
1. Introduction
This study presents new data for volcanic rocks dredged from the Kermadec Quaternary volcanic front 
(QVF) and Havre Trough (HT) north of New Zealand from 28°S to 35°S (∼700 km), a distance longer than 
the Central and Eastern Spreading Centers in the Lau Basin combined or 75% the length of the Mariana 
Trough.

At the beginning of the plate tectonics concept, the Lau Basin and HT were the first backarc basins to be 
recognized as forming between halves of intraoceanic island arcs in a fashion similar to the major ocean 
basins (Karig, 1970). The Tonga-Kermadec Ridges are the residual frontal arcs; the Lau-Colville Ridges are 
the remnant arcs. Rifting of arcs and continents results in mantle upwelling and eventually leads to seafloor 
spreading that separates parts of the arc or continent. Chief differences between the two include the thicker 
crust and lithosphere, more felsic crust, and drier mantle in the continental case. Other differences are that 
backarc basin formation can repeat itself at tens of million year intervals (e.g., first the Parece Vela Basin, 
then the Mariana Trough in the northern hemisphere; or the South Fiji Basin, then the Lau and North Fiji 

Abstract The Havre Trough (HT) backarc basin in the southwest Pacific is in the rifting stage of 
development. We distinguish five types of basalt there based on their amount and kind of slab component: 
backarc basalts (BAB) with little or no slab component, modified BAB with slight amounts, reararc 
(RA) with more, remnants of the preexisting arc (Colville Ridge horsts), and arc front volcanoes within 
the HT. Previous subarc mantle is quickly removed and replaced by more fertile mantle with less slab 
component. The ambient mantle is “Pacific” isotopically, and more enriched in Nb/Yb and Nd and Hf 
isotope ratios north of the Central Kermadec Discontinuity at 32°S than to the south. The contrast may 
reflect inheritance in the south of mantle that was depleted during spreading that formed the southern 
South Fiji Basin and a higher degree of melting because of a wetter slab-derived flux. The slab component 
also differs along strike, more like a dry melt in the north and a supercritical fluid in the south. The mass 
fraction of slab component increases southward in the backarc as well as the arc front. RA volcanoes have 
the most slab component (1%–2%) and form indistinct ridges at high angles to, and <50 km behind, frontal 
volcanoes. Backarc basalts have less and occur throughout the basin. Slab components are distributed 
further into the backarc, and more irregularly, during the rifting than spreading stage of backarc basin 
development. The rifting stage is disorganized geochemically as well as spatially.

Plain Language Summary Island arcs split as do continents, with new ocean crust forming 
between the rifted parts. Splitting progresses from early rifting to mature spreading stages. We present the 
most thorough geochemical data yet for volcanic rocks erupted during the rifting stage of one of these 
events. We found that they are derived from new mantle that flowed quickly into the system to replace 
what fed the arc. The new mantle is more inherently fertile but has fewer additions from the subducting 
slab than what fed the arc. Both the mantle and slab components differ north versus south of a major 
tectonic boundary within the basin at 32°S. The slab components are similar during both the rifting stage 
in the Havre Trough and spreading stage elsewhere, but are distributed or tapped differently, being more 
irregular during rifting. Rifting leaves permanent geochemical records that modulate the geochemical 
evolution of arc crust that can be added to continents.
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Basins in the southern) and that frontal arc volcanism apparently wanes but remnant arc volcanism contin-
ues during backarc basin rifting (Gill, 1976; Martinez & Taylor, 2006).

Numerical models of backarc basin formation predict spatial and temporal patterns of mantle flow and 
magmatism (e.g., Honda et al., 2007; Lin et al., 2010; Magni, 2019) that are difficult to test without geo-
physical, geochemical, and geochronological data for submarine areas and rocks. This is especially true for 
the earliest phase of backarc basin formation that usually is referred to as the “rifting stage” and is thought 
to characterize the western Lau and North Fiji Basins, and the northernmost Mariana Trough (e.g., Mar-
tin, 2013; Martinez et al., 1995; Parson & Hawkins, 1994). The active rift and backarc knolls regions of the 
Izu arc (e.g., Hochstaeder et al., 2001; Ishizuka et al., 2003) and the HT (e.g., Malahoff et al., 1982; Wright 
et al., 1996; Wysoczanski et al., 2010) are now the best studied examples of this stage.

Although the HT usually is thought to represent rifting or “disorganized spreading” (Wysoczanski 
et al., 2010), others have argued that it started with seafloor spreading characterized by oceanic crust with 
conventional magnetic anomalies (Malahoff et al., 1982; Tontini et al., 2019), or that it is mostly floored by 
foundered arc crust (Katz, 1978). A reararc (RA) chain of seamounts with arc-like geochemistry at ∼36°S 
suggests the presence of “hot fingers” in the HT (Kim & Lee, 2018; Todd et al., 2011) as in northeast Japan 
during the Quaternary and in the Izu arc during the Neogene (Honda et al., 2007; Tamura et al., 2002).

For these reasons, the 6-week GEOMAR SO255 expedition was undertaken in the Kermadec Arc-HT 
(KAHT) system in April–May 2017, from the trench to the remnant arc. This study reports its results for 
the QVF and HT. A companion paper presents results for the older Kermadec and Colville Ridges (Hoernle 
et al., 2020). Rock analyses for both studies are compiled in Hauff et al. (2020). Throughout this study, the 
acronym QVF refers solely to the Kermadec QVF.

2. Background
The Kermadec arc is the southern half of the Tonga-Kermadec arc system that extends ∼2,600 km from 
near Samoa in the north to New Zealand in the south (Figure 1). The boundary between the Tonga and 
Kermadec arcs is where the Louisville Ridge currently intersects the trench at 25°S. From east to west, the 
Kermadec system consists of the frontal forearc and arc (Kermadec Ridge ± QVF), backarc basin (HT), and 
remnant arc (Colville Ridge). The Tongan equivalents are the Tonga Ridge, Lau Basin, and Lau Ridge (Fiji). 
Prior to formation of the Lau Basin and HT, the combined arc system constituted the Vitiaz Arc (Coleman 
& Packham, 1976; Gill & Gorton, 1973).

In the Kermadec sector, ∼80–125 Ma old Pacific Plate lithosphere formed at the Osborne Trough (Mortimer 
et al., 2019) subducts beneath the Australian Plate at 6.5–5 cm/yr, decreasing southward, with a conver-
gence angle almost east-west (DeMets et al., 1994), although the relative and absolute velocities and vector 
depend on the plate circuit used (e.g., van de Lagemaat et al., 2018). At 30°S, Syracuse et al. (2010) give a rel-
ative velocity of 6.5 cm/yr, a dip angle of 56°, and depth to the slab beneath the volcanic front of 170 km that 
is unusually deep. Their resulting thermal parameter ϕ and slab surface temperature beneath the arc are 57 
and 773°C, respectively, which would be high enough to melt both the 200-m thick subducting sediments 
and basaltic crust if they are water-saturated, even in this colder-than-average arc. The convergence rate 
and dip angle, and therefore the thermal parameter, all decrease southward toward New Zealand, resulting 
in higher slab surface temperatures and shallower dehydration (van Keken et al., 2011). The subducting 
plate lies 170–450 km beneath the HT. It shoals and steepens between 28°S and 32°S, with a large cluster of 
intermediate depth earthquakes (200–450 km) beneath the HT at ∼30°S (e.g., Hayes et al., 2018). Because a 
low velocity slab persists to ∼1,000 km in tomographic images (van de Lagemaat et al., 2018), the apparent 
shoaling may reflect warming as the slab surface temperature increases southward.

In the northern part of our study area, from 28°S to 32°S, the HT is 130–150 km wide. In the east, hundreds 
of knolls are present even on satellite bathymetry, defining irregular NW-trending ridges behind QVF vol-
canoes and between small sedimented basins (Figure 2). The ridges are similar in length to, but less distinct 
than, the RA seamount chains behind the Izu arc (e.g., Hochstaedter et al., 2001). We sampled both the 
ridges and basins, from 800 to 2,300 mbsl. In contrast, the western half of the HT is 2,500 m deep on average 
at this latitude and has more subdued relief with several buried, apparently faulted ridges that have relief 
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of 1.0–1.5 km beneath 180–800 m of sediment (Bassett et al., 2016, Figure 4; Tontini et al., 2019, Figure 3). 
Therefore, there seems to have been more young volcanism in the eastern half of the basin.

The crust beneath the HT at these latitudes is ∼10–13 km thick and thinner than beneath the arc (16 ± 1 km) 
(Bassett et al., 2016). It has a thin middle crust with Vp = 6.0–6.4 km/s, thick lower crust with Vp = 6.8–
7.0 km/s, and uppermost mantle with Vp = 8.1 km/s. Thus, the velocity structure of the HT crust is still 
quite arc-like despite being thinner, but the mantle already has typical midoceanic velocity.

The southern part of our study area, from 32°S to 35°S, starts at the Central Kermadec Discontinuity (CKD) 
where the water depth of the entire arc system deepens abruptly from forearc to remnant arc, and the Ton-
gan and Lau arc substrates may end beneath the Kermadec and Colville Ridges (Bassett et al., 2016). The 
HT reaches an average depth of ∼3,700 m, a global maximum for an active backarc basin. The HT crust is 
1–4 km thinner than further north but has a similar velocity structure (Bassett et al., 2016, Figures 5 and 6). 
The western half is again characterized by less relief and more sediment. Tontini et al. (2019) suggested that 
this western half is underlain by crust formed by seafloor spreading at 5.9–2.6 Ma based on their interpre-
tation of magnetic anomalies. However, dated volcanic rocks on the seafloor are as young in the west as the 
east (Wysoczanski et al., 2019); most magnetic anomalies are discontinuous, cannot be identified uniquely 
on multiple crossings (Fujiwara et al., 2001), and have not been modeled for specific reversal sequences; 
and apparent horsts of the former arc are present within or near the location of the magnetic anomalies 
(Section 4.4). Therefore, we suggest caution with this interpretation.

