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ABSTRACT

Arc magmatism is thought to be driven by peridotite melting in the mantle wedge. Yet
pyroxenites are ubiquitous in the melting region beneath magmatic arcs. Because they typi-
cally have lower solidi temperatures and higher melt productivities compared to peridotite,
pyroxenites likely play a significant role in magma generation. Here, we use the Zn/Fe ratios
of a global database of Pliocene—Holocene primitive arc magmas to show that, as the crustal
thickness of the overlying plate increases, so does the proportion of pyroxenite-derived melts
relative to peridotite-derived melts. In fact, at arcs with crustal thicknesses >40 km, the
majority of magmas are sourced from pyroxenite. Major and trace element geochemistry of
pyroxenite melts is consistent with derivation from mafic magmas frozen in the mantle en
route to the surface. We hypothesize that, as the thickness of the continental crust increases,
the mantle wedge is displaced toward higher pressures and cooler temperatures, thereby
lowering the extent of peridotite melting and allowing magmas sourced from the pyroxenite-

veined mantle to dominate the arc budget.

INTRODUCTION

At subduction zones, it is widely accepted
that magma generation occurs via flux melt-
ing of mantle wedge peridotite (Grove et al.,
2012). In this model, which has prevailed since
the 1970s, H,O-rich fluids released from the
downgoing oceanic slab depress the solidus of
the overlying peridotite, allowing partial melt-
ing at the temperature and pressure conditions
of the mantle wedge. Due to this process, most
petrologic and numerical studies evaluating the
architecture (Grove et al., 2009), geochemistry
(Turner et al., 2016), and ore-forming potential
(Rezeau and Jagoutz, 2020) of subduction zones
typically assume that primary mafic magmas are
predominantly sourced from mantle peridotite,
with or without some amount of slab component.
The peridotite melting paradigm has further moti-
vated numerous studies investigating the partial
melting of (Till et al., 2012) and melt extraction
from (Katz et al., 2022) peridotitic lithologies.

The compositional diversity of primitive arc
magmas, however, cannot be accomplished by
peridotite melting alone, requiring the contribu-
tion of nonperidotitic melts to magma genera-
tion (Mallik et al., 2021). Due to the prevalence

of pyroxenites in the altered oceanic crust (Poli
and Schmidt, 2002), mantle wedge (Chapman
et al., 2021), and lower crust of the overriding
plate (Bowman et al., 2021), primary arc magma
production likely involves pyroxenitic sources.
For example, it has been well established by
thermal (Syracuse et al., 2010) and geochemi-
cal (Schmidt and Jagoutz, 2017) studies that the
descending, eclogitized oceanic crust can melt in
intermediate to hot subduction zones, although
the slab contribution is likely subordinate to
that of wedge peridotite (Turner et al., 2016).
In the mantle wedge of all arcs, pyroxenites may
be present as orthopyroxene-rich assemblages
formed from melt- and fluid-peridotite reaction
(Yaxley and Green, 1998; Grant et al., 2016)
and as metasomatic veins crystallized from
stalled mafic magmas (Chapman et al., 2021).
Additionally, at thick-crusted (>40 km) arcs,
magmatic processing in the near-Moho hot zone
generates a dense (>3.4 g/cm®; Bowman et al.,
2021) garnet clinopyroxenitic (“arclogitic”)
residual root that can founder into the mantle
and melt as it descends (Ducea et al., 2021).
Based on the abundance of pyroxenites in
the melting region of subduction zones as well

as the lower solidi temperatures and higher melt
productivities of these lithologies compared to
peridotite (Lambart et al., 2013), preferential
melting of pyroxenite may supply dispropor-
tionate volumes of magma to the arc budget,
especially at thick-crusted arcs where extents
of peridotite melting are suppressed (Turner
et al., 2016). However, the role of pyroxenite
melting in generating arc magmas has yet to
be constrained. In this paper, we evaluate the
contribution of peridotite- versus pyroxenite-
derived melts to arc magmatism as a function of
the crustal thickness of the overriding plate. We
use the Zn/Fe ratios, along with other geochemi-
cal metrics, of a global database of Pliocene—
Holocene primitive arc magmas to show that the
proportion of pyroxenite- to peridotite-derived
melts increases with increasing crustal thick-
ness, so much so that pyroxenite melts comprise
the majority of magmas erupted onto thick crust.
These results challenge the validity of the peri-
dotite melting paradigm as it applies to thick-
crusted arcs and necessitates a new model for
primary magma generation from pyroxenites
in these settings.

