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Abstract The Tonga-Kermadec-New Zealand volcanic arc is an end-member of arc systems with fast sub-
duction suggesting that the Tonga sector should have the coolest modern slab thermal structure on Earth.
New data for boron concentration and isotopic composition are used to evaluate the contrasting roles of
postulated subduction components (sediments and oceanic slab lithologies) in magma genesis. Major
observations include: (a) Tonga-Kermadec volcanic front lavas are enriched in B (as recorded by B/Nb and
similar ratios) and most have relatively high §''B (>+49,), whereas basaltic lavas from New Zealand have
relatively low B/Nb and 6''B (<—3.5%,); (b) both §''B and B/Nb generally increase northward from New
Zealand along with convergence rate and overall slab flux; (c) 6''B and B/Nb decrease toward the back-arc,
as observed elsewhere; and (d) low 8''B is observed in volcanic front samples from Ata, an anomalous sec-
tor where the back-arc Valu Fa Spreading Center impinges on the arc and the Louisville Seamount Chain is
presently subducting. Otherwise, volcanic front lavas exhibit positive correlations for both B/Nb and §''B
with other plausible indicators of slab-derived fluid contributions (e.g., Ba/Nb, U/Th, (**°Th’**2Th) and
'%Be/’Be), and with estimated degree of melting to produce the mafic lavas. Inferred B-enrichments in the
arc magma sources are likely dominated by serpentinite domains deeper within the subducting slab
(*altered oceanic crust), and B systematics are consistent with dominant transport by slab-derived aqueous
fluids. Effects of this process are amplified by mantle wedge source depletion due to prior melt extraction.

Plain Language Summary Boron isotope and other geochemical data are used to evaluate contri-
butions from subducted materials to magma sources for volcanoes of the Tonga-Kermadec-New Zealand
volcanic arc. The data are used to estimate the composition of modified mantle sources for the arc magmas
as well as the extent of melting to produce them. It is shown that the mantle was previously depleted in
melt components, and then overprinted by B and other components from the subducting slab, predomi-
nantly by aqueous fluids produced by dehydration of the slab. Some elements (e.g., Th, Be, La) considered
to be relatively immobile in aqueous fluids, show strong correlation with B-enrichment, suggesting that
they too can be mobilized in this manner. This result is important for understanding the origin of arc mag-
mas from other localities. In addition our data imply that slab inputs to arc magma sources are cumulative
over time.

1. Introduction

Arc lavas differ from those produced in other tectonic settings in that their compositions commonly reflect
contributions from subducted sediments and/or altered oceanic crust. However, there remains considerable
debate concerning the nature of the “subduction component(s),” the relative roles of slab-derived fluids ver-
sus partial melts as transport media for these additions, and where and when such additions to the mantle
wedge are likely to occur. Unravelling the details of melt generation may be complicated for many reasons:
(a) transport processes may selectively decouple the behavior of elements having different geochemical
properties [Bebout et al., 1999; Straub and Layne, 2003], (b) processes attending ascent and storage may
modify magma compositional signatures inherited from the magma source(s), and (c) the sources them-
selves may differ in composition over various spatial and time scales [Leeman et al., 2005a]. Regarding
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sediment-derived components, it is unclear whether recycling involves bulk mixing of subducted material
into arc magma sources (e.g., in a subduction mélange), or selective transfer via devolatilization fluids, par-
tial melts, or both [e.g., Class et al., 2000; Elliott et al., 1997; Klimm et al., 2008; Plank, 2005]. The apparent
effects are likely to vary depending on the specific elements being considered. Because subduction zones
are sites of major material recycling back into the upper mantle, resolution of such questions is essential to
better understand the physical processes and loci of melt generation as well as the effects of subduction
recycling on mantle and crustal evolution.

Here we focus on the utility of boron as a petrogenetic tracer because this element is known to be efficient-
ly mobilized in aqueous fluids [You et al., 1993, 1995; Brenan et al., 1998a, 1998b], to have low affinity for all
major mantle minerals [e.g., Chaussidon and Libourel, 1993; Ottolini et al., 2004], and to have low concentra-
tions in typical mantle and lower crustal rocks [cf. Leeman and Sisson, 1996]. Thus, it is expected that B sys-
tematics of ascending magmas are relatively insensitive to modification by wall rock interactions. On the
other hand, because B is enriched in altered oceanic crust [Thompson and Melson, 1970; Seyfried et al., 1983;
Spivack and Edmond, 1987; Leeman, 1996; Staudigel et al., 1996], most marine sediments [/shikawa and Naka-
mura, 1992; Leeman and Sisson, 1996], and serpentinized upper oceanic mantle [Bonatti et al., 1984; Benton
et al., 2001; Hattori and Guillot, 2003; Tenthorey and Hermann, 2004; Scambelluri et al., 2004; Savov et al.,
2005; Vils et al., 2008, 2009; Tonarini et al., 2011; Pabst et al., 2012; Scambelluri and Tonarini, 2012; Deschamps
et al., 2013; Harvey et al., 2014; Ryan and Chauvel, 2014; Martin et al., 2016], subduction of such materials can
lead to anomalous enrichment of B in subarc mantle domains [Ryan and Langmuir, 1993; Leeman, 1996;
Savov et al., 2005]. Relative to other incompatible elements, B tends to be selectively enriched in most arc
lavas—with maximum enrichments (at any given subduction zone) observed in frontal rather than back-arc
regions [Leeman et al., 1994, 2004; Ishikawa and Nakamura, 1994; Ryan et al., 1995; Tonarini et al., 2001].
Also, anomalous enrichment of B is commonly associated with unusual tectonic settings, such as areas
where fracture zones are subducted [Singer et al., 2007; Manea et al., 2014]. Moreover, positive correlations
between B enrichment (e.g., B/Be) and '°Be/°Be in arc lavas provide “smoking gun” evidence that the B sig-
nal is in some manner slab-derived [Morris et al., 1990; Ryan et al., 1995; Ishikawa et al., 2001]. Similar correla-
tions with other elemental and isotopic tracers of slab contributions support this inference [Leeman, 1996;
Noll et al., 1996; Chan et al., 1999, 2002; Straub et al., 2004]. Enrichment of B with respect to relatively fluid-
immobile incompatible elements (e.g., Zr, Hf, Nb, Ta) effectively requires an aqueous fluid phase as opposed
to either slab-derived silicate melt or supercritical fluid as the primary transport medium for B enrichment
in arc magma sources [cf. Brenan et al., 1998a; Kessel et al., 2005]. This distinction is of particular import
when considering thermal conditions in subduction zones, as such decoupling of B should preferentially
occur in cold subduction zones (i.e., at temperatures below material solidi or supercritical conditions). It is
important to note that temperature conditions (here, referred to as “thermal structure”) in subduction zones
can vary significantly depending on such tectonic factors as age of the subducting slab and rate of conver-
gence [cf. Wiens and Gilbert, 1996; Van Keken, 2003; England and Wilkins, 2004; England and Katz, 2010].
Thus, as discussed below, metamorphism, devolatilization, and, ultimately, melting of slab components may
follow diverse pathways depending upon subduction zone thermal structure. Mobility of specific elements
will also be influenced by their affinity to minerals in equilibrium with the transfer medium (solid/melt and
solid/fluid distribution coefficients; cf. Marschall et al. [2006], Spandler and Pirard [2013]), and that can vary
with P-T conditions.

Several studies have exploited B isotopic variations between seawater, sediments, and altered oceanic crust
to investigate origins of the so-called “fluid component” in arc lavas [e.g., Ishikawa and Nakamura, 1994; Ishi-
kawa and Tera, 1997, 1999; Ishikawa et al., 2001; Tonarini et al., 2001, 2011; Straub and Layne, 2002; Rosner
et al,, 2003; Leeman et al., 2004; Ryan and Chauvel, 2014]. These studies describe systematic variations in B
isotopic composition that are attributed to additions of ''B-rich (or isotopically heavy) slab-derived fluids to
the arc magma sources. However, estimated compositions and amounts of the subduction component vary
significantly from arc to arc, and are difficult to reconcile in terms of a simple universal mixing model. Differ-
ences in thermal conditions within subduction zones, hence in the dehydration and metamorphic processes
operating therein, may strongly influence the compositions and amounts of fluids released as well as the
probability that slab melting may occur beneath specific volcanic arcs or segments thereof [cf. Moran et al.,
1992; Konrad-Schmolke and Halama, 2014]. Such factors certainly influence the spatial distribution and
nature of slab contributions to arc magmatism. For example, Tonarini et al. [2011] stress that thermal
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conditions in subducting slabs result in a strong dehydration gradient along the upper boundary of the slab
compared to its interior. Thus, it is likely that slab-derived fluid contributions are initially dominated by the
uppermost parts of the slab (sediments, variably altered oceanic crust, subduction mélange, etc.). But, with
increasing depth of subduction, interior parts of the slab (serpentinized oceanic mantle) become warmer
and may contribute an increasing proportion of the overall fluid flux [Straub and Layne, 2002; Tonarini et al.,
2011; Walowski et al., 2015].

Understanding the linkages between tectonic and physical controls on B systematics in arc lavas may pro-
vide useful insights into subduction processes in general. Thus, we undertook a B isotope investigation of
volcanic rocks from the well-characterized Tonga-Kermadec-New Zealand (TKNZ) arc. These arc lavas
encompass a transition from the highly incompatible element-depleted, fluid-rich Tonga sector to the pro-
gressively more sediment-dominated Kermadec and New Zealand sectors. Moreover, dramatic along-strike
variation in subduction rate corresponds to significant differences in subduction zone (SZ) thermal structure
[cf. Syracuse et al., 2010]. This, in turn, may lead to spatially distinct histories of (a) slab metamorphism and
dehydration, (b) metasomatism of arc magma sources, and (c) magma generation. Our focus on B geo-
chemistry provides unique perspectives on these processes.

2. Background and Previous Work

The Tonga-Kermadec-New Zealand (TKNZ) arc formed in response to subduction of the Pacific plate
beneath the Australian plate, and extends ~2500 km northward from New Zealand (Figure 1). Convergence
rates reach a global maximum (~24 cm/yr) in the north of Tonga and decrease southward by roughly four-
fold approaching New Zealand [Bevis et al., 1995; Zellmer and Taylor, 2001]. Because slab thermal structure
is proportional to convergence rates, it is predicted that slab temperatures decrease northward from New
Zealand, and may presently be the coolest beneath northern Tonga [Wiens and Gilbert, 1996; Wiens, 2001].
We also call attention to the fact that the Valu Fa Spreading Center (VFSC) impinges the back-arc side of the
Tonga arc near the island of Ata, and incipient back-arc spreading is also recognized near Fonualei [Zellmer
and Taylor, 2001; Keller et al., 2008; Escrig et al., 2012; see these references for details]. Such areas are of par-
ticular note because they correspond to regions of anomalously warm upwelling mantle proximal to the
subducting plate. In these regions, the mantle wedge and possibly portions of the downgoing slab could
be warmer and more strongly dehydrated compared to adjacent “normal” arc sectors [Harmon and Black-
man, 2010; Dunn and Martinez, 2011; Wei et al., 2015]. It is also apparent that mantle sources for back-arc
lavas in these regions and in the eastern Lau Basin have been variably modified by inputs of fluids or melts
from the TKNZ subduction zone [e.g., Escrig et al., 2009, 2012; Wei et al., 2015]. Chemical and thermal
exchange beneath the TKNZ arc and back-arc regions may be further complicated by arc-parallel convec-
tion [e.g., Turner and Hawkesworth, 1998; Smith et al., 2001; Conder and Wiens, 2007; Menke et al., 2015].

As one relatively direct means of unravelling such complexities, the lavas erupted along the arc have been
studied in detail. These rocks largely comprise basalt to basaltic andesite, but include compositions as
evolved as dacite and rhyolite. It is inferred that the mafic primitive melts are derived from a mantle wedge
that becomes increasingly depleted in conservative incompatible elements (those not replenished by slab
contributions; cf. Pearce and Peate [1995] and Pearce et al. [2005]) toward the north as a consequence of
extensive back-arc melt extraction associated with formation of the Lau Basin and its counterparts to the
south [Ewart and Hawkesworth, 1987; Gamble et al., 1993a, 1993b; Ewart et al., 1998; Smith and Price, 2006;
Caulfield et al., 2008]. In this region, the melt-depleted nature of the wedge renders it to be highly sensitive
to fluid or melt contributions from the subducting plate. Crustal structure also varies from essentially ocean-
ic beneath Tonga-Kermadec to continental beneath New Zealand, and this difference (as well as the nature
of underlying lithospheric mantle) also may influence magmatic compositions.

The incoming sediment sequence on the Pacific plate is relatively thin (ca. 70 m) near the Tongan sector,
but thickens southwards along the Kermadec arc due to increased deposition of terrigenous turbidites
approaching New Zealand [Burns et al., 1973; Gamble et al., 1996; Macpherson et al., 1998; Timm et al., 2014].
Sediment sequences outboard the Tongan trench (Figure 1) at DSDP/ODP Sites 596 (pelagic sediments)
and 204 (pelagic and volcaniclastic sediments proximal to the Louisville Seamount Chain; “LSC") have been
discussed by Turner et al. [1997] and Ewart et al. [1998]. Based on U-Th isotope constraints, Turner et al.
[1997] suggest that the minimum transfer time for any Louisville-derived sediment component beneath the
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Figure 1. Regional setting for the Tonga-Kermadec-New Zealand arc, showing key geographic and tectonic features. VFSC = Valu Fa
Spreading Centre, ELSC = Eastern Lau Spreading Centre, FSC = Fonualei Spreading Centre, MTJ = Mangatolo Triple Junction. White circles
indicate localities from which samples are analyzed in this study, excepting Monowai (highlighted in gray box) for which literature data
are utilized. Map was produced using GMT software [Ryan et al., 2009].

arc is ~350 ka [cf. Regelous et al., 1997, 2010]. Though poorly constrained, the maximum sediment transfer
time may be on the order of a few Ma based on geometric observations in Tonga, wherein the Louisville
volcaniclastic signature can be recognised in lavas erupted 2-4 Ma after the locus of subduction of the LSC
had swept further southward along the arc [Turner and Hawkesworth, 1997]. George et al. [2005] used '°Be
isotopic data to further evaluate this scenario, and suggested from Be-Li-Th relationships that an inferred
sediment component in TKNZ lavas could have been added as a partial melt formed at ~2 GPa and
>800°C. However, this result is puzzling in light of the predicted cool slab conditions as modeled by Syra-
cuse et al. [2010], and corroborated by estimates based on H,0/Ce ratios [cf. Caulfield et al., 2012a; Cooper
et al., 2012]. The thermal models of Syracuse et al. [2010] suggest that beneath Tonga, slab surface tempera-
tures are likely below experimentally determined water-saturated sediment solidi (Figure 2a). Moreover, a
steep thermal gradient is predicted within the uppermost slab such that Moho and subjacent mantle tem-
peratures are less than 200°C at subarc depths. Under such conditions melting is precluded within the slab
and hydrous phases (many B-bearing) remain stable throughout broad portions of the slab. In contrast, slab

LEEMAN ET AL.

