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[1] We report new geochemical data for boninites and backarc basin-type basalts recovered from the
northern termination of the Tonga trench and Lau Basin. Boninitic pillow lavas, ranging from high-Mg
compositions to andesites and dacites, have been erupted within large submarine volcanic edifices
(calderas and volcanoes) associated with active rifting of both the northern end of the Tofua volcanic arc
and in a backarc position relative to the arc volcanoes on the northern Tonga Ridge. The mantle sources in
the area are a complex mixture of (1) the “normal” Tongan mantle wedge source that has “Pacific”’-type
isotopic signature with (2) the plume-related components (EMI, EMII, and HIMU) and (3) an “Indian”-
type source upwelling beneath the backarc spreading. Some of these sources, such as the “normal”” mantle
wedge and variably depleted residual plume mantle, are fluxed by subduction components from the slab,
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which produces boninites, tholeiites, and mixtures thereof. Other mantle sources, such as “Indian”-type
backarc mantle and also some of the plume mantle, produce melts due to adiabatic decompression. These
melts are variably mixed with each other and with the slab-fluid fluxed subduction-related melts to form

the observed spectrum of magma compositions.
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1. Introduction

[2] Boninites are an important “end-member”
supra-subduction zone magmatic suite as they have
the highest H,O contents and require the most
refractory of mantle wedge sources. They are
characterized by relatively high SiO,, H,O and
low TiO, contents compared to tholeiitic suites
(>52 wt% SiO,, MgO > 8 wt% and TiO, < 0.5 wt%
[Crawford et al., 1989; Le Maitre et al., 1989; Le Bas,
2000]). They lack plagioclase in rocks more mafic
than andesite, and contain very magnesian olivine
phenocrysts (up to Fogy, [Crawford et al., 1989]).
Two broad types of boninite magmas are recog-
nized, the high-Ca and low-Ca boninite series
[Crawford et al., 1989]. Both types of boninite
are a rare but important component of many supra-
subduction-related ophiolites and forearcs [Bloomer
et al., 1995; Rogers et al. 1989; Falloon et al.,
1997]. As boninite petrogenesis requires a unique
combination of high temperatures at shallow depths
in the mantle wedge [Crawford et al., 1989], the
presence of boninites has important implications for
tectonic setting and/or initiation of subduction zones
[Bloomer et al., 1995; Crawford et al., 1989]. High-
Ca series boninites from the northern termination of
the Tonga Ridge are of particular interest, as they
have been well studied in terms of their petrology,
geochemistry and mineralogy and so far are the only
known occurrence of boninites from an active arc
setting [Sharaskin et al., 1983; Falloon and Green,
1986; Danyushevsky and Sobolev, 1987; Falloon et
al., 1987, 1989; Falloon and Crawford, 1991;
Danyushevsky et al., 1992, 1995; Sobolev and

Danyushevsky, 1994]. Thus a complete understand-
ing of the tectonic setting and petrogenesis of these
Tongan boninites and associated volcanics has the
potential to provide important insights into the
origin of boninites found in non-active older settings
and subduction zone processes in general.

