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Parental arc magma compositions dominantly
controlled by mantle-wedge thermal structure
Stephen J. Turner1*, Charles H. Langmuir2, Richard F. Katz1, Michael A. Dungan3 and Stéphane Escrig4
The processes that lead to the fourfold variation in arcaveraged compositions of mafic arc lavas remain controversial.
Control by the mantle-wedge thermal structure is supported by
chemical correlations with the thickness of the underlying arc
crust1–3 , which a�ects the thermal state of the wedge. Control
by down-going slab temperature is supported by correlations
with the slab thermal parameter3–7 . The Chilean Southern
Volcanic Zone provides a test of these hypotheses. Here we use
chemical data to demonstrate that the Southern Volcanic Zone
and global arc averages define the same chemical trends, both
among elements and between elements and crustal thickness.
But in contrast to the global arc system, the Southern Volcanic
Zone is built on crust of variable thickness with a constant slab
thermal parameter. This natural experiment, along with a set
of numerical simulations, shows that global arc compositional
variability is dominated by di�erent extents of melting that
are controlled by the thermal structure of the mantle wedge.
Slab temperatures play a subordinate role. Variations in the
subducting slab’s fluid flux and sediment compositions, as
well as mantle-wedge heterogeneities, produce second-order
e�ects that are manifested as distinctive trace element and
isotopic signatures; these can be more clearly elucidated once
the importance of wedge thermal structure is recognized.
The chemical compositions of arc-front stratovolcanoes,
averaged for individual arcs and normalized for differentiation,
display coherent systematics1,2 . By comparing these global
systematics with the regional chemical variability of the
Chilean Southern Volcanic Zone (SVZ; Fig. 1), new constraints
can be developed that are applicable on both the global and
regional scales. Globally, incompatible elements correlate well
with one another over fourfold concentration ranges (Fig. 2b–f).
More compatible elements, such as Ca (Fig. 2a) and Sc, correlate
negatively with incompatible elements2,8 , whereas heavy rare-earth
elements vary little. Correlations among incompatible elements
transcend standard geochemical groupings associated with slab
processes. Elements believed to be immobile (for example, highfield-strength Nb, Zr), or concentrated in subducting sediments9,10
(for example, Th, La), or ‘fluid-mobile’ (for example, K, Pb, U, Sr),
are all mutually correlated. Magma compositions also correlate with
the sub-arc Moho depth (Fig. 2g–i), and a proxy for the thermal
structure of the down-going slab3–6 , the slab ‘thermal parameter’
[ = slab age ⇥ convergence rate ⇥ sin(dip angle)]11 , but not with
the depth of the slab beneath the arc or calculated sub-arc slabsurface temperatures12 . Successful models of arc volcanism must
account for these first-order relationships.
These relationships are not dependent on the index used to
represent arc compositions. Here we use values normalized to

6% MgO (‘6-values’), but the chemical relationships persist to
Mg#s (Mg#=atomic Mg/(Mg+Fe)) in equilibrium with the mantle
(Supplementary Fig. 1a), and are independent of filtering choices2 .
The Ce/H2 O ratio in olivine-hosted melt inclusions4–6 has also been
used to represent compositional variability among volcanic arcs.
Averaged melt inclusion H2 O concentrations, however, are similar
in all arcs13 . Hence, arc-averaged Ce/H2 O is largely a function of Ce
abundance, and Ce/H2 O and Ce6.0 correlate well3 (Supplementary
Fig. 1b). The recently proposed ‘Continental Index’7 is also
well represented by Ce6.0 (Supplementary Fig. 1c), or any other
incompatible element 6-value.
Because the global systematics persist across a wide range of
fractionation and are present even at high Mg#’s, they cannot be produced by intra-crustal processes2 . Although assimilation, magma
mixing, and high-pressure crystal fractionation impact differentiated magma compositions in all arcs, particularly continental arcs,
these effects are minimized by filtering, normalizing and averaging
mafic magma chemistry. Models accounting for the global firstorder compositional variability of primitive arc volcanics must look
deeper, to the mantle wedge or the slab.
Plank and Langmuir1 attributed correlations between major
element 6-values and Moho depth to variations in the extent
of mantle-wedge melting (F), hypothesizing that F varies with
distance between the Moho and the sub-arc slab depth (the ‘column
height’). More precise determinations of slab depths14,15 reveal that
6-values do not correlate well with the column height3 , despite
good correlations with Moho values. More recently, global-scale
correlations between
and arc-averaged melt inclusion Ce/H2 O
motivated the proposal that this compositional diversity is instead a
function of slab temperature4–6 . Slab melting also has been invoked
to account for variability of the Continental Index7 .