TKNZ ARC BORON SYSTEMATICS 4



@AG U Geochemistry, Geophysics, Geosystems

10.1002/2016GC006523

0 —
Tongaarc  Sep . /! A
dehyd —. | !
\ v Vo
\ ! 7 Pheng-out
i Atg-out, ' o
g ‘
S 2f 3
o \
3 - “u‘\\ =
dsQIidl
., (hykfrous
4 ‘ : ; L
0 400 400 600 800 1000 1200
0
1t
g
G 2t
o
3t
4 . - :
0 200 400 600 800 1000 1200
T (°C)

Figure 2. Pressure-Temperature sections for (a) Tonga and (b) New Zealand arc segments. P-T profiles are shown for the slab surface (red),
base of the sedimentary column (black), and oceanic Moho (blue) as predicted by “D80” models of Syracuse et al. [2010]. Gray-shaded
bands correspond to pressure ranges beneath the volcanic arc based on depths to the subducting slab from Hayes et al. [2014]. Yellow
shaded band outlines loci of water-saturated solidi for representative sediments as compiled by Hermann and Spandler [2008]. Curves are
also plotted for key reactions that control water release and/or destabilization of important B-host minerals: (1) “phengite-out” in metasedi-
ments, (2) “antigorite-out” in serpentinites, and (3) serpentine dehydration [cf. Hermann and Spandler, 2008]. The breakdown of phengite
in sedimentary compositions and of antigorite in serpentinites dramatically lowers solid/fluid partition coefficients for B in these materials
and facilitates its removal from the subducting slab in dehydration fluids [Marschall et al., 2006; Padrén-Navarta et al.,, 2013].

surface temperatures are predicted to increase southward and for Kermadec and New Zealand (Figure 2b)
overlap some sediment solidi estimates. Although the slab is predicted to be warmer beneath these sectors
of the arc, expected Moho temperatures of 400-500°C still favor preservation of hydrous phases throughout
the mantle and much of the oceanic crust sections of the slab. Because B is likely to be depleted from sub-
ducted materials due to progressive metamorphism [Moran et al., 1992; Marschall et al., 2009], complicated
scenarios are required to account for the observed B-enrichments in TKNZ lavas (and their sources) if melt-

ing conditions are approached in the subducting slab.

Sr and Pb isotopic compositions are consistent with significant fluid-borne inputs of these elements from
subducted, altered oceanic crust [e.g., Turner et al., 1997; Ewart et al., 1998; Regelous et al., 2010]. The latter
authors estimate that as much as 40-90% of Pb in northern Tonga lavas could be derived from basaltic
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crust of the subducting LSC, and exceeds that likely derived from the mantle wedge. Several groups also
have assessed the magnitude of relative elemental contributions from subducted pelagic sediments to
Tonga-Kermadec lavas using the more refractory Nd, Hf, and Be isotopes. Although estimates vary from
study to study, there is consensus that slab contributions for these elements are very small and typically
less than 1% in all but the southernmost sector of the arc [Ewart and Hawkesworth, 1987; Turner et al., 1997,
2009; Ewart et al., 1998; George et al., 2005; Gamble et al., 1996, 1997; Regelous et al., 2010; Todd et al., 2010,
2011; Rooney and Deering, 2014]. Together, these studies suggest that Tonga is a relatively cool end-
member subduction zone wherein slab-derived fluids strongly leverage the composition of a mantle wedge
that was previously depleted in incompatible elements (e.g., B < 0.1 ppm; cf. Ryan et al. [1996]) owing to
presubduction melt extraction history. The nature and importance of sediment contributions remain mat-
ters of debate.

A notable feature of the Tonga arc is the observation of highly radiogenic 2°Pb/2**Pb in volcanics from the
northernmost two islands (Tafahi and Niuatoputapu) that originally was inferred to be derived from the LSC
[Regelous et al., 1997; Turner et al., 1997]. More recently, this feature has been ascribed to proximity to the
Samoan (and perhaps other) plume(s) [Wendt et al., 1997; Ewart et al., 1998; Falloon et al., 2007; Lytle et al.,
2012]. Still elevated but more muted 2°Pb/?**Pb signals have now been observed in arc lavas (e.g., Mono-
wai) above the current site of intersection of the seamount chain with the arc just to the south of the island
of Ata [Timm et al,, 2011] as well as in lavas from the northern parts of the remnant Lau arc [Hergt and
Woodhead, 2007]. Perhaps more importantly, Regelous et al. [2010] suggested that the Louisville seamount
Pb must have been added after addition of pelagic sediment to the mantle wedge beneath Tafahi and
Niuatoputapu. This development has reinvigorated discussions of the mechanism and timing of addition of
the Louisville-like component—that is, it may have been stored for several Ma in the lithosphere that now
lies beneath the northern arc, and is currently being added to the wedge beneath Monowai [Timm et al.,
2013].

In general, fluid and sediment signatures tend to be inversely correlated in arc lavas and the TKNZ arc has
been considered to have among the strongest “fluid signatures” known (e.g., with Ba/Th ratios ranging from
200 up to at least 1000; Turner et al. [1997]). U-series isotope data have been used to suggest that the fluid
addition responsible for these signatures commenced about 50 ka ago [Regelous et al., 1997; Turner et al.,
1997] and continued essentially to the present. In contrast, observed **°Ra-disequilibrium in the youngest
lavas implies very rapid melt formation and ascent rates (on the order of millennia; Turner et al. [2000]). The
incompatible element inventory of the fluid component relative to total concentrations in the erupted
products was estimated by mass balance by Turner et al. [1997].

In the only previous study of boron isotopes in the TKNZ arc, Clift et al. [2001] reported SIMS (ion probe)
data for arc lavas from eight volcanoes and for glass shards from fore-arc sediments from ODP Hole 840.
These authors suggested that high 5''B values in Tongan lavas reflect a strong seawater fluid signature; in
contrast, lower §''B values in Kermadec lavas were attributed to a greater influence of terrigenous sediment
from New Zealand. However, it should be noted that these data are extremely varied and unsystematic
(0"'B=—11.6 to +37.5%,, with differences of up to 18%, for replicates of single samples!), and therefore
must be considered highly suspect. The present investigation was undertaken to clarify the B systematics in
this arc.

3. Analytical Techniques

The samples analyzed include representative lavas from the studies of Ewart and Hawkesworth [1987], Gra-
ham and Hackett [1987], Gamble et al. [1993a], and Turner et al. [1997], and sediments previously described
by Turner et al. [1997] and Plank and Langmuir [1998]. Data are presented for standards in Table 1 and for all
analyzed samples in Table 2. B concentrations initially were determined by prompt-gamma neutron activa-
tion (PGNA) with precision and accuracy typically better than 10-15% at the levels in most samples [Lee-
man, 1988]. Because some B concentrations reported by George et al. [2005] differ considerably from our
PGNA data, most samples used for B isotopic work were reanalyzed for B content at Rice University by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) using a Varian Vista spectrometer;
repeat analysis was not possible in a few cases owing to insufficient sample powder. Samples were sub-
jected to HF-HCI digestion in the presence of mannitol and with closed Teflon vials to avoid B volatilization.
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Isothermal evaporations were carried out using aluminum heating blocks maintained at T < 70°C. The meth-
od of standard additions was applied to minimize solution matrix effects. Sample replicates and standard
rock analyses indicate that long-term accuracy and precision are within about 10% relative at the B concen-
tration levels encountered. Where PGNA data are available, agreement is typically within the precision of
the respective methods. In addition, ICP-AES data agree well (within 4%) with isotope dilution determina-
tions (see below) for Tonga sediments. The new B concentrations are considered to supersede all previously
reported data for these samples. Methods of analysis are distinguished in Table 2.

Major element data used in this paper are from the references cited above; analyses are recalculated to
total 100% with all iron as FeO*. Major element data and Sr-Nd-Pb and U-series isotopic data for the arc
lavas are from Ewart and Hawkesworth [1987], Gamble et al. [1993a], and Turner et al. [1997, 2000] with
suggested updates from Hergt and Woodhead [2007] where appropriate. Trace element data for most
samples in this study are taken from Davidson et al. [2013], who report reproducibilities of better than
3% for Zr and Nb (and other elements; cf. Table 1) for the JA-2 reference standard; the latter data are
internally consistent and supersede original analyses in Turner et al. [1997] that were compiled from sev-
eral sources. It should be noted that unpublished data for the BIR-1 standard (cf. Table 1) confirm that
roughly comparable accuracy and precision persist to concentration levels similar to those in the TKNZ
samples. Trace element and radiogenic isotope analyses from other sources [Gamble et al., 1993; Ewart
et al., 1998; Regelous et al., 2008; Price et al., 2012] are used for some of the samples studied. Data sources
for each sample are indicated in Table 2. Major and trace element data for the analyzed sediments are
from Turner et al., [1997], Ewart et al. [1998], and George et al. [2005] for DSDP Hole 204, and from Plank
and Langmuir [1998] for ODP Hole 596. Concentration data reported in Table 2 are used in the figures
presented in this paper.

Boron isotopic composition was determined by the dicesium borate method using a VG Isomass 54E posi-
tive thermal ionization mass spectrometer, following separation of boron by ion-exchange procedures as
described by Tonarini et al. [1997]. Total procedural blanks (8-12 ng) are negligible relative to the amount
of sample processed. Correction for isotopic fractionation associated with mass spectrometric analysis was
made using a fractionation factor (including correction for '’O contribution; cf. Tonarini et al. [1997]), calcu-
lated as {(Reert + 0.00079)/Rmeas}, relative to NIST SRM 951 (Ryeas = ' B/'*Breas = 4.0498 = 0.0010). An ali-
quot of this standard was processed identically with each batch of samples. Boron isotopic composition is
reported in conventional delta notation (3''B) as per mil (%) deviation from the accepted composition of
NIST SRM-951 (Rerx = 4.04362; Catanzaro et al. [1970]). Long-term reproducibility of isotopically homoge-
neous samples treated with alkaline fusion chemistry is approximately = 0.5%, [Tonarini et al., 2003] and
replicate analyses of all samples agree within this limit. Accuracy was evaluated independently via multiple
analyses of GSJ-JB2 basalt reference standard, for which we obtained an average 6''B of 7.13 = 0.19%,
(20means N = 17) during the course of this study. B contents in several sediment samples were determined
via isotope dilution following separate fusions with K,CO5 and ion exchange purification; the spike solution
was prepared from the NIST SRM-952 standard. Although repeat analyses of a given solution agree within
0.2%, replicate analyses of rock standards (JB2 and RGM1) indicate slightly worse reproducibility (within a
few percent) attributed largely to addition of the spike solution to samples following the alkaline fusion
step [Tonarini et al., 1997, 2003].

Also, because many samples were collected from sea cliffs or dredged, there was concern about contami-
nation from seawater (4.6 ppm B, §''B =409,). For example, a small degree of seawater interaction
(water:rock < 5) with the Valu Fa dredged sample could produce its observed 5''B (+5.0%,) from a rock
having a composition in the range of MORB (ca. 6''B = —5%, and B/Nb < 1). Thus, for a few samples
showing conspicuously high §''B, isotopic composition was remeasured following 30 min leaching in
warm B-free water (this procedure was found to produce no significant isotopic fractionation; cf. Tanaka
and Nakamura [2005]). In all cases, leach residues have somewhat lower §''B than the equivalent
unleached powder. These data are considered to be more representative of the actual compositions, and
are used in lieu of the unleached analyses (for the same samples) for all discussion in this paper; however,
these data could represent upper limit values for 6''B. Unfortunately, there was insufficient sample to car-
ry out more detailed leaching studies. Although anomalously high 6''B in some cases possibly could
reflect “seawater contamination”, simple mixing calculations indicate that improbable amounts of con-
taminant are needed to account for observed discrepancies (e.g., >25% to raise &''B from +10%,
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to +159, in sample HH TOP), and B content would be lowered instead of raised by this process. All isoto-
pic data are reported in Table 2.

Before describing our results, we address and discard the data of Clift et al. [2001]. First, their replicate meas-
urements for each of nine lavas exhibit large ranges in 5''B (the ranges averaging almost 119,); such vari-
ability renders these data virtually uninterpretable. In two cases, direct comparison can be made with our
data. For Fon-31, we measure 5.79, (they report a range of 11-189%,); our analysis of Fon-31 is supported by
a measurement of 6.99, for sample Fon-39. For sample HH-Top we report replicate analyses of 15.09%, and
15.49, (Clift et al. report a range of 11-28% ). As seen in Table 1, our replicates for all samples agree within
the expected analytical precision. Regarding B contents, we also note large discrepancies in the SIMS data
reported by Clift et al. [2001]. For a given sample, repeat measurements by ion probe typically range by a
factor of two, and in some cases by more than an order of magnitude. For Fon-31, we measure 22.6 ppm
(their range is 4.1-6.8 ppm) and for HH-Top we measure 23.9 ppm (their range is 2.0-4.3 ppm); independent
PGNA data for different aliquots of these two samples (26 and 25 ppm, respectively) are similar to our ICP-
AES data. Given the poor accuracy and precision of the Clift et al. data, they are given no further consider-
ation in this paper.

Regarding B concentrations reported previously for Tonga-Kermadec samples by George et al. [2005], a few
of these same samples were reanalyzed in our investigation. Where direct comparison can be made, the fol-
lowing is observed—Metis Shoal (11108): 53 versus our 48.4 ppm; Valu Fa (L2-5A = D2-05): 9.4 versus our
9.8 ppm; Ata (482-8-3): 12.1 versus our 29.0 ppm; Clark (X451a) 4.7 versus our 4.7 ppm. Different samples
were analyzed for other locations, but in many cases the data of George et al. [2005] appear to be consider-
ably higher than our results for comparable samples. Keller et al. [2008] also report B data for one Tofua sam-
ple (T02.4, 26.1 ppm B at 58% SiO,) that is higher than values we have measured (13.3 and 13.6 ppm at
~54% SiO,); in this case, the difference in B content may be related to differing degrees of magma evolu-
tion. For the sake of internal consistency, discussion of TKNZ samples is based primarily on our B data set.
However, our results can be compared with B data for back-arc samples from the Fonualei Spreading Center
(FSQ) [Keller et al., 2008].

4, Results

For convenience of discussion, our data for the arc lavas are presented in the following sample groupings:
(1) Tonga (or Tofua) arc (from north to south: Tafahi, Niuatoputapu, Fonualei, Late, Kao, Metis Shoal, Tofua,
and Hunga Ha'apai); data for Ata, are distinguished for special consideration; (2) Kermadec islands and sea-
mounts (Raoul, Macauley, Curtis, and L'Esperance); (3) Southern seamounts (Rumble Ill and IV, Clark); (4)
New Zealand (Taupo Volcanic Zone, N. Island); (5) the back-arc (BA), as represented by the northernmost
island, Niuafo'ou, and (6) the VFSC, represented by a single dredged sample. Previous studies have docu-
mented the existence of significant geochemical differences between these geographic areas, which is not
surprising given their wide spatial distribution (Figure 1). Although our study clearly is of a reconnaissance
nature, we attempt to relate the B geochemistry of these arc lavas to both tectonic and petrogenetic
processes.

