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U-series disequilibria of subduction zone lavas have been used to provide temporal constraints on flux transfer in
convergent margins. There are debates on whether the disequilibria are inherited from the source modified by
slabmaterials (fluids or sediments) or produced by in-growthmelting of themantle. After filtering out the effect
of crustal modification on U-series data, (226Ra)/(230Th) is not positively correlated with Sr/Th and Ba/Th in arc
basalts with SiO2 b52 wt%. This invalidates the key evidence for addition of slab-fluids to the mantle producing
226Ra excess in subduction zone lavas. Sediment melts with a zircon-free residue may have 231Pa excess, but it
is not consistent with the overwhelming Zr-Hf depletions in subduction zone lavas, which instead require a zir-
con-saturated residue during sediment melting.
With appropriate parameters applied, in-growthmelting in themantle followed bymodification in the crust can
provide a self-consistent explanation of the U-series disequilibria and the relationships with other geochemical
signatures in most subduction zone lavas except the few Tonga-Kermadec lavas with slight 231Pa deficit. On
the basis of melting experiments of hydrous peridotites, we further propose that most mantle-derived melts
and thus U-series disequilibria should be mainly produced by melting in the hot zone of the mantle wedge, as
controlled by thermal structure of the convergent margins. In order to produce enough short-lived nuclides,
the timescales of mass transfer and magmatism in the subduction zone should at least range from a few to a
few hundred millennia. Future studies onmore lavas, numerical modelling, and partition coefficients of U-series
nuclides will help for better application of U-series disequilibria into subduction zone magmatism.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Subduction zones are the vital site for crustal recycling,mantlemelt-
ing, juvenile crust growth, and ore-deposit forming (Rudnick, 1995;
Sillitoe, 2010; Jagoutz and Kelemen, 2015). Addition of volatile fluxes
derived from the subducted slabs to the wedge lowers the solidus of
the mantle peridotites and triggers partial melting of the mantle (Gill,
1981; Schmidt and Poli, 1998; Grove et al., 2006). One of the key ques-
tions of subduction zones is the timescale and process of volatile trans-
fer from the slab to the wedge during subduction and consequential
magmatism.

U-series nuclides can be fractionated during dehydration and partial
melting (Brenan et al., 1995; LaTourrette et al., 1995; Keppler, 1996;
Blundy and Wood, 2003), resulting in U-series disequilibria in igneous
rocks. Because the parent-daughter disequilibria decay back to secular
equilibrium after five half-lives (τ1/2) of the short-lived nuclides since
the fractionation, the disequilibria have provided a unique and powerful
tool to constrain the timescales of fluid transfer and magmatism in the
convergent margins and other tectonic settings (e.g., Bourdon and
Sims, 2003; Lundstrom, 2003; Turner et al., 2003a; Dosseto et al.,
2010). Fig. 1 summarizes the subduction zone volcanoes where lavas
have been studied for U-series disequilibria. In this review, the volca-
noes are classified as island arcs built on oceanic crust and continental
margin volcanoes (CMV) on continental crust.

There is an increasing consensus that U-series disequilibria are ob-
served in young subduction zone lavas. Hereafter, (daughter)/(parent)
is used to denote the radioactive ratio of the daughter nuclide over the
parent nuclide. Most young lavas have (231Pa)/(235U) and (226Ra)/
(230Th) N1; the majority of young lavas have (238U)/(230Th) N1, while
a substantial amount of samples have 230Th excess; and a significant
number of historical lavas are in 238U-230Th equilibrium,which is clearly
not a result of the ageing effect (Reubi et al., 2014). However, the origin
of the disequilibria is still contentious, leading to contrasting views of
the temporal implications for the magmatism in convergent margins.
Although it has been recognized that crustal melting can produce
230Th-enriched lavas, such as in the case of Cascadia (Wende et al.,
2015; Ankney et al., 2016), the main debates focus on whether U-series
disequilibria observed in the subduction zone lavas are inherited from
the mantle source metasomatized by slab-derived fluxes, or whether
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Fig. 1. Locations of subduction zone lavas investigated for U-series disequilibria in the literature. Red circles are continental margin volcanoes (CMV) and blue stars are island arcs.
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they are produced by in-growthmelting in themantle, the latter being a
physically similar process which has been used to explain the U-series
disequilibria in mid-ocean ridge basalts (MORB) and ocean island ba-
salts (OIB) (e.g., McKenzie, 1985, 2000; Spiegelman and Elliott, 1993;
Spiegelman, 1996).

It has been accepted that Ra and U are more fluid-mobile than Th
and Pa during the slab dehydration (Keppler and Wyllie, 1990;
Keppler, 1996). Therefore, the 226Ra and 238U excesses over 230Th in
subduction zone lavas have been widely interpreted to reflect the fea-
tures of the mantle source metasomatized by slab-fluids enriched in
Ra and U (e.g., Elliott et al., 1997; Regelous et al., 1997; Heath et al.,
1998; Chabaux et al., 1999; Turner et al., 2000, 2001, 2003a; Zellmer
et al., 2000; Sigmarsson et al., 2002; Dosseto et al., 2003; Yokoyama et
al., 2003; DuFrane et al., 2009). More recently, based on experimental
studies on partitioning of U-series nuclides between accessory minerals
and fluids, it was proposed that accessory minerals (such as zircon and
allanite) could play a key role in producing U-series disequilibria in hy-
drous fluid or sediment melt. If such signatures are introduced to the
mantle wedge and further inherited in subduction zone lavas
(Avanzinelli et al., 2012), the timescales of fluid transfer and
magmatism should be within five τ1/2 of the short-lived nuclides (e.g.,
230Th with a τ1/2 of 75,600 years, 231Pa with a τ1/2 of 32,800 years, and
226Rawith a τ1/2 of 1600 years). For instance, 226Ra excess in subduction
zone lavas implies that the timescale should be b8000 years; in some
extreme cases (e.g., in Tonga), it could be even within a few hundreds
of years (Turner et al., 2000; Turner et al., 2001).

