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1. Introduction
Oceanic ridges (defined here as aseismic ridges, rises, and seamount chains) and oceanic plateaus constitute ∼30% 
of the modern oceanic crust (Kerr, 2003). Consequently, subduction of ridges is a common process at present-day 
convergent margins. Melting of subducting oceanic plateaus might have played a crucial role in the formation of 
the Archean continental crust (Albarède, 1998; H. Martin et al., 2014). Previous studies have highlighted the role 
of buoyant ridge subduction in the development of shallow-angle subduction (Antonijevic et al., 2015; Espurt 
et al., 2008; Gutscher et al., 2000). In this scenario, interactions between the slab with the overlying mantle and 
crust determine earthquake distributions, mantle flow patterns, over-riding plate stresses and cause the chemistry 
of magmas formed during shallow-angle ridge subduction (e.g., high Sr/Y and ultrapotassic magmas; Cooke 
et al., 2005; Gutscher et al., 2000; Hu & Liu, 2016; Rosenbaum et al., 2018) to be distinct from those associated 
with steeper-angle oceanic crust subduction. Additionally, shallow-angle ridge subduction is often linked to the 
development of a tear in the subducting slab, which permits the upwelling of hot asthenospheric mantle into the 

Abstract The effects of buoyant ridge subduction have been researched for decades. However, it remains 
unclear how this process influences magma chemistry. Here we use a compilation of geochemical data, 
well-established geochemical proxies (i.e., Ba/Nb, Th/Nb) and mantle redox modeling (i.e., V/Sc, Cu) to 
propose that the subduction of a ridge underneath the central portion of the Vanuatu arc causes shallow-angle 
subduction and the development of a slab tear. We suggest that the shallow slab pinches out the asthenospheric 
mantle and bulldozes ancient metasomatized lithospheric mantle from the forearc toward the main-arc. Slab-
fluxed melting of this bulldozed material could account for the along-arc 87Sr/86Sr-143Nd/144Nd variations of the 
Vanuatu magmas. The influx of hot sub-slab material into the Vanuatu arc mantle wedge through a slab tear 
produces magmatism within the forearc. Modeling of V/Sc and Cu systematics suggest that the mantle source 
of the forearc magmas has a higher fO2 and Cu content than the source of the main-arc and rear-arc samples. 
The main-arc and rear-arc mantles were metasomatized by both slab-derived fluids and melts. Whereas 
release of high Cu-SO2 slab-derived fluids caused oxidation and Cu enrichment of the forearc mantle. These 
systematics indicate a decrease in the fO2 of slab fluxes with increasing depth-to-slab and distance-from-trench. 
Our findings highlight the role of ridge subduction in controlling the along-arc and across-arc variations in the 
chemistry of Vanuatu arc magmas. This updated geodynamic model, based on geochemistry, is consistent with 
recent geophysical constraints and 3D numerical modeling.

Plain Language Summary Subduction of oceanic plates (slabs) at convergent plate margins 
(trenches) causes the slab to heat up and release fluids, which causes the overlying mantle wedge to melt and 
produce magmatism. Some parts of the slab (e.g., ridges) are less dense than others and therefore subduct at 
shallower angles. This can cause (a) the subducting slab to tear and (b) the material above the subducting slab 
to be pushed away from the trench toward the main-arc (a process termed “bulldozing”). It remains unclear 
whether the effects of ridge subduction can be detected using the geochemistry of subduction-related arc 
magmas. We use a combination of geochemical data and modeling to suggest that the latitudinal variations in 
the chemistry of Vanuatu arc samples results from “bulldozing” effects associated with shallow angle ridge 
subduction. We suggest that the mantle near the Vanuatu trench might be a copper-rich reservoir, which would 
not normally melt because it is too cold. However, the inflow of hot sub-slab mantle through a slab tear appears 
to provide the heat necessary to melt this source and generate Cu-rich magmas anomalously close to the trench. 
Hence, ridge subduction appears to have a profound influence on arc magma chemistry.
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mantle wedge (e.g., Peruvian arc and Central Chilean arc; Antonijevic et al., 2015; Hu & Liu, 2016; Kamchatka 
arc; Levin et al., 2002; Central American arc; Bourke et al., 2020). It has been suggested that interactions be-
tween hot upwelling asthenospheric mantle with (a) the subducting slab (Holm et al., 2019; Mungall, 2002) and 
(b) the over-riding lithosphere (Bissig et al., 2014; Hou et al., 2004; Richards, 2009) might produce the oxidized 
and water-rich magmas that are necessary for magmatic-hydrothermal mineralization. Consequently, combined 
occurrences of shallow-angle ridge subduction and slab tears are often considered to contribute to the forma-
tion of porphyry Cu deposits (e.g., porphyry Cu-Au deposit in the Batu Hijau district, Indonesia; Fiorentini & 
Garwin, 2010; porphyry Cu-Au deposits in the Baguio and Mankayan districts, Philippines; Cooke et al., 2014; 
porphyry Cu-Mo-Au deposits in the California-Vetas district Colombia; Bissig et al., 2014).

One location where there is controversy regarding the effects of ridge subduction is the Vanuatu arc, which 
is an approximately 1,200  km long island arc located in the south-west Pacific (Monzier et  al.,  1997; Peate 
et al., 1997). Previous studies have attributed the along-arc variations in the chemistry of Vanuatu arc magmas to 
ridge subduction, which is thought to promote the influx of mantle materials from the backarc toward the main-
arc portions of the central arc (Monzier et al., 1997; Pearce et al., 2007; Peate et al., 1997; Turner et al., 1999). 
However, this model is inconsistent with recent results of 3D numerical models (Axen et al., 2018; Currie & 
Beaumont, 2011), which suggest that the onset of shallow subduction is likely to “squeeze” mantle out of the 
mantle wedge and cause mantle flow from the main-arc toward the rear-arc. Additionally, the cause of an inter-
mediate-depth seismic gap adjacent to the shallow subduction segment of the Vanuatu arc remains debated, with 
end-member models attributing the seismic gap to the presence of either an anomalously dry slab beneath that 
portion of the arc (Baillard et al., 2018) or to the presence of a slab tear (Prévot et al., 1991). Furthermore, to the 
south of the seismic gap, “Efate Group” volcanics have enigmatically high Cu, Sr, and P2O5 contents compared 
to other Vanuatu arc and global arc magmas (Raos & Crawford, 2004). However, whether the genesis of the 
anomalously Cu-rich Efate group magmas is related to partial melting of a carbonatite-metasomatized mantle 
(Raos & Crawford, 2004) or instead reflects melting of oxidized mantle (Lee et al., 2012) remains to be assessed.

Here, we use a combination of geochemical data, proxies for subduction addition (Ba/Nb, Th/Nb), modeling 
of mantle redox (V/Sc, Cu) and geophysical constraints (Bergeot et  al.,  2009; Calmant et  al.,  2003; Prévot 
et al., 1991), together with the results of recently published 3D numerical modeling of shallow subduction pro-
cesses (Axen et al., 2018; Magni, 2019), to re-evaluate the controls on the chemistry of Vanuatu arc magmas. 
We suggest the shallowing of the subduction angle as a result of ridge subduction caused ancient metasomatized 
mantle from beneath the Vanuatu forearc to be “bulldozed” toward the mantle beneath the main-arc. We further 
suggest that subduction induced hydrous flux melting of this bulldozed material accounts for the distinct Sr-Nd 
isotope compositions of magmas erupting at the central portion of the Vanuatu arc. We also propose that release 
of high P-Sr-Cu-SO2-rich slab-derived fluids from the slab at forearc depths (here defined as located at ≤80 km 
to the top of the slab) resulted in oxidation of the forearc mantle wedge and increased the proportion of sulfide 
in the mantle wedge. Subsequent melting of this metasomatized sulfide-rich forearc mantle by the influx of hot 
sub-slab mantle through a slab tear could account for the genesis of anomalously high oxygen fugacity (fO2), high 
Sr/Y, Cu/Sc, and V/Sc magmas, which are akin to those associated with porphyry Cu deposits (Loucks, 2014). 
Thus, the genesis of the anomalously Cu-rich Vanuatu forearc magmas potentially provides new clues toward 
understanding porphyry Cu deposit formation. Our results also suggest that the occurrence of a seismic gap south 
of the ridge is attributable to the formation of a slab tear rather than the subduction of an anomalously dry slab.

