines and Sigmarsson
1993; Turner et al. 1997).

4.3. Experimental constraints on mineral/fluid partitioning

Experimental verification of the observational inferences is complicated by the
difficulty of performing mineral/fluid partitioning experiments at high temperatures and
pressures and their dependence on fO, and complexing agents in the fluid (especially
CO;*" and CI"). Nevertheless some attempts have been made (e.g., Tatsumi et al. 1986;
Brenan et al. 1994, 1995; Keppler 1996; Ayers et al. 1998; Johnson and Plank 1999).
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Figure 4. Plots of The¢/Nas, Ug/Nag and Bag/Nag versus sediment flux for a number of arcs. Modified
from Plank (1993) and Plank and Langmuir (1993).
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Tatsumi et al. (1986) noted that the mobility of elements in fluids released during
dehydration of serpentinite increased with ionic radius. This correctly predicts the greater
mobility of the LILE relative to the HFSE and REE but does not account for the observed
U/Th fractionation in arc lavas.

Brenan et al. (1994, 1995) conducted experiments to directly determine mineral/fluid
partition coefficients for a range of mantle minerals with incompatible element
concentrations similar to those that might occur naturally. In evidence of the difficulty of
such experiments, they expressed concern about the attainment of equilibrium and
adherence to Henry’s law as well as apparatus design and analysis of very low
concentration run products (Brenan et al. 1995). These authors also noted the strong
influence of oxygen fugacity on U partitioning which decreases by over an order of
magnitude on going from log fO, = QFM — 4 (Fig. 5a), which might be expected in the
MORB source, to QFM + 2 which is likely to be more typical in the mantle wedge
beneath arcs (Blatter and Carmichael 1998; Parkinson and Arculus 1999). In order to
circumvent some of the experimental difficulties, Keppler (1996) used an indirect
aprroaph whereby fluid/andesite-melt partition coefficients were determined and
piuid/elinopyroxene a4 calculated from DIUid/melt .. pelinopyroxene/melt "o yeqyts of the Brenan
et al. (1995) and Keppler (1996) experiments are summarized in Table 2 along with
calculated U/Th and inferred U/Pa and Ra/Th mineral/fluid partition coefficients.

First we compare the results for clinopyroxene which was the only phase common to
both of these studies. The results from the pure H,O experiments are somewhat
inconsistent. Keppler (1996) found that Th was more mobile than U, contrary to all
observations, whereas Brenan et al. (1995) found the reverse. However, subduction zone
fluids are almost certain to contain solutes like Na and Cl derived from seawater and
Keppler and Wyllie (1990) showed that the solubility of U, but not Th, is enhanced by the
presence of Cl, although the salinities used by Keppler (1996) were very high. Both
Brenan et al. (1995) and Keppler (1996) found that U was an order of magnitude more
fluid mobile than Th when NaCl was present, although, in the Brenan et al. (1995)
experiments, the absolute DenoPyroxene/fluid g5 Th wags Jower in the presence of NaCl than
in H,O alone (Table 2), which is inconsistent with the findings of Keppler and Wyllie
(1990). However, this may reflect the effects of oxygen fugacity noted above. The results
for Nb, taken as an analogue for Pa (Lundstrom et al. 1994), are even more variable.
Keppler (1996) found Nb to be fluid immobile whereas Brenan et al. (1995) found it to
be quite strongly partitioned into fluids in equilibrium with a range of mantle phases
(Table 2) which goes against most observational evidence. It seems likely that most of
these inconsistencies reflect the difficulty of the experiments. In contrast, the results for
Ba, taken as an analogue for Ra, are entirely consistent with this element being highly
fluid mobile with respect to anhydrous phases.

Of the other phases analyzed by Brenan et al. (1994, 1995), neither olivine nor
orthopyroxene will contain appreciable incompatible element concentrations. Garnet will
be an important residual phase during either dehydration or melting of eclogite and also
during mantle melting beneath some rear arc volcanoes (there is little evidence that
garnet is a residual phase during mantle melting for most arc front lavas). However, is it
important to realize that, like clinopyroxene (Fig. 5a), an order of magnitude decrease in
Dy is also expected for garnet with increasing oxygen fugacity (Brenan pers. comm.), so
that U is significantly more fluid mobile than Th with respect to garnet at fO, = QFM +2.
Finally, although rutile will not be stable in the mantle wedge, it may be present as a trace
phase in eclogite (Ryerson and Watson 1987).
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Figure 5. (a) Ratio of Dpy/Dy for clinopyroxene/fluid (large circles; Brenan et al. 1995) or
clinopyroxene/melt (small squares; Lundstrom et al. 1994) partitioning as a function of oxygen fugacity
relative to the QFM buffer. Shaded bar indicated range of oxygen fugacities determined for arcs (Blatter
and Carmichael 1998; Parkinson and Arculus 1999). (b) Log-plot of eclogite/fluid (H,O + NaCl)
partition coefficients from Table 2 for Ba, U, Th and Nb based on partition coefficients from Brenan et
al. (1994, 1995) and Keppler (1996) and assuming that fO, = QFM + 2 from (a). Ba and Nb are
assumed to represent reasonable analogies for Ra and Pa. Eclogite mineralogy at 3 and 4 GPa is taken
from Schmidt and Poli (1998) with amphibole used to represent the hydrous phases present because
mineral-fluid partition coefficients are unavailable for other hydrous minerals (this approximation is
likely to have little influence on the results which are strongly controlled by the garnet/clinopyroxene
ratio + rutile). Dashed line is for 3 GPa at fO, = QFM — 2 and indicates that there would be little, or
even the reverse sense of U/Th and U/Nb (and by implication U/Pa) fractionation at low oxygen
fugacity conditions.



267

Magma Genesis at Convergent Margins

(8661) 1104 pue 1pruyds Aq uaa1d suonsodoid [epows uo paseq .
7+ NAO =0/ pue (S661) ‘Te 10 ueuaIg WOIJ S,(] PINJ-[BIUIW ‘/ [:6€: 4 = v_BogEmEm“ocoxo;moc:ouoﬁmm mEESmm/ﬁ
7+ INAO =0/ pue (S661) ‘Te 10 UeudLg WO S,(] PIN[J-[IOUIW ‘Q] G187 = V_EOQEQEQocoxob&on:ouoﬁmw w&&smm<_
pazATeue 10u = /U {($66]) [ 12 UBUAIg q
0L = N Surwnsse pue (9661 ) 19[ddoy woy W Sundaoxs (5661) Te 10 ueuarg woiy s, (]DBN + OH) pmyj-1oures Suis 4
0IMLa = 0g Surwunsse pue (966 1) Jo1dday] woay NG Sundooxs ‘(Ge61) Te 10 ueudrg woyy s, ([DeN + OH) pmpj-audxoiLdouro Suisn) S

(S661) Te 3 uvuIg

(9661) 1o1ddayy
LPE(q woy paLyu]
INO(T WoIJ parrdyuf q

S[qe[leAR SEM UOIBUITLIANOP SUO UBY) SIOW UYM pajonb st oFeiore uy ,

9%0°0 1€°0 650 £79'€ @l L88'] L80°0 IOBN+OH  9luni %] +8dDE @ amBopg
090°0 o €10 s L81°0 LEV'] L80°0 10BN + O°H edOY ® osopd
6v0°0 o o y10°T 9€T°0 S68'1 7600 10BN + O°H ©dOE @ nzopy
e/ $S0 068 p91 68 010 e/ OH sy
€0-461°€ €0°0 LO'T $T0 10°0 100 000 JAOEN + O°H QUIAIO
550 €0 80 o'l S€°0 €6°0 150 JAOEN + O°H dpoqrydwy
$0-H69°€ €20 010 90°0 100 €1°0 S0-38't 10BN + O°H STHNAO="0/ 1D
$0-H69°€ €971 ps's 90°0 wo €10 S0-48'% JOEN + O'H
91°6€ STLI 0901 S0°0 88°0 80°0 €€ OH 1oueD)
pO-HES'| 60°0 010 €€ 1€°0 €€ p0-a8"Y 10BN + O°H JTHNIO="0/ ® xdD
pO-HES'| €€l 80°0 070 970 €1'e p0-a8'Y JAOEN + O°H
pO-HITT 151 LO0 L1°0 yT0 09°€ p0-HS6'L OH
€0-3SI'E  €0H98°C $0°0 €€°€ 100 ST0 pO-H88L 0N +OH
L1 06'1 L9'ST SL'1 €€°€ €10 200 »OH duaxoikdout|)
ui\B%Q LB&\DQ f\bq gN N yr vg pmj.q [DLUTN

STUSIOIIJ200 uonnted prnfj/[erouru [BJudwddxy *g d[qeL



268 Turner, Bourdon & Gill

4.4. Composition of fluids released from the subducting plate

During subduction, both the hydrated oceanic crust and over-riding sediments
undergo a progressive sequence of up-grade metamorphic reactions, many of which
involve dehydration (e.g., Poli and Schmidt 1995; Schmidt and Poli 1998; Johnson and
Plank 2000). However, as discussed above, it would appear that the altered oceanic crust
is the major source of fluid for most arc lavas. The altered oceanic crust becomes
progressively converted to eclogite and the ratio of garnet to clinopyroxene increases
rapidly beneath the arc front volcanoes from 34:66 at 3 GPa to 53:47 at 4 GPa (Schmidt
and Poli 1998). In Table 2, we give the calculated eclogite/fluid partition coefficients for
fO, = QFM +2 at both 3 GPa and 4 GPa and for eclogite + 1% rutile at 3 GPa and these
values are plotted on Figure 5b. For this oxygen fugacity Drp/Dy for both clinopyroxene
and garnet was assumed to be 10 on the basis of the median value on Figure Sa. We have
used amphibole as a proxy for the additional phases (phengite and lawsonite) in the
eclogite because there are no available mineral/fluid partition coefficients for these
minerals. However, phengite is likely to have a very low Dy (Becker et al. 1999) and
because clinopyroxene and garnet dominate the mode (Schmidt and Poli 1998) and thus
the bulk D’s (Table 2) this is unlikely to significantly alter the conclusions. The
importance of oxygen fugacity is re-emphasized by the dashed line on Figure 5b which
indicates that there will be minimal U/Th and U/Pa fractionation at fO, = QFM — 2.
Thus, if oxygen fugacity varies significantly between or within subduction zones this
could have a major effect on U-series fractionation.

Notwithstanding the complexities discussed above, results are encouragingly
consistent with empirical observations in that the relative order of fluid compatibility is Ba
(and by inference Ra) > U > Th > Nb (and by inference Pa). In detail, Ba is highly fluid
mobile which is consistent with all observations (D < 0.1) and the eclogite/fluid partition
coefficient for U averages around 0.2. The eclogite/fluid partition coefficients for Th and
Nb range from 1.9 to 1.4 and 1.5 to 2, respectively, from 3 to 4 GPa. Again, this is
consistent with the inferred relatively immobile nature of these elements. However, the
presence of 1% residual rutile has a significant effect in increasing the eclogite/fluid
partition coefficient for U to 1.1 and Nb to 3.6 at 3 GPa. So, although the experimental data
predict more U than Th in the fluid under all conditions, neither Th nor Nb are predicted to
be completely fluid immobile and the relative fractionation of U/Th decreases in the
presence of residual rutile. Thus, it seems likely that the thermal conditions of the
subducting plate and the presence or absence of rutile may also play an important role in
determining the relative fractionation of the U-series nuclides in subduction zone fluids.

In Table 3 we have calculated the composition of fluids produced by dehydration of
subducting altered oceanic crust that has a composition based on that of Staudigel et al.
(1996). The model assumes that the altered oceanic crust is in U-series equilibrium, bulk
eclogite/fluid D’s for a rutile-free mineralogy at 3 GPa from Table 2 in which Dg, = Dg,
and Dp, = Dnp, and a Rayleigh distillation process with 2, 3 and 5% H,O release. Taking
3% H,0O as the likely amount of fluid added to the wedge beneath arc front volcanoes
(Davies and Bickle 1991; Poli and Schmidt 1995), we calculate that this fluid will have the
following composition: U/Th = 35.9, Ba/Th = 6470, (**U/*?Th) = 113, (*°U/*'Pa) = 7.6
and (***Ra/*°Th) = 15 and this will be used in the subsequent discussion and figures with
the acknowledgement that this composition will vary somewhat if different mineral/fluid
partition coefficients and/or a different altered oceanic crust composition was used.

4.5. Chromatographic interaction with the mantle wedge

Several authors have suggested that the composition of subduction zone fluids is
likely to change by chromatographic interaction during their passage through the mantle
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Table 3. Calculated compositions of fluids produced by
dehydration of the altered oceanic crust?

% fluid AOC” 2 3 5
Ba (ppm) 31 276 249 203
Th (ppm) 0.072 0.038 0.039 0.039
U (ppm) 0.36 1.430 1.383 1.293
Nb (ppm) 1.18 0.592 0.595 0.601
U/Th 5.0 373 359 33.2
U/Nb 0.31 2.42 2.32 2.15
Ba/Th 431 7193 6470 5217
(*®U/4Th) 15.3 117 113 104
(*U/4°Th) 1.0° 7.9 7.6 7.0
(*°U/”'Pa) 1.0° 7.9 7.6 7.0
(***Ra/*Th) 1.0° 16.7 15.0 12.1
apparent U-Th age (kyr)* - 14 15 16
apparent U-Pa/Nb age (kyr)® - 0.040 0.042 0.045

 Assuming a Rayleigh distillation process and bulk eclogite/fluid D's for 3 GPa without rutile
from Table 2

b Altered oceanic crust composition based on Staudigel et al. (1996)

¢ Assuming U-series equilibrium in altered oceanic crust

4Two point isochron tied to composition in U-series equilibrium with (***U/2*2Th) = 1

¢ Two point isochron tied to composition in U-series equilibrium with 0.047 ppm U, 2.33 ppm Nb

wedge (Navon and Stolper 1987; Kelemen et al. 1990; Hawkesworth et al. 1993; Stolper
and Newman 1994). In the mantle wedge, clinopyroxene is likely to be the main host of
incompatible trace elements and the mineral/fluid partition coefficients for clinopyroxene
under oxidizing conditions in Table 2 suggest that the effect of such interaction would be
to increase the U/Th, U/Nb and Ba/Th (and by analogy U/Pa and Ra/Th) ratios of the
fluids. The magnitude of such effects is unknown and will be lessened if the mantle
wedge becomes increasingly reducing with distance away from the subducting plate or if
the fluid transport velocities are too fast to allow significant equilibration en route (see
sections 6 and 7.2).