The more detailed bathymetry available for this southern region reveals a northeasterly fabric that cuts 
across indistinct ridges and basins (Fujiwara et al., 2001, Figure 2; Tontini et al., 2019, Figure 2a). Coalesced 
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Figure 1. Regional bathymetric map showing features discussed in the text. The rectangle shows the location of 
Figure 2. ELSC, Eastern and Central Lau Spreading Centers; FSC, Fonualei Spreading Center. Base map is from “The 
GEBCO_2014 Grid, version 20150318, http://www.gebco.net.”
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Figure 2. Area of this study showing the locations of DR stations for all the samples in Table S1. Symbols for those 
stations identify their most common rock type, are identified in the legend, and are used in subsequent figures. See 
text for explanation of symbol acronyms. The yellow stars are DR sites from the literature and referred to in the text. 
The white dashed line shows the QVF. Note that it lies within the eastern Havre Trough south of 31.3°S, but lies on the 
Kermadec Ridge further north. The solid white line labeled CKD shows the location of the CKD. QVF volcanoes are 
identified by letters in black squares as follows, from south to north: B, Brothers; C, Cole; Cu, Curtis; G, Giggenbach; 
Ha, Havre; He, Healy; Hi, Hinetapeka; Hu, Huanharoa; Ki, Kibblewhite; Ku, Kuiwai; L’E, L’Esperance; M, Macauley; N, 
Ngatoroirangi; P, Putoto; R, Raoul; S, Sonne; V, Volcanolog; W, Wright. The base map is from “The GEBCO_2014 Grid, 
version 20150318, http://www.gebco.net.” BAB, backarc basalts; CKD, Central Kermadec Discontinuity; CRH, Colville 
Ridge horst; DR, dredge; mBAB, modified BAB; QVF, Quaternary volcanic front; RA, reararc.
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Figure 3. (a) SiO2 versus K2O. The lines separate the low-K, medium-K, and high-K boundaries of Gill (1981). Note 
that most QVF, BAB, and mBAB are low-K, whereas most RA-N are medium-K. (b) SiO2 versus FeO*/MgO where 
FeO* is total Fe as FeO. The line shows the boundary between calcalkaline and tholeiitic from Miyashiro (1974). The 
steep vertical trend at 49%–52% SiO2 in RA-N is tholeiitic. The only strongly calcalkaline rocks are RA-S HMA from 
DR24 + 25 adjacent to Kibblewhite. Rhyolites are omitted. (c) MgO-TiO2. Note that BAB is like MORB, mBAB-N 
has only slightly lower TiO2 relative to MgO, and the rest have significantly less, presumably reflecting increasingly 
early magnetite saturation and, therefore, higher fO2. A few samples with higher and lower MgO are omitted in 
order to emphasize the rest. MORB data in this and other figures are from the EPR: Niu et al. (1996, 1999), Class and 
Lehnert (2012), and Yang et al. (2020). BAB, backarc basalts; CRH, Colville Ridge horst; DR, dredge; EPR, Eastern 
Pacific Rise; HMA, high-Mg andesites; mBAB, modified BAB; QVF, Quaternary volcanic front; RA, reararc.
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Figure 4. Nb/Yb versus (a) Ba/Yb, (b) La/Yb, and (c) Th/Yb. Displacement along the EPR MORB trend reflects relative 
depletion to enrichment of the mantle. Displacement above the MORB trend reflects addition of a slab component to 
the mantle wedge source. Depending on the element ratio, BAB representing the AMW lie within or just above the 
MORB field. Therefore, they have little or no slab component. The other rock types have more. Mixing models in red 
for north of the CKD, and in blue for south, are based on models in Todd et al. (2011). See text for model assumptions. 
Open stars near the origin show the assumed ambient mantle compositions that are relatively less depleted north of the 
CKD (AMWE = DMM minus 0.4% melt), and more depleted south (AMWD = DMM minus 0.6% melt). Open circles 
show mixtures of AMW plus a slab component (slab melt for the northern component, slab fluid for the southern one) 
in 20 mass fraction increments of 0.0002 ending at 0.004. X's show batch melts of the modified mantle that contains 
0.0016 slab component in the north and 0.0010 in the south. Numbers > 1 identified by dashed lines give the percent 
melting and show the relatively small effect of < 10% melting on Nb/Yb ratios. The source of literature (Lit.) data, and 
their assignment to BAB, mBAB, RA, and QVF categories are given in the text. Samples with Nb/Ta < 10 are omitted 
because of potential Nb-Ta contamination. The D, N, and E-MORB are from the EPR (Niu et al., 1999, 1996; Yang 
et al., 2020) with N-MORB defined by LaN/SmN = 0.8–1.5. The rhyolites are omitted from these and most trace element 
figures. AMW, Ambient Mantle Wedge; BAB, backarc basalts; CKD, Central Kermadec Discontinuity; CRH, Colville 
Ridge horst; DMM, depleted MORB mantle; EPR, Eastern Pacific Rise; mBAB, modified BAB; MORB, mid-ocean ridge 
basalt; QVF, Quaternary volcanic front; RA, reararc.
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volcanoes in the eastern half of the HT at 34.5°S maintain this fabric. We refer to this feature as the Kibble-
white Ridge, because it extends from Kibblewhite Seamount at the volcanic front to Rapuhia Seamount and 
Ridge in the western basin, and is similar to the Rumble V Ridge at 36°S.

HT basalts are difficult to date because they have low K and are vesicular and glassy. Nevertheless, Ar-Ar 
ages for crystalline groundmass have been published for 13 basalts from almost the full width of the HT 
and from 30°S to 36°S (Mortimer et al., 2007; Wysoczanski et al., 2019). Five ages are < 100 ka, and the rest 
are 0.4–1.2 Ma. Therefore, surface volcanic edifices throughout the HT are ≤ 1.5 Ma. The only potential 
horsts of older basement are close to the remnant arc (Section 4.4), and ages do not decrease west to east 
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Figure 5. (a) LREE versus HREE ratios, normalized to the Primitive Mantle values of McDonough and Sun (1995). 
Ratios of 1.00 are chondritic. Most QVF lavas have LREE-depleted patterns with flat HREE, and RA-N lavas are LREE-
enriched with steeper HREE patterns. Others are intermediate. We attribute the steeper REE patterns in the north to 
more slab melt. The RA-S with LaN/SmN ∼1.5 and DyN/YbN ratios ∼1.00 actually have U-shaped HREE patterns; they 
are the high-Mg andesites. (b) Zr/Hf versus Sm/Hf ratios. Primitive Mantle ratios are shown for reference. Samples 
with Sm/Hf > 1.43 have negative Hf concentration anomalies. Note that most BAB and mBAB-N have higher Zr/
Hf that overlap N- and E-MORB, and that many Havre Trough rocks, especially RA-N have medium to large negative 
Hf anomalies (Sm/Hf > 1.7). (c) Ba/La versus Ce/Pb ratios: the slab component. The negative correlation reflects 
enrichment of Ba and Pb relative to LREE that increases from BAB to RA-S. Note that the relative Pb enrichment 
is greater in QVF than RA-S. Literature data sources as for Figure 4. (d) REE patterns of a representative basalt 
(MgO > 7%) of each type normalized to Primitive Mantle. By “S-shape,” we mean the maxima at Nd and minima at Tm. 
The representative samples are: BAB, DR69-1; mBAB-N, DR113-1; mBAB-S, DR162-1A; RA-N, DR117-1; RA-S, DR162-
19; QVF, DR170-2; CRH, DR7-1. BAB, backarc basalts; CRH, Colville Ridge horst; DR, dredge; HREE, heavy rare earth 
elements; LREE, light rare earth elements; mBAB, modified BAB; MORB, mid-ocean ridge basalt; QVF, Quaternary 
volcanic front; RA, reararc; REE, rare earth elements.
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as predicted by Wright et al. (1996) and Tontini et al. (2019). Drilling would be necessary to determine the 
maximum age of the basement.

The QVF lies on the Kermadec Ridge north of L'Esperance Rock at 31.3°S, but it steps 20 km westward into 
the HT at the CKD (de Ronde et al., 2007). We sampled near four of the volcanoes south of the CKD—Kib-
blewhite, Cole, Kuiwai, and Haungaroa, from south to north—for which there are no previously published 
major and trace element and isotope analyses of the same sample.
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Figure 6. 143Nd/144Nd versus (a) Nb/Yb, (b) 87Sr/86Sr, and (c) 176Hf/177Hf. The three most enriched samples from 
the southernmost QVF volcanoes, Clark and Whakatane, are omitted. The red and blue circles and x's show mixing 
and melting models explained in the Figure 4 caption. The offset of the alkali rhyolites (mBAB-NR) from the closest 
mBAB-N, that has Nb/Yb = 1.5, reflects their extreme crystal fractionation. Literature data are from Barker et al. (2013), 
Gamble et al. (1996), Timm et al. (2014, 2016), Todd et al. (2011), and Woodhead et al. (2001). The MORB-EPR data 
in (c) are from Salters et al. (2011). AMW, Ambient Mantle Wedge; BAB, backarc basalts; CRH, Colville Ridge horst; 
EPR, Eastern Pacific Rise; mBAB, modified BAB; MORB, mid-ocean ridge basalt; QVF, Quaternary volcanic front; RA, 
reararc.
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The preceding summary illustrates the complexity inherent in discussions of what lies within versus be-
hind a volcanic arc. For some purposes, the only distinction that matters is between the arc and a backarc 
basin behind it that is characterized by active seafloor spreading (e.g., Tonga or Marianas) and by “backarc 
basin basalts” (Sinton & Fryer, 1987). However, most volcanic arcs include what are called “RA” volcanoes 
in which magmas resemble arcs in composition yet differ from those in the edifices defining the volcanic 
front (those closest to the convergent plate boundary). This results in the across-arc geochemical trends that 
have been recognized for at least 70 years, such as increasing K2O contents relative to SiO2 (e.g., Gill, 1981, 
chapter 6).

Later, we will discuss the geochemical differences between QVF and RA lavas. Accordingly, in Figure 2, we 
identify two active volcanoes, Giggenbach and Havre, as RA. They usually are included in the Kermadec arc 
but they are located behind Macauley volcano and L'Esperance Rock, respectively, and are farther from the 
plate boundary than the other active volcanoes. We also apply the RA name to some of our dredged samples. 
In the north, the QVF lies on the Kermadec Ridge whereas the RA volcanoes are in the HT, up to 30 km be-
hind the QVF. In the south, both the QVF and RA volcanoes lie in the HT, so the distinction is geochemical, 
and RA-type magmas extend the full width of the HT.

There are no unequivocal morphological or geochemical criteria by which to distinguish “RA” from “back-
arc” volcanoes. However, the “RA” ones often are larger and shallower. Todd et al.  (2011) distinguished 
between “rift-type” versus “arc-type” magmas within the southern HT and attributed the difference to var-
iable slab surface temperature that resulted in a lower temperature fluid-like slab component in “rift-type” 
magmas versus a higher temperature melt-like slab component in “arc-type” magmas. In the Izu RA, Hoch-
staedter et al. (2001) and others distinguished chains of older seamounts characterized by “arc-type” lavas, 
versus younger, isolated, smaller knolls with “rift-type” lavas. Subsequently, Heywood et al. (2020), based on 
updated information, abandoned correlations between geochemistry, morphology, and age behind the Izu 
volcanic front, and replaced them with a simple distinction based solely on La/Yb ratios that are higher in 
“arc-type” samples. With this in mind, we will discuss in a later section how basalt geochemistry, location, 
and bathymetry vary together within the HT.