2. Geological Setting
Volcanic rocks collected from along the Vanuatu arc (Figure 1) can be classified into two groups depending on 
whether they are older or younger than ∼10–12 Ma. Volcanic rocks that are older than ∼10–12 Ma were gen-
erated at the ancient Vitiaz arc (i.e., Santo and Malekula), when the Pacific Plate subducted southward beneath 
the Australian Plate (Figure 2a, Buys et al., 2014; A. Martin, 2013). Ontong Java Plateau collided into the Vitiaz 
trench at ∼10–12 Ma, resulting in a reversal of polarity of subduction (A. Martin, 2013; Schellart et al., 2006). 
Consequently, the Australian Plate started to subduct beneath the Pacific Plate and generated the modern-day 
Vanuatu arc volcanic rocks (e.g., Efate). Thus, the ancient Vitiaz arc magmas were sourced from the mantle 
wedge beneath the Australian Plate, whereas the modern Vanuatu arc magmas are sourced from the mantle wedge 
beneath the Pacific Plate (Pearce et al., 2007; Peate et al., 1997). Subsequent clockwise rotation of the Vanuatu 
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Figure 1. Geological and geophysical constraints regarding the evolution of the Vanuatu arc. (a) Bathymetric map 
showing the locations of islands for which samples were included in our geochemical compilation. Slab dip contours below 
the Vanuatu arc are displayed every 20° (from Hayes et al., 2018). (b) Bathymetric map of the Vanuatu arc and an inset 
showing depth-to-slab versus distance-from-trench for each of the sample localities included in our compilation (Table 
S1 in Supporting Information S1). Slab depth contours beneath the Vanuatu arc are displayed every 20 km (from Hayes 
et al., 2018). The orange lines show the chosen cross sections (i.e., Sections A, B, C) across the different blocks of the 
Vanuatu arc, which were used to estimate slab dips. Orange dots denote the location of Deep Sea Drilling Project Site 286 and 
Ocean Drilling Program Legs 134 Sites 828 and 831. (c) Interpreted geodynamic setting of the Vanuatu arc based on modern 
global positioning system velocity measurements (observed, black arrows; modeled, white arrows; from Bergeot et al., 2009). 
The Vanuatu arc can be divided into three tectonic blocks that are separated by two strike-slip faults (magenta dashed lines; 
Calmant et al., 2003; Taylor et al., 1995), which are the counterclockwise rotated Northern Block, the eastward migrated 
Central Block and the clockwise rotated Southern Block. Orange arrows indicate plate convergence velocities (in mm/year) 
with respect to the Australian plate (Bergeot et al., 2009). (d) Intermediate-depth seismicity distribution (50–170 km) since 
1972 with magnitudes in the range of 4–7, from USGS Earthquake Catalog (https://earthquake.usgs.gov/earthquakes/search/). 
The seismic gap is highlighted by a solid polygon. The wide red arrow depicts the influx of hot sub-slab mantle to the forearc 
mantle wedge through a slab tear.
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arc has resulted in the rapid (10–12 Ma) formation of new oceanic crust that overlies the North Fiji Basin and 
separates the Vanuatu arc from the Pacific Plate (Figure 2b).

The collision of the buoyant D’Entrecasteaux Ridge at ∼3 Ma with the central arc played an important role 
in the dynamic evolution of the Vanuatu arc and the character of magmatism (Bergeot et  al.,  2009; Pearce 
et al., 2007; Peate et al., 1997). Long-term GPS monitoring of vertical and horizontal velocity fields (shown on 
Figure 1c as arrows) indicates that this collisional event caused the slowing of convergence rates at the central 
portions of the arc (∼35 mm/year) compared to the northern (∼120–160 mm/year) and southern (∼90–120 mm/
year) parts of the arc (Bergeot et al., 2009). Thus, the D’Entrecasteaux Ridge acted as an indentor in the central 
arc and the trench at the two sides rotated around the indentor (Wallace et al., 2005). Such processes resulted 
in the segmentation of the Vanuatu arc (Bergeot et al., 2009) into three domains, which we term the Northern, 
Southern, and Central Blocks, which are separated by two strike-slip faults (magenta dashed lines on Figure 1c). 
The counterclockwise and clockwise rotation of the Northern and Southern Blocks (Figure 1c), respectively, 
contributed to the formation of two active backarc extensional regions behind these portions of the Vanuatu arc 
(Anderson et al., 2016; Bergeot et al., 2009). In response to ridge subduction, the Central Block is currently 

Figure 2. Previous models for the evolution of the Vitiaz and Vanuatu arc and Sr-Nd-Hf isotope diagrams. (a) Reconstruction of the position of the ancient Vitiaz 
arc before the subduction polarity reversal and the rotation of the subduction zone (i.e., before 12 Ma). The red islands (i.e., Santo and Malekula) formed at the 
ancient Vitiaz subduction zone. Tectonic map modified after Martin (2013). (b) Mantle flow model for the present-day Vanuatu arc proposed by previous studies 
(Pearce et al., 2007; Peate et al., 1997). (c) 87Sr/86Sr versus 143Nd/144Nd and (d) 143Nd/144Nd versus 176Hf/177Hf plots of Vitiaz (i.e., Santo) and Vanuatu arc samples. 
For comparison we plot data for Pacific-type and Indian-type MORB, from Stracke et al. (2005). Data for North Loyalty basin sediment and basement compositions 
for the subducting Australian plate from Site 286 are taken from Briqueu et al. (1994), Pearce et al. (2007), and Peate et al. (1997). The calculated bulk sediment 
composition is from Plank (2014). Date used to define the D’Entrecasteauz Ridge (i.e., samples drilled at Sites 828 and 831) field are from Briqueu et al. (1994) and 
Peate et al. (1997).
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moving to the east (Figure 1c), which transmits horizontal compressional stresses inland and caused the for-
mation of a backarc thrust belt to the East of the Central Block arc volcanoes, rather than backarc extension 
(Figures 1b and 1c).

Analysis of Nd-Hf isotope systematics of samples from the North Fiji Basin and samples erupting along the Va-
nuatu arc (Pearce et al., 2007; Peate et al., 1997) have been used to infer that the mantle beneath the Australian 
plate (i.e., the source of the Vitiaz arc magmas) has Pacific mid-ocean ridge basalt (MORB) affinity, whereas 
the mantle beneath the North Fiji Basin (i.e., the source of the Vanuatu arc magmas) has Indian-MORB affinity. 
Remnants of sub-Australian plate mantle with “Pacific-MORB” affinity are thought to linger in the mantle wedge 
beneath the Northern and Southern Blocks of the Vanuatu arc (green shading, Figure 2b). In contrast, the mantle 
wedge beneath the Central Block is thought to be dominated by mantle with “Indian-MORB” affinity (purple 
shading, Figure 2b). The along-arc variations in 143Nd/144Nd and 176Hf/177Hf have been attributed to the inflow 
of mantle from the backarc to beneath the main-arc of the Central Block (purple arrows, Figure 2b) due to the 
subduction of D’Entrecasteaux Ridge (Pearce et al., 2007; Peate et al., 1997).

A ∼100 km wide seismic gap has been identified (Baillard et al., 2018; Prévot et al., 1991) along the central part 
(∼16°–17°S) of the subducting slab beneath the Vanuatu arc (Figure 1d). Additionally, there is a sudden change 
in the angle of subduction of the Australian oceanic plate beneath the Vanuatu arc, from shallow angle subduc-
tion beneath the Central Block, to steep angle subduction beneath the Northern and Southern Blocks (Figures 1a 
and 1b). For example, the average slab dip from the 0 to 100 km depth-to-slab contours (Figure 1b) beneath the 
Central Block (Section A on Figure 1b) is ∼25°, whereas the average slab dip beneath the Northern (Section B 
on Figure 1b) and Southern (Section C on Figure 1b) Blocks is ∼35° (Hayes et al., 2018). Two models have been 
proposed to account for these observations. The first model suggests that the shallow slab dip and the seismic gap 
are attributable to the subduction of the D’Entrecasteaux Ridge beneath the central parts of the arc and the anom-
alously dry nature of the subducting oceanic plate beneath the seismic gap (Baillard et al., 2018). The second 
model instead suggests that the change in slab angle is not continuous across the central portion of the Vanuatu 
arc and is instead accommodated by a slab tear (Prévot et al., 1991).

3. Results
To assess current models for the evolution of the Vanuatu arc, we have compiled geochemical data (GeoRoc 
compilation, see Table S1 in Supporting Information  S1) for samples from the Vanuatu arc and divided the 
data into five groups based on their geological location (i.e., the different blocks and proximity to the seismic 
gap) and the depths to the top of the subducting slab beneath the volcanoes: (a) the Forearc Group (70–80 km 
depth-to-slab); (b) the Emau Group (i.e., a volcano immediately south of the seismic gap and directly east of the 
Forearc magmas); (c) the Seismic Gap Group; (d) the Central Block Group; and (e) the Northern and Southern 
Block Groups (Figure 1). All of the investigated volcanoes that occur in front of the subducting D’Entrecasteaux 
Ridge (i.e., Forearc, Emau, Seismic Gap and Central Block groups, Figure 1) are ≤2 Ma (Barsdell & Berry, 1990; 
Beaumais et al., 2016; Handley et al., 2008; Monjaret et al., 1991; Peate et al., 1997; Raos & Crawford, 2004) and 
are therefore younger than the timing of the onset of subduction of the D’Entrecasteaux Ridge at ∼3 Ma (Meffre 
& Crawford, 2001). The samples from the Northern and Southern Blocks span to slightly older ages (≤5.8 Ma, 
Firth et al., 2015; Maillet et al., 1995; Monjaret et al., 1991; Peate et al., 1997; Sorbadere et al., 2013). Hence, 
comparisons between the compositions of the Northern and Southern Block samples with the Central Block 
samples provide an opportunity to evaluate the effects that subduction of the D’Entrecasteaux Ridge have had 
on arc magma geochemistry. We have also compiled data for volcanic rocks that are older than the Vanuatu arc 
(i.e., samples from Santo, Figure 1), which were generated during magmatism at the Vitiaz arc >12 Ma (Buys 
et al., 2014, Figure 2a). Samples that are likely to have been affected by cumulate processes (i.e., those with MgO 
> 10 wt.%) were excluded from our compilation.