Building on this work, Turner and Langmuir3 demonstrated that
the global arc chemical systematics are consistent with either of
two general endmember models. In the first model, the flux of
slab melts to the mantle wedge is constant, while wedge thermal
structure varies as a function of the overriding plate thickness.
If sub-arc lithospheric thickness increases with crustal thickness
(an assumption that is justified if the entire sub-arc lithosphere is
proportionally thickened or thinned by the same tectonic forces),
then the mantle wedge beneath a thick-crusted arc resides at
higher pressure and lower temperature, leading to lower F and
different residual mineralogy, and higher incompatible element
concentrations in melts. In the second, the wedge thermal structure
is constant, while the slab flux varies as a function of the slab
thermal structure. Hotter slabs provide a larger flux to the mantle
wedge16 , leading to higher concentrations of slab-derived elements
in mantle-wedge melts. Notably, both models require melting of the
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Figure 1 | Variation of Moho depth and the slab ‘thermal parameter’ ( ) along the SVZ between 33 and 43 S. a, Coloured symbols denote arc-front
volcanoes, black symbols denote other volcanoes. b, Moho depth18 beneath each volcano. The bracket indicates the global range of arc Moho depths
(excluding the Central Andean Arc). SVZ Moho depths span the upper half of the global range. c, Slab thermal parameter15 ( ) calculated o�shore each
volcano, with the bracketed range representing the global range of -values. In contrast to Moho depth, the range of -values along the study area does
not vary significantly.

subducting ocean crust in all volcanic arcs to sufficiently mobilize
Sr and the light to middle rare-earth elements2,16 .
A third possible model is that the slab thermal structure
controls the H2 O flux to the wedge, and that variable wedge
H2 O concentrations regulate F. This model is not considered here
because current estimates of H2 O fluxes beneath global arcs17 have
no apparent relationship with magma compositions3 .
These hypotheses lack quantitative sophistication because many
variables in the subduction system are poorly constrained, and
physical models of magma/mantle flow in subduction zones are at
an early stage. This leads to a dearth of model predictions that would
facilitate critical tests of the models at the global scale.
The Chilean SVZ (Fig. 1), however, provides a natural
experiment to distinguish the two models because the arc crustal
thickness varies from 30 to 50 km (ref. 18) while varies negligibly
(Fig. 1b,c). If is the primary control on volcanic compositions,
there should be little chemical variability along the SVZ. If crustal
thickness and the resulting wedge thermal structure are important,
then the volcanoes should have chemical variations that are
consistent with the global systematics and occupy a significant part
of the global range.
Combining published SVZ data19–22 with new data collected
as part of this study, permits this test. Volcano averages for the
SVZ were calculated following previously established methods1,2 ,
normalized to 6 wt% MgO. Though the northern SVZ volcanoes
differentiate along more calc-alkaline paths than the southern SVZ
volcanoes, this divergence occurs below ⇠6 wt% MgO, and thus
does not affect the normalized values (see Methods).
SVZ volcano averages closely correspond with the global
arc averages (Fig. 2a–f). Incompatible trace element 6-values
correlate with major elements, and with each other, transcending
customary element groupings. Furthermore, averaged SVZ
volcano compositions overlap with global arc segments for crustal
2

thicknesses of 30–50 km (Fig. 2g–i). The SVZ thus represents global
variations on a regional scale.
These results are inconsistent with slab thermal structure being
the dominant control on magma composition, because the large
chemical variations in the SVZ occur despite constant
in
this region (additional discussion in Supplementary Methods).
Instead, the data are consistent with the mantle-wedge thermal
structure model, because both the internal chemical systematics and
the relationships with crustal thickness mimic the global trends.
Leading-order, global chemical variations are therefore most likely
the consequence of a relatively constant slab flux operating on
mantle wedges with varying physical conditions related to upper
plate thickness.
The proposed relationship between crustal thickness and the
pressure and temperature of melting3 can be more rigorously tested
by using physical models to explore the systematics of wedge
thermal structure. The models must take into account that, from
south to north, the sub-arc slab depth increases from 90 to 120 km
and the slab dip angle decreases from 37 to 27 . The depth of the
lithosphere–asthenosphere Boundary (LAB) is poorly constrained
along the arc, but behind the arc the LAB is estimated to increase
northwards from approximately 70 to 100 km (ref. 18). If LAB and
slab depth both increase by 30 km, then even as the upper plate
thickness varies, the wedge column height does not, which rules
out models that call on different column heights. To quantitatively
explore the effects of these parameters, we present numerical
models23,24 that have been run for the purpose of constraining the
thermal budget of the SVZ mantle wedge and testing the wedge
thermal structure hypothesis.