On the subducting Pacific Plate, the 12–15-km thick Hikurangi Plateau (Figure 1), a Cretaceous Large Igne-
ous Province, is thought to be actively subducting south of the Rapuhia Scarp at 35°S (Collot & Davy, 1998; 
Reyners et al., 2011). It may be underlain by up to 25 km of serpentinized mantle (Herath et al., 2020) and is 
overlain by seamounts with HIMU-like isotopes (Hoernle et al., 2010) that may contribute to QVF magmas 
as far north as 32°S (Timm et al., 2014).

One last important background concept is the Ambient Mantle Wedge (AMW), a term discussed by Wood-
head et al. (2012) and applied to the KAHT by Todd et al. (2010, 2011). It refers to what the mantle wedge 
composition was like before adding a subduction component. We will add our HT data to Todd et al.'s (2011) 
and show that the AMW of the HT and South Fiji and Norfolk Basins is similar to the source of East Pacific 
Rise mid-ocean ridge basalt (MORB). Todd et al. (2012) found that such ambient mantle underlay the entire 
Vitiaz Arc prior to its dismemberment by opening of the North Fiji and Lau Basins.

3. Samples and Analytical Methods
We studied 165 volcanic rock samples dredged from 56 sites in the HT and Kermadec volcanic front during 
the GEOMAR SO255 expedition in 2017. Sample descriptions, and bathymetric maps of the dredge (DR) 
sites and DR tracks, are presented in Hoernle et al. (2017). Dredge locations are also shown in Figure 2. Un-
less otherwise identified, all DR-numbers in this study refer to SO255 samples. All were analyzed for major 
elements by XRF, most for trace elements by solution ICPMS, about half for Sr, Nd, and Pb isotopes, and 27 
for Hf, making the HT now one of the most thoroughly analyzed of any backarc basin. Data for other SO255 
samples, from the older Kermadec and Colville Ridges, are discussed by Hoernle et al. (2020) and included 
in Hauff et al. (2020).

Whole rock samples are fresh interiors of lava or clasts that were cleaned in deionized water, dried at 
50°C, crushed to centimeter-size chips in a steel jaw crusher, hand-picked under a binocular microscope, 
soaked repeatedly in distilled water, and pulverized in agate prior to analysis. Glass from some samples was 
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analyzed by LA-ICPMS. Rock from the 0.5 to 1 mm fraction, or glass chips, was used for isotope analysis 
after leaching in 2N HCl for 1 h at 70°C prior to dissolution.

Our analytical methods, precision, and accuracy are described in detail in Hauff et al. (2020), and are the 
same as for other data from SO255 (Hoernle et al., 2020; Timm et al., 2019). All major element data in the 
tables, figures, and text are presented on an anhydrous basis with FeO(T) recalculated from Fe2O3(T); the 
original LOI and sum are included in Table S1 for reference.

4. Results
Analyses are given in Table S1. We distinguish four geochemically different types of basalt within the HT in 
addition to rocks from the QVF. They are backarc basalts (BAB), slightly modified BAB (mBAB), RA, and 
Colville Ridge horst (CRH). We further distinguish between two subtypes of mBAB and RA depending on 
whether they are from north or south of the CKD: that is, mBAB-N and -S; and RA-N and -S. We discuss 
them separately below.

4.1. Backarc Basalt

BAB have so little slab component that we use them to refine the composition of AMW of Todd et al. (2011). 
The BAB group rocks are similar to Eastern Pacific Rise (EPR) N- to E-MORB with 6–9 wt% MgO, K2O/
TiO2 = 0.15–30, and Ti-enrichment with decreasing MgO (Figure 3). They overlap, or plot slightly above 
EPR MORB arrays, in La/Yb, Th/Yb, and Ba/Yb versus Nb/Yb diagrams (Figure 4), and have Sm/Hf ratios 
∼1.5 (i.e., no Hf concentration anomaly: Figure 5b). An important difference is that BAB heavy rare earth el-
ements (HREE) patterns are slightly steeper than N- and E-MORB relative to their light rare earth elements 
(LREE) enrichment (DyN/YbN > 1.15 at LaN/SmN < 1.5: Figure 5a), and the overall pattern is S-shaped with 
a maximum at Nd and slight minimum at Tm (Figure 5d). Even their Pb-Sr-Nd-Hf isotopes are surprisingly 
like those of EPR N- to E-MORB, with Pb near the Northern Hemisphere Reference Line (NHRL) and Hf 
below the Terrestrial Array (Figures 6–8). However, their negative correlation between 143Nd/144Nd and Nb/
Yb ratios is offset to lower Nb/Yb, or vice versa, than for EPR MORB (Figure 6a).

When defined so conservatively, only 12 basalts from our DR68, 69, 109, and 160-4 qualify as BAB. Lit-
erature data for SO135-18DR and 19DR-2 from near our DR109 (Haase et al., 2002) also qualify as BAB. 
PPTUW/5, the best-known and previously the most depleted basalt from the HT, is another example but its 
location has been uncertain (Gamble et al., 1996; Woodhead et al., 2001). Apparently, it was from Dredge 39 
in the Ngatoroirangi Rift during Leg 5 of SIO Expedition PPTUW led by Harmon Craig in 1986. Tholeiitic 
basalts from DSDP Site 285 and the Alison and Julia Seamounts in the South Fiji Basin, plus alkali basalts 
from the Coquille and Marion Seamounts in the South Fiji Basin and one from the Norfolk Basin (Mortimer 
et al., 2007; Todd et al., 2011), define the rest of the regional AMW.

Our new samples include the most depleted example of the AMW thus far discovered (DR160-4; Nb/
Yb = 0.14). However, most of our BAB are more enriched than previously known with Nb/Yb = 1.5–2.5, 
and that range sometimes occurs even in one location (DR68). The two BAB from south of the CKD are 
more depleted than those to the north of it in Nb/Yb and Nd and Hf isotope ratios.

4.2. Modified BAB

Most HT mBAB samples have slightly more arc-like features in one or more of the geochemical criteria list-
ed above. That is, one or more of (Ba,Th,La)/Yb relative to Nb/Yb ratios lie farther above the MORB array 
in Figure 4, their Nd isotopes lie below the AMW relative to Nb/Yb and Hf isotope ratios (Figure 6), and 
Pb isotopes in mBAB-N lie above the NHRL but below the QVF field (Figure 7). We refer to these basalts 
as mBAB, and we separate those from north of the CKD (mBAB-N) from those to the south (mBAB-S). 
Samples qualifying as mBAB from other sites in the HT have been studied previously. In the north, they are 
SO135-19DR-1 and 41DR-3, and P63474 that was dated at 1.1 Ma (Haase et al., 2002; Mortimer et al., 2007). 
In the south, they are SIO D41D-A and basalts from the Ngatoroirangi, Rumble, and Ngatoro Rifts (Todd 
et al., 2010, 2011; Wysoczanksi et al., 2006). All Ar-Ar dates of mBAB are <0.7 Ma (Wysoczanski et al., 2019). 
Most of our mBAB appear young and fresh.
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Combining our new samples with literature data, mBAB are present for at least 650 km along the HT which 
is more extensive than the Central and East Lau Spreading Centers combined. The mBAB group shares 
many geochemical features with rocks from the southern East Lau Spreading Center as it approaches the 
Tongan arc, whereas BAB are more like basalts from the Central Lau Spreading Center. Most mBAB are 
from near the middle of the HT, 50–70 km behind the QVF, near the western edge of the seamount ter-
rane. However, one BAB and one mBAB are from deep basins less than 50 km behind the volcanic front 
(DR109 and 174, respectively). Most mBAB are from basins as opposed to ridges, the most prominent being 
a NW-trending basin behind Haungaroa, just south of the CKD. That is, basalts with little slab component 
are widespread even during the rifting stage of the HT and occur within the width of a typical volcanic arc 
(∼70 km).
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Figure 7. 206Pb/204Pb versus (a) 207Pb/204Pb and (b) 208Pb/204Pb. Data sources as in Figure 6 but only spiked literature 
data are plotted. The line is the NHRL. MORB data are from Niu et al. (1996, 1999) and Class and Lehnert (2012) 
for the EPR. Kermadec sediment data are from Gamble et al. (1996) and Todd et al. (2010), omitting samples with 
206Pb/204Pb < 18.8 that are diluted by arc-derived sediment. Torlesse sediment data are from Price et al. (2015). BAB, 
backarc basalts; CRH, Colville Ridge horst; EPR, Eastern Pacific Rise; mBAB, modified BAB; MORB, mid-ocean ridge 
basalt; NHRL, Northern Hemisphere Reference Line; QVF, Quaternary volcanic front; RA, reararc.
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4.2.1. mBAB North of the CKD (mBAB-N)

We analyzed 26 mBAB-N samples from 10 sites. Like BAB, their major elements are most similar to EPR 
N-MORB and basalts of the Central Lau Spreading Center. Some are as Fe-enriched as MORB, and TiO2 is 
only slightly lower relative to MgO. Na2O and TiO2 are higher than in either QVF or RA, or even mBAB-S.

mBAB-N are from relatively enriched AMW. With one exception, their Nb/Yb ratios range from 0.5 to 3.3 
mostly like D- to N-MORB and are higher than for QVF and RA. Because all are tholeiitic basalts, and their 
negative correlation between Nb/Yb and 143Nd/144Nd is close to that of AMW, this wide range in Nb/Yb 
reflects variable mantle enrichment rather than just variable percent melting. In one case (DR147), there 
is a 50% range in Nb/Yb at one DR site. Relative to Nb/Yb, their Ba/Yb and Th/Yb ratios are slightly higher 
than AMW and MORB values (Figure 4), and their 143Nd/144Nd ratios are slightly lower. Ce/Pb ratios are 
7–17, higher than in the QVF but lower than in MORB (Figure 8). Pb isotopes also show slight effects of an 
added slab component, with ratios intermediate between the BAB and QVF fields (Figure 7). We use this 
intermediacy as a defining feature of mBAB-N because some trace element enrichments are ambiguous. 
Most Sr and Nd isotope ratios overlap those of EPR N- and E-MORB, with 143Nd/144Nd ∼0.51303–0.51308 
(Figure 6b).