On Figure 3 we plot the Ba/Nb versus Th/Nb of samples from the Vanuatu arc and plot the best-fit line through 
the entire Vanuatu arc dataset. Samples from the Northern and Southern Blocks and also the Emau samples plot 
along the best fit line. Samples from the Central Block have typically higher Th/Nb at a given Ba/Nb compared 
to the Northern and Southern Block samples, whereas the Forearc samples span to lower Th/Nb at a given Ba/Nb 
compared to the Northern and Southern Block samples. The Seismic Gap samples are offset to lower Ba/Nb and 
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Th/Nb compared to the other Vanuatu arc samples, but are still significantly higher than average primitive MORB 
values (Ba/Nb = 5.3 and Th/Nb = 0.07, Jenner, 2017).

At a given MgO (Figure 4), the Forearc samples are typically offset to higher Sr/Y, P/Nd, Cu concentrations, Cu/
Sc and V/Sc compared to the other Vanuatu arc samples, including samples from the nearby Emau island. With 
decreasing MgO from 10 to ∼7 wt.% (i.e., during fractional crystallization), samples from the Vanuatu arc show 
approximately constant Sr/Y, P/Nd, Ti/Sc and slightly increasing Cu/Sc and V/Sc (Figure 4). Thus, the large 
differences in these ratios at a given MgO of samples with ≥7 wt.% MgO can tentatively be used to place con-
straints on the genesis of the primitive magmas beneath the Vanuatu arc. With further decreases in MgO, there 
is an increase in Sr/Y, P/Nd, V/Sc, and Ti/Sc, followed by a steep decrease in Sr/Y, P/Nd, and V/Sc (Figure 4). 
Thus, the evolved <7 wt.% MgO samples can only be used to address questions regarding crustal processes, such 
as fractional crystallization.

Notable geochemical characteristics of the Forearc samples are their significantly higher Cu contents at a given 
MgO compared to the other Vanuatu arc samples (Figure 4c). The Cu contents of Forearc samples reported by 
Peate et al. (1997) and Raos and Crawford (2004) were analyzed using inductively coupled plasma mass spec-
trometry, whereas the Cu content data presented in Dupuy et al. (1982) that was compiled by Peate et al. (1997) 
was analyzed using atomic absorption methods. Unfortunately, no analyses of reference materials for Cu analyses 
are reported in these studies. However, as demonstrated by Cox et al. (2020), the accuracy of analyses for Cu con-
centration by inductively coupled plasma mass spectrometry is typically within 5%. Even if we assume that the 
Cu content data are accurate within a significantly larger accuracy estimate of within 20%, the Forearc samples 
are still offset to notably higher Cu contents than samples from other segments of the Vanuatu arc (Figure 4c). 
Additionally, both the individual datasets (e.g., Peate et al., 1997, Figure S1 in Supporting Information S2) and 
the compiled datasets (Figure 4c) show that the Forearc samples span to higher Cu concentrations compared to 
samples from other Vanuatu volcanoes. Thus, we consider that the differences in Cu concentrations between the 
Forearc samples and the other Vanuatu samples reflect their distinct source features, rather than being attributable 
to analytical issues.

In 143Nd/144Nd-87Sr/86Sr space, the Vitiaz arc Santo samples show a narrow range in 143Nd/144Nd and a 
spread in 87Sr/86Sr that spans from the Indian-MORB array toward higher 87Sr/86Sr compositions (Figure 2c).  

Figure 3. Plot of Ba/Nb versus Th/Nb for Vanuatu and Vitiaz arc magmatic rocks. Data from cold (Izu-Bonin arc) and hot 
(Cascades arc) subduction zones are used to define the two distinct trends, that is, the slab-derived fluid trend (brown dashed 
arrow) and the sediment melt trend (cream dashed arrow), respectively are from Straub (2017). The red curve represents the 
trend for an increasing proportion of sediment melt in the mantle source. The dashed dark gray line shows the best fit line 
defined by our compiled Vanuatu arc dataset. The Forearc samples have higher Ba/Nb at a given Th/Nb compared to the 
other Vanuatu arc samples, indicating that the component liberated from the slab at forearc depths is dominated by slab-
derived fluids. Bul Sed: the calculated bulk sediment composition from Plank (2014). Data for North Loyalty basin sediment 
composition for the subducting Australian plate from Site 286 are taken from Peate et al. (1997). Data for MORB and Ontong 
Java rocks are taken from Jenner and O'Neill (2012) and Reekie et al. (2019), respectively.
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Samples from the Vanuatu Forearc, Emau, the Seismic Gap and the Central Block have similar 143Nd/144Nd-
87Sr/86Sr to the Vitiaz arc samples. The Northern and Southern Block samples are offset to higher 143Nd/144Nd 
and span to lower 87Sr/86Sr compared to the other Vanuatu arc samples. North Loyalty basement sediments 
subducting beneath the Vanuatu arc, which were retrieved during drilling at Site 286 (located West of the Va-
nuatu arc, Figure 1b), have typically higher 87Sr/86Sr and lower 143Nd/144Nd compared to the Vanuatu arc sam-
ples. As shown in 143Nd/144Nd-176Hf/177Hf space, all of the Vanuatu arc samples have Indian-MORB affinity 
(Figure 2d).

When plotted versus latitude (Figures 5a and 5b), the Southern Block and Northern Block samples show a de-
crease in 87Sr/86Sr and an increase in 143Nd/144Nd with increasing distance from the Central Block. Using only 

Figure 4. Variations in the compositions of the Vanuatu and Vitiaz arc magmas. (a) Sr/Y, (b) P/Nd, (c) Cu contents, (d) Cu/Sc, (e) V/Sc, and (f) Ti/Sc systematics 
during fractionation (i.e., with decreasing MgO) of Vanuatu arc rocks, Vitiaz arc rocks, Eastern Manus backarc basin (EMBB) rocks, MORB, Ontong Java rocks 
and Hawaiian rocks. The most primitive Vanuatu arc samples (MgO ≥ 7 wt.%) display approximately constant Sr/Y, P/Nd, Ti/Sc and slightly increasing V/Sc with 
decreasing MgO. The evolved Vanuatu arc samples (MgO < 7 wt.%) show a decrease in Sr/Y, P/Nd, V/Sc and an increase in Ti/Sc with decreasing MgO. Hence, only 
the samples with ≥7 wt.% MgO can be used to place constraints on variations in primitive melt compositions along and across the Vanuatu arc. Trajectories of Cu and 
Cu/Sc incompatibility during differentiation of the Vanuatu arc magmas are based on assuming Cu would have an incompatibility similar to Nd if the melts were sulfide 
undersaturated (see Jenner, 2017; Reekie et al., 2019). Initial Cu contents of 100–140 ppm (brown field) and 140–300 ppm (orange field) are required to explain the 
compositions of the Vanuatu main to rear-arc samples, and Forearc samples, respectively. These differences suggest that the primitive Forearc magmas had higher Cu 
concentrations (up to 300 ppm) than the other Vanuatu arc magmas prior to fractionation. The magenta dashed lines highlight the trends for samples that were sulfide 
saturated during fractionation. Error bars for Cu are given as 20% of the published values. Data for Eastern Manus backarc basin rocks, MORB, Ontong Java rocks and 
Hawaiian rocks are taken from Jenner et al. (2010), Jenner and O'Neill (2012), Reekie et al. (2019), and Wieser et al. (2020), respectively.
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the least evolved (i.e., 7–10 wt.% MgO) samples from the Vanuatu arc, the seismic gap samples span to lower 
Ti/Sc compared to the other Vanuatu arc samples (Figure 5c). The Forearc samples span to higher Sr/Y and Cu 
contents compared to the Emau, the Central Block, the Northern and Southern Block and the Seismic Gap sam-
ples (Figures 5d and 5e). The Vanuatu arc samples show no systematic trends in Gd/Yb along the arc (Figure 5f).

The Seismic Gap samples with 7–10 wt.% MgO span to lower Ti/Sc compared to the other Vanuatu arc magmas, 
the MORB array and global arc magmas from locations where fO2 constraints are available (Figure 6a). At a 
given Ti/Sc, the Vanuatu arc samples (especially the Forearc samples) and arc magmas with an fO2 relative to the 
Fayalite-Magnetite-Quartz (FMQ) buffer of 1.6–2.1 (Table S2 in Supporting Information S1) are offset to typi-
cally higher V/Sc compared to the MORB array. With decreasing Ti/Sc, the Vanuatu arc samples show a broad 
decrease in V/Sc. Samples from the Vanuatu arc show a correlation between V/Sc with Cu/Sc (Figure 6b). This 
correlation is consistent with the trajectory defined by primitive samples from Hawaii and Ontong Java plateau. 
The most primitive (≥7 wt.% MgO) samples from the Vanuatu arc show an overall decrease in Sr/Y, P/Nd, V/Sc, 
and Cu/Sc with increasing depth-to-slab and distance-from-trench (Figure 7).

