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A B S T R A C T

Magmatic processing in the lower crust of thick-crusted (>40 km) arcs generates garnet-rich clinopyroxenite 
residues (arclogites) that are denser than the underlying mantle and therefore susceptible to foundering. 
Arclogites, which can contain substantial amphibole, may undergo partial melting as they sink into the subarc 
mantle. To constrain the geochemical composition of arclogite-derived melts and the role of arclogite in mag
magenesis, we conducted partial melting experiments on average amphibole-bearing arclogite ARC15 at 2 GPa 
from 1040 to 1300 ◦C. At subsolidus conditions, garnet and clinopyroxene coexist with lesser amounts of 
amphibole, ilmenite, and biotite. Hydrous ARC15 begins melting between 1040 and 1080 ◦C. Once amphibole 
and biotite are exhausted by 1140 and 1190 ◦C, respectively, garnet becomes the primary melting phase ac
cording to the reaction 0.8 Garnet + 0.2 Clinopyroxene = 1 Melt. At 1300 ◦C, ARC15 yields 18 wt.% melt, 
indicating an anomalously low melt productivity of 0.12%/◦C and rendering it the least melt-productive of all 
experimental pyroxenites investigated at 2 GPa. Geochemically, melts sourced from ARC15 are predominantly 
basanitic with low SiO2 (43–52 wt.%) and high FeO (10–17 wt.%), TiO2 (2.5–3.7 wt.%), and alkali (Na2O + K2O 
= 3–6.5 wt.%) contents. Such compositions do not resemble magmas erupted at thick-crusted arcs, indicating 
that arclogites are not a dominant source of magmatism in these settings. Rather, the compositions of ARC15 
melts more closely match those of magmas emplaced at post-collisional alkaline-silicate complexes, which form 
as a result of orogenic collapse and subsequent continental rifting and are common hosts of economic rare-earth 
element (REE) deposits. Trace element modeling further indicates derivation of alkaline-silicate magmas from 
variably metasomatized, light REE-enriched arclogite. Our results suggest a geodynamic model in which sub
duction beneath thickened crust leads to arclogite formation, foundering, and metasomatism as the material 
descends through the subduction-influenced mantle. During this stage, partial melts sourced from arclogite are 
likely modified by subduction-related secondary processes which dilute their diagnostic geochemical signatures. 
Subsequent collision and orogenic collapse induce extensional stresses that facilitate asthenospheric upwelling, 
leading to partial melting of the arclogite-bearing mantle and efficient extraction of primitive arclogite melts to 
the surface to form alkaline-silicate complexes and associated REE deposits.

1. Introduction

Arclogites, or garnet ± amphibole clinopyroxenites, are cumulates 
and restites that form during fractional crystallization and partial 
melting, respectively, in the near-Moho hot zone of thick-crusted (>40 
km) arcs (Ducea et al., 2021a). These rocks are significant in that they 
have densities up to 10% greater than the underlying mantle, rendering 
them gravitationally unstable and subject to foundering (Lee, 2014; 
Bowman et al., 2021). Because they can contain up to 20 vol.% 
amphibole (Ducea et al., 2021a), arclogites may undergo dehydration 
melting as they descend into the hot core of the mantle wedge 

(Elkins-Tanton, 2007; Ducea et al., 2021b). If their solidus temperatures 
are sufficiently low, arclogites may even partially melt prior to detach
ment during their residence in the subarc lower crust. Arclogites may 
therefore be an important source of primary magmas, yet the 
geochemical composition of arclogite-derived melts as well as the 
contribution of arclogite melting to Earth’s magmatic systems remains 
unconstrained.

Arclogites are silica-deficient (SD) garnet pyroxenites, distinguished 
from silica-excess (SE) garnet pyroxenites (e.g., eclogitized mid-ocean 
ridge basalt) by their higher forsterite and lower quartz components in 
the pseudoternary diagram forsterite–calcium Tschermak’s pyroxene 

* Corresponding author.
E-mail address: eebowman@arizona.edu (E.E. Bowman). 

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

journal homepage: www.elsevier.com/locate/epsl

https://doi.org/10.1016/j.epsl.2024.118952
Received 27 December 2023; Received in revised form 29 July 2024; Accepted 14 August 2024  

Earth Planet. Sci. Lett. 645 (2024) 118952 

0012-821X/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:eebowman@arizona.edu
www.sciencedirect.com/science/journal/0012821X
https://www.elsevier.com/locate/epsl
https://doi.org/10.1016/j.epsl.2024.118952
https://doi.org/10.1016/j.epsl.2024.118952


Fig. 1. Major element variation diagrams for the starting composition used in our experiments (ARC15) compared to average Sierran pyroxenite (Ducea, 2002) as 
well as other natural arclogites from the Sierra Nevada, Kohistan arc, Mercaderes, and Arizona arclogite localities (see Supplemental Materials for compilation of 
natural arclogite compositions and references). Also plotted are anhydrous and hydrous silica-deficient (SD) pyroxenites investigated in previously published 
experimental studies. Hydrous SD pyroxenite compositions plotted here are amphibole-bearing wehrlites (OCA2; Medard et al., 2006; Sorbadere et al., 2013). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(CaTs)–quartz projected from diopside (Kogiso et al., 2004). In this 
system, a thermal divide along the enstatite-CaTs join becomes effective 
at pressures ≥ 2 GPa, causing melts derived from SE and SD garnet 
pyroxenites to evolve along different geochemical paths; as a result, SD 
pyroxenites yield magmas with consistently lower silica contents 
compared to SE pyroxenites (Lambart et al., 2013). Unfortunately, there 
is a lack of partial melting experiments on SD garnet pyroxenites, with 
even fewer investigating arclogitic compositions. For example, previous 
partial melting experiments on SD amphibole-bearing pyroxenite cu
mulates (OCA2; Medard et al., 2006; Sorbadere et al., 2013) were con
ducted at pressures too low to either stabilize garnet or destabilize 
plagioclase, and none of these experiments focus on starting composi
tions similar to that of average arclogite (Fig. 1). Moreover, all 
high-pressure (≥ 2 GPa) experiments on SD garnet clinopyroxenites 
have considered only anhydrous compositions, most of which are far too 
MgO-rich to represent average arclogite (MIX1G, Hirschmann et al., 
2003; 77SL-582, Keshav et al., 2004; M5–40, Lambart et al., 2013). Only 
M7–16 (Lambart et al., 2013), a garnet-olivine clinopyroxenite, ap
proximates the major element signature of anhydrous arclogite, yet like 
many of the published experiments, was studied at fO2 conditions 
inconsistent with arc settings.