In summary, a key aspect to the utility of U-series isotopes in the study of arc lavas
is that whereas Th and Pa are observed and predicted to behave as relatively immobile
high field strength elements (HFSE), Ra and (under oxidizing conditions) U behave like
large ion lithophile elements (LILE) and are significantly mobilized in aqueous fluids.
Fluid-wedge interaction will only serve to increase these fractionations. Just how robust
the experimental partition coefficients are remains to be established by future
experiments.

5. SEDIMENT ADDITION, MASS BALANCE FOR Th AND TIME SCALES

The presence of '°Be or negative Ce anomalies, or both, in some arc lavas provide
unambiguous evidence for a contribution from subducted sediments to the source of arc
lavas (Morris et al. 1990; Hole et al. 1984). In addition, Pb isotopes commonly are
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elevated above the northern hemisphere reference line (NHRL) and arc lavas form arrays
pointed toward the isotopic composition of locally subducting sediment (Kay 1980; Gill
1981). Consequently, we look next at the impact of sediment addition on the abundances
of U-series nuclides and the resulting implications for the time scale and process of mass
transfer of the sediment component beneath arc volcanoes.

5.1. Mass balance for Th content and >**Th/>*’Th ratios

The implication of Figure 1 is that the Th content of arc lavas is dominated by the
sediment component and this can be verified by simple mass balance. In N-MORB reflect
~10% partial melting then MORB-source mantle is likely to have ~ 0.01 ppm Th (Sun
and McDonough 1989) or lower, if there has been back-arc melt extraction, whereas
GLOSS has ~6.9 ppm (Plank and Langmuir 1998). If a primitive arc lava contains 0.5
ppm Th and represents a 15% partial melt then its source had a Th content of ~0.075
ppm, assuming for the purposes of illustration that Th is completely incompatible during
melting. By simple mass balance, the sediment contribution required to produce a source
with this Th content can be estimated to 100 x (0.075-0.011)/(6.9-0.011) or ~1%. Lower
Th in primitive melts or smaller percent melting require less sediment; lower Th in
sediments requires more. Regardless, even 1% sediment accounts for 80-98% of the Th
in the source of most arc magmas.

This conclusion is supported by the calculations of Plank and Langmuir (1993) who
showed that the Th output of arc volcanoes is directly proportional to the sediment flux of
Th (Fig. 4). Using an arc growth rate of 1.1 km’/yr (Reymer and Schubert 1984), a
density of 2.8 g/cm® and a Th content of 1 ppm, and assuming that the arc mantle source
is similar to that of N-MORB, the annual flux of Th from subducted sediment is
estimated at ~2.7 x 10° g (Hawkesworth et al. 1997a). From these estimates and an
annual flux of Th from subducted sediment of 9 x 10° g/yr (Plank and Langmuir 1998),
Hawkesworth et al. (1997a) calculated that ~30% of the Th in subducted sediments is
returned to the crust in arc magmas, leaving 70% to be recycled beyond the arc into the
deep mantle. Using the fluxes provided by Plank and Langmuir (1998) this equates to ~
2.7 x 19° g/yr entering the arc crust and 6.3 x 10° g/yr continuing on into the mantle.
Because 0.5 ppm Th is a relatively high value for some primitive arc melts (see Fig. 2b),
the percent and amount of recycled Th may be even higher in places.

An important consequence of the Th abundance mass balance is that the Th
isotopes of the mantle wedge will usually be dictated by that of the subducting sediment.
Nicaragua provides a particularly clear example where the distinctive signature of
subducted, carbonate-rich sediment with high U/Th and (**°Th/**?Th) also characterizes
the adjacent arcs lavas (McDermott and Hawkesworth 1991; Reagan et al., 1994; Thomas
et al., 2002). More generally the subducting sediment will be dominantly pelagic, in
which case the (**°Th/**?Th) ratio of the sediment modified mantle wedge will typically
be significantly lower than MORB mantle. This is illustrated by a MORB-source —
sediment mixing curve in Figure 6 which shows that the Th isotopic composition of a
sediment-wedge mixture becomes effectively that of the sediment after 1% sediment
addition. Thus, so long as the subducting sediments can be assumed to be in secular
equilibrium (see Section 5.2) the (**°Th/**Th) ratio of the sediment-wedge mixture can
be estimated directly from the U/Th ratio of the subducting sediments. Moreover, if the
composition of the subducting sediments is relatively constant along a given arc and if
the sediment contribution is > 1%, the (**Th/***Th) ratio of the sediment-wedge mixture
will be invariant. As we shall see this not only has fundamental implications for how the
time scales of fluid addition are determined (see Section 6), but it also provides one
means of determining the rate of transfer, or recycling, of the sediment component back
into the crust via the arc lavas.
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Figure 6. (*°Th/?2Th) versus '“Nd/'"**Nd for arc lavas. The mixing curve between a nominal MORB
mantle and subducted sediment illustrates that the Th isotope signature of the mantle wedge will be
dictated by as little as 1% subducted sediment (assuming no *°Th in-growth). The model uses a
MORB-source with 0.004 ppm U, 0.011 ppm Th, 0.67 ppm Nd and '*Nd/"**Nd = 0.51321 and GLOSS
(Plank and Langmuir 1998) and assumes that both are initially in U-Th equilibrium. The upper curves
represent the Th isotope ratios which will be reached 30 and 350 kyr after addition of a constant fluid
flux of 0.021 ppm U which results in variable ***U-excesses whose magnitude depends on the mass
balance between this U addition and the Th content resulting from the sediment- mantle wedge mix.
The degree of melting used is 15% and U and Th are assumed to be completely incompatible. Symbols
and data sources as in Figure 1.

5.2. Mechanism of sediment transfer—implications for the temperature of the wedge?

Sediment may be added by bulk mixing via imbricate thrusting (Bebout and Barton
2002), dehydration (Class et al. 2000), or melting (Johnson and Plank 1999). The latter two
may differ in their P-T conditions and, therefore, residual mineralogy as well as relevant
partition coefficients. In general, fluids are less effective transport agents than melts (i.e.,
trace elements are more soluble in melt than in pure water or even brine), but fluid/solid
partitioning can fractionate some elements, notably Ba-Th and U-Th, more than melt/solid.
However, as pressure increases, the distinction between “fluid” and “melt” decreases as
their mutual solubility increases and they approach a critical end-point.

It is widely thought that melts can transport Th, light REE, and Zr-Hf much more
than fluids can (e.g., Johnson and Plank 1999), although this is a relative statement in
which the relevant partition coefficients are poorly known and variable. However, lavas
from several arcs have Nd/Ta and Th/Ce ratios that are significantly higher than those in
their input bulk sediments (see Fig. 1b) and so it has been suggested that the sediment
component is transferred as a partial melt formed in the presence of residual accessory
phases (Nichols et al. 1994; Johnson and Plank, 1999) which retain HFSE (Elliott et al.
1997; Turner and Hawkesworth 1997; Johnson and Plank, 1999). At the Marianas
volcanic front, the lavas with the highest Th contents (highest sediment contribution) lie
on or near the U-Th equiline with (**°*Th/***Th) ~1.04 (Elliott et al. 1997). However, the



272 Turner, Bourdon & Gill

bulk subducting sediment (Plank and Langmuir 1998) has a much lower (**°Th/*’Th)
ratio of 0.58 (see Fig. 7). Because mass balance calculations show that the Th isotope
composition of the wedge-sediment mix is controlled by the sediment, the U/Th ratio of
the sediment component has been modified. Elliott et al. (1997) concluded that the
sediment component was added as a partial melt which had a higher U/Th ratio than that
of the bulk sediments. Note that this cannot be due to melting in the presence of residual
rutile, as originally suggested by Elliott et al. (1997), because U is much more compatible
than Th in rutile (Blundy and Wood 2003). Some other residual phase, such as apatite,
may be responsible.

This discussion leads us to perhaps one of the most serious apparent discrepancies
between current geochemical and geophysical models. Experimental data demonstrate
that partial melting of sediments at shallow levels (3 GPa) requires temperatures > 670 ‘C
(Nichols et al. 1994; Johnson and Plank 1999) and thus a thermal structure in the mantle
wedge several hundred degrees hotter than that predicted by many numerical thermal
models (e.g., Davies and Stevenson 1992; Peacock 1996). However, the viscosity of the
mantle wedge may be lower than often assumed (Billen and Gurnis 2001) and numerical
models that incorporate a temperature-dependant viscosity predict a component of
upward flow beneath arcs and thus a hotter temperature structure (e.g., Furukawa 1993a,
b; Kincaid and Sacks 1997). Such models may also help to reconcile the high eruption
and equilibration temperatures inferred for some arc lavas (e.g., Sisson and Bronto 1998;
Elkins Tanton et al. 2001).

5.3. Time scale of sediment transfer

Three lines of evidence suggest that the sediment component is added to the arc
mantle before the principal fluid component that appears in arc magmas. First, the
mechanical mixing of sediment and peridotite observed in outcrops of subduction
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Figure 7. U-Th equiline diagram for lavas from the Marianas with dashed arrows showing the preferred
interpretation of the sediment melt and fluid transfer times (after Elliott et al. 1997).
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complexes occurs beneath the forearc (Bebout and Barton 2002). Secondly, geochemical
observations of arc lavas also suggest addition of sediment prior to events that most affect
U-series disequilibria. Returning to the case of the Marianas, the increased U/Th ratio
inferred to have been produced from the sediment component by partial melting would
result in the sediment melt having ***U-excess. Because the Marianas lava array projects
back to the equiline, Elliott et al. (1997) argued that the sediment melt was added
sufficiently long ago for it to have decayed back up to the equiline (see Fig. 7) which
would require that the transfer time of this component was at least 350 kyr. Of course,
this is a minimum estimate because the U/Th isotope system cannot resolve beyond 350
kyr. The Marianas argument applies only if the subducting sediment has a high Th/U
ratio (e.g., is dominated by clay more than carbonate or or%anic-rich components) and it
also loses force if some lavas along the (**°Th/***Th)-(***U/***Th) correlation line are Th-
enriched instead of in equilibrium (e.g., Reagan et al. 1994). Thirdly, in addition to these
same arguments applying to Tonga, a Pb isotopic signature there, that occurs only in the
northernmost lavas, has been attributed to Louisville volcaniclastic sediments which are
presently being subducted some 1000 km further south (Regelous et al. 1997; Turner and
Hawkesworth 1997). Because the line of volcaniclastics is being subducted obliquely
beneath the arc, the locus of their subduction has migrated southwards over time and
from this Turner and Hawkesworth (1997) inferred a sediment transfer time of 2-4 Myr.
In the simplest model, such long transfer times require the transfer of sediment into the
mantle wedge at shallow levels and decoupling of convection in the wedge from the
subducting plate in order to slow the rate of transfer of the sediment component to the site
of partial melting (Turner and Hawkesworth 1997). We note in passing that there is some
evidence that flow within the mantle wedge may be oriented along the arc parallel to the
trench rather than being directly coupled to the subducting plate (Turner and
Hawkesworth 1998; Smith et al. 2001).

In summary, there is permissive evidence that the sedimentary component is added
to the mantle wedge before the fluid addition and melting that leads to arc magmatism.

6. FLUID ADDITION TIME SCALES

In the following sections we look at the evidence for the timing of fluid addition to
the sources of arc magmas from U-series disequilibria data and then discuss the extent to
which some apparently conflicting time scale information might be reconciled.

6.1. U addition time scales

Fluids produced by dehydration reactions in the subducting, altered oceanic crust
preferentially add U (along with other fluid mobile elements) to the mantle wedge. So
long as this is the principal cause of U/Th fractionation (but see sections 7 and 8), U-Th
isotopes can be used to estimate the time elapsed since fluid release into the mantle
wedge. Firstly, U and Th have similar and small distribution coefficients in most mantle
minerals at depths < 80 km (Blundy and Wood 2003) and so neither partial melting or
gabbroic crystal fractionation are likely to have much effect on elemental U/Th ratios at
the degrees of melting inferred for arcs (>5%). Secondly, continental upper crustal
materials generally have low U/Th and so bulk crustal contamination would act to
decrease U/Th. Therefore, since the vast majority of arc lavas have U/Th ratios exceeding
anything found in MORB or OIB and frequently preserve ***U-excesses (Fig. 3), the high
U/Th ratios are generally accepted to reflect U addition to their mantle source by fluids
from the subducting plate.