Figure 5. Systematic variations in compositions of Vanuatu arc samples with variations in latitude. Only the Vanuatu arc samples with MgO ≥ 7 wt.% have been 
plotted in these diagrams. The extent of the Central Block region is shown by the gray shaded regions and the seismic gap region lies within the purple dashed lines. 
Notably, there is a progressive decrease in 87Sr/86Sr and an increase in 143Nd/144Nd from the Central Block, Seismic Gap, Forearc and Emau samples to the Northern 
and Southern Block samples. Additionally, the Forearc samples have anomalously high Sr/Y and Cu contents, but comparable Ti/Sc and Gd/Yb compared to the other 
groups of samples. Data used to define the MORB field (brown shaded region) and average MORB values (brown line) are from Jenner and O'Neill (2012).
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4. Discussion
4.1. The Influence of Mantle Flow Patterns and Plate Stresses at the Vanuatu Arc

Various 3D numerical models predict that shallow subduction angles create higher-pressure regions between the 
subducting slab and the over-riding plate compared to regions of the arc with steeper subduction angles (Axen 
et al., 2018; Wallace et al., 2005). Thus, a larger amount of backarc mantle material would flow into the mantle 
wedge in the regions where shallow ridge subduction is not taking place (Magni, 2019), such as the Northern and 
Southern Blocks of the Vanuatu arc (Figure 8). In contrast, the advancing shallow slab pushes asthenospheric 
mantle from the trench to the backarc and bulldozes the overlying lithospheric mantle into a keel that fills the 
asthenospheric wedge above the reformed slab hinge (Axen et al., 2018; Currie & Beaumont, 2011; Kneller & 
van Keken, 2007). We now assess whether the predictions of these models with regards to mantle flow could 
account for the range in compositions of the Vanuatu arc magmas better than the current mantle flow models for 
the Vanuatu arc (i.e., east to west mantle flow toward the Central Block, Figure 2b).

Consistent with the findings of the GPS study of the Vanuatu arc (Bergeot et al., 2009), numerical models indicate 
that the introduction of a buoyant ridge into the center of an arc causes shallow slab subduction and a compres-
sional stress state in the middle of the arc (Axen et al., 2018; Magni, 2019). At the Vanuatu arc, this compression-
al stress results in the formation of a backarc thrust belt within the Central Block (Figure 1c). At the two-sides 
of a subducting ridge, trench retreat velocities increase with increasing distance from the ridge and this rotation 
contributes to the initiation of backarc spreading (Magni, 2019). Consistent with this numerical model, GPS mon-
itoring shows counterclockwise and clockwise rotation of the Northern and the Southern Blocks, respectively 
(Figure 1c). The differences in stresses within the Northern, Central and Southern Blocks are accommodated by 
strike-slip faults at the Northern and Southern boundaries of the Central Block (Figure 1c, Calmant et al., 2003; 
Taylor et al., 1995).

Before we investigate the nature of mantle flow patterns beneath the Vanuatu arc using 87Sr/86Sr, 143Nd/144Nd and 
176Hf/177Hf isotope systematics, it is crucial to evaluate the effect of slab-derived components on the compositions 
of the Vanuatu arc samples. Ba/Nb and Th/Nb systematics of arc magmas are commonly used to track the influ-
ence of slab-derived fluids and sediment-derived melts, respectively (Elliott et al., 1997; Zamboni et al., 2016). 
This is because Ba and Th preferentially partition into aqueous fluid and sediment melt, respectively, whereas Nb 
is immobile during subduction-related processes (Elliott et al., 1997; Pearce et al., 2005; Zamboni et al., 2016). 

Figure 6. Ti/Sc versus V/Sc (a) and Cu/Sc versus V/Sc (b) for Vanuatu arc samples. Only the Vanuatu arc samples with MgO ≥ 7 wt.% have been plotted on these 
diagrams to circumvent the effects of fractional crystallization. Data plotted for comparison only use primitive global arc (≥7 wt.% MgO; Table S2 in Supporting 
Information S1), Ontong Java (≥7 wt.% MgO; Reekie et al., 2019), Hawaiian (≥7 wt.% MgO; Wieser et al., 2020), MORB (≥8 wt.% MgO; Jenner & O'Neill, 2012) and 
Gakkel Ridge (≥8 wt.% MgO; Gale et al., 2013) samples. The primitive mantle (PM) and depleted mantle (DM) values are taken from Palme and O'Neill (2014) and 
Salters and Stracke (2004), respectively. Notably, in panel a, Vanuatu arc samples and global arc magmas with FMQ >+ 1.6 to 2 are offset to higher V/Sc at a given Ti/
Sc compared to the MORB array, indicating that Vanuatu arc samples have higher fO2 than MORB. In panel b, Vanuatu arc samples plot along the trajectory defined 
by primitive samples from Hawaii and Ontong Java (green and blue dashed line), which suggests that the elevated Cu/Sc of these Forearc samples are mantle source 
signatures. Gray bars in panels a and b highlight the fields defined by MORB, Gakkel Ridge, Ontong Java and Hawaiian samples.
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Figure 7. Correlations between depth-to-slab and distance-from-trench plotted versus various geochemical proxies. The primitive (≥7 wt.% MgO) Forearc samples 
are anomalously enriched in (a and e) Sr/Y, (b and f) P/Nd, (c and g) V/Sc, and (d and h) Cu/Sc compared to the Vanuatu primitive main-arc and rear-arc samples. Data 
used to define the MORB field (brown shaded region) and average MORB values (brown line) are from Jenner and O'Neill (2012).
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As shown on the plot of Ba/Nb versus Th/Nb (Figure 3), magmas erupted at one of the Earth's coldest subduction 
zones (defined by the temperature of the slab and mantle wedge, as reported by Syracuse et al., 2010), the Izu-
Bonin arc, show a trend to high Ba/Nb, but have relatively low Th/Nb. In contrast, magmas erupted at one of the 
Earth's hottest subduction zones, the Cascades arc (Figure 3), show a trend to high Th/Nb, but typically have low 
Ba/Nb. Hence, these two locations are considered to be useful in helping to define the end-member fluid-dom-
inated (Izu-Bonin arc samples) and sediment melt-dominated (Cascades arc samples) slab-derived components 
(Zamboni et al., 2016), respectively, during arc magmatism.

The Vanuatu arc samples plot between the end-member trends that are defined by samples from the Izu-Bonin 
arc and the Cascades arc, which suggests that both slab-derived fluids and sediment melts may contribute to 
the genesis of the Vanuatu arc magmas (Figure 3). Notably, samples from the Central Block appear to have the 
strongest sediment melt signatures (highest Th/Nb at a given Ba/Nb), the Forearc samples have the strongest 

Figure 8. Schematic of the Vanuatu subduction zone to illustrate the model proposed by this study. The conceptual model highlights the role that the subducting 
buoyant D’Entrecasteaux ridge plays in the dynamic evolution of the Vanuatu arc. The introduction of D’Entrecasteauz Ridge causes shallow subduction and the 
development of a slab tear south of the ridge and the segmentation of the Vanuatu arc into the Northern Block, Central Block and Southern Block. Shallow slab 
subduction beneath the Central Block results in (a) squeezing out of the asthenospheric mantle; (b) scraping off the bottom of the ancient continental lithospheric 
mantle beneath the forearc, which then migrates ahead of the advancing slab and forms a bulldozed keel underneath the main-arc and (c) transmitting compressional 
stresses in the over-riding plate, which inhibits the formation of backarc spreading and instead produces a backarc thrust belt. Additionally, the ingression of hot sub-
slab mantle causes partial melting of the cold forearc mantle and produces magmatism anomalously close to the trench (i.e., the Efate, Nguna, and Pele volcanoes that 
are situated in the forearc).
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slab-derived fluid signatures (lowest Th/Nb at a given Ba/Nb), whereas the Seismic Gap samples show the least 
evidence for subduction-related inputs (lowest Th/Nb and Ba/Nb). The compositions of sediments retrieved from 
the North Loyalty Basin have higher 87Sr/86Sr and lower 143Nd/144Nd and 176Hf/177Hf compared to the MORB 
array (Figures 2c and 2d). Hence, the samples with the strongest sediment melt signatures (the Central Block 
group) should have the highest 87Sr/86Sr and lowest 143Nd/144Nd and 176Hf/177Hf, whereas the samples with the 
strongest slab-derived fluid signatures (Forearc samples) and those that show the least evidence for slab-de-
rived components (e.g., the Seismic Gap samples) should have the lowest 87Sr/86Sr and highest 143Nd/144Nd and 
176Hf/177Hf. However, there is no correlation between 87Sr/86Sr, 144Nd/143Nd and 176Hf/177Hf with proxies that are 
used to track the influence of slab-derived fluids (Ba/Nb) and sediment melts (Th/Nb, Figure S2 in Supporting 
Information S2). Instead, the Central Block, Forearc and Seismic Gap samples show an overlapping range in 
87Sr/86Sr, 143Nd/144Nd and 176Hf/177Hf (Figures 2c and 2d). These observations suggest that recent subduction in-
puts to the mantle wedge have minimal effect on the Sr-Nd-Hf isotope compositions of these Vanuatu arc magmas 
and that the pre-existing composition of the mantle wedge component is the principal factor in controlling the 
87Sr/86Sr, 143Nd/144Nd and 176Hf/177Hf compositions of the Vanuatu arc samples. Furthermore, if present-day sub-
duction fluxes were strongly influencing the radiogenic isotope compositions of the Vanuatu arc samples, then 
the samples from volcanoes that are located above the subducting D’Entrecasteaux ridge should have 87Sr/86Sr 
and 143Nd/144Nd signatures that are most similar to samples from the D’Entrecasteaux ridge. However, it is the 
Northern and Southern Block samples that have 87Sr/86Sr at a given 143Nd/144Nd that are most comparable to 
samples from the D’Entrecasteaux Ridge (Figure 2c). Notably, the most systematic patterns between 143Nd/144Nd 
and 87Sr/86Sr are when these compositions are plotted versus latitude (Figure 5) rather than various slab proxies 
(Figure S2 in Supporting Information S2). Although we cannot discount the influence of subducting sediments 
on the variability in 87Sr/86Sr, 143Nd/144Nd and 176Hf/177Hf of the Vanuatu arc samples, regional differences in the 
composition of the wedge component appear to exert a first-order control on radiogenic isotope compositions of 
the Vanuatu arc samples (see also discussion in Pearce et al., 2007).