Nevertheless, limited compositional data do exist for arclogite melts. 
First-row transition element partitioning studies (Le Roux et al., 2010,

2011) indicate that magmas derived from garnet clinopyroxenites will 
have high Zn/Fe ratios compared to those sourced from peridotite, 
owing to the low (<1) mineral-melt KZn/Fe

D of garnet and clinopyroxene 
relative to olivine and orthopyroxene. Zn/Fe ratios, however, cannot 
discriminate between the different types of garnet clinopyroxenites (e. 
g., eclogite vs. arclogite) that might be melting at depth, resulting in the 
need for additional investigations. Thermodynamic models (Tang et al., 
2019; Ducea et al., 2021b) of arclogite partial melting yield primary 
magmas depleted in SiO2 and enriched in alkalis, FeO, TiO2, and Nb, but 
it is well known that at present, such models fail to reproduce the 
pressure-temperature-melt fraction relationships that control melt 
chemistry during partial melting (Lambart et al., 2016).

Based on the above geochemical fingerprints, albeit problematic, 
syn-drip arclogite-derived melts have been hypothesized to erupt along 
thickened continental arcs (Ducea et al., 2013; Murray et al., 2015; Kara 
et al., 2020) and within post-orogenic, rift-related alkaline-silicate 
complexes (Ducea et al., 2021b). However, in order to properly eval
uate the importance of arclogite as a source of magmas in these settings, 
we must first better constrain the composition of arclogite-derived 
melts. To achieve this, we present in this paper the first partial 
melting experiments performed on an average amphibole-bearing 
arclogite composition at pressure and temperature conditions appli
cable to the sub-arc mantle, into which these rocks sink and pond.

2. Methods

2.1. Starting material

For our partial melting experiments, we use a synthetic hydrous 
arclogite composition (ARC15) consisting of reagent-grade oxides (SiO2, 
TiO2, FeO, MnO, MgO, P2O5), carbonates (CaCO3, NaCO3, K2CO3), and 
hydroxides (Mg(OH)2). ARC15 was created to simulate a rock with a 
mineralogy composed of 15 wt.% amphibole (0.3 wt.% H2O), 2 wt.% 
ilmenite, and equal proportions (41.5 wt.%) of garnet and clinopyroxene 
as well as a composition similar to that of average Sierran pyroxenite 
(Table 1, Fig. 1; Ducea, 2002). To synthesize this starting material, all 
oxides, excluding FeO, and carbonates were mixed under ethanol in an 
agate mortar for 60 min to ensure homogenization. Once dry, the ma
terial was poured into a Pt crucible and decarbonated inside a 1000 ◦C 
muffle furnace for ~10 h. To the mixture, we then introduced FeO and 
water (0.3 wt.%) as Mg(OH)2. The material was then mixed in an agate 
mortar for 60 min. The starting powder, when not in use, was kept in a 
desiccator to prevent water absorption. Glass produced by a 1-hour 
super-liquidus piston cylinder experiment conducted at 1 GPa and 
1600 ◦C was analyzed on the microprobe to determine the composition 
of the synthesized ARC15 starting material (Table 1). In major element 

Table 1 
Major element composition (normalized to an anhydrous 
total of 100 wt.%) and H2O content (wt.%) of starting ma
terial ARC15.

Starting composition ARC15

SiO2 44.83(26)
TiO2 1.37(2)
Al2O3 12.11(9)
FeO 13.05(14)
MnO 0.25(2)
MgO 13.33(9)
CaO 13.51(4)
Na2O 1.20(4)
K2O 0.27(1)
P2O5 0.08(2)
Total 100
Mg# 0.65
H2O 0.30

Major element composition is based on an average of 10 
glass EPMA analyses. The cited H2O content corresponds to 
that which was calculated from the addition of Mg(OH)2 to 
the starting mixture. Numbers in parentheses are least unit 
cited 1σ errors calculated from replicate analyses, where 
44.83(26) equates to 44.83 ± 0.26.

Table 2 
Experimental run conditions and phase proportions (wt.%).

Run no. T (◦C) P (GPa) Duration (hours) Melt Cpx Grt Usp Bi Amp Ilm Fe loss (%)1 Σr2 fO2 (ΔFMQ)2

98B 1040 2 92 – 49(2) 37(1) – 1(1) 11(2) 2(0) 1.8 0.20 n.d.
75B 1080 2 211 + 55(2) 32(1) 2(0) 2(1) 10(3) – 0.4 0.06 n.d.
83A 1100 2 138 + 54(2) 32(1) 2(0) 2(2) 9(4) – 1.0 0.20 n.d.
74A 1140 2 68 + 65(1) 32(3) 2(0) 1(1) – – 0.4 0.10 n.d.
80B 1170 2 167 0(0) 61(1) 35(1) 2(0) 1(0) – – 0.2 0.24 −0.4(2)
72A 1190 2 68 5(2) 66(0) 27(2) 2(0) – – – 0.8 0.16 −0.1(3)
67B 1220 2 62 7(1) 63(0) 27(1) 2(0) – – – 1.1 0.15 −0.2(3)
77A 1240 2 68 13(1) 64(1) 21(1) 2(0) – – – 1.8 0.27 −0.1(3)
78A 1270 2 68 15(3) 65(1) 19(1) 2(0) – – – 1.1 0.12 −0.4(3)
70B 1300 2 95 18(2) 62(1) 17(1) 2(0) – – – 1.6 0.29 −0.4(3)

Phase proportions for all runs are determined via mass balance on an anhydrous basis. 1σ errors are given in parentheses with least digits cited. Abbreviations are as 
follows: Cpx = clinopyroxene, Gt = garnet, Bi = biotite, Amph = amphibole, Usp = ulvöspinel, Ilm = ilmenite, – indicates phase is absent, + indicates melt is present as 
quenched crystals and did not yield robust chemical analyses, Σr2 = sum of squared residuals, n.d. = not determined.