The results of two model runs are presented (Fig. 3a–d) using
input parameters representative of northern (⇠34 S) and southern
(⇠41 S) cross-sections of our study area. F is calculated assuming
a single mantle H2 O concentration (0.6 wt%), providing a direct
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Figure 2 | Chemical systematics of SVZ volcano and global arc averages. a–i, Coloured symbols as in Fig. 1. Open circles are arc-averaged 6-value
compositions2 . All incompatible element 6-values and various element ratios correlate with one another and with Moho depth. SVZ volcano averages span
the upper half of the global range of arc-averaged incompatible element concentrations. The chemical variability of the SVZ is consistent with the results of
the quantitative chemical modelling from previous work3 (red and black dotted lines on b–i). The 6-values for Don Casimiro and Planchón–Peteroa are
missing from d because Dy data is not available.
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Figure 3 | Results of 2D numerical simulation. a–d, Temperature (black lines) and extent of melting (F) (blue lines) (a,c), along paths through the models
depicted in b and d, respectively. Although path a corresponds to the actual southern SVZ slab depth (90 km), while path b intersects the slab at 120 km,
both reach the same maximum F. The maximum F for the southern model (F = 11.3%) is nearly twice that of the northern model (F = 6.6%). e, Model
results using slab dip and age values observed in the SVZ indicate that these parameters have a minor influence on F compared to lithospheric thickness.
See Methods for model description.

comparison of the thermal energy available for melting. The
‘southern SVZ’ model predicts F that is almost double that of
the ‘northern SVZ’ model, corresponding well with the regional
incompatible element variations. The difference in lithospheric
thickness is the primary control on F, with minor additional
variability from dip angle and slab age (Fig. 3e). The range
of F values expected globally (5–20%) from the wedge thermal
structure chemical model corresponds to lithosphere between 100

and 40 km thick. The range of F values calculated for the SVZ
chemical model (6–12%) is then consistent with both the regional
crustal thickness values and the global trends.
The numerical simulations also demonstrate why there are
no global correlations with slab depth, and why mantle column
height does not relate directly to F. Two different depth versus
F profiles from the same model run are shown on Fig. 3a. The
solid lines corresponds to a vertical cross-section intersecting the
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slab at 90 km depth, while the dashed lines intersect the slab at
120 km. Because of the competing changes in temperature and
pressure, the maximum F value reached in both cross-sections is
the same, despite significantly different column heights. The critical
parameter controlling F is thus the LAB depth.
The results from the SVZ suggest the overriding plate exerts a
primary control on global and SVZ chemical variations through
its influence on the wedge thermal structure. If variations in
slab thermal structure do not produce the global-scale chemical
variability of volcanic arcs, then why do arc compositions correlate
globally3–6 with ?
It is likely that additional factors indirectly relate to the mantlewedge conditions. Across-arc compression in the overriding plate
increases as the down-going slab age and dip angle decrease25,26 .
Because slab age and dip angle contribute most of the variance
to , arcs with lower -values are most commonly compressional.
A compressional strain regime results in lithospheric (including
crustal) thickening, which may explain why greater Moho depths
correspond to low -values. The correlations between
and
magma chemistry may be further strengthened by the fact that
convergence rate, the third parameter in , directly affects the
temperature of the mantle wedge24 . A more rapid convergence rate
leads to higher wedge temperatures and higher F, and also to
higher , thus providing an additional link between and magma
chemistry that is not causal.
There is evidence that slab temperatures vary beneath arc
fronts26 , so why don’t slab temperatures typically control arc-front
magma chemistry? A surprising aspect of the successful models is
that they use a constant average slab flux, with a slab that must melt
at every subduction zone. This suggests that, with the exception
of a few unusual cases27 , the total slab flux to the mantle source
of arc-front volcanism is relatively insensitive to slab temperature.
This outcome is likely if slab melts are transferred to the wedge
across a large range of depths and temperatures, and then eventually
migrate to the source region for arc-front volcanism28 . To more
fully constrain such mantle-wedge processes, thermal models that
incorporate melting and melt transport of heat need to be developed.