Finally, data for DSDP/ODP core samples outboard of the Tongan subduction zone provide some con-
straints on the nature of subducted sediments in this arc. The 70 m sedimentary section at site 596 east of
the Tonga Trench is highly condensed representing deposition since Miocene time. Lithological units com-
prise (1) pelagic clay with zeolite (ash), (2) brown-black clay rich in Fe and Mn hydroxyoxides, (3) chert and
porcellanite layers, and (4) hydrothermal sediments (containing up to 51.3% FeO). Pelagic clays are domi-
nant and contain ca. 90-150 ppm B. The one Fe-rich hydrothermal sediment analyzed contained 282 ppm
B, but such material is a minor component (lower 2 m of section). Two samples from the DSDP Hole 204
core were analyzed as a preliminary assessment of sediments proximal to the LSC. A pelagic clay contained
145 ppm B, and a volcaniclastic sand contained 51 ppm B. Boron isotopic compositions of the ODP Hole
596 sediments ranged narrowly (6''B: +3.3 to —2.4%,) and are slightly lower than for the DSDP Hole 204
samples (5.6-6.8%,,). B contents were also determined for two metagraywackes of the Torlesse Fm., North
Island, NZ; these contain an average of 51.5 ppm B (i.e., similar to observations of Ellis and Sewell [1963]).
Together with ICPMS data for average Torlesse greywacke [Price et al., 2015], these results allow provisional
estimates of B/Zr and B/Nb in the crustal basement proximal to the Taupo Volcanic Zone (TVZ). Because
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Figure 3. Plots showing the variation in B systematics with SiO,. (a) B contents increase with differentiation in related lava suites but also
show a large regional variation at similar SiO,. (b) B enrichment (B/Zr) generally increases northwards along the arc but also within specific
Tongan lava suites. In contrast, B/Zr varies modestly within some suites (e.g., Raoul Island and Ruapehu) as expected for closed system dif-
ferentiation. (c) Similar variations for B/Nb ratios display clearer distinction between mafic lavas and more evolved ones. Ditto for B/Th (d)
and B/Be (D). These diagrams show that overall B-enrichment can be reliably quantified using any of the ratios shown. Note: tie lines con-
nect samples from the same geographic location. Different symbols for each locality are used throughout the paper where individual sam-
ples are plotted. Letters by sample points indicate location (see Table 2, first column); e.g., R = Raoul, M = Macauley. New Zealand data,
mostly from Ruapehu and environs, are distinguished as basaltic (black triangles) versus evolved (gray triangles) compositions; gray arrows
highlight evolution of these lavas. Small “K” denotes Tofua sample from Keller et al. [2008]. Note that all Tonga samples except Ata are
shown as circles, whereas Kermadec samples are shown as squares. Fields (“Seds”) indicate ranges for average compositions of local sedi-
ments (cf. supporting information Table S1); blue arrow (“S”) points to “Sed” field that plots off-scale at higher B contents.

weighted average compositions of these sediments [cf. Plank, 2014; Turner et al., 1997; Price et al., 2015] are
likely to be more representative of bulk subducted sediment packages, such estimates are reported in sup-
porting information Table S1 and used in most diagrams in this paper.

4.1. Boron Variation With Magma Type and Other Factors

We first examine B systematics as a function of rock composition. B contents range from about 2 to 50
ppm, generally increasing with SiO, content (Figure 3), albeit with notable scatter. The wide range (2-30
ppm B) observed in basaltic (<53% SiO,) lavas suggests that source composition exerts a dominant control.
Ratios of B to nominally fluid-immobile elements (e.g., Zr, Nb, Th, Be) provide consistent measures of the rel-
ative B enrichment in the respective source domains. Here we base regional comparisons on B/Nb ratios
even though, for most New Zealand samples studied, only less precise XRF Nb data are available. Consider-
ing the low and similar values of experimentally determined mineral-melt partition coefficients for B and
Nb [Brenan et al., 1995], B/Nb ratios are expected to change little during fractional crystallization (“FC")
and to closely mimic source compositions during partial melting. Overall, these ratios exhibit wide variability
(B/Nb ranges from ca. 1 to 80) and define systematic geographic patterns as discussed below.
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Figure 4. Variation in B systematics with latitude along the TKNZ arc. (a) §''B generally increases northward from New Zealand, with nota-
ble exceptions. Extremely high values (e.g., HH TOP, in parentheses) may reflect SW contamination. In contrast, 3''B is conspicuously low
in the far back-arc (Niuafo'ou), in New Zealand, and at Ata (proximal to the VFSQ). (b) B/Zr, (c) B/Nb, and (d) B/Th elemental ratios generally
increase northward from New Zealand as far as Ata, spike noticeably at Hunga Ha'apai, then decrease sharply toward the northernmost
islands. The latter segment trends (esp. for B/Nb) are nearly linear, merge with the fields for lavas from the FSC (located in the proximal
back-arc region) and terminate with the far back-arc lavas of Niuafo’ou. All arc samples are enriched in B relative to intraplate basalts (e.g.,
B/Nb = ~0.06); New Zealand and back-arc samples have ratios similar to intraplate basalts, and ratios for the one Valu Fa sample are slight-
ly higher. Data for analyzed DSDP/ODP sediments are overlaid for comparison at appropriate latitudes. Symbols for arc lavas as in Figure 3.

It is difficult to assess fully the influence of local processes without detailed work at each volcano. However,
our data for TVZ lavas (mostly Ruapehu basalt to dacite) define systematic trends that seem consistent with
expected incompatible element behavior during FC and/or magma mixing (Figure 3). For example, the
small increase in B/Nb (also B/Zr) with increasing SiO, in Ruapehu lavas is consistent with admixture of aver-
age Torlesse basement rocks to differentiates of local basaltic magmas [cf. Graham and Hackett, 1987; Gam-
ble et al., 1999; Price et al., 2005, 2007, 2012]. This appears to be the case for other volcanic centers along
the arc [e.g., Raoul: Smith et al., 2010; Fonualei: Turner et al.,, 2012; Tofua: Caulfield et al., 2012b; Barker et al.,
2013]. However, increases in B/Nb (e.g., in samples from Fonualei, Ata, or Hunga Ha'apai) cannot generally
be attributed to basement assimilation as B/Nb ratios for average local sediments (<15) and altered oceanic
crust (ca. 20) are well below those of the arc lavas, and thus cannot explain the observed increases. Alterna-
tively, variations in the arc lavas could reflect source heterogeneities established as a consequence of vari-
able subduction inputs.

As noted earlier, B contamination from seawater is a distinct possibility, particularly for submarine samples.
Although published isotopic and trace element data on the same powders provide little indication that this
is a significant problem for other elements, several dredged samples do contain a leachable '°Be compo-
nent that is attributed to seawater contamination [George et al., 2005]. As discussed earlier, for some sam-
ples we find that mild leaching also removes a heavy B (i.e, high §''B) component that is likely to be
seawater-derived. Nevertheless, most of the data define coherent variations that seem to reflect primary
petrogenetic processes. For example, systematic variations in the slab-derived flux (i.e., net B inputs) versus
the degree of prior incompatible element depletion in the mantle wedge could impart regional variation in
apparent B-enrichment (see section 5).

A first-order observation is that B/Nb tends to increase northward from New Zealand (cf. Figure 4c). This
trend is clearest among the basaltic rocks, whereas relatively evolved lavas from northerly Tonga islands
(especially, Fonualei and Niuatoputapu) have lower ratios that presumably reflect the source compositions
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for these magmas or their precursors. On the other hand, lavas from the Kermadec sector and the Rumble
seamounts display little variation with SiO, and their B/Nb ratios are intermediate between most samples
from Tonga and New Zealand. Finally, in the context of a possible Samoan plume influence in the northern
part of the arc, we note that Samoan basalts have low B (4.2 = 1.2 ppm) and B/Nb (0.067 = 0.012) relative to
Tonga-Kermadec lavas [Workman et al., 2006].

4.2. Geographic Variations in Boron Enrichment

Regional variations in B systematics are shown as a function of latitude (Figure 4). Again, a general north-
ward increase in relative B-enrichment is evident as defined by B/Zr, B/Nb, and B/Th ratios, all of which
define similar spatial variations. Taking B/Nb as an example, the volcanic front lavas define two conspicuous
trends with peaks near Hunga Ha’apai (“HH" in plots). To the south, these ratios decrease in near-linear fash-
ion to lows at New Zealand and the southernmost seamounts. To the north from Hunga Ha'apai, B/Nb ratios
decrease systematically to the northernmost islands (Niuatoputapu and Tafahi; with no discernable break;
this array merges with the trend for FSC lavas in the near back-arc region, and ends with the far back-arc
lavas of Niuafo'ou. These remarkable patterns imply the existence of a discontinuity in the arc with distinct
B systematics north and south of the area between Ata and Hunga Ha’apai (ca. latitude 21°S). The one sam-
ple from the VFSC is not strictly part of the arc, but its B/Nb, B/Th, and B/Zr ratios are intermediate between
those of NMORB and the arc lavas, consistent with some subduction influence on its back-arc source [cf.
Kamenetsky et al., 1997].

Regarding B isotopic composition, there is a general northward increase from New Zealand (6''B values
from —69,, to —3.59,,) to the Rumble seamounts (3.8-5.8%,), the Kermadec sector (4.8-7.0%,, with one low
value of 1.59, at Macauley), and Tonga sector (5.7-9.6%, excluding the HH TOP outlier). Two samples from
Ata have ¢''B values (—5.2%, to —3.8%,) significantly below the general arc trend. Together with samples
from New Zealand and the back-arc, these samples fall in the range reported for many oceanic island and
mid-ocean ridge basalts [cf. LeRoux et al. 2004; Tanaka and Nakamura, 2005; Brounce et al., 2012; Genske
et al., 2014], whereas data from Tonga are among the highest 6''B values known from Pacific volcanic arc
lavas. We consider it unlikely that the TKNZ values reflect contamination of ascending magmas by altered
oceanic crust (i.e,, in shallow magma chambers) upon which the volcanoes rest. Simple mixing calculations
using average altered oceanic crust (“AOC”; 26 ppm B and §''B = 0.8 %,; Staudigel et al. [1996]) cannot sig-
nificantly elevate 6''B; and even considering maximal 6''B (+249,,) measured in oceanic crustal rocks [e.g.,
Ishikawa and Nakamura, 1992; Smith et al., 1995; Yamaoka et al., 2012], assimilation of >25% of such materi-
al is required to raise magmatic d''B as much as 5%, (using Hunga Ha'apai as an example).

Low 6'"'B values for NZ basaltic lavas could reflect interactions with low-6'"B crustal rocks (or sediments), or
could be inherited from a little modified intraplate type of mantle source. At this time, the only comparative
data for New Zealand are from geothermal fluids from the Taupo Volcanic Zone (TVZ) that also have low
5"'B values (—69%, to —2%,; Millot et al. [2012]), as well as radiogenic &Sr/2°Sr (0.7055-0.7096). Because B
and Sr compositions of such fluids largely are inherited via interaction with local reservoir rocks [cf. Pennisi
et al., 2000; Leeman et al., 2005b], the observed §''B values reasonably represent either TVZ silicic volcanic
rocks, the underlying Torlesse-type basement rocks, or both since the TVZ rhyolites likely incorporate signifi-
cant melt components from the basement [cf. Deering et al., 2011]. However, because the analyzed basalts
are relatively primitive, with up to 9% MgO, we tentatively favor the view that their §''B values are repre-
sentative of the underlying mantle in this region. The one back-arc lava analyzed (—0.79,,) is in the upper
range for intraoceanic basalts, but suggests a significant decrease in 6''B behind the volcanic front—as is
typically observed for other cross-arc transects [Ishikawa and Nakamura, 1994; Ishikawa et al., 2001; Tonarini
et al, 2001; Leeman et al., 2004].

Our data for local sediments are compared with the lavas in Figure 4. Ten samples (mostly pelagic clays)
from the ODP Hole 596 core have §''B (—2.4 to +3.3%,) significantly lower than most Tongan lavas, where-
as two samples (pelagic clay and volcaniclastite) from the DSDP Hole 204 core have 6''B values (5.6%, and
6.8%,) within the range for the arc lavas. B/Nb ratios for most of the sediments (range = 7-28, excluding
black clay) overlap the lower end of the range for the arc lavas,

In summary, our major observations are as follows: (1) There is a general regional increase in 5''B, B/Nb,
and similar ratios toward the north from New Zealand; this correlates with a significant northward increase
in plate convergence rate for the arc, hence cooler temperatures at a common reference depth on the top
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Figure 5. (a) Zr versus Nb content of TKNZ lavas. Fields are shown for MORB and BABB segment averages from Gale et al. [2013], along
with their average NMORB composition (star). Also shown are estimated average compositions of subducting sediments (blue field) and
Torlesse basement from New Zealand. (b) Latitudinal variation in Nb/Zr ratios for TKNZ lavas. Data ranges are shown for DSDP 596 sedi-
ments and for FSC lavas. Nb/Zr values for central arc lavas are strongly depleted with respect to NMORB average (tick on left side). Acro-
nyms (Ton, Ker, RS, TVZ) indicate arc sectors. (c and d) B/Nb ratios and ''B values for TKNZ lavas versus NMORB-normalized Nb/Zr values;
also shown are fields for sediment averages (blue) and FSC lavas (gray). Symbols for arc lavas as in Figure 3.

of the subducting plate; (2) In detail, B/Nb and similar ratios define a conspicuous “spike” near latitude 21°S
(southern Tonga), with distinct patterns of B-enrichment north and south of that latitude that likely reflect
compositional gradients in arc magma sources; (3) There is a hint of a cross-arc decrease in 6''B and B/Nb
toward the back-arc, as observed elsewhere; and (4) Anomalously low 5"'B is observed in samples from Ata,
where the back-arc VFSC impinges on the arc system and the LSC is being subducted. In subsequent sec-
tions of this paper, we also incorporate published data for the submarine Monowai volcano [Timm et al.,
2011] to partially fill the gap in our coverage between Ata and the northern Kermadec islands.

5. Discussion

To better understand the nature of along-strike variability in the composition of TKNZ arc magmas, we con-
sider Zr-Nb systematics (Figure 5). These elements are highly incompatible (Nb more so than Zr; Brenan
et al. [1995] and Pfander et al. [2007]) in major mantle minerals and nominally immobile in slab-derived flu-
ids. Thus, Nb/Zr ratios in the mantle can be significantly reduced in response to melt extraction. Additional-
ly, Nb and Zr abundances in the arc magmas are strongly influenced by prior melting history of their
mantle source. Overall, TKNZ lavas are among the most Nb- and Zr-depleted lavas known—more so than
most mid-ocean ridge (NMORB) or back-arc basin (BABB) basalts (Figure 5a). Nb/Zr values in all TKNZ sam-
ples are low (<0.04) relative to primitive mantle (“PM”; ~0.06) [McDonough and Sun, 1995], and are consis-
tent with selective depletion of the more incompatible Nb due to prior extraction of melts from their source
regions (also borne out by data for other incompatible elements; Ewart and Hawkesworth [1987], McCulloch
and Gamble [1991], Woodhead et al. [1993], Turner et al. [1997], Haase et al. [2002], Smith and Price [2006],
and Wysoczanski et al. [2006]).
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In particular, lavas from the central part of the arc (latitudes from 18°S to 33°S) have extremely low Nb/Zr
ratios (ca. 0.01)—about 4 times lower than average NMORB (or its Depleted MORB Mantle source, “DMM”;
cf. Figure 5b, Salters and Stracke [2004]). Only lavas from the northernmost islands (Tafahi, Niuatoputapu),
the back-arc, and New Zealand have Nb/Zr as high as or greater than the NMORB average. It is significant
that TKNZ lavas with the lowest Nb/Zr ratios (here normalized to the NMORB average; “[Nb/Zr]-m") exhibit
systematically higher B-enrichment as evidenced by B/NDb ratios (Figure 5c). Overall the data define a contin-
uous array that merges with data from the FSC, and potentially extends to compositions of New Zealand
basement and local subducting sediment averages. We note that the distinct gradients in B/Nb, etc. along
the arc (Figure 4) span the region of near constant and low Nb/Zr. This implies that, at least in the central
part of the arc, the gradients are likely controlled by variations in the magnitude and/or composition of sub-
duction components added to the mantle wedge; source influence (increasing Nb/Zr) may be significant at
the extreme ends of the arc. Boron isotopic compositions are not obviously correlated with [Nb/Zr]-m (Fig-
ure 5d), which suggests that boron added to the arc magma sources has diverse origins or has experienced
different isotopic fractionation paths.