1 Iron loss is calculated after mass balance according to the equation 100 x (FeOstarting composition – FeOcalculated)/FeOstarting composition.
2 fO2 is calculated using Barr and Grove (2010) and reported as log units relative to the quartz-fayalite-magnetite (FMQ) buffer of O’Neill and Wall (1987) and 

Ballhaus et al. (1991).
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space, ARC15 plots within the compositional range of natural arclogites 
(Fig. 1).

2.2. Experimental procedure

To minimize FeO and H2O loss during experimental runs, the starting 
material was packed into HCl-cleaned Au75Pd25 double capsules (Kägi 
et al., 2005). The capsules were welded shut, situated between MgO 
spacers, and enclosed within a lead-lined BaCO3 sleeve. Using a 150-ton 
end-loaded piston cylinder apparatus at the University of Arizona (UA), 
we conducted ten partial melting experiments from 1040 to 1300 ◦C. All 
experiments were performed at 2 GPa, a pressure that, depending on 
crustal thickness, could represent either the lower crust or the upper 
mantle beneath thick-crusted arcs. Following pressurization, the 
experimental charge was heated at 50 ◦C/min to achieve the desired 
temperature, which was regulated using a type-C thermocouple encased 
within an Al2O3 rod. Capsules were held at temperature for at least 62 h 
(Table 2), after which they were quenched, decompressed, mounted in 
epoxy, polished first with 400- to 800-grit silicon-carbide paper and then 
on velvet microcloth using 3- to 1 µm alumina paste, and finally carbon 
coated for textural and chemical analysis.

2.3. Analytical methods

Textural examination via back-scattered electron imaging and pre
liminary phase identification via energy-dispersive spectroscopy were 

first carried out for all experimental samples using the UA LaserChron 
Hitachi 3400 N scanning electron microscope. Individual phases in each 
sample were then analyzed for major element compositions using the 
CAMECA SX100 housed in the UA Lunar and Planetary Laboratory. All 
phase analyses were performed at 15 kV accelerating voltage with 
counting times of 20 s on peak and on background. A focused beam with 
a current of 20 nA was used for garnet, clinopyroxene, ulvöspinel, 
ilmenite, and amphibole analyses, while a defocused beam with a cur
rent of 10 nA and diameter of 2 µm and 10 µm was used for biotite and 
glass, respectively. To minimize its diffusion from the analysis site, so
dium was measured first during all analyses. Phase compositions are 
reported in Supplementary Table S1. The presence of biotite was 
confirmed using a Renishaw InVia laser-Raman microscope at the UA 
Lunar and Planetary Laboratory (Supplementary Fig. S1).

3. Results

3.1. Approach to equilibrium

We argue that, despite the presence of some relict garnet cores, ex
periments operated under a closed system and achieved a close 
approach to thermodynamic equilibrium, based on: (1) The majority of 
crystalline phases and all pools of glass have geochemically homogenous 
compositions (Supplementary Table S1). Zoning was observed only in 
some garnet crystals, with care taken to avoid analyzing such grains. (2) 
Experiment durations (62–211 h) in this study are similar to or longer 

Fig. 2. Backscattered electron images of experiments at 2 GPa and 1040 ◦C (a), 1080 ◦C (b), 1100 ◦C (c), and 1220 ◦C (d). (a) Image from the inner capsule showing 
the subsolidus mineral assemblage, including clinopyroxene (Cpx), garnet (Grt), amphibole (Amp), and ilmenite (Ilm). (b) Image from the inner capsule showing the 
first appearance of melt in the form of quenched crystals coexisting with Cpx and Grt. (c) Image from the top of the inner capsule showing biotite (Bi) and Amp in 
equilibrium with Grt and Cpx. (d) Image from the top of the inner capsule showing Grt, Cpx, and ulvöspinel (Usp) separated from the melt pool by a region of 
quenched crystals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

E.E. Bowman et al.                                                                                                                                                                                                                             Earth and Planetary Science Letters 645 (2024) 118952 

4 



than published partial melting experiments that have demonstrated 
equilibrium on samples with compositions and volatile contents similar 
to ARC15 (Table 2; Médard et al., 2006; Sorbadere et al., 2013). (3) Low 
sums of squared residuals (0.06–0.29) and Fe losses (0.2–1.8%), both 
calculated from mass balance, indicate minimal alteration of the original 
bulk composition and maintenance of a closed system (Table 2). (4) 
KFe−Mg

D for clinopyroxene-melt and garnet-melt are, respectively, 0.35 ±
0.01 and 0.48 ± 0.04, values within error of those calculated for other 
high-pressure pyroxenite melting experiments (Keshav et al., 2004; 
Kogiso and Hirschmann, 2006; Lambart et al., 2013).

3.2. Oxygen fugacity

The oxygen fugacity relative to the fayalite-magnetite-quartz buffer 
(FMQ; O’Neill and Wall, 1987; Ballhaus et al., 1991) for melt-bearing 
charges was calculated according to the method of Barr and Grove 
(2010), which uses as inputs the Fe contents of the melt and the Au-Pd 
capsule adjacent to the melt pool. In experimental samples, fO2 ranges 
between ΔFMQ −0.4 ± 0.3 to −0.2 ± 0.3 (Table 2), within error of the 
fO2 estimated for the primitive magma (ΔFMQ −1.0 ± 1.0) in equilib
rium with arclogitic cumulates from the Colorado Plateau (Tang et al., 
2018).