In practice, information on the timing of fluid release can either be obtained from
along-arc suites of lavas which form inclined arrays on U-Th equiline diagrams, where the
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age =—1/A%" x In(1 — slope), or if the initial (**°Th/**Th) ratio is constrained for an
individual sample. For example, Sigmarsson et al. (1990) obtained an inclined U-Th
isotope array for lavas from the southern Andes and suggested that the slope of this array
reflected the time (20 kyr) since U addition by fluids. Similarly, Elliott et al. (1997) showed
that lavas from the Marianas form a 30 kyr U-Th isotope array (Fig. 7). In total about 15
arcs have now been studied for U-Th disequilibria indicating that the time since U addition
by fluids from the subducting oceanic crust varies from 10 to 200 kyr prior to eruption (Fig.
8a), if the correlations have strict time significance (see Section 8). All of these arrays show
variable degrees of scatter and any chronological interpretation should be viewed as the
time-integrated effect of U addition rather than to imply that U addition occurred at a
discrete and identical time along the length of an arc. Indeed, variations can occur within
the single arc due to the effects of tectonic collisions on the rate of subduction, such as
occurs in New Britain (Gill et al. 1993) and Vanuatu (Turner et al. 1999), or possibly even
through the life of a single volcano such as Santorini (Zellmer et al. 2000).
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Figure 8. (a) U-Th equiline diagram for arc lavas. Symbols and data sources as in Figure 1. (b)
Schematic U-Th equiline diagram showing how addition of a constant U fluid flux to a wedge with
variable composition could in principle produce an inclined array. (c) Schematic U-Th equiline diagram
showing how addition of a fluid containing some Th could in principle produce an inclined array.
Shaded envelope in (a) indicates the range of compositions which could be produced by adding either a
fluid containing no Th or the calculated 3 GPa eclogite fluid from Table 3 to a mantle wedge in
equilibrium with an arbitrary (***U/?*?Th) ratio of 1. The majority of arc lavas lie above this envelope
(even though their arrays often tie back to the equiline around (***U/**Th) = 1). The slope of a
hypothetical array produced by addition of the latter fluid corresponds to an age of 15 kyr.
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An underlying assumption in these interpretations is that U addition by fluids is the
only cause of U/Th fractionation (see Fig. 8b,c) and if the same were true of U/Pa ratios
then U addition should likewise produce U-Pa arrays which record a similar time to the
U-Th arrays. So far the only arc where this may be true is Tonga, where Turner et al.
(1997) showed that the combined Tonga and Kermadec lava array scatters around a
~ 50 kyr U-Th isochron (Fig. 9a). Subsequently, Bourdon et al. (1999) showed that the
Tonga lavas are characterized by excesses of >°U over **'Pa, and by normalizing to Nb,
obtained a U addition age of 60 kyr (Fig. 9b). This result supports the interpretation that
the U-Th arrays have time significance (see Section 8). In the original age calculation
made by Bourdon et al. (1999) the most depleted sample (26837) was omitted because of
its very high (***U)/Nb ratio which was most likely due to imprecision on its very low Nb

2.0 . 48 kyr

R?=0.8)

(@)
1.6 1

1.2 1
fluid addition

(230Th /232Th)

0.8 1

0.4 4

0.0

average
Tongan
sediment

mixing to sediment. |
derived fluig ment

Tonga-Kermadec

0

1

2

3

(238 §] /232Th)

(231Pa)/Nb dpm/ppm

0.020

0.016
mantle wedge

composition

prior to fluid

0.012 | addition

0.008

(b) (Tonga data only) / .2W

-

W

iy
\\\
&

[N

%1pa in-growth

fluid addition

0.004 = .
0.005

0.010 0.015

0.020 0.025

(235U)/Nb dpm/ppm

Figure 9. (a) U-Th isotope data from the Tonga-Kermadec island arc (Turner et al. 1997; Regelous et
al. 1997). The dashed line indicates that an regression line through the full Tonga-Kermadec data set
has an age of 48 kyr. Shaded envelope encompasses likely fluid compositions ranging from Th-free to
an fluid in equilibrium with eclogite at 3 GPa (as in Table 3 and Fig. 8). (b) U-Pa isotopes (Bourdon et
al. 1999) normalized to Nb on the basis that it behaves as a stable analogue of Pa (see text). Note the
addition of the Tofua sample 26837 using the revised Nb concentration (T. Plank pers. comm.). The
arrows show that if the fluid contains U but no Pa then the lavas from Tonga record similar U addition
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of fluid compositions and illustrates that the Pa content of the fluid is predicted to be so low that the age
determined from the isochron requires virtually no correction for the fluid composition (i.e., the
assumption of addition of U only is justifiable).
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concentration. Using a revised Nb measurement of 0.23 ppm (T. Plank pers. comm.), this
point lies closer to, but still slightly above the array defined by the other 6 samples (Fig.
9b). When the 7 Tongan samples analyzed for U-Th-Pa are considered, their U-Th and U-
Pa arrays yield apparent ages of 35 +24/—15 kyr and 60 +20/—25 kyr, respectively. Thus,
they agree within 1o analytical error of each other and with a regression through the
complete Tonga-Kermadec U-Th dataset which yields 48 kyr (r* = 0.8), although the
errors are large. Finally, Bourdon et al. (2003) have used a Th/U versus Pa/U concordia
diagram to show that the Tonga samples are consistent with addition of U 60 kyr ago.
Consequently, it may be that a single U-addition event is recorded in the Tongan lavas,
but more such studies are needed to determine where else this may apply.

More typically, arc lavas preserve *'Pa-excesses (Fig. 3) which is inconsistent with
only fluid addition of U and subsequent in-growth of **'Pa and, instead, suggests
additional in-growth of **'Pa during partial melting as well. The balance between
addition and in-growth of all U-series nuclides is a substantive issue and we will return to
it below.

6.2. Ra addition time scales

?2Ra has a much shorter half life (1600 yr) than its parent **°Th (75 kyr) and so
provides the opportunity to look at very recent fractionation between Ra and Th. Global
surveys by Gill and Williams (1990) and Turner et al. (2001) have shown that most arc
lavas are characterized by *?°Ra-excesses. Reagan et al. (1994), Chabaux et al. (1999) and
Sigmarsson et al. (2002) noted positive correlations between (“**Ra/*°Th) and (***U/*°Th)
and, like Gill and Williams (1990), inferred that the ***Ra-excesses may reflect very recent
metasomatism of the wedge. Turner et al. (2001) have subsequently shown that **°Ra-
excesses is arcs can greatly exceed those in other tectonic settings that the largest **°Ra-
excesses are found in those arc lavas with the highest Ba/Th ratios. The latter are usually
taken as a good index of fluid addition (Fig. 10a) and these two traits are greatest in Th-
poor oceanic arcs but it is important to verify that this is indeed a fluid signal.

Most arc lavas are plagioclase-phyric and because Ba and Ra are mildly compatible
in plagioclase (Bundy and Wood 2003) it might be thought that the elevated Ba/Th and
226Ra in arc lavas results from plagioclase accumulation. However, because Dpiyg for Ra
is predicted to be < 0.1 for mafic to intermediate magmatic systems (Bundy and Wood
2003), the Ra concentration in a rock will always be dominated by the groundmass
component and the **Ra-excesses cannot have resulted from plagioclase accumulation.
The elevated Ba/Th ratios are also unlikely to reflect gabbroic fractionation or crustal
contamination because Ba is more compatible than Th during in gabbroic mineral
assemblage and crustal materials have low Ba/Th relative to most arc lavas. In any case,
the highest Ba/Th ratios occur in those arc rocks with the lowest SiO, and 87Sr/%0Sr ratios
and so the observed **°Ra-excesses are inferred to be a mantle signature. Because Ba is
more incompatible than Th during mantle melting (Blundy and Wood 2003), the **°Ra-
excesses in arc lavas might have been developed during partial melting (e.g., Turner and
Hawkesworth 1997). However, both elements are highly incompatible, making them hard
to fractionate by melting processes and Bourdon et al. (2003) noted that the largest **°Ra-
excesses also tend to occur in those arc lavas with the highest Sr/Th ratios (Fig. 10b).
This latter correlation cannot be a melting signature because Sr is more compatible than
Th during mantle melting.

Therefore, since both Ba and Sr are fluid mobile, the large **°Ra-excesses at high
Ba/Th and Sr/Th ratios are inferred to result from fluid addition to the mantle wedge. At
the other end of the arrays in Figure 10 it is notable that the intercept for any arc is with
the Ba/Th, not (***Ra/**Th) axis. This contrasts strikingly with MORB, for example,
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where (***Ra/*Th) is high even when Ba/Th is low. This means that the most recent
addition of Ba and Ra is superimposed on a mantle previously enriched in Ba, and that
whatever excess “*°Ra is produced during low-porosity melting in the mantle wedge is
overwhelmed by the slab contribution.

Recently, Sigmarsson et al. (2002) showed that there is a good positive correlation
between (***Ra/*°Th) and '’Be/’Be in lavas from southern Chile. More commonly,
(**Ra/*Th) is not well correlated with '°Be/’Be (Fig. 10c) consistent with decoupling
between the sediment and fluid signatures. Nevertheless, since '°Be is unambiguously
derived from the subducted sediments, the Chile data provides independent evidence that
226Ra-excesses are derived from the subducted plate. It also indicates that, in Chile, fluids
from the altered oceanic crust may scavenge ''Be from the overlying sediments as they
pass through them from the underlying altered oceanic crust and out into the mantle
wedge.

In summary, there is now convincing evidence that **Ra is added to the mantle
wedge source of arcs by fluids and that the most recent of these additions must have
occurred less than 8 kyr ago. The evidence depends on the magnitude of (***Ra/**°Th)
and the quality of its correlation with subduction parameters. The evidence is most robust
for oceanic arcs and it usually hinges on data for a few volcanoes, usually the ones with
the lowest Th concentrations.

6.3. Reconciling the U and Ra time scales

At face value, the **°Ra evidence for fluid addition in the last few 1000 years appears
inconsistent with the interpretation that U/Th disequilibria resulted from fluid addition
10-200 kyr ago and we now discuss some possible models for reconciling these disparate
time scales.

6.4. Single-stage fluid addition

Chabaux et al. (1999) noted a good correlation between (***Ra/*°Th) and
(*%U/?°Th) in lavas from the Lesser Antilles and, although this correlation is weaker
with new mass spectrometric data for Kick *em Jenny (Turner et al. 2001), (***Ra/*Th)
and (3**U/*"Th) are broadly correlated globally in arc lavas of known eruption age (Fig.
11a). Section A1 of the Appendix provides a method for estimating the range of U-Th-Ra
disequilibria in the wedge prior to melting. Sigmarsson et al (2002) also observed a
strong correlation between (**Ra/*°Th) and (***U/*°Th) in lavas from southern Chile.
On the basis of this, Chabaux et al. (1999) and Sigmarsson et al (2002) suggested that
both U and Ra were added together in a single very recent fluid addition. Such an
interpretation requires that the U-Th (and U-Pa in the case of Tonga) arrays do not simply
reflect the time elapsed since U addition and, in principle, this could arise in several ways
as discussed by Elliott et al. (1997).

Firstly, the slope of the U-Th arrays might reflect addition of a constant U flux to a
mantle wedge with variable U-Th concentrations and isotope ratios (Fig. 8b). However,
the mass balance calculations show that the Th isotope composition of the mantle wedge
will usually be dictated by the composition of the subducted sediment so this is generally
only likely if the sediment composition varies significantly and U-Th correlates
positively with other sediment indicators within the arc. Vanuatu provides an interesting
exception to this because in this arc the composition of the wedge (especially as seen
with Pb isotope data) does vary, not due to sediment addition, but from to a change from
Pacific to Indian mantle in the area of the D’Entrecastreaux collision. Significantly, here
the lavas erupted above the Indian and Pacific portions of the wedge define two separate,
inclined U-Th arrays which intersect the equiline at the compositions predicted for Indian
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and Pacific mantle, suggesting that the slope of those arrays does faithfully reflect the
time since U addition (see discussion in Turner et al. 1999).

A second possibility is that the inclined U-Th arrays reflect addition of fluids
containing some Th (Fig. 8c) and Pa from a source with higher U/Th than the mantle
wedge (e.g., Yokoyama et al. 2002). As discussed earlier, U is significantly more fluid-
mobile than Pa or Th, but the absolute magnitude remains to be confirmed. Bourdon et al.
(2003) used a plot of (**'Pa/**°U) versus Nb/U ratios for the Tonga lavas to show that a
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Nb-free fluid (at Nb/U=0) would have a (**'Pa/***U) ratio of 0.7 if the Pa-U data were
to reflect mixing with a fluid containing Pa. This contrasts with our estimate of a
(*'Pa/*°U) ratio in the fluid of 0.13 (Table 3) and would require that Pa is almost as
mobile as U, which is inconsistent with inferences based on the mobility of Nb (Table
2). Therefore, the high (**'Pa/**°U) intercept is more likely due to time than fluid-
mobility of Pa, but the relative roles remain to be determined. Bourdon et al. (2003)
also used an analogous plot of (¥*°Th/?*®*U) versus (***Th/**®U) to explore the same
relationship for the U-Th isotope system (Fig. 11b). Addition of U only results in
mixing lines through the origin which are not observed. The high (**°Th/***U) intercept
must result from either addition of Th as well as U, or in-growth over time subsequent
to U addition. The observed trajectories for some arc data can be explained with our
estimate of a (*°Th/***U) ratio in the fluid of 0.14, but others can only be explained if
the (23°Th/238U) ratio of the putative fluid is ~0.5 and thus Dr/Dy is <2 and this seems
unlikely on the basis of the experimental data unless there are large fractions of rutile in
the subducting plate (Tables 2,3). For other arc data, such as Kamchatka, the
discrepancy with experimental data is even larger. Moreover, the largest U-excesses
occur above the coldest subducting plates where full transformation to eclogite beneath
the arc volcanoes is least likely to have occurred. Therefore, it is highly likely that a
reasonable proportion of the 2*°Th in arc lavas reflects in-growth from excess >>*U and,
therefore, time.

In conclusion, the inclined U-Pa and U-Th arrays appear to have some time
significance because their interpretation as simply the result of recent mixing with a fluid
containing Th and Pa as well as U requires fluid partition coefficients for Th and Pa well
in excess of those observed experimentally. The corollary is that that there must be a
decoupling between Ra-Th and Th-U disequilibria. A further possibility is a combination
of the two end-member models discussed above into one in which some Th and Pa
addition by fluids is followed by some in-growth due to ageing. In this case (discussed
further below) the age inferred from the U-Th and U-Pa arrays is necessarily less straight
forward to interpret.