Because Pa is generally regarded as immobile in hydrous fluids
(Keppler, 1996), U-richfluid addition to thewedge can create 231Pa def-
icit in the mantle source. This is not consistent with the 231Pa excess
ubiquitously observed in subduction zone lavas (Pickett and Murrell,
1997; Dosseto et al., 2003; Turner et al., 2006). Therefore, the in-growth
meltingmodelwas adopted to explain the 231Pa (and 230Th) excesses in
lavas (Thomas et al., 2002; Huang et al., 2011; Reubi et al., 2011, 2014).
Such a model requires that the timescale for mantle melting should be
at least comparable to the τ1/2 of 231Pa and 230Th so that enough 231Pa
and 230Th can be produced to overprint the original 231Pa and 230Th def-
icits in themetasomatizedmantle. That is, the initial status of themantle
source may not be related to the final disequilibria in the lavas at all
(e.g., Huang et al., 2008; Reubi et al., 2014).

The contrasting interpretations for the U-series disequilibria of sub-
duction zone lavas reflect the physical and chemical complexity of flux
transfer andmagmatism in the convergent margin. This is further com-
plicated by a number of processes including dehydration andmelting in
the slabs, convection and melting in the mantle, and magma differenti-
ation in the crust (Schmidt and Poli, 1998; Turner et al., 2003a;
Cagnioncle et al., 2007; Avanzinelli et al., 2008; Huang et al., 2011;
Reubi et al., 2011, 2014;Mitchell andAsmerom, 2011). Herewe compile
U-series data published in the last two decades and provide a critical re-
view on how U-series disequilibria are generated in subduction zone
lavas. After carefully examining the key factors which can modify the
U-series disequilibria, we propose a self-consistent model showing
that in-growth mantle melting could be the best explanation for these
observations.

2. Observations of U-series disequilibria

2.1. Data filtering

Because U-series disequilibria are sensitive to decay since magma
eruption, it is critical to know the eruption age in order to calculate
the initial disequilibria of the lavas. U-series data for whole rocks pub-
lished in the literature are summarized in the supplementary online
material (SOM Table 1) and the data sources are listed in SOM Table 2.
The data without known eruption ages or older than 100 kyrs are ex-
cluded because of the large uncertainty of calculation of the initial dis-
equilibrium ratios. Some samples do not have accurate eruption ages,
but stratigraphic evidences or historical records show that they are
young relative to the τ1/2 of 230Th (Walker et al., 2007; Price et al.,
2010). Therefore, the decay after magma eruption is negligible and
their 238U-230Th data are still used in this review. With these criteria,
we obtained 1142 age-corrected data for (230Th)/(238U), 173 for
(231Pa)/(235U), and 423 for (226Ra)/(230Th) for the subduction zone
lavas (SOM Table 1). Combined with other geochemical data, this
dataset allows us to better understand how U-series disequilibria are
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generated in the mantle (or slab-wedge boundary) and sequentially
modified in the crust.

2.2. Global observations

Fig. 2 is the equiline diagram for (238U)/(232Th)-(230Th)/(232Th) of
the island arc and CMV lavas. It is clearly shown that more island arc
lavas have 238U excess over 230Th than the CMV lavas. Notably, both
238U excess and deficit can be observed in the same arcs such as the
Marianas (Fig. 2A) and Nicaragua (Fig. 2B), indicating the complicated
behavior of U-series nuclides during volatile transfer and magmatism.
Marianas lavas have a positive trend between (238U)/(232Th) and
(230Th)/(232Th) (Elliott et al., 1997), but because the lavaswere sampled
from the arc with a length of thousands of kilometers, unlikely to fit the
criteria for an ideal isochron, such a trend cannot be simply treated as an
isochron like the case used formineral dating (Condomines et al., 2003).

(231Pa)/(235U) of the CMV and island arc lavas are plotted against
(226Ra)/(230Th), (230Th)/(238U), and (226Ra)/(238U) in Fig. 3. Despite
the contrasting fluid mobility between Pa and Ra, most lavas
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Fig. 2. Plot of (238U)/(232Th) versus (230Th)/(232Th) for the global island arc and CMV lavas.
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Fig. 3. Correlations of (231Pa)/(235U) with (A) (226Ra)/(230Th), (B) (230Th)/(238U), and (C)
(226Ra)/(238U) for subduction zone lavas. Most lavas have 226Ra and 231Pa excesses, not
supporting the origin of U-series disequilibria from a recent addition of Ra-U rich fluid
from the slabs (A and B). The CMV lavas show different U-series signature with island
arc lavas. Data source is from SOM Table 1.
simultaneously have 231Pa and 226Ra excesses, which cannot be ex-
plained by a recent addition of Ra-U rich fluid to the mantle wedge
(Fig. 3A and B). The CMV lavas generally have higher (230Th)/(238U)
and smaller ranges of (226Ra)/(230Th) and (231Pa)/(235U) than the island
arc lavas. Another important observation is that most subduction zone
lavas have (226Ra)/(238U) greater than unity, likely suggesting that Ra
is more fluid-mobile than U during dehydration or more incompatible
during partial melting.