As a corollary, the near-constant source Nb/Zr values along much of the arc indicate that presubduction
melt depletion of the mantle wedge was fairly uniform in degree. Refertilization of upper mantle domains
beneath northernmost Tonga and the proximal back-arc region [cf. Ewart et al., 1998; Falloon et al., 2007;
Regelous et al., 2008; Keller et al., 2008; Tian et al., 2011; Lytle et al., 2012] by in-flow of relatively enriched
mantle could account for increased Nb/Zr in this region. At the southern end of the arc, increasing Nb/Zr
toward New Zealand implies a gradient in mantle depletion there as well—that is, decreasing southward.
These observations raise questions regarding the extent to which arc magma chemistry may reflect (1)
along-strike differences in degree of melt-depletion of arc magma sources vis a vis (2) variations in magni-
tude and nature of subduction contributions.

5.1. Nature of Arc Magma Sources

To address these issues, it is useful to know the compositions of magma sources along the arc. These are
best estimated by considering elements whose abundances in the magma source are least likely to have
been augmented by subduction contributions; primary candidates are TiO,, Y, and Yb [Pearce and Peate,
1995; Pearce et al., 2005, and references therein]. Abundances of TiO, and Yb (also Y, not shown) in TKNZ
lavas define a coherent array (Figure 6a) that closely follows the predicted melting path for a spinel Iherzo-
lite source with DMM composition (cf. supporting information Table S1 for model parameters). Comparison
with predicted batch melt fractions indicates that TKNZ arc and back-arc magmas could form by roughly 35
to 5% melting of such a source. But because source depletion appears to vary from DMM and differ in detail
along the arc, we need to quantify the degree of melt depletion relative to DMM to refine estimates of melt
fraction (F).

This is done for source TiO, content using ratios of TiO,/Y and TiO,/Yb as normalized to the same ratios in
NMORB [Gale et al., 2013] and following the approach of Gribble et al. [1998] and Kelley et al. [2006]. Using
both ratios, source TiO, contents were calculated for selected primitive basaltic magmas from each location
investigated. Additionally, data from Monowai Seamount [Timm et al., 2011] and submarine Volcano A [Coo-
per et al.,, 2010] can be compared with our results. Monowai is of particular interest because of its proximity
to the subducting Louisville Seamount Chain, south of Ata Island (Figure 1). Published data for Volcano A
are limited to boninitic lavas and can be compared to nearby Hunga Ha'apai. No B data are available for
either of these localities. Average TiO, values (£SD) are given in supporting information Table S1, and
details of the calculations are summarized in the supporting information. Because we restricted calculations
to samples with SiO, < ca. 55%, MgO > 5%, and calculated equilibrium olivine composition of at least Fogs,
reliable estimates are not available for localities in this study (Niuatoputapu, Fonualei, Metis Shoal, Curtis)
where only more evolved lavas have been analyzed.

The same sample analyses were corrected individually by incremental addition of equilibrium olivine to
equivalent melts in equilibrium with a Fog, source so as to estimate “TiO,-90” values for each locality (cf.
supporting information; Lee et al. [2009]). These values and source TiO, estimates allow computation of F
values for each location following the approach of Kelley et al. [2006]. Results are given in supporting infor-
mationTable S1. As seen in Figure 6b, melt fraction increases with latitude from about 10% to 15% in New
Zealand to 20-25% in Tonga, with exceptions at Monowai (28%), Tafahi (35%), and back-arc Niuafo’ou (7%).
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See text and supporting information for details of calculations. Symbols as in Figure 3, but excluding locations without primitive lavas.
Kakuki is a primitive basalt from the TVZ [Price et al., 2012]. Monowai data are from Timm et al. [2011].

We note that estimated F value for Volcano A is consistent with the main trend for the arc (not shown, f.
supporting information Table S1). F values were also estimated for FSC (Figure 6b) using the data of Keller
et al. [2008]; our results (10-22%) are virtually identical to estimates by Escrig et al. [2012] using their own
data set for the same areas. These data indicate that degree of melting decreases with distance behind the
volcanic arc.

With the exception of Tafahi, average B/Nb ratios for each locality are positively correlated with estimated
melt fraction (Figure 6¢). U/Nb ratios also correlate well with melt fraction, with exception of Tafahi and
Monowai (Figure 6d). Considering that both B and U are expected to be readily mobilized in aqueous fluids,
these correlations support the notions that melt fraction is proportional to the amount of slab-derived fluid
that was added to the respective magma sources, and that subduction contributions appear to vary in a sys-
tematic manner along the arc. The FSC data appear to define distinctly lower slopes (Figures 6¢ and 6d); giv-
en the back-arc setting, this may be attributed to smaller inputs of slab-derived B and U (i.e., fluid) to the
mantle in this region. The observed correlations also could reflect systematic changes in the composition of
the added subduction component. It is unclear why Monowai and Tafahi do not follow the main arc trend,
Tafahi is the northernmost Tongan island, and prior works demonstrate that it is exceptional in many ways
(alluded to in our earlier remarks). Monowai, straddles the sector where the LSC is being subducted, and
could well have complications arising therefrom.

Finally, using average compositions of the most primitive basaltic lavas from each locality and the corre-
sponding F values, we estimated concentrations of B, Ba, U, Th, La, Yb, Be, Nb, Zr, in the respective magma
sources for a spinel lherzolite melting model (supporting information Table S1 and Figure S2). These results
are discussed in more detail in the supporting information. Principal outcomes for the TKNZ arc lavas
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Figure 7. (a) B/Nb, (b) U/Nb, and (c) Be/Nb ratios calculated for sources of TKNZ magmas versus source Zr/Nb. Source depletion increases with Zr/Nb. PM and DMM mantle compositions,
average sediment (SED), altered oceanic crust (AOC), and fields for FSC sources are shown for comparison. Vertical orange arrows indicate magnitude of offset from DMM to array for
Tonga sources. (d) 6''B, (e) (3*°Th/?*2Th) activity ratios, and (f) '°Be/°Be ratios for TKNZ lavas versus source Zr/Nb. Positive correlations with Zr/Nb are consistent with increasing leverage
of subduction contributions over more depleted sources. Symbols and data as in Figure 6.

include the following: (1) B and, to lesser extent, Ba are extremely enriched in the arc magma sources rela-
tive to estimated DMM values, such that nearly all B and most Ba must be slab-derived; (2) Th, U, La, and Be
are also enriched relative to DMM, consistent with significant slab inputs for these elements; (3) Yb is similar
to DMM/PM values, and generally consistent along the arc; (4) Zr is also relatively consistent along the arc,
but slightly lower than DMM values except in southern locales where Zr appears to be locally enriched; (5)
Nb is ultradepleted along most of the arc, but increases to DMM levels or higher in the southern and north-
ern sectors (Figure 5b).

These estimates are used to examine source abundances of B, U, and Be relative to Nb, and corresponding
isotopic compositions as a function of source depletion as inferred from Zr/Nb ratios (Figure 7). Note that
binary mixing relations in these element ratio plots should be linear. B and Th isotopic ratios were measured
on the samples used to estimate source elemental compositions; '°Be/”Be ratios from George et al. [2005],
often on different samples, are taken as representative of the inferred sources. The element ratios are posi-
tively correlated and consistent with stronger enrichments of B, U, and Be as sources become more refracto-
ry (increasing Zr/Nb). The near-linear array for Be/Nb (Figure 7c) for TKNZ (and FSC) is consistent with
addition of an essentially uniform Be-rich component to sources along the arc that also are similar (or collin-
ear) in composition (excepting Rumble IV and back-arc Niuafo'ou, for which source estimates lie off the
delineated array). Arrays for U/Nb (Figure 7b) and particularly B/Nb (Figure 7a) are more scattered and, for
the latter, essentially distinct for the Tonga and Kermadec sectors. Average subducting sediment and
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altered oceanic crust estimates lie near the arc arrays, but closer to the origin than most of the inferred
source compositions. Bulk addition of these materials to the arc magma sources cannot produce the
observed arrays, although they could contribute to solute loads in slab-derived fluids. Additives are needed
that are enriched in B, U, and Be, that are somewhat heterogeneous for U and, for B, distinctive for the two
arc sectors. Moreover, the arrays are offset to higher B/Nb, U/Nb, and Be/Nb ratios than estimated for PM
and DMM compositions. Assuming the actual source end member(s) lie along the inferred source arrays,
they must have accumulated some B. U, and Be prior to establishment of those arrays. This could have
occurred over protracted duration of subduction. It appears that such accumulation for B was more pro-
nounced for Tonga than for Kermadec mantle domains. Smaller offsets for the FSC source compared to the
adjacent Tonga volcanic front are consistent with decreasing slab inputs toward the rear of the arc system.

Isotopic compositions of B, Th, and Be are also positively correlated with apparent source depletion (Figures
7d-7f), albeit less so than the elemental ratios. Excluding Ata, the back-arc and New Zealand, 5'"B values
are slightly offset for different arc segments, being slightly lower for Kermadec lavas. The same can be said
for (23°Th/232Th) activity ratios and for '°Be/°Be ratios (excepting a high value for L'Esperance). Because the
latter two ratios decay with time (to equivalence with respect to (>**U/?32Th) ratio, and zero, respectively),
they require that the mixing process(es) responsible for the observed arrays are relatively recent (see later
discussion). Of course, some of the scatter in those arrays could result from differences in times of mixing
(and/or duration of storage) to produce the sampled mantle domains. In essence, the data are consistent
with addition of one or more B-U-Be-rich components (presumably slab-derived fluids) to regionally variable
mantle domains that were previously melt-depleted but subsequently replenished to differing degree with
respect to the fluid-mobile trace elements.

Compositions of radiogenic Sr-Nd-Pb isotopes (averaged for each locality) are also compared with estimat-
ed source depletion (Figure 8 and supporting information Table S1). These data are subdivided into two dis-
tinct groups. The first includes source domains beneath New Zealand and southern seamounts, back-arc,
and Tafahi from the northernmost end of the arc. This array is viewed as potentially representative of the
least melt-depleted (i.e., lowest source Zr/Nb) mantle preserved in proximity to the TKNZ arc; the NMORB
average of Gale et al. [2013] has comparable Zr/Nb. Note that distal lavas of the FSC originate in this array
and become more “arc-like” with proximity to the volcanic front [Escrig et al., 2012]. A second grouping
comprises all other lavas from the TKNZ volcanic front. Sr isotopic ratios vary little with increasing source
depletion (Zr/Nb), but are slightly more radiogenic than NMORB (Figure 8a). Nd isotopic ratios are MORB-
like (Figure 8b) and generally decrease with source depletion. Pb isotopic ratios are slightly more radiogenic
than the NMORB average and also decrease with source depletion (Figures 8c and 8d), and in a general
sense from south to north along the arc. We note that the trends in Pb isotopic values verge away from esti-
mated sediment composition (2°°Pb/?*Pb = 18.8, 2°®Pb/***Pb = 38.8; Regelous et al., 2010; also cf. support-
ing information Table S1) in this region. This observation does not exclude some inolvement of sediment-
derived Pb, but is consistent with its diminishing importance toward the north. Assuming these latter trends
reflect addition of a slab-derived fluid to the arc magma sources, it is inferred to carry dominantly MORB- or
AOC-like Sr-Nd-Pb, with little implication of pelagic sedimentary components (this is also seen in Supple-
mental Figure S3 for Sr and Nd isotope compositions versus B/Zr and 6''B in individual samples). However,
the nature of subducted components may also vary with position along the arc. As proposed by Turner
et al. [1997], volcaniclastic sediments derived from the LSC could be involved in the north Tonga mantle
sources. In contrast, lavas from the southern end of the arc have isotopic affinities to local sediments and
could be derived from sources with such contributions. Note that the local sediments have low Zr/Nb ratios
and their addition could to some degree counterbalance effects of prior melt extraction on source Zr/Nb.

In summary, addition of slab-derived fluid to the mantle wedge is commonly invoked as a trigger for form-
ing arc magmas. This scenario predicts a correlation between the amount of fluid added and the degree of
induced melting that ensues [cf. Stolper and Newman, 1994; Kelley et al., 2006]. Assuming that ratios of fluid-
mobile to non-fluid-mobile elements are proportional to fluid flux, this appears to be the case for the TKNZ
arc based on calculated source compositions. In addition, B/Nb and similar ratios define an inverse correla-
tion with measures of melt-depletion of magma sources, particularly for the arc front lavas, that requires a
multistage (or progressive) history for the magma sources. That is, B enrichment attending subduction is
superimposed on earlier stages of melt depletion that produced low Nb/Zr (also La/Yb, not shown) as well
as very low contents of B and other incompatible elements in the residual mantle; prior melting is expected
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Figure 8. (a) Sr, (b) Nd, (c and d) Pb isotopic compositions of TKNZ lavas as functions of source Zr/Nb. Isotopic compositions for TKNZ lavas
are from Turner et al. [1997] or Ewart et al. [1998] as amended by Hergt and Woodhead [2007]. These data are plotted as averages for each
locality; also shown are average SED, AOC, and NMORB compositions (cf. supporting information Table S1). Pb compositions of AOC are
inferred from the study of Castillo et al. [2009]. Average isotopic compositions of FSC segments [Escrig et al., 2012] are used to define the
trends shown by gray arrows. Dashed field comprises samples from DMM (MORB-like) mantle sources. Symbols as in Figure 3.

to have had relatively little effect on 6''B (which should remain near or below typical mantle values (ca.
—59%,to —10%,). Present-day B-enrichment (as evidenced by B/Nb ratios) and elevated 5''B in the arc mag-
mas can be explained by subsequent inputs of slab-derived fluids of slightly different composition along
the arc. To further evaluate this hypothesis, we next consider B systematics in greater detail.

5.2. Constraints From Boron Elemental Systematics

The effects of adding slab-derived fluids and other subduction components to the mantle wedge are shown
schematically for B-Nb elemental systematics in Figure 9. For a given source composition, contents of highly
incompatible elements in a partial melt will vary inversely with melt fraction produced. Thus, ratios for simi-
larly incompatible elements should mimic those of the source. This is the case for B and Nb as their partition
coefficients between common mantle minerals and equilibrium melts are similarly low [Brenan et al., 1995,
1998a, 1998b]. Other beneficial consequences are that melting models for these elements are not very sen-
sitive to source mineral modes (esp. at melt fractions greater than a few percent), or to the mode of melting
(e.g., batch versus fractional melting). Considering that TKNZ arc magma sources are relatively depleted
compared to “primitive mantle”, low-clinopyroxene spinel lherzolite or harzburgitic lithologies are consid-
ered appropriate [Bourdon et al., 1999; Wood and Turner, 2009; cf. our Figure 6a]. Significantly, it is virtually
impossible to produce a series of melts with B/Nb ratios spanning the observed TKNZ range by melting
such sources unless they have been modified to have elevated B/Nb prior to melt formation.