6.5. Two-stage fluid addition

Models in which the fluid does not contain appreciable Th or Pa, require a
decoupling between Ra-Th and U-Th-Pa disequilibria in order to reconcile the different
implied ages of fluid addition. However, unlike U, ?*°Ra lost to the mantle wedge during
initial dehydration continues to be replenished in the subducting altered oceanic crust by
decay from residual *°Th (Fig. 12a) on timescales of 10’s kyr until all of the residual
20Th has decayed away (350 kyr after removal of the last U). Thus, if dehydration
reactions and fluid addition occur step-wise or as a continuum (Schmidt and Poli 1998),
the **°Ra-excesses will largely reflect the last increments of fluid addition whereas U-Th
(and U-Pa in the case of Tonga) isotopes reflect the integrated time elapsed since the
onset of U addition. As a simple approximation to this, two-stage fluid addition was
modeled quantitatively by Turner et al. (2000a) and these results are reproduced in Figure
12b (see Section A2 of the Appendix for details) which shows the evolution of
(***Ra/*°Th) and (***U/*°Th) over time in the mantle wedge. **’Ra-excesses resulting
from the initial fluid addition decay away, but new **Ra-excesses result from the second
fluid addition. If little U remains to be added by the second fluid addition, U/Th isotopes
can remain effectively undisturbed by this event and record the integrated time elapsed
since the onset of fluid addition. The results of this modeling provided a reasonable
approximation of the Tonga-Kermadec *®U-**"Th and **’Ra-**"Th versus Ba/Th data (see
Turner et al. 2000a).
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Figure 12. (a) Illustration of the spatial distribution of progressive distillation of fluid mobile elements
from the subducting slab. Labeled arrows indicate the locations of U addition, Ra addition, and the
point after which no further *Ra is produced in the plate. (b) Numerical simulation of two-stage fluid
addition for the Tonga-Kermadec arc assuming that the degree of previous depletion was 5%(see
Section A2 in the Appendix for details). Modified from Turner et al. (2000a).

6.6. Continuous fluid addition

The succession of dehydration reactions in the subducting plate could result in a
nearly continuous release of aqueous fluids into the mantle wedge (Schmidt and Poli
1998) and an intuitively more satisfying solution to the two-stage fluid addition
approximation, involves continuous fluid addition. This has been modeled by Dosseto et
al. (2003) and Yokoyama et al. (2002) and the results of Dosseto et al. (2003) are
summarized in Figure 13. In this approach it is assumed that the fluid dehydrates
continuously from the slab and simple first-order differential equations are used to
describe the evolution of the concentrations of relevant nuclides in both the slab and the
mantle wedge. A Rayleigh distillation law is used to describe the dehydration process.
Dosseto et al. (2003) have attempted to reproduce data from the most mafic lavas of the
Central Kamchatka Depression with this model using published experimental data and
also by inverting for mineral/fluid partition coefficients with a Monte-Carlo simulation.
Thomas et al. (2002) attempted something similar for data from Nicaragua and Costa
Rica. The surprising result is that both groups showed that in all cases the results were
unsatisfactory unless significant quantities of Th and Pa are transported in the fluid along
with U. However, both efforts sought to explain an atypically large range of high
(*°Th/**Th) ratios and doing the same for Marianas or Tonga may be less difficult.
Nevertheless, continuous fluid addition models will certainly require further reassessment
before they can be thought to have any general application.
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Figure 13. Model curves for continuous fluid addition to a MORB-type mantle source in (a) a >*°Th-
28U isochron diagram, and (b) a (***Ra/?*°Th) versus (**°Th/***U) diagram. The time constant for
dehydration is indicated next to the curve in Ma while the tick marks give the time since the inception
of dehydration. These curves are calculated using the model described in Dosseto et al. (2003) where a
fuller description is given. In this model, the fluid is released following a Rayleigh distillation process
with a time constant T such that f = f,,,,(1-e ") where is the total amount of fluid released (f,,c= 0.03).
The fluid is added to the source continuous and the source then undergoes batch melting with the
following partition coefficients Dy = 0.0026, Dy, = 0.0014, Dp, = 1.3 x 10 and Dy, = 107°. The
slab/fluid partition coefficients used in this calculation were determined by Montecarlo simulation (Dy=
0.16, D1, = 74, Dg,= 0.0006) so as to fit the data for the Kamchatka arc shown as solid circles (Dosseto
et al. 2003). The partition coefficient for U indicates that uranium would have to be less mobile than
suggested by the experimental data in Table 2.

6.7. Mechanisms of fluid addition

One might anticipate that there should be some link between the time scales of fluid
addition and some physical parameters of subduction zones (Jarrard 1986). In general
such correlations have not yet been found, although there may be a weak positive
correlation between the time since the inception of U addition and the rate of subduction
(Turner et al. 2000b).
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It has been suggested that fluid transfer could occur horizontally across the wedge by
a series of hydration-dehydration reactions (Davies and Stevenson 1992). However,
horizontal migration across the wedge can only occur at a velocity controlled by the rate
and angle of descent of the subducting plate. This predicts fluid transfer time scales >>
350 kyr so that any ***U-excess (let alone **°Ra) originating from the subducting plate
would have decayed away (Turner and Hawkesworth 1997; Schmidt and Poli 1998).
Unlike the plethora of hydrous phases in the subducting plate, amphibole will be the main
hydrous phase in the mantle wedge and the horizontal migration model could be
reconciled if both the observed U- and Ra-excesses were generated by a final amphibole
dehydration reaction in the wedge prior to melting (Regelous et al. 1997; Sigmarsson et
al. 2002). However, whilst wedge amphibole could inherit high Ba/Th from the slab fluid
and pass this trait along each time the wedge amphibole breaks down, it is unlikely that
any “*°Ra-excess would survive. The mineral/fluid partition coefficients for Ba and Th
appear to be similar in amphibole (Table 2) and so fluids produced in the presence of
residual amphibole would not be predicted to have high Ba/Th yet those lavas with the
largest 2**U- and **°Ra-excesses also have the highest Ba/Th ratios (Fig. 10). Moreover, it
seems more likely that the amphibole would be melt instead of dehydrate at the final
stage and, at the degrees of melting inferred for arc front lavas (10-20%), it is likely to be
consumed during melting. If amphibole were to be residual during melting, the high
amphibole/melt partition coefficient Ba relative to Th (La Tourette et al. 1995) would
predict low Ba/Th ratios. Similarly, Bourdon et al. (2003) showed that a single
dehydration-reaction could not explain the presence of both %*'Pa-excesses and -deficits
as observed in the Tonga-Kermadec arc. By implication, the major U/Th and Th/Ra
fractionation is inferred to occur during fluid release from the subducting plate where
redox conditions are the most strongly oxidizing (Blatter and Carmichael 1998;
Parkinson and Arculus 1999). Thus, the combined U-Th-Ra isotope data would seem to
require that fluid transfer occurs via a rapid mechanism. Such mechanisms may include
hydraulic fracturing (Davies 1999) and experiments by Mysen et al. (1978) have
indicated that H,O will infiltrate lherzolite at 12 mm per hour at 800 °C and 3.5 GPa. This
would allow fluids from the subducting plate to traverse 20 km of mantle wedge to reach
the melt generation zone in only 200 years carrying a (**°Ra/**°Th) signal largely
unchanged from that of the fluid which left the subducting plate.

The U-Th time scales imply that fluid addition commences prior to the initiation of
partial melting within the mantle wedge which is inferred to be more or less synchronous
with *°Ra addition. This is consistent with recent geophysical analysis which suggests
that the onset of melting is controlled by an isotherm and thus the thermal structure
within the wedge (England 2001). This contrasts with the existing paradigm that an
isobaric dehydration reaction in the subducting plate or in the mantle wedge is
responsible for the relatively constant depth to Benioff zone (Gill 1981; Tatsumi et al.
1986). Rapid fluid transfer also implies that fluids escape from the slab as a free phase
and are not instantaneously locked in a hydrous phase such as serpentinite or Mg-rich
chlorite. This may place strong constraints on the thermal structure of the wedge beneath
arc volcanoes.

7. PARTIAL MELTING AND MELT ASCENT RATES

The occurrence of relatively anhydrous arc lavas, modeling of trace element
behavior, tomographic imaging of the mantle wedge, and correlations between lava major
element composition and thickness of the overlying lithosphere have lead several recent
studies to argue for a component of decompression melting in the production of arc lavas
(Plank and Langmuir 1988; Pearce and Parkinson 1993; Zhao and Hasegawa, 1993;
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Sisson and Bronto 1998; Parkinson and Arculus 1999; Hochstaedter et al. 2001). We now
investigate the available U-series constraints on partial melting beneath arcs.

7.1. B'Pa- and 2"Th-excess evidence for a partial melting signature in the wedge

In MORB and OIB, **°Th- and #*'Pa-excesses are interpreted to reflect the effects of
dynamic melting or chromatographic melting during which daughter isotope in-growth is
facilitated by different residence times of U and Th in the uywelling matrix and melt (see
Lundstrom 2003; Bourdon and Sims 2003). Consequently, “**Th-excesses are considered
a hallmark of mantle partial melting and although they are uncommon in arc lavas they
are not absent (see Fig. 3). Thus, in the arc setting, it is likely that **°Th is controlled by
in-growth resulting both from U added by the fluid component and differences in the
residence times of U and Th in the melt zone during partial melting.

It is particularly notable that ***Th-excesses tend to be found in those arc lavas
erupted through thicker crust which, combined with the angle of subduction, will control
the thickness and thermal structure of the mantle wedge. ***Th-excesses are found behind
the fronts of the Marianas (Gill and Williams 1990), New Britain (Gill et al. 1994) and
eastern Sunda (Gill and Williams 1990; Hoogewerff et al. 1997; Turner et al. 2003) arcs
and in Nicaragua (Reagan et al. 1994), Costa Rica (Reagan and Gill 1989; Clark et al.
1998; Thomas et al. 2002) and Kamchatka (Turner et al. 1998; Dosseto et al. 2003).
There is also a progression from ***U-excesses to ***Th-excesses on passing from oceanic
to continental basement in both the Kermadec-New Zealand (Turner et al. 1997) and
Aleutian-Alaska arcs (George et al. 2003). These observations lend support to models in
which the thickness of the overlying lithosphere influences partial melting beneath arc
volcanoes either because the melting region in the wedge is upwelling, or because the
thickness of the overlying lithosphere controls the thermal structure of the mantle wedge
(Plank and Langmuir 1988; Kincaid and Sacks 1997; George et al. 2003).

As discussed above, addition of U by fluids will produce excesses of *°U over **'Pa.
Therefore, an extremely important observation, shown on Figure 14, is that the great
majority of arc lavas are characterized by the reverse sense of fractionation (Pickett and
Murrell 1997; Bourdon et al. 1999; Thomas et al. 2002). Subsequently, Bourdon et al.
(1999) showed that only lavas from the Tonga-Kermadec arc preserve both *'Pa
excesses and deficits (Fig. 14a). Their interpretation was that, in Tonga, fluid addition
resulted in (*'Pa/*°U) < 1 and this is preserved because partial melting occurred in the
absence of significant amounts of residual clinopyroxene (Fig. 14b) which minimized any
subsequent fractionation of Pa/U. However, the lavas from Kermadec, like most arc
lavas, have (**'Pa/?**U) ratios > 1, and this appears to provide unequivocal evidence for
U/Pa fractionation during the partial melting process (Pickett and Murrell 1997; Bourdon
et al. 1999; Thomas et al. 2002). Note that the displacement of the Tonga field relative to
that for the Kermadec lavas on Figure 14b argues that the low HFSE concentrations in
these lavas reflect prior depletion of the mantle wedge rather than just larger degrees of
partial melting.

In summary, an important and exciting recent development in the application of U-
series isotopes to arc lavas is the recognition that it is possible to distinguish elemental
fractionation due to fluid addition from those due to partial melting, in particular using
the °U-**'Pa system. This is a crucial point because the melting signature of arc magmas
has been rather elusive in other geochemical tracers.

7.2. Ra evidence for melt ascent rates

Theoretical calculations suggest that the segregation and ascent time scales for
basaltic magmas from a partially molten matrix are likely to be short (McKenzie 1985).
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Figure 14. (a) Plot of U-Pa versus U-Th disequilibria for arc lavas. The Tonga samples are those
(*"Pa/*°U) and (3°Th/***U) < 1 as expected from U addition by subduction zone fluids. However, all
other arc lavas have (**'Pa/**U) > 1 suggesting that there was a subsequent increase in (**'Pa/***U) due
to the partial melting process, schematically illustrated by the dashed arrow, which is inferred to have a
much greater effect on (**'Pa/**°U) ratios than (**°Th/*®*U) ratios. Symbols and data sources as for
Figure 1. Additional data for Mexico, Stomboli and the Andes from Pickett and Murrell (1997) are
plotted as crosses. (b) Plot of Nbg versus Ybg (where subscripts refer to compositions regressed to 8%
MgO) for Tonga-Kermadec lavas showing that the Tonga lavas are derived from a more depleted
source in which clinopyroxene is likely to have been exhausted during partial melting explaining the
lack of fractionation of (**'Pa/**3U) ratios during melting.

One of the seemingly inescapable conclusions from the *°Ra-***Th disequilibrium data,
at least for Tonga and the Mariana volcanic fronts, is that significantly less than 8000
years and arguably only a few half lives (ca. 1000-3000 yrs) can have elapsed since the
generation of the “*’Ra-excesses observed in the arc lavas plotted on Figure 10.