The volcanoes located in the Central Block that overlies the subducting D’Entrecasteaux Ridge show higher 
87Sr/86Sr and lower 143Nd/144Nd than samples retrieved from the Northern and Southern Blocks (Figures  5a 
and 5b). Early conceptual models attribute this latitudinal variation to the influx of sub-Pacific/Fiji plate mantle 
with Indian-type MORB affinities into the mantle wedge beneath the Central Block, following the collision 
of D’Entrecasteaux Ridge at ∼3 Ma (Figure 2b, Pearce et al., 2007; Peate et al., 1997). Using this conceptual 
model, remnants of sub-Australian plate mantle with Pacific-type MORB affinity is thought to remain beneath 
the Northern and Southern Blocks and the mantle beneath the subducting Australian plate (i.e., the Australian 
plate was the overlying plate along the fossil Vitiaz arc subduction zone) should also have Pacific-type MORB 
affinity (Model shown in Figure 2b, Pearce et al., 2007; Peate et al., 1997). However, we consider that this model 
is inconsistent with various aspects of the evolution of the Vitiaz and Vanuatu arcs and their eruptive products. 
First, the largest remnants of the ancient Vitiaz arc occur within the Central Block (i.e., the islands of Santo and 
Malekula, Figure 1a). Hence, if remnants of ancient Vitiaz arc mantle has Pacific-type MORB compositions, then 
the influence of remnants of ancient Vitiaz arc mantle should be detectable in the chemistry of the Central Block 
volcanoes rather than the Northern and Southern Block volcanoes. Second, fast trench retreat in the Northern 
and Southern Blocks of the Vanuatu arc should induce inflow of mantle materials from the backarc to the arc and 
therefore, these localities should be the sites that are dominated by sub-Pacific/Fiji plate mantle with Indian-type 
MORB affinity, rather than Vitiaz arc mantle with Pacific-type MORB affinity.

If the previous mantle flow models are correct (i.e., remnants of Vitiaz arc materials linger beneath the Northern 
and Southern Blocks), arc lavas associated with the fossil Vitiaz subduction zone (e.g., Santo, Figure 1a) should 
have similar radiogenic isotope signatures to those erupting in the Northern and Southern Blocks of the Vanuatu 
arc. However, the Santo samples have lower 143Nd/144Nd than both the Northern and Southern Vanuatu arc sam-
ples and are instead comparable to the Central Block, Seismic Gap, Forearc, and Emau samples (Figure 2c). This 
indicates that ancient Vitiaz arc metasomatized mantle lithosphere might linger beneath the Central Block of the 
Vanuatu arc, rather than the Northern and Southern Blocks. In our new schematic model for the evolution of the 
Vanuatu arc (Figure 8), we suggest that the bulldozer effect of shallow subduction (i.e., pushing ancient Vitiaz 
metasomatized mantle lithosphere from beneath Santo and Malekula islands toward the Central Block main-arc 
and toward Emau, Figure 1c), together with a reversal in mantle flow, caused the volcanic rocks at the center of 
the Vanuatu arc to have distinct “Vitiaz arc-like” compositions compared to the Northern and Southern Block 
samples (Figure 8).
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4.2. Genesis of Forearc Magmas With Anomalous Geochemistry

The Forearc samples were retrieved from immediately south of the seismic gap (i.e., the location of the potential 
slab tear) and have anomalously high Sr/Y, P/Nd, V/Sc, and Cu/Sc at a given MgO compared to the other Vanuatu 
arc magmas (Figure 4). The Sc, Nd, and Y contents at a given MgO of the Forearc samples are comparable to 
the other Vanuatu samples (Figure S3 in Supporting Information S2), demonstrating that it is the Sr, P, V, and 
Cu contents of the Forearc samples that result in the anomalously high Sr/Y, P/Nd, Cu/Sc, and V/Sc. Although 
the genesis of high Sr/Y magmas has been linked to the presence of garnet in the subducting slab (Defant & 
Drummond, 1990) or potentially in the mantle wedge (Davies & Stevenson, 1992), other Vanuatu arc samples 
have comparable Gd/Yb (i.e., a proxy used to track the role of garnet) to the Forearc samples, but only the Forearc 
samples have high Sr/Y (Figures 5d and 5f). Thus, the high Sr/Y of Forearc samples appears to be unrelated to 
the role of garnet during present-day mantle melting processes. Instead, we attribute the elevated Sr/Y and P/Nd 
of the Forearc samples to an increase in Sr and P flux from the slab to the mantle wedge with decreasing depth-
to-slab and distance-from-trench (Figure 7).

It has been suggested that 40%–65% of the CO2 from the subducting oceanic crust can be released at forearc 
depths during subduction (Stewart & Ague,  2020). Because Sr2+ substitutes for Ca2+ in carbonate (Finch & 
Allison, 2007), the high Sr contents of the Forearc samples might have been caused by Sr release from the slab 
during decarbonation of the subducting slab at forearc depths. This interpretation is supported by the erup-
tion of carbonate-bearing veined mantle xenoliths at volcanoes constituting the New Ireland forearc (McInnes 
et al., 2001), which indicates that the forearc mantle might receive a high flux of CO2 from the slab. Apatite is 
the dominant repository of P in the descending slab (Spandler & Pirard, 2013) and experimental studies have 
demonstrated that the solubility of apatite increases with increasing NaCl model fraction of the fluids (Antignano 
& Manning, 2008). Thus, the effective liberation of Cl from the slab at forearc depths (Pagé & Hattori, 2017; 
Pagé et al., 2016) might have destabilized apatite, and consequently, caused the elevated P/Nd of the Forearc 
magmas. Additionally, S isotope analyses of arc cumulates (Lee et al., 2018), petrological work on retrograde 
veins in exhumed high-pressure rocks (Li et al., 2016, 2020) and analyses of forearc mantle xenoliths (McInnes 
et al., 1999, 2001) have been used to suggest that slab fluxes released at forearc depths might be more oxidized 
and therefore more chalcophile element rich (e.g., S, Cu, Au, Pt, and Pd) than those released at sub-arc depths. 
The relatively higher Ba/Nb ratios at a given Th/Nb of the Forearc samples compared to the other Vanuatu arc 
samples suggests that the slab fluxes liberated at forearc depths are dominated by slab-derived fluids, which is in 
agreement with conclusions presented in previous studies regarding the fluxing of elements from the slab to the 
“cold” mantle beneath forearcs (Hyndman & Peacock, 2003; Ribeiro et al., 2015). Similarly, the typically lower 
Th/Nb at a given Ba/Nb of the Forearc samples compared to the other Vanuatu arc samples (Figure 3) appears 
to reflect a change in the composition of the slab-derived component as depth-to-slab increases (i.e., an increase 
in the sediment melt component), which is likely attributable to an increase in slab surface temperature with in-
creasing depth-to-slab (Hanyu et al., 2012; Kimura et al., 2010; Van Keken et al., 2011). Because the Cu contents 
and V/Sc ratios of arc magmas are regarded as igneous oxybarometers that can be used to estimate the fO2 of the 
mantle source region (Lee et al., 2005, 2012; Wang et al., 2019), in the following sections we use V/Sc and Cu 
modeling to suggest that the forearc mantle beneath the Vanuatu arc was likely more oxidized than the mantle 
wedge beneath the main-arc and rear-arc.

