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Key Points: 14 

• New geochemical data of the basalts from the North Fiji Basin reveal a signature of 15 
enriched mantle 1 (EM1) near the Fiji Triple Junction 16 

• The enriched basalts contain both primordial helium inherited from mantle transition 17 
zone and dehydrated oceanic slab component 18 

• Upwelling of hydrous mantle transition zone triggered by stagnant slab can be the source 19 
of enriched mantle in mature back-arc basins  20 
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Abstract 21 

Basaltic volcanism at the mature back-arc spreading axis in the North Fiji Basin (NFB) exhibits 22 
significant geochemical heterogeneity from depleted mid-ocean ridge basalt (MORB) to enriched 23 
MORB compositions. The volatile and Sr–Nd–Pb–He isotope composition of basaltic glasses 24 
from the Central Spreading Ridge (CSR) of the NFB suggests that a second enrichment mantle 25 
component is present in addition to the previously observed Samoan mantle plume. The hydrous 26 
OIB-like basalts from the northern CSR have a weak enriched mantle 1 (EM1) isotopic signature 27 
and negative correlation between Ba/Th and Zr/Hf ratios, similar to rejuvenated Samoan lavas 28 
associated with tectonic driven volcanism. The EM1 signature is distinct from shield-stage 29 
Samoan basalts and back-arc basin basalts from the Lau Basin by high Ba/La ratio and negative 30 
correlation between Ba/Th and Ba/Ta ratios, indicating contributions from dehydrated and 31 
altered oceanic crust and sediments. Our new geochemical data suggest that focused melting 32 
above the mantle transition zone (MTZ) triggered by dehydration of stagnant slab can be a 33 
source of the EM1-like melts containing both elevated 3He/4He ratios (up to 12.52 RA) and 34 
altered oceanic slab components. Given the spatial coincidence of the inferred EM1 basalts with 35 
the clustered deep earthquakes, our results support the presence of detached oceanic slabs in the 36 
mantle transition zone beneath the northern NFB.  37 

Plain Language Summary 38 

This work provides interpretation of mantle enrichment process occurred in mature and plume-39 
distal oceanic back-arc basins. Providing geochemical data set of basaltic glasses collected from 40 
the central spreading ridge in the North Fiji Basin indicates mantle heterogeneity, which can be 41 
explained by mixing between the depleted ambient mantle and the enriched mantle reservoir 42 
present in the shallow mantle depth. The enriched basalts contain both primordial helium 43 
contributed from mantle transition zone and dehydrated oceanic slab component. They are 44 
emplaced above deep earthquake clusters indicating slab stagnation in depths of the mantle 45 
transition zone. Thus, we suggest focused hydrous mantle upwelling at the edge of detached 46 
slabs lying in the mantle transition zone as the shallow origin for the enriched magmatism in 47 
plume-, trench-distal back-arc basins. 48 

1 Introduction 49 

Intraplate magmatism is generally attributed to mantle plumes that originate from the 50 
core–mantle boundary (i.e., the D’’ layer at a depth of 2,900 km; Morgan, 1971). Upwelling 51 
mantle plumes are also an important source of geochemical heterogeneity in the upper mantle, 52 
which is reflected by the presence of geochemically and isotopically enriched magmas at mid-53 
ocean ridges and subduction zones. Shallow hydrous mantle ascending from stagnant slabs in the 54 
mantle transition zone (MTZ) at depths of 410–660 km have been proposed to explain 55 
continental intraplate volcanism, for instance Cenozoic alkaline basalts in northeastern Asia 56 
(Kuritani et al., 2011; Kuritani et al., 2019; Wang et al., 2017; Yang & Faccenda, 2020). Yang & 57 
Faccenda (2020) presented a model for the generation of melts above the stagnant Pacific slab by 58 
hydration events of MTZ, which is considered to trigger the overlying intraplate volcanism distal 59 
from the active subduction zone, the Japan Trench. In this case, metasomatism of the MTZ by 60 
ancient slab stagnation has been invoked to explain the origins of enriched mantle 1 (EM1)-type 61 
geochemical signature in the basalts (Kuritani et al., 2011).  62 



 

 

Although recent studies of shallow mantle plumes induced by a stagnant slab have 63 
focused on continental areas, similar processes can occur in mature oceanic back-arc basin 64 
systems above subducted slabs. Since the identification of the stagnant, subducted Pacific Plate 65 
oceanic slab at a depth of 550 km beneath the Izu–Bonin region (Okino et al., 1989), additional 66 
stagnant slabs have been identified in the southwestern Pacific (e.g., Tonga; Van der Hilst, 1995), 67 
Calabria (Selvaggi & Chiarabba, 1995), and Scotia (Bijwaard et al., 1998). Despite the potential 68 
for stagnant slabs to influence melt generation in back-arc basins (Faccenna et al., 2010), they 69 
have attracted little attention. 70 

The North Fiji Basin (NFB) is a mature back-arc basin located at the margin of the 71 
southwest Pacific (Fig. 1), and provides an ideal opportunity to examine the influence of slab 72 
stagnation on magmatism within the oceanic plate. Deep earthquakes occurring at depths of ~600 73 
km beneath the NFB have been interpreted as evidence of detached, stagnant slabs in the MTZ 74 
(Chen & Brudzinski, 2001; Martin, 2014; Okal & Kirby, 1998). Several geophysical studies have 75 
suggested that mantle upwelling triggered by stagnant slabs, has induced magmatism in the 76 
central part of the basin (Chen & Brudzinski, 2001; Faccenna et al., 2010; Richards et al., 2011). 77 
Ocean island basalt (OIB)-like basalts in the northern segments of the Central Spreading Ridge 78 
(CSR) have previously been attributed to the lateral flow of the Samoan mantle plume (A. Price 79 
et al., 2014, 2017). However, 3He/4He ratios and carbon isotope data indicate that the source does 80 
not have a significant deep mantle contribution (Nishio et al., 1998). In addition, the EM1-like 81 
Sr–Nd isotope signature of the enriched NFB basalts is distinct from the Samoan mantle plume-82 
influenced volcanic rocks from the northern Lau Basin (Lytle et al., 2012), and thus requires 83 
another enriched mantle source. Here we present new geochemical data, including H2O and CO2 84 
contents, and Sr–Nd–Pb–He isotope data for basaltic glasses from the CSR in the NFB in order 85 
to assess whether a shallow, hydrous plume from a stagnant slab was responsible for the 86 
geochemical enrichment. 87 

2 Geological setting and sampling 88 

The NFB initially opened at 12 Ma in response to the subduction of the Australian Plate 89 
at the New Hebrides Trench after a change in subduction polarity from the now inactive Vitiaz 90 
Trench, due to the collision of the Ontong–Java Plateau (Auzende et al., 1988; Meffre & 91 
Crawford, 2001; Schellart et al., 2006). According to the “double-saloon door” model describing 92 
the tectonic evolution of the NFB (Martin, 2013), opposite rotations of the divided Vitiaz paleo-93 
arc, Vanuatu arcs, and Fiji Platform formed numerous segmented back-arc spreading ridges that 94 
are both parallel and perpendicular to the present-day Vanuatu Arc (Fig. 1a). 95 