Porous melt flow is likely to be unstable over large distances in the mantle resulting
in a transition to channeled magma flow (Aharonov et al. 1995) and this may be swift if
melting rates are high and the threshold porosity is quickly exceeded. The arc **°Ra-**"Th
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disequilibria data seem to indicate that the segregation of the melt from its matrix into
channeled ascent does indeed occur on a very ra%)ld time scale. If a single stage fluid
addition model is assumed then the initial (***Ra/**"Th) predicted in Table 3 is 15 for 3%
fluid release (see also Yokoyama et al. 2002). In that case the largest observed
(***Ra/*Th) ratios in Tonga (~ 6.1, Turner et al. 2000a) could have decayed by ~ 60% or
one half life and the calculated ascent rates would be ~ 60 meters per year. However, the
two- sta%e fluid addition model of Turner et al. (2000a) predicts maximum initial
(**Ra/*Th) ratios of 6-7 and so, if partial melting occurs at 80-100 km depth beneath
arc volcanoes, then the required magma ascent rates are arguably of the order of 100’s to
1000’s meters per year (Turner et al. 2000a, 2001). Either way, these ascent rates rule out
models of melt migration in diapirs (Hall and Kincaid 2001) and even the kind of
equilibrium porous flow typically invoked in other tectonic environments (cf. Lundstrom
2003; Bourdon and Sims 2003). In principle, ascent rates could be significantly faster
(McKenzie 2000) and values of 1.8 km per day were estimated from seismic data in
Vanuatu (Blot 1972) and 26 km per day from xenoliths in Mexico (Blatter and
Carmichael 1998). As argued by Bourdon et al. (2003), the fast magma ascent rates
indicated by Ra-Th disequilibria appear to be independently required in order to preserve
slab-derived isotopic signatures of highly compatible elements such as Os (Woodland et
al. 2002; Alves et al. 2002) which would otherwise be expected to be lost during
equilibration with the wedge peridotite during melt ascent (Hauri 1997).

7.3. Models to reconcile the Pa, Th and Ra data

It is important to note that the ***Ra-***Th disequilibria do not preclude a partial
melting origin for the *'Pa-excesses. However, they do require that the residence time of
Ra in the melting column was short enough, and thus that the melt velocity was fast
enough, to prevent **Ra from decaying back to values solely attributable to partial
melting of the mantle wedge.

7.4. Batch and equilibrium porous flow melting models

A simple batch melting model with instantaneous extraction of the melts predicts
that, for degrees of melting greater than 5%, there will be little U-Th-Pa fractionation.
Thus, the only models that can produce significant disequilibria involve in-growth during
the melting process (see Lundstrom 2003; Bourdon and Sims 2003). Whilst equilibrium
porous flow melting models involving chromatographic re-equilibration of the melts on
their way to the surface (Szpiegelman and Elliott 1993; Bourdon et al. 1999) can produce
the observed *°Th- and **'Pa-excesses, they fail to preserve large **°Ra/*°Th (e.g.,
Bourdon et al. 2003) as illustrated in Figure 15. Therefore, the most likely models to
reconcile the arc Ra and Pa data will involve some variation on the theme of dynamic
melting involving protracted melt production but fast melt extraction (McKenzie, 1985;
Williams and Gill 1989). In these models slab components reach the surface quickly but
the mantle undergoes partial melting over a time interval comparable to the half lives of
20Th and *'Pa. Initial attempts include dynamic melting subsequent to fluid addition
(Elliott 2001; Bourdon et al. 2003; George et al. 2003) and fluxed in-growth melting
(Thomas et al. 2002; Bourdon et al. 2003) as schematically illustrated on Figure 16.

7.5. Dynamic melting

For a given melting rate, dynamic melting of mantle wedge material bearing a range
of 2¥U-excesses leads to greater in-growth of *°Th in those sources beginning with the
largest **®U-excesses. In other words, the more fluid enriched mantle undergoes the
greatest 2*°Th increase during partial melting with the net effect of rotating U-Th arrays
anticlockwise (Fig. 17a). Thus, Elliott (2001) simulated the sloped U-Th array from the
Marianas by dynamic melting following fluid addition of U. The model does not require,
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Figure 15. (a) Comparison of equilibrium porous flow (EPF; Spiegelman and Elliott 1993) and
dynamic melting (DM; Williams and Gill 1989) models for ***Ra-***Th and **'Pa-***U activity ratios in
the melt as a function of melting rate. Both models assume a matrix porosity of 0.001, a total extent of
melting of 10% and initial (***Ra/*°Th) = 7 and (*'Pa/**°U) = 0.8. If the melting rate is too large there
is not enough time to built in-grow 2*'Pa, whereas if it is too small, the initial **Ra-excess in the source
decays rapidly and the maximum 2?*Ra-excess is 3. In the case of the EPF model, the melting rate is
scaled to an upwelling velocity assuming 1% melt produced per kbar of decompression. Total degree of
melting is 10%. In order to explain the range of (*'Pa/**°U) and (***Ra/*°Th) found in arc lavas, the
melting rate needs to be of the order of 107°-10* kg.m>.a”!, assuming dynamic melting and the
partition coefficients used here (Dp,= 0.0001, Dy= 0.003 D= 0.002 Dg,= 107%). For equilibrium porous
flow to explain the data, the melting rate (and by implication the upwelling velocity) has to be
extremely fast (up to 200 cm.a!) in order to preserve the large (***Ra/**°Th) produced at the base of the
melting column and the corresponding (**'Pa/**>U) ratios are low. (b) (***Ra/*Th) versus (**'Pa/**>U)
calculated for various melting models. Melting rates were varied from 0.002-0.003 (DM) and 0.006-
0.03 (EPF). The model curves are estimated based on initial (***Ra/***Th) =7 prior to melting. Matrix
porosity in per mil is indicated next to the curves. The solid curves assume an initial (**'Pa/***U) = 1 in
the mantle wedge source whilst the dashed curve is calculated with an initial (**'Pa/*°U) = 0.8,
simulating previous addition of U by fluid to the mantle wedge. The curves are compared with the
published data from arcs (symbols and data sources as in Figure 1).
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Figure 16. Cartoon cross-sections illustrating two current arc melting models. (a) Fluid release followed by
dynamic melting with rapid melt extraction once the hydrated peridotite crosses its solidus. Dynamic
melting can occur in either upwelling or downwelling matrix. (b) Flux in-growth melting where each fluid
addition promotes a proportional amount of melting of peridotite in which in-growth is occurring in
response to the preceding melt extraction increment. All melt fractions are efficiently focused and rapidly

extracted.
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nor does it preclude, the presence of Th or Pa in the fluid component. In these models in-
growth can occur either because the matrix is mildly upwelling or because its is being
progressively dragged downwards through the melting region by induced convection in
the mantle wedge. Figure 17 shows that dynamic melting can replicate much of the range
of the U-series observations in arc lavas but few well defined trends have been identified
from the few data available for Figures 17b-d. The dynamic melting effects are inferred
to occur after fluid addition when the hydrated peridotite crosses its solidus (Fig. 16a).
Thus, the onset of melting in these models is assumed to be controlled by the position of
an isotherm in the wedge as suggested by Tatsumi et al. (1986) and England (2001) and
there is no requirement for a link between degree of partial melting and amount of fluid
addition.

George et al. (2003) proposed model of dynamic melting in an upwelling matrix may
be a viable explanation for the range of (**°Th/***Th) ratios observed in the Alaska-
Aleutian arc where *°Th-excesses dominate in the continental sector of the arc and *°Ra-
excesses are sufficiently small to be attributable to the effects of partial melting alone.
However, in this arc the horizontal base to the U-Th isotope array requires either that the
fluid did not contain Th, or else that it had the same (**°Th/***Th) ratio as the subducting
sediments (George et al. 2003). In contrast, Bourdon et al. (2003) took the agreement
between the U-Th and U-Pa ages in the depleted Tonga arc to indicate that U-Th
systematics may be only weakly fractionated during melting beneath arcs. They used this
and the pressure dependence of U/Th mineral/melt partitioning (see Blundy and Wood,
2003) to constrain the depth of the melting zone, and then developed a model of dynamic
melting with fast melt extraction in a mildly upwelling wedge to reconcile the “*Ra- and
21Pa-excesses found in the Kermadec and other arc lavas (Fig. 15).

At first sight, upwelling may seem to be precluded by the confines of the overriding
plate but, as noted earlier, upwelling of the sources of arc magmas has been inferred for a
variety of reasons quite independent of the U-series disequilibria requirements (e.g.,
Plank and Langmuir 1988; Pearce and Parkinson, 1993; Parkinson and Arculus 1999). As
noted earlier, the viscosity of the mantle wedge may be significantly lowered by the
presence of volatiles (Billen and Gurnis 2001) and numerical models that incorporate a
temperature-dependant viscosity also predict a component of upward flow beneath arcs
(e.g., Furukawa 1993a,b; Kincaid and Sacks 1997). Small density and viscosity contrasts
arising from the addition of volatiles and the presence of partial melt may be sufficient to
cause gravitational instabilities leading to localized, upwelling that controls the surficial
distribution and life-span of arc volcanoes (Brémond d’Ars et al. 1995). Such models
might predict a positive correlation between crustal thickness and extent of melting
induced disequilibria (e.g., *'Pa-excess) if crustal thickness in some way relates to the
overall wedge thickness (e.g., Plank and Langmuir 1988). Figure 18 shows that such a
correlation may exist within the available data for oceanic arcs but that the behavior of
continental arcs is more complex. Alternatively, those arcs with thicker crust may have a
hotter wedge (Kincaid and Sacks 1997) and thus be characterized by larger melting rates
(Bourdon et al. 2003).

7.6. Flux melting

Initial attempts at flux melting models have been made by Thomas et al. (2002) and
Bourdon et al. (2003). Both assess variations on the theme of flux melting in which slab-
derived fluids bearing various (including zero) amounts of U, Th, and Pa cause melting of
mantle sources that have just been depleted by melt extraction in the previous melting
increment. The recent depletion results in preferential in-growth of *'Pa + ***Th in the
matrix which is transferred to subsequent melts. In this type of model melting occurs
along a lengthy zone of the wedge parallel to the subducting plate and all the melt
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Figure 18. Plot of (**'Pa/**U) versus crustal thickness (from Gill 1981) for each arc studied (averages
are plotted where more than one analysis was available—data sources in Table 1) showing that there is
a reasonable positive correlation within the oceanic arcs (filled circles).

fractions need to be efficiently extracted and focused into a zone beneath the arc front
volcanoes (Fig. 16b). A link between amount of fluid addition and the degree of melting
is an intrinsic and testable aspect of this type of model (e.g., Davies and Bickle 1991;
Stolper and Newman 1994; Hirschmann et al. 1999; Eiler et al. 2000; Thomas et al.
2002). The chief variables (besides mantle/melt partition coefficients, porosity and
permeability, total degree of melting, melting rate, and duration of chemical equilibrium
that are common to all U-series melting models) are the relationship between the amount
and rate of fluid addition and the degree of mantle melting and the relative solubilities of
U, Th, and Pa in the fluid (see Section A3 of the Appendix for details).

Thomas et al. (2002) evaluated **'Pa in-growth in downwelling mantle accompanied
by continuous flux melting and instantaneous melt extraction. They note that the
widespread positive correlation between ***U-excess and (**'Pa/**Th) is inconsistent
with simple radioactive decay alone (Fig. 19), and implies a link between recent addition
of U (via fluid) and recent in-growth of **'Pa (via melting). They attribute the linkage to
flux melting but Figure 17c shows that similar relationships can result from dynamic
melting. The flux melting model developed is able to explain many differences between
20Th-enriched lavas from Costa Rica and ***U-enriched lavas from Nicaragua by greater
flux melting in Nicaragua, but only when fluid addition is continuous, Th and Pa are
somewhat fluid-mobile, and melt ascent is too fast to sustain chemical equilibrium. Their
model also requires that (a) melts are continuously produced during continuing fluid
release from the subducting plate and (b) that those fluids are derived from carbonate-rich
sediments with high (*°Th/**Th).

One aspect of the flux melting models which led Bourdon et al. (2003) to prefer a
dynamic melting model is that the time scale required to in-grow >*'Pa (assuming that Pa
is relatively fluid immobile) requires the down-dip length of the melting region to be on
the order of 100 km. This is similar to the depth range over which fluid is released from
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Figure 19. (3*'Pa/>°Th) versus (***U/?°Th) diagram after Thomas et al. (2002). Symbols and data
sources as in Figure 1 excepting Costa Rica samples which are plotted here as open triangles so as to
distinguish them from lavas from Nicaragua and samples from Mexico, Stromboli and the Andes
(Pickett and Murrell 1997) which are plotted as crosses. As noted by Thomas et al. (2002) several of the
arcs form trends in which (**'Pa/?*°Th) increases with increasing (***U/**°Th). Addition of the 3 GPa
fluid from Table 3 forms a shallow negative trend from the equipoint. The arc lavas which form trends
steeper than and lie above the (**'Pa/***U) = 1 line arguably require a combination of fluid addition,
ageing and **'Pa in-growth due to partial melting in proportion to the amount of fluid added (Thomas et
al. 2002).

the downgoing plate (Schmidt and Poli 1998; Thomas et al. 2002). However, assuming
that wedge temperatures near the surface of the subducting plate are unlikely to be
sufficient for partial melting much shallower than 80 km in any thermal model (Davies
and Stevenson, 1992; Furukawa 1993a,b; Peacock, 1996), this requires that the melting
zone extends up to 200 km behind the arc front and that the melts are very efficiently
focused back to a predominant region beneath the arc front (e.g., Davies and Stevenson,
1992; Spiegelman and McKenzie 1987). However, this appears to significantly exceed
the distance inferred from seismic data (Wyss et al. 2001).

The important conclusion from these studies is that **°Ra and **'Pa data add
apparently robust and important, but different, insights into arc magma genesis which are
less ambiguous than the Z°Th-**U results alone. The **°Ra-**°Th results require that
melting and melt ascent are faster in subduction zones (at least for the volcanic front of
some oceanic arcs) than usually inferred for mid-ocean ridges, and that at least the final
fluid addition is effectively coincident with melting and rapid ascent. The entire process
of slab dehydration, melt ascent, and differentiation can take less than a few thousand
years. This indicates a whole new class of melt ascent mechanisms, probably made
possible by the depleted nature of the mantle, the deformation style and thermal structure
in the wedge corner, and the presence of water, but possibly also applicable to MORB
and OIB (Turner et al. 2001). In contrast, the **'Pa->>*U results require that melts are
derived from a mantle with a recent melting history, either during upwelling or
downwelling lasting scores to hundreds of thousands of years. The challenge is to
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reconcile these U-series time frames with one another and to other observations. For
example, some arc magmas have major element compositions that imply continual re-
equilibration to shallow depths (e.g., Grove et al. 2002) whereas the Ra-Th systematics
seem to preclude that.

