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Hydrous arc magmas are produced when water-bearing materials from subducted oceanic plates are 
transported to the mantle beneath volcanic arcs, though the mechanism of mass transport remains 
debated. The geochemical characteristics of the slab component have important implications for the 
thermal structures of down-going plates and the fluxes of elements into the deep mantle. If slab 
temperatures are low, then elemental fluxes from the slab will be carried in a dilute fluid. If temperatures 
are high, the slab may melt instead. While a long-standing paradigm for arc volcanism has been 
that sediments melt and ocean crust dehydrates, a growing body of evidence from arc geochemistry 
and experimental petrology suggests both sediment and ocean crust melt. The low solubility of many 
elements in aqueous fluids prevents them from making a substantial contribution to arc mass-balance. 
Constraints from Sr concentrations and 87Sr/86Sr ratios require a large flux of Sr from the ocean crust, 
which is only possible if the crust melts. H2O/Sr ratios of arc volcanics are also inconsistent with slab 
fluids. These conclusions are supported by thermo-mechanical models indicating that slab temperatures 
exceed the hydrous solidus for both ocean crust and sediments. Examination of experimental data 
shows a likely strong effect of oxygen fugacity on residual phases during slab melting. Arc data are 
best explained if the ocean crust melts beneath all arcs under oxidizing conditions somewhere between 
FMQ and NNO+2. Experimental constraints on sediments also require melting and that sediment melt 
compositions depend on bulk composition as well as temperature. If these experiments serve as analogs 
to sediment melting beneath arcs, then sediment bulk compositions are a necessary input for any 
rare earth element-based slab thermometer. We present compositions for ocean crust partial melts and 
partition coefficients for sediment melting based on existing experiments, physical models, and arc data, 
that can be used in geochemical models of arc volcanism.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Arc volcanoes are the product of water recycling from the sub-
ducting plate into the mantle above, though exactly how water 
and other slab-derived components are delivered to the mantle 
source is poorly constrained. One uncertainty is whether the hy-
drous phase is a fluid, melt, or both. Within the pressure inter-
val anticipated for the region of mantle melting beneath arcs the 
water-bearing phase will be an aqueous fluid with >85 wt.% H2O 
if temperatures are low, or a hydrous melt with <35 wt.% H2O if 
temperatures are higher. The transition between these phases oc-
curs across a narrow temperature interval (Manning, 2004; Kessel 
et al., 2005; Hermann and Spandler, 2008). The fluid and melt 
phases have very different compositions and transport properties. 
If the liquid phase is an aqueous fluid, a colder slab thermal gra-
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dient can be inferred, and a substantial quantity of incompatible 
elements will be subducted beyond the arc into the deep mantle. 
Hydrous melts imply a hotter slab, and a smaller elemental return 
flux to the mantle. The relative importance of fluids and melts 
from the slab thus has far-reaching implications for the thermal 
structure of the subducting plate, the source of elements to the 
arc and their medium of transport, the fate and composition of 
recycled plates, and the creation of continental crust and mantle 
heterogeneity.

At higher pressures water may also be transported as a super-
critical fluid with continuously varying H2O concentrations. Kessel 
et al. (2005) and Ni et al. (2017), however, provide evidence that 
the second critical endpoint for the slab occurs at >150 km depth, 
which is well beyond the 110 km slab depth that is typical be-
neath arcs. In view of the thermal models discussed below, most 
slab dehydration reactions and melting likely occur at much shal-
lower depths than where a super-critical fluid would be stable.
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Fig. 1. Spider diagram depicting the compositional ranges of high-Mg# samples from oceanic arcs with thin crust and continental arcs with thick crust normalized to DMORB 
from Gale et al. (2013). The GLOSSII weighted average subducting sediment composition of Plank (2013) is plotted for comparison. Note that positive Sr anomalies are 
ubiquitous in arc-front volcanics but absent in most sediment. The arc data used to create these fields were compiled by Turner and Langmuir (2022), who discuss multiple 
lines of evidence that the data are generally representative of parental compositions from continental and oceanic arc-front stratovolcanoes. Samples from small free-standing 
cones and volcanic edifices away from the arc front can have more exotic compositions but are not representative of the main volume of the arc. Volcanoes from regions 
with additional tectonic complexity, such as intra-arc rifting or subducting ridges, fracture zones, and oceanic plateaus are also excluded. For an extended discussion of this 
data, see Turner and Langmuir (2022).
Trace element and isotopic studies of arc rocks have revealed 
distinct geochemical signatures that require slab contributions 
from both subducting sediment and altered ocean crust (AOC) (e.g., 
Ellam and Hawkesworth, 1988; Miller et al., 1994; Elliott et al., 
1997; Class et al., 2000). Because slab dehydration proceeds con-
tinuously (Schmidt and Poli, 1998), some portion of the slab must 
dehydrate without melting. The AOC component could therefore 
be a fluid sourced from deeper within the slab, and the sediment 
component a melt from the hotter slab surface. This possibility 
is supported by the finding that the AOC component is enriched 
in elements such as Rb, Ba, U, and Pb (Miller et al., 1994; El-
liott et al., 1997), that are also more soluble in experimental fluids 
(Brenan et al., 1995). The distinction between these “fluid-mobile” 
elements and “sediment-melt” elements such as the REE and Th 
has since become entrenched as an important aspect of models of 
arc magma petrogenesis (e.g., Elliott, 2003 and references therein).

While ‘AOC fluids’ are a hallmark of many models, Kelemen et 
al. (2003a, 2003b) argued that partial melts of both ocean crust 
and sediment might be more consistent with arc data. Recent ex-
perimental studies support this view, demonstrating that elemen-
tal fractionations usually attributed to fluids may also arise from 
AOC melting (e.g., Klimm et al., 2008). Melting experiments on nat-
ural ocean basalts have stabilized either apatite (Sisson and Kele-
men, 2018) or epidote (Carter et al., 2015), which retain light rare 
earth elements (LREEs) and Th, leading to high ratios such as U/Th 
and Ba/Th that have previously been attributed to fluids. These 
experimental advances have led several recent studies to propose 
that AOC melting might occur even when the subducting slabs are 
colder. Turner and Langmuir (2015) and Turner et al. (2016), for 
example, suggested that global variations in trace element con-
centrations require melting of both sediments and oceanic crust. 
Freymuth et al. (2016) used thorium isotopic evidence in Izu (of-
ten considered one of the world’s coldest slabs) to argue for AOC 
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melting, and Yogodzinski et al. (2017) proposed that AOC melts 
dominate the Sr budget for lavas throughout the Aleutian arc.

Though various studies have proposed ocean crust melting be-
neath arcs, a more common view is that AOC only melts in a small 
set of unique tectonic settings to produce adakites (Defant and 
Drummond, 1990), which are distinguished by extreme enrichment 
in Sr and depletion in the heavy rare earth elements (HREE). More 
typical arc magmas are also enriched in Sr and depleted in the 
HREE relative to MORB, however (Fig. 1), so the adakite signature 
could simply be the end member of a process that contributes to 
all arcs (Yogodzinski et al., 2017). Indeed, the ubiquitous positive 
Sr anomaly in arcs is one of the central observations that must be 
accounted for by successful models of arc volcanism.

