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Abstract we present new geochemical and isotopic data for rock samples from two island arc volcanoes,
Erromango and Vulcan Seamount, and from a 500 m thick stratigraphic profile of lava flows exposed

on the SW flank of Vate Trough back-arc rift of the New Hebrides Island Arc (NHIA). The basalts from the
SW rift flank of Vate Trough have ages of ~0.5 Ma but are geochemically similar to those erupting along the
active back-arc rift. The weak subduction component in the back-arc basalts implies formation by
decompression melting during early rifting and rifting initiation by tectonic processes rather than by
lithosphere weakening by arc magma. Melting beneath Vate Trough is probably caused by chemically
heterogeneous and hot mantle that flows in from the North Fiji Basin in the east. The melting zone beneath
Vate Trough back-arc is separate from that of the arc front, but a weak slab component suggests fluid
transport from the slab. Immobile incompatible element ratios in South NHIA lavas overlap with those of
the Vate Trough depleted back-arc basalts, suggesting that enriched mantle components are depleted by
back-arc melting during mantle flow. The slab component varies from hydrous melts of subducted
sediments in the Central NHIA to fluids from altered basalts in the South NHIA. The volcanism of
Erromango shows constant compositions for 5 million years, that is, there is no sign for variable depletion of
the mantle or for a change of slab components due to collision of the D'Entrecasteaux Ridge as in lava
successions further north.

1. Introduction

Subduction zones are dynamic plate boundaries where oceanic lithosphere is subducted into the Earth's
mantle causing stress in the upper plate and flow of the asthenosphere (e.g., Heuret & Lallemand, 2005;
Uyeda & Kanamori, 1979; Wiens et al., 2008). Volcanism occurs at oceanic island arcs and frequently at
extensional back-arc basins where the magmas form by hydrous flux melting due to water transfer from
the subducting slab into the mantle wedge and/or by adiabatic melting of ascending mantle (Conder
et al., 2002; Grove et al., 2012; Kushiro, 1990). Corner flow in the asthenospheric mantle wedge causes trans-
port of material from the back-arc to the arc (Wiens et al., 2008), and partial melting beneath the back-arc
probably depletes the upper mantle in many subduction systems so that island arc lavas have lower concen-
trations of fluid-immobile elements like Nb, Zr, and Ti than back-arc basalts (e.g., Kincaid & Hall, 2003;
McCulloch & Gamble, 1991; Woodhead et al., 1993). On the other hand, subduction of altered basalts and
of sediments release hydrous fluids and melts into the mantle wedge, affecting melting processes and the
incompatible element compositions of the arc and back-arc magmas (McCulloch & Gamble, 1991; Plank
& Langmuir, 1993; Saunders & Tarney, 1979). The compositions of back-arc lavas thus range from being
similar to mid-ocean ridge basalts (MORB) to those typically found at island arcs (Pearce et al., 1995). The
extensional forces within the arc lithosphere are poorly understood and potential mechanisms for extension
may be the motion of the upper plate, slab rollback of the subducting plate, or asthenospheric mantle flow
(e.g., Billen, 2017; Heuret & Lallemand, 2005; Karig, 1974; Sleep & Toks6z, 1971; Tamaki, 1985). Arc rifting
can occur between the fore-arc and back-arc (Martinez & Taylor, 2006), and it has been proposed that the
ascent of arc magmas may weaken the lithosphere causing rifting (Molnar & Atwater, 1978). The melts
beneath island arc/back-arc systems possibly rise as diapirs of partially molten mantle rocks that may
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consist of mixtures between peridotite, sediments, and metasomatized hydrous peridotite (Gerya &
Yuen, 2003; Hall & Kincaid, 2001; Hasenclever et al., 2011; Sleeper & Martinez, 2014). Thus, the magmatic
rocks recovered at subduction zones are highly variable and reflect the geodynamic situation at the time of
formation, for example, the location of the magma system relative to the slab and mantle wedge.

Here we provide new geochemical and isotopic data on basaltic rocks from two volcanoes (Erromango and
Vulcan Seamount) of the New Hebrides Island Arc (NHIA) front and from the rifted flank of the young Vate
Trough back-arc basin that yield insights into early stages of island arc rifting and magma genesis. The
uppermost 500 m of lavas exposed on the SW rift flank are younger than 0.5 Ma and resemble the basalts
of the Vate Trough axis, implying that the present basin formed within a few 100 kyr, and the Vate
Trough magmas formed by decompression melting without a significant slab component. The lavas of the
South NHIA are generally more depleted than those of the Central NHIA, probably reflecting prior melting
in the back-arc of the Coriolis Troughs. The South NHIA magmas formed from a mantle wedge metasoma-
tized by hydrous fluids from altered basalts, whereas the Central NHIA magmas indicate a hydrous melt
from subducted sediment in their mantle source. New data on the arc front island of Erromango suggest that
magma sources and melting have remained constant over the past 5 Ma, although the volcanism apparently
has migrated away from the trench.

2. Geological Setting of the New Hebrides Island Arc (NHIA)

Volcanism in the NHIA occurs between 13°S and 21°S on the New Hebrides ridge (Schellart et al., 2006), and
volcanic activity is also observed in the back-arc basins of the Jean Charcot Troughs in the north (Figure 1a)
and the Coriolis Troughs behind the South NHIA (Maillet et al., 1995). The New Hebrides Ridge represents
an old island arc that formed along the Vitiaz Trench since the Late Oligocene (Schellart et al., 2006). The
rollback of the subducting Australian-Indian Plate initiated clockwise rotation along the NHIA and is
responsible for the wedge-shaped opening of the North Fiji back-arc basin (Figure 1a) where spreading com-
menced 12 to 11 million years ago (Pelletier et al., 1998; Schellart et al., 2006). Subduction of the
Australian-Indian Plate beneath the Pacific Plate since ~10 Ma formed the volcanoes of the present NHIA
between 13°S and 21°S, most of which are active, although some are extinct since the Pleistocene
(Gorton, 1977; Maillet et al., 1995; Peate et al., 1997). The most recent volcanic period formed the arc front
islands of Aoba, Ambrym, Epi, Efate, Erromango, Tanna, and Anatom, but the active volcanoes (<1 Ma old)
frequently lie on the eastern sides of the islands (Figures 1a and 1b). Present convergence rates at the south-
ern NHIA range from 90 mm/year at Efate to 120 mm/year at Erromango (Bergeot et al., 2009), whereas
back-arc opening in the Coriolis Troughs occurs at ~30 mm/year with a significant left-lateral strike-slip
motion (Pelletier et al., 1998). Measurements by GPS indicate that the upper plate of the southern NHIA
between 17°S and 20°S is advancing at 90 to 120 mm/year relative to a fixed Australian Plate (Bergeot
et al., 2009). The upper plate of the NHIA is advancing toward the west, which is explained by
westward-directed mantle flow from the North Fiji Basin (Heuret & Lallemand, 2005).

