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Arc magmas are generated by partial melting of a mantle wedge modified by inputs from subducting 
sediment and igneous ocean crust. Despite this uniform tectonic process, global arc-front stratovolcano 
compositions exhibit trace element abundances that can vary by more than an order of magnitude. All 
incompatible elements correlate well, including those that are thought to be wedge derived, “fluid-
mobile”, and sediment derived. It has been suggested that global variations in arc trace element 
abundances occur due to the addition of variable slab components to a depleted mantle wedge, though 
quantitative global models that include both trace elements and isotopes have been lacking. Here we 
present an alternative framework in which a relatively constant proportion of slab material, consisting 
of melts both of altered ocean crust and sediment, is added to ambient mantle wedge that varies from 
more depleted than MORB to as enriched as “EM1” ocean island basalt sources. The modified mantle 
melts to varying extents, with melting controlled primarily by the thickness of the overlying lithosphere. 
Thick lithosphere leads to lower extents of melting in the garnet stability field in most continental arcs. 
Continental arcs also have enriched ambient mantle, likely because of contributions from enriched sub-
continental lithospheric mantle. High degrees of melting of more depleted sources cause oceanic arcs 
to have low incompatible element abundances. Quantitative modeling of these processes shows that 
this framework can account for the global arc systematics exhibited by arc-front stratovolcanoes and 
provides a tool to examine regional variations and more unusual magma compositions. Variations in slab 
temperature and amount of slab input remain important for second-order variations and certain element 
ratios.

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

Studies of subduction zones generally agree that convergent 
margin volcanism occurs when hydrated crust and sediment 
subduct and deliver volatile-bearing components to the mantle 
wedge, lower the solidus, and cause melting (e.g., Kay, 1980; Gill, 
1981; Ellam and Hawkesworth, 1988; Miller et al., 1992; Stolper 
and Newman, 1994; Elliott et al., 1997; Class et al., 2000). There 
is also a general consensus that the characteristic incompatible 
trace element patterns of arc magmas (Fig. 1), such as enrich-
ment of Cs, Rb, K, Ba, Th, U, Pb, and Sr relative to the rare-earth 
elements (REE), and depletion in Nb and Ta, arise because the 
volatile-bearing components leave behind residual phases when 
they separate from the slab (Johnson and Plank, 2000; Klimm et 
al., 2008; Hermann and Rubatto, 2009; Skora and Blundy, 2010; 
Carter et al., 2015; Sisson and Kelemen, 2018).
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While there is agreement on this general framework, arc 
magma compositions vary significantly (Fig. 1) on global (Plank 
and Langmuir, 1988; Turner and Langmuir, 2015a; Farner and Lee, 
2017; Schmidt and Jagoutz, 2017), and regional scales (Carr et al., 
1990; Elliott et al., 1997; Patino et al., 2000; Yogodzinski et al., 
2017; Turner et al., 2017), between adjacent volcanoes of a sin-
gle arc (Miller et al., 1992; Martin et al., 2011), and even within 
individual eruptions (Dungan et al., 2001). A wide range of mod-
els have been proposed to account for this diversity. These include 
variations in crustal processing (e.g., Farner and Lee, 2017), slab 
diapirism (Marschall and Schumacher, 2012), slab temperature 
(Plank et al., 2009; Schmidt and Jagoutz, 2017), partial melting 
(Plank and Langmuir, 1988; Tormey et al., 1991; Turner and Lang-
muir, 2015b), interactions between slab melts and the mantle 
wedge (Kelemen et al., 2003; Yogodzinski et al., 2017), variations in 
water flux (Eiler et al., 2005) and preexisting mantle heterogene-
ity (Morris and Hart, 1983; Pearce, 1983; Ellam and Hawkesworth, 
1988; Woodhead et al., 1993, 2012; Turner et al., 2017).

There have been many attempts to explain this compositional 
diversity, but most involve only verbal descriptions of conceptual 
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Fig. 1. Summary of global variations among high-Mg# samples (as compiled by Turner and Langmuir, 2022a) from continental arcs with thick crust as compared to oceanic 
arcs with thin crust. Continental arc volcanoes have much higher abundances of incompatible elements and less prominent “anomalies.” Fields are based on the ranges seen 
among arc segment averages for oceanic arcs and volcano averages for continental arcs, where fewer high-Mg# samples are available (the Central Andes were excluded 
entirely due to a scarcity of appropriate data). Data in this compilation have Eu/Eu∗ >0.9 and Mg# from ∼55 to ∼70. Because the compositional offsets present in this 
data persist to Mg# ∼70 (see Fig. 3), it is implausible that it was produced by intra-crustal processes. We note, however, that there are some atypical cases in which larger 
compositional swings are found among intermediate-Mg# samples with Mg#∼55, though in these cases there is also independent evidence for early crustal contamination 
(e.g., Davidson and Harmon, 1989; Bezard et al., 2014; Handley et al., 2014). Because our goal is to develop a quantitative framework for parental arc magma variability, 
samples that have been independently identified as cases of atypical early crustal assimilation have been excluded from the compilation. Detailed descriptions of the 
qualitative chemical systematics of this dataset, and an extended justification for its use as a representative global sample set for parental arc-front stratovolcanoes can be 
found in Turner and Langmuir (2022a).
models (e.g., Plank and Langmuir, 1988; Kelemen et al., 2003), di-
agrams with mixing lines (e.g., Elliott et al., 1997) or quantitative 
modeling of a small set of elements (e.g., Miller et al., 1992; Frey-
muth et al., 2016). Others have dealt quantitatively with aspects of 
data within a single arc (e.g., Yogodzinski et al., 2017; Freymuth 
et al., 2016; Eiler et al., 2005), but have not tested whether their 
models are applicable to global-scale observations. Kimura (2017)
offers a complex model to calculate subduction zone geochemistry 
with potential broad applicability, but only provides examples for 
samples from Japan. Schmidt and Jagoutz (2017) do consider global 
data and discuss general conclusions from phase equilibria con-
straints, but do not quantitatively model most trace element abun-
dances or consider isotopic variations. Their study minimizes the 
important role of variations in ambient mantle composition (e.g., 
Pearce, 1983) and extent of melting (Plank and Langmuir, 1988; 
Turner et al., 2016), and includes fore-arc and rear-arc samples 
of diverse ages that cannot be directly related to constraints from 
subduction parameters such as lithospheric thickness or conver-
gence rate (see Turner and Langmuir, 2022a). Both Kimura (2017)
and Schmidt and Jagoutz (2017) propose that the contrast between 
slab fluids and slab melts plays a central role in generating global 
arc magma diversity, but this model conflicts with several key ob-
servations of global arc magma compositional systematics (Turner 
et al., 2016; Turner and Langmuir, 2022a).