An aqueous fluid phase from altered ocean crust remains cen-
tral to many studies, however, and the term “fluid-mobile ele-
ments” has become part of the petrogenetic lexicon. It has been 
suggested that many oceanic arcs lack a melt component entirely 
(Schmidt and Jagoutz, 2017), though a more common view is that 
sediments melt in most arcs, while the ocean crust often remains 
below the solidus, leading to dehydration without melting. This 
general model has been applied to many arcs (e.g., Miller et al., 
1994; Elliott et al., 1997; Class et al., 2000; Singer et al., 2007; 
Duggen et al., 2007; Labanieh et al., 2012; Klaver et al., 2020), 
and has also been invoked to account for mantle heterogeneity ob-
served at ocean ridges (Dixon et al., 2017).

These diverse interpretations show that despite its centrality to 
our understanding of arc volcanism, the nature of the slab flux re-
mains contentious. Here, we re-evaluate the relative importance 
of melts and fluids from the slab using four lines of evidence – 
thermal models of subducting slabs, mass-balance relating sub-
ducting fluxes to arc outputs, experimental studies that constrain 
melt and fluid compositions, and arc lava geochemistry. Together, 
these show that melting of ocean crust as well as sediment is most 
plausible.
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Fig. 2. Comparison of Th and Nb abundances in high-Mg# samples from arc-front 
stratovolcanoes (as compiled by Turner and Langmuir, 2022) and MORB (Gale et 
al., 2013). At any given Nb concentration, arcs have about an order of magnitude 
greater Th. This requires Th mobilization from sediment, which in turn requires 
sediment melting.

2. Evidence for melting of both sediment and AOC

Diverse lines of evidence converge to show that both sediments 
and AOC usually melt at convergent margins, even at the “coldest” 
subduction zones.

2.1. Evidence that sediments melt

Arcs are enriched in Th relative to the REE (Fig. 1), and Th sys-
tematics of volcanic arcs provide strong evidence for melting of 
subducting sediment. Because sediments dominate the budget of 
Th in subducting plates (cf., Gale et al., 2013; Plank, 2013), and 
arc Th abundances correlate with the amount of Th being sub-
ducted (Plank and Langmuir, 1993; Plank, 2005), the Th excesses in 
arcs are most likely derived from subducted sediment. Experiments 
have consistently found Th to be insoluble during slab dehydration 
beneath arcs (Brenan et al., 1995; Johnson and Plank, 2000; Kessel 
et al., 2005; Spandler et al., 2007; Rustioni et al., 2019). Sediment 
fluids would thus fractionate certain element ratios such as Rb/Th 
in ways that are not seen in arcs, requiring that transport from 
sediments must instead occur via a higher temperature hydrous 
melt (Johnson and Plank, 2000).

This conclusion is reinforced by thorium-niobium systematics 
of arcs (Fig. 2). Away from subduction zones, Th and Nb behave 
similarly, leading to remarkably constant Th/Nb ratios (Fig. 2). Arc-
front stratovolcanoes have much higher Th/Nb ratios than MORB, 
requiring efficient transfer of Th from the subducting plate. Many 
arcs have even higher Th/Nb than corresponding bulk sediments, 
which is consistent with the presence of residual rutile during sed-
iment melting near the slab surface (e.g., Elliott, 2003; Skora and 
Blundy, 2010). This is also one of several reasons (see Turner and 
Langmuir, 2022, for an extended discussion) that bulk sediment 
transport to the wedge, such as in a diapir, is implausible. Th-Nb 
systematics are thus also most consistent with sediment melting.

The geochemical evidence for sediment melting was at odds 
with some early thermal models of subduction zones (Poli and 
Schmidt, 2002), though models incorporating temperature-depen-
dent viscosity have long supported conditions suitable for melting 
on the slab surface (Furukawa, 1993; Van Keken et al., 2002; Kele-
3

men et al., 2003c). Sediment melting is thus supported by experi-
mental data, arc geochemistry, and geophysical modeling.

2.2. Evidence from thermal models

The water-saturated solidus of altered ocean crust is very sim-
ilar to sediment (Spandler and Pirard, 2013), so if the sediment 
melts, and the sediment layer is thin, then ocean crust melting is 
also likely. The thickness of the subducting sediment layers mea-
sured on the seafloor or observed in the shallow portions of the 
“subduction channel” above the slab are inevitably thicker than 
the sediment layer at depth, because of the later expulsion of 
pore fluids and the transition to eclogite. For example, the me-
dian ∼400 m seafloor sediment thickness in the compilation of 
Plank (2013) should be compressed to ∼150 m after conversion 
to eclogite based on observed porosity and density. Furthermore, 
sediment melt fractions can exceed 30% under water saturated 
conditions (Schmidt et al., 2004). Therefore, only a thin veneer of 
sediment likely remains present beneath the arc, resulting in sim-
ilar temperature-pressure conditions for sediment and AOC, sup-
porting the idea that both AOC and sediment will melt.

In addition, thermo-mechanical models that match heat flow 
constraints and incorporate realistic slab profiles (e.g., Wada and 
Wang, 2009; van Keken et al., 2018), have converged on hotter 
overall slab temperature profiles, with the water-saturated solidus 
penetrating well into the ocean crust in even the coldest subduct-
ing slabs (Fig. 3a). On Fig. 3c-e, the phase boundaries from exper-
imental studies and thermodynamic models (Fig. 3a-b) have been 
projected onto the modeled slab temperature fields of van Keken et 
al. (2018). It is apparent from these projections that the upper lay-
ers of the slab reach temperatures that exceed the hydrous solidus 
just as lawsonite dehydration releases water from the underlying 
layers. These models thus support water-saturated melting of at 
least the top 1 km of the slab, even when convergence rates are 
high and subducting plates are old. Very young slabs will have hot-
ter internal temperatures and may be unable to retain lawsonite 
to sub-arc depths, in which case zoisite breakdown could replace 
lawsonite as the source of water (Fig. 3a, Schmidt and Poli, 1998). 
The petrological tools commonly used to model slab dehydration 
do not yet reproduce experimental results regarding zoisite sta-
bility (Wei and Duan, 2019), however, limiting the utility of this 
common modeling approach for hotter slabs. Overall, these results 
show that AOC melting is plausible and consistent with the ther-
mal models, even for the coldest slabs.