Like BAB, most mBAB-N have S-shaped rare earth elements (REE) patterns with steeper HREE patterns 
than QVF or MORB (i.e., higher Dy/Yb ratios: Figure 5), and they also have the highest Zr/Hf ratios in the 
HT (38–50) that are similar to E-MORB (Figure 5). mBAB-N with the greatest La and Th enrichments also 
have small (∼15%) negative Hf concentration anomalies, a negative correlation that applies to most HT 
basalts, reaching 50% negative anomalies in the most LREE-enriched RA-N at Gill volcano.

4.2.2. mBAB South of the CKD (mBAB-S)

We analyzed 20 mBAB-S samples from nine sites, mostly midway across the HT from 32°S to 34.5°S. How-
ever, they are found as close as 20 km to the volcanic front at DR174 behind Ngatoroirangi Seamount, to as 
far as 110 km from it at DR160 behind Haungaroa Seamount. That is, their distance from the QVF overlaps 
with RA-S lavas. Most are low-K tholeiitic basalts, but almost half are basaltic andesites, and they have 
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Figure 8. Ce/Pb versus (a) 206Pb/204Pb and (b) Nb/Yb. Binary mixing between sediment and the AMW forms a triangle 
from the bottom right to BAB and mBAB in (a). Only one of these samples has Ce/Pb as high as most MORB. Therefore, 
most are somewhat enriched in Pb relative to REE, presumably from a slab component. The near vertical trend for most 
samples indicates that both the mantle and slab components have similar 206Pb/204Pb. The rough positive correlation 
in (b) indicates that the most common mantle in the Havre Trough is more Nb-rich than at the QVF. The correlation 
reflects increasing flux melting toward the origin. The alkali rhyolites (mBAB-NR) have twice the Nb/Yb ratio of the 
nearby mBAB basalt due to differentiation, but have not assimilated Pb from the crust because their Ce/Pb ratios have 
not decreased. AMW, Ambient Mantle Wedge; BAB, backarc basalts; CRH, Colville Ridge horst; mBAB, modified BAB; 
MORB, mid-ocean ridge basalt; QVF, Quaternary volcanic front; RA, reararc; REE, rare earth elements.
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lower TiO2 and FeO* relative to MgO than mBAB-N (Figure 3). They are more depleted than mBAB-N, with 
LREE-depletion, Nb/Yb ratios = 0.2–1.0, Zr/Hf = 30–40, 143Nd/144Nd > 0.51308, and 176Hf/177Hf > 0.28315. 
They also have flatter HREE than mBAB-N (Figure 5). They show evidence of small amounts of a different 
slab component than in mBAB-N. Their Ba/Yb and Th/Yb relative to Nb/Yb ratios are intermediate be-
tween those of AMW and QVF, their Ba/Th ratios are as high as at the QVF (>230), and their 143Nd/144Nd 
are slightly lower than in AMW relative to Nb/Yb. Ce/Pb ratios are lower, Ba/La ratios are higher, and 
207Pb/204Pb and 208Pb/204Pb isotope ratios are higher relative to 206Pb/204Pb and overlap QVF at >18.70. 
87Sr/86Sr ratios also are up to 0.0006 higher relative to 143Nd/144Nd than in AMW and mBAB-N (Figure 6). 
Defined this way, basalts from the Ngatoro Rift at 36.2°S, the Ngatoroirangi Rift at 33.5°, and some from the 
Rumble V Ridge and adjacent Rift are mBAB-S (Todd et al., 2010, 2011; Wright et al., 1996; Wysoczanzki 
et al., 2010). Volatile contents have been measured in some glasses and two melt inclusions from the Nga-
toroirangi Rift (Wysozcanzki et al., 2010). All are degassed, but H2O contents are 1.5–2.5 wt% nevertheless.

4.3. Reararc

We refer to active and inactive volcanoes that are located west of the QVF and have more arc-like geochem-
istry than mBAB but differ geochemically from QVF, as “RA.” Those north of the CKD (RA-N) are <40 km 
behind the QVF, lie between the QVF and mBAB geographically, and are from relatively shallow seamounts 
(<1,500 mbsl) at the east end of indistinct cross-arc ridges. Indeed, two RA-N are active volcanoes that 
sometimes are included in “the Kermadec Arc”: Giggenbach and Havre. The RA seamounts to the south of 
the CKD (RA-S) extend the full width of the HT, are from <3,000 mbsl which is shallower than mBAB-S in 
this area, and are more similar to QVF geochemically than are RA-N.

4.3.1. RA North of the CKD (RA-N)

We sampled near the two large active RA-N volcanoes: Giggenbach (DR55-58, 117) behind Macauley Island 
and Havre (DR123, 124) behind L'Esperance Rock. We also found RA-N dacites to rhyolites at seamounts 
a similar distance behind Raoul (DR106, 107), and RA-N lavas were found previously behind Curtis Island 
(SO135-42DR: Haase et al., 2002).

RA-N and QVF samples differ geochemically in several ways. First, RA-N basalts are medium-K, the only 
such in the HT, and strongly tholeiitic (Figure 3). They have lower SiO2 than QVF, especially relative to 
FeO*/MgO. Second, the enrichment in K2O also characterizes other incompatible elements like LREE (Fig-
ure 4), as it is true for RA magmas globally. The most consistent exceptions are Ba and Pb, contributing 
to shallower slopes for Ba/Yb versus Nb/Yb (Figure 4), lower Ba/La ratios (< 30) (Figure 5), and higher 
Ce/Pb ratios (5–10 for RA vs. < 5 for QVF). Third, the shallower slopes in Nb/Yb diagrams partly reflect 
greater Nb-enrichment than in QVF. This is most clearly seen relative to Nd isotopes (Figure 6). Fourth, as 
with mBAB-N, REE patterns for RA-N basalts are steeper than for QVF, even within the HREE (i.e., Dy/
YbN > 1.1: Figure 5), and have similar S-shaped REE patterns as northern BAB and mBAB. Fifth, the en-
richment in LREE is greater than for Zr-Hf, resulting in large negative Hf concentration anomalies (Sm/
Hf > 1.7) even at 6–7 wt% MgO (Figure 5b). Finally, they have lower 87Sr/86Sr relative to 143Nd/144Nd ratios 
than QVF (Figure 6).

Many of these differences between RA-N and QVF also separate older rocks from the Colville and Kerma-
dec Ridges that were, respectively, the RA versus volcanic front of the Vitiaz Arc prior to opening of the 
HT (Hoernle et al., 2020). RA-N differ from mBAB-N by having greater enrichment in slab-related charac-
teristics (e.g., higher K2O; higher Ba/Yb, La/Yb, and Th/Yb at a given Nb/Yb; higher Sm/Hf at a given Zr/
Hf; lower Ce/Pb and higher Ba/La: Figures 3a, 4a–4c, and 5b–5c), and by including more differentiated and 
calcalkaline rocks.

4.3.2. RA South of the CKD (RA-S)

RA-S lie behind QVF volcanoes south of 32°S and clearly differ from mBAB-S geochemically, but they are 
less different from QVF than are RA-N. Therefore, it appears that QVF-like magmas extend across the full 
width of the HT south of the CKD. This was first discovered at 36°S where the Rumble V Ridge extends 
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almost to the Colville Ridge (Gamble et al., 1996; Todd et al., 2010), and at isolated seamounts including 
Gill volcano in the west, adjacent seamounts on the westernmost Kibblewhite Ridge (Rapuhia, Yokosuka, 
and Giljanes), the eastern Ngatoro Rift wall, and the Rumble2-West seamount in the east (Timm et al., 2016; 
Todd et al., 2011; Wright et al., 2006; Wysoczanski et al., 2010). We added 39 samples from 17 sites. In gen-
eral, RA-S compositions characterize rocks from seamounts and ridges shallower than 3,000 mbsl (except 
DR149 from the side of the deep NW-trending basin behind Haungaroa), whereas BAB-S basalts come from 
deeper basins (except DR20 from Kibblewhite Ridge). Apart from the Rumble V Ridge, the most continuous 
RA-S edifices constitute what we call Kibblewhite Ridge and sampled at DR19-25.

Most RA-S differ from RA-N by being low-K and having a wider range of SiO2 (Figure 3) The most calcalka-
line RA-S are atypical high-Mg andesites (HMA) (SiO2 = 58%; Mg# = 57) in DR24 and 25 from the sides of 
a >2,500-m deep basin immediately north of the Kibblewhite main cone.

Although most RA-S have greater enrichment in slab-related trace elements than mBAB-S, most also have 
lower (La,Th,Ba)/Yb with respect to Nb/Yb ratios than QVF or most RA-N, resulting in shallower slopes on 
Nb/Yb diagrams (Figure 4). Indeed, a few RA-S with Nb/Yb = 0.9–3.5 lie within the AMW field for La/Yb 
and are similar to mBAB for Th/Yb. They are clearly from quite fertile AMW mantle, so that only the most 
incompatible slab-related elements such as Ba, Pb, and U show relative enrichments. RA-S span the widest 
range of mantle and slab trace element enrichments in the HT, from mBAB to QVF values, but usually with 
less Pb and U enrichment than in QVF (i.e., higher Ce/Pb [Figure 8] and higher Nb/U ratios, not shown). 
Their REE patterns overlap those of the more enriched QVF, and most lack the distinctive steeper HREE 
and large negative Hf anomalies of most RA-N. Because the REE patterns of RA-S are flatter, they cross 
the patterns of RA-N in the middle REE (Figure 5d). The HMA near Kibblewhite have the most U-shaped 
HREE patterns (not shown).

The amount and character of slab component in RA-S makes it more difficult to assess the nature of its 
mantle component, but RA-S (except for Gill volcano) have higher Hf isotope ratios than RA-N, just as Hf 
isotope ratios in mBAB-S are higher than in mBAB-N (Figure 6). However, the literature data identified 
as RA in Figure 6 are mostly for RA-S and show a wide range of 176Hf/177Hf ratios that Todd et al. (2011) 
attributed to heterogeneity within the AMW. Both RA types have 143Nd/144Nd < 0.51305, and most are well 
below AMW values for their Nb/Yb and 176Hf/177Hf ratios (Figure 6). Relative to Nb/Yb, Th-enrichment is 
greatest when 143Nd/144Nd is lowest, and least when 143Nd/144Nd is near AMW values. That is, relative en-
richment in Th concentrations and Nd isotope ratios is least in RA-S samples from the most Nb-rich mantle 
(e.g., DR23 and SIO-41D-A [Todd et al., 2011], behind Kibblewhite). Most RA-S have similar enrichment in 
87Sr/86Sr relative to 143Nd/144Nd as in QVF. Pb isotopes in RA-S also overlap QVF values and extend to more 
radiogenic values than in RA-N and mBAB-S.