A comprehensive understanding of arc volcanism needs to ac-
count quantitatively for both intra- and inter-arc geochemical di-
versity, and the fact that highly incompatible element abundances 
of arc-front stratovolcanoes vary by up to an order of magnitude, 
even among high-Mg# samples (Turner and Langmuir, 2015a). 
Here, we present an internally consistent, quantitative framework 
that accounts for the trace element and radiogenic isotope charac-
teristics of the arc-front stratovolcanoes that are the predominant 
manifestation of subduction volcanism. We make use of rear-arc 
volcanism to constrain the mantle wedge composition, but do not 
otherwise deal with across-arc variations. In a companion paper 
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(Turner and Langmuir, in preparation) we demonstrate how this 
framework can be applied to explain regional variations within in-
dividual arcs such as the Marianas and Central America.

Key aspects of this framework include:

• Both sedimentary and basaltic ocean crust layers of the slab 
melt at the base of the mantle wedge, in agreement with Kele-
men et al. (2003). These hydrous slab melts cause flux melting 
of the overlying wedge.

• Slab melts are added to a mantle wedge that varies from 
enriched to depleted prior to interacting with the slab com-
ponent, and this initial (ambient) wedge composition strongly 
influences certain element and isotope ratios, including many 
element ratios that are usually attributed to the slab compo-
nent.

• “Flux melting” occurs in response to water added from the 
slab, but extents of melting beneath the arc front are not 
usually controlled by the bulk water contents of the mantle 
source. While regional variations in source water content are 
important for rear-arc volcanics (Stolper and Newman, 1994; 
Kelley et al., 2006; Langmuir et al., 2006), extents of mantle 
melting beneath the arc front vary mostly due to variations in 
the thermal structure of the mantle wedge that are driven by 
the variable thickness of the overlying lithosphere and the slab 
descent rate.

• Slab temperature variations are not a dominant control on 
arc elemental abundances, apart from a few unusual tectonic 
settings (Turner et al., 2016; Turner and Langmuir, 2022a). 
Varying slab temperatures remain significant but generally 
have second-order effects relegated to certain element ratios, 
though the ambient mantle and/or sediment compositions also 
have a large impact on these ratios.

• Variable sediment compositions contribute both to geochem-
ical diversity within individual arcs and global differences 
among arc averages. Variations in sediment compositions in 
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conjunction with a quantitative model of ambient mantle vari-
ation can explain global and regional trends in ratios such 
as Ba/Th that have historically been attributed to slab fluids. 
Varying slab temperatures generally have a second-order ef-
fects on these ratios.

Many of these aspects are not new. The suggestions that extent 
of melting varies with upper plate structure, that ambient man-
tle wedge composition varies from enriched to depleted, and that 
the ocean crust melts, are well known. However, while these ideas 
have been frequently published, they are not widely accepted. For 
example, the global study of Kelemen et al. (2003) highlighted ev-
idence for slab melting but did not account for evidence requiring 
ambient mantle wedge heterogeneity and variations in extent of 
melting of the mantle. Schmidt and Jagoutz (2017)’s representation 
of the global systematics of arc geochemistry asserts a universally 
depleted mantle wedge and large extents of melting and suggests 
that the ocean crust normally does not melt. The framework pre-
sented here accounts for the unresolved issues with models that 
emphasize slab temperature variations or invoke a central role for 
element transport to the wedge via “aqueous fluids” and incor-
porates a wide range of experimental constraints to produce a 
quantitative geochemical model consistent with the global range 
of arc magma trace element and isotope compositions.

2. Chemical systematics of arc-front stratovolcano parental 
magmas

A successful model of subduction-related volcanism needs to 
account for the first-order global geochemical variability of arc vol-
canics (Fig. 1) as well as the salient correlations between composi-
tional and tectonic subduction parameters (e.g., Fig. 2). The dataset 
used here to highlight these key observations was compiled by 
Turner and Langmuir (2022a), and consists of “high-Mg#” samples 
from arc-front stratovolcanoes that have compositions consistent 
with the predominant trends of their volcanic edifice, excluding 
samples from locations with additional tectonic complexity such 
as the intra-arc rifting region of the southern Cascades, which 
is associated with the eruption of depleted “low-K tholeiites” in 
a continental arc (Conrey et al., 1997), or subduction of fracture 
zones, slab edge, plateaus, or hotspot tracks, as in Costa Rica and 
Panama, which produced trace-element enriched magmas in an arc 
with relatively thin crust (Gazel et al., 2015).

Normalizing arc lava compositions to mid-ocean ridge basalt 
(MORB), as in Fig. 1, highlights the geochemical impacts of sub-
duction relative to ocean ridge volcanism. From this normalized 
data, is it clear that continental arcs built on thick crust are more 
enriched in the most incompatible elements than those from ex-
tensional oceanic arcs with thin crust and back-arc spreading cen-
ters. The light rare-earth element (LREE) abundances in continental 
arc volcanoes reach values that are nearly an order of magni-
tude higher than MORB, while most oceanic arc volcanoes have 
lower LREE abundances than MORB. The heavy rare earth elements 
(HREE), on the other hand, are universally depleted relative to 
MORB and overlap in oceanic and continental arcs. All arc volcanics 
have higher abundances of Cs, Rb, Ba, U, Th, Pb, and Sr than MORB 
(Fig. 1). These elements also exhibit positive anomalies relative to 
rare earth elements with similar partition coefficients during man-
tle melting. The “high field strength” elements Nb and Ta range 
from much more depleted than MORB to more enriched. Zr and Hf 
often exhibit negative anomalies.

While “continental arc” and “oceanic arc” end members pro-
vide a useful synopsis of global arc variations, arc compositions 
vary continuously with the thickness of the crust upon which the 
arc is built (Fig. 2). Arcs with the same crustal thickness, includ-
ing “transitional arcs” with Moho depths of ∼30 km have similar 
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parental magma abundances (Fig. 2) apart from elements that ex-
hibit large shifts in sediment compositions, such as Ba. Crustal 
thickness can also change substantially within a single arc, such as 
the Chilean Southern Volcanic Zone and Central America. In these 
cases, the variations within the arc track the global variations in 
arc averages (Turner et al., 2016; Eiler et al., 2005; Turner and 
Langmuir, 2022a). In Chile’s Southern Volcanic Zone, variations in 
crustal thickness with constant slab thermal parameter show that 
elemental abundances are not controlled primarily by slab temper-
ature (Fig. 2, Turner et al., 2016).

The greatest compositional variations are seen on the left side 
of the spider diagram, while the fields overlap on the right side 
(Fig. 1). There are strong correlations among all incompatible el-
ements that are near to each other on the spider diagram (Kele-
men et al., 2003; Turner and Langmuir, 2015a, 2022a), regardless 
of their classically assumed geochemical affinity (i.e., fluid mo-
bile, sediment-derived, high-field strength, large ion lithophile). 
The slopes of the REE are steeper in thick-crusted arcs than thin-
crusted arcs at all points to the left of Yb, as exhibited by trends 
in Dy/Yb and La/Sm (Fig. 2d-e). A critical observation is that while 
the HREE concentrations of all arc averages are lower than MORB, 
the Dy/Yb ratios of the thick arc segments are all higher than typ-
ical MORB (MORB Dy/Yb < 1.7; Gale et al., 2013), which requires 
that residual garnet be part of the framework for continental arcs 
built on thick crust.