The collision of the D'Entrecasteaux Ridge (Figure 1a) with the NHIA 2 to 3 million years ago caused uplift of
the central part of the New Hebrides ridge and clockwise arc rotation and opening of the young Coriolis
back-arc basins (Bergeot et al., 2009; Wallace et al., 2009). The collision occurred initially at the latitude of
Epi island and migrated northward (Greene & Collot, 1994). Compression in the upper plate apparently
affects magma ascent and the location of volcanic centers as far south as the Epi volcanoes (Beier et al., 2018).
A significant change in Sr and Pb isotope compositions occurs in lavas along the arc front where volcanoes of
the Central NHIA north of 17.5°S (Efate, Epi, Ambrym, Aoba, and Gaua) erupted lavas with 87Sr/
86Sr > 0.7036 (Figure 2a) and lower 206pp,/294pY than volcanoes of Erromango, Tanna, and Anatom from
the South NHIA (Briqueu et al., 1994; Crawford et al., 1995; Laporte et al., 1998; Peate et al., 1997).
Because Central NHIA lavas older than ~2 Ma resemble those from the South NHIA, it was suggested that
the change in isotopic compositions was caused by the collision of the D'Entrecasteaux ridge with the NHIA
(Briqueu et al., 1994; Crawford et al., 1995). Whereas the lavas of the South NHIA and the Central NHIA
prior to the collision show a Pacific MORB-type source in terms of Pb isotope compositions, the young
Central NHIA lavas indicate melting of an Indian Ocean-type source (Crawford et al., 1995; Peate et al., 1997).
Most lavas from the entire NHIA as well as those from the North Fiji Basin have relatively low Nd isotope
ratios at a given Hf isotope composition and resemble Indian Ocean MORB (Pearce et al., 2007). Pacific
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Figure 1. (a) Sketch map of the New Hebrides Island Arc (NHIA) and the North Fiji Basin showing the most important tectonic features and the young arc vol-
canoes in black. The West Torres Plateau as well as the D'Entrecasteaux and Loyalty Ridges are major shallow structures in the North Loyalty, Norfolk, and South
Fiji Basins that are subducted in the Vanuatu Trench. Behind the arc front, consisting of the islands of Aoba, Ambrym, Epi, Efate, Erromango, Tanna, and
Anatom, young back-arc rifts are opening along the Jean Charcot Troughs in the north and along the Vate Trough (VT), the Erromango Trough (ET), and the
Futuna Trough (FT) in the south. The depths of the subducting slab are indicated by the thin black lines and show that the slab lies more than 240 km deep
beneath the Vate Trough. (b) Bathymetric map from GeoMapApp showing the Coriolis Troughs and the island arc front. Red circles show young (active) volcanic
edifices. (c) Geological map of Erromango island after Bellon et al. (1984) showing the older volcanic formations and the sample locations. (d) Bathymetric
map of Vate Trough with the central horst structure in the basin and the location of the sampling profile. Also shown are sampling locations of previously
age-dated samples at the NE flank of Vate Trough (Monjaret et al., 1991). Solid black line indicates location of sampled profile 72ROV; dotted white line marks
cross-section (c) and (d) through the Vate Trough shown in (e).
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Figure 2. Variation of the (a) Sr isotope, (b) Zr/Y, and (c) Ba/La compositions of

lavas from the island arc front and the back-arc. Data are from this work and
Barsdell and Berry (1990), Barsdell et al. (1982), Beaumais et al. (2013), Beier
et al. (2018) Dupuy et al. (1982), Eggins (1993), Gorton (1977), Laporte

et al. (1998), Lima et al. (2017), Marcelot et al. (1983), Maillet et al. (1995), Peate
et al. (1997); Métrich et al. (2011), Raos and Crawford (2004), Robin et al. (1994),

Sorbadere et al. (2013).

and Indian MORB-type mantle sources were suggested by parallel
mixing trends with slab components in U series isotopes (Turner
et al., 1999). The occurrence of the Indian Ocean-type mantle source
was explained with inflow from the North Fiji Basin some 2 to 3 Ma
ago and upwelling of this mantle beneath the young back-arc regions
(Briqueu et al., 1994; Crawford et al., 1995; Heyworth et al., 2011;
Pearce et al., 2007; Peate et al., 1997).

Vate Trough is the northernmost rift basin, some 50 km east of the
island arc front volcanoes of Efate, Vulcan Seamount, and
Erromango of which only Erromango shows active volcanism
(Figures 1b and 1c). Seismic data suggest a crustal thickness of about
28 km beneath Erromango but only about 12 km beneath the
back-arc (Ibrahim et al., 1980). The island Erromango lies on a
1,400 m high volcanic structure with a diameter of ~75 km. Four
older volcanic units are defined on the island (Figure 1c) and have
K-Ar ages between 5.3 and 1.1 Ma, whereas the youngest activity
occurs at Mt. Rantop on the east coast of Erromango with ages
<0.3 Ma (Bellon et al., 1984). Vulcan Seamount is a small volcanic
structure between Erromango and Efate with a height of 1,000 m
and a diameter of 15 km (Figure 1b). The island of Efate further north
rises some 1,600 m from the New Hebrides ridge and has a diameter
of ~95 km. The island is largely covered by an ~1 Ma old pumice for-
mation and younger mafic lavas occur in the northernmost part of
Efate and on three small islands in the north (Raos &
Crawford, 2004).

The Coriolis Troughs include three extensional intra-arc basins: Vate,
Erromango, and Futuna Troughs, which lie 30 to 50 km east of the
volcanic front of the South NHIA (Figure 1b). Young volcanism is
only known from Vate and Futuna Troughs (Lima et al., 2017;
Maillet et al., 1995; Monjaret et al., 1991). Vate Trough (Figure 1d)
is ~70 km long and up to 20 km wide with a maximum water depth
of ~2,800 m and consists of a complex NNW-SSE-trending double
graben (Anderson et al., 2016; Maillet et al., 1995) with a horst at
1,200 m water depth separating a small western graben (mean depth
~2,150 m) from a larger and deeper eastern graben (mean depth
~2,550 m). The southern part of Vate Trough is dominated by the
~1,000 m high Nifonea volcano and its two volcanic rift zones
(Figure 1e), whereas the northern part of the basin comprises elon-
gated, NW striking ridges with small volcanic structures (Anderson
et al., 2016). The slab beneath Vate Trough dips with angles between
40°-60° and lies at 240-300 km depth (Figure 1a) with few deep
earthquakes occurring beneath the back-arc rift (Baillard et al., 2015;
Hayes et al., 2012). The shallower depth of the Vate Trough compared
to the other troughs may reflect thermal uplift that is consistent with
recent, extensive volcanism and hydrothermal venting at Nifonea
volcano (Lima et al., 2017; McConachy et al., 2005). The Nifonea
lavas range in composition from basalt to basaltic trachyandesite
and show incompatible element-enriched compositions, in which
the youngest lavas are the most enriched, indicating that the most

recent melts formed from the most enriched mantle source with the most radiogenic Sr and Pb isotope ratios
(Lima et al., 2017). Potassium-Ar dating of crustal rocks dredged along the NE Vate Trough rift flanks
(Figure 1d) at 1,960 to 600 m depth (D27-29) revealed ages of 3.7 to 2.2 Ma (Monjaret et al., 1991). Most of
these samples are high-K dacites, but two basalts have ages of 3.5 to 3.2 Ma. Two dacite samples dredged
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from the floor of Vate Trough at 2,080 to 1,850 m depth (D26, Figure 1d) were dated at 0.5 to 0.4 Ma
(Monjaret et al., 1991).

3. Sampling and Analytical Methods

In this work we analyzed 11 fresh lavas from Erromango with ages between 5.3 and 1.1 Ma that have been
described and age-dated earlier (Bellon et al., 1984). Additionally, we sampled a small volcano (Vulcan
Seamount according to Monzier et al., 1997) in the arc front between Erromango and Efate with a
TV-guided grab and recovered Mn-oxide-crusted lava (2TVG). In the back-arc, 21 rock samples (72ROV01
to -21) were recovered (Figure 1d) along a 500 m vertical crustal profile exposed at the western rift flank
of Vate Trough using the remotely operated vehicle (ROV) Kiel 6000 of the GEOMAR Helmholtz Centre
for Ocean Research Kiel during RV Sonne cruise SO229 in 2013. Lavas were sampled between 1,991 and
1,506 m water depth (Table S1) using the hydraulic arms of the ROV. In order to obtain a consistent strati-
graphy for the uppermost part of the crust, only in situ lava samples were recovered and dikes were avoided
based on outcrop observations. On board, the rock samples were described petrographically and cut to
retrieve pieces for thin-sections and fresh cores; volcanic glass rims were separated and handpicked to
exclude altered material.

Olivine, clinopyroxene and plagioclase were analyzed with a JEOL JXA-8200 Superprobe electron microp-
robe at the GeoZentrum Nordbayern operated with an acceleration voltage of 15 kV, a beam current of
15 nA, and a defocused beam of 3 um in diameter. Fresh volcanic glasses of four samples from the
back-arc were embedded in epoxy and polished to determine major elements, SO; and Cl concentrations
using the JEOL JXA-8200 Superprobe electron microprobe following the methods in Brandl et al. (2012).
The analyses were performed using an acceleration voltage of 15 kV, a beam current of 15 nA and a defo-
cused beam of 10 pm in diameter. The reproducibility of the method was checked by periodic analyses of
VG-2, VG-99, and VG-568 standards, and the average concentrations obtained for VG-2 are shown in the
supporting information Table S1. The data for the volcanic glasses (Table S1) represent averages of 10 indi-
vidual spot analyses of a single glass chip.