The N–S-trending, arc-parallel spreading axis between 14.5º and 22ºS (i.e., the CSR) is a 96 
major active spreading system in the central and southern NFB. It is divided into four main 97 
segments with intermediate spreading rates (5–8 cm/yr) (Eissen et al., 1991, 1994) (Fig. 1b). The 98 
northernmost segment (N160) is approximately 200 km in length and is an arm of a ridge–ridge–99 
fracture (R–R–F) zone-type triple junction at 16º50′S (i.e., the Fiji Triple Junction). The segment 100 
comprises two symmetrical elevated ridges that are ~30 km wide, which increase in width 101 
towards the Fiji Triple Junction (Lafoy et al., 1990). The Fiji Triple Junction has a complex 102 
topography that has been caused by large-scale lithospheric stress (Nohara et al., 1994). High-103 
amplitude rises are present at the triple junction that do not occur along the southern segments, 104 
indicating strain concentration at the triple junction (Auzende et al., 1988; Lafoy et al., 1990). 105 
This reflects variable magma productivity associated with thermal variations in the upper mantle 106 



 

 

(Zhang & Pysklywec, 2006). Zhang and Pysklywec (2006) suggested that hot, buoyant, 107 
upwelling material in the upper mantle causes enhanced magma production and the anomalously 108 
shallow seafloor in the central NFB. Ridge segment N15 is the southern arm of the triple 109 
junction, is 120 km long, and has a spreading rate of 5–6 cm/yr. Segment NS is located between 110 
18°10′ and 21°S, is 310 km in length, and has a morphology that is comparable to a typical mid-111 
ocean ridge system. The southernmost segment (174E; 120 km in length) is offset by ~90 km to 112 
the east at the southern tip of the NS segment by an E–W-trending transform fault. The 113 
southernmost segment links to the New Hebrides trench, which is the present-day subduction 114 
zone. 115 

The Hazel Holmes Ridge, South Pandora Ridge, and Tripartite Ridge are arc-116 
perpendicular ridge segments located in the northern NFB (Fig. 1a; Garel et al., 2005). The 117 
Cikobia Spreading Center and Futuna Spreading Center are located in the eastern Tripartite 118 
Ridge and trend 30ºE and 60ºE, respectively. Despite the ultra-slow and slow spreading rates 119 
(1.6–4.0 cm/yr) of these spreading centers, their segmented ridges exhibit contrasting axial 120 
morphologies, indicating that intermittent volcanic activity has been induced by temporal–spatial 121 
variations in upper mantle convection cells beneath this region (Garel et al., 2005; Pelletier et al., 122 
1998; R. Price & Kroenke, 1991). 123 

During the expeditions of R/V Onnuri by Korea Institute of Ocean Science and 124 
Technology (KIOST) in 2003 and 2012, basalt samples were dredged from 33 stations along the 125 
volcanic ridges of the CSR (Fig. 1; see Table S1). The glassy chilled margins were separated 126 
from the recovered rock samples and crushed into chips smaller than 1 mm using a jaw crusher. 127 
Fresh glass chips were handpicked under a stereo microscope, reacted with 1 M HCl in an 128 
ultrasonic bath for 10 min at room temperature, and rinsed three times with deionized water to 129 
remove surface contaminants on the surfaces of the glass fragments. 130 

3 Analytical methods 131 

Major elements were analyzed with a Thermo Jarrell–Ash ENVIRO II inductively 132 
coupled plasma emission spectrometer at Activation Laboratories, Canada. The powdered 133 
glasses were mixed with lithium metaborate and lithium tetraborate, fused in an induction 134 
furnace, and then digested in 5% nitric acid (Kim et al., 2017). The analyses were performed in 135 
batches including a reagent blank and six certified reference materials from USGS (BIR-1, DNC-136 
1 and W-2), CCRMP (SY-4), IGGE (GWB07113) and NIST (NIST 694) (see Table S2).  137 
Precision is 0.4–1.0% for SiO2, Al2O3, K2O, MnO, CaO, Na2O and TiO2, 1.2–1.5% for FeOT, 138 
MgO and 3.8% for P2O5. Measured reference materials were within 5% of preferred and certified 139 
values, except low abundance elements (see Table S2). The major element contents of some 140 
glass chip samples were analyzed using a Shimadzu Electron Probe Microanalyzer (EPMA-1600) 141 
at Korea Basic Science Institute (KBSI) in Jeonju center, South Korea. Operating conditions 142 
were 15 kV accelerating voltage, 20 nA beam current, and 10 µm beam diameter for spot 143 
analyses. Natural and synthetic minerals were used as standards and the ZAF correction method 144 
was used for data reduction. The EPMA analyses have a precision of 1.1–5.0% for most of major 145 
elements, except for P2O5 (7.1%) and MnO (11.6%). Basaltic glass standard of USGS (BCR-2G) 146 
was run as unknown sample and the measured data for major elements were within 4.4% of 147 
preferred values, except MnO (10%) (Table S2). 148 

Volatile abundances (H2O and CO2) were measured using a Nicolet 6700 Fourier 149 
transform infrared (FTIR) spectrometer and Continuum microscope in the School of Earth and 150 



 

 

Environmental Sciences, Seoul National University, Seoul, South Korea. Doubly polished glass 151 
wafers (110 μm thick) were analyzed. A 100  × 100 μm IR beam was transmitted through clear 152 
sites on 2–5 separate wafers for each sample in a chamber purged with N2, in order to remove the 153 
interference from atmospheric water and carbon dioxide. The peaks of the absorbance band at 154 
3540 cm–1 for H2O and 1515–1435 cm–1 for CO2 were measured with OMNIC software, and the 155 
total dissolved H2O and CO2 contents were calculated using the Beer–Lambert law with 156 
absorption coefficient (ε), 63 and 375 mol-1cm-1, respectively (Dixon et al., 1988; Kelley et al., 157 
2006; Stolper, 1982), with a reproducibility of < ±5%. 158 

After FTIR analysis, the glass wafers were mounted in epoxy resin and re-used for trace 159 
element analysis by laser ablation ICP–MS, using an Agilent 7700X coupled to a New Wave 160 
Research 193 nm laser at KIOST. The sample surface was ablated for 40 s after 60 s of 161 
background measurement. The laser was focused to a 105 μm beam diameter, with a 2 J/cm2 162 
fluence and 5 Hz repetition rate. The analyses were performed with ThO+/Th+ < 0.4%, 1350 W 163 
RF power, 1.4 V RF matching, and 0.02 s dwell times for each element. In a single analytical run, 164 
every seven sample analyses were bracketed by a NIST 612 analysis (primary reference material 165 
for external calibration) and BCR-2G (data quality control). To correct for the matrix effect 166 
between the primary reference material and samples, internal standardization was conducted 167 
using the 43Ca concentration. The acquired data were processed using Iolite v3.32 software 168 
(http://iolite-software.com) and seven different ablations were averaged for each sample. The 169 
analytical precision for trace elements is 3.4–9.8%, except Be (17%). The measured trace 170 
element concentrations of BCR-2G (n=25) were within 10% of preferred values, except for Be 171 
(13%), Ni (22%), Cu (11%), and Zn (38%) (see Table S2). 172 

A Thermo Fisher TRITON Plus thermal ionization mass spectrometer (TIMS) and a 173 
Thermo Fisher Neptune multi-collector inductively coupled plasma mass spectrometer (MC–174 
ICP–MS) housed at the National Oceanography Centre Southampton (NOCS) were used to 175 
acquire Sr, Nd, and Pb isotope data, respectively. For Sr and Nd, volcanic glasses were digested 176 
with HF/HNO3 on a hotplate in sealed Savillex vials, the Sr is isolated using an approximately 70 177 
µL column of Sr-Spec resin with 3M HNO3 to remove interfering elements, followed by 178 
collection of the Sr in water. The purified samples were loaded onto an outgassed Ta filament 179 
prior to analysis on a TIMS. The Sr isotope measurements were carried out with a multidynamic 180 
peak jumping routine at a constant beam intensity of 2 V and were adjusted for mass 181 
fractionation using a linear-law based on the average value obtained for NBS987 standard 182 
(87Sr/86Sr of 0.710248 ±0. 23 (2σ)).  183 