Basalts from Gill volcano in the western HT have the most enriched Nd-Hf isotopes, almost the most radio-
genic Sr, and the greatest La and Th enrichment of all RA samples, approaching the most enriched values 
for the southern volcanic front. However, it has the lowest 87Sr/86Sr ratios relative to 143Nd/144Nd, so that 
it lies along the RA-N trend. Our two samples from the deep southeastern flank are even more enriched 
in Sr-Nd isotope and La/Yb ratios than those from the northern midflank reported by Todd et al. (2011). 
Nevertheless, ours have only half the Nb-Ta contents and even more negative Hf concentration anomalies, 
demonstrating larger intravolcano variability in HFSE than observed closer to the volcanic front. The same 
variability characterizes the RA seamount chains behind the Izu arc where it was attributed to the hetero-
geneous mantle sources of a single volcano (Machida et al., 2008).

4.4. Colville Ridge Horsts

Samples from two of our HT sites, DR7 and DR154, have distinctive Pb isotope ratios, with 208Pb/204Pb but 
not 207Pb/204Pb above the QVF field (Figure 7). This unique feature characterizes 3–8 Ma samples from both 
halves of the older Vitiaz Arc—the Kermadec and Colville Ridges (Hoernle et al., 2020). Sites DR7 and 
DR154 lie 20–30 km east of the Colville Ridge on what look like downdropped horsts in the high-resolution 
bathymetry of Tontini et al. (2019, Figure 2a) and Hoernle et al. (2017). Samples from both sites have 1–2-
cm thick Mn crusts. Our samples do not have the lowest 206Pb/204Pb or greatest LREE-enrichment of the 
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most distinctive Colville Ridge rocks, but they share some of the geochemical features including low TiO2 
relative to MgO, Ce/Pb < 5, and low 143Nd/144Nd relative to 176Hf/177Hf than QVF. Although they are undated 
and more mafic than most Colville Ridge samples, we consider them possible candidates to be foundered 
Vitiaz Arc crust, the first to be discovered in the HT, albeit not far “in.” Both lie near or directly above what 
was interpreted previously as spread crust formed ∼5 Ma (Tontini et al., 2019).

4.5. Rhyolites Derived From mBAB North of the CKD (mBAB-NR)

We discovered a previously undescribed 900-m high circular caldera in the middle of the HT at ∼30°S, near 
the west end of a discontinuous NW-trending ridge that extends ∼65 km behind Macauley. The caldera 
is 2-km wide and 400-m deep (Figure  9). We sampled its outer flank at DR115 at 1,250–1,550  mbsl, its 
inner walls at similar depth at DR111 and 112, and a satellite cone on its eastern rim at 1,100–1,500 mbsl 
(DR116). All rocks are alkali feldspar-phyric, glassy, vesicular lava, not pumice. The K-feldspar in DR112-1 
is 52.4 ± 9.6 ka, providing the highest precision evidence of very youthful volcanism in the middle of the 
HT.

All of our 13 samples are highly differentiated alkali rhyolite with ∼0.1 wt% MgO and <0.7% CaO. They 
have 6.5–7.7 wt% Na2O, 2.7%–3.5% K2O, and straddle the pantellerite-comendite boundary of MacDon-
ald (1974). They are completely different geochemically from the low-K rhyolites at the QVF like those from 
Macauley for which we report data for comparison (Table S1).

The extent of differentiation is extreme; for example, Th contents are 20 times higher in the rhyolite than 
in nearby mBAB-N basalt. Therefore, the volume of basaltic parental melt at this site would overwhelm 
the crust. However, the rhyolites have high Ce/Pb ratios and are isotopically the same as mBAB-N from the 
nearby DR113 (Figures 6–8) apart from having slightly higher 206Pb/204Pb ratios. That is, the rhyolites have 
minimal components from either the preexisting arc or the slab and could be derived from mBAB-N-type 
basalt from a high Nb/Yb source. Some trace element ratios in the rhyolites are affected by the differentia-
tion. For example, Nb/Yb and Th/Yb ratios are 2–3 times higher, respectively, in the rhyolite than the basalt, 
yet even they still lie within the MORB array with values at the high end of E-MORB (Figure 4). The most 
notable differences from mBAB-N basalts are the development of large negative Sr and Eu concentration 
anomalies, large positive Zr and Hf anomalies, and flatter HREE in the rhyolites. These characteristics pre-
sumably reflect extensive fractionation of feldspar and pyroxene.
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Figure 9. Bathymetric map of the newly documented caldera at 30°S in the middle of the Havre Trough. Contour 
intervals are 100 m. The DR tracks end at the arrow tip. All samples are alkalic rhyolite. DR, dredge.
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Both the backarc location and rhyolitic composition of the caldera lavas are similar to those at Mayor Island, 
a morphologically young volcano just north of New Zealand within the southernmost extension of the HT 
(Cole, 1978; Ewart et al., 1968). Mayor Island rhyolites are somewhat more pantelleritic, more potassic, less 
sodic, and generally more “continental” in trace element and isotope ratios. Nevertheless, the two volcanoes 
are the only current examples of alkali rhyolite in an active intraoceanic backarc basin.

4.6. Quaternary Volcanic Front

Thirty-three mostly submarine volcanoes define the Kermadec QVF, all but seven of which are known to 
be active at least hydrothermally (de Ronde et al., 2007). The geochemistry of their lavas has been studied 
extensively (e.g., Gamble et al., 1990; Wright et al., 2006). Our 40 samples come from near the northernmost 
QVF volcanoes in the HT—Kibblewhite, Cole, Kuiwai, and Haungaroa—plus rhyolites from Macauley cal-
dera and basalts to andesites from DR64 further north between Hinetapeka and Putoto.

Most Kermadec QVF lavas, including most of our basalts to andesites, have low-K, tholeiitic composi-
tions by the criteria of Gill (1981) (Figure 3), and are very Nb-depleted (Nb/Yb < 0.4, less than even most 
D-MORB). They form linear arrays with steep slopes on Nb/Yb versus Ba/Yb, La/Yb, and Th/Yb diagrams 
(Figure 4). Their relative enrichment is less for La than Ba and Th, and most QVF basalts have subchondritic 
La/Sm ratios. Their HREE patterns are as flat as in MORB (Figure 5a). The greatest enrichment relative to 
HREE, especially in Th and Ba, is in medium-K Kibblewhite basalts from DR28. This kind of diversity at 
Kibblewhite was known before but only for the tallest seamount, the site of our DR26 (Timm et al., 2014; 
Wright et al., 2006). Zr/Hf ratios are 30–40 which is lower (more depleted) than in most BAB (Figure 5b). 
The only samples with negative Hf concentration anomalies (i.e., Sm/Hf > 1.7) are the most LREE-enriched 
ones in DR28. Ce/Pb and Nb/U ratios are low (<7 and <5, respectively), whereas Ba/La is high (>30) as in 
most arcs (Figure 5c).
143Nd/144Nd ratios in our QVF samples range from 0.51290 to 0.51305 and are lower than in ambient mantle 
relative to their Nb/Yb and 176Hf/177Hf ratios (Figure 6). This displacement relative to Hf isotopes also is 
true for Tonga (Hergt & Woodhead, 2007; Pearce et al., 2007) and differs from the initial claim for Kermadec 
(Woodhead et al., 2001). Both Nd and Hf isotope ratios are lowest in the high-K lavas from Clark Volcano at 
the southernmost volcanic front (Gamble et al., 1996).

Our 87Sr/86Sr ratios lie within the range of literature values for QVF rocks (Figure  6). They range from 
∼0.7040 in the more typical low-K rocks down to ∼0.7035 in the medium-K, more Nb-enriched lavas at 
Kibblewhite. The latter are uncommon for the Kermadec volcanic front but fill a gap among literature data 
for similarly unradiogenic Sr at both higher and lower 143Nd/144Nd. The highest 87Sr/86Sr values in the QVF 
are in the south, at Clark and RumbleII-East seamounts.

Pb isotope ratios in the QVF appear to be dominated by the kind of sediment found in the Kermadec Trench 
and derived from New Zealand (Figure 7). Our double-spiked Pb isotope ratios are tightly correlated with 
206Pb/204Pb ratios between 18.65 and 18.95. The less radiogenic end would intersect the NHRL and AMW 
values at ∼18.4. The more radiogenic end approaches trench sediment. Our data agree with other spiked 
results (see Figure  6 caption for references) and confirm that the least radiogenic Pb is in the north at 
Macauley.

All isotope ratios for our QVF lavas, and for literature values, become more enriched on average (i.e., more 
like Kermadec trench sediment) southward toward New Zealand. Most of these overall geochemical fea-
tures, and their latitudinal dependence, are shared with the youngest rocks of the Kermadec Ridge that was 
the volcanic front >1 Ma. They differ geochemically from older rocks of the Kermadec Ridge by lacking 
EM1-type Pb and Sr isotope ratios (Hoernle et al., 2020).

4.7. Summary

The geochemical diversity of HT volcanic rocks has spatial pattern. BAB have little or no subduction com-
ponent, extend the previously known range of the AMW, and are more depleted south of the CKD. They are 
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most like EPR N-MORB and basalts from the Central Lau Spreading Center elementally, and are unlike the 
isotopically “Indian” basalts of the Central and East Lau Spreading Centers that are unknown south of 23°S. 
Their Nb/Yb ratios correlate negatively with 143Nd/144Nd and 176Hf/177Hf as in MORB. mBAB have a small 
amount of slab component, but less than even in most of the East Lau Spreading Center.

RA basalts come from shallower seamounts and contain more slab component than mBAB that mostly 
occupy deeper basins. In general, RA lie closer to the volcanic front than mBAB. (La, Th, Ba)/Yb ratios 
are elevated above AMW and MORB values relative to Nb/Yb in both RA and mBAB, but more so in RA. 
Relative to 143Nd/144Nd, 87Sr/86Sr ratios are displaced above AMW-trend values in both mBAB-S and most 
RA-S but not in mBAB-N or RA-N. RA lavas have lower 143Nd/144Nd than mBAB, especially relative to Nb/
Yb and 176Hf/177Hf.

RA and mBAB from north of the CKD come from more enriched mantle, with mostly higher Nb/Yb and 
lower 143Nd/144Nd and 176Hf/177Hf ratios than mBAB-S and RA-S. However, the northern slab component is 
less enriched in fluid-mobile elements. mBAB-N and RA-N have less radiogenic Sr and Pb, higher Ce/Pb, 
and lower Ba/La ratios. mBAB-N has greater Ti-enrichment during differentiation than mBAB-S. We will 
argue below that the slab component is more melt-like in the north and more fluid-like in the south.