Fresh cores of whole-rock samples were washed with deionized water, dried at 40°C, coarse crushed and
ground in a vibratory agate disc mill. The powders were used to produce fused glass beads. Major element
oxides and selected trace elements (Ba, Cr, Ga, Nb, Ni, Rb, Sr, V, Y, Zn, and Zr) were determined on a
Spectro Xepos Plus XRF spectrometer at the GeoZentrum Nordbayern. Loss on ignition (LOI) was deter-
mined by weighing ~1 g of sample before and after drying in a muffle furnace at 1050°C for 12 hr.
Precision and accuracy were checked (Table S1) by analyses of the basalt standards BE-N (n = 3) and BR
(n=2)and are better than 2.5% for all major elements except P (9%). Trace element measurements were car-
ried out using a Thermo Scientific X-Series 2 Quadrupole Inductively Coupled Plasma Mass Spectrometer
(ICP-MS) at the GeoZentrum Nordbayern. Sample solutions (dilution factor of 4,000) were introduced into
the plasma via an Aridus desolvating nebulizer to minimize molecular interferences and mixed online with a
Be, In, Rh, and Bi internal standard solution in order to correct for instrument drift. Reproducibility and
accuracy were monitored by periodic analyses of BHVO-2 standard (Table S1) and is generally better than
5%. Accuracy relative to GEOREM preferred concentrations for BHVO-2 is within 3%, except for Cs (10%).

The Sr isotope ratios of the lavas from the Vate Trough flank were analyzed after leaching samples in 2.5 N
HCI for 1 hr at 100°C on a Thermo MAT-262 TIMS at Vrije Universiteit Amsterdam. The *’Sr/%°Sr data were
normalized with ®°Sr/**Sr = 0.1194. The long-term ®”Sr/**Sr value of Sr reference material NIST SRM 987
was 0.710270 + 0.000010 (2o, n = 20), and analyses are reported relative to a value of 0.710250 for the
NBS987 standard. Total procedural blanks are less than 100 pg for Sr. The Nd and Pb isotope compositions
of the lavas from the flank of Vate Trough were determined on unleached samples on a Thermo Fisher
TRITON thermal ionization multicollector mass spectrometer at the Deutsches GeoForschungszentrum
GFZ (Potsdam) following the procedure in Romer et al. (2001). The Nd isotopic composition was determined
using dynamic multicollection; the data are normalized relative to ***Nd/***Nd = 0.7219. The long-term
reproducibility of the La Jolla Nd reference material was 0.511855 + 0.000006 (2o for n = 14 analyses) for
143Nd/"*Nd. Analytical uncertainties of the individual measurements are reported as 20,,,. Total procedural
blanks are less than 30 pg Nd. Instrumental fractionation was corrected with 0.1% amu, as determined from
repeated measurement of lead reference-material NIST SRM 981. Accuracy and precision of reported
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Pb-ratios are better than 0.1% at the 2-sigma level. Total procedural blanks for whole-rock samples are better
than 15-30 pg Pb.

Strontium, Nd, and Pb isotope ratios of the Erromango samples and sample 002TVG-01 were determined at
the GeoZentrum Nordbayern after leaching of the sample for 1 hr in HCI following the separation methods
described previously (Haase et al., 2019). The Sr and Nd isotope measurements were carried out on a Thermo
Fisher TRITON thermal ionization multicollector mass spectrometer in static mode at the GeoZentrum
Nordbayern, Friedrich-Alexander-Universitdt Erlangen-Niirnberg, Germany. Strontium isotope measure-
ments were corrected for instrumental mass fractionation assuming **Sr/*°Sr = 0.1194. Neodymium isotope
data were corrected for mass fractionation using a “**Nd/***Nd ratio of 0.7219. Samarium interference on
masses 144, 148, and 150 was corrected by measuring 147Sm. The average value of the NIST SRM 987 Sr stan-
dard during this study was 0.710259, and an in-house Nd standard solution gave ***Nd/***Nd of 0.511840,
equivalent to a value of 0.511850 for the La Jolla standard. Sr isotope data are reported relative to a value
of 0.710250 for the NBS987 standard. Lead isotope measurements were carried out on a Thermo Fisher
NEPTUNE MC-ICP-MS using a **’Pb/***Pb double spike to correct for instrumental mass fractionation.
The double spike, with a 207pp /204py, ratio of 0.813508, was calibrated against a solution of NIST SRM 982
equal atom Pb standard. Samples were diluted with 2% HNO3; to a concentration of approximately 20 ppb,
and an aliquot of this solution was spiked in order to obtain a 2**Pb/?**Pb ratio of about 1. Spiked and
unspiked sample solutions were introduced into the plasma via a Cetac Aridus desolvating nebulizer, and
measured in static mode. Interference of “**Hg on mass 204 was corrected by monitoring 2°*’Hg. An expo-
nential fractionation correction was applied offline using the iterative method of Compston and
Oversby (1969), the correction was typically 4.5 permil per amu. Eight measurements of the NIST SRM
981 Pb isotope standard (measured as an unknown) over the course of this study gave *°°Pb/?**Pb, 2°’Pb/
204pp, 208pp/2%4ph ratios of 16.9408 + 0.0018, 15.4993 + 0.0019, and 36.7244 + 0.0036, respectively.
Typical procedural blanks for Pb, Sr, and Nd were 30, 200, and 80 pg, respectively.

The lava sample 072ROV-04 was selected for groundmass “°Ar/*’Ar age dating at Oregon State University
(OSU), USA, following the method outlined in Koppers et al. (2011), and yielded a plateau age of
510.8 + 27.3 kyr and an isochron age of 508.3 + 41.8 kyr (Table S2). The clean sample was crushed using
a steel plated jaw crasher and the grain size fraction between 150-300 um sieved and washed. The fraction
was acid-leached with 1 M HCl, then 6 M HCI, 1 M HNO3, 3 M HNOs, and ultra-pure deionized water (all for
about 60 min) in an ultrasonic bath heated to ~50°C. The leached sample was irradiated for 6 hr in the
TRIGA nuclear reactor at OSU, together with the FCT NM sanidine flux monitor (Kuiper et al., 2008).
The individual J-values for each samples were calculated by parabolic extrapolation of the measured flux
gradient against irradiation height and typically give 0.1-0.2% uncertaintied (15). The “°Ar/**Ar incremental
heating age was determined with a multicollector ARGUS-VI mass spectrometer. After loading the irra-
diated sample into Cu-planchettes in an ultra-high vacuum sample chamber, it was incrementally heated
by scanning a defocused CO, laser beam in preset patterns across the sample, in order to release the Ar
evenly. After heating, the reactive gases were cleaned using a SAES Zr-al ST101 getter operated at 400°C,
and two SAES Fe-V-Zr ST172 getters operated at 200°C and room temperature, respectively. Blank intensi-
ties were measured every three incremental heating steps for groundmass. For calculating the ages, the cor-
rected decay constant of Steiger and Jiger (1977) was used: 5.530 + 0.097 x 10~*° year™ ! (20) as reported by
Min et al. (2000). Incremental heating plateau ages and isochron ages were calculated as weighted means
with 1/0” as weighting factor (Taylor, 1997) and as YORK2 least squares fits with correlated errors
(York, 1968) using the ArArCALC v2.7.0 software from Koppers (2002) available online (http://earthref.
org/ ArArCALC/website).

4. Results
4.1. Description of the Lava Samples

The lavas from Erromango (Figure 1c) were collected from the four old volcanic formations with ages of 5.3
to 1.1 Ma and were described previously (Bellon et al., 1984; Marcelot et al., 1983). Sample 002TVG-1 was
recovered by TV-guided grab at 290 m water depth from the top of Vulcan Seamount (Figure 1b) and consists
of ankaramitic lava with a 10 cm thick Mn-oxide crust (Table S3). Lava outcrops occur at the steep cliffs of
the rifted crust at the SW flank of the horst structure within Vate Trough (Figure 1d) and stratigraphic
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Figure 3. Total alkalies-silica (TAS) diagram for the island arc front lavas from

Erromango and Vulcan Seamount in comparison to Efate, and of the back-arc

lavas from the flank of Vate Trough compared to the recent lavas from the young

Nifonea volcano (Lima et al., 2017). Data sources as in Figure 2 and data from
the North Fiji Basin (Eissen et al., 1991; Eissen et al., 1994; Nohara et al., 1994).

sampling by ROV between 1,962 to 1,506 m water depth recovered 21
lava samples. The lowermost three samples 072ROV-01 to -03 were
collected from talus piles in sediment on the flat base of the cliff. In
contrast, the upper samples (072ROV-04 and <1,944 m water depth)
were recovered in situ from large outcrops of lava units. The lower-
most lava 072ROV-04 yields a groundmass *°Ar/*°Ar plateau age of
510.8 + 27.3 kyr. The cliff wall consists of abundant pillow lavas, mas-
sive sheet flows, and abundant dykes covered by a thin layer of silici-
clastic sediments. Petrographically, the lower part of the profile
comprises samples 072ROV-01 to -11, and the upper part corresponds
to samples 072ROV-12 to -21.