Turner and Langmuir (2022a) present several lines of evidence 
that the compositions shown in Fig. 1 are representative of the 
overall global diversity of arc-front stratovolcano parental magmas, 
and that differentiation and crustal contamination cannot produce 
this first-order diversity (see also Turner and Langmuir, 2015a). 
Crustal processes have long been called upon to account for the 
global diversity of arcs (Hildreth and Moorbath, 1988; Farner and 
Lee, 2017), and there is intuitive appeal to the idea that greater 
crustal thickness simply leads to more extensive magma differenti-
ation and contamination with continental crust. Indeed, the preva-
lence of differentiated compositions increases with crustal thick-
ness (Farner and Lee, 2017). Simple arguments, however, show that 
the large and correlated compositional variations (see Figs. 1–2 and 
Turner and Langmuir, 2022a), cannot be the result of crustal pro-
cesses and contamination.

The effects of differentiation can be observed empirically by 
plotting element abundances and ratios vs. Mg# (Fig. 3, Turner and 
Langmuir, 2015a, 2022a). Because the compositional offsets persist 
from Mg# of 0.55 to 0.7, it is implausible that they were gener-
ated in the crust. This includes the large variations in moderately 
incompatible elements, such as Nd, highly incompatible elements, 
such as Th, and elemental ratios such as La/Sm and Dy/Yb (Fig. 3). 
Because the systematic offsets between different arc segments per-
sist from Mg# 0.55-0.7, we refer to this data collectively as “high 
Mg#”.

The only intra-crustal process that is hypothetically capable 
of producing this diversity is cryptic contamination that occurs 
at high Mg# (∼0.7) followed by differentiation that lowers Mg# 
without significantly modifying key abundances and ratios. Some 
granites are enriched in certain highly incompatible elements, so 
a contamination model is superficially reasonable, because small 
amounts of contamination could have large compositional effects. 
Several lines of evidence, however, show that this is not a vi-
able model. First, Th and Rb abundances in arcs correlate with 
the flux from subducting sediments, not overlying crust (Plank and 
Langmuir, 1993). Second, the contaminant would have to be en-
riched in elements such as Zr, Sr, P, and Ti, but these elements 
are not usually incompatible during crustal melting or late-stage 
differentiation due to retention in accessory phases or plagioclase. 
Third, mixing needs to be consistent for all elements. Some Hi-
malayan granites, for example, have abundances of Sr, Zr, and Ti 
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Fig. 2. Panels (a)-(e) show regular relationships between trace element abundances and ratios with the crustal thickness upon which the arc is built. Arc average “6-values” 
(Turner and Langmuir, 2015a) and data from individual high-Mg# samples (Turner and Langmuir, 2022a) follow the same trends with Moho Depth beneath the arc. High-Mg# 
samples from the Chilean volcanoes Villarrica, Antuco, and Don Casimiro, which overlie crust with thicknesses of ∼30, ∼40, and ∼50 km, demonstrate that the relationships 
between crustal thickness and magma chemistry are also observed within individual arc segments that exhibit regular variation in crustal thickness along strike. Panels (f) 
and (h) depict thermal modeling results for a compressional arc with thick overriding crust and lithosphere (Central Chile, Valdenegro et al., 2019) and an extensional oceanic 
arc with thin overriding crust and lithosphere (Tonga, Wei et al., 2017). Panel (g) is a phase diagram depicting the ‘damp’ peridotite solidus (200 ◦C below the anhydrous 
solidus of Katz et al., 2003). The spinel-garnet boundary is based on the garnet-in pressures at 1200 ◦C and 1400 ◦C in the LC experimental series (which has Cr# = 9.5, 
similar to the ‘DMM’ of Workman and Hart, 2005) of Nickel (1986) assuming ρ = 3 g/cm3. The Tonga wedge thermal regime is far hotter relative to the damp solidus, leading 
to much higher extents of melting. The Chile model predicts lower extents of melting in the garnet stability field. The thermal models suggest that the global geochemical 
trends with Moho depth in panels (a)-(e) arise in part due to changing extents of melting and residual mineralogy.
(Crawford and Windley, 1990) that fall close to the upper end of 
the global arc array. If the Himalayan granite were to serve as an 
assimilant, nearly 100% contamination would be required (produc-
ing a rhyolite), though these same rocks have such high Rb and Th 
abundances that only ∼10% contamination is permissible. The low 
phosphorus contents of these rocks also rule them out as a mix-
ing end member. Finally, a viable contaminant would need to be 
ubiquitous in arcs with Moho depths > 30 km (Fig. 2), yet neither 
Turner and Langmuir (2015a) nor Wieser et al. (2019) were able to 
identify a single silicic rock in the entire GEOROC database with an 
appropriate composition. To our knowledge, no study has demon-
strated a viable quantitative model that can account for the global, 
systematic behavior that is apparent across the full spectrum of 
incompatible element abundances of high-Mg# convergent margin 
magmas via any combination of differentiation and crustal contam-
4

ination. Instead, we will show that this diversity is quantitatively 
consistent with mantle processes.

3. Successful and unsuccessful models of arc volcanism

Turner and Langmuir (2022b) reviewed slab dehydration and 
melting experiments in the context of these global systematics, 
and found that (1) in agreement with previous studies, the Sr bud-
get of volcanic arcs must be dominated by a component from the 
altered basaltic ocean crust (AOC) and (2) the excess Sr of arc 
volcanoes cannot be delivered by a fluid, because numerous ex-
perimental fluid partitioning studies show that the solubility of Sr 
in fluids is too low at the appropriate ranges of pressure, tem-
perature, and bulk composition (see Turner and Langmuir, 2022b, 
for a detailed discussion). Fluids would be unable to transport the 
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Fig. 3. Plots of element abundances and ratios for individual samples from arc-front stratovolcanoes. Mg# is calculated as molar 100∗Mg/(Mg + Fe2+), assuming Fe2+ =
0.8∗Fetotal. Chemical differences among arcs and volcanoes are preserved across the entire range of Mg#, indicating a limited role for differentiation and assimilation (data 
compilation from Turner and Langmuir, 2022a).
amount of Sr required by mass balance, and the H2O/Sr ratios of 
these aqueous fluids would be too high to reproduce the composi-
tions required of arc lava mantle sources. In contrast, experimental 
melts of natural ocean crust (e.g., Carter et al., 2015; Sisson and 
Kelemen, 2018) easily meet mass-balance requirements. The melt-
ing experiments can also account for the positive Sr anomaly if the 
slab is moderately oxidized and retains residual epidote (Carter et 
al., 2015). Using the magnitudes of trace element anomalies as a 
guide, Turner and Langmuir (2022b) provide models of trace ele-
ment distribution during AOC and sediment melting that are most 
consistent with both experiments and arc data.