It is also important to note that none of these models are yet without their
difficulties. For example, in any model it is difficult to explain the very large range in
(*°Th/**Th) found in the Kamchatka arc (Turner et al. 1998). If the flux melting models
are adopted then, whilst the linear arrays on U-Th isotope diagrams may broadly reflect
the duration of fluid fluxing, they may not provide a direct indication of the time since U
addition (see further discussion in Section 8). Tonga may be an exception: if the fluid
contains Th and Pa then none of the models predict the deficits of **'Pa relative to 2°U in
the Tonga arc or the similarity between the time scales derived from U-Th and U-Pa
systematics in that arc. Fully reconciling the constraints from the Ra-Th and Pa-U data
remains an important challenge to be further addressed by future arc studies and clearly
holds great promise for unraveling further the physics of the partial melting process in
this tectonic environment.

7.7. Partial melting of the subducting oceanic crust

The subducting basaltic oceanic crust is generally thought not hot enough to undergo
partial melting except when the plate is very young (Peacock et al. 1994). Under atypical
circumstances, however, it may be hot enough for the subducting basaltic crust to melt
sufficiently that the resulting melts can reach the surface with some of the elemental and
isotopic features of their MORB source intact. Partial melting versus dehydration of
subducted basaltic crust produces distinctive, adakitic lavas due to the already
fractionated nature of the protolith and the presence of significant amounts of residual
garnet (Defant and Drummond 1990). In the Austral Andean zone of southern Chile,
south of the point of subduction of the Chili ridge, very young (< 20 Ma) oceanic crust is
presently being subducted. Lavas erupted above this zone were analyzed by Sigmarsson
et al. (1998) who showed that they are characterized by ***Th-excesses and high La/Yb
and Sr/Y ratios which they ascribed to melting in the presence of residual garnet. A slab-
melt signature has also been recognized in the Central Kamchatka Depression located
above a zone of plate-tearing. Here Dosseto et al. (2003) have shown that the lavas with
higher La/Yb and ***Th-excesses (inferred to have a slab melt component) also have
lower (**°*Ra/**°Th) and (*'Pa/**°U) which they ascribed to residual phengite and rutile
which should retain Ra and Pa respectively. However, it would be erroneous to make the
assumption that all arc lavas that have >*°Th-excesses were formed in this way (Bourdon
et al. 2000a; George et al. 2003). Even other “adakitic” arc lavas with 2*°Th- and **°Ra-
excesses (e.g., Shasta in the Cascades: Volpe 1992) can be interpreted as mostly mantle-
derived melts through processes similar to those described in the section above (Grove et
al. 2002).

8. DISCUSSION OF U-SERIES TIME SCALE
IMPLICATIONS FOR ARC LAVAS

The preceding sections have established that the U-series information from arc lavas
is a complex end-product of several different processes and this is especially true for U-
Th isotopes. The two observations that seem to be most robust are (1) the need to transfer
the 2*Ra-excess signal from the subducting plate into the melting zone and to the surface
in less than a few 1000 years, and (2) the need for a partial melting process which allows
for 2*'Pa in-growth. There are a number of different models which can take account of
these two requirements but which have different implications for the U-Th isotope arrays.
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In an extreme end-member case where both Th and Pa are considered very mobile,
the U-Th arrays (and U-Pa in the case of Tonga) would simply point to the U-Th-Pa
composition of the fluid (e.g., Chabaux et al. 1999; Sigmarsson et al. 2002; Yokoyama et
al. 2002). However, our calculations of likely fluid compositions (Table 3) make this
seem unlikely (note the position of the calculated fluid on Figs. 8, 9, 11, 14, 19). Note
that such models also generally require that the fluid is derived from the altered oceanic
crust. If the fluid was derived from pelagic sediment it would have a much lower
(*°Th/**Th) ratio (~ 0.5 in the case of Tonga) such that fluid addition would result in a
negative array on the U-Th equiline diagram and the U-Th array would underestimate the
integrated time of U addition (see Fig. 9). This is not true for those margins where the
subducting sediment is rich in hemi-pelagic components characterized by high U/Th (and
therefore high (**°Th/*?Th) ratios), such as central America (Herrstrom et al. 1995;
Thomas et al. 2002) but they are exceptional. Conversely, this model would fail to
explain the high (**°Th/**Th) ratios of the Kamchatka lavas (Turner et al. 1998; Dosseto
et al. 2003) since there is no carbonate sediment input beneath this arc.

Perhaps the simplest model, most applicable to Tonga-Kermadec, involves a two-
stage addition of a fluid containing no Th or Pa followed by dynamic melting in an
upwelling matrix (e.g., Bourdon et al. 2003). In this model, the slope of the U-Th arrays
reflects the integrated time of U addition and, in Tonga, the absence of significant
residual clinopyroxene during partial melting leads to minimal *°U-**'Pa fractionation
(thus U-Pa isotopes record a similar U addition time scale). In Kermadec, partial melting
results in **'Pa-excesses which can be used to constrain the rate of matrix flow through
the melting region. In this case it is assumed that the U-Th systematics are not affected by
partial melting due to the similarity of the U and Th mineral/melt partition coefficients at
the pressure of the melt generation zone (Bourdon et al. 2003).

An important question in this model is to what extent are the derived time scales
compromised if there is a small amount of Th and Pa in the fluid as predicted by the data
in Table 2. In Table 3 we calculate the apparent U-Th and Nb-normalized U-Pa ages of
the fluid composition derived earlier. The U-Th apparent age is 14-16 kyr, so that the 50-
60 kyr time scale inferred in Tonga would overestimate the true integrated U addition
time scale by 14-16 kyr (Fig. 9a). However, the U-Pa apparent age is only 40-45 years
due to the minimal mobilization of Pa in the fluid. This implies that the U-Pa age is the
more robust estimate (Fig. 9b). These results contrast with those of Yokoyama et al.
(2002) who suggested that subduction fluids could have a very large effect on the U-Th
equiline diagram. Firstly, their results were based on calculations using a high
eclogite/fluid partition coefficient for U largely because they did not take into account the
effects of fO, on U partitioning into garnet. Secondly, they allowed ***Th to in-grow in
the accumulating fluid in the subducting plate prior to its release and during it’s transport
through the wedge to the melting zone. However, all *Ra-excess would have decayed in
such fluids. In reality, this model is effectively indistinguishable from the Tonga-
Kermadec two-stage fluid addition interpretation; in both cases, it is the time elapsed
since U-Th fractionation that is constrained. The relative amounts of time spent during
fluid accumulation, passage through the wedge or in the melting zone remain unknown.
In this respect it is interesting that Bourdon et al. (2003) speculated that the time required
for fluid build-up prior to hydrofracturing may be on the order of 10’s kyr.

In the model advocated by Elliott et al. (2001) and George et al. (2003) the U-Th
systematics are affected by partial melting leading to increases in (*°Th/>*Th). If the
fluid does not contain appreciable Th (or Pa), then the slope of the U-Th array is simply a
function of the matrix flow rate through the melting zone (Fig. 17a), rather than the time
since U addition, and this bears similarities with the approach used to derive upwelling
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(and melting) rates in MORB and OIB (see Lundstrom 2003; Bourdon and Sims 2003).
In principle the U-Th arrays in this model could be produced by **°Th in-growth in a
downwelling matrix and the rate of matrix flow controls the extent of in-growth rather
than any link to the amount of fluid addition and extent of melting (i.e., the amount of in-
growth should be constant for a given subduction rate).

Thomas et al. (2002) have explored the flux melting models both with and without
the presence of significant Th and Pa in the fluid. If the fluid contains only U, then the
slopes of the U-Th and U-Pa arrays reflect the composite effects of ageing since U
addition and **°Th and **'Pa in-growth during the partial melting process. Since the
mineral/melt distribution coefficients are very similar for U and Th but very different for
Pa (Blundy and Wood 2003), U-Th and U-Pa isotopes will contain information about the
melting rate (which is a function of the amount of fluid addition in these models) whereas
U-Pa isotopes will be more sensitive to the residual porosity in the melt region due to the
very small partition coefficients for Pa. If the fluid also contains appreciable Th and Pa,
then extracting information on a specific process (composition of the fluid, time since U
addition, rate of melting) will necessarily be more difficult. However, there is no reason
this should be impossible, especially if our knowledge of mineral-fluid partition
coefficients and melting processes can be improved.

In conclusion, the significance and interpretation of the information derived from U-
series isotopes in arc lavas is critically dependant on the fluid addition and melting model
assumed. However, we stress that useful information is always contained in the U-series
isotopes which ever model is ultimately adopted. It is incorrect (and misleading) to say,
for instance, that the slopes of U-Th arrays have no time significance if there is Th in the
fluid or if »°Th in-growth occurs during the melting process. Rather, they contain
important, albeit integrated, information about the composition of the fluid, the timing of
its addition and the nature of the melting process which careful modeling should allow us
to de-convolve.

9. REAR ARC LAVAS

Rear lavas provide a unique opportunity to investigate models for the progressive
distillation of elements from the subducting plate and changes in magma composition in
response to changes in melt fraction and residual mineralogy with increasing depth. Ryan
et al. (1995), Woodhead et al. (1998), Hochsteadter et al. (2001) and others have
documented that fluid-sensitive indexes like U/Th, Ba/La and Sr/Nd often decrease
behind the volcanic front of most arcs suggesting a decrease in the relative fluid
contribution and/or progressive depletion of these elements in the subducting plate which
results in changes in the composition of the fluids released. Stolper and Newman (1994)
showed that H,O played an important role in the genesis of the Marianas back arc lavas
but also suggested that the aqueous fluids became progressively stripped of all but the
most fluid mobile elements with increasing passage through the mantle.

U-series data from across arc traverses are available from the New Britain (Gill et al.
1993), Kamchatka (Turner et al. 1998) and eastern Sunda (Hoogewerff et al. 1997;
Turner and Foden 2001) arcs as well as from individual rear-arc volcanoes such as
Bogoslof in the Aleutians (Newman et al. 1984; Turner et al. 1998; George et al. 2003)
and Merelava in Vanuatu (Turner et al. 1999). Additionally, lavas from back arc
spreading centres in the Lau Basin behind the Tonga arc have been analyzed by Gill and
Williams (1990) and Peate et al. (2001). These data are plotted on diagrams of
(P°Th/*®U) and (***Ra/*°Th) against depth to Benioff zone in Figure 20. Although there
is much scatter, Figure 20a shows that whilst in general arc front lavas are characterized
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Figure 20. (a) (*°Th/?*%U) and (b) (***Ra/*Th) versus depth to Benioff zone. Note that the age of the
Lau Basin glasses (plotted as filled circles) is unknown and so the (***Ra/***Th) ratios should be treated
as minimum values. Data are from New Britain (Gill et al. 1993), Kamchatka (Turner et al. 1998) and
Sunda (Hoogewerff et al. 1997; Turner et al. 2001) arcs. Also plotted are average values for the
volcanic front and several rear-arc volcanoes from the following arcs: Bogoslof - Aleutians (Turner et
al. 1998, 2001; George et al. 2003), Lau Basin and Niuafo’ou - Tonga (Regelous et al. 1997; Turner et
al. 1997, 2000a; Peate et al. 2001), Merelava in Vanuatu (Turner et al. 1999). Symbols and data sources
as in Figure 1 unless specified differently.

by **%U-excesses, these tend to decrease with increasing distance behind the arc. In
principle, this could be consistent with decreasing U in the fluids, decreasing amount of
fluid added to the wedge behind the volcanic front, increasing degth of melting, or any
combination thereof. In contrast, there is some evidence that ***Ra-excesses reach a
maximum slightly behind the arc front (Fig. 20b, Gill et al. 1993; George et al. 2003)
which may lend support to the model in which **Ra continues to in-grow in the
subducted plate and be released beyond the point of maximum U flux. **°Ra-excesses are
also found far beyond the arc but these are associated with 2**Th-excesses suggesting that
both disequilibria reflect partial melting effects more than fluid flux (Regelous et al.
1997; Turner et al. 1997, 1998, 2000a; Peate et al. 2001).
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In detail, some of the trends within individual across-arc traverses are complicated.
For example, within Kamchatka U/Th ratio increases with depth to the Benioff zone
(Turner et al. 1998), although there is no simple correlation with (*°Th/?*®U) (Fig. 20a).
In Tonga, there is a relatively abrupt switch from **®U-excesses to >**Th-excesses some
250 km behind the arc front (Peate et al. 2001). H,O/Ce ratios are still higher than MORB
in the central and eastern Lau Basin and degree of melting is correlated with H,O content,
so H,O demonstrably still plays an important role in back arc magma genesis (Stolper
and Newman 1994; Peate et al. 2001). However, there is evidence that the composition of
the fluids changes with distance from the arc in Tonga (Pearce et al. 1995; Peate et al.
2001) and, amongst the eastern Lau Basin lavas, the more H>O-rich lavas have the larger
2Th-excesses rather than **U-excesses (Peate et al. 2001). Finally, neither the dynamic
or flux melting models readily explain rear-arc volcanism.

10. MODIFYING PROCESSES

This chapter is primarily concerned with the interpretation of U-series isotope
disequilibria originating from arc lava sources and those created during partial melting.
However, it is important to summarize the types of processes that could modify this
signal and therefore potentially lead to erroneous interpretations.

10.1. Time since eruption

Sample age is clearly important, especially for *°Ra-*"Th disequilibria. Ideally,
only samples of known age should be analyzed or else U-series investigations should be
combined with a geochronological study. Unfortunately, this is not always possible and
samples ages have often only been estimated to be “< 10 ka,” so as to imply that an age
correction is unnecessary for Th isotopes, or as “this century” or, worst of all, “historic”
for the purposes of **°Ra. The appropriate decay equations can be used to investigate the
magnitude of error introduced by a 6given age uncertainty. This issue is particularly
important for the interpretation of *°Ra-*°Th disequilibria in pre-historical samples.
Note that the Ra data in Figures 10, 11a and 21 have been corrected to the date of
eruption. In some cases, especially for Tonga, this involves assuming that the uppermost
unvegetated lavas are from one of the most recent magmatic eruptions of the volcano,
and correcting to the mean age of possible eruption ages. Assuming too old an eruption
age increases apparent (**°Ra/*°Th) at the time of eruption. However, most samples in
those figures are from eruptions this century with no major ambiguity about sample age.