4.2. Petrography and Mineral Compositions

The lavas from Erromango are mafic and porphyritic containing phe-
nocrysts of olivine, augite, pigeonite, plagioclase, and Ti-magnetite
(Marcelot et al.,, 1983). The ankaramitic lava from Vulcan
Seamount contains fresh olivine up to 4 mm in size, green clinopyr-
oxene up to 5 mm, and plagioclase of up to 2 mm. The two lowermost
samples from the flank of Vate Trough (072ROV-01 and -02) are
intermediate-grained dolerites with an ophitic texture (Table S3) that
probably formed in dikes and were not sampled in situ. With the
exception of these two samples all other rocks from the Vate
Trough flank were recovered from fresh lava flows with little altera-
tion and no Fe- and MnOOH crusts on the surface (Table S3).

Samples 072ROV-08, -15 to -17, -19, and -21 are pillow lavas with a fresh glass rim. All samples above
072ROV-02 are vesicular, fine-grained, and often glassy lavas with rare and small (<2 mm) phenocrysts of
olivine and plagioclase (Table S3). The microcrystalline to tachylitic groundmass in the lava samples con-
tains tiny plagioclase laths and sometimes olivine and clinopyroxene crystals.

Plagioclase phenocrysts show sieve texture and pronounced oscillatory zoning in the lower part of the profile
(072ROV-02, -06, -08, and -10) with An,, o; for the core compositions, Ans;_g, for the rims and Anyy g; for
the groundmass crystals. The samples from the upper part of the profile are more homogeneous with Ang,_g;
in their cores, An;s_;; in the rims, and Ang;_7g for groundmass crystals. Olivine (<30%) crystals are often
euhedral and skeletal with normal zoning, but some grains indicate resorption with a rounded shape and
embayments. The lower part of the profile has a wide compositional range in olivine phenocrysts with
Fo74_90 (n = 87), while the upper part is quite restricted in composition with Fogs_gg (n = 79). The composi-
tion of the groundmass crystals is Fo;s g7 (n = 33). The more altered samples show partial transformation
from olivine to iddingsite. Clinopyroxene phenocrysts are predominantly augite and diopside and occur
mainly in the lower lavas (e.g., 072ROV-08, Table S1) but are rare in the upper part of the profile. The com-
position of phenocryst cores is variable (Wo33 44Enz4 s3Fsg7_53) (n = 71) along the entire profile. Weak zon-
ing is observed in samples 072ROV-06 and -08 with an intragrain Mg# variation of 5% (Mg# = 75-80) and 8%
(Mg# = 75-83), respectively. Opaque oxides (e.g., Ti-magnetite) occur in all samples particularly in the
matrix, whereas Cr-spinel occurs both as microphenocrysts and inclusions in olivine in the upper lavas.

4.3. Major and Trace Element Composition of the Lavas

In the total alkalies versus SiO, diagram (TAS, Figure 3) most lavas from the arc front volcanoes show dis-
tinct compositions where those from Erromango are subalkaline and those from Efate and Vulcan Seamount
are transitional. Most lavas from the Vate Trough flank are also subalkaline basalts, but some are transi-
tional basalts, basaltic andesite, and trachybasalt comparable to lavas from Nifonea volcano in the Vate

Trough axis (Figures 1 and 3).

In terms of major element composition, the samples from the Vate Trough flank resemble those recovered
from the active Nifonea back-arc volcano but differ from those of the arc front. For example, at a given MgO
content the lavas recovered on the rift flank of Vate Trough have higher TiO, and Na,O but lower Al,03
than lavas from Efate and Erromango (Figure 4). The SiO, contents of the rift flank lavas are higher for a
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Figure 4. Composition of major elements (a) SiO,, (b) TiO,, (c) FeOT, (d) CaO, (e) NayO, and (f) P05 versus MgO
(wt.%) of the Vate Trough rift flank lavas in comparison to recent lavas from Vate Trough, the arc front volcanoes
Erromango, Efate and Vulcan Seamount as well as the older samples recovered from the NE flank of Vate Trough. Data

sources as in Figures 2 and 3.

given MgO content than those of the rocks from the island arc front at Efate, Erromango, and Vulcan
Seamount, but some lavas from Erromango have similar SiO, contents to the back-arc lavas. Volcanic
rocks that were recovered on the NE flank of Vate Trough resemble the arc front lavas in major element
compositions (e.g., with low TiO,), and most lie at the evolved end of the trend of the Erromango lavas
(Figure 4).

In contrast to Sr isotope ratios, the incompatible element ratios like Ba/La and Zr/Y do not show a systematic
variation along the NHIA or back-arc (Figure 2). The samples from Erromango and sample 002TVGO01 from
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Figure 5. N-MORB normalized sample compositions of the basalts from the Vate Trough rift flanks using N-MORB (Sun
& McDonough, 1989). Also shown is the pattern of basalt AR114 from Efate in the island arc front (Raos &
Crawford, 2004).

Vulcan Seamount in the arc front resemble those from Efate (sample AR114, Raos & Crawford, 2004) in
incompatible element ratios and are depleted in Nb, Ta, Zr, and the heavy Rare Earth Elements (REE)
but enriched in fluid-mobile elements like Ba, K, and Pb relative to MORB (Figure 5). The back-arc
basalts from the Vate Trough flank show a large variation of incompatible element contents, and all
basalts are enriched in fluid-mobile elements like Rb, Ba, U, K, and Pb relative to MORB (Figure 5). In
contrast, the elements Nb, Ta, Zr, and Ti vary considerably in the Vate Trough flank basalts from being
depleted relative to REE in the N-MORB-normalized patterns to Nb-enriched basalts with relatively low
MgO contents of 6.5 and 5.5 wt.%.

The Zr/Y and (Ce/Yb)y ratios of the lavas broadly increase with decreasing MgO, whereas the other incom-
patible element ratios, such as Ba/La, remain relatively constant over the range of MgO (Figure 6). At a given
MgO content, the Zr/Y of the Erromango and most of the South NHIA lavas are lower than those of the Vate
Trough flank and Nifonea basalts (Figure 6a). The Central NHIA lavas show more variation than those from
the South NHIA with some, like the Efate basalts, having low Zr/Y, but others overlap with the Nifonea
back-arc lavas. The (Ce/Yb)y ratios of most of the Erromango and Vulcan Seamount samples are lower than
those of Efate but resemble the Nifonea and Vate Trough flank basalts (Figure 6b). On the other hand, all arc
front volcanoes resemble each other in Ba/La, whereas the Vate Trough flank lavas have lower Ba/La
(Figure 6c). The basalts from the Vate Trough flank are similar to the lavas from the active Nifonea
back-arc volcano and North Fiji Basin basalts in terms of their incompatible element ratios. Based on (Ce/
Yb)n and Zr/Y two groups of lavas can be distinguished in the samples from the Vate Trough flank
(Figures 6a and 6b). The majority of the Vate Trough flank lavas have relatively low (Ce/Yb)y of ~1, but sev-
eral samples have higher (Ce/Yb)y of ~2 which is similar to the variation observed in the Nifonea volcano.