[3] A particularly interesting aspect of Tongan
boninite petrogenesis is the requirement of temper-
atures as high as ~1480°C at depths of ~45 km in
the mantle wedge [Sobolev and Danyushevsky,
1994; Falloon and Danyushevsky, 2000]. In order to
account for these high temperatures, Danyushevsky
et al. [1995] proposed a model involving the
melting of Samoan plume mantle. In the model
of Danyushevsky et al. [1995] refractory Samoan
plume mantle (component D1 in their model),
which has moved across the “slab edge” formed
by the transform fault—trench intersection above
the subducting Pacific plate, undergoes melting
due to contact with H,O-rich fluids derived from
dehydration processes in subducted Pacific oceanic
crust (component E1 in their model). The model of
Danyushevsky et al. [1995] also includes a separate
low-degree plume-derived silicate melt fraction as
a distinct component in the petrogenesis of some
boninites (their component E2). In the model of
Danyushevsky et al. [1995] the geochemistry of the
boninites was successfully modeled in general
terms by mixing between the components D1, El
and E2. However, more recent work on north
Tonga volcanics has provided strong evidence that
more than one mantle plume component is in-
volved in their petrogenesis [Regelous et al.,
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Figure 1. Schematic locality map of the Lau-Tonga supra-subduction zone, showing the regional setting of the
north Tongan submarine volcanic localities. Tectonic interpretation is based on the work of Zellmer and Taylor
[2001]. The shaded rectangles delineate the areas covered by Figures 2 and 3. Orange line is a 1500 meter
bathymetric contour which outlines the Lau and Tonga Ridges and surrounds the islands (solid black) in the region.
Plate boundaries (purple for spreading ridges, blue for fracture zones) are labeled as follows: CLSC, Central Lau
Spreading Center; ELSC, East Lau Spreading Center; FRSC, Fonualei Rift and Spreading Center; FSC, Futuna
Spreading Center; LETZ, Lau Extensional Transform Zone; PR, Peggy Ridge Transform Fault; MTJ, Mangatolu
Triple Junction; NELSC, Northeast Lau Spreading Center; NWLSC, Northwest Lau Spreading Center. The three
plates outlined by Zellmer and Taylor [2001] for this area are labeled: A, Australian Plate; T, Tongan Plate; N, Niua
fo’ou Plate. Large bold green arrows are GPS velocities of Tonga relative to Australia, from Zellmer and Taylor

[2001] (number next to arrows is rate in mm/yr).

provided a better understanding of the geochemical

1997; Turner and Hawkesworth, 1997; Turner et
complexity of the Samoan mantle plume source.

al., 1997; Wendt et al., 1997; Ewart et al., 1998].
In particular these studies have demonstrated that

the geochemistry of island arc tholeiites from the [+] In this study we present geochemical analyses

of new sampling of submarine volcanic rocks

northern Tonga islands of Tafahi and Niuatoputapu
(Figure 1) have a clear involvement of subducted
volcaniclastic sediment from the Louisville Ridge,
itself formed by the Louisville mantle plume. In
addition, more recent work on the Samoan plume
itself [Acland, 1996; Workman et al., 2004] has

(including boninites) from the northern Tonga
Ridge and northern Lau Basin obtained during
the 1996 voyage of the R/V Melville [Bloomer et
al., 1996; Wright et al., 1996]. We also present new
ICP-MS and isotope (Nd, Sr and Pb) analyses for
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Figure 2. Shaded relief bathymetric map, created from a 200 meter SeaBeam 2000 grid (Boomerang 8 [Wright et
al., 2000]) of the northern termination of the Tonga Trench and northern Lau Basin. Seabeam bathymetry has been
combined with the satellite bathymetry of Smith and Sandwell [1997]. Map projection is Mercator. Dredge and dive
localities are indicated as follows: yellow squares, R/V Kallisto, 1982; white squares, R/V Natsushima, 1984; blue
squares, R/V Keldysh/Mir, 1990; and red squares, R/V Melville, 1996.

key samples from pre-1996 voyages in this area
(1982, R/V Kallisto; 1984, R/V Natsushima; 1990,
R/V Keldysh/Mir). The data from more recent
studies in this area (see above), combined with
our new data, give us the opportunity to re-evaluate
the model of Danyushevsky et al. [1995] in a more
specific and quantitative manner. Our aim is to
confirm the number and identify the nature of the
DI, E1 and E2 components in the general model of
Danyushevsky et al. [1995]. A particular focus of
this study is to identify the number of independent
mantle plume components (E2) which must be
invoked to explain the isotopic composition of
subduction-related magmas in this area.

[5s] Our study suggests that, in addition to the
previously identified mantle plume components
(EMII, Samoa and subducted volcaniclastic sedi-
ments from the Louisville Ridge), an EMI-like
component and a HIMU mantle plume component
are also required to explain the isotopic geochem-
istry of the magmatic rocks investigated. Our
geochemical modeling demonstrates that the model
of Danyushevsky et al. [1995] successfully

accounts for the petrogenesis of boninites in this
area.