This summary infers that different slab components were introduced into different mantle sources in ways 
that vary consistently along and across the strike of the HT. Although mBAB and RA melt compositions 
could be created by mixing BAB and QVF melts, as inferred for mBAB-type basalts at ODP Site 834 in the 
older Lau Basin (Hergt & Nilsson-Farley, 1994), we consider this an unlikely explanation of our interme-
diate basalt types because they were erupted scores of kilometer behind the volcanic front, further than 
magma is known to travel away from the front of modern arcs.

5. Discussion
5.1. The HT AMW

We introduced the concept of AMW in Section 2 to refer to what the mantle wedge composition was like be-
fore addition of a subduction component. It was first applied to the SW Pacific by Todd et al. (2010). It rang-
es from being more depleted than depleted MORB mantle (DMM) to more enriched and is best sampled by 
what we call BAB. Our four new BAB sites join three others in the HT and three from spread crust in the 
adjacent and wider South Fiji Basin (DSDP Sites 205 and 285, and Alison Seamount) (Mortimer et al., 2007; 
Pearce et al., 2007; Todd et al., 2011). The AMW defined in this way underlay the Vitiaz Arc system since its 
inception (Todd et al., 2012).

The SW Pacific AMW is surprisingly similar to sources of East Pacific Rise MORB in trace element and iso-
tope ratios (Figures 4–8). That similarity is surprising because, first, so much of it is no more depleted than 
N-MORB in Nb/Yb and other trace element ratios that are little affected by a slab component, especially 
north of the CKD. In contrast, the AMW for the arc (both the modern QVF and older Kermadec Ridge) was 
uniformly more depleted than even D-MORB. Nb/Yb ratios in much of the HT already are as high as in 
the Mariana Trough which is up to ∼200 km wide and has been actively spreading for several million years 
(Pearce et al., 2005). Nb/Yb ratios are higher than along the Central and East Lau Spreading Centers (e.g., 
Bezos et al., 2009). Therefore, the AMW during the rifting stage is at least as fertile as during the spreading 
stage and already has replaced the more depleted mantle from when the arc was active.

Somewhat less surprising is that the AMW is like the EPR mantle isotopically. It remains “Pacific”-like rath-
er than the “Indian”-like asthenospheric mantle that replaced it beneath the Lau and North Fiji Basins after 
seafloor spreading separated the frontal and remnant parts of the Vitiaz Arc there (Pearce et al., 2007). The 
southern-most extent of the new Indian-like mantle is ∼23°S. However, a striking dissimilarity between the 
AMW and EPR MORB is that AMW has lower 143Nd/144Nd relative to Nb/Yb ratios or vice versa (Figure 6), 
and most of its 206Pb/204Pb ratios are 18.7–18.8 even when Ce/Pb = 15–28 (Figure 8). That is, although it 
extends to even greater Nb-depletion than in DMORB, it is like N- to E-MORB isotopically. As a result, the 
206Pb/204Pb of most of the AMW sources of HT basalts (with three exceptions) is similar to that of trench sed-
iment, resulting in a nearly vertical mixing array in 206Pb/204Pb versus Ce/Pb (Figure 8a). This Nb-depletion 
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yet isotopic enrichment of the AMW characterized the Vitiaz Arc system throughout its history (Gill, 1984; 
Todd et al., 2012)

The wide range of Nb/Yb ratios (0.1–3.5) in tholeiitic basalts minimally affected by slab-derived enrich-
ments means that basalts related to backarc rifting preserve a wider range of mantle depletion to enrich-
ment than basalts related to spreading. Presumably this reflects less mixing than during magma focusing at 
spreading centers. AMW is most uniformly depleted at the QVF, less depleted for RA, and least depleted and 
most variable for BAB and mBAB-N. The positive correlation between Nb/Yb and Zr/Hf suggests the same 
pattern. The negative correlation between Nb/Yb and 143Nd/144Nd means that much of the depletion re-
flects their coupled relationship within the AMW such that preferential melting of Nb-rich and 143Nd-poor 
“plums” leaves a depleted mantle residue in the backarc (see Pearce, 2005). The triangular mixing pattern 
between Nb/Yb and Ce/Pb (Figure 8b) reflects flux melting in which the addition of more water-rich and 
Pb-rich flux results in more melting of variably depleted mantle.

BAB, mBAB, and RA are all more depleted in Nb and Nd-Hf isotopes south of the CKD, even though 
pockets of enriched mantle remain (e.g., DR23 in the eastern HT and OIB-like basalts on the west side 
of the southern Colville Ridge: Timm et  al.,  2019; Hoernle et  al., 2020). A possible explanation for this 
greater depletion may be some kind of tectonic inheritance. The CKD may be the eastward continuation 
of a boundary between the northern versus southern South Fiji Basin. A complicated case can be made 
that backarc basin spreading behind the Eocene Vanuatu-Fiji-Lau-Tonga-Kermadec arc substrate, that we 
refer to as the Vitiaz Arc, created only the northern half of the South Fiji Basin (the Minerva Abyssal Plain) 
(Bassett et al., 2016; Herzer et al., 2011). In contrast, these authors argue that the southern half of the South 
Fiji Basin (the Kupe Abyssal Plain) formed by spreading within and south of a feature called the Julia Ex-
tensional Transform Zone or East Julia Zone due to rollback of the Pacific Plate along the northern edge of 
Zealandia without any preexisting arc above the subducting plate. It was backarc spreading behind no arc! 
If so, then there is no preMiocene arc crust or mantle lithosphere south of the CKD. For some reason, this 
kind of spreading seems to have left more depleted mantle in its wake, to be inherited by the more usual 
kind of backarc extension that has now commenced in the HT. In addition, we will argue below that the 
subduction component south of the CKD was more water-rich, which may result in larger degrees of mantle 
flux melting and, therefore, more depleted basalts.

5.2. Nature and Amount of the Slab Components

The slab component that characterizes the Kermadec QVF has been well documented for decades (e.g., 
Ewart et al., 1998; Gamble et al., 1990; Wright et al., 2006). Most QVF basalts and andesites are low-K; en-
riched in 87Sr/86Sr, Ba, Th, U, and to a lesser extent LREE, relative to Yb; and enriched in Pb relative to Ce. 
Nb/Yb ratios, TiO2, and Na2O contents are lower relative to MgO than in most BAB. This coupled depletion 
in HFSE but enrichment in fluid-mobile elements usually is attributed to more flux melting of the mantle 
beneath the QVF than beneath the backarc. This is consistent with QVF rocks having more radiogenic Pb 
and Sr relative to 143Nd/144Nd, but also lower 143Nd/144Nd relative to Nb/Yb and 176Hf/177Hf. Those traits 
usually are attributed to a slab component that is a hydrous melt or supercritical fluid derived from sedi-
ment ± altered basaltic ocean crust, which is consistent with water-saturated melting at the predicted local 
slab surface temperature (Syracuse et al., 2010). Whether or not the source of the slab melt includes basaltic 
crust, much less how enriched such crust is (e.g., Castillo et al., 2009), or exactly how fluid-like the melt is, 
matters primarily at the volcanic front and is beyond the scope of this study.

Our QVF samples are representative in these respects and similar to the <3 Ma rocks of the older Kermadec 
Ridge, the previous arc front (Hoernle et al., 2020). Because Nd isotope ratios are lower relative to Hf iso-
tope ratios in the QVF than in the AMW, and Sm/Hf ratios are generally higher (Figures 5 and 6), the slab 
melt may be partly derived from subducted sediment and leave residual zircon (Todd et al., 2011). Both the 
mass fraction of slab component and the extent of source depletion increase to the south, especially where 
the QVF steps westward into the HT. This may reflect more flux melting, greater prior mantle depletion, or 
both, there.
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RA-N come from 15 to 40 km behind the QVF and differ geochemically from the QVF in ways that are char-
acteristic of RA volcanoes worldwide. mBAB-N are even farther behind the QVF and intermediate between 
RA-N and BAB geochemically. Therefore, we infer that they have a smaller mass fraction of a similar slab 
component.

Many differences between mBAB and RA north versus south of the CKD reflect addition of a larger mass 
fraction of a slab component in the south, or its addition to a more depleted mantle, or both. However, the 
nature of the slab component seems different too. The northern slab component results in more Fe + Ti-en-
richment during differentiation of mBAB, and has lower Ba/La, higher Ce/Pb, lower 87Sr/86Sr ratios relative 
to 143Nd/144Nd, and Pb isotopes below the QVF trend in mBAB-N. Therefore, we consider this slab compo-
nent to be higher temperature, drier, and more melt-like. For illustrative purposes, we model it using a slab 
component that is 80% sediment melt and 20% supercritical fluid at 6 GPA and 800°C (see Todd et al., 2011, 
Table 4 for details; we assumed 20% batch melting of trench sediment with <0.6% residual rutile > zircon 
and added the slab component to DMM mantle predepleted by removal of 0.6% melt). Our new model 
results are shown as open red circles in Figures 4 and 6. Most mBAB-N require only ≤ 0.006% of such a 
melt-rich component to explain their trace element and isotope ratios. In contrast, samples from near the 
large RA-N volcanoes require 3–4 times more of the melt-like slab component. Partial melts of a modified 
mantle are shown as red x's. If the degree of mantle melting is ∼10%, then Nb/Yb ratios increase less than 
two-fold in the melt so that most of the variability in that ratio reflects the mantle source. However, some 
of the compositional scatter for RA probably reflects smaller melt fractions, and variable initial enrichment, 
of the modified mantle. More slab melt in the north may also explain the steeper HREE in both mBAB and 
RA there.

In contrast, the slab component in the south seems to be wetter because it is richer in slab-derived Sr, Pb, Ba, 
and U, and generally is more similar to slab components at the QVF. Illustrative model results are shown in 
Figures 4 and 6 as open blue circles, assuming the same conditions as used by Todd et al. (2011) for mBAB-S 
basalts from the Ngatoroirangi Rift where the slab component is entirely a supercritical fluid. mBAB-S re-
quire 0.1%–0.4% of this more dilute component, whereas RA-S require up to 1% followed by smaller degrees 
of mantle melting shown as blue x's, down to 2%–4% for the Kibblewhite HMA and < 2% for Gill volcano. 
Because about a third of RA-S basalts have 20%–50% negative Hf concentration anomalies, slab surface 
temperatures must often be low enough for melts to remain saturated in zircon (Todd et al., 2011).