3.3. Phase assemblages and melting reactions

Experimental conditions and phase proportions are reported in 
Table 2. Modal proportions were determined using mass balance, with 
errors on phase proportions calculated by propagation of standard de
viations on oxide contents. All experimental charges (Fig. 2, Supple
mentary Fig. S2) are composed primarily of augitic clinopyroxene 
(49–66 wt.%), which coexists throughout the studied temperature range 
with lesser amounts of garnet (17–37 wt.%). An Fe-Ti oxide phase (2 wt. 
%) also exists in all experimental samples in the form of ilmenite at 
subsolidus temperatures and ulvöspinel at suprasolidus temperatures. 
Finally, pargasitic amphibole (9–11 wt.%) and minor biotite (1–2 wt.%) 
are present in the lowest temperature runs.

Prior to partial melting (run 98B, 1040 ◦C), ARC15 comprises cli
nopyroxene (49 wt.%), garnet (37 wt.%), amphibole (11 wt.%), ilmenite 
(2 wt.%), and biotite (1 wt.%; Figs. 2 and 3). The first melt appears in the 

form of quenched crystals at 1080 ◦C, placing the hydrous arclogite 
solidus between 1040 and 1080 ◦C. Near-solidus partial melting is 
controlled by amphibole dehydration, as the first addition of melt co
incides with a decrease in amphibole mode as well as a transition in 
oxide phase from ilmenite to ulvöspinel (Fig. 3) following the reaction: 

Garnet + Amphibole + Ilmenite = Clinopyroxene + Ulvöspinel + Melt. 
(1)

After the ilmenite-ulvöspinel transition, partial melting continues via 
the dehydration of amphibole, which disappears fully by 1140 ◦C to 
form clinopyroxene and melt according to the reaction: 

Amphibole = Clinopyroxene + Melt.                                              (2)

Following amphibole-out, between 1140 and 1190 ◦C, clinopyroxene 
and melt are produced at the expense of garnet and biotite following the 
reaction: 

Garnet + Biotite = Clinopyroxene + Melt.                                      (3)

Reactions (1), (2), and (3) could not be defined quantitatively owing 
to the lack of quantifiable melt fractions in near-solidus experiments. 
Rather, these reactions were estimated based on changes in the pro
portions of experimental phases with increasing temperature (Supple
mentary Fig. S3a-c). Once biotite is exhausted at 1190 ◦C, the melting 
reaction shifts to: 

0.8 Garnet + 0.2 Clinopyroxene = 1 Melt,                                      (4)

such that garnet is preferentially consumed over clinopyroxene and is 
thus the main supplier of melt. Coefficients for reaction (4) were esti
mated via least-squares weighted regression (Supplementary Fig. S3d) 
according to the method of Baker and Stolper (1994) and normalized to 
1 g of melt. Reaction (4) and its coefficients resemble those determined 
for other silica-deficient pyroxenites at 2 GPa (e.g., Lambart et al., 
2013). If reaction (4) remains valid with increasing temperature, it can 
be assumed that a garnet-free clinopyroxenitic residue will form as the 
liquidus is approached.

3.4. Melt and mineral compositions

Phase compositions for each experimental run are listed in Supple
mentary Table S1. Melts derived from ARC15 are characterized by high 
TiO2 (2.54–3.73 wt.%), FeO (9.83–17.01 wt.%), Na2O (2.13–2.94 wt. 
%), and K2O (0.96–3.74 wt.%) contents and low SiO2 (43.36–51.86 wt. 
%) and MgO (4.61–8.78 wt.%) contents. With rising melt fractions, SiO2, 
K2O, and Al2O3 (13.77–16.56 wt.%) concentrations in the melt sys
tematically decrease, while MgO, FeO, and CaO (6.85–10.09 wt.%) 
contents increase (Fig. 4). Both TiO2 and Na2O initially increase with 
melt fraction, but experience decreases with further melting. Overall, 
arclogite melts vary in composition from low-F basaltic trachy-andesite 
at near-solidus temperatures (1170 ◦C), to trachy-basalt at higher tem
peratures (1190 ◦C) and melt fractions (5 wt.%), and to high-F (7–18 wt. 
%) basanite at the highest temperatures investigated (1220–1300 ◦C; 
Fig. 5a).

All experiments contain augite, which has relatively high Na2O 
(1.05–1.74 wt.%) and Al2O3 (4.82–9.20 wt.%) contents (Supplementary 
Table S1). While the Al2O3 content of clinopyroxene increases with 
temperature, Na2O decreases. Likewise, as temperatures rise, the CaO 
(16.71–19.62 wt.%) content of clinopyroxene decreases, with sharp 
drops corresponding to amphibole- and biotite-out. For the three main 
suprasolidus phases, the MgO contents largely increase with higher 
temperature runs: clinopyroxene MgO generally increases from 13.11 to 
14.21 wt.%, ulvöspinel MgO rises from 2.95 to 4.24 wt.%, and garnet 
becomes increasingly pyrope-rich as MgO (12.43–15.97 wt.%) increases 
and FeO (13.69–17.18 wt.%) decreases, a trend that is observed in other 
pyroxenite experiments (e.g., Borghini and Fumagalli, 2020). Biotite, 
while present, displays subtle increases in TiO2 (4.16–5.01 wt.%) and 