Serpentinite within the lithospheric mantle of the subducting 
plate (the slab-mantle) serves as another potential fluid source. 
The slab-mantle temperatures in the Tongan slab model never ex-
ceed the stability limits of antigorite, however, while in Izu, antig-
orite breakdown is predicted about 50 km behind the arc front. 
Antigorite breakdown occurs somewhat closer to the arc front in 
the Marianas. None of these models have slab-mantle tempera-
tures exceeding the chlorite stability field near the arc front, how-
ever (Fig. 3b). Antigorite breakdown fluids may therefore be con-
sumed by the production of chlorite, with no net fluid loss from 
the lithospheric mantle, depending on the initial hydration level 
and the spatial distribution of hydrous phases in the slab-mantle 
(Wada et al., 2012). It is also possible that any fluids released from 
the slab-mantle would be consumed by hydration reactions in the 
overlying gabbro (Wada et al., 2012), which has a large potential 
water capacity prior to lawsonite breakdown (Schmidt and Poli, 
1998). While lawsonite is likely to break down in the upper crust 
where temperatures are higher, the lowermost crusts of all but the 
very hottest slabs are predicted to retain lawsonite well beyond 
the arc front (Fig. 3a). It is therefore plausible that any water ini-
tially present in the slab-mantle is usually subducted beyond the 
arc. This conclusion is consistent with the synthesis of Bekaert et 
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Fig. 3. (a-b) Examples of slab thermal profiles at various slab depths as compared to stability fields of important hydrous minerals. Slab thermal profiles are from the “farb2” 
model set of van Keken et al. (2018), which provides the best match to fore-arc heat flow data (see Fig. 10b of van Keken et al., 2018). Phase boundaries are after Schmidt 
and Poli (1998) and Fumagalli and Poli (2005). The water-saturated solidus for altered ocean crust is after Spandler and Pirard (2013) and the ‘MORB’ water-saturated solidus 
is after Sisson and Kelemen (2018). The slab profiles in panels a-b in were selected to depict the global range of slab temperatures. (c-e) Horizontal projections of the 
subducting slab and immediately overlying mantle relative to its distance from the trench, showing the remaining water content calculated from a parameterization of the 
results of Hacker (2008) and the pressure-temperature fields for each arc from the “farb2” models (P-T grids were provided by van Keken, personal communication). The 
slab models in panels c-e were selected in order to demonstrate the plausibility of slab melting in various convergent margins that have older subducting plates. In regions 
where the slab temperature exceeds the solidus, a color gradient is plotted to depict T-Ts, which is the difference between T and the water-saturated AOC solidus T (Ts) 
at the relevant pressure. These results support the plausibility of melting of subducted ocean crust. Water lost beyond the depth of coupling but prior to the onset of slab 
melting is transported above the slab where it is held in chlorite (chlorite field after Grove et al., 2012), which is assumed to carry a maximum of 12% H2O. In each of these 
cases, the interval of chlorite dehydration corresponds with the interval of melting of the slab below. (For interpretation of the colors in the figure(s), the reader is referred 
to the web version of this article.)
al. (2021), who found that H2O mass-balance across subduction 
zones does not require any input of fluids from the lithospheric 
mantle.

Thermal models and phase equilibria are thus consistent with 
ubiquitous melting of AOC.

2.3. Sr mass-balance constraints

The Sr systematics of arcs place further constraints on the im-
portance of AOC melts vs. AOC fluids. Sr is advantageous because 
(1) all arc-front stratovolcano parental magmas have prominent 
positive Sr anomalies, while non-carbonate sediments lack such 
anomalies (Fig. 1), and (2) arc parental magmas have low 87Sr/86Sr 
4

(generally .703 to .7045) compared to sediments (0.7124 in aver-
age sediment; Plank, 2014) which limits the Sr that can be derived 
from sediment. In a few arc segments higher 87Sr/86Sr basalts have 
erupted, but these rocks have been linked to either upper crustal 
assimilation or unusually thick sediment thickness on the subduct-
ing plate (e.g., Davidson and Harmon, 1989; Bezard et al., 2014; 
Handley et al., 2014; Aiuppa et al., 2017). Based on these con-
straints, it has long been established that most of the excess Sr in 
typical arc parental magmas must be derived from the subducting 
ocean crust (e.g., Kelemen et al., 2003a; Gómez-Tuena et al., 2007).

To quantify the ocean crust Sr contribution to an arc, the con-
tributions from the ambient mantle (i.e., the mantle composition 
prior to slab addition) and sediment must be subtracted from the 
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Fig. 4. Illustration of how to quantify the excess Sr in various arcs. The Nb-Sr rela-
tionships of MORB show how Sr content varies with Nb content due to variations 
in ambient mantle enrichment and extents of melting. The dashed line is a running 
average through the MORB data. Compared to MORB, arcs are offset to higher Sr 
at a given Nb, which must result from the slab flux. Average Sr contents of high-
Mg# samples without negative or positive europium anomalies are shown for each 
arc (Turner and Langmuir, 2022). Since Sr in sediments is low in abundance but 
very high in 87Sr/86Sr, most of the excess Sr must be derived from the subducted 
basaltic crust (see discussion in text). The arcs in this figure were selected as typi-
cal oceanic subduction zones associated with colder slabs, due to the rapid descent 
of old oceanic plates, that also have back-arc basin basalt data that can be used to 
constrain 87Sr/86Sr of the ambient mantle (see online supplement). The Sr excesses 
seen in these arcs, coupled with experimental constraints on Sr partitioning (Fig. 5), 
show that the ocean crust must melt even when old plates subduct at high velocity.

total arc Sr. Fig. 4 compares the average Sr and Nb concentra-
tions of representative high-Mg# oceanic arc-front stratovolcano 
samples to MORB data that have been filtered to remove samples 
strongly affected by plagioclase fractionation (see figure caption). 
The MORB data show how much Sr is derived from the upper man-
tle for a given Nb content irrespective of differences in extents of 
melting or mantle heterogeneity. The Nb in arc magmas is largely 
derived from the ambient mantle. The vertical offsets in Sr abun-
dances between arcs and MORB reflect Sr that was added from the 
slab. If some Nb were also slab-derived, the arc data points would 
need to be translated to lower Nb, requiring even more Sr from 
the slab. This method makes it possible to determine the minimum 
amount of Sr that is slab-derived without arbitrarily assuming am-
bient mantle Sr concentrations or extents of mantle melting.

The 87Sr/86Sr of the ambient mantle can be estimated from 
back-arc basin basalts that have negligible subduction-related trace 
element anomalies (see also, Turner and Langmuir, 2022). Typical 
ocean crust alteration has a minor impact on Sr abundances but 
raises the average 87Sr/86Sr of the upper 500 m of ocean crust by 
about 0.0017 (Staudigel et al., 1995), with only minor increases 
in 87Sr/86Sr in the deeper layers of the slab (Bach et al., 2003). 
Given that at least the upper 1.5 km of the slab should dehy-
drate near the arc front (Fig. 3c-e, van Keken et al., 2018), the 
typical composition of Sr extracted from dehydrating ocean crust 
in these arcs should have 87Sr/86Sr of ∼0.7032, between average 
Pacific MORB (87Sr/86Sr=0.70257, Gale et al., 2013) and an upper 
slab layer with 87Sr/86Sr∼0.7043. This estimate based on drill core 
samples is consistent with the compositions of samples dredged 
from large normal faults offshore Izu by Durkin et al. (2020). Be-
cause average subducting sediment 87Sr/86Sr compositions (Plank, 
2013) are all much higher (mostly >0.709), isotope mass-balance 
for most arcs limits sediment-derived Sr to <13% (or 11% if AOC 
87Sr/86Sr=0.7033) of the excess Sr (Fig. 4, Table S1).