The distribution frequencies of (230Th)/(238U), (231Pa)/(235U), and
(226Ra)/(230Th) quantitatively reveal the differences of U-series disequi-
libria between the island arc and the CMV lavas (Fig. 4). The U-series
daughter is regarded to be in disequilibrium with the parent if their ra-
dioactivity ratio deviates fromunity beyond the typical analytical errors,
e.g., ~1.5% (2SD) for (230Th)/(238U), 3% for (226Ra)/(230Th), and 5% for
(231Pa)/(235U) (Dosseto et al., 2003; George et al., 2003; Turner et al.,
2006; Sims et al., 2008; Koornneef et al., 2010; Reubi et al., 2011).
With these criteria, 8.2% of island arc lavas and 15% of the CMV lavas
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are within 238U-230Th equilibrium, but it does not result from ageing
after eruption given the young eruption ages (SOMTable 1). 76.4% of is-
land arc lavas and 47.4% of the CMV lavas have 238U excess over 230Th.
15.4% of island arc lavas and 37.5% of the CMV lavas have 230Th excess
over 238U (Fig. 4). These observations were also recently summarized
in Reubi et al. (2014).

Except for the few sampleswith 231Pa deficits reported in early stud-
ies on the Tonga and Kermadec arcs (Pickett and Murrell, 1997;
Bourdon et al., 1999), 231Pa excess over 235U is ubiquitously observed
in subduction zone lavas with (231Pa)/(235U) ranging up to 2.65
(Pickett and Murrell, 1997; Thomas et al., 2002; Dosseto et al., 2003;
Turner et al., 2006; Huang et al., 2011). The highest 231Pa excess is ob-
served in the South Lesser Antilles arc, which also has the slowest con-
vergent rate in global subduction zones (Gill, 1981; Turner et al., 2006;
Huang and Lundstrom, 2007). Compared to other high-field-strength
elements (HFSE, such as Nb and Ta), Pa is enriched in subduction zone
lavas in the primitive mantle normalized patterns, similar to the fluid-
mobile large-ion-lithophile elements (LILE, such as Ba and Rb) (Huang
et al., 2011).
The (226Ra)/(230Th) of island arc lavas range from 0.878 to 6.131,
with the highest 226Ra excess reported in the Tonga arc with the fastest
convergent rate (Turner et al., 1997, 2000). Except for two lavas from
the Vesuvius volcano (erupted in 1944 CE) with extremely high
(226Ra)/(230Th) of 8.194 and 8.667 (Black et al., 1998), (226Ra)/(230Th)
of the CMV lavas range from 0.96 to 3.529 (Fig. 4C) (Chabaux et al.,
1999; Turner et al., 2000, 2001, 2007; Sigmarsson et al., 2002; Thomas
et al., 2002; Dosseto et al., 2003; Touboul et al., 2007; Huang et al.,
2011). These observations indicate that the timescale since the develop-
ment of disequilibria is within 8 ka, too short to significantly modify
(231Pa)/(235U) and (230Th)/(238U) data by the ageing effect.

3. How are U-series disequilibria generated in subduction zone
lavas?

Because U-series nuclides can be fractionated by slab dehydration,
sediment melting, diffusive transport, and in-growth melting, numer-
ous models have been developed to account for the U-series disequilib-
ria in subduction zone lavas (Feineman andDePaolo, 2003; Turner et al.,
2003a; Huang et al., 2011; Avanzinelli et al., 2012). An ideal model
should be geologically and physically reasonable, self-consistent for all
parent-daughter pairs, in agreement with the thermal structure of the
mantle wedge, and in line with other geochemical and petrological sig-
natures. In the following, we critically review the pros and cons of the
four models widely adopted in the literature.

3.1. Slab-fluid addition

3.1.1. 231Pa-235U system
Protactinium is generally considered as more immobile than U dur-

ing dehydration of the subducted slab (Keppler, 1996; Turner et al.,
2003a). Therefore, a recent addition of slab-derived fluids to themantle
wedge can produce a 231Pa deficit relative to 235U in subduction zone
lavas, such as the early observation of 231Pa deficit in the few samples
from the Tonga-Kermadec lavas (Pickett and Murrell, 1997; Bourdon
et al., 1999). However, such a signal has never been observed again
since these pioneering studies. Instead, later studies exclusively report-
ed 231Pa excess in subduction zone lavas (Thomas et al., 2002; Dosseto
et al., 2003; Turner et al., 2006; Huang and Lundstrom, 2007; Huang et
al., 2011; Reubi et al., 2011), suggesting that the original 231Pa deficit
in the mantle wedge (if any) should have been completely overprinted
by the later melting process. Because 231Pa deficit in lavas are so rare
relative to the overwhelming 231Pa excess, re-visiting young lavas
from the Tonga-Kermadec arc would be desirable for better under-
standing the effects of slab dehydration andmantle melting on U-series
disequilibria.

3.1.2. 238U-230Th-226Ra system
The positive correlations between “fluid indices” (such as Sr/Th and

Ba/Th) and (226Ra)/(230Th) have been regarded as a strong evidence for
the addition of slab-derived fluids enrichedwith Ra, Sr, and Ba to gener-
ate U-series disequilibria in the mantle wedge and subduction zone
lavas (Turner et al., 2003a; Dosseto et al., 2010). Indeed, the fluid addi-
tionmodel predicts that (226Ra)/(230Th) of a primitivemagma should be
coupled with U/Th, Sr/Th, and Ba/Th (Turner et al., 2001). However, be-
cause most lavas erupted at the convergent margin have experienced
different extent of magma differentiation, Huang et al. (2011) proposed
that the large variations of Sr/Th and Ba/Th may be alternatively ex-
plained by magma differentiation (see more discussion in Section 5.1).
U-series data can also be modified in the crust by mixing with
recharging melt or crustal materials, ageing, and crystallization (MAC)
(Huang et al., 2008). Therefore, in order to address the role of fluid ad-
dition, it is critical to filter out the effect of crustal modification on
“fluid indices”.