2. Geological Setting and
Dredge Locations

[6] At the northern termination of the Tonga
Trench and northern Lau Basin (Figures 1-3), a
wide variety of boninite and tholeiitic-dacitic-
rhyolitic magmas have been recovered by rock
dredging or submersible sampling by four research
vessels: (1) voyage 16 of the R/V Kallisto in 1982
[Sharaskin et al., 1983]; (2) the 1984 voyage of the
R/V Natsushima [Honda et al., 1985]; (3) the 1990
voyage of the R/V Keldysh/Mir [Malahoff and
Falloon, 1991]; and (4) the 1996 voyage of the
R/V Melville [Bloomer et al., 1996; Wright et al.,
1996].

[7] The location of our study area and general
tectonic features are shown schematically in
Figure 1. The Tonga intraoceanic arc is recognized
as a type example of an extension-dominated, non-
accretionary convergent margin [Zappin, 1994;
Tappin et al., 1994; MacLeod, 1996], with active
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Figure 3. As for Figure 2. Figure 3 shows in more detail the locations of previous dredges in this area.

extensional tectonism throughout the forearc and
landward trench slopes. The Tonga Trench is the
site of westward subduction of the Pacific Plate
beneath the northeastern corner of the Australian
Plate. Recently, Zellmer and Taylor [2001], on the
basis of detailed study of acoustic reflectivity and
morphology, have identified three microplates to
explain the kinematics of the Lau Basin—Tonga
Trench system in the northern part of the Lau
Basin. The three plates identified (Figure 1) are
named the Niua fo’ou Plate, the Tonga Plate and
the Australian Plate itself, in the southern part of
the Lau Basin. The Peggy Ridge in the northern
Lau Basin marks the southern boundary between
the Australian and Niua fo’ou Plates.

[s] GPS measurements indicate that the instanta-
neous plate convergence across the northern Tonga
Trench is 24 cm/yr, the fastest recorded conver-
gence velocity on the modern Earth [Bevis et al.,
1995]. At the northern terminus of the trench near
15°S (Figure 1), plate convergence gives way to
complex strike-slip motion along a transform fault
and backarc extension in the northern Lau Basin.
The trench-transform fault transition forms a slab-
edge, the geometric consequences of which are the
ongoing rupture and rifting of oceanic lithosphere
[Govers and Wortel, 2005; Millen and Hamburger,
1998]. The tearing of the Pacific plate at the

northern terminus of the Tonga Trench (Figure 2)
is evident at 15°—-16° S, where the landward trench
slope steepens significantly, the forearc narrows,
and the trench axis is ““pinched” by the presence of
the Uo Mamae seamount. The Pacific plate dis-
plays striking WNW-trending lineaments which
were interpreted by Wright et al. [2000] to be older
Pacific Plate structures that have been reactivated
by hinge-faulting at the bend in the trench.

[v] A consequence of the slab edge is the presence
of a ““slab window”” which has allowed the flow of
hot mantle from the Samoan plume into the north-
ern Lau Basin above the subducting Pacific Plate
[Danyushevsky et al., 1995; Smith et al., 2001,
Millen and Hamburger, 1998]. Hot refractory Sa-
moan mantle fluxed by slab-derived fluids is the
primary cause for the presence of high-Ca boninite
magmas at the termination of the Tonga Trench and
northern Lau Basin [Danyushevsky et al., 1995].
Lupton et al. [2004] found the highest §(*He)
reading of 43.4% detected at a depth of 1726 m,
15.0°S, 173.1°W, within the study area indicating
significant hydrothermal venting of mantle He
from extensional zones of the northern Lau Basin.