10.2. Alteration and seawater interaction

Alteration is always a cause for concern in geochemical investigations and the best
approach will always be to avoid samples with visual or chemical evidence for alteration.
The differential fluid mobility of U, Th, Pa and Ra undoubtedly provides the potential for
weathering or hydrothermal circulation to disturb the U-series signatures of arc lavas. In a
study of lavas from Mt. Pelée on Martinique, Villemant et al. (1996) found that dome-
forming lavas were in U-Th equilibrium whereas plinian deposits from the same
eruptions had small ***U-excesses which they interpreted to reflect hydrothermal
alteration. However, whilst the addition of U could be due to hydrothermal alteration, the
plinian deposits were also displaced to lower *°Th/***Th ratios which cannot. Instead, the
two rock types may just be from separate magma batches.

Seawater interaction is a potential source of several U-series nuclides, and is strongly
enriched in B, Cl and Sr. Thus, abundances of these elements and/or their isotopes can
often be used to test for seawater contamination (e.g., Turner et al. 2000a). Because ***U
will be located in mineral sites that have been damaged by recoil effects, **U is likely to
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Figure 21. (***Ra/*°Th) disequilibria versus SiO, as an index of differentiation (on this diagram lavas
with SiO, > 60% been plotted). The general decrease in (***Ra/**°Th) with increasing SiO, within most
individual arc datasets suggests that basalts evolve to andesites and dacites within millennia.

be preferentially mobilized relative to **U (Chabaux et al. 2003). Seawater is enriched in
24U and so #*U-excesses may indicate recent seawater interaction in arc lavas. As shown
by Yokoyama et al. (2002), seawater contamination can have a dramatic effect: a
(3*U/”%U) only 3% higher than equilibrium (1.03) equates to 20% seawater
contamination, which will shift (***Th/***U) from 0.6 to 0.45! Note that the revised decay
constant for 2**U (Cheng et al. 2000) results in some published data giving ec%uilibrium
(3*U/8U) more faithfully. Similarly, Bourdon et al. (2000b) showed that a (***U/**U)
ratio only 1.5% higher than equilibrium can shift (*'Pa/*°U) from 2.5 to 3.4. Careful
selection and leaching of submarine samples eliminates contamination by Mn-oxides
which are enriched in *'Pa and **Th (Bourdon et al. 2000b).

10.3. Magma chambers processes

Plutons provide undeniable evidence that rising magmas can stall in magma
chambers and many magmatic processes can fractionate U-series nuclides and also
potentially last for times long relative to their half-lives allowing for nuclide in-growth or
decay. The encouraging thing is that the correlations described above are as good as they
are because it means that such modification has been minor. Nonetheless, we now review
several processes that seem to have demonstrable effects.

10.4. Radioactive decay

Radioactive decay during residence in magma chambers is critical for interpretation
of the shorter lived isotopes such as **Ra. Several studies have shown negative
correlations between (**Ra/**°Th) and indices of fractionation (e.g., Gill and Williams
1990; Vigier et al. 2000; Turner et al. 2000a, 2001). In oceanic arcs, there is a fairly
reproducible negative correlation between (***Ra/**°Th) and SiO, (Fig. 21) suggesting
that andesites and dacites may take a few millennia to evolve from basaltic parental
magmas. Less commonly, some studies have suggested that magma residence times in
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oceanic arcs can be significant even relative to the half-life of >*°Th (Heath et al. 1998;
Hawkesworth et al. 2000). In continental arcs, residence times also appear to be longer
and fractionation combined with assimilation of pre-existing crystal mushes has been
argued to produce rhyolites on time scales of 10%-10° years (Reagan et al. 2003).
However, since the subsurface residence times of magmas is specifically addressed
elsewhere by Condomines et al. (2003), here we will restrict ourselves to briefly
considering some of the processes which could occur during this residence to modify the
deep level U-series isotope signals.

10.5. Crystal fractionation or accumulation

Crystal fractionation is the most obvious but since U, Th, Pa and Ra are all highly
incompatible elements in gabbroic phases (Blundy and Wood 2003), U-series nuclides in
arc basalts and andesites will be remarkably robust to the effects of crystal fractionation
until the saturation of K-feldspar or accessory phases is attained. The same does not hold
for evolved dacites and rhyolites because zircon, apatite and sphene all have the ability to
strongly fractionate U-Th-Pa-Ra (Blundy and Wood 2003). Conversely, the bulk
entrainment of gabbroic phases is also likely to have minimal effect upon U-series
isotopes because of the orders of magnitude higher concentrations in the magma. As
noted in Section 6.2, the very low Dp,, for Ra (Bundy and Wood 2003), means that Ra
concentrations in plagioclase are 10’s fg/g compared with 100’s fg/g in the groundmass
and so **°Ra-excesses cannot reflect plagioclase accumulation. An exception is the
behavior of the short-lived nuclide Rn which is efficiently extracted by degassing in
shallow-level magma chambers. Its longer lived daughter product *'°Pb may also be
sensitive to extraction in a volatile phase (Condomines et al. 2003). Moreover, Pb can be
moderately compatible in plagioclase (Blundy and Wood 2003). However, these
properties have the exciting potential to be exploited to investigate the time scales of
magma degassing (Gauthier and Condomines 1999).

10.6. Magma recharge

Recharge of a magma chamber with fresh inputs may trigger eruption (Sparks et al.
1977) and can significantly alter the U-series disequilibria of the resident magma either
because the new input has not undergone decay or because the new input has a different
source signal to the resident magma. The former case has been investigated numerically
for a fixed volume system by Hughes and Hawkesworth (1999) who showed that
magmas can be maintained out of secular equilibrium over residence times that are
significant relative to the half-lives of *°Ra and **°Th by periodic mixing with influxes of
new magma. This buffering effect is sensitive to the periodicity of the replenishment
events, relative to the half-lives of **’Ra and »*°Th, and to the ratio of input to chamber
volume. These two parameters also control the size of oscillations in activity ratios and
the time scale over which steady state conditions can be reached. If replenishment occurs
on a time scale that is short relative to the half-life of *°Ra then *°Th-***U disequilibria
will be maintained close to its starting value and *°Ra-***Th will approach equilibrium as
the replenishment time scale increases (Hughes and Hawkesworth 1999). In the case of a
chamber with variable size, similar results were obtained by Vigier et al. (1999), who
showed that the actual residence time of the magma could be longer than that calculated
assuming simple closed-system decay.

10.7. Crustal contamination

The passage of magma through the crust and any storage time in magma chambers
provides the opportunity for crustal interaction. As with any geochemical study of
igneous rocks, the possible effects of crustal contamination have to be considered when
attempting to interpret U-series disequilibria in terms of source processes. However, U-
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Th isotopes have the advantage of being sensitive to contamination even by very young
materials and thus can be usefully employed to investigate both the time scales of
assimilation and the nature of the contaminant. We illustrate this latter potential with
reference to selected case studies and the U-Th equiline diagram in Figure 22 recalling
that mixing lines are linear on this diagram.
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In oceanic arcs, likely contaminants include the oceanic crust upon which the arc is
built and the older arc lavas and sediments that comprise the upper arc crust. The long-
lived radiogenic isotopes Sr, Nd and Pb are very poor tracers of the first two materials
because they are too young to have evolved diagnostic isotope ratios and older arc lavas
are likely to have similar long-lived isotope and trace element ratios to the younger ones
of interest to U-series investigations. Equally, distinguishing contamination by ancient
crustal materials from subducted sediment input is difficult. These features mean that
contamination in oceanic arc lavas is usually a subtle feature that is hard to detect.
However, the same is not necessarily true of Th isotopes because these change and reach
equilibrium on a time scale of 350 kyr. Sediments and ancient continental crust have low
U/Th and thus low (**°Th/?**Th), whereas since most arc lavas begin with **U-excesses,
their 2°Th/**Th evolution is conveniently in the opposite direction towards high
(**°Th/**2Th). As illustrated on Figure 22, this may facilitate detection of contamination
by such materials. Similarly, pre-existing arc lavas that are > 350 kyr old will have
decayed up to the equiline and will have higher (*°Th/***Th) ratios than the incoming arc
lavas, although contamination with this material may be hard to distinguish from ageing
of the incoming arc lavas during residence in magma chambers.

A further means by which U-series isotopes can be used to identify mixing or
contamination processes is when the disequilibria in two parent-daughter systems with
very different half-lives both decrease with increasing fractionation. For examgle, lavas
from Galunggung in the Sunda arc trend towards both (**U/*°Th) and (***Ra/**°Th) = 1
with increasing SiO; (Turner and Foden 2001). Given the difference between the half-
lives of these two isotope systems, these arrays cannot record the time taken for
differentiation and the simplest explanation is that they reflect mixing between mantle
derived magmas and silicic crustal melts or more evolved magmas in which U-Th-Ra
isotopes have returned to secular equilibrium. These lavas show no change in "*Nd/"**Nd
with increasing SiO; (Turner and Foden 2001), and so the most likely candidate for the
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contaminant is small degree partial melts of pre-existing basalts. An important
implication is that these crustal melts were not significantly out of 2**U-*Th or **°Ra-
29Th equilibrium and therefore that this type of crustal contamination does not mask the
mantle source component signatures.

Continental arcs provide maximum potential for crustal assimilation especially
where the crustal column is thick. Ancient continental crust has high time-integrated
Th/U ratios and consequently much lower (**°Th/***Th) ratios (~0.4-0.7) than the MORB
source (~1.2). Therefore, Th isotopes are very sensitive to even small additions of ancient
crustal material which will lead to a mixing trajectory toward low (**°Th/?**Th) ratios. If
the wedge-sediment mix has a higher (**°Th/**Th) ratio than the local crustal basement
then contamination will result in displacement below this value. Thus, George et al.
(2003) found in the Alaska-Aleutian arc that lavas erupted in the oceanic sector had
(*°Th/**Th) ratios equal to or higher than the subducting sediment whereas some lavas
erupted through the continent on the northeastern Alaskan peninsula were significantly
displaced to lower (*°Th/***Th).

The Andes is the area for which Hildreth and Moorbath (1988) originally developed
their MASH model (Melting, Assimilation, Storage and Homogenization) for crustal
interaction. Here, lavas from the southern volcanic zone of Chile lie on continental crust
of average thickness (35-40 km) and their O and Sr isotope signatures can generally be
explained by sediment addition consistent with the presence of a '°Be signal (Sigmarsson
et al. 1990). The U-Th-Ra systematics of these lavas appear to be unaffected by crustal
contamination (Sigmarsson et al. 1990, 2002). The preservation of **°Ra-excesses in most
of the southern volcanic zone lavas requires sufficiently rapid transit through the crust
that there may have been no time for the formation of large magma chambers in which
major contamination could take place. One exception to this is a lava from San Jose
which lies on significantly thicker crust (55-60 km) and has elevated *’Sr/**Sr and 80
isotopes indicative of crustal contamination. This lava is also characterized by **°Ra-
2Th equilibrium and lies slightly above the U-Th isotope array for the remainder of the
lavas (Sigmarsson et al. 1990, 2002) suggesting that it may have had a greater crustal
residence time during which contamination occurred.

In contrast to the southern volcanic zone, Parinacota volcano lies on very thick
continental crust (> 70 km) in the central volcanic zone of Chile. Bourdon et al. (2000a)
showed that young Parinacota lavas encompass a wide range of U-Th disequilibria. ***U-
excesses were attributed to fluid addition to the mantle wedge but »**Th-excesses in lavas
from the same volcano are more difficult to explain. The lavas with 2*°Th-excesses also
have low (?*°Th/**Th) (< 0.6) characteristic of lower continental crust characterized by
low Th/U and in their preferred model, Bourdon et al. (2000a) attributed the **°Th-
excesses to contamination by partial melts, formed in the presence of residual garnet, of
old lower crustal materials.

11. TIME-INTEGRATED U-Th-Pb EVOLUTION OF THE CRUST-MANTLE

Convergent margins are generally considered to be the principle present-day tectonic
setting where new continental crust is formed (~ 1.1 km*/yr, Reymer and Schubert 1984).
As illustrated on Figure 23, this new crustal material is characterized by Th/U ratios that
are even lower than the Th/U ratio of the MORB mantle (2.6, Sun and McDonough 1989)
yet the Th/U ratio of the bulk continental crust (3.9, Rudnick and Fountain 1995) is close
to the Th/U ratio of the bulk silicate earth (see Bourdon and Sims 2003). There are
several possible explanations for this paradox. Firstly, it is possible that the processes that
formed the continental crust in the past were different to those in operation today. Since
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the mantle was some 200°C hotter, melting of the subducting oceanic curst is likely to
have been more prevalent (Peacock et al. 1994) and this is the process that is thought to
have produced TTG (tondjhemite-tonalite-granite) series in the Archaean crust (Defant
and Drummond 1990). As discussed above, during slab melting, residual garnet retains U
relative to Th and this is consistent both with the observation of **°Th-excess in putative
slab melts from the Austral Andean zone in southern Chile (Sigmarsson et al. 1998), and
the need for residual garnet to explain the Sm/Nd ratio of the crust (O’Nions and
McKenzie 1988). Secondly, it is likely that the surface of the Earth was less oxidizing in
the Archaean such that U was less preferentially transported to oceans and recycled
(Hawkesworth et al. 1997a,b).