Solutions for Nd using the same digest as for Sr were subsampled to give approximately 184 
200ng of Nd. The Nd purified using a two-column procedure. First a 200 µL cation exchange 185 
column to remove the major elements followed by an approximately 300 µL Ln-Spec column to 186 
isolate the Nd. The samples were then analyzed on a MC-ICP-MS following the Lang et al. 187 
(2014). Mass bias corrected ratios were normalized to the given 143Nd/144Nd value (0.512115) of 188 
the standard JNdi-1 (Tanaka et al., 2000). Measured values for the JNdi standard were 189 
143Nd/144Nd = 0.512116 ± 6 (2σ)).  190 

Sample processing and analysis of Pb isotopes closely followed Taylor et al. (2015). 191 
Glass samples were dissolved in ~4 ml of HF/HNO3 mixture. Pb was purified with a two-stage 192 
anion exchange resin-filled column procedure using HBr and HCl. The amount of Pb in 193 
procedural blanks was generally <75 pg. The samples were analyzed using a double spike 194 



 

 

technique to correct for fractionation and mass bias. The 2σ uncertainties on standard NBS 981 195 
(206Pb/204Pb = 16.9409, 207Pb/204Pb = 15.4974, and 208Pb/204Pb = 36.7145) were 0.0034, 0.0028, 196 
and 0.0073 for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb, respectively. 197 

Helium isotopic compositions were analyzed with a Thermo Fisher HELIX-SFT mass 198 
spectrometer at the Scottish Universities Environmental Research Centre (SUERC) (Carracedo et 199 
al., 2019). Gases were extracted from the vesicles of ~1 g of glass chips by in vacuo crushing. 200 
The He was purified using two hot GP50 Zr–Al alloy getters and liquid N-cooled charcoal 201 
(Stuart et al., 2000). The reproducibility of the measurements was determined as ±0.5% (1 SE) 202 
using the certified value of an internal He standard (HESJ; 3He/4He = 20.63 RA; Matsuda et al., 203 
2002). 204 

4 Results 205 

4.1. Major and trace elements 206 

Concentrations of major and trace elements in the CSR glass samples are listed in Table 207 
S1. All samples are subalkaline basalts with a narrow range of SiO2 contents (48.9–51.9 wt.%) 208 
(Fig. 2a). Systematic variations are evident in major element versus MgO diagrams (Fig. 2b–i). 209 
Most samples with low alkali contents (< 3.5 wt.%) are distributed along the liquid line of 210 
descent (LLD) for sample DGFB120901, with the lowest SiO2 (48.9 wt.%) and alkali contents 211 
(1.87 wt.%) of the CSR samples, at assumed initial conditions of 0.06 wt.% H2O and 0.1 kbar. 212 
However, several samples from the northern CSR (N160, Fiji Triple Junction, and N15), with 213 
higher alkali contents (> 3.5 wt.%), exhibit another trend with lower FeO and CaO and higher 214 
K2O contents at a given MgO content. This trend is broadly consistent with the LLD for sample 215 
DGFB121403 with the highest MgO content (7.79 wt.% MgO) of the high alkali content samples 216 
(Fig. 2b–i), at an assumed initial water content and pressure of 1 wt.% H2O and 2 kbar, 217 
respectively. 218 

Primitive mantle-normalized incompatible trace element and chondrite-normalized rare 219 
earth element (REE) patterns are shown in Fig. 3. The CSR basalts vary from extremely depleted 220 
MORB- to OIB-like compositions with (La/Sm)N = 0.31–3.07 and variable degrees of light REE 221 
(LREE) enrichment relative to heavy REEs (HREEs; (La/Yb)N = 0.26–8.13). The samples with 222 
E-MORB and OIB chemistry are relatively depleted in highly incompatible, large-ion lithophile 223 
elements (LILEs; i.e., Rb, Ba, Th, and U) compared to high-field-strength elements (HFSEs; e.g., 224 
Nb and Ta). The depleted N-MORB-like samples show no significant depletion in HFSEs. 225 
Negative anomalies for fluid-mobile elements (e.g., Pb and Sr) and Ti (Fig. 3a) suggest that there 226 
is no significant subduction component in the back-arc basin mantle. The OIB-like basalts have 227 
high alkali content and (La/Sm)N > 2, which is higher than the general criteria used for 228 
discriminating E-MORBs ((La/Sm)N > 1 from Arevalo & McDonough, 2010; (La/Sm)N > 1.5 229 
from Gale et al., 2013) (Fig. 2). The relatively depleted samples ((La/Sm)N < 2) have major 230 
element compositions defined by the fractionation trend for sample DGFB120901 (Fig. 2). Based 231 
on geochemistry, the CSR basalts can be divided into two groups, the enriched OIB-like basalts 232 
((La/Sm)N ≥ 2) and relatively depleted MORB-like basalts ((La/Sm)N < 2), as represented by 233 
samples DGFB121403 and DGFB120901, respectively. 234 

4.2. H2O and CO2 235 

Water and CO2 contents of the glasses are listed in Table S1 (0.06–1.22 wt.% H2O; 23–236 
332 ppm CO2). Based on the saturation curve for basaltic melts (Byers et al., 1983), the H2O 237 



 

 

contents of the CSR glasses are below the saturation level (Fig. 4a), but some CO2 contents are 238 
above the saturation level for the sampling depths, which indicates that CO2 is over-saturated 239 
(Fig. 4b). More specifically, most samples from the NS segment are CO2 supersaturated (116–240 
332 ppm) despite a relatively narrow range of H2O (0.06–0.29 wt.%; Fig. 4b–c). This is a 241 
common feature of MORB where CO2-rich magma ascends rapidly and there is insufficient time 242 
for degassing (Dixon et al., 1988; Dixon & Stolper, 1995). Except the CO2-supersaturated 243 
samples, most CSR glasses plot beneath the vapour-saturated curve of 400 bar (Fig. 4c) and their 244 
calculated equilibrium depths exhibit a positive correlation with sampling depth (Fig. 4d). 245 

The H2O contents of the CSR basalts also vary significantly with (La/Sm)N ratios (Fig. 246 
4a). The samples with enriched compositions ((La/Sm)N ≥ 2) have higher H2O contents (> 0.63 247 
wt.%) relative to CO2 (23–107 ppm), compared with the depleted samples (0.06–1.13 wt.% H2O; 248 
24–332 ppm CO2). The volatile contents of the enriched samples are in the range of those for 249 
Samoan OIBs, whereas those of the depleted samples (including the CO2-supersaturated samples) 250 
are comparable to MORBs (Fig. 4c). 251 