About 150 ppm or more of the Sr in these arcs must therefore 
be derived from the subducted ocean crust, which requires effi-
cient extraction. While the ocean crust is 6-7 km thick, only the 
top 3 km (top 1.5 km for Tonga, where convergence is very fast) 
5

of the crust will dehydrate or melt in these arcs (Fig. 3c-e, van 
Keken et al., 2018) and hence be capable of delivering Sr to the 
wedge. Given convergence rates of 45 to 65 km/Ma (∼165 km/Ma 
for Tonga), 135 to 195 km3 of subducted ocean crust will thus de-
hydrate per Ma for each kilometer of arc. Calculations of the Sr 
flux into the upper plate depend on arc magma production rates. 
For oceanic arcs, estimates of magma production rates (Dimalanta 
et al., 2002; Jicha and Jagoutz, 2015) range from 55-89 km3 per 
km of arc per Ma (or much higher if arc erosion or delamination 
rates have been significant). To supply 150 ppm Sr to 75 km3 of 
arc crust from 165 km3 of subducting crust (with 128 ppm Sr, 
Gale et al., 2013), at least half of the Sr must be extracted from 
the portion of the subducting crust that dehydrates, implying very 
substantial Sr mobilization and transport.

For such efficient extraction to occur, Sr must strongly partition 
into the liquid phase. If the liquid phase is a fluid with >85% H2O, 
then the relative mass of that phase is constrained by the total 
available water. The total water content of subducted altered ocean 
crust subducted beyond the forearc is <2 wt.% (Schmidt and Poli, 
1998, Fig. 3c-e), so a small total volume of fluid would need to 
extract half the Sr. Simple mass balance shows that if the total fluid 
fraction is ∼1%, then extracting half the Sr is only possible if the 
solid/fluid partition coefficient (DSreclogite/fluid) is ∼0.02. A partial 
melt of the crust, on the other hand, is not as constrained by mass. 
If the same mass of water were carried within a hydrous melt with 
<10% H2O, for example, melt fractions in the slab could reach 10-
20%, and mass balance would be met given DSreclogite/melt from 0.1 
to 0.2. These requirements can then be compared to experimental 
constraints on solid/fluid and solid/melt partitioning.

Recent experiments (Rustioni et al., 2019) show that Sr does not 
partition strongly into an aqueous fluid unless chlorine contents 
are very high. DSreclogite/fluid values range from ∼0.5 at moderate 
to low salinity to under 0.1 at very high salinity (Fig. 5a). This gen-
eral increase in incompatible element mobility at high fluid salinity 
led Castillo (2021) to suggest that the slab component might be 
a Cl-rich fluid. Independent constraints on the possible salinity of 
slab fluids are available from the H2O/Cl ratios of arcs. Magmatic Cl 
abundances are not retained in erupted lavas but are reliably pre-
served in olivine-hosted melt inclusions with mafic compositions. 
For the Marianas arc, ample melt-inclusion data (e.g., Brounce et 
al., 2014) allow estimation of the primary magma compositions, 
which contain ∼0.05 wt.% Cl (see Figure S1) and ∼4 wt.% H2O 
(Plank et al., 2013), consistent with about 1 wt.% Cl in a pure 
fluid component. This estimate agrees well with independent con-
straints from Li and Hermann (2015). Based on the Rustioni et al. 
(2019) experiments (Fig. 5), this would suggest DSreclogite/fluid of 
∼0.2, which is an order of magnitude too high to meet the Sr 
mass balance requirements. This value is also in agreement with 
several other eclogite-fluid and fluid-melt partitioning experiments 
that have utilized a wide range of sophisticated experimental tech-
niques (Brenan et al., 1995; Keppler, 1996; Stalder et al., 1998; 
Kessel et al., 2005; Spandler et al., 2007; Borchert et al., 2010; 
Kawamoto et al., 2014). If lawsonite, epidote, phengite, or apatite 
were present, as is likely for AOC (Carter et al., 2015; Sisson and 
Kelemen, 2018), DSreclogite/fluid would be higher and Sr even less 
mobile (Spandler and Pirard, 2013). Fluids produced by dehydra-
tion reactions in the subducting crust are thus unable to transport 
enough Sr from the AOC to account for the arc Sr budget.

An alternative approach makes use of Cl/Sr ratios. Given 128 
ppm Sr in the ocean crust (Gale et al., 2013), the Cl and Sr aqueous 
fluid partitioning values from the Rustioni et al. (2019) experi-
ments with >2% Cl would produce fluids with Cl/Sr>16, while arc 
melt inclusions have Cl/Sr of ∼4.5 or lower (Fig. 5b). Cl contents 
that are high enough to mobilize Sr would thus inevitably produce 
fluids and associated arc magmas with Cl/Sr contents that are far 
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Fig. 5. (a) Experimental Declogite/fluid values from Brenan et al. (1995), Kessel et al. (2005), and Rustioni et al. (2019) as a function of Cl content in the fluid. High Cl fluids 
result in lower D values and greater Sr mobility (b) Cl vs Sr abundances of the Rustioni et al. (2019) experiments are compared to olivine-hosted melt inclusions from arcs 
with greater than 6 wt.% MgO (via GEOROC). Fluid Sr abundances are calculated using D values reported by Rustioni et al. (2019) and average MORB Sr abundances (Gale et 
al., 2013). Because Cl and Sr are both incompatible elements, Cl/Sr in melts will not be strongly fractionated during melting. For a successful ‘slab fluid’ model, arc samples 
must therefore fall along mixing lines between fluid compositions and the ambient mantle (essentially at the origin of this plot). The high Cl experiments of Rustioni et al. 
(2019) plot far above any possible mixing line, demonstrating that fluids with such high Cl abundances are not viable. If the actual slab component were a fluid, it must 
therefore have a lower Cl/Sr ratio than most of the experiments of Rustioni et al. (2019), with an upper limit of ∼1 wt.% Cl. At these lower Cl concentrations, the relationship 
between Cl and DSr (panel a) indicates an average SrDeclogite/fluid of ∼0.2. Also shown on (b) is a melt composition from a natural MORB sample (Sisson and Kelemen, 2018), 
which has a Cl/Sr value that matches most arc data.
Fig. 6. The requirement for slab melts can be visualized on a plot of mantle source 
contents of Sr vs H2O. The possible compositional range of the oceanic arc mantle 
sources (see text) has been calculated for the arcs shown on Fig. 5 using partition 
coefficients from Workman and Hart (2005) (assuming DCe=DH2O). The addition of 
sediment melt (which is constrained by isotopic mass balance) to the mantle source 
shifts the depleted mantle composition only slightly towards the required oceanic 
arc mantle source range. From this point, adding aqueous fluids to the mantle re-
sults in a trajectory with H2O/Sr that is far higher than arc mantle source range. 
The addition of AOC melts, in contrast, reproduces the required source composi-
tions. Currently available experimental evidence thus appears to require melting of 
ocean crust as well as sediment, even in arcs like Tonga where the oldest plates are 
descending the most rapidly. Each tick represents a 1% addition of slab melt or fluid 
to the mantle wedge.

higher than what is observed. Hydrous fluids, no matter what their 
Cl content, cannot meet the Sr constraints.