To distinguish the signatures inherited from the metasomatized
source from those developed in the MAC processes, the CMV and island
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arc lavas are grouped based on SiO2 contents in Figs. 5 and 6, respective-
ly. Presumably, the signatures inherited from the mantle source should
be less affected in lavas with SiO2 b52 wt% (i.e., basalts) than in the
more evolved lavas with higher SiO2 content. However, as depicted in
Fig. 5, the basalts from Kamchatka, Alaska, and South Volcanic Zone
(SVZ) from Andes do not show positive correlation among Ba/Th, Sr/
Th, (238U)/(230Th), and (226Ra)/(230Th). Instead, (226Ra)/(230Th) of Kam-
chatka (open red star) and Alaska lavas (open blue diamond) with SiO2

N52 wt% are positively correlated with Sr/Th and Ba/Th (Fig. 5D and E).
The positive correlation between (238U)/(230Th) and (226Ra)/(230Th) is
only observed in the evolved lavas in the SVZ, not in the CMV basalts
(Fig. 5).

The lack of positive correlations among fluid indices is also obvious
in island arc basalts (Fig. 6). The Tonga-Kermadec and Marianas basalts
even show a roughly negative correlation between Ba/Th and (226Ra)/
(230Th), in contrast to the previous notion without classifying the
evolved lavas from the primitive ones (Turner et al., 2001). Although
(226Ra)/(230Th) in Vanuatu basalts is weakly correlated with Sr/Th, but
it does not change with Ba/Th, a parameter less likely modified by frac-
tional crystallization in mafic lavas. The (226Ra)/(230Th) of Stromboli
and Lesser Antilles basalts are not correlated with Sr/Th, Ba/Th, or
(238U)/(230Th) either. Sunda basalts show a scattered distribution in
Fig. 6. Although one Sunda basalt has high Ba/Th, Sr/Th, and (226Ra)/
(230Th), it also has 230Th excess over 238U (Turner et al., 2003b), not con-
sistent with the simple explanation of fluid addition.

Similar to the CMVs, the positive correlations among the “fluid indi-
ces” are tentatively shown in island arc lavaswith SiO2 N52wt%, such as
the evolved Tonga-Kermadec lavas (Fig. 6). Indeed, these features have
been better observed in lavas erupted from a single volcano, such as the
case of Kick'em Jenny submarine volcano from the South Lesser Antilles
(Huang et al., 2011) and Volcán Llaima from Chile (Reubi et al., 2011).
Therefore, if the effect of magma differentiation is considered, there is
no convincing evidence (except for the 231Pa deficit in the few Tonga-
Kermadec lavas) to support that the subduction zone lavas inherit the
disequilibria from the slab-derived fluids.

3.2. Sediment controlling

Slab sediments dominate the budgets of recycled incompatible ele-
ments into the mantle (Turner et al., 1996; Plank and Langmuir,
1998). Experimental studies show that accessory minerals (such as
allanite, monazite, and zircon) can be stable in the subducted slabs,
and they can fractionate U-series nuclides more than clinopyroxene
and garnet during partial melting and dehydration (Hermann, 2002;
Rubatto and Hermann, 2007; Hermann and Rubatto, 2009). Therefore,
Avanzinelli et al. (2012) proposed an alternative explanation for U-
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series disequilibria in the subduction zone lavas, relating to accessory
mineralswith different stability at variable thermal and chemical condi-
tions. Specifically, as Th is more compatible in monazite and allanite
(Hermann, 2002) and Pa is more compatible in zircon than U
(Schmitt, 2007), monazite and zircon-free sediment melts could have
231Pa and 230Th excesses. Furthermore, aqueous fluids from the slabs
could have 231Pa excess and 238U excess if allanite is saturated and zir-
con is free in the residual phases during dehydration. If both allanite
and zircon are saturated in the residual assemblage, the slab-released
fluids could have low (230Th)/(238U) and (231Pa)/(235U) (Avanzinelli et
al., 2012).

Although processes involving accessory minerals may produce cer-
tain disequilibrium signatures in slab-derived melts or hydrous fluids,
some essential hypotheses still need rigorous testing. First of all, be-
cause zircon is the main host mineral for Zr and Hf in slab sediments
(Plank and Langmuir, 1998), the overwhelming depletions of Zr and
Hf in subduction zone lavas relative to the LILE strongly support the ex-
istence of residual zircon during dehydration and melting in the slabs
(Gill, 1981; Elliott et al., 1997). Furthermore, Avanzinelli et al. (2012)
argue that zircon-free fluids can explain the high (231Pa)/(235U) in the
Lesser Antilles (including Kick'em Jenny) lavas, while zircon-saturated
fluids may account for the low (231Pa)/(235U) in Tonga-Kermadec
lavas. However, such explanations are not consistent with the lower
Zr/Pa in Lesser Antilles lavas than in Tonga-Kermadec because the zir-
con-free fluids should have high Zr/Pa (Fig. 7). Therefore, adding slab-
components controlled by accessory minerals to the wedge may not
be a satisfactory explanation for the U-series disequilibria and HFSE
data in subduction zone lavas.
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3.3. Diffusion

Because Ra diffusesmuch faster than Th in clinopyroxene and Ra and
Ba are strongly enriched in amphibole and phlogopite in hydrous man-
tle, Feineman and DePaolo (2003) proposed that a steady state, where
amphibole and phlogopite have significant 226Ra excess over 230Th rel-
ative to the neighboring clinopyroxene, could be established in the
mantle wedge. Therefore, a preferential contribution of amphibole and
phlogopite to the mantle-derived melt could produce the 226Ra excess
observed in subduction zone lavas (Feineman and DePaolo, 2003).
This proposal implies that 226Ra excess should be associated with a
strong potassic composition in subduction zone lavas because amphi-
bole and phlogopite are also enriched in K. This prediction is not consis-
tent with the high 226Ra excess and low K content in the Tonga lavas
(Dosseto et al., 2003; George et al., 2004). Therefore, as suggested in
George et al. (2004), although thediffusion of Rabetween the coexisting
minerals may account for the 226Ra excess in some cases, such as in po-
tassic lavas, it should not be a general mechanism for the U-series dis-
equilibria observed in subduction zone lavas.
A