4.3. Sr–Nd–Pb–He isotopes 252 

Isotope data for the CSR basalts are listed in Table S1. Sr–Nd–Pb isotope ratios (87Sr/86Sr 253 
= 0.702809–0.703727, 143Nd/144Nd = 0.512825–0.513178, and 206Pb/204Pb = 17.5697–18.6702) 254 
cover the range from extremely depleted to enriched MORB compositions, and are consistent 255 
with previous studies (Aggrey et al., 1988; Eissen et al., 1991, 1994; Nohara et al., 1994; A. 256 
Price et al., 2014, 2016; R. Price et al., 1990; R. Price & Kroenke, 1991). The heterogeneous 257 
isotopic compositions require mixing of multiple mantle sources, as is also evident from the 258 
major, trace, and volatile element data. Co-variations of isotope data and (La/Sm)N ratios 259 
confirm the bimodal grouping identified from trace element geochemistry. The enriched basalts 260 
from northern CSR have radiogenic Sr–Pb and less radiogenic Nd compared with the other 261 
samples that are similar to depleted MORB mantle (DMM; Nohara et al., 1994; Workman & 262 
Hart, 2005) (Fig. 5). 263 

The CSR samples define a linear array that extends toward the EM1 component in Sr–Nd 264 
isotope space, which deviates from the mantle mixing line proposed for volcanic rocks from 265 
back-arc spreading centers in the northern Lau Basin (Nebel & Arculus, 2015; Fig. 5a). Although 266 
the depleted samples from the CSR and northern Lau Basin plot within the field for DMM, the 267 
enriched CSR samples have the EM1-like feature of significantly lower 87Sr/86Sr at a given 268 
143Nd/144Nd compared with the most enriched northern Lau Basin samples. 269 

With the exception of one sample from the Fiji Triple Junction, helium isotopic 270 
compositions have a narrow range (8.2–9.7 RA; see Table S1) that is consistent with previously 271 
reported data from the CSR (7.9–10.3 RA; Marty & Zimmermann, 1999; Nishio et al., 1998; 272 
Price et al., 2014). 3He/4He ratios are on average (9 ± 0.4 RA) slightly higher than typical DMM 273 
(8 ± 1 RA; Graham, 2002; Kurz et al., 1982). The elevated 3He/4He ratios do not appear to be 274 
dependent on the absolute content of 4He (Fig. 6a). For the depleted CSR group ((La/Sm)N < 2), 275 
there is weak negative correlation between 3He/4He and other isotope ratios (Fig. 6b–d). In 276 
contrast, the enriched group ((La/Sm)N ≥ 2) deviates from this negative correlation and has 277 
relatively scattered 3He/4He ratios (Fig. 6b–d). Sample DGFB121601 from the southern part of 278 
the Fiji Triple Junction segment near the triple junction has an anomalously high 3He/4He (12.5 279 
RA), that has been duplicated (Table S1). This value is comparable with those of the northern 280 
Lau Basin (Lupton et al., 2009, 2012, 2015; Fig. 6). 281 



 

 

5 Discussion 282 

5.1. Geochemical heterogeneity 283 

The geochemistry reveals two groups of CSR basalts. Fractional crystallization had a 284 
negligible effect on the geochemical differences between the two sample groups, because the 285 
large difference in the La/Sm ratios could not have resulted from fractionation of olivine, 286 
clinopyroxene, and plagioclase.  The variation in K2O and P2O5 between the two groups (Fig. 287 
2)—which are incompatible in olivine, clinopyroxene, and plagioclase—are considered to have 288 
resulted from mixing of two melt types; a hydrous–enriched and anhydrous–depleted melt. 289 

The systematic differences in incompatible trace element abundances (Fig. 3) and 290 
isotopic compositions (Fig. 5) between the two sample groups can be explained by variation in 291 
composition of the mantle beneath the CSR. H2O contents, (La/Sm)N ratios and Sr–Nd–Pb 292 
isotope ratios co-vary along ridge axis (Fig. 7). Enriched basalts are restricted to the northern 293 
segments, whereas the relatively depleted are present throughout the CSR. This implies that 294 
mantle heterogeneity is restricted in distribution. 295 

The depleted basalts have H2O–CO2 contents that are in the range of MORBs (Dixon et 296 
al., 2004), whereas the enriched basalts have H2O–CO2 contents similar to Samoan OIBs 297 
(Workman et al., 2006; Fig. 4c).  Several enriched basalts from the N160 and Fiji Triple Junction 298 
segments have higher H2O contents than the values reported from the southernmost segment 299 
(174E; 0.29–0.80 wt.% H2O; Kendrick et al., 2014), which is located near the active subduction 300 
zone. The H2O-rich nature of the enriched CSR magma is inconsistent with back-arc basin 301 
magmatism, in which the degree of melting increases with the H2O content of mantle. Kelley et 302 
al. (2006) noted that the NFB basalts exhibit a weak negative correlation between H2O contents 303 
and melt fraction (F), similar to hotspot-influenced MORBs. Thus, given that the back-arc 304 
spreading axis is distal to the active subduction zone, the melts beneath the CSR were 305 
dominantly generated by decompression melting rather than H2O-fluxed melting, and the H2O 306 
enrichment reflects the mantle source and not sub-arc fluids. The enriched CSR basalts have high 307 
H2O contents due to their OIB-like enriched mantle source rather than the sub-arc mantle wedge. 308 
This is consistent with no negative Nb-Ta anomalies in the trace element concentration patterns 309 
of the basalts. 310 

The mantle heterogeneity in the study area can be assessed in a plot of La/Sm versus 311 
Ba/Nb (Fig. 8a). The CSR basalts exhibit mixing between depleted and enriched mantle 312 
reservoirs, while the samples from 174E have a subduction input. The enriched group of samples 313 
from the northern CSR have high La/Sm and low Ba/Nb ratios that overlap the range for Samoan 314 
basalts. These distinctive compositions indicate that the heterogeneity in the mantle beneath the 315 
central NFB is intrinsic to upwelling asthenospheric mantle rather than subduction alteration. 316 

A plot of Ti/Y versus Nb/Y (Fig. 8b) demonstrates that there are different types of basalts 317 
in the CSR which are emplaced in various tectonic settings. The enriched and depleted sample 318 
groups plot in the fields from mid-ocean ridge tholeiitic to within-plate alkaline basalts. 319 
Although all of the samples are sub-alkaline basalts (Fig. 2), the enriched samples have relatively 320 
high alkali contents and plot close to the boundary for alkaline basalts at a given SiO2 content. 321 
These samples also have trace element compositions consistent with low degrees of melting of 322 
mantle peridotite. Thus, the enriched CSR basalts might have been generated from a deep-seated 323 
mantle source that was different to DMM. 324 



 

 

Variation in the depth and degree of mantle melting beneath the study area can be 325 
constrained by comparison with the modelled partial melting curves of Baker et al. (1997) for 326 
spinel and garnet peridotite on plots of Yb versus La/Yb and La/Sm versus Sm/Yb (Fig. 8c–d). 327 
The depleted MORB-like basalts plot on the curve from 5–10% partial melting of spinel 328 
lherzolite. The enriched OIB-like CSR basalts can be generated by smaller degrees of melting 329 
(3–5%), with a significant proportion (~70%) of the melt derived from garnet-bearing mantle 330 
(Fig. 8d). For spinel and garnet stability field transition defined by Robinson & Wood (1998), 331 
this implies that the enriched CSR basalts require initial melting that at depth greater than 85 km. 332 

In summary, the geochemical heterogeneity of the CSR basalts is the result of regional 333 
variations in the mantle source. Melting beneath the northern segments has tapped enriched 334 
mantle source, while depleted basalts appear throughout the CSR. The depleted mantle does not 335 
have an arc-like signature because the CSR is a mature stage of spreading in the North Fiji back-336 
arc basin.  337 