GLOBAL DATABASE OF PRIMITIVE
ARC MAGMAS

Using the GEOROC database (https://georoc
.eu/) supplemented by published samples from
the Andean arc, we compiled whole-rock
compositions of subaerial Pliocene—Holocene
primitive magmas (MgO = 7-17 wt%) from
20 frontal arcs around the globe (Fig. S1 in
the Supplemental Material'). Because primi-
tive magmas rarely erupt in regions of thick
crust, we retained rear-arc compositions from
the central Andean plateau to ensure a critical
number of samples from the thickest (>50 km)
arcs. Crustal thicknesses were calculated using
the elevation of each sample according to the
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Figure 1. Zn/Fe (x10*) of each sample versus
MgO content (wt%). The lack of correlation
indicates Zn/Fe ratios are not affected by
differentiation.

method of Luffi and Ducea (2022). To reduce the
effects of sampling bias in our compilation such
that each volcanic field is equally represented,
we divided the spatial coverage of our data set
into prisms 10 km long x 10 km wide x 650 m
high and calculated the median geochemical
composition and crustal thickness for each vol-
ume unit. Geochemical filtering methods, crustal
thickness calculations, and the statistical treat-
ment of errors for all parameters are documented
in the Supplemental Material.

RESULTS

Zn/Fe ratios have been shown to effectively
distinguish peridotite- and pyroxenite-derived
magmas (Le Roux et al., 2010, 2011; Lang
and Lambart, 2022). Because Zn/Fe undergoes
little fractionation between olivine, orthopy-
roxene, and melt, these ratios are not changed
significantly during peridotite partial melting
or olivine-only crystallization. However, when
garnet and clinopyroxene are major phases,
as in pyroxenite, Zn/Fe ratios are highly frac-
tionated during melting. Pyroxenite melts, as

a result, can attain Zn/Fe (x 10*) ratios >12
and as high as 20; in contrast, most peridotite
melts have ratios only up to ~12. We note that
low-degree (melt fraction [F] < 0.15) melts
of the most fertile (AL,O; > 4 wt%), high-Zn/
Fe peridotites can achieve Zn/Fe (x10*) up to
~13 (Davis et al., 2013) owing to high modes
of garnet and clinopyroxene. However, ~85%
of subarc peridotites reported in the GEOROC
database are not very fertile (ALO; < 4 wt%;
Fig. S2), have Zn/Fe (x10*) < 10, and should
not produce high (>12)-Zn/Fe melts. The sub-
arc mantle has also been shown to be relatively
depleted in composition (Schmidt and Jagoutz,
2017) and is therefore not likely to generate high
(>12)-Zn/Fe melts. Because pyroxenites, on the
other hand, definitely can generate magmas with
Zn/Fe (x10%) > 12, we take Zn/Fe (x 10%) = 12
as the dividing value between peridotite and
pyroxenite melts.

Zn/Fe ratios are affected by cotectic differ-
entiation, so we must first verify that the ratios
in our database do not derive from multiply
saturated magmas. In a plot of Zn/Fe versus
MgO content for each sample in the data set
(Fig. 1), we find that there is no systematic varia-
tion in Zn/Fe ratios with differentiation, lending
confidence that our compilation contains only
primitive magmas that have undergone olivine-
dominated fractionation.

We plot median Zn/Fe ratios, spatially aver-
aged as detailed above, against corresponding
median crustal thickness values (Fig. 2A). We
also plot these data for samples with >10 wt%
MgO (Fig. S3). In both cases, it is clear that Zn/
Fe ratios are positively correlated with crustal
thickness. Specifically, Zn/Fe ratios steadily
rise as crustal thickness increases from <30 to
40 km, although the majority of median samples
in this thickness range have Zn/Fe (x 10*) < 12
and are likely sourced primarily from perido-
tite. Once crustal thickness exceeds ~40 km,
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however, the majority of the database has Zn/
Fe (x10% > 12, indicating pyroxenite-dominant
melting in thick-crusted regions. Median Dy/Yb
ratios of primitive magmas also seem to increase
with crustal thickness (Fig. S4A), further sup-
porting garnet-present melting beneath thick
arcs (Davidson et al., 2007).