4.4. Variation of Sr, Nd, and Pb Isotope Ratios in Lavas

Lavas from Erromango generally have higher #’Sr/*°Sr and lower ***Nd/***Nd than basalts recovered at the
Vate Trough flank and Nifonea volcano but are lower in Sr and higher in Nd isotope ratios than the volcanic
rocks of Efate (Figures 2 and 7a). The basalts with the lowest 87Sr/%0Sr from the Vate Trough flank and
Nifonea volcano overlap with the North Fiji Basin basalts but together with the arc front lavas they trend
toward higher Sr at relatively constant Nd isotope ratios (Figure 7a). The Erromango samples have higher
206pp/20ph than the Efate lavas and those from the Vate Trough flank and Nifonea volcano (Figure 7).
The Vulcan Seamount lava sample has a high ®’Sr/*®Sr ratio comparable to the lavas of Efate Island further
north (Figure 2a) but higher **°Pb/>**Pb isotope ratios than Efate rocks. The Vate Trough rift flank lavas
cover a range of 18.2 to 18.6 in 2°°Pb/?**Pb, which is comparable to that of the recent Nifonea volcano
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Figure 6. Variation of (a) Zr/Y versus MgO, (b) (Ce/Yb)y versus MgO, and (c)
Ba/La versus MgO comparing the Vate Trough rift flank lavas to the arc front

volcanoes Vulcan Seamount, Erromango and Efate and the Nifonea back-arc
volcano and older basalts from the Vate Trough flanks. Data sources as in
Figures 2 and 3.

Erromango lavas form a trend toward higher °°Pb/***Pb but lower

208pp 204pp, in the field of Pacific Ocean MORB, and the Efate rocks
have higher 2°*Pb/***Pb for a given 2°°Pb/***Pb compared to the
Nifonea volcano basalts. The Sr isotopes of the Vate Trough flank
samples are positively correlated with *°°Pb/?**Pb, similar to the
Nifonea basalts (Figure 7c). In contrast, our new Erromango samples
and the South NHIA lavas have relatively low *’Sr/*°Sr (0.7030-
0.7035) for their high 206pp204py,  whereas the Vulcan Seamount
sample, lavas from Efate and the other Central NHIA volcanoes have
high Sr isotope compositions of ~0.7040 and generally low *°°Pb/
204pb (Figure 7c). Similarly, the Central and South NHIA lavas form
two groups in ***Nd/***Nd versus 2°°Pb/>***Pb (Figure 7d). The Vate
Trough flank and Nifonea volcano basalts lie on two trends of rela-
tively constant '**Nd/***Nd but variable *°°Pb/***Pb. The South
and Central NHIA lavas show variable Ba/La at relatively constant
Sr isotope ratios, whereas there is a negative correlation between
Nd/Pb and °°Pb/?**Pb in the Vate Trough flank and Nifonea volcano
basalts (Figures 8a and 8b). All NHIA arc lavas have low
Nd/Pb _x0003C; 5 (Figure 8b).

5. Discussion

5.1. Age and Compositional Variation of the Back-Arc Lavas:
Implications for Rifting and Mantle Flow

The horst structure that separates the eastern from the western gra-
ben of Vate Trough (Figure 1c) has a seismic signature similar to that
of a subaerial arc (McConachy et al., 2005), but the lavas recovered by
072ROV on the Vate Trough flank compositionally resemble the
back-arc basalts from the active Nifonea volcano (Figures 4 and 6).
Thus, we conclude that the rocks forming the horst structure were
formed by back-arc volcanism similar to that at the Nifonea volcano.
The uppermost 500 m of lavas of the horst structure at the SW Vate
Trough flank are younger than 0.5 Ma, implying that the eastern gra-
ben (Figure 1d) formed within a few 100 kyr. Previous dredging (D26
and D27) of the NE rift flanks of Vate Trough (Figure 1d) yielded
basaltic to dacitic lavas (Figures 4 and 6) with ages of 3.5 to 2.2 Ma,
and at greater depth ~0.5 Ma old dacites with an arc signature were
recovered (Monjaret et al., 1991). These latter samples appear to be
coeval with those recovered from the horst structure further south,
but the compositions differ, indicating variable magma formation
processes in the Vate Trough. Consequently, back-arc volcanism
probably started at ~0.5 Ma, although initial rifting may have begun
about 2 million years ago (Monjaret et al., 1991).

Both the older Vate Trough flank basalts and those from the active
Nifonea volcano have weaker subduction signatures than rocks from

the adjacent arc (Figure 5), with low Ba/La values (<25) that resemble the North Fiji Basin lavas and Nd/Pb
between 4 and 30 intermediate between MORB and NHIA lavas (Figure 8). Because the Vate Trough
back-arc lavas indicate little influence of fluid-mobile elements on their magma formation, they most likely
formed by decompression melting of the mantle rather than by flux melting. The variable (Ce/Yb)y and iso-
tope ratios in the Vate Trough flank basalts and in the recent Nifonea volcano lavas (Figures 6 and 7) imply
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Vate Trough rift flank lavas compared to the lavas from the arc front volcanoes on Efate and Erromango as well as from the North Fiji Basin and active rift
axis of Vate Trough (Heyworth et al., 2011; Kim et al., 2006; Lima et al., 2017; Peate et al., 1997). The compositions of the assumed mixing end-members are

provided in Table S4 and discussed in the text. Isotope end-members are estimated from observed variations in the arc and back-arc data as well as from Pacific
sediments (Basak et al., 2011; Ben Othman et al., 1989; Peate et al., 1997) and rocks recovered from the subducting crust of the Loyalty (Coltorti et al., 1994;
Crawford et al., 1995; Peate et al., 1997) and South Fiji Basins (Mortimer et al., 1998; Todd et al., 2011). The concentrations of Sr and Nd in the sediment melt was
taken from an experiment at 800°C by Hermann and Rubatto (2009) and Pb was calculated from the Nd/Pb ratio of the end-member. The depleted and enriched
MORB mantle concentrations are from Workman and Hart (2005) and a 5% basalt fluid was calculated using experimental distribution coefficients (Kessel

et al., 2005) and altered MORB (Castillo et al., 2009). Other data sources as in Figures 2 and 3. The division line between Pacific and Indian Ocean MORB is after
Kempton et al. (2002).

partial melting of mantle sources containing relatively enriched and depleted components resembling those
of the North Fiji Basin basalts with little addition by recent subduction. The presence of rift magmas showing
little subduction component but varying from depleted tholeiites to enriched alkaline basalts has been
observed frequently in early back-arc rifts, for example, in the Sumisu Rift, the Okinawa Trough, and the
Tyrrhenian Sea (Hochstaedter et al., 1990; Shinjo et al., 1999; Trua et al., 2010). Additionally, many early
back-arc magmas have higher contents of relatively fluid-immobile elements (e.g., higher TiO, and Zr/Y)
than the South NHIA magmas (Figures 2, 4b, and 6a). The depleted mantle signature with Zr/Y ~2 in mafic
lavas (MgO > 5 wt.%) occurs particularly beneath the South NHIA (Figure 6a), whereas mantle portions
yielding basalts with high Zr/Y > 3 appear to be restricted to the back-arc and some Central NHIA lavas
(Sorbadere et al., 2013), that is, in a region without back-arc troughs. The greater depletion in the South
NHIA lavas probably reflects partial melting of the mantle during flow from the back-arc to the arc. The sub-
ducting plate causes corner flow of the mantle and thus asthenospheric mantle is flowing from the back-arc
into the mantle wedge, which is supported by overlapping compositions in Nd isotopes of the South NHIA
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Figure 8. (a) Ba/La versus 87Slr/gGSr, and (b) Nd/Pb versus 206pp 204

Vate Trough back-arc lavas compared to those from the arc front volcanoes of

Pb of the

(Taylor et al., 1991) and the Okinawa Trough (Arai et al., 2017).
Additionally, many of the Vate Trough back-arc lavas show a weak

Vulcan Seamount, Efate and Erromango, and basalts from the North Fiji Basin.