Fluids interacting with the subducting ocean crust would also 
lack the appropriate ratios of water to Sr, regardless of water:rock 
ratios. Average arc Sr abundances (Table S1) can be used to calcu-
late the plausible compositional range of Sr and H2O in the oceanic 
arc mantle sources, assuming 2-6% primary H2O and 15-20% man-
tle melting. A small amount of Sr can be added by a sediment melt 
(as in Fig. 4). Fig. 6 shows that adding a fluid with 90 wt.% H2O 
and 600 ppm Sr results in a mixing trajectory with H2O/Sr greatly 
exceeding the plausible mantle range. Therefore, even if the flu-
ids from the dehydrating ocean crust were augmented by water 
from dehydrating slab-mantle antigorite that somehow permeated 
6

the crust, equilibrated with lower crustal rocks, and then became 
remobilized out of the crust and into the mantle wedge, the re-
sultant fluid composition would be inconsistent with the composi-
tions of arcs, because their H2O/Sr ratios would be too high.

This source calculation is a simplified version of the approach 
used by Stolper and Newman (1994) to determine the composition 
of a single hypothetical slab component transferred to the Mari-
anas mantle source. Stolper and Newman’s proposed slab compo-
nent was a hydrous fluid with several thousand ppm Sr. Such high 
Sr contents clearly violate constraints from the fluid partitioning 
experiments that have since become available.

Melts, by contrast, can readily transport sufficient Sr due to a 
slightly lower D value during melting and because melting pro-
duces a much larger total liquid fraction with lower H2O contents. 
Stolper and Newman (1994) required very high Sr contents in their 
slab component because their H2O concentration was arbitrarily 
set to fluid-like values. If the water fraction were lowered to melt-
like values instead, then the required Sr contents would also be 
lower, and consistent with experiments that show DSreclogite/melt

∼0.1 (e.g., Kessel et al., 2005; Sisson and Kelemen, 2018). Mass 
balance would then be satisfied by 10% fractional melting of the 
slab, which would extract 65% of the bulk Sr from the portion that 
melted. Adding a melt with ∼10 wt.% H2O also accounts well for 
the arc compositions on Fig. 6. The AOC “hydrous component” is 
thus most consistent with a melt.

These various approaches to the arc Sr budget all arrive at the 
same conclusion. Elemental and isotopic mass-balance require a 
large flux of Sr from the subducted ocean crust, which is difficult 
to produce with a fluid. Cl/Sr ratios are inconsistent with a mode 
of transport by high Cl fluids. Experiments indicate that AOC fluids 
will have higher H2O/Sr ratios than what is required to explain arc 
volcanics. Experiments and arc data are thus most consistent with 
melting of mafic ocean crust, in addition to melting of sediment.

3. Calculation of melt compositions from altered ocean crust and 
sediment

If both sediments and AOC melt, then quantitative models of 
arc volcanism require calculations of slab melt compositions that 
are consistent with both experiments and natural arc lavas.
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3.1. Constraints on AOC melt compositions

One of the arguments for fluid transfer from the slab to the 
wedge is the enrichment of “fluid mobile elements” such as Ba, Pb, 
and Sr, relative to the REEs, Nb, and Ta. Recent experimental data, 
however, have found that melts of altered oceanic crust also have 
these characteristics (Klimm et al., 2008; Carter et al., 2015; Sis-
son and Kelemen, 2018). The 238U-excess typical of many volcanic 
arcs is commonly invoked as additional evidence for a fluid com-
ponent (Elliott, 2003), but can also result from melting (Avanzinelli 
et al., 2012; Carter et al., 2015). While these results suggest slab 
melts alone can produce the array of elemental anomalies that 
characterize arcs, there are also important differences among the 
experiments. Here, we show that compositions of AOC melts can 
be further constrained by relating forward models based on exper-
imental results to the compositions of arc volcanics.

Kessel et al. (2005) was the first experimental study to mea-
sure elemental partitioning among a large suite of trace elements 
during melting of a MORB-like bulk composition. While the bulk 
partition coefficients reported by Kessel et al. (2005) remain widely 
used, their utility is limited by (1) the lack of K2O, which controls 
the position of the solidus and the total melt fraction (Schmidt et 
al., 2004), and (2) that they were calculated between melts and 
clinopyroxene+garnet, while it was later discovered that the bud-
gets of many trace elements in these experiments were dominated 
by accessory phases that were not initially identified (Klimm et 
al., 2008). As a result, the bulk partition coefficients reported by 
Kessel et al. (2005) for the LREE, Th, and U violate mass balance 
and do not accurately reflect the actual eclogite-liquid partitioning 
that was present in the experiments.

Experiments that have accounted for the presence of accessory 
phases have produced diverse results, which may be due to dif-
ferences in the doping levels, oxygen fugacity, and K2O contents. 
Klimm et al. (2008) used a similar bulk composition to Kessel et 
al. (2005), but with added K2O and oxygen fugacity buffered near 
NNO. They showed that under these conditions accessory allanite 
limited the melt mobility of the LREE, Th, and U (Fig. 7a). Be-
cause the trace element doping levels of the experiments were 
high, however, the stability of allanite was enhanced relative to 
natural AOC.

Carter et al. (2015) measured partitioning in melts of natural, 
undoped MORB and AOC samples, but under highly oxidized ex-
perimental conditions (∼NNO+2 or greater, depending on H2O 
loss). These experiments produced residual epidote–clinozoisite 
rather than allanite. While LREEs generally partition more strongly 
into allanite than other epidote-group minerals (Frei et al., 2003), 
the mobilities of LREE in the Carter et al. (2015) AOC-melting 
experiments were equal to or lower than Klimm et al. (2008)
(Fig. 7a).

Sisson and Kelemen (2018) expanded on the experimental 
work of Liu et al. (1996), who melted natural K2O-bearing MORB 
buffered at more reducing conditions (QFM). They identified resid-
ual apatite rather than epidote or allanite and found substantially 
greater REE mobility (Fig. 7a). Luginbühl (2015) conducted melting 
experiments at NNO and more moderate doping levels but with 
very high (5 wt.%) K2O, which produced high melt fractions, early 
exhaustion of epidote, and melts with intermediate REE mobility 
compared to other studies (Fig. 7a).

These results suggest that in addition to doping levels, oxygen 
fugacity plays an important role in trace element mobility, because 
epidote contains Fe3+ and its stability is enhanced under oxidiz-
ing conditions. The relatively reduced experiments of Sisson and 
Kelemen (2018) probably destabilized epidote, while the oxidizing 
conditions of Carter et al. (2015) stabilized it, with consequences 
for LREE mobility (Sisson, personal communication).
7

Volcanic arc compositions provide additional context for these 
experiments. Fluxes of Sr from the slab must be large relative to 
Ce and Nd (Fig. 1). The magnitude of the Sr enrichment can be 
quantified as Sr/Sr*=SrN/(CeN*NdN)1/2 (normalized to C1 chondrite 
values of Sun and McDonough, 1989). Arc magmas, once filtered to 
remove samples with obvious plagioclase fractionation or accumu-
lation, generally have Sr/Sr* between 2 and 4 (Sisson and Kelemen, 
2018). Fig. 7b demonstrates the effects of mixing different slab 
melts into the depleted mantle. The Sr, Ce, and Nd abundances 
in the melts are calculated based on the melt partitioning in each 
experiment, renormalized to a bulk composition of average MORB 
(Gale et al., 2013). This diagram shows that mixing between the 
mantle wedge and the oxidized experimental melts of Carter et al. 
(2015) (or the highly doped experiments of Klimm et al., 2008), 
in which the stability of REE-bearing phases is enhanced, produces 
an excessively high Sr/Sr* (Fig. 7b). Mixing to the more reduced 
Sisson and Kelemen (2018) experimental melts, on the other hand, 
produces Sr/Sr* that is too low.