Because the fO2 of hydrous magmas is difficult to measure (Cottrell et al., 2018), various trace element proxies 
for tracking fO2 have been developed. For example, arc magmas with higher V/Sc compared to MORB are often 
considered to be linked to melting of a source with a higher fO2 than the MORB-source mantle (Bucholz & Kele-
men, 2019; Stolper & Bucholz, 2019; Wang et al., 2019). This is because V becomes more incompatible with 
increasing fO2 in olivine, orthopyroxene and spinel and therefore, the ratio of V to a homovalent element (i.e., a 
redox insensitive element), such as Sc, can be used as a proxy to trace fO2 (Lee et al., 2005; Wang et al., 2019). 
Consistent with these conclusions, if we compare the V/Sc at a given Ti/Sc (i.e., a proxy that can be used to track 
the percentage of melting or fertility of a mantle source region, as demonstrated below) of arc magmas where 
fO2 constraints are available (Figure 6), arc samples with FMQ >+1.6 to +2.1 are offset to slightly higher V/Sc 
compared to samples from the lower fO2 (∼FMQ + 0.2, O'Neill et al., 2018) MORB array. The overlap in V/Sc of 
MORB and arc magmas has been attributed to differences in fertility and temperature between the mantle source 
regions of MORB and arc magmas (Bucholz & Kelemen, 2019; Prytulak et al., 2016; Wang et al., 2019). Hence, 
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in the following section we use V/Sc versus Ti/Sc modeling to assess whether high V/Sc of the Forearc samples 
are suggestive of melting of a source with a higher fO2 compared to the Vanuatu main-arc and rear-arc samples.

Before we attempt to place constraints on the genesis of the Vanuatu Forearc magmas, it is important to first 
recreate the V/Sc of magmas where the fO2 is known. We first use the modeling approach of Wang et al. (2019) 
to model melting of the depleted mantle at 1300°C–1410°C to recreate the MORB array. We use Ti/Sc as a proxy 
for the percentage of melting, because unlike V, both Sc and Ti are homovalent over the mantle fO2 range and the 
bulk partition coefficient of Ti is significantly less than Sc in peridotite (Wang et al., 2019). Hence, regardless of 
the initial fO2 of the source, with increasing percentage of melting, our modeling shows a progressive decrease in 
Ti/Sc during melting of depleted mantle (Figure 9a). During melting of peridotite using an fO2 estimate relative 
to FMQ of +0.5 and lower, V/Sc remains approximately constant with increasing percentage of melting. For 
melting models with an assumed FMQ of +1.5 and higher, the V/Sc of melts with low percentages of melting 
are initially high and gradually decrease with increasing percentages of melting. As demonstrated by others 
(Lee et al., 2005), at high percentages of melting (e.g., 20%), melts of peridotite with different initial fO2 have 
near-identical V/Sc ratios, which compromises the utility of the proxy. When compared to the MORB array, melt-
ing at 1300°C–1410°C of depleted mantle (Figure 9a) gives fO2 estimates for the MORB source mantle of ∼FMQ 
–0.5 to +0.5. This result is consistent with the recent estimate (i.e., FMQ + 0.2) obtained by Fe3+/∑Fe analysis 
of MORB glasses (O'Neill et al., 2018), demonstrating the accuracy of V/Sc modeling for placing constraints on 
the fO2 of the MORB-source mantle.

It is typically considered that the mantle wedge is cooler than the MORB-source mantle (Lee et al., 2009; Wang 
et al., 2019). Experimental constraints have shown that the effects of mantle temperature on V/Sc partitioning can 
be significant (see Wang et al., 2019). When using available experimental constraints, melting at lower mantle 
temperatures (e.g., a mantle wedge, Figure 9b) results in a shift in the various fO2 models to lower V/Sc at the 
onset of melting (e.g., at 1% melting) compared to melting at higher mantle temperatures (i.e., the MORB-source 

Figure 9. V/Sc and Ti/Sc systematics during mantle melting. Data plotted in these diagrams are the same as those in Figure 6a. The method of Wang et al. (2019) 
was used to calculate the fO2 isopleths during mantle melting. (a) Melting of depleted mantle at 1,300°C to 1,410°C, which is the typical temperature range of the 
MORB mantle source (Lee et al., 2009; Wang et al., 2019). This model gives an fO2 estimate for MORB ranging from FMQ – 0.5 to FMQ + 0.5, which is consistent 
with the results obtained by Fe3+/∑Fe analysis of MORB glasses (i.e., FMQ + 0.2, O'Neill et al., 2018). (b) Melting of depleted mantle at 1,150°C to 1,260°C, which 
is the typical temperature range expected in the arc mantle wedge (Lee et al., 2009; Wang et al., 2019). This model can reproduce the range in fO2 of literature arc 
data (i.e., FMQ + 1–2.1; Benjamin et al., 2007; Brounce et al., 2014; Gordeychik et al., 2018; Heath et al., 1998; Kamenetsky et al., 2018; Nekrylov et al., 2018; 
Toothill et al., 2007; Venugopal et al., 2016; Zimmer et al., 2010). Notably, in panels a and b, the high V/Sc of the Forearc samples indicates that their source region 
had a higher fO2 compared to the source region of the other Vanuatu arc volcanoes. As shown by the blue arrow, melting of a more depleted mantle at both modeled 
temperature ranges would cause a shift in the melting trajectories to the left (i.e., shift various fO2 models to low Ti/Sc). The solid curves show the isopleths of fO2 (fO2 
isopleths are showed using the deviations of log fO2 from FMQ) as a function of the percentage of melting. By considering uncertainties in the depleted mantle contents 
for V, Ti and Sc (7% for V, 12% for Ti and 13% for Sc; Salters & Stracke, 2004), we demonstrate how mantle heterogeneity influences the modeled fO2 isopleths (i.e., as 
shown in the shaded areas within the thick dashed lines).
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mantle, Figure 9a). This shift to lower mantle temperatures successfully reproduces the range in V/Sc of global 
arc magmas with FMQ + 1–2.1 (Figure 9b). Hence, the higher temperature model is the best match to the MORB 
array (Figure 9a), whereas the lower temperature model is the best match to global arc array (Figure 9b). Thus, the 
overlap in V/Sc of the MORB and arc arrays (Figures 6a and 9) appears to be an unfortunate consequence of the 
differences in temperatures between these two mantle source regions (see Wang et al., 2019, for further details).

Samples from the Vanuatu Northern, Central and Southern Blocks show an overlapping range in Ti/Sc and V/Sc 
(Figure 9). When compared to the higher and lower temperature models, the majority of the Northern, Central 
and Southern Block samples plot between the FMQ of +0.5 to +1.5 and the FMQ of +1.5 to +2.5 partial melting 
trajectories, respectively. Although there is an overlap, the lower temperature model is more consistent with the 
measured fO2 of samples from two of the Central Block volcanoes (FMQ + 0.28 to +1.99 at Aoba and ∼FMQ 
+ 1.9 at Ambrym; Gaborieau et al., 2020; Sheehan & Barclay, 2016). Importantly, both models indicate that the 
source of the Vanuatu main-arc and rear-arc magmas was likely more oxidized than the MORB source mantle. 
The Forearc samples are typically offset to higher V/Sc at a given Ti/Sc compared to the other Vanuatu arc sam-
ples (Figure 9). Assuming mantle temperature ranges of 1,300°C–1,410°C (Figure 9a) and 1,150°C–1,260°C 
(Figure 9b) give fO2 estimates relative to FMQ of around +2.5 to +3.5. Thus, in agreement with conclusions pre-
sented in previous studies (Brounce et al., 2014; Kelley & Cottrell, 2009; Stolper & Bucholz, 2019), we suggest 
that the offset to high V/Sc of the Forearc magmas compared to the main-arc and rear-arc magmas (Figures 7c 
and 7g) is suggestive of a forearc to rear-arc decrease in the fO2 of the mantle wedge.

The Seismic Gap samples span to anomalously low Ti/Sc compared to not only the other Vanuatu arc samples, 
but also global MORB and Ontong Java plateau basalts (Figure 9). Melting of depleted mantle at either high (Fig-
ure 9a) or low (Figure 9b) mantle temperatures can only achieve the extremely low Ti/Sc of some of the Seismic 
Gap samples at percentages of melting spanning to in excess of >25%. The lower Ti/Sc of the depleted mantle 
compared to the primitive mantle (Figure 6a) demonstrates that Ti/Sc is sensitive to source fertility. Hence, the 
mantle source of the Seismic Gap samples (e.g., sub-Australian plate mantle that is upwelling through an under-
lying tear in the slab) might be more depleted by prior melt extraction compared to the average MORB-source 
depleted mantle and the mantle wedge beneath other segments of the Vanuatu arc (Bucholz & Kelemen, 2019; 
i.e., as shown in blue arrow in Figure 9, melting of a more depleted mantle would cause a shift in the various fO2 
models to low Ti/Sc). However, the Nd-Sr isotope compositions of the Seismic Gap samples are highly similar 
to the Central Block samples (Figures 5a and 5b), indicating melting of similar fertility sources. Additionally, 
many of the Seismic Gap samples have elevated Sr/Y compared to MORB (Figure 4a), which is indicative of 
melting of a source that has previously been metasomatized by slab-derived components. Similarly, the Seismic 
Gap samples have elevated Th/Nb and Ba/Nb compared to MORB (Figure 3) and therefore, these samples show 
evidence for slab-derived components, albeit, not as pervasive as the other Vanuatua arc samples. We therefore 
conclude that the Seismic Gap samples share a similar source to the Central Block samples (i.e., bulldozed Vitiaz 
arc components), which is consistent with the trajectories of plate motions above the seismic gap (Figure 1c). On 
the other hand, the influx of hot mantle materials through a slab tear into the metasomatized mantle beneath the 
seismic gap, causing higher percentages of melting, may offer an alternative or additional explanation: the lower 
Ti/Sc of the Seismic Gap samples compared to the Central Block samples indicates a higher percentage of partial 
melting during the genesis of the Seismic Gap samples.