5.2. Origin of the enriched Central Spreading Ridge basalts 338 

5.2.1. Samoan mantle plume? 339 

Previous studies have suggested that the Samoan mantle plume is the source of the 340 
enriched components in the northern NFB and Lau Basin (A. Price et al., 2014, 2017). Chang et 341 
al. (2016) and Druken et al. (2014) proposed that toroidal flow of upwelling Samoan mantle 342 
plume around a slab edge can account for the enriched, high 3He/4He basalts in the northern Lau 343 
Basin and Fiji. A. Price et al. (2014) used this concept to explain the isotopic gradient observed 344 
in basalts from the Lau and North Fiji basins, whereby mixing of plume material injected by 345 
adiabatic decompression melting with DMM occurs beneath the young back-arc basin crust. The 346 
similar volatile compositions of Samoan and enriched CSR basalts might be evidence for the 347 
presence of Samoan mantle plume material in the northern NFB mantle. 348 

However, several issues remain unresolved with respect to this model. For example, the 349 
Samoan mantle plume shows temporal heterogeneity (Jackson et al., 2014) and more constraints 350 
are needed to reveal which component is present in the NFB mantle. A. Price et al. (2017) 351 
proposed that the enriched isotopic compositions of CSR basalts are similar to those of the Alexa 352 
Bank (Hart et al., 2004); the most depleted part of the Upo lineament composition defined by 353 
mixing between DMM and elevated 3He/4He common mantle component, FOZO (Focal Zone; 354 
Hart et al., 1992) (or “C”; Hanan & Graham, 1996; Jackson et al., 2014). The Sr–Nd isotopic 355 
composition of the Alexa Bank samples trends toward the EM1 end-member like the enriched 356 
CSR basalts (Fig. 5a). However, most of the enriched CSR samples have more radiogenic Sr and 357 
Nd isotopes and less radiogenic 206Pb/204Pb than the Alexa Bank basalts (Fig. 5b–e). The 358 
enriched mantle beneath the Alexa Bank is unlikely to be a plausible source of the enriched melts 359 
in the northern CSR. 360 

A comparison with volcanic rocks from the northern Lau Basin lend credence to the 361 
Samoan mantle plume being the source of enriched mantle beneath the northern CSR. The 362 
reported data from the Samoan-mantle-plume-influenced back-arc spreading segments in the 363 
northern Lau Basin (Lupton et al., 2009; Lytle et al., 2012), Rochambeau Rift and parts of 364 
Northwest Lau Spreading Center, are close to the enriched CSR basalts in the Sr-Nd-Pb isotope 365 
spaces (Fig. 5a and c). Rest of the Northwest Lau Spreading Center basalts are distinguished 366 
from the enriched CSR samples and are similar to the North Fiji Fracture Zone, presenting a 367 
depleted back-arc mantle composition shown by Nebel & Arculus (2015) (Fig. 5a).  368 



 

 

Yet, the absence of a strong correlation between He and Sr–Nd–Pb isotopes, and the 369 
dominance of more depleted mantle-like 3He/4He (9 ± 0.4 RA) rather than the high values 370 
recorded by the Rochambeau Rift and Northwest Lau Spreading Center basalts (11–30 RA) fail 371 
to support the presence of the Samoan mantle plume beneath the NFB (Fig. 6). In fact, mixing 372 
between the refractory back-arc mantle and a spatially restricted FOZO component that might 373 
originate from the Samoan plume, is suggested to describe their Hf-Nd-noble gas isotope 374 
characteristics (Nebel & Arculus, 2015). Degassing of the He from plume mantle melts prior to 375 
mixing with melts of depleted upper mantle have been called on to explain a similar observation 376 
with Lau Basin basalts (A. Price et al., 2014). While this could explain the DMM-like 3He/4He of 377 
the enriched CSR basalts it requires a rather peculiar set of circumstances (i.e., > 99% degassing 378 
of helium) that are not common elsewhere enriched mantle heterogeneities melt beneath ridges. 379 
As noted in previous studies (Nishio et al., 1998; R. Price et al., 1990), the distinctive features of 380 
the enriched CSR basalts require an additional or alternative mantle enrichment process, which 381 
can produce the weak EM1-like signature of the enriched basalts emplaced in the central region 382 
of the mature back-arc basin. 383 

5.2.2. Upper mantle upwelling induced by a stagnant slab in the mantle transition zone 384 

We compared published data from adjacent spreading centers and oceanic islands (Fig. 5) 385 
to examine the regional variations in the geochemically enriched compositions. Fiji samples 386 
showing an obvious subduction input (Fiji island arc tholeiite in Fig. 3) were excluded in the 387 
comparison. The OIB-like Fiji and, in particular, South Pandora Ridge samples have the closest 388 
geochemical affinities with the enriched CSR basalts (Figs 3 and 5).  389 

The Sr–Nd–Pb isotope data reported from sites located between the CSR and Samoa, 390 
such as the North Fiji Fracture Zone, Futuna Spreading Center, northeast Peggy Ridge and 391 
Futuna volcano, exhibit a trend towards EM2 (Fig. 5). The Alexa Bank, which was derived from 392 
mantle affected by the older part of the Samoan mantle plume (i.e., the Upo lineament), was also 393 
involved (Fig. 5). These samples are distinct from the enriched CSR basalts and have higher 394 
206Pb/204Pb ratios at given Sr, Nd, 207Pb/204Pb, and 208Pb/204Pb compositions (Fig. 5b–e). Even 395 
Rotuma and Manatu seamounts, which are located closer to Samoa than to the Alexa Bank, have 396 
moderately enriched isotopic compositions that are distinct from the enriched CSR basalts (Fig. 397 
5). Only Wallis Island, close to the present-day Samoan hotspot, and Tripartite Ridge has an 398 
EM1-like signature comparable to rejuvenated Samoan volcanic rocks. 399 

The Alexa Bank and most of the MORB-like CSR samples plot in the field for MORBs 400 
and Samoa (Fig. 9), and have low Ba/Th ratios with respect to the enriched CSR basalts and 401 
rejuvenated Samoan volcanic rocks with a EM1-like signature (Fig. 9a). Some of the enriched 402 
CSR, South Pandora Ridge, and Fiji basalts are distinct from the Alexa Bank, MORB-like CSR, 403 
and NW Lau Basin basalts in Ba/Th-Zr/Th space (Fig. 9b) and have significantly higher Ba/La 404 
(Fig. 9c). Through the Principal Component Analysis (PCA) of the selected geochemical proxies, 405 
Sr-Nd-Pb-He isotopes and Ba/Th, Ba/Ta, Zr/Hf, Zr/Th and La/Ta, it is clarified that the Ba-rich 406 
characteristic of the enriched CSR basalts is much closer to those of rejuvenated Samoa, Wallis 407 
and South Pandora Ridge basalts than the shield-stage Samoan lavas which have lower mantle 408 
origin (Fig. 10). The enriched CSR, South Pandora Ridge, Wallis, and rejuvenated Samoa 409 
samples have high Ba/Th and Ba/Ta ratios and present weak association with the shield-stage 410 
Samoan groups of EM2, HIMU, FOZO and DM components. Pitcairn, a representative EM1-411 
type OIB (Eisele et al., 2002), also shows the Ba-rich feature similar to the rejuvenated Samoan 412 
lavas, supporting that the feature is inherent nature of EM1 magmatism. Thus, the generation of 413 



 

 

enriched CSR magma needs to be evaluated from a perspective independent of Samoan plume 414 
activity. Furthermore, the PCA result shows that the EM1-signature in the CSR and the 415 
rejuvenated Samoa is distinguished from typical EM1, Pitcairn, associated with plume activity 416 
(Table S3 and Figure S1). Therefore, we consider that the CSR lavas are a kind of non-plume 417 
enriched magmatism together with the rejuvenated Samoan lavas.  418 