The preceding discussion uses the models of Todd et al. (2011) for consistency and convenience, but they 
are merely illustrative and depend on many assumptions. However, the general difference between a drier 
and more melt-like slab component added to a more enriched mantle in the north, versus a more fluid-like 
slab component added to a more depleted mantle in the south, is necessary to explain the regional geo-
chemical differences. Because a more water-rich slab component will promote higher degrees of mantle 
melting, the two explanations are additive. The general west-to-east gradation from mBAB to RA to QVF in 
the north, and the general difference between mBAB-rich basins versus RA-rich ridges in the south, mean 
that an even more granular model such as proposed by Todd et al. (2011) probably is needed. At minimum, 
we infer a wide range of fluid/melt properties in the RA-S slab component to produce the fan-shaped array 
of Sr-Nd isotopes from QVF to RA-N. However, even our large number of analyzed samples is insufficient 
to constrain a more detailed model for the entire HT now.

The variation in amount and kind of slab component between basalt types is similar to the pattern observed 
along the Rumble V Ridge (Todd et al., 2010) and between “rift-type” versus “arc-type” basalts elsewhere in 
the HT (Todd et al., 2011). Todd et al. (2011) calculated that what we call mBAB basalts contain <0.3% slab 
component based on their trace element and isotope ratios, whereas what we call RA-S have 0.3%–1.0%. Our 
results are broadly similar.

Several geochemical aspects of BAB and mBAB basalts are similar to those of basalts from rifts behind the 
Izu volcanic front (Hochstaedter et al., 2001). Those features reflect a distinctive combination of the extent 
of prior mantle depletion, the depth and degree of mantle melting, and the nature and amount of the slab 
component. In Izu, the S-shaped REE pattern in particular has been shown to indicate 2%–4% melting 
at ∼1.5 GPa of mantle more depleted than DMM to which ∼0.5% of hydrous melt was added from a slab 
120–140 km deep (Miyazaki et al., 2020). We infer variations on this theme along and across the strike of the 

GILL ET AL.

10.1029/2020GC009339

19 of 27



Geochemistry, Geophysics, Geosystems

HT and suggest that the S-shaped REE patterns may characterize the rifting stage of backarc development 
in general because they seem to be absent from the spreading stage of the Lau Basin and Mariana Trough.

It is unclear why the slab component would become generally wetter toward the south. Slab surface temper-
atures beneath the arc are expected to increase gradually southward (Syracuse et al., 2010). Consequently, 
although about half the subducted water is predicted to be exhaled beneath the HT under equilibrium 
conditions, the maximum water flux is expected to be shallower in the south (van Keken et al., 2011). Per-
haps there is more bend faulting in the south approaching the Hikurangi Plateau beneath which such 
faulting is thought to result in extensive hydration of the subducting crust and mantle (Herath et al., 2020). 
Another explanation might be an anomalously steep slab dip north of the CKD. We noted in Section 2 that 
the slab appears to steepen between 28°S and 32°S, with a large cluster of intermediate depth earthquakes 
(200–450 km) beneath the western HT at ∼30°S (e.g., Hayes et al., 2018). This might focus more slab melt 
beneath the HT.

Some of our samples from Kibblewhite are atypically enriched in K and Nb, and enriched in LREE relative 
to Hf, yet have less radiogenic Pb, lower 87Sr/86Sr relative to 143Nd/144Nd, and even lower 143Nd/144Nd relative 
to 176Hf/177Hf. This may reflect a hotter slab surface and more melt-like slab component beneath Kibble-
white Ridge similar to what was proposed for the Rumble V Ridge by Todd et al. (2011).

5.3. Spatial Distribution of the Slab Components Within the HT

Arc-like basalts and andesites have been known to occur within the southern HT for decades (e.g., Gamble 
et al., 1995; Wright et al., 1996). The most dramatic example is the Rumble V Ridge along which what we re-
fer to as RA-S and mBAB-S basalts are interspersed from the arc front almost to the Colville Ridge remnant 
arc. In general, RA-S (called XAM by Todd et al., 2010) are most common near the front, and mBAB-S are 
more common closer to the remnant arc, but the progression is irregular and the most extreme RA-S is in 
the far west. All are <0.7 Ma (Wysoczanzki et al., 2019). Subsequent work found “arc-type” rocks mostly on 
shallower seamounts, and “rift-type” rocks in deeper basins such as the Ngatoroirangi Rift whose floor was 
sampled using a submersible (Todd et al., 2011; Wysoczanski et al., 2010). This led to speculation that slab 
components in the HT might be focused in RA seamount chains like those in the Izu arc and result from 
“hot fingers” of the kind inferred for NE Japan (Tamura et al., 2002). The concept is that regularly spaced 
cells of hotter than usual mantle develop along strike within the mantle wedge at a high angle to the arc, 
preferentially melt the underlying slab, and result in seamount chains that are enriched in a slab-melt com-
ponent. Subsequent numerical modeling found conditions in which this might occur (Kim & Lee, 2018).

Although we found variable amounts and kinds of slab components throughout the HT north of 35°S, there 
is no equivalent of the Rumble V Ridge, much less regular spacings thereof. The closest match is what we 
call the Kibblewhite Ridge ∼150 km north of Rumble V Ridge, but it differs in two important respects. First, 
it is less distinct morphologically, and it is parallel to the NE-trending seafloor fabric whereas the Rumble 
V Ridge cuts across it. Second, there seems to be less slab component in the Kibblewhite Ridge, because its 
Sr-Nd-Pb isotopes are less enriched. This contrast is most evident relative to Nb/Yb ratios.

We did find short ridge-like coalesced RA seamounts behind QVF volcanoes north of the CKD. There, the 
amount of slab component decreases with increasing water depth and distance from the QVF along a ridge 
behind L'Esperance, from RA-N at DR123 near Havre, to mBAB-N at DR118-122 and P63474. Except for 
DR118, the DR depth deepens in that same sequence. BAB (SO135-41DR: Haase et al., 2002) was dredged 
from a basin just north of this ridge and almost as close to the QVF as the RA-N DR123. This is consistent 
with a decreasing mass fraction of melt-like slab component with increasing distance behind the QVF, and 
with focusing of the slab component at a high angle to the arc, leaving the adjacent AMW less affected.

It may be that the robust long seamount chains in the Izu RA reflect something unique to their structural 
setting or to a certain time interval during arc evolution. They predate the current phase of rifting in Izu 
and cannot be traced across its ∼100-km wide extensional zone to connect to arc front volcanoes. They did 
not develop until several million years after “rift-type” volcanism (Miyazaki et al., 2020; Sato et al., 2020). 
Therefore, the messy spatial distribution of slab components in the HT may have a temporal dimension as 
well, and be commonplace during rifting and prior to spreading.
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Similar geochemical complexity applies to volcanism in the northernmost Mariana Trough where spread-
ing gives way to rifting yet a “spreading axis” has been identified at the eastern margin of the Trough closest 
to the Mariana volcanic front (Alt et al., 1993; Gribble et al., 1998; Martinez et al., 1995; Pearce et al., 2005; 
Stern et al., 1990; Woodhead et al., 2012). Based on older data for fewer samples, BAB as defined in Sec-
tion 4.1 of this study is present in the northern Mariana Trough only where the spreading axis is > 150 km 
behind the volcanic front. Basalts are mBAB-type to within 120 km of the volcanic front (the “Central Gra-
ben” area) and become even more arc-like (RA-type) as they draw closer to the arc in the Southern Volcano 
Tectonic Zone where they are joined by the Kasuga RA seamount chain of RA-type shoshonitic basalts 
(Fryer et al., 1997; Stern et al., 1993). If the Mariana Trough is unzipping south to north, then the HT can be 
thought of as torn fabric of about the same width but four times the length and with geochemically similar 
basalts at similar distance behind its volcanic front throughout.

In summary, we did not find convincing evidence of multiple “hot fingers” (Tamura et al., 2002) of RA 
seamount chains in addition to the one described at 36°S by Todd et al. (2011). We did find an alignment of 
seamounts with mostly RA-S compositions at what we called Kibblewhite Ridge at 34.5°S, and suggestive 
ridges are present north of the CKD where RA-N is restricted to <40 km behind the QVF. We found that the 
percent of slab component increases southward in the HT just as in the QVF. We also found that seamounts 
in the eastern half of the HT are not consistently “characterized by an island arc basalt composition which 
might possibly record the migration from proto-Colville-Kermadec arc to the present active volcanic front” 
(Tontini et al., 2019).

5.4. Geochemical Comparison of “Rifting” and “Spreading” in Backarc Basins

As backarc rifting evolves into spreading, the stress field changes, the mantle dehydrates and strengthens, 
and eventually organized vertical upwelling and spreading ensue (Lin et al., 2010; Magni, 2019). We noted 
in Section 5.1 that the previous subarc mantle is replaced even during the rifting stage, and that replenish-
ment is by mantle at least as fertile (measured by Nb/Yb ratios) as during active spreading.

In addition, there is a different distribution of slab components in the rifting and spreading stages. This is 
shown by two examples in the Lau Basin where backarc spreading centers propagate toward the Tongan 
volcanic front. The Eastern Lau Spreading Center is ∼100 km behind the front at 20°S, but only 40 km be-
hind it at 22.5°S (Valu Fa) (Taylor et al., 1996). Its volcanic rocks become more arc-like southward (Bezos 
et al., 2009; Escrig et al., 2009; Martinez et al., 2006). In the north, they are like basalts from the Central Lau 
Spreading Center that are minimally affected by a slab component and that we call BAB. Even ∼60 km be-
hind the volcanic front, the slab component is at most like our mBAB-S. Not until Valu Fa, where the ridge 
becomes inflated and the lavas become andesitic, do compositions approach our RA-S. Even Pb isotopes 
never quite overlap ratios of the Tongan volcanic front; they are always displaced toward Indian AMW.

A similar pattern occurs at the Fonualei Spreading Center (FSC) further north (Caulfield et al., 2012; Escrig 
et al., 2012; Keller et al., 2008). Its northern end is ∼75 km behind the Tongan volcanic front whereas the 
southern end is only 25 km behind it. The AMW at the FSC is more enriched (e.g., Nb/Yb = 0.8–1.5) but 
the pattern is the same: less slab component in the north, and progressively more to the south, although the 
pattern appears less regular at the FSC. Ba, Th, and to a lesser extent La are enriched relative to Yb and Nb 
all along the FSC, but by only as much as in HT mBAB in the north, and never by as much as HT RA in the 
south. Ce/Pb is only 5–10 in the north, and decreases southward. Sr isotopes never reach the values of the 
Tongan volcanic front (they are like our mBAB-N), and even Pb isotopes are like those of the Tongan front 
only within 40 km behind it.