B

3.4. In-growth melting

A number of quantitative in-growth melting models have been de-
veloped to simulate U-series disequilibria in the MORB and OIB
(Newman et al., 1984; McKenzie, 1985; Spiegelman and Elliott, 1993;
Spiegelman, 1996; Bourdon and Sims, 2003; Lundstrom, 2003). Basical-
ly, during partial melting of the upper mantle, U-series nuclides with
different effective velocities have various residence times, long enough
to in-grow short-lived nuclides. The daughter is further fractionated
from the parent duringmelting in a peridotitematrixwith lowporosity.
Although in-growth melting was used to explain 231Pa and 230Th ex-
cesses in subduction zone lavas (Thomas et al., 2002; Turner et al.,
2006;Huang and Lundstrom, 2007), itwasnot originally considered im-
portant for the 226Ra excess because it cannot produce the correlations
of 226Ra excess with Sr/Th and Ba/Th (Dosseto et al., 2003; Turner et
al., 2003a). However, as discussed above, because there is no correlation
among Ra/Th, Sr/Th, and Ba/Th in arc basalts, all evidences against in-
growth melting is invalidated. Thus, in-growth melting should be re-
considered to explain U-series disequilibria in subduction zone lavas.

One of the attractive aspects of the in-growth melting model is that
it can provide a self-consistent and straightforward explanation for the
disequilibria of parent-daughter pairs with dramatically different τ1/2
and geochemical behaviors. Sophisticated processes have been pro-
posed to account for the coexistence of 226Ra and 238U excesses with
231Pa excess (Bourdon et al., 2003; Turner et al., 2003a). In the scenario
of in-growth melting, the duration of time required should be at least
comparable to the τ1/2 of 231Pa to produce enough 231Pa and it is
much longer than the τ1/2 of 226Ra so that the initial 226Ra excess pro-
duced by slab-derived fluids may decay away. But it does not matter
for the observations in subduction zone lavas, because in-growth melt-
ing can produce significant 226Ra (and 238U) excess in the melt (Huang
and Lundstrom, 2007; Huang et al., 2011; Reubi et al., 2014). Therefore,
in-growthmeltingmaybe thebest interpretation for the observedU-se-
ries disequilibria.
Fig. 8. (A) Cartoon showing flux melting (FM) induced by fluids from the subducted slab.
FM likely occurs right above the slab-wedge boundary, requiring efficient focusing and
extraction of melts in the convective mantle wedge. (B) Conceptual diagram for
dynamic melting (DM) and equilibrium transport melting (ETM) models. Although in-
growth melting could take place above the slab-wedge boundary or the limb of the
wedge, the hot zone may be the dominant location for mantle melting because of the
maximumexcess of temperature over thewet peridotite solidus (Grove et al., 2006, 2012).
4. Review of in-growth melting models

Flux melting (FM), dynamic melting (DM), and equilibrium trans-
port melting (ETM) have been used to explain U-series disequilibria of
subduction zone lavas (Thomas et al., 2002; Turner et al., 2006; Huang
and Lundstrom, 2007). The essence of the in-growth models is similar
in terms of fractionating U-series nuclides by melting in low porosity
matrix. Herewe briefly summarize the principles of the three in-growth
melting models.
4.1. Flux melting

With the current geothermal gradient, the mantle wedge cannot be
partiallymelted unless slab-derived volatiles are added to lower the sol-
idus of peridotites. The FMmodel assumes that instantaneously adding
fluid to hotmantle results in immediatemelting (Fig. 8A). Therefore, the
different residence times of U-series nuclides are produced at the begin-
ning of the fluid addition and melting process (Thomas et al., 2002;
Bourdon et al., 2003). The time-scale of melting should be long enough
to in-grow 231Pa and 230Th to overprint the possible initial 231Pa and
230Th deficit in the slab-derived melts (Thomas et al., 2002). Because
U-series disequilibria of lavas are produced in the deep melting zone
right above the slab-wedge boundary, the FM model implies fast melt
converging and transport upward from the upper mantle to the crust.

4.2. Dynamic melting

The DM model assumes that once the melt fraction reaches a given
threshold, the melt is instantaneously extracted and transported out
of the melting zone without further interaction with the solid matrix
(McKenzie, 1985; Bourdon and Sims, 2003). The DM model is similar



0.6

0.8

1.0

1.2

1

2

3

4

5

6

0.11

1

c
e

b

(23
0 T

h
)/

(23
8 U

) 0.5
0.220.33

a

a:  0.002,      1
b:  0.001,      1
c-d: 0.001,  0.5
e: 0.002,     0.5

Porosity, D
U
/D

U0

(231Pa)/(235U)=0.8
(230Th)/(238U)=0.8
(226Ra)/(230Th)=6

A

M
elting

at high
fO

2

G
rt-

co
nt

ro
lle

d

m
el

tin
g

d

B

d

(22
6 R

a)
/(

23
0 T

h
)

b

a
c

e

D
ec

re
as

in
g

p
o

ro
si

ty

1.0 1.5 2.0 2.5 3.0 3.5 4.0

(231Pa)/(235U)