Open system processes (i.e., variable slab inputs to the mantle wedge) are required to create a spectrum of
sources with the observed nearly two orders of magnitude range in B/Nb in the TKNZ lavas. Such
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Figure 9. Models of source modification by addition of fluids or sedimentary components to hypothetical mantle end members superim-
posed on data for TKNZ lavas for (a) B/Nb versus Nb content, and (b) B/Nb versus B content; data symbols as in Figure 3. The principal arc
trends for mafic lavas are highlighted by broad gray arrows, and more evolved lavas are generally offset to the right of these arrows. Rele-
vant sediment averages are plotted as well. Two extreme mantle compositions are shown. The first is a MORB-source mantle that has

been further depleted by removal of 1% partial melt (“'DMM-1"; 0.01 ppm B, 0.1 ppm Nb; cf. Table ST and supporting information); this
composition is appropriate for the lowest Nb/Zr Tonga lavas. A more enriched composition (“PM”; 0.1 ppm B, 0.65 ppm Nb) is shown for
comparison; for clarity, model curves are not shown for this end member. The effect of adding a B-rich subduction zone fluid (100 ppm B,
0.1 ppm Nb) to DMM-1 is shown by gray mixing curves (diamonds at 0.01%, 0.05%, 0.1%, 0.5%, 1%, 3%, 5%, 10%, and 20% fluid). Subse-
quent partial melting of such variably modified mantle compositions can best account for the range in B-enrichment observed in the
TKNZ lavas. Representative melting curves are plotted for DDM-1 and two modified mantle (MM1, MM3) sources (green lines with plus
signs at 0.5%, 1%, 2%, 5%, 10%, 20%, and 30% melting). Note that the degree of melting required to produce mafic TKNZ magmas appears
to increase with B-enrichment of the source. The effect of adding sedimentary components is illustrated with two extreme end members:
bulk sediment represented by local sediment averages (Seds field), and equivalent metasediments (MS field) that have undergone B-
depletion during subduction. The latter compositions are estimated using an equation for B-depletion based on empirical data for pro-
grade metamorphic sequences [Moran et al., 1992] (Leeman, unpublished data) and assuming that the sediments reach a temperature of
800°C. [Depletion factor = 1.034-0.0125%(T°C/1 00§2 - 0.0264*(T°C/100)]. Trajectories are shown for mixing bulk sediment with DMM-1
(blue dashed curves with x’s at 1, 5, 10, 15, 20, etc., up to 100% sediment end member). A similar curve (blue solid line) is shown for mixing
B-depleted metasediments with DMM-1. Melts of these materials will produce similar mixing trajectories but with smaller proportions to
achieve comparable shifts in source composition (not shown for clarity). Addition of these sedimentary components or melts thereof can-
not produce source B/Nb ratios greater than ca. 10 (i.e,, suitable only for New Zealand samples.

compositional variability in the arc magma sources may be achieved by several end-member processes, or
possibly combinations thereof (Figure 9). For simplicity, we consider modification of the mantle wedge by
addition of either (1) aqueous fluid, (2) bulk sediment, or (3) sediment melt. Given predicted thermal condi-
tions in the subducting slab (cf. Figure 2), we do not consider melting of oceanic crust likely for the TKNZ
arc (and particularly Tonga). In the first case, an aqueous fluid is considered in which B is highly soluble
whereas Nb is not. Here, we do not specify the source of the B other than that it is likely to be the
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subducting slab. The fluid composition assumed is conservative in that B content (100 ppm) is lower than
some predictions [cf. Brenan et al., 1998b; Marschall et al., 2006], and B/Nb in the fluid could be much higher.
Such fluids essentially act as a B-spike to the mantle, and relatively small additions would be sufficient to
create the spectrum of source B/Nb needed to produce TKNZ magmas, with nearly all of the B in the modi-
fied sources being slab-derived. Subsequent partial fusion of these variably modified mantle domains (see
representative horizontal melt paths) can produce melts having a range of B/Nb ratios that depend on the
degree of source modification. In this scenario, along-arc fluid contributions to the magma sources must
vary in proportion to observed B/Nb ratios in the arc lavas (cf. Figure 4). If the fluids are more or less uniform
in composition, this would be equivalent to varying fluid volume flux in proportion to local B/Nb values.
The slopes of the TKNZ main trend data (exclusive of evolved andesite-dacite compositions) in Figures 9a
and 9b are consistent with greater melt productivity from the most highly modified mantle sources. That is,
the lava arrays converge toward the source mixing lines with increasing B/Nb. This qualitatively matches
the effect of water addition on partial melting for a given bulk composition; that is, the degree of melting
increases in proportion to amount of water added to the source [cf. Stolper and Newman, 1994]. In detail, if
magmas along the arc are derived from distinct sources of variable fertility, then (1) a family of fluid-mixing
curves would be produced originating from those sources, and (2) inferred degrees of modified mantle
(MM) source melting would shift accordingly. Furthermore, the amount of fluid required to attain a specific
source B/Nb value would vary inversely with source fertility as the fluid will have more leverage with dimin-
ishing incompatible element content in the sources. Fluid compositions could also vary spatially or tempo-
rally within the arc system. For these reasons, the models shown in Figure 9 are considered as exemplars,
and not unique.

Given that sediment involvement has been proposed for the TKNZ arc, we also consider the implications of
adding subducted sediment components to mantle sources. However, because local subducting sediment
averages have lower B/Nb ratios (<15) than observed in most Tonga-Kermadec lavas, bulk sediment incor-
poration can only be significant for lavas from the southern seamounts and New Zealand and cannot
account for elevated B/Nb in more northerly locations. If B is quantitatively retained in the bulk sediment
up to melting conditions, at least 1-5% sediment must be added to a DMM-1 type mantle to shift source B/
Nb values to those (1-5) observed in New Zealand basalts (Figure 9), and this may be consistent with Sr-Nd
isotopic compositions of these lavas [Rooney and Deering, 2014]. Partial melts of sediments would have
higher incompatible element contents than the bulk sediment, thus reducing the amount of material that
must be added to the mantle wedge to achieve a given range in source B/Nb, but the mixing curves would
have essentially the same trajectory as for bulk sediment. However, the efficacy of this process is weakened
by the probability that B and other fluid-mobile elements are selectively removed by dehydration and
metamorphic processes prior to onset of melting [cf. Moran et al., 1992; Marschall et al., 2007]. The extent of
this effect is modeled using the Moran et al. [1992] empirical observations of B-depletion as a function of
metamorphic grade (or T°C), from which we estimate greater than 95% loss of B from sediments heated to
~800°C (see Figure 9 caption). In this case, B/Nb ratios in sediment melts or B-depleted subducted metase-
diment may be too low to elevate the mantle source compositions to B/Nb values observed in the lavas.

It is worth noting that, in Figure 9, New Zealand basalts lie on trends consistent with mafic lavas from the
TKNZ arc as a whole, whereas data for Ruapehu evolved lavas (gray triangles) form distinct subhorizontal
trends that project toward compositions of sediments (or local Torlesse basement). The latter trends are
consistent with petrologic evidence that Ruapehu andesites and dacites are produced by FC of intermediate
composition (i.e., basaltic andesite) magmas and further modification by mixing of such magmas with silicic
crustal melts and/or assimilated crustal material [Graham and Hackett, 1987; Price et al., 2012]. Such process-
es appear to be common elsewhere in the TKNZ arc [e.g., Gamble et al., 1993a; Smith et al., 2010], and can
contribute to horizontal dispersion of compositional arrays like those in Figure 9. For this reason, the data
for basaltic lavas provide closer constraints on mantle source processes.

5.3. Constraints From Boron Isotopic Systematics

Variation in boron isotopic and related compositional data is shown in Figure 10. Comparison of the TKNZ
data with those from other arc systems provides a general context for more detailed analysis. The Tonga-
Kermadec data are rather typical of other western Pacific arcs (Izu-Bonin: Ishikawa and Nakamura [1994],
Straub and Layne [2002]; Kurile: Ishikawa and Tera [1997]; Marianas: Ishikawa and Tera [1999]; Kamchatka:
Ishikawa et al. [2001]), all of which are associated with relatively cool subduction zones. Data for these arcs
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Figure 10. Boron isotopic compositions of arc lavas as a function of B/Nb or Nb/B. (a and b) Show TKNZ data in the context of other volca-
nic arcs. The B/Nb plot emphasizes the nature of B-rich additives (slab-derived subduction components), whereas the Nb/B plot empha-
sizes processes in the arc magma sources (mantle wedge effects). The Cascades and Aeolian arcs are associated with warm subduction
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associated with strong accretionary erosion of the forearc. (c and d) Show the TKNZ data in detail with representative process models.
Symbols as in Figure 3. Mixing curves are shown for addition of a hypothetical slab-derived fluid (100 ppm B, 0.01 ppm Nb, 6''B = 7.5%,,
and B/Nb = 10000) to a range of mantle sources having MORB-like 6''B (—5.0%,), 0.1 ppm Nb, and variable B (Nb/B = 10 to 0.1). Intersect-
ing lines link these various models at fixed proportions of fluid added (0.1-5%).

4

are consistent with 5''B values in the subduction component (“6''Bsc”; see below) similar to those at
Tonga-Kermadec. For comparison, much lower §''Bsc (near +1%,) is consistent with low ''B values in lavas
from the very warm Cascade arc. There, it is proposed that ''B was selectively removed from the subducting
slab during advanced dehydration beneath the fore-arc region [Leeman et al., 2004]. Effectively, early quan-
titative removal of B from the slab in hot subduction zones minimizes overprinting of the mantle wedge B
systematics by infiltrating slab-derived fluids. Regarding isotopic compositions, it is widely agreed that, as
subducting slabs are heated and progressively dehydrated, the released fluids will selectively remove ''B,
causing gradual reduction of §''B [Peacock and Hervig, 1999]. A similar situation may prevail in the Aeolian
arc due to slow convergence [Tonarini et al., 20011. In contrast, very high §''Bsc (near +16%,) for the South
Sandwich arc has been attributed to subduction erosion of previously metasomatized frontal arc mantle
that has been enriched in ''B by shallow subduction zone fluids [Straub and Layne, 2002; Savov et al., 2005;
Tonarini et al., 2011]. As discussed in these papers, retention of B in subducting slabs likely depends on the
stability and spatial distribution of B-host minerals (dominantly serpentinite and phyllosilicate phases)
under gradational thermal conditions as the slab is progressively heated.

These data are modeled in terms of additions of subduction components to arc magma sources in the man-
tle wedge. Again, B/Nb ratio is used as a proxy for boron enrichment in the magma sources, and should
essentially depend on the magnitude of fluid additions to the respective mantle domains (assuming negligi-
ble fluid solubility of Nb). In detail, the amount of fluid required to produce a specific source B/Nb value will
vary inversely with the B content of that fluid or directly with degree of source depletion. As in previous
models, we used a fixed B content of 100 ppm for illustration. The entire full range of observed B/Nb values
can be produced by adding up to 5% of this fluid to the model source (or <1% fluid at higher B content ca.
1000 ppm); this addition need not be instantaneous, and is likely to be cumulative over time. Although
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initial &''B values in slab components (abyssal peridotites, oceanic crustal rocks, etc.) can be high in some
cases (10-409%,) [Martin et al. [2016] due to interaction with seawater, they are typically lowered by dehydra-
tion processes, making it difficult to know a priori the isotopic composition of material being added to arc
magma sources. Boron isotopic variations in arc lavas provide the most direct constraints on this question.

For example, at relatively high B/Nb, mixing curves for fluid addition define plateaus approximating the
isotopic composition of this subduction component (3''Bsc). Accordingly, data for the Tonga sector and
for some Kermadec lavas indicate that the subduction component added to their sources must have a
5""Bsc value near 7.5%, (Figure 10c). Data for Hunga Ha'apai (leacheate residue) and Tafahi permit involve-
ment of heavier contributions (5''Bsc approaching 10%,), and some Kermadec samples are consistent with
5""Bsc as low as 5%,. Thus, a representative composition for slab-derived contributions in the main arc is
taken as 7.5 = 2.5%,. Similarly, lower §''B values in the southernmost lavas (Figure 4) can be explained by
southward decrease in ' 'Bsc values. This in turn could result from enhanced isotopic fractionation (selec-
tive loss of ''B) in the slab due to steeper thermal gradients and more pronounced dehydration [Marschall
et al.,, 2009]. As long as fluid B/Nb values are large, and source B/Nb low, model curves in Figure 10c will
converge to fluid § ''B values after adding only small amounts (< 1%) of fluid, essentially forming “pla-
teaus” approximating the fluid composition. Changing 6''B values of the fluid additive would effectively
shift the array of curves up or down (Figures 10c and 10d). For example, compositions of the anomalous
Ata lavas could be produced if §''Bsc approaches MORB-like values (—59%,) in that region. We consider this
scenario unlikely unless temperature conditions in the Ata source differ sufficiently from adjacent arc sec-
tors to cause such a shift by isotopic fractionation (i.e., greater dehydration of the subducting slab in this
area). Interestingly, B-enrichment in the lavas does decrease sharply south of Hunga Ha'apai (cf. Figures
4b-4d), and this is reflected in relatively low B/Nb (compared to all northern Tonga except Tafahi) estimat-
ed for the Ata source (Figure 7a). So there possibly is a thermal effect just north of Ata. On the other hand,
a dehydration process that could lower 5''B by ~159%, would also be expected to reduce B content and B/
Nb to values well below those in the Ata lavas. As seen in Figure 10d, scatter in the TKNZ data is permissive
of significant variation in source Nb/B ratios (from unity for New Zealand or Niuafo'ou, to 0.1 for Macauley
and Raoul, and as low as 0.02 for Ata). A similar range is seen in the analyzed sediments, and presumably
such variations could develop over time in the mantle wedge (equivalent to the offsets discussed in Figure
7). The simplest explanation for Ata may be that the subduction component there is completely different
(with low 8"'Bsc and elevated Bsc).

A general explanation for source variability with regard to Nb/B is that this is controlled by regional differ-
ences in degree of presubduction mantle depletion, coupled with spatially variable later inputs of B from
the subducting slab. The amount of subducted B is expected to be least near New Zealand (owing in part
to a warmer slab) and in the back-arc regions (owing to progressive slab depletion). Because Nb/Zr and
source Nb are evidently higher in those areas, we predict that they will be characterized by the highest Nb/
B ratios (albeit significantly lower than the average NMORB source). Conversely, because most of the arc sits
over mantle wedge domains that previously experienced the greatest melt extraction, arc magma sources
there could have Nb contents approximately one fourth as high (ca. 0.05 ppm; supporting information Fig-
ure S2). In such mantle domains, slab-derived B enrichments will be proportionately larger. Using source Nb
estimates (supporting information Table S1), and minimal Nb/B values for the Tonga and Kermadec sectors
(cf. Figure 10), we estimate those local arc magma sources to have maximal B contents near 3.5 and nearly
2.0 ppm, respectively (supporting information Table S1 and Figure S2). Thus, maximal B-enrichments for the
arc magma sources relative to DMM are nearly two orders of magnitude (at least ca. 80-fold).