While the Sr mass-balance arguments require melting of the 
ocean crust, Turner and Langmuir (2022a) show that varying the 
amount of slab melt does not control the large global variations in 
arc element abundances, in contrast to suggestions by Kelemen et 
al. (2003) and Schmidt and Jagoutz (2017). This model is unsuc-
cessful because even elements such as Zr, Dy and Nb exhibit large 
global variations (see Fig. 1, Fig. 2c), though these elements do not 
partition preferentially into slab melts unless temperatures are far 
higher than the predictions of thermo-mechanical models (e.g., van 
Keken et al., 2018). Even if the required conditions for Dy mobiliza-
tion were plausible, the accessory phases capable of retaining the 
LREE would become exhausted at such high temperatures, result-
ing in melts with excessive LREE enrichment that lack a positive 
Sr anomaly. Similar lines of reasoning negate models of slab di-
apirism, in which the sediment or AOC ascend en masse from the 
slab surface (Turner and Langmuir, 2022a).

There is strong geochemical support, on the other hand, for 
global control of arc incompatible elemental abundances by vari-
ations in the extent of melting in conjunction with variations 
5

in ambient mantle enrichment. Moderately incompatible element 
abundances such as Zr are not heavily impacted by ambient mantle 
variation and are not strongly partitioned into slab melts (Her-
mann and Rubatto, 2009; Carter et al., 2015), and yet segment-
averaged Zr abundances vary by factor of five (Fig. 2c). The enrich-
ment of moderately incompatible element abundances in continen-
tal arcs is most consistent with lower extents of melting. Differing 
melt extents are a natural consequence of variations in the thermal 
structure of the mantle wedge as a result of differing upper plate 
structure and convergence rate (Turner et al., 2016). Fig. 2f-h illus-
trates this point using recent thermo-mechanical models that are 
constrained by geophysical observations of heat flow and mantle 
potential temperatures (Valdenegro et al., 2019; Wei et al., 2017). 
These models show that arcs under compression with a thick over-
riding lithosphere have mantle isotherms that are displaced to 
higher pressures and squeezed away from the wedge corner. The 
mantle P-T conditions beneath arcs with thick overriding plates are 
thus closer to the water-bearing mantle solidus (Fig. 2g), resulting 
in lower total melt fractions.

An alternative possibility is that variations in melt extent result 
from a variable flux from the slab. Stolper and Newman (1994)
showed that increased water correlates with increased extents of 
melting for the Marianas back-arc basin, and subsequent studies 
confirmed similar relationships in other back-arc spreading cen-
ters (Langmuir et al., 2006; Kelley et al., 2006; Bézos et al., 2009). 
This model has also been applied to arc-front volcanics. Eiler et al. 
(2005), for example, adopted this approach to model the arc-front 
volcanics of Central America and Plank (2013) proposed this mech-
anism as a potential explanation for the limited range of average 
water contents observed in olivine-hosted melt inclusions world-
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Fig. 4. Arc-front data as in Figs. 2–3 now filled uniformly blue for continental arcs 
and orange for oceanic arcs. Arc and MORB data each show constant ratios across 
a large range of concentration. The large range is likely produced by variations in 
mantle enrichment and extents of melting. The offset reflects the slab contribution 
to arc data. This is illustrated by back-arc data from the Lau basin that show the 
combined effect of increasing slab contribution (adding U) and increased extents of 
melting (lowering Nb) (Bézos et al., 2009). The differing trends between the Lau and 
arc-front data show that the arc-front trend cannot be produced by variable extents 
of melting that arise from a varying hydrous slab flux. MORB compilation from Gale 
et al. (2013). Lau data are from Bézos et al. (2009), Escrig et al. (2012), and Gale 
et al. (2013). Lau data has been filtered to include only samples with >6 wt% MgO 
and Zr/Nb between 40 and 65, in order to demonstrate behavior of mafic samples 
with a depleted ambient mantle composition. (For interpretation of the colors in 
the figure(s), the reader is referred to the web version of this article.)

wide. In the latter case, it was proposed that higher source water 
contents would lead to higher extents of melting that buffer the 
water contents in the resultant magmas.

In back-arc basins, the finding that varying melt extents are 
controlled by varying source water concentrations is supported 
by the key observation that the concentrations of elements that 
do not partition preferentially into slab fluids or hydrous melts 
(‘immobile elements’) vary inversely with the concentrations of el-
ements that should be mobilized in hydrous slab liquids (‘mobile 
elements’). There are negative correlations between back-arc basin 
lava U and Nb abundances, for example, because the slab con-
tributes sufficient U to increase U in the melt despite increasing 
extents of melting, while Nb simply becomes diluted (Fig. 4). Sim-
ilar relationships hold for a host of other elements (e.g., K2O vs. 
TiO2). For arc-front stratovolcanoes, however, immobile elements 
such as Zr, Nb, and Hf correlate positively with mobile elements 
such as Rb, Sr, Pb, U, and K (Figs. 1-2, 4, Turner and Langmuir, 
2015a, 2022a). In addition, melting calculations that include the 
latent heat of melting and constrain the range of average primary 
water contents in arcs allow for only about 50% variation in melt 
extent, rather than the 400% variation indicated by moderately in-
compatible element abundances (see online supplement). Changes 
in extent of melting from variable water flux are thus a second or-
der effect, and not the cause of the global systematics addressed 
here.

While variations in melt extent driven by wedge thermal struc-
ture are significant and probably inevitable, they cannot produce 
the 100x variations in Nb/Yb ratios observed at arcs (Fig. 5a). These 
two elements are particularly significant because neither are trans-
ported efficiently from the slab, thus ambient mantle enrichment 
and differing melt fractions are the most plausible controls. The 
range of Nb/Yb in arcs is similar to MORB, where mantle het-
erogeneity is known to play a major role (Schilling et al., 1983; 
Langmuir et al., 1992; White, 2015). The offset of arc data to higher 
Th/Yb is clearly the result of the slab input (as for U abundances, 
on Fig. 4). The subparallel arrays on the Th/Yb vs Nb/Yb diagram 
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led Pearce (1983) to the conclude that arc and MORB data are best 
explained by fairly uniform additions of a high-Th/Nb slab com-
ponent to a mantle that initially has highly variable incompatible 
element abundances but constant Th/Nb, as found in MORB. An 
important corollary of this observation is that a significant part of 
the variation in Th/Yb is also inherited from a heterogenous ambi-
ent mantle.