[10] Multibeam mapping along this boundary and
the termination of the trench (Figures 2 and 3)
reveals a tectonically complex terrain, including
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Table 2. Major Element Geochemistry of Glasses Recovered by Dredging by the R/V Melville®

Location NELSC NELSC NELSC NELSC Backarc Ridge Ridge Ridge Ridge
Voyage Melville 96 Melville 96 Melville 96 Melville 96 Melville 96 Melville 96 Melville 96 Melville 96 Melville 96
Dredge station D120 D120 D120 D120 D117 D118 DI15 D115 D115
Sample 120-2-3 120-2-1 120-1-3 120-1-1 117-2-3 118-2-8 115-1-11  115-1-10  115-1-8
Sio,” 55.66 55.68 54.77 54.57 75.5 80.53 54.10 57.17 59.31
TiO, 1.11 1.11 1.15 1.14 0.41 0.29 0.34 0.24 0.25
ALO; 15.70 15.75 16.05 16.03 11.88 11.51 14.35 14.12 14.04
FeO 9.51 9.55 9.42 9.24 422 2.41 12.96 11.74 11.13
MnO 0.17 0.16 0.16 0.17 0.09 0.04 0.21 0.21 0.09
MgO 477 4.72 5.08 5.12 0.45 0.26 4.42 4.00 3.78
CaO 9.46 9.39 9.79 9.99 2.83 1.78 11.43 10.30 9.49
Na,O 2.52 2.49 241 2.57 2.88 1.43 1.48 1.48 1.27
K,0 0.89 0.90 0.91 0.90 1.63 1.72 0.50 0.55 0.47
P,0s 0.21 0.20 0.24 0.22 0.05 0.03 0.18 0.16 0.10
Cr,0; 0.00 0.01 0.02 0.02 0.02 0.00 0.03 0.01 0.06
NiO 0.01 0.03 0.02 0.02 0.02 0.00 0.03 0.01 0.0

“Major element geochemistry is in wt%.
Major elements have been resumed to 100% on an anhydrous basis.

the transition from subduction to strike-slip mo-
tion, and the northeast and southeast limbs of the
Mangatolu Triple Junction (MTJ). This terrain
contains (1) new seafloor generated by backarc
spreading; (2) a deep, well-defined graben structure
cutting across the Tonga Arc crust; (3) extensional
rift zones associated with large caldera-like fea-
tures; and (4) young volcanic seamounts located
within extensional domains and graben structures.
In Appendix A, we describe in detail the locations
of our new and older sampling relative to the new
seafloor mapping in this area, and provide a brief
petrographic summary of our new sampling.

3. Geochemistry: Results

and Discussion

[11] In Tables 1-4 and Figures 4—13 we present
our new major and trace element and isotopic
geochemistry for samples from the northern termi-
nation of the northern Tonga Ridge and the north-
ern Lau Basin. In Appendix B, we present in detail
our analytical techniques. Previous isotopic data on
the Tongan boninites was presented by Falloon et
al. [1989] and Danyushevsky et al. [1995] and our
new data is consistent with this work, with the
exception of sample 5—24 from dredge station St23
(Figure 3) [Falloon et al., 1987]. Sample 5-24 is
the most depleted boninite in terms of REE and
HFSE, and was considered by Danyushevsky et al.
[1995] to be close to the depleted component end-
member (D1) required in the petrogenesis of
these boninites. The depleted component D1 was
considered to be refractory OIB mantle (Samoan