Johnson and Sinton (1990) stated that the enriched CSR basalts are relatively young and 419 
correspond to alkaline volcanism at the South Pandora Ridge, Wallis, Rotuma and Fiji Islands. 420 
They suspected the cause of that enriched and young magmatism is a kind of rejuvenated 421 
volcanism that occurred at a weak zone formed by previous tectonic stress, induced by isolated 422 
upwelling of the enriched mantle source. Jackson et al. (2010) noted that volcanic rocks from 423 
Wallis Island show geochemical affinities to rejuvenated Samoan volcanic rocks (Figs. 5, 9, and 424 
10), and suggested that they formed in response to recent tectonic stresses. Reinhard et al. (2019) 425 
also suggested that the rejuvenated (EM1-type) Samoan lavas initiated at ~25 ka may be a result 426 
of “petit spot” volcanism induced by tectonic uplift outboard of the Tonga Trench. Considering 427 
the mechanism and timing of the initiation of rejuvenated Samoan volcanism, and the distance 428 
from the CSR, the southward flow of melts preserving the EM1 component from the rejuvenated 429 
Samoa to the central NFB is unlikely to be the mantle source of the enriched CSR basalts. More 430 
likely that an isolated and local mantle enrichment process may explain the distinctive OIB-like 431 
signature of the enriched northern CSR, South Pandora Ridge, and Fiji basalts. 432 

The distinct high Ba/Th and Ba/Ta ratios of the enriched CSR basalts (Fig 9 and 10) can 433 
be a result of the process supplying substantial fluid components from slabs. Supporting this, the 434 
CSR basalts, and Fijian arc basalts, have elevated H2O/Ce and Ba/Th ratios (Fig. 11). However, 435 
trace element patterns of the CSR basalts (i.e. no depletion of HFSE such as Nb and Ta, Fig. 3) 436 
cannot be attributed to the typical sub-arc mantle, Instead, the Ba-rich characteristic of the 437 
enriched CSR basalts is similar to those of the Gaussberg lamproite in Antarctica and the 438 
Cenozoic alkaline basalts in NE China, which is considered to have originated from the 439 
metasomatized K-hollandite in the ancient stagnant slab in the MTZ (Murphy et al., 2002; 440 
Kuritani et al., 2011; Chen et al., 2017). Thus, we propose that dehydrated and altered oceanic 441 
crust and/or sediments were involved in their source region at depth.  442 

Additionally, the recycled ancient slab component is the most plausible source for the 443 
EM1-like isotopic signature of the CSR basalts among the several scenarios suggested as the 444 
origin of EM1. The recent slab materials released into the MTZ are too young (ca. 4 Ma) to 445 
generate the significant radiogenic Sr and Nd isotope composition of the enriched CSR basalts. 446 
Although the numerical models attested that the recent stagnation process could form the molten 447 
mantle above the slab edge by interaction with the hydrous MTZ (Long et al., 2019; Yang & 448 
Faccenda, 2020), the partial melting of mineral phases comprising the upper mantle cannot 449 
induce the enriched isotopic composition (Kuritani et al., 2011). On the other hand, the ancient 450 
subducted slab can give the EM1-like isotopic signature in addition to the Ba-rich property to the 451 
hydrous MTZ-derived magmatism (Murphy et al., 2002; Kuritani et al., 2011; Wang et al., 2017). 452 
The long-term (ca. 2 Ga) recycled bulk oceanic crust components (basalt + sediment) calculated 453 
by Kimura et al. (2016) can describe the enriched CSR samples with the component in a range of 454 
20–30% of sediment (Fig. 5). Long et al. (2019) presented a geodynamic model substantiating 455 
upwelling developed within a few million years and argued that they are delivered to the base of 456 
the lithosphere by small-scale convection. Consequently, the recent slab stagnation beneath the 457 



 

 

NFB, triggering self-buoyant hydrous upwelling from the MTZ depth, may deliver the ancient 458 
recycled components into the lithospheric mantle. 459 

The enriched CSR samples contain a large proportion of garnet peridotite-derived melt 460 
compared with the depleted CSR or the other back-arc samples. Based on this, the enriched CSR 461 
samples were generated near the garnet–spinel mantle transition zone (~80 km depth). Zhang and 462 
Pysklywec (2006) proposed that hot, buoyant, upper mantle upwelling occurs at depths of 70–463 
120 km beneath the NFB, which can explain the anomalously shallow seafloor in the region. 464 
This depth range coincides with that of the garnet–spinel mantle transition in the lower oceanic 465 
lithosphere. Therefore, the buoyant material may be mantle ascending from the edge of a 466 
stagnant slab, which generated the garnet signature in the magmas emplaced along the ridge axis, 467 
due to the melting of the adjacent lower oceanic lithosphere or recycling of stagnant slab 468 
materials. 469 

As such, we propose a model that involves mantle upwelling from the hydrated MTZ to 470 
explain the EM1-like signature and presence of altered lower oceanic crustal components in 471 
magmatism in this trench-distal back-arc basin. The ascending material supplied the volatiles and 472 
was responsible for the distinctive enriched isotopic and trace element features of the back-arc 473 
magmatism in the northern CSR and South Pandora Ridge. These features can be distinguished 474 
from shield-stage Samoan volcanic rocks by their high Ba/Th and Ba/Ta ratios, which are 475 
indicative of the recycling of oceanic slab components. Primordial helium from the MTZ 476 
(Timmerman et al., 2019) may be responsible for the slightly elevated 3He/4He ratios in the 477 
upper mantle beneath the NFB (Fig. 6). Our model for the source of the enriched OIB-like 478 
basalts in the northern CSR and South Pandora Ridge can explain features that were not fully 479 
addressed by the lateral flow of the Samoan mantle plume beneath the NFB. 480 

5.3. Geodynamic implications for enriched magmatism in the North Fiji Basin 481 

In the NFB, clusters of deep earthquakes, unrelated to back-arc extension, have been 482 
detected at 500–660 km beneath the northwestern and western NFB (Chen & Brudzinski, 2001; 483 
Richards et al., 2011; Van der Hilst, 1995). It is widely thought that stagnant slab fragments exist 484 
at depths of 410–660 km beneath the NFB, although whether they detached from the Australian 485 
(Richards et al., 2011) or Pacific (Chang et al., 2016) plate is unclear. Richard et al. (2011) 486 
suggested the existence of two different slabs, the detached Australian plate and the down-going 487 
Pacific slab, in the MTZ depth beneath the NFB. At 3–4 Ma, the east-dipping Australian plate 488 
was completely torn, generating the slab window in the eastern CSR, and came into collision 489 
with the east-dipping Pacific slab underneath the Fiji platform. Based on a map showing the 490 
spatial distribution of the detached slabs (Chen & Brudzinski, 2001; Richards et al., 2011), the 491 
Fiji Triple Junction and N15 segments are located parallel to the edge of the eastern slab, the 492 
N160 segment lies above a slab window in the western CSR, and the SPR lies partly over the 493 
western slab (Fig. 1c). Faccenna et al. (2010) noted that focused mantle upwelling occurs at the 494 
edge of slabs in the MTZ the deep earthquakes may represent deformation and/or dehydration 495 
reactions in detached flat-lying slabs in the MTZ. Thus, the spatial affinity between the stagnant 496 
slabs and the location of distinctive enriched magmatism in the CSR and SPR supports our 497 
model. 498 