Fig. 9. The ETM models with variable parameters to simulate U-series disequilibria. The
models use basic equations from Spiegelman and Elliott (1993) and Lundstrom (2003).
The bulk solid/meltD of U-series nuclides: U, 0.0052 (defined as DU0); Th, 0.0044; Pa,
2.1 ∗ 10−6; and Ra, 8.9 ∗ 10−7, similar to the values used in Turner et al. (2006) and
Huang et al. (2011). Modelling curve c, d, and e use a smaller DU (0.0026, 1/2 of the
DU0) to test the effect of high fO2 on (231Pa)/(235U) and (230Th)/(238U). Porosities are
fixed at 2‰ (a and e) or 1‰ (b, c, and d). The two gray arrows in A denote melting with
garnet (grt) as the dominant residual mineral or at a higher fO2, respectively, while the
arrow in B shows that decreasing porosity can dramatically increase the 226Ra excess.
For the purpose of illustrating the source effect, curve d arbitrarily assumes that the
mantle is in U-series disequilibrium with (231Pa)/(235U) = (230Th)/(238U) = 0.8 and
(226Ra)/(230Th) = 6. This is needed to reproduce the 231Pa deficit in some Tonga-
Kermadec lavas (Bourdon et al., 1999). The symbols and numbers on the model curves
represent melting rates with a unit of kg/(m3·ka).

186 F. Huang et al. / Chemical Geology 440 (2016) 179–190
to the FMmodel in the ways of creating different residence times of U-
series nuclides. DMcould occur above the slab-wedge boundary as soon
as hydrous fluids lower the solidus of peridotites, followed by melt fo-
cusing and fast extraction to the shallow magma chamber (Turner et
al., 2003a). Alternatively, it could also occur due to decompressional
melting in the upwelling hot zone or in the limb of thewedge following
the mantle flow (Fig. 8B) (Elkins-Tanton et al., 2001).

4.3. Equilibrium transport melting

Based on the physics of buoyancy-driven melt transport, the ETM
model assumes that the melt is in constant equilibrium with mineral
grains when it percolates through the solid matrix (Spiegelman and
Elliott, 1993; Spiegelman, 1996). The difference of in residence time of
U-series nuclides is producedby the chromatographic effect in themelt-
ing zone, which does not require a specific focusing and fast transport of
melt from the mantle to the arc volcanoes. Furthermore, a longer melt-
ing column could produce larger U-series disequilibria as demonstrated
in early studies on theMORB (Spiegelman and Elliott, 1993; Lundstrom,
2003). Similar to the DMmodel, the ETM process could also occur dur-
ing mantle upwelling in the hot zone or in the limb of the wedge (Fig.
8B).

4.4. Constrains from experimental studies on mantle melting

Successful application of in-growth melting models depends on not
only the consistence of modelling results with U-series observations,
but also the reasonableness of geology background the model is based
on. The first factor that needs to be considered is the location of melting
zone, which can be constrained by chemical composition of subduction
zone lavas and thermal structure of the mantle wedge. Experimental
studies have shown that the last equilibration between primitive sub-
duction zone lavas (Mg# ~70) and mantle peridotites could have
taken place at ~1 GPa and 1100–1500 °C, close to the crust-mantle
boundary beneath volcanoes (Grove et al., 2012). Such P-T conditions
establish the upper limits of melting zone, which is far away from the
slab-wedge boundary (Abers et al., 2006).

Distribution and transport of H2O adds further controls on melting
processes of the mantle (Gill, 1981; Grove et al., 2006; Cagnioncle et
al., 2007). Observations of peridotites from the Franciscanmélange indi-
cate that slab-derived SiO2-rich hydrous fluids were first delivered to
the wedge, forming serpentine and talc at 450–500 °C (King et al.,
2003). Experimental work also shows that fluid-peridotite interaction
above the slab boundary could produce a chlorite zone (Grove et al.,
2009). The water-rich mineral zone is advected to greater depths fol-
lowing the corner flow and finally breaks down to release water into a
vapour-saturated melt. Such melt ascends and transports water to
shallower level due to buoyancy, dissolvingmore peripheral peridotites
and increasing SiO2 content and mass of the melt (Grove et al., 2009).

Because the melting extent of the mantle is dominantly controlled
by its water content and temperature exceeding the wet peridotite sol-
idus (Davies and Bickle, 1991; Grove et al., 2006, 2012; Cagnioncle et al.,
2007), themajority of melts are most likely produced in the hot zone of
the mantle wedge (e.g., the hot nose as defined in Grove et al., 2012),
not the area right above the slab-wedge interface, e.g., the blue zones
for FM and DM in Fig. 8. Therefore, the ETM or DM in the hot zone are
more likely responsible for U-series disequilibria in subduction zone
lavas, while the FMmodel will not be further considered in the follow-
ing modelling.

4.5. Simulating U-series disequilibria using in-growth melting models

Because global arcs are quite different in convergent rates, thermal
structure, and fertility of themantle wedge (Gill, 1981), it is challenging
to provide a uniform in-growthmodel to accurately reproduce theU-se-
ries disequilibria in all subduction zone lavas. Furthermore, many key
parameters (including porosity, melting rate, and partition coefficients)
are not well constrained, resulting in large uncertainties in the model-
ling results. Therefore, although the observations can be well re-pro-
duced by the melting models using appropriate parameters, the model
outputs cannot be literally taken as the ultimate quantitative explana-
tion for the observations. Instead, we would rather vary some key pa-
rameters of the model, trying to sort out useful information about
how the subduction zone works to produce U-series disequilibria.

Because the DM model can produce essentially indistinguishable
disequilibrium signatures to the ETM model when similar parameters
are applied (Dosseto et al., 2003; Huang and Lundstrom, 2007), we
only plot the results of the ETM model with varying porosity, fO2, and
initial status of the mantle source in Fig. 9. A few important modelling
results for parent-daughter disequilibria are highlighted here.