plume) on the basis of (1) low '**Nd/'**Nd
isotopes in sample 5-24 (0.51277 [Falloon et al.,
1989]) within the range of Samoan OIB, and
(2) very high temperatures established for the
primary melt for this depleted component
(~1480°C at ~45 km) confirmed by two independent
experimental studies [Sobolev and Danyushevsky,
1994; Falloon and Danyushevsky, 2000]. In our
new work we have reanalyzed sample 5-24
(3 repeat separate dissolutions, Table 4) and have
obtained an average '**Nd/'**Nd value of
0.512973, significantly higher than previously
analyzed by Falloon et al. [1989]. To confirm our
new result we also analyzed sample 5-28 from
dredge station St23, a depleted boninite similar to
5-24, which has a similar I3NJ/*Nd value of
0.512959. The reasons for the difference in results
between this study and Falloon et al. [1989] is most
likely related to the difficulty of determining
"Nd/"**Nd values on very depleted boninite sam-
ples (5—24 has ~0.8 ppm Nd, Table 3) with the
instrumentation and techniques available at that
time, as the ®’Sr/*°Sr values determined in this study
are essentially identical to those obtained by
Falloon et al. [1989] (5—24 has ~48 ppm Sr, Table
3; av. ¥’Sr/®°Sr this study 0.704436 + 0.000031,
Table 4, versus 0.704422 obtained by Falloon et al.
[1989]). The other Tonga samples analyzed by
Falloon et al. [1989] all have higher Nd abundances
(2.7-17.3 ppm [Falloon et al., 1989]) and their
M3Nd/'**Nd values are consistent with our new
analyses of rocks sampled by the R/V Melville
from the same areas as sampled by the R/V
Natsushima (Table 4; T. J. Falloon, unpublished
data, 1997). As we will demonstrate in section 4.1
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Table 4. Isotope Geochemistry of Rock Samples Dredged From the Northern Lau—Tonga Area
Location Voyage Station  Sample Lab 87Sr/0sr  MINJ/MMNd 2%°PbA%Ph 297PbA%Pb 2%Pb/2%Ph
Backarc Kall 82 16-9 16-9/1 MELB?*  0.704155 0.512757 19.215 15.644 39.154
Kall 82 16-10 16-10/4 MELB  0.704299 0.512743 19.143 15.632 39.064
Kall 82 16-26 16-26/2 MELB 18.921 15.623 38.893
Ridge Nat 84 St23 5-24 MELB  0.704465 0.512977 18.625 15.570 38.435
MELB  0.704404 0.512979
MELB  0.704439 0.512964
MELB 18.623 15.569 38.431
Ridge Nat 84 St23 5-28 MELB  0.704439 0.512959 18.639 15.566 38.450
Ridge Nat 84 St23 5-20 ANU®  0.703844 0.512961 18.583 15.541 38.329
Ridge Nat 84 St21 3-24 ANU 0.704384 0.512785 18.740 15.585 38.676
Ridge Nat 84 St21 3-22 ANU 18.757 15.575 38.711
Ridge Nat 84 St21 3-52 ANU 18.795 15.583 38.748
Ridge Nat 84 St21 3-36 ANU 18.827 15.596 38.789
Peggy Ridge Nat 84 St31 11-3 ANU 0.703364 0.512963 18.074 15.503 38.117
Forearc Mel 96 D114 114-3-1  MELB  0.703582 0.513041 18.432 15.558 38.112
Forearc Mel 96 D114 114-3-6 MELB  0.703595 0.512999 18.603 15.549 38.462
Ridge Mel 96 D115 115-1-1  MELB  0.704603 0.512812 18.766 15.591 38.717
Backarc Mel 96 D116 116-1-3  MELB  0.704076 0.512865 19.229 15.616 38.940
Backarc Mel 96 D119 119-2-5 MELB  0.704884 0.512755 18.883 15.619 38911
MELB  0.704849 0.512760 18.874 15.620 38.897
MTJ Mel 96 D120 120-1-1  MELB  0.703839 0.512861 19.026 15.602 38.908

4MELB, University of Melbourne.
ANU, Australian National University.

(see below), the new '**Nd/'**Nd value obtained for
sample 5—24 in this study is, in fact, more consistent
with the model of Danyushevsky et al. [1995] than
the previously reported value by Falloon et al.
[1989].