Fig. 3. Cumulative phase proportions (wt.%) in each experiment as a function 
of temperature (◦C). Garnet is the main melt supplier during arclogite melting, 
as the modal abundance of garnet decreases with increasing proportion of melt. 
Open circles indicate sub-solidus experiments, whereas filled circles refer to 
experimental samples within which melt is present.
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Fig. 4. Major element oxide contents of arclogite melts versus melt fraction (wt.%). Also shown are melt compositions from anhydrous silica-deficient (SD) py
roxenite melting experiments conducted at 2 GPa. Error bars on melt fractions and oxide contents are shown for this study and for previously published data when 
reported in the original paper (Hirschmann et al., 2003; Keshav et al., 2004; Lambart et al., 2013). When not visible, error bars are included within the symbol. 
Legend as in Fig. 1.
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Fig. 5. Total alkali-silica diagram (a) and major element oxide-MgO diagrams (b-f) of experimental ARC15 melts compared to arc volcanics emplaced upon >40 km- 
thick crust (Aleutian arc, Andean arc, Cascade arc, Central American volcanic arc, Honshu arc, Izu-Bonin arc, Kamchatka arc, Kurile arc, Mexican Volcanic Belt, 
Sunda arc, New Zealand arc), magmas from the central Andes (Ducea et al., 2013; Murray et al., 2015) and Fennoscandian Shield (Kara et al., 2020) previously 
interpreted to be derived from arclogites, and magmas from alkaline-silicate complexes. ARC15 melts plot outside of the compositional field of thick-crusted arc 
magmas but overlap with alkaline-silicate complexes. Arclogite melting is therefore not a dominant source of magmatism at thick-crusted arcs but may contribute 
significantly to the formation of alkaline-silicate complexes. Abbreviations in (a) are as follows: PB = picro-basalt, BA = basaltic andesite, And = andesite, TB =
trachy-basalt, BTA = basaltic trachy-andesite, TA = trachyandesite, TD = trachydacite, Bas = basanite, PT = phono-tephrite, TP = tephri-phonolite. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

E.E. Bowman et al.                                                                                                                                                                                                                             Earth and Planetary Science Letters 645 (2024) 118952 

7 



FeO (11.64–12.88 wt.%) and decreases in MgO (15.97–17.48 wt.%) and 
SiO2 (38.67–39.83 wt.%) with temperature. Amphibole, stable only in 
the three lowest temperature (1040, 1080, and 1100 ◦C) experiments, 
displays an enrichment in FeO (11.11–12.02 wt.%) compared to 
experimental (Sorbadere et al., 2013) and natural (Lee et al., 2006) 
cumulate-hosted pargasite.

4. Discussion

4.1. Solidus temperature and melt productivity

Our results bracket the dehydration solidus of arclogite between 
1040 and 1080 ◦C, which, owing to the addition of water (0.3 wt.%), is 
120–310 ◦C lower than the solidi (1200–1350 ◦C) determined for other 
nominally anhydrous SD garnet pyroxenite compositions at 2 GPa 
(Fig. 6; Hirschmann et al., 2003; Keshav et al., 2004; Lambart et al., 
2013). In fact, since hydrous arclogite begins melting at temperatures 
lower than the solidus range of more fertile SE garnet pyroxenites 
(1175–1280 ◦C; Pertermann and Hirschmann, 2003; Wang et al., 2010; 
Borghini and Fumagalli, 2020), the effect of small amounts of volatiles 
in depressing the solidus seems to overcome the opposing effect of 
chemical depletion.

At melt fractions (F) > 5 wt.%, the amount of melt produced during 
partial melting of ARC15 increases linearly with temperature, as is 
roughly observed for other experimental pyroxenites (Fig. 6). Using only 
experiments with ≥ 5 wt.% melt, we approximate an isobaric melt 
productivity for each composition as the linear change in F from the 
lowest (Ti) to the highest (Tf) experimental temperature [(ΔF/ΔT)P =

(FTf – FTi)/(Tf – Ti)]. ARC15 has a (ΔF/ΔT)P of 0.12%/◦C, whereas both 
anhydrous SD and SE pyroxenites display much higher melt pro
ductivities (0.46–0.93%/◦C). Therefore, although ARC15 begins melting 
earlier than any anhydrous experimental pyroxenitic composition, this 
composition is the least melt-productive of all experimental pyroxenites 
for melt fractions between 5 and 20 wt.%. This depression in both the 
solidus temperature and melt productivity of hydrous arclogite versus 
anhydrous pyroxenite, also displayed during the partial melting of hy
drous peridotites compared to their anhydrous counterparts, has been 

attributed to the involvement of water (Gaetani and Grove, 1998).

4.2. Geochemistry of arclogite-derived magmas and comparison to other 
experimental pyroxenite melts

During partial melting, significant changes in the major element 
composition of ARC15-derived melts reflect the partitioning behavior of 
these elements between the melt and the solid residue (Fig. 4). As ARC15 
melts, the FeO, MgO, and CaO contents of the melt increase, signifying 
the compatible nature of these elements in the clinopyroxene- and 
garnet-rich residue (Supplementary Fig. S4). Contrasting behavior is 
exhibited by SiO2, Al2O3, and K2O, all of which are enriched in near- 
solidus melts and decrease significantly with increasing melt fraction. 
While K2O acts incompatibly in the majority of the residual mineralogy, 
the incompatibility of SiO2 and Al2O3 in the bulk residue at low melt 
fractions is primarily controlled by the incompatible nature of these 
oxides in residual garnet and clinopyroxene, respectively. Finally, both 
the Na2O and TiO2 contents of the melt initially increase at low F and 
then decrease with further melting, the kink in these curves corre
sponding to decreases in the compatibility of Na2O in clinopyroxene and 
TiO2 in ulvöspinel, respectively (Supplementary Fig. S4).

As a result, in part, of these trends, melts sourced from ARC15 have 
major element compositions mostly within the range of other SD 
pyroxenite-derived melts (Fig. 4). Specifically, hydrous arclogite, like 
other SD pyroxenites, yields SiO2-poor and alkali-rich melts. In contrast 
to other SD pyroxenites, however, experimental arclogite-derived 
glasses have anomalously high TiO2 and FeO contents, likely due to 
the inherent enrichment in these oxides of ARC15. Furthermore, ARC15 
melts, with low MgO contents (4.61–8.78 wt.%) and Mg#s (0.45–0.48), 
are generally less primitive compared to other SD pyroxenites, which at 
similar melt fractions have MgO contents between 4 and 13 wt.% and 
Mg#s between 0.39–0.63. It is interesting to note that, as a result of their 
MgO-poor and FeO-rich nature, parental arclogite melts derived from 
ARC15-like compositions are commonly excluded from compilations of 
primitive arc basalts (e.g., Schmidt and Jagoutz, 2017), which use MgO 
or Mg# cutoffs to remove seemingly evolved samples. Parental magmas 
sourced from SE pyroxenites are also eliminated from these 