4.3. Cu Systematics of the Vanuatu Arc Magmas

In addition to high V/Sc and Sr/Y, a striking feature of the chemistry of the Vanuatu Forearc magmas is their evo-
lution during fractionation to extremely high Cu contents of ∼600 ppm compared to the other arc magmas (Fig-
ure 4c). For example, previous compilations using >13,000 analyses have shown that arc magmas rarely exceed 
Cu concentrations of >300 ppm during fractionation (Barber et al., 2021; Chiaradia, 2014). The behavior of Cu 
during magmatic processes is dominated by Cu-loving sulfides (Jenner et al., 2010). MORB show a decrease in 
Cu contents and Cu/Sc with decreasing MgO, because MORB melts are sulfide-saturated at a high MgO concen-
tration (Figures 4c and 4d) and therefore, Cu is partitioned into fractionating sulfides (Jenner et al., 2010, 2012). 
Similarly, the Seismic Gap samples display near-constant Cu contents with decreasing MgO, which is indicative 
of sulfide fractionation (Cox et al., 2019). In contrast, most Vanuatu arc samples (except the Seismic Gap sam-
ples) and other subduction-related magmas (e.g., the Eastern Manus backarc basin, Figures 4c and 4d) show 
an increase in Cu contents and Cu/Sc with decreasing MgO, indicating that their primitive melts initially had 
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insufficient S (sulfide-undersaturated) to fractionate sulfides (Jenner et al., 2010, 2015). The sulfide-undersat-
urated nature of these magmas during fractionation suggests that sulfide was exhausted from the mantle source 
during melting (e.g., Reekie et  al.,  2019). Copper partitioning during magmatic process is dominated by the 
stability of mantle sulfide, which decreases with increasing fO2 (Jugo, 2009; Lee et al., 2012). Thus, like V, Cu is 
regarded as a tracer of the redox state of arc mantle wedge, and arc magmas with high Cu contents are thought to 
be indicative of melting of source regions with high fO2 (Lee et al., 2012). However, the overlapping Cu concen-
trations between MORB and arc magmas has previously been used to conclude that the fO2 of the mantle wedge 
is similar to the MORB source mantle (Lee et al., 2012). Hence, in the following section we use Cu modeling to 
assess if, like V/Sc, the anomalously high Cu contents of the Vanuatu Forearc magmas is indicative of high fO2 
conditions in the underlying mantle.

As a starting point, it is important to establish the likely Cu contents of the primitive Vanuatu magmas prior to 
fractionation. In the absence of sulfide fractionation, Cu has a similar bulk partition coefficient to Nd (Reekie 
et  al.,  2019). Hence, assuming that the magmas were sulfide undersaturated, the slope between Nd contents 
versus MgO contents of the Vanuatu suite can be used to approximate the rate of increase in Cu contents with 
decreasing MgO (see Reekie et al., 2019) and the initial Cu contents of the primitive magmas. Taking an initial 
Cu content of either 100 ppm or 140 ppm, and maintaining a Cu/Nd of 1 with decreasing MgO, produces frac-
tionation trends that embrace the trajectories of the sulfide undersaturated Vanuatu main-arc and rear-arc samples 
(brown shading, Figure 4c). These trajectories result in predicted Cu concentrations at 4 wt.% MgO of ∼203 and 
∼284 ppm, which is sufficient to explain the maximum range in Cu contents of most of the Vanuatu samples (the 
lower Cu contents at a given MgO of other samples can be attributed to sulfide fractionation, Magenta dashed 
lines, Figure 4c), except the Forearc samples. Using this approach, initial Cu contents of between 140–300 ppm 
are required to achieve the full range and unusually high Cu contents of most of the Vanuatu Forearc samples 
(orange shading, Figure 4c).

To assess why the Vanuatu Forearc samples have such high initial Cu contents and also, why many of the Vanuatu 
arc magmas (except for the Seismic Gap samples) appear to be sulfide undersaturated during fractionation in the 
crust (i.e., show an increase in Cu contents with decreasing MgO), we use the approach of Lee et al. (2012) to 
model the behavior of Cu during mantle melting (all starting compositions and modeling parameters are given 
in Table S3 in Supporting Information S1). Assuming an initial primitive mantle starting composition (i.e., 20 
ppm Cu and 200 ppm S; Palme & O'Neill, 2014) and an fO2 relative to FMQ of +2, there is an increase then a 
decrease in Cu content with increasing percentage of melting, with the peak in the inflection occurring slightly 
after sulfide exhaustion (Figure 10a). Because sulfide is almost instantly consumed during melting at FMQ of 
+2, further increases in fO2 produce identical Cu trajectories to the FMQ + 2 model. With decreasing fO2 relative 
to FMQ of the starting composition, the peak in Cu content becomes progressively less and sulfide is exhausted 
at a higher melt fraction compared to the FMQ ≥+ 2 model (Figure 10a). Melts that plot within the gray field on 
Figure 10a denote melts that (a) leave residual sulfide in the mantle source region, and therefore (b) are sulfide 
saturated and consequently, (c) are likely to achieve sulfide saturation at a high MgO content during differentia-
tion in the crust, provided the pressure difference between partial melting and fractionation are minor (see Reekie 
et al., 2019). In contrast, samples that plot within the orange field on Figure 10a denote those that (a) exhausted 
sulfide during melting and therefore (b) are likely to be sulfide undersaturated and consequently (c) are unlikely 
to fractionate sulfide during initial differentiation in the crust.

The sustained increase in Cu content with decreasing MgO of most of the Vanuatu arc magmas indicates that their 
primitive magmas plot within the orange fields on Figure 10. Previous studies have concluded that the percentage 
of melting during arc magmatism is likely 6%–20% (Kelley et al., 2006; Stolper & Bucholz, 2019), which is a 
sufficiently large enough range for our modeling to be representative. When starting from a primitive mantle 
starting composition (Figure 10a) and assuming a broad range in the percentage of melting of between 6%–20% 
(red rectangle on Figure 10), to achieve the 100–140 ppm Cu of the Vanuatu main-arc and rear-arc samples 
(blue dashed lines on Figure 10), requires an fO2 of the source region of ≥FMQ + 1. These results are in good 
agreement with the results derived from V/Sc modeling (Figure 9) and measurements of the fO2 of samples from 
the Central Block of between FMQ +0.28 and FMQ +1.99 (Gaborieau et al., 2020; Sheehan & Barclay, 2016). 
A similar result is obtained if we instead use a depleted mantle starting composition (17.6 ppm Cu and 120 ppm 
S, see Figure 10b caption for methods used to calculate this composition) or a lower temperature melting model 
of 1,150°C (Figure 10c). The maximum Cu concentration achievable using our different models is ∼230 ppm. 
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Hence, melting of primitive mantle and depleted mantle are unable to reproduce the primitive melt compositions 
(up to 300 ppm) required to produce the elevated Cu contents of the Vanuatu Forearc magmas. Similarly, if we 
take the FMQ +2, FMQ +1.3 and FMQ models and vary the partition coefficient of Cu in sulfide from 500 to 
2,000, we are still unable to produce the high Cu contents of the Vanuatu Forearc magmas (red shaded areas on 
Figure 10c). Varying the Cu partition coefficient has a bigger impact on the reliability of the lower fO2 models 
at varying percentages of melting than the higher fO2 models, because at high fO2 sulfide is exhausted at low 
percentages of melting.

Our model results indicate that neither the primitive mantle nor the depleted mantle have sufficient sulfide and/
or Cu to achieve the high Cu contents of the Vanuatu Forearc samples. The proportion of sulfide and poten-
tially Cu in the mantle wedge is likely to be intimately linked to the mechanism that caused the oxidation of 
the source (Lee et al., 2012; Tomkins & Evans, 2015). For example, if flux of SO2 from the subducting slab 