Data sources as in Figures 2 and 3.

geochemical slab component (Ba/La < 15, Nd/Pb > 10, Figure 8)
implying that rifting of the back-arc is not caused by flux melting
but decompression melting must occur. Recent numerical modeling
indicates that the dynamics and temperature of the mantle wedge
may play an important role and active mantle upwelling may cause thinning and rifting of the upper plate
(Billen, 2017). Seismic data suggest that the crust is ~28 km thick beneath the New Hebrides arc but may be
significantly thinner (perhaps 12 km thick) beneath the Coriolis Troughs (Ibrahim et al., 1980), which would
imply significant extension. We suggest that hot mantle containing enriched components flows from the
North Fiji Basin into the Vate Trough and partial melting beneath the back-arc for at least the past 0.5 mil-
lion years is largely due to decompression during the flow, possibly with some contribution by flux melting.
Geophysical data suggest that anomalously hot mantle is upwelling beneath the North Fiji Basin
(Lagabrielle et al., 1997; Zhang & Pysklywec, 2006) and the lavas erupting along these back-arc spreading
centers indicate a heterogeneous source consisting of a range of depleted and enriched components
(Figure 7) (Eissen et al., 1994; Nishio et al., 1998). However, Vate Trough appears to be the only one of
the three Coriolis back-arc troughs (Figure 1b) with voluminous volcanism (Anderson et al., 2016; Lima
et al., 2017; Maillet et al., 1995) supporting the argument that rifting of the lithosphere is not caused by
magma intrusion into the lithosphere. At Sumisu Rift, Taylor et al. (1991) observed a similar pattern to
the Coriolis Troughs with the back-arc rift basins occurring between the large arc front volcanoes, which
they explained by magmatic intrusions that accommodate extension rather than faulting. Thus, normal
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in the text are shown as arrows, where the white arrow indicates mixing

between depleted (DM) and enriched mantle (EM) sources. Data sources as in
Figures 2 and 3.

faulting is probably initiated in the relatively cold crust behind the
arc and significant thinning (up to 50%) of the crust occurs within 2
million years, similar to Sumisu Rift (Taylor et al., 1991) and the
Coriolis Troughs. We conclude that the arc lithosphere is tectonically
rifted behind the arc volcanoes and magma is generated only locally
where hot enriched mantle melts adiabatically. We also note that the
relatively small Vulcan Seamount in the arc front (Figure 1b) appears
to be extinct and the diminished magmatism in the arc front may
reflect the fact that lithospheric thinning and partial melting beneath
Vate Trough focused magmas into the back-arc.

5.2. The Mantle Sources of the Vate Trough Back-Arc Lavas

The incompatible element and radiogenic isotope composition of the
Nifonea volcano lavas indicate that they formed by melting of differ-
ent mantle sources containing (1) a relatively depleted Indian
Ocean-type mantle source, (2) an incompatible element-enriched
Indian Ocean-type mantle source, and (3) a contribution from the
subducting slab (Heyworth et al., 2011; Lima et al., 2017). The data
from the older SW Vate Trough flank lavas overlap with those of
Nifonea volcano (Figure 7), and thus, the same mantle sources were
available for magma formation for the past 0.5 million years. The
lavas with the highest Nd/Pb, but the lowest Ba/La have the weakest
slab input and have the lowest Sr and Pb isotope ratios (Figure 8). For
example, the correlation between Nd/Pb and 2°°Pb/***Pb isotope
ratios suggests a depleted MORB-like end-member with a 2°°Pb/
20%Pb of 17.9 to 18.1 similar to some lavas from the North Fiji Basin
(Figure 8b). Similarly, the samples from the Vate Trough flank with
Ba/La _x0003C; 10 have ¥’Sr/*°Sr of ~0.7030 similar to the depleted
end-member observed in the North Fiji Basin basalts (Figure 8a).
The Vate Trough flank basalts with the low 2°°Pb/?***Pb have rela-
tively high 2°*Pb/?**Pb and lie within the field of Indian Ocean-type
MORB but close to the boundary defined by Kempton et al. (2002)
in agreement with previous work on the Vate Trough basalts
(Heyworth et al., 2011; Lima et al., 2017). Consequently, the Indian
Ocean MORB-type end-member has been present beneath the Vate
Trough for at least 0.5 Ma.

Most Vate Trough flank lavas have higher ®’Sr/*®Sr and °°Pb/***Pb
isotope ratios for a given Nd isotope ratio than those of the North
Fiji Basin basalts, but those with the lowest Sr and Pb isotope ratios
resemble the North Fiji Basin basalts (Figure 7). The incompatible
element ratios (Ce/Yb)y, Zr/Y, and Ba/La also suggest similarities
between the North Fiji Basin mantle and those of the Vate Trough
flank (Figure 9). Thus, the Nd isotope, Ba/La and (Ce/Yb)y variations
largely reflect the heterogeneous mantle wedge prior to the addition
of a slab component, which is also observed in some Central NHIA
lavas (Sorbadere et al., 2013). As noted above, most of the Vate
Trough flank basalts lie close to the boundary but in the field of
Indian Ocean MORB (Figure 7b), but those with higher Pb isotope
compositions trend into the field of Pacific MORB and toward the
composition of the Erromango lavas (Figure 7b). The trends in
Figures 7a and 7d suggest that variable mantle wedge material with
13Nd/***Nd of ~0.51315 and ~0.51305 is mixing with the subduction
component affecting Erromango and other South NHIA magmas.
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Similar effects of a slab component on the Vate Trough flank basalts are observed in the samples with the
highest Ba/La and lowest Nd/Pb (Figure 9). We conclude that the Sr and Pb isotope composition of the
Vate Trough flank lavas reflects the influence of this slab component on the heterogeneous Indian
Ocean-type back-arc mantle.

5.3. The Composition of the Mantle Wedge Beneath the NHIA

Several authors noted the difference in isotopic composition between lavas from the Central NHIA, includ-
ing Efate and those further south and north (Briqueu et al., 1994; Crawford et al., 1995; Peate et al., 1997).
Whereas the Central NHIA volcanoes formed from a source with ®’Sr/*°Sr > 0.7036 and 2°°Pb/
204pp < 18.6, lavas from the southern volcanoes have ¥7Sr/%6Sr < 0.7036 and 2°°Pb/?°*Pb > 18.6 (Briqueu
et al., 1994; Crawford et al., 1995; Laporte et al., 1998; Peate et al., 1997). Our new data from Vulcan
Seamount in the New Hebrides arc front indicate that the boundary between the two mantle domains occurs
between Erromango and Vulcan Seamount at ~18.5°S (Figures 1b and 2). The Central NHIA signature in
Vulcan Seamount implies that the collision of the D'Entrecasteaux Ridge had an effect on magmatism
further south than previously assumed, that is, the geochemical effect on the arc is some 50 km wider than
in earlier estimates.

The composition of the Central NHIA volcanoes apparently changed from the Pacific MORB-type signature
to that of Indian MORB between 2 and 1.5 Ma ago when the arc collided with the D'Entrecasteaux Ridge
(Briqueu et al., 1994). Different mantle sources with Indian MORB-type mantle beneath the Central
NHIA volcanoes and Pacific MORB-type mantle beneath those of the South NHIA were suggested pre-
viously (Crawford et al., 1995). The difference was defined on the basis of ***Pb/?**Pb versus *°*°Pb/***Pb
(Figure 7b) where Indian and Pacific MORB show distinct compositions (Briqueu et al., 1994; Crawford
et al., 1995; Laporte et al., 1998; Peate et al., 1997). However, both Sr and Pb isotopes show correlations with
Ba/La and Nd/Pb, respectively, that imply effects of slab components on the isotope composition (Figure 8).
For example, both the low and the high ***Pb/?>**Pb components in the NHIA lavas are associated with low
Nd/Pb of 1 to 3 (Figure 8b) compared with ~25 in midocean ridge basalt (MORB) (Hofmann, 2003). Lead is
more fluid-mobile than Nd (Brenan et al., 1995) and sediments have Nd/Pb _x0003C; 3 (Peate et al., 1997)
implying that the magmas of Efate, Vulcan Seamount, Erromango, and other NHIA volcanoes are enriched
in Pb by a subduction component with a 2°°Pb/2**Pb composition that varies from 18.1 to 18.8 (Figures 5 and
8b). This addition causes the deviation of the Pb (and Sr) isotope trends at a given 143Nd/*Nd of the NHIA
lavas from that of the North Fiji Basin basalts (Figures 7a and 7d). Consequently, in contrast to previous
work (Briqueu et al., 1994; Crawford et al., 1995; Laporte et al., 1998; Peate et al., 1997), we suggest that
the different Pb and Sr isotopic compositions of the NHIA lavas reflect input from the subducting slab rather
than the mantle source. Thus, although the mantle beneath the Central NHIA and the Vate Trough has a
composition resembling the back-arc basalts (Heyworth et al., 2011; Lima et al., 2017), which in turn has
a composition similar to Indian Ocean MORB as indicated by Nd and Hf isotopes (Pearce et al., 2007), the
Pb isotope composition rather reflects the slab component.