Alternatively, it can be argued that U and Th are both highly incompatible during
melting and that there is only minor fractionation between U and Th during the formation
of most arc lavas which lie close to U-Th equilibrium (see Fig. 3). In that case, the higher
Th/U ratio of the bulk continental crust would reflect a higher Th/U ratio of the mantle in
the past when the bulk of the continental crust was formed. In this model, the present day
low Th/U ratio of the upper mantle would be the result of more recent evolution of the
mantle. The long-term evolution of Th/U ratios in mantle rocks can be tracked with both
208pp-2%ph and *°Th/*?Th systematics (Bourdon and Sims 2003). Pb is also
preferentially removed to the crust at subduction zones leading to long term secular
depletion of the mantle in Pb (Miller et al. 1994). Thus, Galer and O’Nions (1985)
showed that MORB and OIB are characterized by present-day Th/U ratios that are lower
than their time-integrated Th/U ratios inferred from Pb isotopes (the so-called kappa
conundrum) and called upon a steady-state model for exchange between the lower and
upper mantle to explain this observation. However, the operation of the mantle at steady-
state for long-lived isotope systems has been questioned by Albaréde (2001) and
alternative explanations have been suggested by Zartmann and Haines (1988),
McCulloch (1993) and Elliott et al. (1999). As shown by Elliott et al. (1999), an
alternative explanation to explain the lower Th/U ratio of the upper mantle relative to the
time-integrated Th/U ratio from Pb isotopes, is to recycle preferentially U relative to Th
in subduction zones. Estimates of recycling fluxes based on Th-U disequilibrium data for
the Marianas (Elliott et al. 1997, 1999) have shown that U is preferentially recycled in the
mantle compared with Th. However, this will only happen when U is in its fluid-mobile
U®" form and this would have commenced only when the atmosphere and hydrosphere
became sufficiently oxidizing some time in the Post-Archaean Earth (Holland 1984). The



Magma Genesis at Convergent Margins 303

actual reasons for build up of oxygen in the atmosphere are still a hotly debated issue
(e.g., Kasting 2001) but it is important to note how the chemistry of the deep-earth might
be fundamentally affected by the chemistry of the atmosphere and how the fractionation
of elements such as U and Th is only enhanced in the hydrosphere and shallow Earth
where they have largely different behavior compared with the reducing conditions of the
deep mantle.

12. FUTURE WORK

The use of U-series disequilibria in unraveling the physical processes of fluid
transfer, partial melting, melt migration and modification at convergent margins is still a
new and rapidly expanding field of research. Indeed, some of the full implications of the
available data are only just beginning to be appreciated and many have barely been
explored. In tandem with this, advances in analytical techniques are allowing for more
rapid and precise analysis of ever smaller amounts of materials. These will inevitably
lead to new data sets which can only help improve our understanding of convergent
margin processes. It must be stressed that these need to be undertaken upon fully
characterized and well dated, ideally primitive lavas. Studies of fore-arc and back-arc
seamounts would help to map fluid release and melting effects along the slab. However,
these data will need to be combined with better numerical models if their full significance
is to be realized and an outstanding need in this regard is for a testable melting model for
arcs. This will need to be evolved with geophysical constraints and independent
information about the P, T and H,O conditions of melting beneath arcs. For example, the
flux melting models imply a testable link between melting rate and subduction velocity.
While the current 1-D models seem to explain many of the U-series observations in arcs,
they certainly do not capture some of the complexity that should arise in 2- or 3-D
models. Thus, there are many potential rewards available from future melt and fluid
inclusion studies on primitive arc lavas. Finally, additional experiments on fluid-mineral
partition coefficients at the appropriate conditions and mantle melting under hydrous
conditions also need to be conducted to allow for better forward modeling of the U-series
data.
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APPENDIX:
EQUATIONS FOR SIMULATING MELTING
AND DEHYDRATION MODELS IN ARCS

Al. Single-stage model

The fluid compositions given in Table 3 and plotted on various figures were
calculated assuming Rayleigh distillation of altered oceanic crust using the partition
coefficients for rutile-free eclogite at 3 Gpa from Table 2. However, the composition of
the mantle wedge prior to melting reflects a mass balance of this fluid plus wedge
peridotite and sediment. Here we present a simple mass balance calculation which
indicates how the U-Th or Th-Ra composition can be estimated in the composite mantle
wedge source prior to melting. In this model, the fluid release by dehydration occurs as a
single event releasing both U and Ra (and small amounts of Th or Pa based on the
partition coefficients estimated for Th or Pa in Table 2). This dehydration can be thought
of as either a “batch” or a “Rayleigh” process, the latter being more efficient in stripping
the elements from the altered oceanic crust. The mineral fluid partition coefficients
compiled in Table 2 and/or A1l can be used to calculate the fluid concentration. If Cs is
the concentration in the fluid, then the composition of the metasomatized mantle wedge
prior to melting is:

C, =Cg, Xy +XoiCoa +(1-X s — X4, ) C

sed sed

where the sum of all the fractions (X;) from the depleted wedge (dw), sediment (sed) and
slab fluid (f) equals 1. The concentration of a given element in the depleted mantle wedge
can be estimated, as follows, assuming that the wedge has become variably depleted
during a back-arc melt extraction event:

C _ DCMORB
dw
D+F(1-D)

where Cyiorp represents the composition of the MORB source, D is a partition coefficient
during melting and F the degree of melting in the back-arc. Using the partition
coefficients given in Table 2, this model produces almost horizontal arrays on the ***U-
2Th isochron diagram for a constant amount of fluid addition. As argued in the text,
inclined arrays can then be produced by dynamic melting (George et al. 2003; Lundstrom
2003; Bourdon and Sims 2003). If we allow for greater amounts of Th in the slab fluid,
then inclined arrays can also be produced with a single stage fluid addition without the
need for 2*°Th in-growth during melting or ageing.

A2. Two stage-model for fluid addition

This model assumes that fluid dehydration takes place in two distinct stages (Fig.
12). The first stage produces most of the 2*®U-?*Th signature while the second stage adds
mainly *°Ra. The model assumes that Th is not fluid mobile and that no Th is lost from
the altered oceanic crust (slab) during either dehydration stage. Dehydration transport of
U from the altered oceanic crust during the first stage is assumed to occur via a Rayleigh
distillation process according to the following equation describing the activity of residual
uranium in the slab:

1

238U1 _ 238U0 (1 ~F, )DT_]
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where F; is the fraction of fluid released during the first stage, Uy is the activity of U in
the slab, U; is the activity of residual U in the slab and Dy is the fluid/solid partition
coefficient. Note that here the elemental symbols U, Th and Ra represent activities of the
nuclides considered (***U, 2*°Th and ?*°Ra) rather than concentration. In this calculation,
we assume that the initial U concentration in the slab is 0.1-0.3 ppm and F; is 0.02-0.03.
This first step efficiently removes U from the slab. Had we chosen batch dehydration, the
amount of U left in the slab would be greater and there could be some U in the second
stage fluid addition.

The time between the two dehydration stages is At and is taken to match the slope of
array on the U-Th diagram. The activity of *°Th in the wedge after this time is:

230Th2 — 230Thle—7»At + 238 Ul (1 _e—XAI)

where

where A is the decay constant of 2°Th. After At, *’Ra added to the mantle wedge during
the first dehydration stage will have decayed back to secular equilibrium with the **°Th in
the wedge (“*°Th,) such that:

26R2,=230Th,

The activity of **Ra available to be added by the second stage dehydration is that
which has in-grown from *°Th left behind in the slab. Thus, we can calculate the **°Ra
and U activities in the second step dehydration fluid:

_ Ra, (1—(1—F2 )1/DR“)

f
Ra,

1

Ul :%(1—(1—F2)”D”)

2

where Ra! and U,' are the integrated Ra and U activities during fractional dehydration of
the slab, F; is the fraction of fluid released in the second stage (up to 0.02) and Uj is the
residual U content in the slab before the second fractional dehydration (first equation).
An outcome of the Rayleigh distillation process is that the amount of U in the second-
stage fluid is negligible compared with the first stage.

In the second step, we calculate the mass balance for all the components present in
the mantle wedge: (1) depleted peridotite (dw), (2) sediment (sed), (3) first fluid (mass
fraction F;) and (4) second fluid (mass fraction F,). The depleted peridotite is assumed to
be a depleted peridotite (8 ppb) that is further depleted during batch extraction of melt in
a back-arc (F = 0-10%). In the case of Tonga-Kermadec the mantle wedge appears to be
variably depleted (e.g., Turner et al. 1997) and so it is appropriate to use a range of
previous depletion in the modeling discussed here. The fraction of sediment can be
estimated from Pb or Nd isotopes (e.g., 5%o for Tonga-Kermadec). For **Th, there is no
input from the second fluid because Th is again assumed to be fluid-immobile and the
only contribution of »*°Th comes from decay from U,". To a first approximation, we
assume that the ratio of slab mass to mantle mass is equal to 1. This parameter could of
course be tuned and incorporated in the mass balance equation given below. For U, the
first dehydration stage removed all the U from the slab. Thus the budget of *°Th in the
mantle wedge is given by:
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#Th, . =>"Th X, +(1-X,)”'Th]
230Th1f _ 238U1f (1 . ekat)

1

238Uf — 238U0 (1 _(1 _E ))E
Finally, the *°Ra content in the mixture wedge + fluid 1+ fluid 2 is:
**Ra_. = ""Ra,(1-F —F)+F " Th! +F, **Ra)
226 Ra — 230Th
20 Thw = 230’Thdw)(dw + (1 - de ) 230’Thsed

Where w denotes the mantle wedge (w). The total fraction of fluid added is inferred to be
close to 0.03, a reasonable estimate for the fraction of fluid contained in the oceanic
crust; for example, F; =0.01 and F,=0.02. A sediment component (sed) is also added to
the variably depleted mantle wedge (dw). The sediment composition can be based on
values for the composition of the sediment entering the trench using, for example, the
compilation of Plank and Langmuir (1998). Figure 12 illustrates an example of the two-
stage model used to simulate the Tonga-Kermadec arc whilst matching the 30-50 ka
timescale from the U-Th array.

A3. Continuous dehydration and melting

This section describes the continuous flux melting model used in Bourdon et al.
(2003) and has many similarities with the model of Thomas et al. (2002). A significant
difference is that the model described here keeps track of the composition of the slab as it
dehydrates. This model is based on mass balance equations for both the mantle wedge
and the slab. We assume secular equilibrium in the U-series decay chain initially:

(238U2c) _ ( 230Thzc) _ ( 226Ra§c)

In this equation, the parentheses denote activities. The model operates with a series of
time-steps. Between two time steps, a fraction of fluid (df) is added to the mantle wedge.
The activity of Ra in the fluid is calculated from the composition of the slab at the
preceding step (similar equations for U, Th, Ra, Pa) :

226Ra;1
(ZZGRaif) - Ds/f(+ f(l _I))s/f)

At each step, a fraction of fluid f is added to the mantle wedge from the slab. The
bulk partition coefficients used for fluid dehydration can be derived from published
mineral/fluid partition coefficients (see Tables Al and A2). The composition of the
residual slab is estimated as follows after At which is the time step between two melt
extractions (similar equation for Th and Pa):

( 230 Thi)c ) _ DsT/hf ( 230 Thifl )e—xmm + D;/f ( 238 Uif—l )(1 _ e—xmm )
A similar but more complex equation is derived for Ra:

Th
7\’226Ds/f

226 Ral — DRa 226 Ral 677»22(@ +
oc s/f f 7\, _ }\’
226 230

( 230 Thl )(eszzot _ e*kzz(\t )+
f

s/f (238 7i-1 gt ot ot
}\’226}\“230DU ( Uf )[oce 226 +Be 200 4 ye 23g:|
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Table Al. Partition coefficients used in dehydration
and melting models

U Th Ra Pa

slid/fluid 0.02 0.2 0.002 0-1
pysolid/melt 0.003 0.0014 1x107° 1 %107

D’s were calculated assuming 60% cpx, 40% garnet and no rutile
using values from Keppler (1996) and garnet/melt cpx/melt partition
coefficients to estimate garnet/fluid partitioning.

Table A2. Parameters used in melting and dehydration models

Parameters Notation Units Range
Degree of melting F none 0-0.2
Upwelling rate w ma’ 0-1
Melting rate r kgm3a’ 103-10°°
Solidus temperature T K 1000-1400
Length of melting column Z km 0-50
Matrix porosity ¢ none 0-0.005
Solid density Ps kgm™ 3350
Melt density Pm kgm™ 2700
where
o= 1
(}‘238 o 7"226 ) (}‘230 o }\’226 )
1
S WY
( 238~ V230 )( 226~ V230 )
1
’Y =

(7‘230 - }\’230)(7\’226 - 7\’238)

The initial U activity in the mantle wedge (Uy,) is set to an arbitrary value of 1 and
all the other nuclides are scaled relative to U,,. The initial U activity in the oceanic crust
is twice the activity in the mantle wedge. The Th/U ratios of the mantle wed%e and the
slab are both equal to 2.5. This value is relevant for modeling the higher (*°Th/***Th)
observed in some arc lavas. Fluid is added to a portion of mantle wedge, and the mass
fraction of fluid (f) and the composition of the mixture at time step i is given by (same
equation for all the nuclides):

(P°Thi, ) =(*"Thy")(1-f)+(**Th)f

The composition of the melt is then estimated with a batch melting model as follows
assuming that there is a total porosity of dfm+f;, where f; is the mass fraction of melt
prior to this new melting event:
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(230Thi ): (230Thiw)
"7 Dy +(dfm+f,)(1-Dy)

We assume that a constant mass fraction f; remains in the mantle wedge after melt
extraction. As in Section A2 of the Appendix, the ratio of slab mass to wedge mass is
assumed to be equal to 1 but more complex models are also possible. The bulk
composition of the mantle wedge after melt extraction is calculated with the following
equation after each extraction increment:

Cr =(D(1-f,)+f,)C,

where Cj and C,, represent the activity in the matrix after melt extraction and in the melt
respectively. Before the subsequent dehydration/melting event, the metasomatized mantle
wedge behaves as closed system and the decay equations (which are similar to the
equations given for the slab) are used to track the abundances of U-series nuclides.