We have emphasized the aspects of arc petrogenesis accounted
for by the thermal structure of the SVZ mantle wedge. These results
do not preclude a secondary role for the slab in determining local
variations in chemical compositions. Variations among volcanoes
in arcs that are constructed on plates of nearly constant thickness,
such as the Aleutians27,29 and Marianas9 , seem to require a diversity
of slab components. There is also an important role for heterogeneity
in the ambient mantle wedge, which appears to contribute most of
the isotopic variability to the SVZ volcanic rocks21,22 . The diversity
of sediment compositions worldwide also has an important influence30 . The results of the present work suggest that disentanglement
of these factors by comprehensive investigations of individual arcs
may be aided by a recognition of a primary role of variable extents
of melting produced by wedge thermal structure.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Numerical models. Models use the methods of England & Katz24 , and vary based
on convergence rate, slab dip, and the LAB depths behind the arc. For the southern
model at ⇠42 S, LAB depth is 70 km, slab dip is 37 , and slab age is 21 Myr. For the
northern model at ⇠34 S, LAB depth is 100 km, slab dip is 27 , and slab age is
34 Myr (ref. 18). For the calculations, the overriding plate was aged until the
1,100 C isotherm on the right boundary was equal to the LAB depth. The stagnant
lid and coupling depth were set at 10 km above the LAB.
Major and trace element analysis. Whole-rock major and trace element
concentrations were measured on a newly collected set of samples from the Chilean
Southern Volcanic Zone (SVZ) stratovolcanoes, and new trace element analyses
were performed on a set of samples previously collected and partially analysed by
Rosemary Hickey-Vargas and colleagues. Whole-rock samples were crushed to a
grain size of ⇠1 mm and then powdered using either an agate mill or a shatterbox
with an alumina-ceramic crucible until a flour-like texture was produced. Major
elements were measured by X-ray fluorescence (XRF) at the University of Lausanne
following Pfeifer and colleagues31 . New trace element analyses were performed at
Harvard University by solution nebulized inductively coupled plasma mass
spectrometry (SN-ICP-MS). Detailed analytical methods and uncertainties of
SN-ICP-MS measurements can be found in Turner and colleagues32 .
Data filtration. The goal of this study is to better constrain models for primary
magma diversity. To this end, the data have been filtered to minimize secondary
effects (for example, crystal fractionation, magma mixing, excess crystal
accumulation, and crustal assimilation) which are known to produce much of the
chemical variability within individual SVZ volcanoes33–37 . These crustal processes
generally decrease the Mg content of a magma, leading to greater crustal
overprinting at lower Mg abundances. The resultant increasing variance of
elemental abundances with decreasing wt% MgO, creates characteristic ‘wedge
shaped’ arrays on plots of incompatible elements versus MgO (see Supplementary
Information for an example of this effect). These wedge shapes typically come to a
‘point’ once MgO exceeds 5 wt%, indicating that samples with >5 wt% MgO are
comparatively free from the more extreme crustal differentiation effects.
Some SVZ magmas with >5 wt% MgO are still affected by secondary processes,
and in particular mixing between higher-MgO magmas and evolved, low-MgO
magmas is commonly observed38,39 . Evolved magmas are typically highly enriched
in incompatible elements, so mixed magmas do not represent primitive
compositions. Because evolved magmas have typically undergone extensive
plagioclase fractionation, leading to large negative Eu anomalies40 , mixed magmas
inherit a negative Eu anomaly. To try to eliminate such mixed magmas from the
averages we include only samples with Eu anomalies >0.9.
Magma modification by crustal assimilation has been identified along the
entire SVZ33–35 . Crustal assimilation typically results in preferential enrichment of
certain elements—most notably Rb—that are particularly abundant in crustal
lithologies34,35 . Rubidium in each volcano was compared to K concentrations to
filter out samples with excessive Rb enrichments. Because the ratios of Rb to K can
also vary among primary magmas, this filtration can only be applied relative to
other samples from the same volcano. See Supplementary Information for the exact
K/Rb cutoffs used for each volcano.
Calculation of 6-values. Magmas that have not been affected by open-system
processes evolve via crystal fractionation. Early-stage crystal fractionation does not
affect incompatible element ratios, but does lead to variable elemental abundances.
Therefore, this study considers variability of elemental abundances only among
magmas that have 5.5 < wt% MgO < 6.5, which corresponds to a narrow range of

extents of crystal fractionation. Volcano ‘6-values’ are calculated by averaging these
samples from each volcano, following the methodology of Turner and Langmuir2 .
For volcanoes with sufficient data, only trace element data on dissolved rock
solutions by ICPMS from Harvard University were included in averages, to
minimize inter-laboratory biases. Ultimately, as shown by Turner and Langmuir2 ,
the results of this study are not dependent on the use of 6-values as the chemical
index of choice, as it can be shown that 6-values are strongly correlated with several
other indices for representing the average compositions of volcanic arcs. A figure
demonstrating this point is available in the Supplementary Information. Additional
filtration steps were necessary in a few specific instances, which are also outlined in
detail in the Supplementary Information.
Code availability. Code is available by e-mail request to the author.
Data availability. The data from this study is available in the article’s
Supplementary Information, and will also be made available from the GEOROC
online database (http://georoc.mpch-mainz.gwdg.de/georoc).
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