High-Mg# arc magmas also have a large range in isotopic com-
positions that reflect the combined effects of added slab material 
and heterogeneity of the ambient mantle. Fig. 5b shows data from 
arcs, rear-arc monogenetic cones and back-arc spreading centers, 
MORB (free from plume influences), and ocean island basalts (OIB, 
specifically PREMA-EM1 OIB). The rear-arc data have been filtered 
to remove samples that have traces of the subduction signature 
(see figure caption and Turner and Langmuir, 2022a), thus reflect 
the large range of ambient mantle compositions flowing towards 
the arcs. The array of ambient mantle compositions on Fig. 5b 
overlaps the MORB and OIB data, while the arc data forms a par-
allel array to the ambient mantle range. Variations in 87Sr/86Sr on 
Fig. 5b are thus analogous to the U abundances and Th/Yb ratio on 
Figs. 4 and 5a, because U, Th, and Sr are all substantially mobilized 
in the slab component, unlike Nb and Hf. Arcs show a roughly 
constant offset from ambient mantle compositions to higher U, 
Th/Yb, and 87Sr/86Sr at all values of Nb, Nb/Yb, and 176Hf/177Hf, 
respectively. As highlighted by Hf isotope studies of continental 
arcs (Straub et al., 2015; Heydolph et al., 2012; and Jacques et al., 
2013) as well as Turner and Langmuir (2022a), the Hf isotope en-
richment of the thick continental arcs cannot arise from mixing 
between slab components and a uniformly depleted ambient man-
tle, which would produce a much shallower slope. Instead, these 
arcs appear to require an ambient mantle source that is isotopi-
cally enriched prior to the addition of slab melts. Therefore, the 
trace element and isotope systematics on Figs. 4–5 all point to a 
variable ambient mantle composition (and extents of mantle melt-
ing, for the trace elements), with mostly uniform additions of a 
slab component.

In summary, geochemical characteristics and global variations 
in trace element and isotopic compositions of arcs are most consis-
tent with slab melting of both AOC and sediment, with similar pro-
portions of melt added to a variable ambient mantle. Global vari-
ations in moderately incompatible trace element abundances also 
require variability in the extent of mantle melting, and residual 
garnet is required in arcs with thick overriding plates. These qual-
itative conclusions provide the basis for our quantitative model.

4. Quantifying the relative effects of the slab, wedge, and 
ambient mantle

To quantitatively assess the various sources of arc magma di-
versity, we turn first to MORB systematics. MORB derived from 
enriched mantle sources are commonly distinguished from de-
pleted MORB by the ratio La/Sm, which is only fractionated by 
low extents of melting. Fig. 6a compares La/Sm and Sm contents 
of high-MgO MORB from the Mid-Atlantic Ridge with models of 
progressive melting from different mantle sources (see online sup-
plement for details of melting calculations). For a given source 
composition, La/Sm varies by only a small amount above 5% melt-
ing, whereas Sm abundances co-vary with melt extent. A plot such 
as Fig. 6a can thus be used to infer the level of source deple-
tion/enrichment and average extent of melting that produced a 
given mid-ocean ridge basalt.

The different melting trajectories shown on Fig. 6a correspond 
to three different mantle source compositions. They were calcu-
lated as batch melts using published partition coefficients and 
residual mineral modes that vary with extent of melting. Melts cal-
culated from Workman and Hart (2005)’s ‘EDMM’ mantle source 
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Fig. 5. Trace element and isotope evidence for large ranges in the composition of the ambient mantle beneath global arcs. (a) The “Pearce diagram” shows the 100× range of 
Nb/Yb. In part, this is due to varying extents of melting but must largely arise from variations in the composition of the ambient mantle. The universal enrichment of Th in 
arc-front stratovolcano magmas requires sediment melting in all arcs. (b) Hf and Sr isotope variations in arc-front stratovolcanoes, rear-arc samples filtered for a lack of slab 
influence via Th/Nb < 0.12, EM1 ocean island basalts, and depleted MORB (Hf isotope compilation is available as online supplement). Data from thick crusted continental 
arcs are blue symbols, all other arcs are orange. Data are omitted when shown to be affected by crustal contamination (e.g., Davidson and Wilson, 2011; Woodhead et al., 
2001). Hf isotope variations for ambient mantle, as represented by the rear-arc samples, are parallel to the MORB-EM1 array. Arc samples are parallel the rear-arc samples 
but offset to higher 87Sr/86Sr. The diagram is consistent with Hf being less mobile in the slab component and being largely controlled by ambient mantle composition. The 
slab component significantly increases 87Sr/86Sr, but by a uniform degree in most arcs. Note that the trace element and isotope figures (panels a and b) are consistent with 
one another, demonstrating a large range in ambient mantle compositions and a roughly constant slab component.
intersect the middle of the MORB array on the plot of La/Sm vs 
Sm. The samples are divided into ‘Group 1’ and ‘Group 2’ based on 
whether they fall above or below this model curve. A second ‘most 
depleted’ MORB curve has been generated by adjusting the mantle 
source composition to intersect MORB with the lowest La/Sm (see 
figure caption). Melting curves are also generated from a source 
composition inverted from EM1-type OIBs (see online supplement) 
using an initial mineralogy and reaction coefficients appropriate 
for higher pressures (to produce melts consistent with the OIBs 
themselves). The ‘EMORB Mantle’ melting curve was generated us-
ing the EM1-OIB source but with low-pressure mineral modes and 
reaction coefficients. MORB with La/Sm values above the EM1 and 
EMORB curves on Fig. 6a are placed into ‘Group 3’.

In volcanic arcs, La/Sm is also affected by sediment (Plank, 
2005), and probably AOC melt, so the MORB discriminant dia-
gram in Fig. 6a cannot be directly applied to the composition of 
the mantle wedge. The isotopic composition of the wedge can be 
determined using rear-arc and monogenetic volcanics that are not 
greatly impacted by slab material (e.g., Fig. 4 and 5b), though in 
continental settings these volcanics are often produced by very low 
extents of melting, significantly fractionating La/Sm (Wieser et al., 
2019). The rear-arc volcanics thus provide useful information on 
the isotopic heterogeneity of the ambient mantle, but not always 
its trace element composition.

To circumvent these complications, we first consider Nb and 
Sm, which are less mobile in slab melts (Carter et al., 2015; Her-
mann and Rubatto, 2009) and thus provide more direct informa-
tion about the ambient mantle composition and extent of melt-
ing for arcs. MORB systematics show that Nb abundances can be 
used in place of La/Sm as a proxy for source enrichment, because 
MORB are produced by between 5 and 15% melting (Langmuir et 
al., 1992), which accounts for most of the variation in Sm, but 
only 10% of the variation in Nb (Fig. 6b). Furthermore, the melting 
curve generated using Workman and Hart (2005)’s ‘EDMM’ mantle 
source perfectly delineates the ‘Group 1’ and ‘Group 2’ MORB on 
Fig. 6a as well as Fig. 6b, confirming that La/Sm and Nb have sim-
ilar sensitivities to melt extent and source enrichment. Both La/Sm 
and Nb thus serve as useful indices of mantle source enrichment, 
though the Sm vs Nb diagram is more useful in arc settings. As 
noted by Gale et al. (2011), the most enriched ‘Group 3’ MORB 
appear to have been enriched by low degree melts around hot 
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spots. To account for these samples requires a source with higher 
Nb source abundances than the EM1 OIB source. To match the Nb 
abundances of the ‘Group 3’ MORB, the Nb concentration of the 
‘EMORB Mantle’ source has been increased by a factor of two rel-
ative to the EM1-OIB source. Since this process is not pertinent to 
arcs, and given the isotopic affinity between enriched arc data and 
EM1 (Fig. 5b, Turner et al., 2017; Wieser et al., 2019), we use the 
unmodified EM1-OIB source for the arc models.