Trace element ratios along the Mariana Trough spreading centers are known with less spatial resolution but 
for greater distance (Pearce et al., 2005; Woodhead et al., 2012). Basalts from the Southern Mariana Trough 
(13–18°N) >70 km from the volcanic front are like our BAB. Most of those from the central Mariana Trough 
(16–20°N), that are up to 150 km behind the volcanic front, are like our mBAB. All of these are considered 
to be from “spreading” centers. Only some from what are considered “rifting” areas are like our RA basalts, 
as noted in Section 5.3. Nb/Yb ratios have a similar range in both the Mariana Trough and HT. Therefore, 
much of the mantle beneath the HT already is as replenished by similarly fertile mantle and as little affected 
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by slab components as along the actively spreading Mariana Trough. In detail, our mBAB-N have what 
Pearce et al. (2005) refer as their Ba-Th deep subduction component, whereas our mBAB-S also have what 
Pearce et al. (2005) refer as their Ba-only shallow subduction component that is restricted to the volcanic 
front in the Marianas. The difference between their deep and shallow components is what we call melt-rich 
versus fluid-rich that we distinguish more by temperature than depth of origin.

Therefore, during spreading, a small amount of melt-like slab component (as in our mBAB-N) is distributed 
throughout the backarc up to 150 km behind the volcanic front, but significant amounts (like our RA) stay 
within 40 km of the volcanic front, and the distribution of the slab component is more regular than during 
rifting. The Tongan examples are surprising because the subduction angle there is shallower than in the HT, 
and the slab is shallower beneath the QVF. Both might be expected to spread the slab component farther 
into the backarc.

During HT rifting, significant amounts of melt-like slab component (our RA) also remain within 15–40 km 
of the volcanic front north of the CKD but extend up to 100 km behind it in the south, sometimes but 
not always in seamount chains. Small amounts of slab component (i.e., BAB and mBAB) feed volcanism 
>40 km behind the volcanic front in both cases, but also characterize basalts, usually in deeper basins, that 
are interspersed with RA to within 20 km of the front. The spatial pattern is much more random than during 
spreading.

The differences between rifting and spreading may reflect easier lateral transport and mixing of magma 
along the strike of spreading centers, or a difference in the flow pattern and style of deformation of the 
mantle as it dehydrates and the basin widens. Either or both will affect transport of the slab component as 
rifting evolves toward spreading. As a result, the rifting stage is more disorganized geochemically as well 
as spatially.

5.5. Whatever Happened to the Vitiaz Arc?

Remnants of the preexisting Vitiaz Arc appear to be largely absent from the surface of the ocean floor of 
the HT, in contrast to what was predicted by Katz (1978). Although somewhat QVF-like rocks are present 
south of the CKD (i.e., our RA-S type), they differ geochemically from rocks from the Kermadec and Colville 
Ridges, and they are ≤1 Ma old (Wysoczanski et al., 2019). The unusual isotopic character of the Vitiaz Arc 
from 3 to 7 Ma (Hoernle et al., 2020) should make its remnants easy to spot, but at most only two of our 
165 samples qualify: namely, the CRH samples from within 30 km of the Colville Ridge. Although HT crust 
is thicker than normal oceanic crust, and has a more arc-like velocity structure, any remaining Vitiaz Arc 
crust is well hidden, and has had too little effect on magma rising through it to erase the spatial pattern of 
HT basalts noted above. Even when a large volume of basalt is present within the crust beneath the rhyolite 
caldera, the differentiates are closely related to sources in the mantle, not the Vitiaz Arc crust.

This means that even “disorganized arc rifting” (Wysoczanksi et al., 2010) involves extreme and rapid at-
tenuation of arc crust prior to spreading. It is uncertain when rifting started but arc volcanism as young 
as 2.6 Ma is known on the Colville Ridge south of the CKD (Timm et al., 2019). Rifting may have started 
shortly before or afterward.

5.6. Mantle Flow During the Rifting Stage and the Role of Backarc Basin Formation in Arc 
Evolution

An important uncertainty in all arcs and backarcs is how to distinguish recent slab components from an-
cient mantle enrichments resulting from previous slab components. It is often inferred that the mantle 
beneath the RA is less depleted than beneath the arc front whereas the slab component beneath the RA is 
more depleted in fluid-mobile elements because of updip dehydration (e.g., Hochstaedter et al., 2001). We 
infer from the range of Nb/Yb and Nd-Hf-Pb isotope ratios in BAB and mBAB-N samples that a wide range 
of mantle depletion and enrichment already is present in the HT AMW. Those trace element and isotopic 
characteristics extend to OIB-like values (Nb/Yb ∼45; 206Pb/204Pb ∼19.3) in seamounts of the South Fiji Ba-
sin (Mortimer et al., 2007; Todd et al., 2011) and the Colville Ridge (Hoernle et al., 2020; Timm et al., 2019). 
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Therefore, in this section, we focus on the BAB and mBAB in which there is little evidence of even LREE 
being added from the slab to the mantle wedge. At most, slab-derived Pb, Sr, Ba, U, ± Th are present in 
them, reflecting addition of <0.4% of slab fluid (Todd et al., 2011).

We find it remarkable that such basalts are so widespread during the rifting versus spreading stage of back-
arc evolution. They are found for >700 km along the HT which is longer than the spreading centers of the 
Lau Basin and at least ¾ the length of the Mariana Trough. Their Nb/Yb ratios are as high as in the Mariana 
Trough. Most are from 50 to 70 km behind the volcanic front, but some are within 20 km of it. Therefore, 
well before arc crust is thinned or replaced beyond seismic recognition, and before spreading starts, the 
mantle wedge can be purged of most of the slab-affected material that fed the Vitiaz Arc prior to rifting, 
and it is replenished by relatively undepleted asthenospheric mantle. This change is most dramatic in the 
removal of the distinctive EM1-enriched-type material that affected both the Kermadec and Colville Ridges 
at 3–7 Ma (Hoernle et al., 2020), but even the ordinary slab component of the ridges is more dilute in the 
backarc and the ambient mantle is less depleted, especially north of the CKD.

The Izu arc is another example where new mantle with minimal slab component appears within 20 km 
of the volcanic front during the rifting stage of backarc basin development (e.g., Gill et  al.,  1992; Hirai 
et al., 2018; Hochstaedter et al., 1990). Basalts in these rifts are <1.5 Ma and are like our BAB or mBAB even 
though the crustal thickness exceeds that of the HT.

The same is true in the Lau Basin. The oldest basalts of its rifting stage are like our BAB or mBAB in their 
trace element and isotope ratios. They are from the >3  Ma igneous basement of ODP Site 834 located 
∼100 km east of the Lau Ridge remnant arc (Hergt & Nilsson-Farley, 1994; Parson and Hawkins, 1994). 
Although the older slab component was already mostly gone, the AMW remained “Pacific” isotopically 
and was not yet replaced by new “Indian” mantle. The latter did not appear until spreading started. Like 
HT mBAB, the least arc-like Site 834 basalts have S-shaped REE patterns. They are more like E-MORB than 
N-MORB in their 206Pb/204Pb ratios even when Ce/Pb ratios are >20, and even the most arc-like lavas have 
Ce/Pb ratios >10, far above those of the Tongan volcanic front.

This cycle of mantle depletion during arc activity versus refertilization during backarc opening may play 
an important role in the overall evolution of arc crust. Similar secular changes in Nb/Yb and Hf isotope 
ratios have been attributed to fluctuations between arc magmatism and backarc basin formation in the 
Izu-Mariana arc system (e.g., Brandl et al., 2017; Bryant et al., 2003; Gill et al., 1994; Straub et al., 2015) and 
in exhumed arc crust in Kohistan (Jagoutz et al., 2018).

In summary, the ∼100 km of separation between the Kermadec and Colville Ridges does not just reflect 
crustal attenuation and commensurate upwelling of the mantle that previously underlay it. Instead, it re-
flects rapid advection of new mantle into the wedge. The most depleted new mantle, with the lowest Nb/
Yb and highest 143Nd/144Nd and 176Hf/177Hf, occurs at 32°S–33.5°S, within the CKD, just south of where the 
Vitiaz Arc may end (Bassett et al., 2016). The rapid disappearance of slab-contaminated mantle from be-
neath an arc seems to be a common phenomenon. Depletion and rapid refertilization of the mantle wedge 
modulates arc crustal evolution.

6. Conclusions
The AMW beneath the HT remains “Pacific”-type during the rifting stage of backarc development, unlike 
the more “Indian”-type beneath the Lau Basin during its spreading stage. Basalts are more elementally and 
isotopically enriched, like N- to E-MORB, north of the CKD at 32°S than south of it. The greater depletion 
of basalts in the south may reflect a more depleted source inherited from the South Fiji Basin, or a higher 
degree of flux melting as a result of a wetter slab component, or both.

We present the first complete trace element and multiisotope analyses for the three northernmost active 
arc front volcanoes that lie within the HT (Cole, Kuiwai, and Haungaroa), and we assign two other active 
volcanoes (Havre and Giggenbach) to RA status. Magmas from the frontal volcanoes come from a mantle 
more depleted than the D-MORB source and contain a slab-derived component that is dominated by trench 
sediment.
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Basalts in the rest of the HT range from having almost no subduction influence (BAB), to slight (mBAB), to 
significant at rear arc volcanoes (RA). The slab component is drier and more melt-like north of the Central 
Kermadec Discontinuity, and more like fluid or wet melt to the south. The mass fraction of slab component 
increases southward in the HT just as in the QVF.

Only two examples of possible stranded horsts of the preexisting Vitiaz Arc were found at the surface of 
the HT, both within 30 km of the remnant Colville Ridge. Little geochemical evidence of contamination by 
preexisting crust was found even where large volumes of basalt invaded the crust and differentiated to alkali 
rhyolite at a newly documented 52 ka caldera in the middle of the basin.

Mantle that previously underlay the Vitiaz Arc seems to be largely absent beneath the HT soon after rifting 
started. It has been replaced by less depleted, more fertile mantle that extends the full width of the HT. Such 
rapid mantle replenishment may modulate the arc crustal evolution.

During the rifting stage of backarc development, significant mass fractions of slab component can extend 
further into the backarc, and be absent closer to the volcanic front, than when spreading occurs. Overall, 
the slab component is distributed in a less systematic fashion than during the spreading stage. That is, the 
rifting stage is more disorganized geochemically as well as spatially.

Data Availability Statement
All data are archived in Hauff et al. (2020: https://doi.org/10.26022/IEDA/111723). Any use of trade, firm, 
or product names is for descriptive purposes only and does not imply endorsement by the US Government.
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