3.1. Northern Tongan Boninite
Compositions

[12] Figure 4 shows that the north Tongan bonin-
ites (blue, red and green circles; see caption to
Figure 4) have significantly higher whole rock
SiO, at a given MgO content compared to young
island arc series volcanics from the Tofua Volcanic
arc (TVA; the northern section of the Tonga Arc),
backarc basin basalts from the northern Lau Basin,
and MORB (see calculated liquid line of descent
for Siqueiros Fracture Zone, East Pacific Rise,
Figure 4) (Figure 4a). Boninite compositions are
exceptionally picritic with MgO contents ranging
to 29 wt% (sample 119-1-1, Table 1), reflecting
accumulation of magnesian olivine phenocrysts
(range Fo 89-94, Table A4 and Falloon and Green
[1986] and Sobolev and Danyushevsky [1994]).
Detailed mineralogy of the boninites from this area
is reported in detail by Falloon et al. [1989] and
Sobolev and Danyushevsky [1994]. The boninites
also have exceptionally low TiO, contents (range
~0.1-0.3 wt%, Table 1) at a given MgO content
compared to other magma suites in the area
(Figure 4b).

[13] The Tongan boninites have been broadly divided
into two groups by Sobolev and Danyushevsky
[1994]. The eastern group boninites (from dredge
stations St21, St23, D114, D115 and D118, Figure 3;
blue and red circles in Figure 4; blue and red
symbols for individual samples Figures 5—20) are
associated with rifting of the north Tongan Ridge
and generally have higher FeO contents (Figure 4d)
compared to the western group boninites (from
dredge stations St24, St25, 16-26, D116, D117
and D119, Figure 3; green circles in Figure 4; green
symbols for individual samples Figures 5-20),
which are associated with rifting of the northern
Lau Basin immediately adjacent to the north Tonga
Ridge (Figures 2 and 3). Danyushevsky et al. [1995]
recognized that the compositions of Tongan bonin-
ites could be explained by magma mixing between a
“depleted” and an “enriched” end-member bonin-
ite composition. The results of this study suggest
that a third, intermediate boninite end-member is
also required to explain the full range in major, trace
and isotopic compositions of the north Tongan
boninites. In Figure 5, the normalized abundance
patterns of the three identified boninite end-member
compositions are presented along with the general
model for boninite petrogenesis of Danyushevsky et
al. [1995].

[14] The most depleted boninite end-member is
represented by boninite 5-24 from the eastern
group boninites recovered from dredge station
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Si0, Wt% | TiO, wi% |
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Figure 4. Major elements (a) SiO,, (b) TiO,, (¢) Al,O5, (d) FeO”, total iron as FeO, (¢) CaO, (f) Na20, (g) K,0,
and (h) P,O5 wt% versus MgO wt% for dredged volcanic rocks from the north termination of the Tonga Trench and
northern Lau Basin. All analyses have been resumed to 100 wt% on an anhydrous basis. Plotted symbols, fields, and
lines are as follows: Eastern group boninites and related rocks, red and blue circles. The red circles are samples with
enriched REE patterns and the blue circles are samples with flat to depleted REE patterns (see section 3.2). Western
group boninites and related rocks, green circles; D120, green squares; Coriolis Trough, magenta squares; Niua fo’ou,
cyan triangles; Uo Mamae, orange diamonds; 16-9 and 16-10, green diamonds; Mangatolu Triple Junction (MTJ)
type I lavas, green triangles; MTJ type II lavas, green inverted triangles; orange field, Samoa; black field, N-MORB;
blue field, Tofua Arc; cyan field, Central Lau Spreading Center (CLSC); orange line, liquid line of descent (LLD) for
Samoa; black line, LLD for N-MORB; green line, LLD for D119 western group boninites. Data sources are as
follows: Samoan Plume, Workman et al. [2004]; S. R. Hart (personal communication, 2004); MTJ, Falloon et al.
[1992]; CLSC, Falloon et al. [1992], Hawkins [1976, 1995], Hawkins and Melchior [1985], Sunkel [1990], Loock et
al. [1990], Fouquet et al. [1991], Boespflug et al. [1990], Volpe et al. [1988], and Pearce et al. [1995]; Tofua arc,
including Tafahi and Niuatoputapu and the backarc island of Niua fo’ou, Ewart et al. [1973, 1977, 1994, 1998],
Ewart and Hawkesworth [1987], Turner et al. [1997], Wendt et al. [1997], and Regelous et al. [1997]; Coriolis
Trough, McConachy et al. [2005]; Uo Mamae, Zlobin et al. [1991]; Tongan boninites, this study, Falloon et al.
[1987, 1989], Falloon and Crawford [1991], Sobolev and Danyushevsky [1994], and Danyushevsky et al. [1995];
and N-MORB, Danyushevsky [2001]. Liquid lines of descent for representative whole rock compositions from
Samoa, Siqueiros, and D119 were calculated using PETROLOG software [Danyushevsky, 2001].
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Figure 5. Primitive mantle normalized trace element abundance patterns of end-member boninites from northern
termination of the Tonga ridge and Lau Basin. D + E1 and E2 are the components in the petrogenetic model of
Danyushevsky et al. [1995]; see text for discussion. Mixing model A, 3 wt% av Muli lava composition from Samoa
[Workman et al., 2004] and 97 wt% boninite 5—24. Mixing model B, 20 wt% av Muli lava composition and 80 wt%
boninite 5—24. Primitive mantle normalizing values from Sun and McDonough [1989].