Intermediate REE mobility is also indicated by the nomi-
nal to negative Zr-Hf anomalies of arc volcanics [Zr/Zr*=ZrN/
(NdN*SmN)1/2]. Zr and Hf are less likely to be affected by oxygen 
fugacity, and bulk Zr concentrations are close to natural abun-
dances even in doped experiments, providing a useful basis of 
comparison to the REE. Most arc data have Zr/Zr* between 0.4 and 
1, whereas strong positive Zr (and Hf) anomalies are seen in the 
oxidized/doped experiments with very low REE mobility (Fig. 7a). 
In this case, the Sisson and Kelemen (2018) results are consistent 
with arc compositions, while Carter et al. (2015) has greater Zr/Zr* 
than arcs (Fig. 7c).

None of the existing experiments provide a perfect fit to arc 
compositions. The absence of K2O in Kessel (2005), the low K2O 
and high, unconstrained fO2 of Carter et al. (2015), the high doping 
levels of the Klimm et al. (2008), the high K2O of Luginbühl (2015)
and the low fO2 of Sisson and Kelemen (2018) all apparently depart 
from conditions appropriate to most subducting slabs. The H2O 
contents of most of these experiments are also higher than the 
water:rock ratios likely to be present during a given increment of 
flux melting. Though the individual experiments do not match the 
arc compositions directly, their systematic behavior suggests that 
ocean crust melts could indeed reproduce the range of observed 
compostions at moderate K2O and trace element abundances, and 
intermediate fO2. Under these conditions, a small amount of resid-
ual epidote could lead to high Sr/Sr* without also producing high 
Zr/Zr*.

We suggest that the best approach to quantify slab melting 
for Th and the REE is to interpolate between experimental end 
members. For elements controlled by epidote, we determined en-
richment factors for a minimum bound defined by the 900 ◦C ex-
periments of Klimm et al. (2008) and Carter et al. (2015), and the 
800 ◦C experiment of Luginbühl (2015). A maximum bound was 
defined by the 900 ◦C experiment of Luginbühl and the 800 ◦C ex-
periments of Sisson and Kelemen (Fig. 7a, Fig. S2). Using the Sr/Sr* 
and Zr/Zr* constraints as a guide, the compositions of ‘hotter’ and 
‘colder’ slab melts were interpolated between these bounds, as-
suming the highest plausible elemental mobility in hot melts, and 
lower elemental mobility for the colder melts (Table 1). A visual 
depiction of this approach and more details of the enrichment fac-
tor calculations are available in the supplement.

For elements not strongly controlled by an accessory phase dur-
ing melting (Pb, Cs, Rb, Ba, Sr), melt compositions were calculated 
as aggregated fractional melts using constant partition coefficients 
consistent with the ranges reported by Sisson and Kelemen (2018)
and Carter et al. (2015), assuming melt fractions of 15% and 30% 
to be consistent with experiments containing moderate water con-
tents for colder and hotter melts, respectively (Table 1). Nb and Ta 
abundances were calculated following the rutile partitioning model 
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Fig. 7. (a) Experimental results of slab-melting analog experiments, with trace element abundances normalized to bulk starting compositions. Where necessary, the bulk 
compositions have been normalized to account for dilution by added water. (b) The green fields reflect the arc mantle source, and yellow/orange circles reflect a depleted 
mantle composition before/after the addition of sediment melt, as in Fig. 6. Abundances of elements that are incompatible during slab melting, such as Sr, should vary mostly 
as a function of the slab melting extent, while LREE are controlled by residual phases. Low extents of melting thus lead to high Sr/Sr*. Sisson and Kelemen (2018) suggest 
that the reduced melt fractions may be capable of producing arc compositions under these conditions. On panels b-c, the Sisson and Kelemen (2018) slab melt compositions 
are extrapolated to a melt fraction of 10%, at which point the mixing trajectory begins to intersect the range seen in arcs. While lower melt fractions could conceivably cause 
higher Sr/Sr*, this would require very low bulk water contents, and conflicts with the observation that high Sr/Sr* magmas are found in both the “hottest” and “coldest” slab 
environments. (c) To be consistent with the arc data, Nd and Sm mobilities during slab melting must be within the range of Zr and Hf, thus higher than the Carter et al. 
(2015) experiments. Sediment melt compositions are calculated using average D values from Table 1 and assuming 40% melt fraction, though the result is insensitive to melt 
fraction because the proportion of Sr that can be derived from sediment is limited by isotope mass balance, as in Fig. 6.
of Xiong et al. (2011), assuming 1.5% bulk TiO2 and melt TiO2

contents ranging from 0.2% in the colder melt to 0.5% in the hot-
ter melt. In the natural AOC melting experiments of Carter et al. 
(2015), zircon is inferred in the lower-T experiments (with only 43 
ppm Zr in the melt at 750 ◦C), but is exhausted between 850 and 
900 ◦C. We assign 50 ppm Zr to the AOC melt for a typical colder 
slab melting scenario, and 110 ppm Zr for a somewhat hotter slab 
melt. Near the solidus, the Zr/Hf ratio in the melt is 35% lower than 
the bulk material, with negligible fractionation of Zr/Hf at higher 
temperatures as zircon breaks down. For our colder model slab 
melts, we therefore assign a Zr/Hf ratio that is 30% lower than 
8

NMORB, while for the hotter slab melt we assign a Zr/Hf ratio 
that is equal to NMORB. Fig. 8 demonstrates the resulting range 
of model AOC melt trace element compositions.

3.2. Calculation of sediment melts

While AOC melts dominate the Sr budget of volcanic arcs, it 
is clear that most of the other enrichments in highly incompati-
ble elements are largely derived from subducting sediment (e.g., 
Figs. 1–2). In contrast to the undoped ocean crust melting exper-
iments, the high P2O5 and REE abundances in natural sediments 
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Table 1
AOC and sediment melting partition coefficients.