South of 18.5°S the subducting plate apparently releases a component with low Sr and high Pb isotope com-
position resembling Pacific MORB (Figure 7b). Based on the Nd and Hf isotope data, Pearce et al. (2007)
found that South NHIA lavas from Erromango and Tanna fall into the field of Indian MORB. Sediment addi-
tion to a Pacific MORB source may have caused a shift of the composition of the mantle (Pearce et al., 2007).
Alternatively, the mantle beneath parts of the South NHIA may also be Indian Ocean MORB-type similar to
the associated Vate Trough back-arc basalts. The two samples defining the high (***Th/>**Th) of Pacific
Ocean mantle are from Matthew island, that is, the southernmost NHIA at 22.3°S (Turner et al., 1999)
and could indicate that Pacific Ocean-type mantle occurs only in the southernmost NHIA. Although the
composition of the mantle wedge beneath the South NHIA remains ambiguous, the Pacific Ocean-type sig-
nature in Pb isotopes likely reflects a slab component.

5.4. The Slab Components Affecting the New Hebrides Island Arc Magmas

Peate et al. (1997) proposed relatively constant addition of 1% to 3% bulk sediment to the mantle wedge of the
NHIA where most of the variation in **Nd/"**Nd reflects the differences between Indian and Pacific
Ocean-type mantle beneath the Central and South NHIA, respectively. The composition of lavas from the
Central NHIA volcanoes Lopevi, Efate, and Epi indicate a contribution of sediment fluids and melts to
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the mantle wedge (Beaumais et al., 2013; Beier et al., 2018; Raos & Crawford, 2004). The variations of incom-
patible element ratios with Sr and Pb isotope compositions (Figure 8) suggest different slab components,
with that of the South NHIA having low *’Sr/*°Sr and high 2°°Pb/***Pb whereas that of the Central NHIA
has high ¥’Sr/*®Sr and low 2°°Pb/?***Pb. The slab component with 2*°Pb/>**Pb < 18.5 observed in the
Central NHIA lavas is interpreted as a mixture of basalt-derived fluids and sediments (Sorbadere et al., 2013).
The crust of the North Loyalty and South Fiji Basins that is subducted beneath the NHIA has ages between
28 and 46 Ma and the D'Entrecasteaux Ridge consists of Eocene arc tholeiites (Coltorti et al., 1994; Mortimer
et al., 2014; Sdrolias et al., 2003). About 650 m of volcaniclastic and carbonate sediments were drilled above
basalt and gabbro at DSDP Leg 30 Site 286 in the North Loyalty Basin west of the Central NHIA (Packham &
Andrews, 1975). The analyzed volcaniclastic sediments have 2°°Pb/>***Pb in the range 18.5 to 18.8 (Peate
et al., 1997), whereas basalts from the D'Entrecasteaux Ridge have 206p}, /204ph of 18.5 to 18.6, and one sam-
ple has a significantly higher ratio of 19.36 (Coltorti et al., 1994; Peate et al., 1997). Little is known about sedi-
ments and oceanic crust of the North Loyalty and South Fiji Basins south of Site 286, but dredged basement
samples range from back-arc basalt to intraplate basalt and rhyolite with variable isotopic compositions
(Figure 7) and 206py, /204py, up to 19.5 (Mortimer et al., 1998; Mortimer et al., 2007; Mortimer et al., 2014;
Todd et al., 2011). The slab end-member of Central NHIA lavas like those from Efate and Vulcan
Seamount has Ba/La > 30, Nd/Pb _x0003C; 3, 87Sr/%6Sr > 0.704, 2°°Pb/?**Pb of 18.5 to 18.6, and 2°®Pb/
204pp > 38.6 (Figures 7 and 8). High 2°®Pb/***Pb values are typical for pelagic sediments (Figure 7), and thus,
we agree with Peate et al. (1997) that this slab component was released from subducting sediments.
Compared to the North Fiji Basin basalts, the Central NHIA lavas have high (Ce/Yb)y for a given Zr/Y
but low Nb contents (Figures 5 and 9). Consequently, the high (Ce/Yb)y values do not reflect mixing with
an incompatible element-enriched mantle source but rather the slab component which is Nb-depleted
because of residual rutile and/or relatively low Nb contents in sediments (Hermann & Rubatto, 2009).

It has been shown by experimental work that variable temperature in subducting sediments causes forma-
tion of either hydrous fluids or melts that show a variable fractionation between incompatible elements
(Hermann & Rubatto, 2009; Spandler et al., 2007). Experimentally determined fluids from sediments have
high Ba/La but low (Ce/Yb)y, whereas melts from sediments have low Ba/La but high (Ce/Yb)y
(Hermann & Rubatto, 2009; Spandler et al., 2007). In the model in Figure 7 we use the concentrations of
Sr and Nd of 259 ppm and 12 ppm (Table S4), respectively, found in sediment melts at 800°C at 3.5 GPa
(Hermann & Rubatto, 2009). The sediment used in this experiment has very high Pb contents of 213 ppm
(Hermann & Rubatto, 2009) causing extreme Pb contents in the melts. In contrast, Pacific Ocean pelagic clay
has Pb concentrations <60 ppm (Ben Othman et al., 1989), and we estimate the Pb content from the low
Nd/Pb of the sediment end-member in Figure 8b to have possibly 15 ppm Pb. Mixing calculations with
the isotope compositions shown in Table S4 and the concentrations of the sediment melt as well as depleted
and enriched MORB (Workman & Hart, 2005) yield results of <1% addition of a sediment melt to the vari-
ably depleted mantle to explain the Efate lava compositions (Figure 7). Thus, we suggest that the low Ba/La
and high (Ce/Yb)y of the Vulcan Seamount, Efate, and Central NHIA lavas indicate mixing of small
amounts of partial melts from subducted sediments into the mantle wedge. The D'Entrecasteaux Ridge colli-
sion with the Central NHIA forms an accretionary wedge (Greene et al., 1994) and subduction of the ridge
may cause increased sediment recycling.

In contrast, the Erromango and South NHIA lavas require a slab component with °°Pb/***Pb ~18.8 and
208pp/20%pp ~38.4 but low ¥’Sr/*°Sr of ~0.7036, which is unlikely to be caused by pelagic sediment
(Figure 7). The relatively high Ba/La > 50 and low Nd/Pb and (Ce/Yb)y affecting Erromango magmas could
be a hydrous fluid from altered basalt but the mafic rocks drilled at Site 286 have 206p}, /294pp of 18.2 to 18.5,
that is, too low to represent this slab end-member. We note, however, that the volcanic rocks of the North
Loyalty and South Fiji Basins fall into the field of Pacific MORB (Figure 7b), and if rocks with more radio-
genic Pb occur on this plate, they may cause the Pacific-type signature in the southern New Hebrides lavas.
Alkaline basalts occur on seamounts of the Loyalty Ridge (Mortimer et al., 2018) and rocks with radiogenic
Pb (e.g., 2°°Pb/***Pb > 19.0) were recovered from the South Fiji and Norfolk Basins (Mortimer et al., 1998;
Todd et al., 2011). Thus, we speculate that the altered basaltic crust of the North Loyalty and South Fiji
Basins represents the Pacific MORB-type subduction component of Erromango (Figure 7) and possibly all
southern New Hebrides arc magmas but that rocks representing this end-member have not been drilled at
Site 286. The Erromango and Vulcan Seamount lavas require an end-member with high Ba/La > 50 but
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Figure 10. Variation of (a) 87Sr/ 86Sr, (b) Ba/La, and (c) Zr/Y versus age showing
no variation in the composition of Erromango lavas in the past 5 million years.

Age data are from Bellon et al. (1984) and samples from the NE flank of Vate
Trough from Maillet et al. (1995) and Monjaret et al. (1991).

low (Ce/Yb)y < 2 (Figure 9b), and we suggest that this represents a
hydrous fluid from subducted altered basalt (Kessel et al., 2005), as
indicated by the relatively low Sr and high Pb isotopes (Figures 7
and 8). We calculate the composition of a 5% hydrous fluid using
altered MORB composition (Castillo et al., 2009) and distribution
coefficients at 700°C (Kessel et al., 2005) which yields 51.7 ppm Sr,
0.39 ppm Nd, and 1.4 ppm Pb (Table S4). With these concentrations
and previously defined isotope ratios of the altered basalt we find
the mixing curves with variably depleted MORB mantle (Workman
& Hart, 2005). The model suggests that the Sr, Nd, and Pb isotope
composition of the Erromango lavas largely (>60%) reflect the
hydrous fluid released from the slab (Figure 7).