Because slab melts are not entirely devoid of Nb and Sm, the 
impact of slab components on these elemental abundances must 
also be considered. Strontium systematics and slab melting exper-
iments indicate ∼4-7% slab melts in the mantle sources of arc 
stratovolcanoes (Turner and Langmuir, 2022b). In the application 
of the Nb vs. Sm diagram to arc data (Fig. 7), additional melting 
curves have thus been calculated from each ambient mantle source 
mixed with 6% of either a “hot” or “cold” slab melt to assess the 
effects of slab-derived Sm and Nb. Estimates of slab melt compo-
sitions are provided in Turner and Langmuir (2022b). This exercise 
confirms that slab temperature variations would have only a minor 
impact on this plot.

The arc data cut across the different melting curves on Fig. 7, 
showing that arcs with enriched ambient mantle sources are gen-
erated by lower extents of melting, and arcs with more depleted 
mantle melt to greater extents (see online supplement for details 
of melting calculations). As shown by many prior studies, arcs 
with the lowest incompatible element abundances require man-
tle sources that are more depleted than even the most depleted 
MORB mantle (e.g., Woodhead et al., 1993; Schmidt and Jagoutz, 
2017). Extra melting curves have thus been generated for a DMM 
mantle source from which 3% melt has been extracted (black dot-
ted lines, Fig. 7). These curves pass through most of the oceanic 
arc lava compositions, though some may require sources with even 
more extensive source depletion. The depletion must be recent be-
cause 143Nd/144Nd values in these arcs are not elevated relative to 
MORB (Turner and Langmuir, 2022a). This oft-made observation is 
consistent with prior melt extraction in back-arc spreading ridges. 
The continental arc stratovolcanoes, in contrast, require both low 
extents of mantle melting (5-10%) and more enriched ambient 
mantle sources. If extents of mantle melting are greater than ∼5%, 
then many of the continental arc volcanics are most consistent 
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Fig. 6. MORB data from the Mid-Atlantic Ridge with 8-9 wt% MgO (as compiled by Gale et al., 2013) compared to melting models. The MORB are divided into three groups 
based on La/Sm-Sm. Melting curves for MORB are calculated using pyroxene partition coefficients from Yao et al. (2012), and olivine partition coefficients from Salters and 
Stracke (2004) at melt extents from 1% to 25% (black dots designate 5% intervals from 5% to 20%). The light blue curve was generated using the “EDMM” mantle source from 
Workman and Hart (2005). The mantle source composition for the dark blue “most depleted” DMM curve was selected to fit the lower bounds of the MORB data (0.065 ppm 
Nb, 4.91 ppm Zr, 0.094 ppm La, 0.2415 ppm Sm). The “EM1 Mantle” source composition was calculated by inverting from an averaged composition of enriched EM1-OIB 
from Pitcairn and Gough (as in Turner et al., 2017 and Wieser et al., 2019), but with minor updates as described in the online supplement. The “High-P” melting trajectory 
was generated using cpx and garnet partition coefficients consistent with the experiments of Salters et al. (2002) but smoothed based on atomic radii to eliminate noise 
(see online supplement). Melting of the EM1 source using the low-pressure partition coefficients would generate melts with lower Nb than the Group 3 MORB, therefore an 
additional ‘EMORB’ source with the same composition as the EM1 source but 2× more Nb is used to generate the red low-P EMORB source melting curve. Additional details 
of the melting model are available in the online supplement.
with an EM1-like source, as also inferred from the isotope sys-
tematics (Fig. 5b).

Enriched MORB compositions commonly require a source with 
residual garnet, which implies higher pressures of melt generation 
(Asimow and Langmuir, 2003). The garnet signature is most appar-
ent from HREE trends, where the most enriched ‘Group 3’ Atlantic 
MORB samples fall below the low-pressure melting curve for Sm 
vs Yb, indicating retention of Yb (Fig. 6c). The ratio Dy/Yb is a sen-
sitive indicator of garnet, and samples with Dy/Yb > ∼1.7 require 
garnet during mantle melting (Fig. 6d).

The strong global correlation between arc crustal thickness and 
Dy/Yb among both high-Mg# arc-front stratovolcano data and av-
eraged arc segment compositions (Fig. 2e) indicates residual garnet 
for thick-crusted arcs but not for island arcs. Because Dy is not 
sufficiently mobilized by slab melts (Turner and Langmuir, 2022a) 
this signal must arise due to residual garnet in the mantle wedge. 
Thermal models and experimental data also confirm that residual 
garnet in the mantle wedge is likely during the generation of con-
tinental arc magmas (Fig. 2f-g). While garnet is not stable along 
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the anhydrous solidus until higher pressures than expected in the 
mantle wedge (Robinson and Wood, 1998; Schmidt and Jagoutz, 
2017), under the lower temperature hydrous melting conditions 
beneath arcs the garnet-in boundary may be even lower than 2 
GPa (Gaetani et al., 2003) and garnet can persist to higher extents 
of melting (Hall, 1999). These constraints are thus consistent with 
the presence of residual garnet for continental arcs even within the 
“core” of the mantle wedge, where most melt generation occurs. 
The fact that arcs built on >35 km thick crust all have Dy/Yb >
1.7 is therefore likely to reflect to residual garnet during melt gen-
eration, just as for MORB. While the major element compositions 
of many arc magmas appear to indicate a shallow final magma 
equilibration close to the base of the crust, there is no reason that 
this would substantially affect incompatible trace element ratios 
nor erase the garnet trace element signature (Till, 2017). Therefore, 
trace element data, experiments on phase stability, and numerical 
simulations all support models of continental arc melt generation 
in the garnet stability field, and the quantitative analysis here will 
proceed on this basis.
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Fig. 7. Global arc data (as in Figs. 1–3) compared to melting curves for four differ-
ent mantle source compositions. Blue symbols are continental arc data, orange are 
oceanic arc data, as in Fig. 4. Mantle sources are the same as Fig. 6, but with the 
addition of an extra-depleted mantle source calculated using the ‘DDMM’ source 
of Workman and Hart (2005) after extraction of 3% batch melt using the partition 
coefficients and mineral modes of Salters and Stracke (2004), though assuming no 
fractionation occurs between Nd, Zr, and Hf or between elements more incompat-
ible than La. Model slab melts with either 0.5 or 1 ppm Nb, and either 1.5 or 2.6 
ppm Sm were added to the mantle sources for the ‘Cold’ and ‘Hot’ slab scenarios, re-
spectively. These values are consistent with the AOC melt compositions determined 
by Turner and Langmuir (2022b), but with Sm abundances adjusted slightly upward 
to reflect a sediment contribution. The model curves are consistent with the most 
enriched arc compositions derived by both enriched mantle sources and low ex-
tents of melting, while the most depleted arc data require higher extents of melting 
and a more depleted mantle source than even the dark blue ‘most depleted’ DMM 
source (see Fig. 6). See online supplement for additional details of hydrous melting 
model.