Fig. 6. Melt fraction (wt.%) vs. temperature (◦C) for ARC15 compared to dry silica-deficient (SD) and silica-excess (SE) pyroxenites investigated at 2 GPa. Reported 
solidi ranges for ARC15 (1040–1080 ◦C), SD pyroxenites (1200–1350 ◦C), and SE pyroxenites (1175–1280 ◦C) are highlighted. Error bars on melt fractions are shown 
for this study and for previously published data when reported in the original paper (Pertermann and Hirschmann, 2003; Lambart et al., 2013; Borghini and 
Fumagalli, 2020). When not visible, error bars are included within the symbol. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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compilations, as they have MgO contents typically less than 8 wt.% 
(Lambart et al., 2013). We therefore caution against using such arbitrary 
geochemical filters in petrogenetic studies, especially since non
peridotitic lithologies have been recognized to contribute to magmatism 
in most tectonomagmatic settings (Mallik et al., 2021).

4.3. Comparison to natural magmas

Using our experimental results, we can now investigate whether 
arclogite melting is a significant magma-generating process in 1) thick- 
crusted arcs and 2) post-orogenic alkaline-silicate complexes.

4.3.1. Arclogite contribution to thick-crusted arc magmatism
Arclogites form as products of differentiation and/or partial melting 

in the lower crust of thick-crusted (>40 km) arcs (Ducea et al., 2021a), 
where the Moho extends to pressures great enough to stabilize garnet in 
basaltic compositions (>1.2 GPa; Blatter et al., 2023). Temperatures in 
the subarc lower crust have been constrained by thermometry (Lee et al., 
2006; Depine et al., 2008; Zieman et al., 2023) and numerical modeling 
(Annen et al., 2006; Jackson et al., 2018) to be between 700 and 1200 
◦C, too cold to melt hydrous arclogites in substantive amounts as 
determined by our experiments. Rather, because the mantle wedge can 
at 3 GPa reach temperatures of >1400 ◦C (Syracuse et al., 2010), 
arclogites likely experience extensive partial melting as they founder 
into the subarc mantle (Elkins-Tanton, 2007). It is then plausible that 
arclogites may be an important source of arc magmatism. To evaluate 
this possibility, we compiled geochemical data for Pliocene-Holocene 
volcanics from arcs with modern crustal thicknesses greater than 40 
km using the GEOROC database (https://georoc.eu/). Data filtering 
methods, crustal thickness calculations, and the final compilation are 
included in the Supplementary Materials.

Fig. 5 compares the major element compositions of thick-crusted arc 
magmas with those of our experimental arclogite melts. Typical thick- 
crusted arc magmas are far too SiO2-rich and alkali-, FeO-, and TiO2- 
poor to represent primary arclogite melts or to be derived predomi
nantly from arclogite. Samples from the central Andean Altiplano-Puna 
plateau previously proposed to be arclogite-derived on the basis of Zn/ 
Fe ratios (Ducea et al., 2013; Murray et al., 2015) do not actually display 
major element compositions consistent with this interpretation, and are 
more likely derived from pyroxenite veins in the subarc mantle 
(Bowman and Ducea, 2023). Based on major element comparisons, we 
argue that arclogite melting is not a dominant mechanism of magma
genesis in thick-crusted arc settings. We recognize that this conclusion is 
highly dependent upon the composition of the experimental starting 
material and the pressure at which it is investigated. For example, 
compositions on the extreme FeO-poor and SiO2- and MgO-rich end of 
the arclogite compositional spectrum (Fig. 1), such as M5–40 (Lambart 
et al., 2013), may produce melts with major element geochemical sig
natures more similar to those of thick-crusted arc magmas; however, the 
majority of arclogites are too SiO2-poor and FeO-rich (Fig. 1) to generate 
melts that geochemically resemble thick-crusted arc magmas. In addi
tion, partial melting of ARC15 at higher pressures would increase the 
stability of garnet in the residue (Kogiso et al., 2003), allowing clino
pyroxene, a comparatively SiO2-rich phase, to contribute increasingly to 
melting and potentially bringing arclogite-derived melts into the 
compositional field of thick-crusted arc magmatism. Additional experi
ments on arclogite compositions at higher pressures are therefore 
necessary to constrain the effect of pressure on melt geochemistry.

Overall, our data suggest an apparent absence of primary arclogite- 
derived magmas at thick-crusted arcs, which may be due in part to the 
transient nature of the arclogitic source: foundering arclogite bodies 
may only reside in the subarc melting region during finite periods of 
time that mirror the tempo of orogenic cyclicity. Yet the temperature 
regime of the subarc mantle (>1200 ◦C; Kelemen et al., 2004; Syracuse 
et al., 2010) exceeds the solidus of hydrous arclogite (1040–1080 ◦C), 
especially if hot mantle upwells in response to dripping, so why do 

primary arclogite-derived melts seem to be missing from the magmatic 
record at thick-crusted arcs? It is possible that, due to the shape of iso
therms in the mantle wedge of subduction zones, arclogites that sink 
rapidly through the hot core of the mantle wedge may avoid conductive 
heating in excess of their solidus temperature and escape partial 
melting; however, such rapid descent requires large-sized and 
low-viscosity arclogitic material that may not be representative for all 
arcs (Elkins-Tanton, 2007). It is therefore more likely that 
arclogite-derived melts in the subarc region, whether formed in the 
mantle or in the lower crust, are modified by secondary processes that 
completely mask their characteristic major element signatures. For 
instance, arclogite melts are not in equilibrium with peridotite and are 
likely to react as they ascend through the mantle (Lambart et al., 2012). 
Melt-rock reaction, however, should not substantially decrease the 
originally high TiO2 content of the arclogite-derived melt. We therefore 
do not favor a primary role of arclogite melt-peridotite reaction in 
generating thick-crusted arc magmas. In addition, since arclogites have 
low melt productivities, their melts may be of sufficiently low melt 
fraction that they are diluted by more voluminous magmas sourced from 
i.e., wedge peridotite (Grove et al., 2012), pyroxenites from the down
going oceanic crust (Schmidt and Jagoutz, 2017) or subarc mantle 
(Bowman and Ducea, 2023), and assimilated continental lower crust 
(Ducea and Barton, 2007). This is interpreted to be the case for the 
Taapaca dacite dome complex in the central Andes, where arclogite has 
been identified via polytopic vector analysis as one of three end-member 
compositions involved in the petrogenesis of these volcanics 
(Blum-Oeste and Wörner, 2016).