Basalts from New Zealand and back-arc Niuafo'ou also have low 5''B values (—19%, to —6%,) overlapping
those in many intraplate and mid-ocean ridge basalts. This is commonly the case for back-arc samples,
where slab fluid inputs are inferred to be greatly diminished, and/or 5''B values predicted to decrease with
depth owing to progressive release of ''B-enriched fluids from the subducting slab [Ishihawa and Naka-
mura, 1993; Straub and Layne, 2002; Tonarini et al., 2011; Harvey et al., 2014]. For New Zealand, where contri-
butions of slab-derived fluids appear to be small, the mantle in this region could have a distinctive
intraplate-like composition given similarity between B-Nd-Sr isotopic compositions of basalts there and at
Niuafo’ou, where there is no continental or evolved oceanic crust. Still, mantle sources in both places have
ca. 0.2 ppm B (supporting information Table S1 and Figure S2), and B/Nb ratios that are enriched more than
15-fold relative to typical oceanic island basalt sources (0.06 = 0.02; Ryan et al. [1996]) and more than 5-fold
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Figure 11. Diagrams showing variation in (**Th/?*2Th) activity ratio with (a) latitudinal position along the arc, and as functions of (b) U/Th,
(c) B/Th, and (d) 8""B. Positive correlations among all these parameters suggest that B-enrichment also is recent or “real-time.” Th activity
ratios are from Turner et al. [1997] for Tonga-Kermadec and extrapolated from Price et al. [2007] for New Zealand. All other data were mea-
sured on samples used in this study. Data symbols as in Figure 3.

relative to average NMORB. These enrichments are readily explained by addition of small amounts of B-rich
fluids with low 6''B.

5.4. Implications for U-Series Isotopes

In this section, we revisit implications of U-series isotopes in the context of the present study (Figure 11).
Systematic variation in (23°Th/2*2Th) activity ratios along the arc (Figure 11a) mimics spatial variations in oth-
er parameters (cf. Figure 4) that are linked to subduction contributions. The large range in (***Th/?32Th) val-
ues in the TKNZ rocks most likely reflects a combination of prior melt depletion and any fluid addition of U
to the wedge > 350 ka ago [i.e., addition of U<8 ka ago will not change this ratio, but will lead to
(**8U/%2°Th) > 1], whereas addition of U within > 10 kyr and < 350 ka will lead to associated increases in
(*°Th/*2Th). Values of the (**°Th/?32Th) activity ratio in TKNZ lavas are strongly correlated with U/Th, B/Th,
and 6''B in samples analyzed for B content (Figures 11b-11d). These correlations clearly show that selective
enrichment of U parallels that of B, both of which are consistent with infiltration of U-rich and B-rich fluids
[cf. Bali et al., 2011]. The extent of these enrichments is roughly proportional, and most extreme in the Ton-
gan sector. It should be noted that low (>3*®Th/?32Th) values for New Zealand are taken from different sam-
ples [Price et al., 2007], but are representative of all available data for that region. The two Ata basalts also
appear to sample a source that experienced both B-enrichment and U-enrichment, again with distinctly
lower 6''B. Finally, differences between the back-arc sample (BA) and others from the arc front are consis-
tent with diminished fluid input behind the arc.

We next re-examine the timing of slab contributions; that is, what is meant by “recent.” On the U-Th equiline
diagram (Figure 12), a notable feature of the Tonga-Kermadec rocks is their large range in both
(3°Th/%2Th) versus (*8U/?*?Th) activity ratios [Regelous et al., 1997; Turner et al., 1997]. Although the data
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Figure 12. U-Th equiline diagram for TKNZ lavas. Data from Turner et al. [1997,
2012], Heyworth et al. [2007], Price et al. [2010], and Caulfield et al. [2012b]. All
samples plotted are characterized by some degree of *°Ra-disequilibrium that
is taken to signify recent disturbance in the magma source. Note that magni-
tude of U-enrichment relative to the equiline generally increases toward the
north (particularly in the Tonga sector; Figure 11a) where, owing to more rapid
plate convergence, there is a proportionately larger subduction mass flux.
Dashed gray line represents early interpretation that inferred an approximate
“age” of 50 ka for the data array as a whole. Horizontal lines are consistent with
most of the data for individual locations (with notable scatter for Kao and Raoul,
that include older, less precise data); these imply near “zero-age” additions of
U to local sources, with increasing magnitude toward the north as also seen in

array was initially interpreted to reflect U
addition to a uniform, sediment-modified
mantle wedge composition (i.e, a single
point where the sloped data array inter-
sects the equiline) at ca. 50 ka, the B data
presented here and new U-Th data
obtained by Caulfield et al. [2012b] and
Turner et al. [2012] suggest an alternative
interpretation.

Both depletion of Th by melt extraction
and episodic addition of U by fluids can
lead to increases in mantle wedge U/Th
ratio and, allowing for decay of 233U, sub-
sequent increases in (2°Th/%*2Th). Thus,
multistage scenarios in which both the
extent of mantle wedge melt-depletion
and relative addition of slab-derived flu-
ids increase northwards along the arc
predict that the corresponding resultant
mantle wedge compositions will tend to
move progressively up the equiline. As
illustrated on Figure 12, data for most
individual islands approximate subhori-
zontal arrays extending to the right of
the equiline, and these generally step to
higher (3*°Th/?*2Th) toward the north.
The implication is that the U addition

U/Nb (Figure 6d) or U/Th (Figure 11b) el tal ratios. - .
(Figure &d) or (Figure 11b) elemental ratios responsible for the observed U-Th dise-

quilibria is relatively recent (i.e,, within
the last few millennia), which in turn suggests that the observed ?*°Ra excesses [Turner et al., 2000] are cou-
pled and essentially reflect the same episodes of fluid addition. This interpretation nicely reconciles differ-
ences in the timing of fluid additions initially inferred from U-disequilibria and Ra-disequilibria data.
Realistically, the fluid addition process has been ongoing since arc initiation, and element concentrations in
the mantle wedge must be considered to be a time-integrated record of this process rather than a snapshot
of only the most recent or “real-time” subduction effects. If presubduction depletion of Th and U in the mantle
wedge is similar along central portions of the arc (i.e., as inferred for Nb), then the northward increasing mag-
nitude of (*33U/?32Th) shifts must dominantly reflect northwardly increasing fluid flux (i.e, consistent with
increasing convergence rate). This notion is supported by the correlation seen between magnitude of source
U/Nb and calculated melt fractions (Figure 6d). As just discussed for B, the impact of fluid inputs on mantle
composition may be amplified to the extent to which the mantle has been previously stripped of Th due to
prior melt extraction.

These observations are consistent with general modification of the mantle wedge, and specifically arc mag-
ma sources, in response to infiltration of slab-derived fluids. The U-series data verify this to be a relatively
recent (ongoing?) phenomenon, but the B data (especially offsets in B/Nb; Figure 7a) suggest some extend-
ed history of accumulation of the fluid mobile elements—the full extent of which may not be preserved
with the short-lived radioisotopes.

5.5. Implications for Be Isotopes

Perhaps the most compelling indicator that near-surface materials in the downgoing slab are involved in
subduction-related magmatism is the unique presence of cosmogenic '°Be in many young arc lavas (cf. Fig-
ure 13). Relative enrichment of this tracer (measured as '°Be/’Be ratio) is well correlated with enrichment of
B (as B/Be) in several arcs [Morris et al., 1990]. George et al. [2005] report such data for T-K lavas (Figure 13a),
that define a positive correlation between '°Be/’Be ratio and B/Be, but with several notable outliers (Raoul,
Tofua, Metis Shoal). These authors attribute selective enrichments of '°Be to involvement of a subducted
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Figure 13. Plots of '°Be/’Be versus (a) B/Be, using data of George et al. [2005]; and (b) B/Be, (c) B/Nb, and (d) 6''B, using our data for the
same or comparable samples. Note that in all but four cases the '°Be/°Be data are from different samples than those in our study. Horizon-
tal bars connect samples with similar chemistry from the same island, indicating probable ranges in B/Be or B/Nb for these localities based
on data from this study. Symbols are simplified to indicate affinity with Tonga (circles) or Kermadec (squares) sectors, as well as the unusu-
al Ata and Valu Fa samples. Approximate trends in Figurex 13b and 13c for Kermadec samples (heavy dashed lines) highlight tentative cor-
relations between B and Be systematics. In Figure 13d, two trend lines are shown, corresponding to the offset in 6''B between Kermadec
and Tonga lavas (cf. Figures 4a and 7a).

sedimentary component, although simple bulk addition of sediment seems precluded. We briefly review
the constraints from Be isotope data, considering that positive '°Be/’Be values require enrichment of arc
magma sources in slab-derived '°Be, and magma generation and ascent within a time scale less than ca.
8 Ma (including subduction transport time). The latter constraint is based on the fact that the slab inventory
of "°Be decays with a half-life of 1.387 Ma [Korshinek et al,, 2010]. It is commonly assumed that '°Be resides
largely in subducted sediments, and that its transport to the mantle wedge must be via a sediment melt
component owing to the notion that Be is sparingly soluble in aqueous fluids. However, as previously not-
ed, You et al. [1994] demonstrated that '°Be is effectively mobilized from pelagic sediments by hydrother-
mal fluids at 350°C, and suggested the viability of Be transport via fluid mobilization in subduction zones. In
this study, we also present evidence that Be is significantly enriched in TKNZ magma sources (Figure 7e),
and that this parallels enrichments of B and U, both of which correlate with degree of melting to produce
the arc lavas (Figures 6¢ and 6d). Thus, we consider that enrichments of both Be and B are facilitated by
transport in slab-derived fluids. This does not preclude sediment melting as a contributing factor, but does
raise doubt as to its necessity.

Direct comparison of our data with the Be data of George et al. [2005] is complicated by the fact that differ-
ent samples were used in all but four cases. For the others, our results are combined with Be isotope data
from George et al. [2005] for comparable samples to allow preliminary evaluation of the B-Be systematics.
Because of discrepancies noted earlier regarding B concentration data, we compare the original B/Be data
with ours (Figures 13a and 13b); for our samples we utilize Be concentrations in Table 2. Of the original
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outliers, only Metis Shoal remains as a distinct outlier. Considering that this is one of the samples analyzed
in common, and that the B data are in reasonable agreement, it is a confirmed anomaly. Because the Metis
Shoal dacite (65% SiO,) carries a disequilibrium assemblage of “phenocrysts” indicative of mixing between
mafic and silicic magmas [Ewart et al., 1973], its significance is unclear. We also find that, using our B data
for the Ata sample analyzed in common, it becomes an outlier in Figure 13b. In this case, our higher B con-
tent is substantiated by comparable data for a second Ata sample; thus, Ata stands out as anomalous in yet
another regard. Comparing Be isotope data with B/Nb ratios, we again see a strong correlation between B
and "°Be enrichments (Figure 13c), but with the outliers of Ata, Metis Shoal, and now Tofua. Still, the overall
correlation suggests that Be, like B, is plausibly transported by aqueous fluids.

Lastly, we compare the B and Be isotopic data for each location (Figure 13d). A reasonable correlation is evi-
dent between 6''B and '°Be/’Be for Kermadec, whereas the Tonga data are largely clustered but offset to
higher 6"'B reflecting the along-strike differences in 6''B (cf. Figures 4 and 10). The sample from Ata stands
alone and has the lowest '°Be/’Be and &''B values of all TKNZ samples. There is no a priori reason why
these parameters need be directly linked, as '°Be and B are likely hosted in different parts of the slab. That
is, with B residing primarily in altered oceanic crust and/or serpentinized ultramafic lithologies [cf. Tonarini
et al., 2011; Ryan and Chauvel, 2014], whereas '°Be is preferentially concentrated in the uppermost sedimen-
tary veneer (any inventory in deeper, older sediments presumably having decayed away).

However, the inferred correlation between B-enrichment and isotopic composition with '°Be/°Be for Kerma-
dec samples is considered robust (evident in all panels of Figure 13) and is of particular significance. First, it
is consistent with the notion that transport of B and Be into arc magma sources is linked by a common fluid
infiltration process. Second, if '°Be and B are derived primarily from the sediment veneer, a coupling of their
enrichments would imply that temperatures near the slab surface must be cooler than the sediment solidus
(otherwise B would be selectively attenuated by dehydration processes approaching such high tempera-
tures). However, it is also possible that B-rich fluids originate from greater depths within the slab and
entrain '°Be from the uppermost slab sediments as they ascend—in which case, warmer slab surface tem-
peratures could be viable. This scenario is compatible with the existence of multiple types or sources of slab
components that may modify parts of the mantle wedge [cf. Ryan and Chauvel, 2014], albeit for TKNZ a
fluid-dominated component seems adequate to explain available data for the arc lavas.

5.6. Implications for Subduction Zone Thermal Conditions and Sources of Boron

This study bolsters existing evidence that arc magmas are selectively enriched in boron, and in the TKNZ
arc system such enrichments are among the highest known. The underlying cause for such enrichments
has been attributed to selective transfer of boron from the subducting slab, which is considered to be a
major repository for this element. The primary reservoirs for B in subduction zones are serpentinized perido-
tites that have reacted with seawater-related hydrothermal fluids in the shallow mantle, altered oceanic
crustal rocks (gabbros and lavas) and the overlying sediments. Inventories of B in these materials, and B iso-
topic compositions of many, have been discussed extensively [Leeman and Sisson, 1996; Bebout et al., 1999;
Savov et al.,, 2005; Vils et al., 2008, 2009; Kodolanyi et al., 2012; Deschamps et al., 2013; Harvey et al., 2014;
Ryan and Chauvel, 2014; Martin et al., 2016]. Boron systematics in sediments have been summarized by Ishi-
kawa and Nakamura [1993]; Leeman and Sisson [1996] and Romer et al. [2014], and references therein; for
our purposes the new analyses reported in this paper for DSDP/ODP cores offshore of the TKNZ arc are con-
sidered to be representative.

Extraction of boron from these sources is strongly supported by the correlated enrichments of B and '°Be in
modern arc lava suites [Morris et al.,, 1990], and this is the case for TKNZ [George et al., 2005]. On the other
hand, the elevated 6''B values observed in most of the volcanic front lavas are more consistent with com-
positions of abyssal peridotites and serpentinites (references cited above). Frontal arc erosion and subduc-
tion of such rocks is suggested by available geologic and geophysical surveys of the TKNZ arc system [e.g.,
Contreras-Reyes et al., 2011; Timm et al., 2014]. However, dehydration reactions during subduction (or equiv-
alent metamorphic processing) commonly result in a progressive decrease of 5''B in the residual slab mate-
rials owing to selective fractionation of heavy 1B into the released fluids [Scambelluri et al., 2004; Marschall
et al,, 2007, 2009; Tonarini et al., 2007, 2011; Martin et al., 2016]. In some cases [Scambelluri and Tonarini,
2012] this may not occur, and elevated §''B values (>20%,) can be retained in serpentinized peridotites. In
any case, the initial compositions of subducted slab materials are expected to be isotopically heavier than
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fluids released from the slab directly beneath volcanic arcs [Peacock and Hervig, 1999]. The difference
depends to some extent on the temperature gradient experienced during subduction, but could be as
much as 5-109,, based on empirical studies and models [Marschall et al., 2006, 2007]. With some exceptions,
marine sediments and altered oceanic crust generally have §''B values [Ishikawa and Nakamura, 1992;
Smith et al., 1995; Yamaoka et al., 2012; Romer et al., 2014] lower than observed in most volcanic front lavas
from the Tonga and Kermadec arc sectors, and this is true for our data for sediments outboard the arc.
Thus, considering the fractionation effects that accompany subduction, it seems improbable that such
materials can account for the observed B compositions in the northern reaches of the arc. Previously altered
and/or serpentinized ultramafic rocks similar to those sampled in the Mariana forearc [Benton et al., 2001;
Savov et al., 2005] or the South Sandwich forearc [Tonarini et al., 2011] would be more suitable sources for
B-rich fluids.