The quantitative predictions of ambient mantle composition for 
arcs on Fig. 6 range from the Workman and Hart (2005)’s DMM 
source following 3% melt extraction, for oceanic arcs, to an ambient 
mantle with EM1-like trace element abundances, for continental 
arcs. The range of extents of melting are constrained by Nb and 
Sm abundances with melting beginning in the garnet stability field 
for enriched continental arcs.

Fig. 8 demonstrates that this modeling approach reproduces 
the first-order global chemical systematics among arc-front vol-
canics (as summarized by Turner and Langmuir, 2022a). The man-
tle sources used for the forward models on Fig. 8 are modified 
by addition of sediment melt and AOC melt in all cases. The sed-
iment melt composition is calculated using partition coefficients 
from Turner and Langmuir (2022b), and assuming F = 0.4, while 
the AOC melts are the ‘cold’ and ‘hot’ AOC melt compositions of 
Turner and Langmuir (2022b) which assume F = 0.15 and F = 0.3. 
The slab contributions to the arc mantle source are held constant 
in all cases, with 0.5% sediment melt and 6% AOC melt.

The covariation between Nd and Dy/Yb arises primarily from 
variations in extents of mantle wedge melting, which are com-
pounded by decreasing proportions of residual garnet at higher F 
in continental arcs (Fig. 8a). The contrast between melting of gar-
net and spinel peridotite produces the orthogonal arrays of data on 
Fig. 8b, showing that Nd and Yb are positively correlated among is-
land arc lavas with no garnet signature, but negatively correlated 
among continental arcs where garnet is residual during melting. 
For the continental arc array, the potential effects of hotter slab 
temperatures are also illustrated, though such effects are minor for 
Sm, Nd, Dy, and Yb.

Global variations in Sr/Nd are strongly influenced by ambient 
mantle heterogeneity (Fig. 8c) because the slab component has a 
greater influence on more depleted mantle. The Sr/Nd relationships 
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also indicate a role for variations in slab temperature. Hot slab 
melts should have lower Sr/Nd due to both larger extents of slab 
melting and decreasing stability of REE bearing accessory phases 
(Turner and Langmuir, 2022b) and seem to be required when Sr/Nd 
< 40.

The model also accounts well for the global correlation between 
Sm and La/Sm (Fig. 8d). Most variation in Sm occurs due to varying 
extents of melting, but the total variation in La/Sm requires ambi-
ent wedge heterogeneity. The correlated data require a decrease in 
extent of melting with increasing ambient mantle enrichment, as 
inferred from Sm vs Nb (Fig. 7).

While the elements modeled on Fig. 8 are not generally dom-
inated by the sediment component, other arc elemental abun-
dances, particularly Ba and Th, are strongly correlated with the 
sediment compositions subducting in each trench (Plank and Lang-
muir, 1993). Despite these correlations, variations in Ba/Th vs 
La/Sm (Fig. 9) are often interpreted as the result of distinct com-
ponents from aqueous fluids, which generate high Ba/Th, and slab 
melts, which generate high La/Sm (e.g., Elliott, 2003, and refer-
ences therein). If sediment dominates both the Ba and Th budgets, 
however, an internally consistent interpretation requires instead 
that high-Ba/Th arc lavas simply reflect high-Ba/Th sediment melts. 
How could Ba be controlled by the sediment flux and also be fluid-
controlled? Furthermore, Ba abundances in AOC are too low to 
account for the needed Ba contents of arc magmas.

The modeling framework presented here resolves these con-
tradictions by incorporating variable mantle wedge and sediment 
compositions. The different colored stars on Fig. 9 are produced 
by variations in wedge composition and extent of melting absent 
any slab addition. Variations in La/Sm largely arise due to enriched 
mantle and low extents of melting in continental arcs and de-
pleted mantle and high extents of melting in oceanic arcs. The slab 
component is not a constant because of very different Ba contents 
of sediments. From each star, mixing arrays are generated to slab 
melts (combining AOC and sediment melt) that include high Ba 
sediments (dashed lines) and low Ba sediments (solid lines). Be-
cause the slab melt addition has a greater impact on the highly 
depleted mantle, the high Ba slab melt leads to the highest Ba/Th 
only when La/Sm is low. Low Ba/Th is thus associated with high 
La/Sm because the impact of slab addition is lessened by enriched 
ambient mantle, and also because these continental arcs are dom-
inated by terrigenous sediment, which has low Ba/Th.

This modeling approach provides a straightforward method to 
model all commonly measured incompatible trace element abun-
dances. Example models of high-Mg# compositions from oceanic 
and continental arcs are shown on Fig. 10. Using sediment and 
ambient mantle compositions specific to each arc, as well as vari-
ations in extents of melting, the models produce the full trace 
element patterns. The large variations in Ba/Th in the two patterns 
result from the effects of differing sediment and ambient mantle. 
Other ratios that are less dominated by recycled sediment, such as 
K/La or Sr/Nd, are more likely to reflect variations in slab tempera-
ture. The modeling framework thus successfully and quantitatively 
reproduces the essential differences that are characteristic of global 
arc stratovolcano variations.

While the model is successful in reproducing global trends, 
there are obviously several extensions, exceptions, and further tests 
that are necessary. For example, the model predicts Cs abundances 
for Mt. Baker in the High Cascades that are too high (see Fig. 10). 
This may be because Cs is more soluble in fluids than any of the 
other plotted elements (Spandler et al., 2007), leading to Cs loss 
during early sediment dehydration beneath the forearc. Similar 
findings have been reported for Cs from the modeling of Class et 
al. (2000) in the Aleutians and Wieser et al. (2019) in Central Chile. 
There are also exceptional stratovolcanoes such as the highly en-
riched lavas of Costa Rica and the alkaline samples from Grenada, 
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Fig. 8. Comparison of global high-Mg# arc data (as on Figs. 1–5) and model outputs. Each model curve represents a range of melting extents from a single mantle composition. 
The orange and black curves, which pass through the blue continental arc data, vary from F = .045 to F = .15 with melting beginning in the garnet stability field, while 
the purple, green, and blue curves pass through the oceanic arc data with F = .15 to F = .26 (see online supplement for details of melting model). With the exception of 
the orange curve, the mantle composition changes exclusively due to variation in the ambient mantle composition – the same slab melt composition is always added in the 
same proportions (mixing proportions are 0.5% sediment melt and 5% AOC melt). Slab melts are calculated as in Turner and Langmuir (2022b), using the lowest temperature 
D values for sediment melting and the ‘colder’ AOC melt composition. The average bulk composition of core DSDP 1232 (Turner et al., 2017) is used in all cases, though the 
elemental abundances and ratios on these plots are not very sensitive to the particular sediment used. The orange curve differs from the dashed black curve by incorporating 
a different slab melt composition, using the ‘hotter’ AOC melt composition and the maximum temperature D values for sediment melting from Turner and Langmuir (2022b). 
The range of model parameters were selected based on the constraints described in the text, and in all cases are consistent with the systematic variations observed among 
the arc data. The model outputs demonstrate that for these elements the large global variations can be produced primarily by changes in the ambient mantle composition 
and extent of mantle melting. Only Sr/Nd is substantially sensitive to slab temperature, though it is notable that even Sr/Nd is more significantly altered by changes in 
ambient mantle composition.
arc stratovolcanoes subjected to intra-arc rifting, as well as lavas 
erupted from minor eruptive centers and monogenetic cones. In all 
these cases, the proposed framework is likely to provide insights 
and impetus for directions of future study. The model also needs 
to be applied to the large regional variations that occur in some 
arcs, such as Central America (Patino et al., 2000) and the Mari-
anas (Elliott et al., 1997). The success of the model in explaining 
these regional variations is explored elsewhere (Turner and Lang-
muir, in preparation).