According to Fig. 5, only the high-Nb gabbros emplaced in the Fen
noscandian Shield, Finland during the thick-crusted Paleoproterozoic 
Svecofennian orogen show major element signatures indicative of an 
arclogite origin (Kara et al., 2020). Interestingly, these gabbros intruded 
during an intra-orogenic extensional phase that resulted in the devel
opment of multiple rift basins (Bergman et al., 2008). Perhaps, in 
contrast to orogenic contractional regimes that restrict the eruption of 
primary magmas along thickened arcs (Loucks, 2021), continental 
extension provides pathways for arclogite-derived magmas to ascend 
rapidly and avoid alteration. Such is the case along the East African rift 
system, where melting of pyroxenitic drips has been interpreted to occur 
(Furman et al., 2016).

4.3.2. Arclogite contribution to alkaline-silicate complexes
Because continental rifting follows orogenesis, a sequence that forms 

the foundation of the Wilson Cycle (Wilson et al., 2019), arclogites that 
formed and foundered during subduction beneath thick-crusted arcs 
inevitably comprise a portion of the asthenospheric mantle that upwells 
and melts beneath the subsequently collapsing orogen. As a result, 
arclogite melts may more recognizably manifest on the surface of the 
Earth during periods of orogenic collapse and post-orogenic rifting, as 
extensional stresses associated with these events promote the eruption 
of primitive magmas (Loucks, 2021). Arclogite melts generated during 
such post-orogenic rifting also likely experience limited melt-peridotite 
reaction as they ascend mantle that has already undergone previous 
metasomatism by syn-subduction arclogite-derived magmas, thus 
contributing to the preservation of their diagnostic geochemical signa
tures. In fact, arclogite-derived melts have been shown via thermody
namic modeling to geochemically resemble magmas erupted at 
alkaline-silicate complexes (Ducea et al., 2021b), which form in 
post-orogenic extensional regimes (Goodenough et al., 2021; Beard 
et al., 2023). Such complexes host massifs of alkali-rich, feldspa
thoid-bearing igneous rocks and are important sources of rare-earth el
ements (REE), particularly the heavy REE (HREE; Goodenough et al., 
2016; Beard et al., 2023). The current consensus is that these anomalous 
magmatic systems derive from low-degree partial melting of metasom
atized and heterogeneous subcontinental lithospheric mantle (Smith 
et al., 2016; Marks and Markl, 2017; Braunger et al., 2020; Goodenough 
et al., 2021; Beard et al., 2023). Yet vital components of this model, such 
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as the composition of the lithospheric mantle, the metasomatic agent, 
and the conditions necessary to bring about low-degree melting in re
gions of rifting and hot mantle upwelling, remain vague. Partial melting 
of arclogites, which are inherently silica-poor and melt-depleted, pre
sents an alternative model for the formation of these complexes (Ducea 
et al., 2021b). To test this hypothesis, we compare the geochemistry of 
our experimental melts to three extension-related alkaline-silicate 
provinces that do not require the involvement of mantle plumes in their 
petrogenesis: 1) Tuttutooq-Ilimmaasaq-Narsarsuaq (TIN) zone, 
Greenland (Hutchison et al., 2021), 2) European Cenozoic Volcanic 
Province (Binder et al., 2024), and 3) Ditrau Alkaline Massif, Romania 
(Pál-Molnár et al., 2015). Each of these provinces hosts significant en
richments in the REEs (Goodenough et al., 2016; Beard et al., 2023) – the 
TIN and Ditrau provinces to an economic degree – and are spatially 
associated with and postdate major orogenic events (Pál-Molnár et al., 
2015; Hutchison et al., 2021; Binder et al., 2024). The TIN zone in the 
Gardar rift, for example, is interpreted to tap mantle metasomatized 500 
My earlier by Andean-type subduction during the thickened Ketilidian 
orogen (Hutchison et al., 2021). Likewise, the European Cenozoic Vol
canic Province, which was emplaced on top of Variscan basement, hosts 
magmas interpreted to derive from lithospheric mantle enriched via 
subduction-metasomatism during the ~300 Ma Variscan orogeny (e.g., 
Binder et al., 2024).

As shown in Fig. 5, there is remarkable overlap in the major element 
compositions of arclogite melts and alkaline-silicate complexes. In 
particular, arclogite-derived magmas reproduce the anomalously low 
SiO2 and high TiO2 and alkali contents that characterize these com
plexes. Only the FeO and MgO concentrations of the two magmatic 
suites disagree: alkaline-silicate complexes display higher MgO and 
lower FeO compared to arclogite melts. Perhaps these alkaline magmas 
originated from arclogites with higher MgO and lower FeO contents 
compared to our starting material, a likely scenario given the 
geochemical variability of natural arclogites (Fig. 1). It is also plausible 
that as evolved (Mg# = 0.45–0.48), silica-undersaturated, FeO-rich 
arclogite melts ascend through the mantle, these melts react with 
ambient high-Mg# olivine, resulting in Fe-Mg melt/rock exchange that 
decreases the FeO content and increases the MgO content of the reacting 

arclogite-derived melt (Ackerman et al., 2009).
To further assess the possible genetic relationship between arclogite 