5.5. The Slab Components in the Vate Back-Arc Magmas

The enrichment of fluid-mobile elements in some of the basalts from
the Vate Trough rift flank and Nifonea volcano (Figures 9b and 9c)
indicates a contribution from the subducting slab to the melts since
0.5 Ma. Lima et al. (2017) suggested that the active Nifonea volcano
magmas are affected by a sediment component, which is supported
by the Pb isotope ratios trending toward the Central NHIA composi-
tions (Figure 7b). However, many elements, including Nd, are little or
not affected by the slab component and reflect compositional varia-
tion of the back-arc mantle. For example, at relatively constant Nd
isotope ratios, Sr and Pb isotope compositions show significant devia-
tions from North Fiji Basin basalts (Figure 7). These variations in
87Sr/%Sr and 2°°Pb/>**Pb correlate with enrichment of fluid-mobile
elements indicated by Ba/La and Nd/Pb (Figure 8). Most of the varia-
tion in isotope compositions of the Vate Trough flank basalts with
relatively low ®’Sr/%¢Sr and 2**Pb/?**Pb can be explained by the influ-
ence of a fluid from altered Loyalty Basin basalts similar to that
affecting Erromango (Figure 7). However, the mixing curves in
Figure 7 suggest <20% addition of basaltic fluid for Sr and Nd,
whereas the Pb isotopes require only <2% addition of the fluid affect-
ing Erromango mantle. This difference possibly indicates that the
fluid affecting the Vate Trough flank basalt source had a slightly dif-
ferent composition than the model fluid. The trend in Pb isotopes of
the Vate Trough flank lavas appears to differ from that of the Nifonea
Volcano basalts (Figure 7b) and more radiogenic Vate Trough flank
basalts have compositions in the field of Pacific Ocean-type lavas
with the sample with highest Pb isotopes resembling South NHIA
lavas (Figure 7). This slight change of the slab end-member may indi-
cate that the slab component affecting the back-arc magmas changes
with time. We speculate that the older melts represented by the Vate
Trough flank rocks contained a fluid from subducted altered basalt,
whereas the young Nifonea lavas indicate an increasing input of a
sediment component.

The slab at the Vanuatu trench dips very steeply and, although the slab beneath the Vate Trough (~220 km
distant from the trench) lies at a depth of ~300 km (Hayes et al., 2012), a fluid signal can be observed in the
Vate Trough lavas (Lima et al., 2017). Estimates of the water release from the slab suggest significant dehy-
dration to this depth (van Keken et al., 2011; Wilson et al., 2014), but a lateral transport of
fluid-metasomatized mantle from the shallow slab to the back-arc melting zone is also possible
(Gerya, 2011). The steep slab dip of 67° to 70° at the New Hebrides subduction zone (Syracuse &
Abers, 2006) causes most water release over a small region, a narrow melting zone, and relatively low
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melt production beneath the arc (Cagnioncle et al., 2007). On the other hand, water release at deeper levels,
as well as the ascent of this water to the shallow mantle, has been modeled (Wilson et al., 2014) and may
apply to the Vate Trough back-arc. Volcanic activity in Vate Trough is restricted to Nifonea volcano in the
back-arc behind Vulcan Seamount and it appears that the slab-influenced Vate Trough lavas lie on mixing
curves with the Vulcan composition (Figures 7, 8, and 9) whereas the older Vate Trough flank lavas may be
affected by a component similar to that of Erromango magmas. Thus, we suggest that the sediment compo-
nent affecting Vulcan Seamount magmas is also transported into the melting zone beneath the Vate Trough
back-arc.

5.6. The Magmatic Evolution of the Arc Front Volcanoes

The Erromango volcanoes have been active since about 5 Ma (Bellon et al., 1984) which allows us to deter-
mine whether there was any change in subduction input over this period. However, both Sr isotope ratios
and Ba/La remain constant (Figures 10a and 10b), implying that the subducting slab released relatively con-
stant fluids in the past 5 million years. Thus, although the collision of the D'Entrecasteaux Ridge further
north caused a change in Sr isotope composition from 0.7029 to 0.7040 in the volcanic rocks of the Aoba
Basin (Briqueu et al., 1994; Crawford et al., 1995), there is no effect observed in the lavas erupted south of
the collision. We conclude that only the region north of 18°S was affected by the subduction of the
D'Entrecasteaux Ridge, which largely coincides with the area with relatively few earthquakes (Baillard
et al., 2018).

Many island arc/back-arc systems show an extreme depletion of the arc front magmas in terms of Nb and Zr
contents that has been explained by partial melting of the mantle beneath the back-arc before flowing to the
arc front (McCulloch & Gamble, 1991; Woodhead et al., 1993). The variation of the Zr/Y and (Ce/Yb)y ratios
of the Vate Trough flank lavas is comparable to that of Nifonea back-arc basalts, and the North Fiji Basin
basalts (Figures 6 and 9). Thus, the mantle beneath the Vate Trough contains variably depleted components
that mix during partial melting in different proportions. In contrast, the mantle beneath the South NHIA
front appears to be comparable to the most depleted back-arc lavas having, for example, among the lowest
Zr/Y (Figures 6b and 9a). Interestingly, the arc lavas from Erromango show a similar Zr/Y composition
for the past 5 Ma (Figure 10c), although melting in the back-arc occurred only since ~0.5 Ma. Thus, there
appears to be no change toward more residual compositions after onset of melting in the back-arc. This sug-
gests that the evolution of the NHIA back-arc with increasing extension and potentially increasingly larger
magma volumes does not cause increasing depletion of the mantle wedge beneath the arc front volcanoes.
Consequently, either the mantle flowing beneath Erromango prior to 0.5 Ma did not contain enriched com-
ponents, or these components became diluted by the large degrees of partial melting beneath the arc.

The volcanism of Erromango, as well as that of other New Hebrides arc front volcanoes, seems to migrate
away from the trench, because the youngest volcanoes lie east of the older volcanoes on the islands
(Figure 1b). Such a migration may reflect either erosion of the upper plate or the shallowing of the slab
(Jicha & Kay, 2018). The subduction of the D'Entrecasteaux Ridge appears to cause upper plate erosion in
the Central NHIA (Greene et al.,, 1994) but cannot explain the eastward migration of volcanism at
Erromango and Tanna. Thus, we suggest that the migration of volcanism at the South NHIA is due to a shal-
lowing of the dip angle of the slab in the past 5 million years. This may be caused by the flow of mantle
toward the trench and the retreating slab (Heuret & Lallemand, 2005). Thus, the lateral flow of hot astheno-
spheric mantle may not only lead to the formation of back-arc rifting and magma formation due to adiabatic
melting of enriched portions, but also to arc migration.

6. Conclusions

The basalts sampled along the 500 m high profile at the SW Vate Rift flank represent a <0.5 Ma-old succes-
sion of lavas erupted during the early rifting of the Vate Trough. The magmas formed by decompression
melting from a mantle that is heterogeneous on a small scale containing variably depleted portions which
is likely flowing in from the North Fiji Basin. This mantle was fluxed initially by hydrous fluids from sub-
ducting altered basalts, whereas recent back-arc magmas indicate a slab component from sediments similar
to the arc front volcano of Vulcan Seamount. Rifting and tectonic faulting preceded local partial melting of
hot material flowing into the mantle wedge beneath Vate Trough, implying that the magmas probably
played no active role in the rifting process. Magma formation in the back-arc regions appears to be
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restricted to regions where enriched fusible mantle is concentrated. The enriched material is efficiently
depleted in the back-arc and does not occur beneath the South NHIA front. The slab component varies from
hydrous melts from subducted sediments in the Central NHIA to fluids from altered basalts in the South
NHIA. This basaltic fluid has affected the South NHIA for at least 5 million years without apparent changes,
whereas there was a significant change in slab component in the Central NHIA due to the collision of the
D'Entrecasteaux Ridge.
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