AOC Melt Model Compositions Sediment D’s

‘very cold’ ‘colder’ ‘moderate’ ‘hotter’ hotter colder

melt fraction 0.1 0.15 0.2 0.3

TiO2
d 2000 2000 3000 5000

Rba 16.2 11.8 9.1 6.1 Rb 0.7 0.7
Sra 834 685 571 415 Sr 0.25 0.25
Zrc 50 50 62 111 Zr 1.8 4
Nbd 0.58 0.53 0.73 1.07 Nb 2 7.5
Csa 0.24 0.24 0.12 0.08 Cs 0.1 0.1
Baa 172 126 97 65 Ba 0.4 0.4
Lab 1.51 3.19 3.71 4.78 La 0.83 2.3
Ceb 4.47 9.16 10.57 13.48 Ce 0.9 2.5
Ndb 3.84 7.42 8.46 10.58 Nd 1.6 3.5
Smb 1.04 1.80 2.01 2.42 Sm 2.2 4
Eub 0.26 0.43 0.47 0.56 Eu 2.8 4.4
Gdb 0.73 0.92 0.96 1.04 Gd 4 7
Dyb 0.30 0.34 0.35 0.37 Dy 9 14
Erb 0.09 0.10 0.10 0.10 Er 16 20
Ybb 0.05 0.05 0.06 0.06 Yb 50 60
Lub 0.01 0.01 0.01 0.01 Lu 75 90
Hfc 2.19 2.19 0.00 2.68 Hf 1.2 2.6
Tad 0.02 0.04 0.04 0.07 Ta 1.8 7.5
Pba 2.57 2.25 1.97 1.54 Pb 0.5 0.7
Thb 0.20 0.20 0.37 0.44 Th 0.6 1.4
Ub 0.33 0.33 0.33 0.33 U 0.4 0.7

a Values were calculated using constant partition coefficients (DRb=0.05, DSr=0.1, DCs=0.01, 
DBa=0.05, DPb=0.15).
b Element abundances interpolated from experimental enrichment factors, see text and online 

supplement for details.
c See text.
d TiO2 abundances following Carter et al. (2015). Nb and Ta D values based on residual rutile 

proportion, given 1.5 wt.% bulk TiO2. Nb and Ta D values based the systematics described by Xiong 
et al. (2011, see their Fig. 11). DNb decreases from 400 to 200. DNb/DTa is 0.5 for the ‘very cold 
melt’, 0.9 for the intermediate melts, and 1 for the ‘hotter’ melt.

Fig. 8. Examples of calculated slab components normalized to MORB, as described in the text and available in Table 1. The range of MORB melt compositions for melt fractions 
from 15-30% are plotted in green (the ‘very cold’ AOC melt of Table 1 is inferred to be relevant only in unusual settings and is not plotted). Note that this is strictly a “MORB” 
melt composition, not adjusted for the potential enrichment of Rb, U, or Ba during seafloor alteration. U, Pb, Cs, Rb, Ba, and Sr are assumed to behave incompatibly with 
constant D values (Table 1). Elemental abundances in the melt for these elements are calculated using the aggregate fractional melting equation Cl=(Co/F)*(1-(1-F)ˆ(1/D)). 
Strontium, with a D value of 0.1, then varies from 415 to 685 ppm in the melt. The REE abundances are extrapolated based on ‘enrichment factors’ relative to bulk abundances 
from the experimental data in Fig. 7 at 800 and 900 ◦C (see online supplement). Nb and Ta partitioning are calculated following Xiong et al. (2011). Zr and Hf are controlled 
by a combination of garnet and zircon (see text). Sediment melt compositions are calculated similarly to the MORB melt, though REE values are calculated from T-dependent 
D values (Table 1). An example of sediment melt compositions derived from the bulk sediment composition of DSDP 1232 (Turner et al., 2017), sampled offshore of Southern 
Chile (black dotted line) are plotted in light brown.
may stabilize monazite during melting (Hermann and Rubatto, 
2009; Skora and Blundy, 2010) in which case the LREE+Th serve 
as essential structural constituents (ESCs). Hanson and Langmuir 
(1978) define an ESC as “an element which completely fills one 
site in a mineral and for which there is very little solid solution.” 
In the case of monazite, the LREE can be considered collectively as 
9

an ESC as long as their total abundances are well in excess of Th 
(Skora and Blundy, 2010). Under these conditions, the concentra-
tion of an ESC in the melt may be independent of the proportion 
of that mineral in the system and vary only with melt composition 
and temperature. Adding more Zr to a system that is saturated in 
zircon, for example, will not impact the Zr concentration of the 
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Fig. 9. Sediment melting bulk partition coefficients, calculated via mass balance from bulk starting material compositions and reported melt extents and melt compositions 
from the experiments of Hermann and Rubatto (2009) and Skora and Blundy (2010), and taken directly from Martindale et al. (2013). Note that despite substantially different 
bulk compositions, the experiments of Hermann and Rubatto (2009) and Skora and Blundy (2010) provide similar bulk D values, with a clear temperature dependence for the 
LREE. These indicate that a LREE-based slab thermometer will need to include information about bulk sediment compositions. The experiments of Martindale et al. (2013), 
in contrast, used an enriched volcaniclastic sediment as the starting composition, with differing results for several elements (see text for discussion).
melt, it will just create more zircon. Plank et al. (2009) proposed 
that the LREE abundances during sediment melting might behave 
in a similar way, in which case the LREE abundances in a sediment 
melt could be used as a slab thermometer.

The studies of Skora and Blundy (2010, 2012), however, show 
that REE and Th abundances also change with bulk composition 
at a single temperature, which implies that these elements can-
not be used as a reliable slab thermometer. This probably occurs 
because the LREE and phosphorus species become disassociated in 
the melt (Skora and Blundy, 2012). At low and moderate phospho-
rus concentrations, the addition of LREE to a monazite-saturated 
system will therefore not lead to a directly proportional increase 
in modal monazite, and the melt’s LREE abundances will increase. 
This result is also apparent by comparing the 800 ◦C experimental 
melts (∼7% Bulk H2O) of Hermann and Rubatto (2009) with those 
of Skora and Blundy (2010). These experimental melts differ in Ce 
concentration by a factor of two (33 vs 66 ppm), which is propor-
tional to their bulk experimental Ce abundances (68 vs 156 ppm), 
as would be expected if their melt abundances were controlled by 
bulk composition in addition to temperature.

A comprehensive treatment of LREE and Th partitioning during 
sediment melting would therefore need to include information on 
the bulk sediment’s LREE and phosphorus concentrations as well 
as an accurate model of apatite saturation, which also depends on 
calcium (Skora and Blundy, 2012). These considerations will be es-
pecially important for studies of uranium-series systematics (e.g., 
Avanzinelli et al., 2012) because the relative proportions of resid-
ual apatite vs monazite can control the partitioning of U and Th, 
as seen from the large differences in slope between U and Th on 
Fig. 9.

In the absence of experiments under suitable conditions for 
all of the diverse sediments subducting beneath arcs, modeling 
melts of sediment remains a challenge. At present, attempts at 
this endeavor still benefit from some general observations of the 
available data. Fig. 9 shows calculated solid/melt partition coeffi-
cients for the experiments of both Hermann and Rubatto (2009)
and Skora and Blundy (2010). Despite substantially different bulk 
compositions, the Ds for most elements vary by only a factor of 
2 or 3, and in the case of the LREE, the variation within a given 
10
temperature bracket is even more limited. This suggests that an 
empirical parameterization of temperature-dependent bulk parti-
tion coefficients based on available experiments can be used to 
model sediment melting as a function of bulk sediment composi-
tion and melt extent. Table 1 provides a set of ‘colder’ and ‘hotter’ 
sediment melting partition coefficients that can be used to model 
trace element distribution during slab melting. To calculate Nb and 
Ta abundances in the melts requires bulk TiO2 abundances and 
melting extents, which can be accomplished using the rutile model 
of Xiong et al. (2011). Zr and Hf bulk D’s for ‘hotter’ and ‘colder’ 
slabs are based on Hermann and Rubatto (2009). An example ap-
plication of this sediment melting model to the southern Chilean 
subduction zone is shown in Fig. 8. The relative differences be-
tween the sediment source and its partial melt may be similar for 
different subduction zones, but the details of the pattern and its 
abundances will depend critically on the sediment composition.