melts and alkaline-silicate complexes, it is necessary to relate their trace 
element signatures. To do this, we use non-modal batch melting to 
model the trace element compositions of arclogite melts after 5 and 18% 
melting. We limit our analysis to the REEs, as arclogites have far too 
variable large ion lithophile and high field strength element concen
trations to produce meaningful results. Our models use three different 
starting arclogite compositions: 1) KH97–106 (Dhuime et al., 2007) 
from the Kohistan arc crustal section, a depleted arclogite endmember 
representing unaltered lower crustal cumulate material that has some
how escaped foundering, 2) BC52 (Lee et al., 2006) from the Sierra 
Nevada xenolith suite, an enriched arclogite endmember, and 3) BC98–9 
(Lee et al., 2006) also from the Sierra Nevada, which has a composition 
between the two extremes. The latter two samples from the Sierra 
Nevada (BC52 and BC98–9) represent foundered residues that have 
experienced some degree of metasomatic LREE enrichment (Lee et al., 
2006), a process likely to occur as arclogites sink through 
subduction-influenced mantle. We note that we do not consider the role 

Fig. 7. Chondrite-normalized (McDonough and Sun, 1995) rare-earth element 
patterns for natural arclogite samples KH97–106 (depleted end-member; 
Dhuime et al., 2007), BC98–9 (intermediate composition; Lee et al., 2006) and 
BC52 (enriched end-member; Lee et al., 2006). Assuming non-modal batch 
melting, we also plot predicted rare-earth element patterns of melts derived 
from these three compositions for 5% and 18% partial melting. (For interpre
tation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

Fig. 8. Schematic depicting (1) arclogite formation, foundering, meta
somatism, and partial melting at thick-crusted arcs. Rather than erupting on the 
surface of the Earth as primitive melts, arclogite-derived magmas are modified 
by secondary processes, such as magma mixing, to produce hybrid magma 
typical of thick-crusted arcs. Isotherms after Holwell et al. (2022). (2) 
Post-subduction orogenic collapse and lithospheric extension incite astheno
spheric upwelling and partial melting of foundered, metasomatized arclogite. 
Extension and previous subduction-related mantle metasomatism promote the 
transport of primitive arclogite melts to the surface to form alkaline-silicate 
complexes. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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of peridotite melting in our models, as the temperature range of inves
tigation (1190–1300 ◦C) is below the peridotite solidus at 2 GPa 
(~1350; Hirschmann et al., 2000). Since ARC15 has a lower solidus 
temperature than peridotite, rather than mixing with peridotite-derived 
melts, arclogite melts likely react with subsolidus peridotite as they 
ascend the mantle.

Results of our arclogite batch melting models, which use the phase 
assemblages (excluding ulvöspinel) and reactions determined in this 
study as well as partition coefficients from Green et al. (2000), Perter
mann et al. (2004), and Adam and Green (2006), are shown in Fig. 7. 
The range of REE patterns for the three alkaline-silicate complexes, now 
filtered to include only samples with MgO contents greater than 4 wt.%, 
are shown in orange. It is clear that the HREE contents of arclogite melts 
and alkaline-silicate magmas perfectly correlate, a significant finding as 
alkaline-silicate complexes are valuable hosts of the most societally 
critical HREEs (Wall, 2014). This correlation points to arclogites as a 
potential initial source of HREEs in these complexes, which is plausible 
since garnet, an HREE repository, is the main melt contributor during 
arclogite melting. Still, secondary processes, such as fractional crystal
lization and shallow fluid-mediated processes, are required to elevate 
magmatic REE contents to economically viable concentrations 
(Chakhmouradian and Zaitsev, 2012). Moreover, our models show that 
the depleted and enriched arclogite endmembers produce melts that 
neatly bracket the LREE contents of magmas from alkaline-silicate sys
tems, while melts of the intermediately enriched arclogite composition 
plot directly in the field of these alkaline magmas. Hence, partial melting 
of arclogites that have experienced metasomatism and associated LREE 
enrichment during their residence in the subduction-influenced mantle 
may be fundamental in generating magmas that form post-orogenic 
alkaline-silicate complexes and associated REE deposits.

5. Geodynamic setting of arclogite melting and concluding 
remarks

We demonstrate that at 2 GPa, amphibole-bearing arclogites, prev
alent at the base of thick-crusted arcs as density-unstable residues, begin 
melting between 1040 and 1080 ◦C either in-situ in the lower crust or as 
they founder into the sub-arc mantle. Arclogites have the lowest melt 
productivities of experimentally investigated pyroxenites and produce 
melts that are silica-undersaturated, alkalic, and rich in TiO2 and FeO. 
Based on major element geochemistry, arclogite melts cannot be sig
nificant contributors to thick-crusted arc magmatism. Rather, the major 
and trace element geochemical signatures of melts derived from mildly 
enriched arclogites match those of alkaline-silicate complexes, which 
erupt during post-orogenic extensional events and are famous for their 
well-endowed REE deposits (Goodenough et al., 2021; Beard et al., 
2023). Our results are consistent with a conceptual model (Fig. 8a) in 
which arclogites form along thickened arcs and experience variable 
degrees of metasomatism and LREE enrichment as they detach from the 
lower crust and sink through the subduction-influenced mantle. During 
this stage, melts derived from arclogitic residues likely react with 
ambient mantle peridotite as they migrate upward, thus creating path
ways for later arclogite-derived melts to ascend the mantle with minimal 
reaction. Once they reach the crust, these melts are likely modified by 
further syn-subduction secondary processes, such as magma mixing, 
that obscure their characteristic geochemical signals. As subduction 
wanes and orogenic collapse ensues (Fig. 8b), continental extension 
drives asthenospheric upwelling and melting of the arclogite-bearing 
mantle. Arclogite-derived melts during this stage experience only 
minor melt-peridotite reaction as they move through the previously 
metasomatized mantle. Extensional stresses facilitate the ascent of 
primitive arclogite-derived magmas through the lithosphere (Loucks, 
2021), contributing to the formation of alkaline-silicate complexes and, 
potentially, their associated REE deposits.
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