Juxtaposed against the prevalent trends for Tonga-Kermadec are the anomalous lavas from Fonualei and
especially Ata that exhibit minor to large negative anomalies in 5''B relative to adjacent volcanoes. Their
proximity to impinging back-arc spreading centers raises the possibility that convective flow of warm back-
arc mantle could accelerate dehydration of the slab (or perhaps metasomatized portions of the overlying
mantle wedge), resulting in more dramatic lowering of §''B in proximal domains, hence in the fluids
released therefrom. It is also possible that deeply subducted and more ''B-depleted mantle upwells into
the nascent spreading center [cf. Escrig et al., 2009, 2012], albeit such material would likely be B-depleted
and thus have little leverage on B systematics in the present mantle wedge. In the case of Ata, the observa-
tion of relatively high B/Nb ratios seems antithetic to such scenarios and other alternatives should be con-
sidered. For example, Timm et al. [2013] have suggested that subduction of the Louisville seamounts
beneath this region may have contributed radiogenic Pb to southern Tonga magma sources, including
those of the Monowai seamounts and Ata. If so, it is possible that they also contributed B with OIB-like low
5'"'B to the Ata magma source. The low '°Be/’Be value in one Ata sample as well as less radiogenic Sr and
more radiogenic Nd in Ata lavas compared to nearby arc sectors (Figures 4 and 12) also set them apart
from most other Tongan lavas, and are consistent with a distinctive (more OIB-like) source. Our analysis of
one Louisville-derived volcaniclastic sediment has high 6''B (+6.8%,) but, upon subduction, §''B values of
such material could be lowered substantially. So, the real mystery of Ata boils down to how its source devel-
oped its high B/Nb-low ''B character. This question may be linked to long-term enrichment of B on a local
scale, and cannot be resolved unambiguously with the limited data presently available.

The New Zealand lavas also present a complex enigma in that they have low §''B and relatively low B/Nb.
Their radiogenic isotopes appear to require enhanced inputs of a crustal nature, and this may also account
for their low 8''B values. A quandary pertains to whether this can be attributed to greater subduction input
of terrigenous sediment to mantle domains in southern reaches of the arc system versus inheritance (or
contamination) from the underlying mantle or basement [cf. Rooney and Deering, 2014]. With regard to B
systematics, in some diagrams, sediment compositions lie far afield from the lavas and we do not see a
compelling control of magma compositions by the analyzed sediments. Because the terrigenous sediments
shed off New Zealand likely are similar to basement rocks [Torlesse and similar metasediments; Price et al.,
2015] they are hard to distinguish chemically. In any case, there is ample evidence that modern magmas of
the Taupo Volcanic Zone have interacted with such basement rocks [e.g., Gamble et al.,, 1993a; Price et al.,
2007, 2012]. Although we have no direct data on the local basement, comparison with high-grade meta-
morphic rocks from other regions suggest that they may have low B/Nb and 6''B [cf. Leeman et al., 1992;
Palmer and Swihart, 1996]. Also, low B/Nb and §''B may simply reflect ambient mantle composition as such
characteristics are also observed in back-arc regions in many arcs, and in the northern Tonga region (this
study), and may be typical of much of the Earth’s mantle where it has not been impacted by subduction
processes (such as has been proposed for the Cascades arc; Leeman et al. [2004]).

How boron is transported to domains within the mantle wedge, where arc magmas are produced, has been
a long-standing question. The fact that the TKNZ arc system is one of the coolest subduction zones world-
wide raises the possibility that slab temperatures beneath the arc front are below the solidus of most com-
ponents in the slab. Predicted sub-arc slab surface temperatures range from ca. 800° beneath New Zealand
to ca. 700°C beneath Tonga [Syracuse et al., 2010]. The latter is below estimates of the wet-solidi for pelitic
sediments [Johnson and Plank, 1999; Hermann and Spandler, 2008, Figure 2], and both are well below the
dry solidi at those depths. Moreover, the thermal models suggest the existence of a large temperature
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gradient (>400°C) within the upper 10 km of the slab. Under such conditions fluids could be gradually
released throughout hydrated portions of the slab. Such fluids would act as suitable transport media for
fluid-mobile elements like B, and could trigger melting in overlying mantle wedge domains where tempera-
tures exceed the wet solidus [Spandler and Pirard, 2013]. The extent to which other elements besides B are
mobilized in such fluids and/or melts is not entirely clear owing to uncertainties in existing experimental
constraints on element partitioning [Johnson and Plank, 1999, Spandler et al., 2007, 2014]. However, experi-
mental studies indicate that at sufficiently high T-P conditions to form melts and/or supercritical fluids, it
becomes increasingly difficult to selectively fractionate B from other incompatible elements as the “carrying
capacities” of these media increase and virtually all elements become mobile to a significant extent [Kesse/
et al., 2005; Dvir et al., 2011; Spandler et al., 2014]. Our observations for the unusually cool TKNZ subduction
system suggest that such conditions are not generally attained because B is selectively enriched in the arc
magmas. As noted earlier, the propensity for B to be mobilized from progressively dehydrated and meta-
morphosed marine sediments and oceanic crustal rocks distinguishes it from refractory fluid-immobile ele-
ments (e.g., Zr, Hf, Nb, Ta, all of which have low fluid solubility and may be retained in accessory minerals).
Conversely, because of its mobility, the B inventory in subducting oceanic crustal rocks and sediments is
likely to be strongly attenuated long before the solidus is reached. Many aspects of TKNZ arc geochemistry
are consistent with a dominantly fluid-based transport mechanism, with little compelling need to invoke
melting of slab components except possibly in the vicinity of New Zealand. The common perception that a
melt or supercritical fluid phase is required to explain element transport from subducting slabs to arc mag-
ma sources hinges to some extent on whether or not aqueous fluids are up to the task. The apparent corre-
lations between B-enrichment, U-series isotopes and, tentatively, '°Be provide support that this is the case,
particularly for the Tonga-Kermadec sectors of the arc.

Finally, estimates of source compositions for a range of trace elements demonstrate systematic along-strike
variations in melt-depletion for the TKNZ mantle, being most severe for southern Tonga. This is reflected in
the chemistry of the arc lavas in that region (e.g., TiO, contents and Nb/Zr ratios well below values for aver-
age NMORB). Sources of these lavas must have had depleted incompatible element inventories that were
easily leveraged by inputs from the subducting slab. For example, calculated sources for the modern arc
lavas are systematically enriched in B, Ba, Th, U, LREE, and Be, with strongest enrichments corresponding to
the most (previously) melt-depleted localities. Source abundances for more refractory (i.e., less fluid-mobile)
elements Hf, Nb, and Zr are similarly depleted relative to MORB source mantle, and source Yb is relatively
consistent along most of the arc, with notable compositional gradients at its the northern and southern
ends. Calculated melt proportions needed to produce the arc lavas from these sources range from <10 to
more than 30%, and show systematic gradients along the arc with maxima at Tonga, where sources are oth-
erwise refractory. This implies that melt production is generally proportional to the magnitude of fluid flux
beneath the arc, as represented by proxy ratios such as B/Nb, U/Nb, and Be/Nb. Boron isotopic composi-
tions are loosely correlated with these latter parameters, but observed along-strike variations indicate a gra-
dient in the nature of the subduction component, with 5''B decreasing from Tonga to New Zealand, that
could reflect warmer subduction zone conditions and stronger isotopic fractionation (i.e., ''B losses) to the
south.

These observations and inferences raise interesting questions regarding how arc magma sources are estab-
lished in detail, and what actually causes melt generation. Correlated behavior of B and perhaps Be system-
atics with U-series systematics implies that transfer of these and other fluid-mobile elements by infiltration
of slab-derived fluids must occur on time scales as short as millennia. However, details of the B systematics
imply that the overall process could be cumulative and protracted over much longer time scales. A further
implication is that regions of potential arc magma genesis could develop over broad temporal and spatial
scales, say in relatively static domains within the lithospheric portion of the mantle wedge as well as in
asthenospheric portions that may be convecting. It remains to be determined, then, what actually triggers
melt production. It is tempting to conclude from the apparent correlation between melting degree and
magnitude of B-enrichment in the TKNZ arc, that both are proportional to the amount of water added to
the source (i.e., flux melting dominates). And, on the basis of our current understanding of short-lived iso-
topes, we infer that at least one pulse of fluid addition must be essentially synchronous with melt genera-
tion. However, evidence that B-enrichment is incremental and cumulative would imply that the full amount
of aqueous fluid required to attain a given level of enrichment need not be present at the time of melt
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production. Of course, the short-lived radioisotopes will not retain a complete record of this—leading to
underestimates of magnitude of slab inputs. In which case, what was the physical effect of earlier fluid addi-
tions and where did they go? Moreover, the relatively high liquidus temperatures estimated for most TKNZ
mafic magmas (cf. Table S1; Cooper et al. [2010]) seem inconsistent with melting simply due to fluid-
induced solidus reduction. Certainly melting could be triggered by other means, some time following fluid
additions—possibly due to decompression in ascending mantle flow. It remains to be evaluated whether
this or other melting scenarios can be reconciled with the available temporal constraints.

6. Conclusions

New B concentration and isotope data from the Tonga-Kermadec-New Zealand arc show that many of the
arc lavas extend to higher B/Nb and 4''B than the subducting sediments. This observation implies that
source B-enrichments are likely to derive from addition of aqueous fluids from the subducting altered oce-
anic crust or, more likely, underlying ultramafic rocks under relatively cool (i.e., subsolidus) conditions; con-
tributions from sedimentary components are considered to be of second order to negligible importance
except possibly in the southern reaches of the arc. Comparisons of B systematics with U-series isotopes and
%Be systematics collectively support the concept that all are strongly influenced by fluid transport from a
subducted slab. Such a model represents a significant departure from previous studies of this arc that stress
the importance of element transport via sediment melts [e.g., Turner et al., 1997, 2012; Ewart et al., 1998;
George et al., 2005; Caulfield et al., 2012al. For example, elements such as Be and Th, that have been consid-
ered difficult to mobilize in aqueous fluids, display spatial variations in source enrichments (i.e., relative to
Nb) similar to those of B, U (Figures 6 and 7), and Ba, suggesting that all are to some extent fluid-mobile.
Thus, it appears possible to scavenge components such as '°Be or Nd from subducted sediments (where
they are concentrated) into ascending fluids, as has also been suggested previously for Hf [Woodhead et al.,
2001] and for Th [Hergt and Woodhead, 2007]. This notion should be appraised by further studies of fluid
partitioning under P-T conditions appropriate to this arc since the data presently available are to some
extent contradictory [e.g., Johnson and Plank, 1999 or Brenan et al, 1995, 1998a, 1998b versus Spandler
et al., 2007].

We also discern an inverse relation between source depletion and extent of B-enrichment. In detail, gra-
dients in lava (and source) B/Nb ratios along the arc suggest that slab influence (e.g., fluid input, melting
degree) peaks near southern Tonga (ca. 21°S) and systematically diminishes to the north and south. This
pattern is consistent with overprinting of fluid additions on previously melt-depleted mantle, whereby the
fluid has greatest leverage on the more depleted mantle domains [cf. Gamble et al., 1993; Woodhead et al.,
1993; Ewart et al., 1998]. However, because degree of source depletion appears to be fairly uniform along
much of the Tonga-Kermadec arc, the observed systematic spatial variations in lava compositions are likely
dominated by the magnitude of overall subduction flux, which increases progressively with subduction rate
northward from New Zealand. Second-order variations in lava chemistry (e.g., 6''B, Th/Nb, La/Nb, Be/Nb)
can be attributed to along-strike differences in the compositions and/or proportions of subducted
materials.
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Introduction
+ This document provides supplemental information used in the main text and figures.
Table S1 comprises three sections: I. Mantle source models calculated from compositions

of primitive magmas; II. Average primitive melt compositions considered; and III.



Reference compositions used in figures and text. Reference citations are provided for the
sources of this information where appropriate. Also, a description is provided for the
methods used to compute level of source depletion, degree of melting to produce the arc
lavas, and the compositions of their respective sources. This is followed by a brief
assessment of the results, including estimated temperatures of melt segregation from the
mantle. Selected figures are also included. Figure S1 shows systematic variations for
TiO,, Yb, and Y concentrations in TKNZ lavas, Figure S2 presents latitudinal variation in
source composition for selected elements, and Figure S3 shows variation of B and 8''B

vs. Sr and Nd isotopic compositions for individual samples analyzed in this study.

Text S1.
Description of Table S1 - Supplemental Information

Source compositions reported in Part I were calculated using model parameters
provided there, following the procedure described below. In this section are provided
source elemental concentrations (in ppm unless otherwise noted), and melt fractions (F)
used to calculate source composition from the average analyses in Part II. Also reported
are temperature, pressure, and equivalent ‘segregation’ depth at which the primitive
magmas could have equilibrated with a source with Mg# = 90. These values are averages
from calculations on individual samples using the method of Lee et al. [2009] (see details
below; also Leeman et al., 2005a). Note that the tabulated source concentrations are not
corrected for fractional crystallization. However, based on the Lee et al. [2009]
computations, a value for [Mf/Mo] is provided for each locality average that represents
the final mass of primitive magma after olivine addition to achieve equilibrium with
Mg#90 mantle divided by the initial mass of uncorrected magma. Division of the
reported concentrations by this number gives the ‘FC’-corrected source compositions;
these corrections range from 0 (New Zealand) to 37% (L’Esperance), and typically are
between 10-20% (average = 15%). Finally, we tabulate depth to slab for each locality [a]
as determined from the SLIP 1.0 model of Hayes et al. [2014], or [b] from the
compilation of Syracuse et al. [2006].

Primitive melt compositions tabulated in Part II are calculated using analyses of
selected samples from each locality, restricted to less than 55% SiO,, and at least 5%

MgO where possible. No samples from Hunga Ha’apai and L’Esperance in our database



met the second criterion, so the most primitive samples were used. Also, because no
samples from Niuatoputapu, Fonualei, Metis Shoal or Curtis met either criterion, these
localities are not represented here. Prior to averaging, all major element analyses were
normalized to total 100% on an anhydrous basis with all iron calculated as FeO.
Averages, standard deviation, and number of samples included are provided for each
element. In some cases, for B and a few other elements, there was only a single analysis
available. For New Zealand, the TVZ average is based on two of the most primitive
basalts from the Ruapehu area; because the Kakuki lava is distinctly more primitive it
was treated separately. References for the analyses used are provided in Part I).

Our extrapolation to mantle conditions necessarily implies that the analyzed magmas
are primitive and only moderately removed from compositions of mantle partial melts.
This is difficult to prove, but we note that virtually all basalts from the Kermadec — TVZ
sectors are multiply saturated with plagioclase, olivine, + clinopyroxene (+
orthopyroxene in some basaltic andesites), and in the highest-MgO samples the olivines
are magnesian (up to Fogg) which supports their primitive nature [Gamble et al., 1990,
1993, 1997]. Mafic lavas from the Tonga sector (esp. Late and Hunga Ha’apai) are
dominantly saturated with plagioclase and pyroxene, and olivine is rare [Ewart et al.,
1973]; accordingly, extrapolations to mantle conditions are less certain for these lavas.

End member compositions in Part III are taken from the cited references, with B data
from this study included where noted; in some cases B content was estimated. The
sediment average for DSDP 596 was calculated using only the samples analyzed in this
study, using our B data, with data for other elements and lithological weightings from
Plank and Langmuir [1998]. It should be noted that B contents in other sediment

averages from Plank [2014] are estimates, and not based on direct analyses.