Figure 12 shows our stagnant slab model for the EM1-like OIB magmatism in the 499 
northern CSR. The positions of hydrous mantle and molten mantle are according to the model of 500 
Yang & Faccenda (2020). It demonstrates the mantle upwelling from the MTZ depth by 501 



 

 

dehydration of stagnant slab, generating three main melts located (1) at the back of dipping slab 502 
that might be related to petit-spot volcanism, (2) beneath the stagnant slab, and (3) above the 503 
slab-edge, respectively. We consider that the third type of melts corresponds to the source of 504 
enriched CSR basalts. Based on the interpretation of combined P-wave tomography and 505 
seismicity of the NFB (Van der Hilst, 1995), a low velocity zone (LVZ) was detected just atop 506 
and along the stagnant slab, which we considered as a hydrous mantle shown in Figure 12. And 507 
the other low velocity zone located at shallow upper mantle depth above the edge of stagnant 508 
slab was interpreted as a source melts (or mantle) of geochemically enriched component 509 
observed in the northern CSR and the South Pandora Ridge. 510 

During stagnation in the MTZ, breakdown and deformation of the slab can supply water 511 
to the ambient mantle. Slab detachment may have accelerated the decomposition and hydration 512 
of the MTZ along the slab edge and window located just beneath the Fiji Triple Junction, N15, 513 
and N160 segments. In the atop the hydrated MTZ, melting occurred due to the increased water 514 
content, which generated enriched mantle with recycled oceanic crust and sediment components. 515 
This enriched mantle ascended into the asthenosphere to depths of 70–120 km by small-scale 516 
convection and then localized OIB-like melts were emplaced beneath the melting regime of the 517 
DMM at the FTJ or lower boundary of the existing oceanic lithosphere. Finally, mixing of melts 518 
from the DMM and OIB mantle produced the weak EM1-like signatures and N-MORB 519 
compositions in the northern NFB. 520 

6 Conclusions 521 

Spatial compositional variations of basalts erupted along back-arc spreading ridges in the 522 
NFB require mixing between DMM and a moderately enriched mantle component with an EM1-523 
like signature. The MORB-type composition is dominant in the southern ridge and NS segment, 524 
and was sourced from DMM during the mature back-arc stage. The enriched basalts from the 525 
northern NFB are characterized by an a weak EM1 isotopic signature that is distinct from the 526 
shield-stage volcanoes produced by the Samoan mantle plume. Geochemical features—such as 527 
high H2O contents (0.63–1.22 wt.%) and Ba/Th ratios—of the OIB-like NFB basalts with EM1 528 
signatures are similar to those of intraplate magmatism derived by mantle upwelling from the 529 
hydrous MTZ. A large amount of garnet peridotite-derived melt in the OIB-like NFB basalts 530 
requires deep melting beneath the central NFB, or recycling of a slab in the MTZ. Slightly 531 
elevated 3He/4He ratios compared with typical MORB mantle reveal the upward flow of mantle 532 
with primordial helium. Thus, we propose that the EM1-like magmas generated at trench- and 533 
plume-distal spreading ridges were associated with upwelling hydrous mantle above the edge of 534 
a stagnant slab. 535 
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 828 

Figure 1. (a) Regional tectonic map of the North Fiji Basin (NFB) and adjacent areas. The NFB 829 
is bordered by the New Hebrides Trench to the west and a fossil trench (i.e. the Vitiaz Lineament) 830 
to the north. The Fiji plateau is located between the NFB and Lau Basin. Thin solid and dashed 831 
black lines represent segments of spreading ridges/centers and fracture zones, respectively. 832 
Abbreviations: Hazel Holmes Ridge (HHR), South Pandora Ridge (SPR), Tripartite Ridge (TR), 833 
North Cikobia Spreading Center (NCSC), Futuna Spreading Center (FSC), North Fiji Fracture 834 
Zone (NFFZ), and Central Spreading Ridge (CSR). (b) White symbols showing the sampling 835 
locations on the CSR: N160 (□), N15 (○), NS (◇), 174E (▽), and Fiji Triple Junction at 16º50’S 836 
(△). (c) Locations of samples from the CSR and reference sites; light brown shading shows the 837 
spatial distribution of subducted slabs beneath the study area (after Richards et al., 2011). The 838 
A–A’ line indicates the cross-section in Fig. 12. 839 

Figure 2. Plots of (a) total alkalis versus SiO2 and (b–i) major elements versus MgO for the CSR 840 
basalt glasses. The variations in major elements define fractional crystallization trends of two 841 
different parental magma compositions, which are liquid lines of descent (LLD) for 842 
DGFB120901 (solid line) and DGFB121403 (dotted line) under anhydrous (0.06 wt.% H2O) and 843 
hydrous (1 wt.% H2O) conditions, respectively. The LLD were calculated using Petrolog3 844 
(Danyushevsky & Plechov, 2011), and the Petrolog conditions were taken from Lytle et al. 845 
(2012). Samples are divided into two groups with (La/Sm)N < 2 (open symbols) and (La/Sm)N ≥ 846 
2 (red symbols), which broadly correspond to the LLD for DGFB120901 and DGFB121403, 847 
respectively. 848 

Figure 3. (a) Primitive-mantle-normalized (McDonough & Sun, 1995) incompatible element 849 
trace patterns and (b) chondrite-normalized (McDonough & Sun, 1995) rare earth element 850 
patterns for the CSR basalts (left large panels) and adjacent regions (right small panels), South 851 
Pandora Ridge (SPR; Aggrey et al., 1988; A. Price et al., 2014), Fiji ocean island basalt (OIB)- 852 
and island arc tholeiitic (IAT)-type (A. Price et al., 2017; Todd et al., 2012; Wharton et al., 1994) 853 
and North Fiji Fracture Zone (NFFZ; Aggrey et al., 1988; Johnson & Sinton, 1990; A. Price et al., 854 
2014, 2017). Symbols for the CSR basalts are the same as in Fig. 2. 855 

Figure 4. Plots of (a) H2O and (b) CO2 contents at sample depths for the CSR basaltic glasses, 856 
showing saturation curves for H2O and CO2 in basaltic melts (Dixon & Stolper, 1995). (c) H2O–857 
CO2 contents of the CSR basalts plotted with reference data for MORBs (Dixon & Stolper, 1995), 858 
Mariana BABB (Newman et al., 2000), and Samoan OIBs (Workman et al., 2006). (d) Plot of 859 
sampling depth versus calculated vapour-saturated depth. Symbols for the CSR basalts are the 860 
same as in Fig. 2. 861 