To evaluate the legitimacy of the observed
Zn/Fe—crustal thickness correlation, the spatially
averaged Zn/Fe database was further binned
into 5 km crustal thickness intervals from <30
to >60 km (Fig. 2B). Here, an increase in Zn/
Fe ratios with increasing crustal thickness is
remarkably apparent. Weighted linear regres-
sion (Thirumalai et al., 2011) through these
data yields a trendline with an R? value of 0.97,
confirming the reliability of this correlation. We
note that for crustal thicknesses >50 km, com-
paratively few data exist (n < 15 for each crustal
thickness bin), and 64% of this median data set is
from the central Andes. Removal of this crustal
thickness range produces a very similar array
(Fig. 2B), indicating that magmas emplaced in
the frontal to rear arc of the central Andes con-
form to the global pattern of Zn/Fe variability.
Finally, we recognize that high-Zn/Fe melts can
derive from mantle peridotites enriched in Zn
via fluid-induced metasomatism (Le Roux et al.,
2010). However, complete overlap in the Ba/
Nb ratios of high (>12)- and low (<12)-Zn/Fe
melts (Fig. S4B; Elliot, 2003), as well as the
global lack in correlation between crustal thick-
ness and regions of metasomatized mantle (Qin
et al., 2022), invalidate this possibility.

To further elucidate the source of high-Zn/Fe
melts in our compilation, we plot these samples
on the pseudo-ternary diagram forsterite—cal-
cium Tschermak’s pyroxene (CaTs)—quartz pro-
jected from diopside (Fig. 3). When garnet and
pyroxene are primary residual phases, a thermal
barrier marked by the enstatite-CaTs join seg-
regates the compositions of melts derived from

Figure 2. (A) Correlation
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of median Zn/Fe ratios
with crustal thickness.
Errors on Zn/Fe (x10%)
are 16 standard devia-
1 tions. Errors on crustal
thickness are root mean
1 square errors. (B) Median
Zn/Fe ratios binned into
5 km crustal thickness
intervals. Errors are root
mean square errors.
1 Weighted regression (dark
blue line) through these
1 data yields a trendline
with R? = 0.97. Weighted
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R? = 0.93) was calculated
for crustal thicknesses
<50 km to remove the
effect of few data at thick-
crusted arcs as well as the
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influence of the Andean arc on the Zn/Fe—crustal thickness correlation. For both panels, the red dashed line delineates the fields of peridotite
(Zn/Fe [x10%] < 12) and pyroxenite (Zn/Fe [x10%] > 12) melts.
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Figure 3. Projection from diopside (Di) on for-
sterite (Fo)—calcium Tschermak’s pyroxene
(CaTs)—quartz (Qz) pseudo-ternary diagram
(O’Hara, 1972) of spatially averaged samples
with median Zn/Fe (x10%) > 12. The enstatite
(En)-CaTs join separates silica-deficient and
silica-excess melts. Experimental melts of sil-
ica-deficient (SD) pyroxenites are also plotted
(see the Supplemental Material [see footnote
1] for compilation and references).

silica-excess and silica-deficient pyroxenites
(Kogiso et al., 2004). Because the high-Zn/Fe
samples plot firmly on the silica-excess side
of the ternary diagram, such melts are likely
sourced from silica-excess pyroxenites. This
origin for the high-Zn/Fe magmas is consistent
with their SiO, and alkali contents (Lambart
etal., 2013), which are distinctly elevated com-
pared to those of the low-Zn/Fe samples (Fig. 4).

NATURE OF THE PYROXENITE
SOURCE

Based on Zn/Fe ratios and major element
geochemistry, we argue that the proportion of
arc magmas derived from pyroxenite versus peri-
dotite increases with crustal thickness. In par-
ticular, at arcs with crustal thicknesses >40 km,
pyroxenites rather than peridotites dominate the
source of primary magmas. Is it possible to con-

strain the nature of the pyroxenitic source that
is melting beneath thick-crusted arcs? In these
regions, pyroxenite melts may derive from the
eclogitized oceanic crust, products of melt- and
fluid-rock reaction, lower crustal and/or foun-
dering arclogite, or metasomatic mantle veins
representing solidified mafic intrusions. Because
magmas at thick-crusted arcs have isotopic com-
positions inconsistent with a mid-ocean ridge
basalt (MORB)-like source (Ducea and Barton,
2007), melting of the oceanic crust is probably
not the predominant mechanism of magma-
genesis. Th/Nb ratios, a particularly diagnos-
tic tracer of slab melt (Fig. S4C; Turner and
Langmuir, 2022), are also independent of source
lithology, further precluding a primary role of
the slab in generating high-Zn/Fe magmas. It
is also unlikely that pyroxenites formed from
melt- and fluid-rock reaction contribute signifi-
cantly to magmatism at thick-crusted arcs, as
these assemblages are typically rich in olivine
(Kelemen et al., 1995) or orthopyroxene (Yaxley
and Green, 1998; Grant et al., 2016), depending
on the reactants, and should produce magmas
with low Zn/Fe ratios. Furthermore, residual
arclogites may melt via heating and/or amphi-
bole dehydration to form silica-deficient melts
(Fig. 3; Ducea et al., 2021). High-Zn/Fe melts
in our data set, however, lie on the silica-excess
side of the garnet-pyroxene thermal barrier and
are on average too silica-rich to be sourced from
arclogite.