5. Conclusions

Arc magmas exhibit large ranges in trace element abundances 
and isotopic ratios. To account for these variations, many have 
called upon a relatively uniform and depleted mantle wedge that 
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is modified by variable slab components controlled by the temper-
ature of the subducting slab. This model fails the natural exper-
iment of southern Chile where half the global range in arc geo-
chemistry is observed with no change in slab temperature (Turner 
et al., 2016). A predominant role for melting variations in re-
sponse to variable water addition from the slab is also untenable 
for explaining the global variations. Variations in extent of melting 
caused by changes in wedge thermal structure account for much 
of the variability of global arc data, but cannot account for the iso-
topic variations, nor the extreme variations in many incompatible 
element abundances that exist among high-Mg# samples.

A successful model that accounts for global variations must 
include ambient mantle compositions that range from more de-
pleted than ocean ridge basalts to as enriched as some ocean 
island basalts. Ambient mantle wedge variation is the dominant 



S.J. Turner and C.H. Langmuir Earth and Planetary Science Letters 584 (2022) 117411

Fig. 9. A demonstration of how variations in sediment composition, ambient mantle enrichment, and extent of mantle melting can reproduce the hyperbolic trend in La/Sm 
vs Ba/Th that is often attributed to varying control of sediment melts vs aqueous fluids. The different colored stars are generated by melting different ambient mantle 
compositions (as in Figs. 6–8) absent the addition of a slab component. The curves extending from those stars demonstrate the effects of adding either a terrigenous 
sediment (DSDP 1232 of Turner et al., 2017) or a high Ba sediment (the lower section of ODP 495 of Patino et al., 2000). ‘Slab Melt 1’ mixes to a maximum of 6% ‘hotter’ 
AOC melt and .7% sediment melt using the high T sediment melting D values of Turner and Langmuir (2022b), while ‘Slab Melt 2’ mixes to a maximum of 6% ‘colder’ AOC 
melt and 0.2% low T sediment melt. Note that the slab component has much larger influence as the mantle becomes depleted, which causes arcs with depleted ambient to 
end up with much higher Ba/Th. The combination of varying mantle wedge and sediment compositions leads to the hyperbolic array of arc data without an aqueous fluid 
component. Because both Ba and Th are dominantly controlled by subducted sediment (Plank and Langmuir, 1993), the Ba/Th ratio must also be controlled largely by the 
sediment composition, and potentially the residual phases present during slab melting.

Fig. 10. A comparison of model outputs to the compositions of high-Mg# samples from Central Tonga and Mt. Baker, representing island and continental arc, respectively. 
The Tongan model incorporates the ‘colder’ AOC melt (5% of source) and a sediment melt (0.2% of source) calculated assuming 40% sediment melting and D’s close to the 
‘cold’ end-member in Turner and Langmuir (2022b), mixed into an ambient mantle starting from Workman and Hart (2005)’s DMM composition followed by an additional 
5% melt extraction. The range of model outputs correspond to extents of mantle melting between 15 and 30% followed by 30% olivine fractionation. The Mt. Baker model 
uses an ambient mantle produced by mixing 70% DMM and 30% EM1 mantle (see online supplement), 7% ‘moderate’ AOC melt, and between 1% and 1.7% sediment melt 
calculated using either the average or ‘hot’ sediment melting Ds of Turner and Langmuir (2022b) and either the bulk Cascades sediment provided by Plank (2013) or the site 
888 bulk average of Mullen et al. (2017). Mantle melting extents are 7% for the Mt. Baker model followed by 20% olivine fractionation. The models produce good fits to the 
data except for Cs for Mt. Baker, which may have been lost from the sediment during early dehydration in the forearc.
control on global variations in Hf and Nd isotope ratios as well 
as ratios of some incompatible elements. Having ambient mantle 
vary similarly to what is observed at ocean ridges is both sensible 
and consistent with the diverse tectonic environments feeding the 
mantle wedge by corner flow.

A slab component consisting of ocean crust and sediment melts 
(Turner and Langmuir, 2022b) mixes into the variable ambient 
mantle wedge. The more depleted the wedge, the more promi-
nent the influence of the slab component. The modified mantle 
wedge is melted to varying extents, with the pressure and ex-
11
tent of melting controlled by the wedge thermal structure that is 
in turn largely controlled by the thickness of the overlying litho-
sphere. Oceanic arcs have thin lithosphere and often have back-arc 
spreading which depletes the ambient mantle. As a result, depleted 
mantle and large extents of melting coincide, giving rise to very 
low incompatible element abundances. Continental arcs have thick 
lithosphere and are adjacent to sub-continental lithosphere which 
is often enriched by metasomatism, leading to enriched mantle 
and low extents of melting. Many arcs, such as the Central and 
Eastern Aleutians, show intermediate behavior. Variations in man-
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tle composition and extents of melting are so predominant that 
variations in elemental mobility caused by differing slab tempera-
tures become second-order effects.

Continental arcs have low Yb abundances and high Dy/Yb ratios. 
A comparison to MORB data shows that the high Dy/Yb requires 
garnet in the residue, which is also consistent with experimental 
constraints on garnet stability during hydrous melting.

Using inferences from MORB to constrain melting effects, Nd 
and Hf isotope data to constrain ambient mantle source, and ex-
perimental data on melting of sediment and altered ocean crust, 
it is possible to construct a quantitative model that reproduces 
global arc data. This modeling framework accounts for both spe-
cific compositions and global systematics of the geochemistry of 
arc stratovolcanoes, a standard that competing models should also 
be required to meet. The essential ingredients of the model are 
that AOC melts in all arcs, that variations in composition of the 
mantle wedge are essential, that extents of melting vary in re-
sponse to wedge thermal structure, and that garnet is a residual 
phase during initial melting of many continental arcs. For more 
detailed modeling of individual arcs, the specific sedimentary com-
positions and their variability and fluxes become important. The 
framework provided here provides a baseline upon which such 
variations can be more carefully evaluated.
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