Figure 5. Plots of (a) 143Nd/144Nd versus 87Sr/86Sr, (b) 87Sr/86Sr versus 206Pb/204Pb, (c) 862 
143Nd/144Nd versus 206Pb/204Pb, and (d) 208Pb/204Pb versus 206Pb/204Pb, and (e) 207Pb/204Pb versus 863 
206Pb/204Pb for the CSR basalts and volcanic rocks from adjacent sites: Fiji plateau (Fiji OIBs; 864 
Pearce et al., 2007; A. Price et al., 2017), South Pandora Ridge (SPR; Aggrey et al., 1988; A. 865 
Price et al., 2014), Wallis (A. Price et al., 2014), Alexa Bank (Hart et al., 2004), Rotuma (A. 866 
Price et al., 2017), Manatu (A. Price et al., 2014), Rochambeau Rift (RR; Lupton et al., 2009, 867 
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2012; Lytle et al., 2012), Futuna Spreading Center (FSC; A. Price et al., 2017), Tripartite Ridge 868 
(TR; Johnson & Sinton, 1990; A. Price et al., 2017; A. Price et al., 2014), Futuna (A. Price et al., 869 
2014), Northeast Peggy Ridge (NE PR; A. Price et al., 2014), Northwest Lau Spreading Center 870 
(NWLSC; Lupton et al., 2009, Lytle et al., 2012), North Fiji Fracture Zone (NFFZ; Aggrey et al., 871 
1988; Johnson & Sinton, 1990; A. Price et al., 2014, 2017). Previously reported data from the 872 
CSR are also plotted (Eissen et al., 1991, 1994; Nohara et al., 1994; A. Price et al., 2014, 2017; R. 873 
Price et al., 1990; R. Price & Kroenke, 1991). The reference data were compiled from GEOROC 874 
(http://georoc.mpch-mainz.gwdg.de/georoc) and PetDB (http://www.earthchem.org/petdb). 875 
Radiogenic isotope data for shield-stage and rejuvenated Samoan volcanic rocks (Jackson et al., 876 
2014; Konter & Jackson, 2012) are shown as grey and cyan fields in (a–d), respectively. Thick 877 
dashed line in (a) is possible mixing trends between hypothetical mantle source of the Lau back-878 
arc basin basalt and EM2 component in Samoa (Nebel & Arculus, 2015). Thick solid line in (d) 879 
is the Northern Hemisphere Reference Line (NHRL; Hart, 1984). Small arrows indicate trends 880 
toward each mantle end-member: enriched mantle 1 (EM1) and 2 (EM2), common hotspot 881 
component (“FOZO”), and depleted MORB mantle (DMM; Farley et al., 1992). Blue lines 882 
indicate present-day isotopic composition of recycled oceanic crust (basalt + sediment) presented 883 
with a proportion of sediment (calculated by Kimura et al., 2016). 884 

Figure 6. Plots of 3He/4He versus (a) 4He content, (b) 87Sr/86Sr, (c) 143Nd/144Nd, and (d) 885 
206Pb/204Pb for the CSR basalts and volcanic rocks from adjacent regions. Symbols are the same 886 
as in Fig. 1c. Isotopic compositions for Iceland, Loihi, and depleted MORB mantle (DMM) are 887 
shown, along with those of sediment (Sed), altered oceanic crust (AOC), and HIMU (Zindler & 888 
Hart, 1986). 889 

Figure 7. Latitudinal variation of (a) sampling depth and (b–h) geochemical data along the CSR. 890 
Symbols for the CSR basalts are the same as in Fig. 2. (a, e–h) OIB-like enriched features of 891 
high (La/Sm)N, radiogenic Sr–Pb, and less radiogenic Nd are observed in the northern CSR 892 
segments, whereas relatively depleted MORB-like compositions (both N- and E-MORBs) are 893 
found in all of the segments. (c–d) Variations of Na8.0 and H2O indicate that the degree of 894 
melting along the CSR is associated with decompression melting beneath the mid-ocean ridges 895 
rather than flux-controlled melting controlled by the water content in the sub-arc mantle. (e–h) 896 
3He/4He ratios show distinctive variations with latitude suggesting that some process decouples 897 
the He and Sr–Nd–Pb isotopes. 898 

Figure 8. Diagrams used to identify the tectonic setting and melting conditions of the CSR 899 
basalts. Symbols are the same as in Fig. 1c. (a) La/Sm versus Ba/Nb. CSR basalts exhibit a trend 900 
between depleted and enriched mantle. An insignificant increase in Ba/Nb with La/Sm indicates 901 
subduction effects were negligible in the northern CSR. (b) Ti/Y versus Nb/Y (after Pearce, 902 
1982). Data for the CSR basalts are plotted with the fields for mid-ocean ridge and within-plate 903 
basalts. The enriched CSR basalts plot in the field of within-plate basalts. (c) Yb versus La/Yb 904 
after Baker et al. (1997) and (d) La/Sm versus Sm/Yb after Özdemir & Güleç, (2014) with 905 
calculated partial melting curves for spinel (Sp) and garnet (Gt) lherzolites. The CSR basalts 906 
contain variable proportions of melt from garnet and spinel lherzolite. 907 

Figure 9. EM1-type features of the enriched CSR basalts shown on plots of (a) Ba/Th versus 908 
Zr/Hf after Konter & Jackson (2012), (b) Ba/Th versus Zr/Th modified after Reinhard et al. 909 
(2019), and (c) Ba/Ta versus La/Ta modified from Gorring et al. (2003). Symbols are the same 910 
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as in Fig. 1c. (a) Data for the CSR basalts plotted with the fields for MORBs (East Pacific Rise) 911 
and EM1 (Rarotonga; Konter & Jackson, 2012). The MORB-like CSR basalts exhibit a positive 912 
correlation between Ba/Th and Zr/Hf, whereas the OIB-like CSR basalts plot in the field of EM1 913 
(Rarotonga and rejuvenated Samoa) and have a negative correlation. (b) The OIB-like CSR 914 
basalts show a strong affinity with rejuvenated Samoan volcanic rocks (EM1) relative to shield-915 
stage Samoan volcanic rocks (i.e., the Malu trend of EM2, Vai trend of HIMU, and Upo trend of 916 
DM; Jackson et al., 2014; Reinhard et al., 2019). (c) The OIB-like CSR basalts and some 917 
MORB-like samples with high Ba/La ratios (> 10) plot in the field of rejuvenated Samoan 918 
volcanic rocks (Konter & Jackson, 2012; Reinhard et al., 2019). 919 

Figure 10. Diagram of the principal component analysis (PCA) of geochemical proxies used in 920 
Fig. 5, 6 and 9 (Sr-Nd-Pb-He isotopes, Ba/Th, Ba/Ta, La/Ta, Zr/Hf, and Zr/Th in right panel). 921 
Samples from the shield-stage and rejuvenated Samoa (open symbols represent data from Konter 922 
& Jackson, 2012; filled symbols represent data from Reinhard et al., 2019) and the Pitcairn 923 
(Eisele et al., 2002) are included in a source data for the PCA. The enriched CSR basalts have 924 
high Ba/Th and Ba/Ta ratios similar to the South Pandora Ridge and Wallis samples. Those high 925 
Ba-rich samples are distinct from the shield-stage Samoan lavas and close to the rejuvenated 926 
Samoa and Pitcairn of EM1 component, indicating an alternative enrichment process to the 927 
Samoan plume material. The Alexa Bank, Futuna Spreading Center and Peggy Ridge samples are 928 
not presented due to absence of some variables.  929 

Figure 11. Plot of H2O/Ce versus Ba/Th showing the possible mantle sources of the CSR basalts 930 
(after Chen et al., 2017). Mixing of depleted MORB mantle and dehydrated altered oceanic crust 931 
and sediments can account for the geochemical heterogeneity of the CSR basalts. 932 

Figure 12. Schematic illustration of the upper-mantle origin of EM1-signature in the trench-933 
distal back-arc basin. Tectonic setting and slab stagnation in the NFB are presented in A–A’ 934 
cross-section of Fig. 1c, based on Faccenna et al. (2010) and Richards et al. (2011). Enriched 935 
components in the asthenosphere, which are derived by mantle upwelling above the edge of a 936 
flat-lying slab in the mantle transition zone (Yang & Faccenda, 2020), are the dominant source 937 
for the OIB-like melts in the mature back-arc basin. 938 
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