230Th-238U data: (230Th)/(238U) is sensitive to mineral/meltDU/Th, which
varies with residual minerals and fO2 during partial melting. If garnet
controls fractionation of U and Th,mantle-derivedmeltsmayhave 230Th
excess over 238U because of the higher garnet/meltDU than garnet/meltDTh

(Beattie, 1993; Blundy and Wood, 2003). Given that the garnet is pref-
erentially stable in themantle at high pressure, deepermelting beneath
the thicker crust implies a more important role of garnet in controlling
element partitioning, which is consistent with the higher proportion
of 230Th excess and higher La/Y in the CMV lavas than that in island
arc lavas (Fig. 10). Increasing fO2 can decrease mineral/meltDU/Th (Beattie,
1993; Lundstrom et al., 1994), which may decrease the net (230Th)/
(238U) in the final melt as shown in the variation from the curve b to c
(Fig. 9A). If the mantle source has 238U excess such as the curve d in
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Fig. 9A (Turner et al., 2011), comparison of d with c (with the source in
secular equilibrium) shows that the source disequilibria can increasing-
ly contribute to the melt when the melting rate increases.

231Pa-235U data: Because mineral/meltDU/Pa is believed to be much
higher than mineral/meltDU/Th (Lundstrom et al., 1994; Blundy and
Wood, 2003), (231Pa)/(235U) in themelt ismore sensitive to themelting
rate than (230Th)/(238U). All ETM models produce higher 231Pa excess
with decreasingmelting rate (Fig. 9),which could be related to lowering
the convergent rates if the mass of melt depends on subduction-driven
dehydration and the rate of peridotite entering the melting zone
(Turner et al., 2006; Huang and Lundstrom, 2007). The contribution of
initial source disequilibrium to the (231Pa)/(235U) in the melt could be
significant if the melting rate is large, owing to the short residence
time in the melting zone. Notably, 231Pa deficit in the mantle source is
required to explain the 231Pa deficit in the Tonga-Kermadec lavas.

226Ra-230Th data: (226Ra)/(230Th) provides tighter temporal con-
strains than the (231Pa)/(235U) and (230Th)/(238U) systematics because
of the shorter τ1/2 of 226Ra. Modelling using variable porosities (e.g.,
2‰ in curve a versus 1‰ in curve b) produces distinct (226Ra)/(230Th),
showing that (226Ra)/(230Th) is sensitive to the porosity of the melting
zone (Fig. 9B). This is important for understanding the extreme 226Ra
excess in the arc lavas (e.g., Tonga-Kermadec and Marianas) and the
Manus back arc basin basalts (BABB). An in-growth melting model
using a small porosity (1‰) was also adopted to explain the high
(226Ra)/(230Th) (up to 5.55) in the Manus BABB (Beier et al., 2010). Be-
cause the BABB are horizontally away from the New Britain volcanic
front by a few hundred kilometers (Beier et al., 2010), the initial 226Ra
excess in the mantle source caused by slab-components should have
decayed away during mantle convection. Thus the 226Ra excesses in
the Manus BABB are unlikely to be inherited from the source modified
by Ra-rich fluids. Similarly, the high 226Ra excess in island arc lavas
should not be simply regarded as the fluid evidence either. Although it
is not exactly clear why the Tonga-Kermadec and Marianas lavas have
higher 226Ra excess than the others, the ETM model using a porosity
of 1‰ can reproduce such signature (Turner et al., 2000, 2001). Strictly
speaking, the necessity of inheriting the source features only depends
on whether 231Pa deficit exists in subduction zone lavas.

One of the problems in the in-growth melting models is that the re-
quired low porosity (~1–2‰) is not consistentwith geophysical and ex-
perimental observations (Faul, 2001; Connolly et al., 2009). By
assuming that high porosity channels may drain and extract melt from
ambient low porosity mantle, hybrid “two porosity” models have been
proposed to reconcile such discrepancy in generating U-series disequi-
libria in MORB (Spiegelman and Elliott, 1993; Kelemen et al., 1997;
Lundstrom, 2000). Althoughmelting of the wet mantle wedge is differ-
ent compared with the process of dry mantle melting beneath themid-
ocean ridge, the mechanism for generating U-series disequilibria could
be similar.

5. Temporal constrains of magmatism in convergent margins

5.1. The effect of magma differentiation on U-series data

Most subduction zone lavas have experienced different extents of
magma differentiation. The correlations of SiO2, a common differentia-
tion index, is plotted with Th-Sr-Ba contents and U-series data of sub-
duction zone lavas in Fig. 11. Th content increases and Sr decreases
with increasing SiO2 (Fig. 11A–C), indicating that Th is incompatible,
but Sr is compatible during magma differentiation in the crust. The
ranges of Ba content for island arc and the CMV lavas decrease with in-
creasing SiO2. U/Th of subduction zone lavas do not clearly correlate to
SiO2 content and they are generally higher than the average continental
crust (Fig. 11D) (Rudnick and Gao, 2003). Ba/Th and Sr/Th are also
higher than the crustal values with a large variation in low SiO2 samples
(Fig. 11E and F), reflecting the variable slab contributions to the
metasomatized mantle. Notably, the variation ranges of Ba/Th and Sr/
Th dramatically shrinkwith increasing SiO2, owing to the effect of crust-
al contamination andmineral crystallization. Therefore, these two ratios
are not reliable indices of slab fluids.

As mentioned earlier, the MAC process in the crust can significantly
affect the U-series disequilibria developed from the mantle (Price et al.,
2007, 2010; Huang et al., 2008). Specifically, mixing old crustal mate-
rials may decrease the extent of disequilibria (Reubi et al., 2011); crys-
tallization of minerals, where U-series nuclides are not highly
incompatible (such as Ra in amphibole and U in zircon), which could
also modify disequilibrium in differentiated magma (Garrison et al.,
2006); and most importantly, ageing within the magma chamber,
which could dramatically eliminate the primary U-series disequilibrium
signatures (Huang et al., 2008).