Calculations of source depletion, degree of melting, and source compositions

The level of prior melt depletion in the source for each locality was estimated based on
contents of TiO,, Y, and Yb in primitive samples, and assuming that source
concentrations for these components were not enhanced in any way by subduction
contributions [cf. McCulloch and Gamble, 1991; Pearce and Peate, 1995; Ewart et al,
1998; Gribble et al., 1998; Kelley et al., 2006]. The latter authors use TiO,/Y ratios in a



given sample, the same ratio in MORB, and estimated TiO; content (0.133%) for DMM
[Salters and Stracke, 2004] to calculate TiO, content in the source for the sample. The
formulation used is as follows: Co-Ti = [(Ti102/Y)s/(TiO2/Y )nmors] * Comm-Ti.

We follow this approach but use both TiO,/Y and TiO,/Yb sample ratios with average
NMORB values (0.0461 and 0.4665, respectively; Gale et al. [2013]) to obtain two
independent solutions for source TiO, content. The resulting values provide parallel
estimates of the source TiO, content for a given sample normalized to the value in an
average NMORB source. We find that, for the samples considered in our study (and
using high precision trace element data; cf. Davidson et al., [2013]), the different
estimates based on ratios with Y or Yb typically agree within 10% or better. The source
TiO, values reported (Table S1, Part I and also Part II) represent averages of multiple
samples from each locality, and in most cases standard deviations indicate that agreement
among samples is better than 10%. An advantage of this approach is that lava
compositions do not require correction for fractional crystallization because solid/melt
distribution coefficients for all three elements are sufficiently similar that the element
ratios are not significantly modified during differentiation of basaltic magmas. This is
supported by Figure S1, in which it is shown that Ti-Yb and Ti-Y concentrations are
highly correlated in TKNZ lavas with < 56% Si0O,. Specifically in magmas with > 5-6%
MgO, titanomagnetite fractionation is expected to be negligible [cf. Taylor and Martinez,
2003]. Estimated source TiO, values can be used with magmatic TiO, contents and a
batch melting model to calculate the extent of melting (or melt fraction, F) required to
produce said magma (cf. Kelley et al., 2006). Their formulation is as follows: F =
[(Co/Ciig) —DJ/(1 — D), where C, and Cy;q are concentrations of TiO; in the source and the
magma (adjusted to Mg# = 90). D is the bulk solid/melt partition coefficient during
source melting, and for the spinel lherzolite model assumed, a value of 0.04 is used;
although this parameter will decrease with degree of melting (as clinopyroxene is
consumed), this effect is of secondary importance because the absolute value is so low.
Ciiq values (Tigg) were determined from individual lava compositions, extrapolated back
to the equivalent melt composition in equilibrium with a source having Mg# = 90. This
source composition is used in the references cited above and allows comparison with

results of those studies. However, actual source Mg# could differ. For example, Cooper



et al. [2010] provide evidence for Mg# as high as 92 for some TKNZ boninites at
submarine Volcano A). Calculations are presented in Table S1 for Volcano A; although
the estimated source compositions are very similar to those for nearby Hunga Ha’apai,
they are not included in our figures because of the uncertainty in source Mg#.
Assumption of Mg# > 90 will lower the absolute source concentrations reported here
(and vice versa), but relative abundances and element ratios for incompatible elements
will not be significantly affected.

The FRACTIONATE3 worksheet of Lee et al. [2009] was used for this extrapolation;
it incrementally adds equilibrium olivine to the original lava composition until the target
source Mg# is attained. This approach does not strictly replicate liquid lines of descent
for magmas that are multiply saturated with phases other than olivine (e.g., plagioclase
and/or clinopyroxene) but, because TiO; is negligible in the major liquidus phases,
simple olivine addition reasonably approximates the incompatible element concentrations
in a primitive melt (i.e., TiO, content is essentially diluted by the mass of solid material
added to achieve the primitive composition). This approach effectively incorporates a
comprehensive adjustment for crystal fractionation effects back to equilibrium with the
assumed source. Implicit corrections for cotectic plagioclase or clinopyroxene have only
small effect on the final liquid composition for the incompatible elements and for Ti as
long as these mineral modes are small. Additionally, these calculations can be sensitive to
redox conditions, and for our purposes we assumed a ferric iron fraction appropriate for
calcalkaline magmas (Xge3 = 0.18, on molar basis; cf. Leeman et al., [2005a]). F values
were calculated for individual samples, using the corrected Tigp values and estimated
source TiO; contents for each; most of the values reported in Table S1, Part II represent
averages of multiple samples from each locality (in some cases only one sample was
used). Coefficients of variation (CV = % SD) are typically better than 15% but range up
to 26% for New Zealand.

Taking the average F value for each locality from above, and using a batch melting
model with the primitive melt compositions in Table S1, Part II and distribution
coefficients in Table S1, Part I, source compositions were calculated for selected
incompatible elements. These are presented in Table S1, Part I for TKNZ localities,

along with estimates for the backarc FSC calculated using data of Keller et al. [2008];



using data of Escrig et al. [2012] we obtain essentially the same estimates (not shown)
despite the fact that they made initial adjustments for fractional crystallization and we did
not. The uncertainties in F values (melt fraction) propagate directly to these calculations.
Coupled with uncertainties in the primitive melt averages (in each case using average CV
for all tabulated elements), the pooled uncertainties on source compositions are between
8-31% (a measure of precision only). The greatest uncertainties are for New Zealand
(TVZ), Kao, Raoul, and Mangatolo Triple Junction (MTJ), and these reflect
heterogeneity in the populations of primitive basaltic magmas from these localities. We
also note that use of lower TiO,/Y and TiO,/Yb ratios (e.g., those of DMM instead of
NMORB) in the above process results in systematically higher estimates for source TiO,,
F, and other element concentrations in the arc lava sources. However, relative differences
in source element concentrations are not affected and element ratios are robust. The

latter are used in the main text figures and discussion.

Brief summary of source compositions

Estimated source compositions (‘FC’-corrected as explained above; plotted vs. latitude
in Figure S2) reveal important spatial variations along the arc. These are discussed
briefly with reference to nominal compositions of primitive (‘PM’; OIB-source), depleted
(‘DMM’; MORB-source), and ultra-depleted (‘DMM-1"; MORB-source minus 1% melt)
mantle compositions (cf. Table S1, Part III). Estimates for FSC lavas conform closely to
patterns defined by the TKNZ lavas (cf. Fig. S2), and are not discussed separately. Yb
concentrations are relatively consistent along the arc, decreasing slightly at the south end,
but near estimates for PM, DMM, and DMM-1 (all close to 0.4 ppm). Zr is also fairly
consistent along most of the arc, near DMM-1, hence more depleted than MORB-source
mantle; values above PM occur at Clark and TVZ. Nb is conspicuously depleted (at or
below DMM-1) for most of the Tonga-Kermadec locations, but rises to DMM levels in
the north and slightly higher levels in the south (but still well below PM values). These
elements corroborate the overall depleted nature of the main arc, and indicate that the
level of depletion is relatively consistent except at the extreme ends where compositions

approach (or exceed, at New Zealand) estimated MORB source values.



Th and, to lesser extent, La and Be source abundances display southward-increasing
gradients ranging from near DMM in the north to values approaching PM from
Kermadec to New Zealand; these elements have similar concentrations in the FSC and
backarc region in general. U and Ba source abundances are more uniformly enriched
along the arc, near or above PM values for U and well above PM for Ba. Assuming that
these elements must have been extremely depleted by processes (melt extraction) that
produced the Nb and Zr patterns, it is evident that Th, La, Be, and especially Ba and U
have been enhanced by subduction contributions. B displays the most dramatic gradient
in which source abundances increase strongly to the north from New Zealand, and are
everywhere well above PM estimates. The trend for B extends to the northern island of
Tafahi, whereas Ba in that region drops slightly in source enrichment. Both B and Ba
source abundances decrease sharply in the backarc in a coherent fashion that is well
defined by the FSC lavas and ends with MTJ and Niuafo’ou still above estimated DMM
composition. For the arc sources, it is clear that essentially all of the B and Ba
enrichment must be of slab derivation. The spatial variations are discussed further in the
main text in terms of element ratios and their relation to isotopic compositions.

The main observations drawn from Figure S2 are that: [1] prior source depletion was
relatively consistent beneath the entire arc, with exception of the extreme ends; [2]
northward enrichment of the most fluid-mobile element (B) is consistent with northward
increasing inputs of slab-derived fluids, and this appears to extend more or less steadily
as far as Tafahi; [3] by the same measures, fluid inputs (B, Ba) diminish sharply in the
northern backarc region; [4] U and Ba enrichments are relatively consistent along the arc
and U diminishes only slightly in the backarc region; and [5] Th, Be, and La enrichments
are significant but generally increase to the south; the anticorrelation with B is
particularly significant. This latter point strongly suggests that Th, La, and perhaps Be
are decoupled from B and Ba, but the reason is not entirely clear. One possibility is that
Th, La, and Be are less soluble in aqueous fluid than B or Ba, and this may imply an
alternate mode of transport for them — for example in silicate melts (as has commonly
been proposed). Supporting this viewpoint are models of subduction zone thermal
structures that suggest greater likelihood of melting of the uppermost slab approaching

New Zealand. Another possibility is that, proceeding from north to south, sources for Th



and La (i.e. sedimentary components) make up systematically greater proportions of the
material being subducted; this is in accord with geological observations. The
anticorrelation noted above might suggest that two transfer processes have operated (i.e.,
fluid vs. melt), and that their relative efficacy changes along-strike. This would
presumably be related to changing conditions in the subducting slab since the mantle
wedge appears to be more or less uniformly depleted by earlier processes.

Another important facet concerns melting processes along the arc. If the level of
source refractoriness is near constant (point [1] above), then increasing flux of slab-
derived fluids to the north (e.g., in proportion to convergence rate along the arc) can
explain the parallel increase in degree of melting inferred to produce the main arc
magmas. This might imply that melting is catalyzed in proportion to the amount of

available aqueous fluid (but see below).

Implications of P-T constraints

One other outcome of modeling primitive melt compositions with FRACTIONATE 3,
is that temperature and pressure are estimated for equilibrium of the calculated melts with
the assumed source. While the absolute T-P values are certainly dependent on
assumptions regarding redox conditions and of specific source composition (e.g., Mg#),
the relative values are more robust. These are shown in Table S1, Part I. Estimated
temperatures range between 1250-1440 °C, and pressures between 0.64-1.53 GPa (depths
of 20-50 km) for the TKNZ locations (overlapping estimates by Cooper et al. [2010]),
and 1286-1323°C, 0.40-0.92 GPa (depths of 15-30 km) for FSC, and imply extremely
warm conditions at relatively shallow depths (essentially just below the base of the arc
crust), presumably in a zone of magma accumulation. The predicted temperatures are
well above experimentally determined water-saturated solidi for mantle lithologies [cf.
Ulmer, 2001; Till et al., 2012], and inconsistent with melting in response to solidus
reduction by addition of fluids. However, the amount of fluid required to produce
estimated enrichments of B in the magma sources may be small (possibly <<1%),
depending on the assumed fluid composition and on the process of enrichment. In the
main text, we discuss evidence that source enrichments are incremental and occur over

protracted duration; only a portion of the enrichment is ‘real time’ or recent, as reflected



in the presence of short-lived radioisotopes. Thus, ‘fluid transport’ need not imply that
the full amount of fluid required to account for a given enrichment level be present at one
moment. We envision that concentrations of fluid-mobile elements accumulate over time
due to interactions between transient fluids and the host rock, and this domain of
modified mantle can later produce partial melts when P-T conditions are appropriate.
This could occur in different ways, including: [1] when a domain of modified mantle is
convected into warmer regions of the mantle wedge, [2] some external heat source (e.g.,
magma infiltration) is applied, or [3] a new pulse of fluid lowers the ambient solidus. We
do not attempt to resolve these issues here, but the temperature constraints outlined above
are more consistent with scenarios that involve melting at conditions not far removed
from the anhydrous mantle solidus. The relatively high melt proportions (up to >30%)

estimated here would be favored by high temperatures.

B systematics vs. Sr-Nd isotopic compositions

Figure S3 shows details of relations between B systematics (as B/Zr ratios and §''B)
vs. Sr and Nd compositions for all individual lavas investigated in this study. This figure
complements text Fig. 8, that shows averages of Sr-Nd-Pb compositions as a function of
Z1/Nb ratios (proportional to source depletion) estimated for the respective source
compositions. Note that the average NMORB *’Sr/*°Sr ratio (0.70281) plots just off scale
in panels B and D. Symbols are same as in text Figure 3.

Key observations include the following. As B/Zr ratios increase (i.e., greater slab
fluid input to magma sources) ° Sr/*°Sr ratios decrease systematically (ca. 0.7045 for
New Zealand to < 0.7035 for Tonga) whereas '*Nd/'**Nd ratios remain fairly consistent,
near MORB values (0.5130-0.5131). Lavas from New Zealand and the backarc are
exceptional in that their '**Nd/"**Nd ratios are shifted lower, and their *’Sr/*®Sr ratios are
the highest observed. Both features could be attributed to involvement of sedimentary
material but, in general, sediment fields are displaced far from and at high angles to the
lava trends. If the lava trends reflect the addition of subduction components to the mantle
wedge, it appears that the B-rich additive must have Sr and Nd compositions similar to
MORB or possibly altered oceanic crust. B isotopic compositions are more clustered,

and do not define strong trends. 8''B values are elevated compared to sedimentary



components and require additions of heavy boron from other sources - most likely
serpentinized ultramafic rocks or possibly altered oceanic crust within the subducting
slab (cf. analyses of these types of materials in Table S1, Part III). Of all the arc lavas,
the anomalous Ata samples have Sr-Nd compositions most similar to average NMORB

[Gale et al., 2013].
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Figure S1. TiO,-Yb-Y systematics: (a) TiO, vs. SiO; in lavas from Tonga, Kermadec,
New Zealand (TVZ), and the backarc Fonualei Spreading Center (FSC). Tonga group
samples with > 1.3 % TiO, are from backarc Niuafo’ou. Data are from the GEOROC
data base for samples having < 56% SiO,. (b) TiO; vs. Yb and (c) TiO; vs. Y are highly

correlated, consistent with their similar incompatibility during melting and subsequent



fractional crystallization for magmas in this compositional range. Trend lines in (b) and
(c) for the Tonga data show correlations as follows: for Yb, y = 2.023x + 0.1405 (R* =
0.92); for Y,y =20.281 + 2.26 (R*=0.91). Despite that the GEOROC data are compiled
from various sources with data of varying quality, overall the correlations are remarkably

good and the data internally consistent.
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Figure S2. Latitudinal variation in estimated source compositions for selected elements in

TKNZ and Fonualei Spreading Center (FSC) localities. Corrections for FC have been

applied to data tabulated in Table S1 (see text). Estimated mantle compositions are

indicated by triangles (on left hand side) for PM (orange), DMM (black), and DMM-1

(blue).
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Figure S3. Variation of B and 8''B vs. Sr and Nd isotopic compositions for individual
samples analyzed in this study. Symbols as in text Fig. 3. Gray arrows point to fields for
locally subducting sediments (‘S’) that plot off-scale; blue horizontal arrows delimit their

ranges in B/Zr and 8''B. Average NMORB *'Sr/**Sr (0.70281; Gale et al. [2013]) plots

slightly off-scale.

Table S1. Supplemental information including: I. Mantle source models calculated from

compositions of primitive magmas; II, Average primitive melt compositions considered;

and III. Reference compositions used in figures and text.
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