Figure 10. Modeled Cu contents of melts of primitive and depleted mantle as a function of percentage of melting (%) and fO2. The method of Lee et al. (2012) was 
used to calculate Cu contents during mantle melting (Table S3 in Supporting Information S1). (a) Primitive mantle melting model with 200 ppm S and 20 ppm Cu 
(Palme & O'Neill, 2014) at 1.5 GPa and 1,350°C. The orange field denotes melting scenarios whereby melting exhausts sulfide, whereas the gray field denotes melting 
scenarios whereby melting leaves residual sulfide. (b) Melting of depleted mantle at 1.5 GPa and 1,350°C. The S and Cu contents of the depleted mantle were obtained 
by removing melts from the primitive mantle, with this initial stage of melting at FMQ +0.2 (i.e., the typical fO2 in the MORB mantle source; O'Neill et al., 2018), until 
the S content of the peridotitic residue reached 120 ppm (i.e., the estimated S content of the depleted mantle; Salters & Stracke, 2004). The corresponding Cu content 
is ∼17.6 ppm. (c) Melting of depleted mantle at 1.5 GPa and 1,150°C. The red shading shows the variability expected when a range in partition coefficients for Cu in 
sulfide are considered (i.e., 500–2,000). (d) Melting of S-rich and/or Cu-rich depleted mantle at 1.5 GPa, 1,150°C and FMQ +2. To further access the effect of slab 
contribution on the concentrations of Cu in modeled melts, four models have been calculated by adding (a) only S (180 ppm S; gray line) or (b) only Cu (22.4 ppm Cu; 
blue line) or (c) S and Cu in 4:1 proportion (89.6 ppm S, 22.4 ppm Cu; orange line) or (d) S and Cu in 10:1 proportion (224 ppm S, 22.4 ppm Cu; black line) to the 
mantle and then melting the subduction-flux enriched source. Notably, using the FMQ +2 model, only melting of a Cu-rich source can satisfy the required initial high 
Cu contents of the Forearc magmas at the typical percent melting at arcs. The magenta dashed line and blue dashed rectangle show the required initial Cu contents of 
the Forearc magmas and the other Vanuatu arc magmas, respectively. The red rectangle highlights the typical range in percent melting required to generate arc magmas 
(i.e., 6%–20%; from Kelley et al., 2006; Stolper & Bucholz, 2019).
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results in oxidation of the mantle wedge, the result will be an increase in the proportion of sulfide in the source  
(SO2 aqueous + 7FeOin silicates = FeS + 3Fe2O3 in silicates; Tomkins & Evans, 2015). Notably, the Vanuatu arc samples 
show a correlation between Cu/Sc and V/Sc (Figure 6b). This correlation follows the trend defined by primitive 
samples from the Ontong Java Plateau and Hawaii, indicating that elevated Cu contents and Cu/Sc of the Forearc 
samples might derive from partitioning by sulfides in the mantle wedge following a previous increase in the 
proportion of sulfide as a result of slab-to-mantle-wedge fluxes. Analyses of melt inclusions from the Cascades 
arc reveal that the forearc shoshonitic lavas (i.e., erupted adjacent to a slab tear; Gao, 2018; Tian & Zhao, 2012) 
are offset to higher S contents compared to those erupted at the main-arc and backarc (Rowe et al., 2009). These 
offsets in S contents suggest that the subducting slab releases larger volumes of S and potentially Cu into the 
forearc mantle compared to the main-arc and backarc mantle.

To model the effects of prior S and Cu enrichment of the mantle wedge by slab-derived components, in Fig-
ure 10d we increase the amount of S and Cu in the depleted mantle by adding (a) only S (180 ppm S) or (b) only 
Cu (22.4 ppm Cu) or (c) S and Cu in 4:1 proportion (89.6 ppm S, 22.4 ppm Cu) or (d) S and Cu in 10:1 proportion 
(224 ppm S, 22.4 ppm Cu) and subsequently melting the enriched source. We use the FMQ +2 melting model, 
because (a) V/Sc modeling gives an estimate of the fO2 in the source of the Forearc samples of ≥FMQ + 2.5 (see 
discussion above) and (b) because sulfide is exhausted almost instantly, the FMQ > 2 model produces identical 
results as the FMQ + 2.5 model. As shown in Figure 10d, an increase in mantle S contents makes little difference 
to the Cu content of the melt (gray curve), and consequently, only adding S to the mantle wedge cannot achieve 
the high Cu contents of the primitive magmas of the Forearc samples. On the other hand, partial melting of a 
Cu-rich mantle source with various S contents (i.e., 120 ppm S + 40 ppm Cu—blue line, 209.6 ppm S + 40 ppm 
Cu—orange line, and 344 ppm S + 40 ppm Cu—black line; Figure 10d), generates model curves that are almost 
identical and have sufficient Cu to explain the high Cu contents of the Forearc magmas. Hence, our modeling 
indicates that the Cu content rather than the S content of the source region is crucial to permit the generation of 
Cu-rich primitive melts. Hence, together with the V/Sc modeling, we suggest that the most plausible mechanism 
to account for the Cu-rich and S-rich nature of the Forearc samples is that the slab-derived components (i.e., 
slab-derived fluids, given their low Th/Nb and high Ba/Nb, Figure 3) released at forearc depths were oxidized 
and therefore could transfer Cu and S into the forearc mantle wedge. Subsequent melting of this oxidized and 
Cu-rich source may have been achieved as a result of the influx of hot sub-slab mantle through a slab tear. This 
influx of heat can also explain the peculiar location of magmatism sourced from the relatively cold forearc mantle 
(Figure 8, Gvirtzman & Nur, 1999; Hyndman & Peacock, 2003). Similar models have been proposed elsewhere to 
explain the intimate relationship between forearc magmas and slab tears in other arc systems, including the emer-
gence of the forearc shoshonitic basalts in the Cascades arc (Gao, 2018; Rowe et al., 2009; Tian & Zhao, 2012) 
and the forearc basalts erupting at the Mariana arc (Ribeiro et al., 2015, 2017).

5. Conclusion and Implications
The integration of constraints from geochemical data, proxies for subduction addition, mantle redox modeling, 
geophysical constraints and 3D numerical modeling provides new insights into the evolution of the Vanuatu arc 
and allows us to offer a new model as shown in Figure 8. We propose that the collision of a buoyant ridge into 
the central arc played an important role in the dynamic evolution of the Vanuatu arc, including (a) shallowing 
the subduction angle in the central portion of the Vanuatu arc; (b) the bulldozing of the ancient metasomatized 
continental lithospheric mantle beneath the Central Block forearc toward the central main-arc; (c) and tearing of 
the slab adjacent to the region of shallowing subduction (Figure 8). We suggest that subduction induced hydrous 
flux melting of bulldozed keel accounts for the along-arc variations in Sr-Nd isotope compositions of magmas 
erupting at the Central Block of the Vanuatu arc. On the other hand, we suggest that the liberation of high Sr-P-
Cu-SO2 components (dominated by slab-derived fluids) from the subducting slab at forearc depths strongly meta-
somatises the overlying mantle wedge, and thus produces an oxidized and Sr-P-Cu-rich forearc mantle wedge. 
This oxidized mantle wedge is normally too cold to produce magmatism (Gvirtzman & Nur, 1999; Hyndman & 
Peacock, 2003). However, we suggest that the influx of “hot” sub-Australian mantle through a slab tear promoted 
the melting of this metasomatized cold forearc material, and consequently, generated forearc magmas with elevat-
ed Sr/Y, P/Nd, V/Sc, and Cu contents. It is notable that high Sr/Y, P/Nd, V/Sc, and Cu-rich magmas do not erupt 
to the north of the seismic gap region of the Vanuatu arc. The relatively shallow slab dip to the north compared 
to the south of the seismic gap (Figures 1a and 8) might mean that the mantle wedge between the subducting slab 
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and the overlying plate to the north of the seismic gap was too narrow for sufficient hot sub-plate mantle flow into 
the forearc to promote mantle melting and magmatism. Thus, magmatism north of the slab tear is at a comparable 
depth-to-slab as magmatism in the Northern Block of the Vanuatu arc.

Various studies have noted that many magmas associated with the genesis of porphyry Cu-(Au) deposits are 
typified by high Sr/Y and high V/Sc (Loucks, 2014). These features are commonly attributed to (a) unusually 
high fO2 and/or H2O contents of their parental magmas (Loucks, 2014; Richards, 2011); (b) elevated pressures 
during fractionation (Lee & Tang, 2020); (c) proximity of magmatism to slab tears (Fiorentini & Garwin, 2010; 
Wan et al., 2018); (d) shallow-angle (Kay & Mpodozis, 2001) and/or ridge subduction (Cooke et al., 2005). The 
comparably high Sr/Y and V/Sc of the Vanuatu Forearc lavas with the typical geochemical fingerprints of in-
trusions parental to porphyry Cu-(Au) deposits (Loucks, 2014) indicate that their petrogenesis may also provide 
clues to the generation of porphyry mineralization. Hence, our findings suggest that oxidized, Sr-rich and Cu-rich 
forearc mantle sources might be viable candidates to source porphyry-type magmatism if there is sufficient heat 
to cause the melting of the forearc mantle (e.g., the occurence of a slab tear associated with ridge subduction). 
Evidence in support for the above model can be found in Pliocene to Pleistocene porphyry-epithermal Cu-Au 
deposits in Papua New Guinea, which share the following common features: (a) these ore deposits are located in 
the New Ireland forearc mantle wedge (McInnes et al., 2001); (b) the forearc mantle is metal-rich and oxidized 
(McInnes et al., 1999, 2001); (c) a tear has been identified in the underlying slab (Holm et al., 2019; Holm & 
Richards, 2013). Thus, like the Vanuatu Cu-rich Forearc samples, the strong correlation between the location of 
porphyry-epithermal systems above the forearc mantle and a slab tear suggest that the conjunction of these two 
factors would likely favor the generation of porphyry-epithermal Cu-Au systems.

Data Availability Statement
All compiled geochemical data is available at the WDC for Geophysics, Beijing (https://doi.org/10.12197/
2021GA016) and the GEOROC database (http://georoc.mpchmainz.gwdg.de/georoc/). Intermediate seismicity 
depth data can be accessed at https://earthquake.usgs.gov/earthquakes/search/.
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