On the basis of elemental composition variations, we can now better
understand the effect of magma differentiation on U-series disequilib-
ria. (230Th)/(238U) and (226Ra)/(230Th) of subduction zone lavas merge
to unity with increasing SiO2 (Fig. 11G and H). The CMV lavas are
more so than the island arc lavas, likely reflecting the longer duration
of magma storage andmore crustal assimilation in the thick continental
crust than in thin oceanic crust (Condomines et al., 2003; Garrison et al.,
2006;Walker et al., 2007). There is no (231Pa)/(235U) data for lavaswith
SiO2 N70 wt% (Fig. 11I), but it can be predicted that the high SiO2 sam-
ples should bemore likely in 231Pa-235U equilibrium. One important im-
plication is that inheritance of mantle source signatures, if any, should
be better observed in less evolved subduction zone lavas.

5.2. Timescale for magmatism in the crust and mantle

After considering the complicated factors from slab subduction to
magma eruption which can modify U-series disequilibria in erupted
lavas, the temporal constrains on flux transfer and magmatism in the
convergent margins can now be integrated (Fig. 12).

Metasomatism at the slab-wedge boundary: After slab materials
(hydrous fluid and sediment melts) metasomatize the overlying
wedge at the cold slab-wedge boundary, the slab signature is sent to
the melting zone with mantle convection. Timescale for such a process
cannot be constrained by U-series data except for the Tonga-Kermadec
arc, where the 231Pa deficit requires 5 τ1/2 of 231Pa (~160 ka). Observa-
tion of 10Be (τ1/2 = 1.5 Ma) in subduction zone lavas suggests that
metasomatism should happen within several Ma (Sigmarsson et al.,
1990, 2002; George et al., 2003).

Melting in the hot zone: In-growth melting suggests that the time-
scale of melting in the hot zone should be at least comparable to the
τ1/2 of short-lived nuclides. Depending on melting rate and the length
of melting zone, such a process could take at least a few τ1/2 of 231Pa
as required by most young lavas with 231Pa excess. Again, the



Fig. 12. Schematic diagram of mass flux from the subducted slabs to overlying mantle
wedge and crust. The main processes include releasing slab-fluids and melts,
metasomatism, mantle convection, melting in the hot zone, MAC in the crust, and final
eruption. U-series disequilibria of subduction zone lavas are dominantly controlled by
mantle melting and crustal modification.
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exceptional 231Pa deficit in the Tonga-Kermadec lavas may imply that
the timescale could be down to a few τ1/2 of 226Ra.

Storage in the crust: Timescale of the magma storage can be
constrained by the U-series disequilibria preserved in lavas and min-
erals. For instance, observation of 226Ra excess suggests that such a
timescale should be within a few millennia (Turner et al., 2000;
Huang et al., 2011). Recharge of fresh mantle-derived magma and par-
tial melting in the crust may help to maintain the disequilibria for a
much longer duration; up to 300 ka (Condomines et al., 2003; Dufek
and Cooper, 2005; Asmerom et al., 2005; Cooper and Kent, 2014).

6. Future work

U-series disequilibria of subduction zone lavas have provided a
plethora of messages in the last two decades which help to unravel
how the mass flux is transferred from the slabs to the overlying mantle
wedge. However, there are still many questions of this field requiring
further exploration to improve the applications of U-series data. As
shown in Fig. 4 and SOM Table 1, available datasets of primitive and
well-dated subduction zone lavas are still rare. There is much less
231Pa data than 238U-230Th-226Ra data, especially in the Tonga-
Kermadec arc. Studies on lavas erupted from a single volcano, such as
the case studies of S. Lesser Antilles (Huang et al., 2011) and Volcán
Llaima, Chile (Reubi et al., 2011), will be especially useful to filter out
the effect of crustal modification and obtain the signatures developed
from the mantle.



189F. Huang et al. / Chemical Geology 440 (2016) 179–190
Furthermore, melting models, which take into account complicated
thermal structure and geophysical observations, will provide important
tectonic links for the U-series disequilibria in the subduction zone sys-
tems. Forward modelling combining geochemistry, geophysics, and ge-
ology has great potential to constrain subduction zone processes.
Finally, experimental studies on partitioning of U-series nuclides
among minerals (especially accessory minerals), melts, and fluids at
the physical and chemical conditions of the subduction zones are also
necessary for better melting models.

7. Conclusions

Understanding the formation of U-series disequilibria of subduction
zone lavas is critical for the temporal constraints on slab-flux transfer
and magmatism in convergent margins. A few conclusions can be
drawn:

(1) After filtering out the effect of magma differentiation on U-series
disequilibria, the positive correlations of (226Ra)/(230Th) with Sr/
Th and Ba/Th are not observed in subduction zone basalts,
relaxing the key connection between slab-fluids and 226Ra excess
in lavas. Overwhelming 231Pa excess cannot be produced by slab
melting or dehydrationwith a zircon-free residue because it con-
flicts with the Zr-Hf depletions in subduction zone lavas.

(2) In-growthmelting in themantle followed by crustalmodification
can explain the U-series disequilibria in most of the subduction
zone lavas, while inheritance of the source features
metasomatized by U-rich fluids is only needed for the 231Pa def-
icit in the few Tonga-Kermadec lavas.

(3) Thermal structure of convergent margins suggests that most
melts and U-series disequilibria should be produced in the hot
zone of the wedge, far from the slab-wedge boundary.

(4) Combining the timescales of slab-flux transfer andmagmatism in
the convergent margins to produce U-series disequilibria in sub-
duction zone lavas, there is likely a range from a few thousand to
a few hundred thousand years.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2016.07.005.
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