We favor a model in which the majority of
magmas erupted at thick-crusted (>40 km) arcs
originate from veins of peridotite-derived mafic
melts frozen during ascent into the cooler asthe-
nospheric wedge and/or mantle lithosphere. Such
veins will be silica-excess pyroxenites com-
posed of clinopyroxene + garnet 4 orthopy-
roxene + amphibole + plagioclase (Rapp and
Watson, 1995). If these pyroxenitic veins are
later relocated to the melting region of the man-
tle wedge due to, e.g., mantle flow or landward
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arc migration (Chapman et al., 2021), they will
partially melt via reheating or volatile fluxing.
Partial melts sourced from these lithologies
will be comparatively silica- and alkali-rich
(Lambart et al., 2013) with high Zn/Fe ratios,
consistent with our suite of pyroxenite-derived
samples (Fig. 4).

As the crustal thickness of volcanic arcs
increases, the mantle wedge is shifted toward
higher pressures and colder temperatures (Turner
etal., 2016), resulting in lower degrees of melt-
ing of the peridotitic mantle. Pyroxenites, on the
other hand, have solidi temperatures ~50-150
°C lower than peridotites (Hirschmann and
Stolper, 1996). Such low melting temperatures
and higher melt productivities (F' = 0.15-0.3;
Chapman et al., 2021) compared to peridotite
(F = 0.05-0.15 at similar conditions; Grove
et al., 2012), along with the diffusive influx
of heat from ambient subsolidus peridotites
to melting pyroxenitic veins (Hirschmann and
Stolper, 1996), allow pyroxenites to produce
significant amounts of melt at the tempera-
tures of the mantle wedge, even if present in
insignificant volumes (Lambart et al., 2013).
Based on the observed correlation between Zn/
Fe ratios and crustal thickness as well as the
geochemistry of high-Zn/Fe melts, we propose
that the pressure-temperature conditions of the
subarc mantle become less favorable for peri-
dotite melting once the crust reaches ~40 km in
thickness. At this point, pyroxenitic veins in the
asthenospheric wedge and/or mantle lithosphere
contribute the bulk of the magmatic budget. This
is especially likely since frozen mantle-derived
melts have been estimated to comprise up to
30% of the subarc lithospheric mantle (Chin
et al., 2014). In fact, in their model of Cordil-
leran arcs (crustal thickness >45 km), Chap-
man et al. (2021) attribute periods of high-flux
magmatism to enhanced melting of lithosphere
metasomatized by melt-fertile mafic intrusions.

We emphasize that our interpretations do
not consider the effects of amphibole on Zn/Fe
fractionation because experimental amphibole-
melt Zn and Fe partition coefficients for basaltic
compositions are lacking. Nevertheless, pyrox-
enites usually contain only minor abundances
of amphibole, which may even be completely
absent at pressures >2.5 GPa (Wyllie and Wolf,
1993). Amphibole, if present, is also exhausted
early during melting. Therefore, the presence
of amphibole in pyroxenitic assemblages is
unlikely to shift the Zn/Fe ratios of the deriva-
tive magma into the realm of peridotite-sourced
values.

IMPLICATIONS

In light of our findings, most models of sub-
duction zones applicable to thick-crusted arcs
must be updated to consider pyroxenites as the
dominant source of primary arc magmas in
these settings. Because pyroxenites have lower
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solidi temperatures compared to peridotites, we
expect substantial modifications to numerical
and conceptual models that have traditionally
assumed a peridotite solidus (e.g., Grove et al.,
2009). In addition, Cu contents of pyroxenite-
derived melts are systematically lower than
those sourced from peridotite (Fig. S5). Perhaps
pyroxenites are inherently Cu-poor, or the pres-
ence of Cu-sulfides in these lithologies cause Cu
to act compatibly during melting. Either way,
because porphyry copper deposits preferen-
tially form in regions of thick crust (Chiaradia,
2014), it is imperative that we constrain the role,
if any, of pyroxenite melting in controlling the
ore-forming potential of arc magmas.
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