This approach to sediment melting is not likely to be successful 
for the entire range of sediment compositions, however. For exam-
ple, melting experiments (Martindale et al., 2013) on the OIB-like 
volcaniclastic sediments subducting beneath the Marianas (Fig. 9) 
have significantly lower bulk D values for the HREE (due to a lower 
proportion of residual garnet) and an unusually high D value for 
Sr (the host for which was not identified). While these volcani-
clastic sediment melting partition coefficients have been used to 
model elemental mobility in the Cascades (Mullen et al., 2017), 
they are more likely only applicable to enriched volcaniclastic 
compositions and will produce erroneous results elsewhere. Re-
sults for carbonate-rich compositions also differ (Skora et al., 2015; 
Avanzinelli et al., 2018). Therefore, while the approach we propose 
may be useful for most subducting sediments, there is a clear need 
for continued experimental work on sediment melting of diverse 
compositions.

4. Implications for slab thermometers

Sediment melt H2O concentrations have also been suggested 
to be controlled primarily by slab temperature, with lower H2O 
contents at higher temperatures (Hermann and Spandler, 2008). If 
melting of the dehydrated upper slab occurs during incremental 
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dehydration of deeper slab lithologies, however, then the bulk H2O 
contents at any given moment during melting should always be 
low. Analog experiments with low bulk H2O (Mann and Schmidt, 
2015) appear to produce melts that also have lower H2O in some 
cases. In addition, it has been suggested that early slab dehydration 
may stabilize chlorite above the slab surface, which would later 
dehydrate near the arc front (Grove et al., 2012, Fig. 3b). If H2O lost 
from the slab in between the coupling depth and the onset of slab 
melting is consumed by chlorite production above the slab, it can 
be anticipated that chloritized peridotite may occupy a layer that is 
over 1 km thick (Figs. 3c-e). The thermal models indicate that this 
chlorite would become destabilized across the same depth range 
that melting occurs in the underlying slab (Fig. 3b-e), and thus 
would presumably become incorporated into the slab melt, further 
decoupling the melt H2O concentration from the slab temperature.

Finally, while results from the LREE/H2O slab thermometer ini-
tially appeared consistent with numerical modeling results (Cooper 
et al., 2012), there are important sources of uncertainty associated 
with these models. For example, shear heating on the surface of 
the slab is probably an important process (England, 2018), and 
models that incorporate shear heating predict a smaller range in 
slab-surface temperatures than are suggested by the H2O/Ce ther-
mometer (van Keken et al., 2018). Incorporating the latent heat 
of melting would exacerbate this discrepancy. Given a heat ca-
pacity of 1484 J/kg K and a specific heat of fusion of 570 kJ/kg 
(Lesher and Spera, 2015), for example, extraction of 30% melt from 
an eclogite should cool the rock by ∼115 ◦C. Additional melting 
should therefore cool down the hottest slabs and further limit the 
global range of sub-arc slab temperatures. While the importance of 
slab temperature variations to arc geochemistry remains an open 
question, it is clear that recent experimental evidence and a variety 
of other concerns still complicate the reliability of a conceptually 
simple slab thermometer.

5. On adakites

If melting of both ocean crust and sediment are required to ac-
count for the compositions of all arc-front stratovolcano composi-
tions, then a more nuanced interpretation is needed for ‘adakites’ – 
arc rocks which have up to ∼2000ppm Sr, and often below 1 ppm 
Yb. Adakites predominantly erupt near subducting oceanic ridges 
and where subduction is oblique or very slow, such as in Panama 
(Gazel et al., 2015), the Western Aleutians (Kelemen et al., 2003a, 
Yogodzinski et al., 2017), and the Austral Volcanic Zone of Chile 
(Stern and Kilian, 1996). These conditions lead to hotter-than-
average slabs with colder-than-average overlying mantle. Adakites 
may then be a consequence of a larger proportion of slab melt and 
a lesser contribution from wedge melting. Because the HREE abun-
dances in adakites are diluted by about a factor of two relative to 
typical arc-front stratovolcanoes, one could infer that their ‘man-
tle source’ has been diluted at least 50% by a slab melt that is 
essentially devoid of HREE, as compared to the 5-7% slab melt re-
quired to account for the Sr budgets of normal arc- front volcanics 
(Fig. 6). At such high proportions of slab melt, however, the flux 
dominates the source composition and the process is more aptly 
described as ‘melt-rock reaction’ (Kelemen et al., 2003a), especially 
since colder mantle wedge temperatures may lead to decreasing 
rather than increasing melt abundance as the slab melts ascend. 
The conditions of slab melting in these tectonic environments may 
also differ from more typical arc segments. Very hot slabs proba-
bly dehydrate more at shallower depths, leading to lower extents 
of slab melting at great depths beneath the arc.

Despite these caveats, high-Mg# rocks from most adakite lo-
cales appear consistent with the model of slab melting presented 
in Fig. 8, because most adakites have Sr/Sr* and Zr/Zr* ranges 
that overlap with more typical arc volcanics (Fig. 7b-c). In con-
11
trast, the Western Aleutian Cones (Yogodzinski et al., 2017) span 
a much larger compositional range, with Sr/Sr* as high as 11, and 
Zr/Zr* as high as 2. If the trace element abundances of these rocks 
reflect pristine slab melt compositions, then it appears that the 
conditions of melting beneath the Western Aleutian Cones must 
differ. It should be cautioned, however, that the felsic melt com-
positions found in many of these locales will not fractionate mafic 
minerals, in which case the Mg# may not serve as an appropri-
ate index of crystal fractionation, and the high Mg# seen in some 
samples may not necessarily ensure that they are undifferentiated. 
Assuming these compositions are in fact representative of primary 
mantle melts, the differences between the Western Aleutian cones 
and other adakites may arise due to either lower extents of slab 
melting (which could result from more extensive early slab dehy-
dration) or else higher oxygen fugacity during melting.

6. Conclusions

The literature on convergent margin volcanism has not come to 
a consensus on the nature of the flux from the down-going slab. 
While it is generally agreed that sediments must melt, there has 
been widespread disagreement regarding whether the component 
from altered ocean crust is a fluid or a melt. We have presented 
several lines of evidence towards resolution of this controversy, all 
of which support ubiquitous melting of igneous ocean crust. The 
wealth of experimental data shows that the mobilities of many el-
ements in sub-solidus fluids, most notably Sr, are insufficient to 
satisfy mass-balance at arcs. In contrast, slab melts readily trans-
port sufficient Sr, and appear to be the sole means to account for 
the universally raised Sr/Nd of arc volcanics. Melting of the crust 
is also consistent with recent thermal models. An evaluation of the 
spectrum of recent experimental results permits calculation of the 
compositions of the melts from both igneous ocean crust and sed-
iment. These compositions can then provide the necessary inputs 
to constrain both regional and global models of arc volcanism.
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