St23 (Figure 3) [Falloon et al. [1987]. In the model  ing and causing melting of a refractory OIB source
of Danyushevsky et al. [1995], this end-member is ~ mantle (D1, the Samoan plume). The depleted end-
considered to be the result of a subduction com-  member has a gently sloping, LREE-depleted REE
ponent (E1), most likely a slab-derived fluid, flux-  pattern (Lax/Smy = 0.73, Figure 5) and very low
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Figure 6. The Nd/MNd versus ¥7Sr/*°Sr isotopic compositions of submarine volcanics from the northern
termination of the Tonga ridge and Lau Basin compared to the isotopic compositions of relevant magmatic suites.
Data sources are as follows: Samoa, including Malulu seamount, Workman et al. [2004] and S. R. Hart (personal
communication, 2004); Tafahi and Niva fo’ou, Turner et al. [1997]; Uo Mamae seamount, Acland [1996];
volcaniclastic and pelagic sediment, see Table C2 (Appendix C); and ODP 834, Hergt and Hawkesworth [1994]. All
other data sources are from this study and the GEOROC reference database (http://georoc.mpch-mainz.gwdg.de/
georoc/). P refers to Pacific MORB. I refers to Indian MORB. MTJ refers to the Mangatolu Triple Junction spreading
center in the northern Lau Basin.
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Figure 7. The *°*Pb/**Pb versus 2°°Pb/***Pb isotopic compositions of submarine volcanics from the northern
termination of the Tongan arc and northern Lau Basin compared to the isotopic compositions of relevant magmatic

suites. Data sources as for Figure 6.

abundances of HFSE and HREE (e.g., Nb =
0.28 ppm; Yb = ~0.61, Table 3) reflecting the
refractory D1 source component. The influence of
the E1 component (slab-derived fluid) is reflected
in the typical subduction zone enrichment in LILE
elements (Rb, Ba, U, K, Pb and Sr) seen in the
depleted end-member (Figure 5). The depleted

M7 T T T T T T T 7T

end-member has '*Nd/'**Nd values within the
range shown by Pacific MORB and TVA, but
displaced to significantly higher ®’Sr/*°Sr values
(5-24, Figure 6, Table 4). The depleted end-
member also has Pb isotope values which are close
to those displayed by Pacific MORB and the TVA
(Figure 7 and Table 4).

rock/primitive mantle

——— 119-1-1
Model A

e 15-26/2
-——— Model B

0.1 R B ) RSl (MM Sl GO W DI B M,

RbBaTh U Nb K LaCePb Pr Sr P NdSmZr Hf Eu Ti Gd Tb Dy ¥ Ho Er Yb Lu

Figure 8. Primitive mantle normalized trace element abundance patterns of selected boninites from the north Tonga
Ridge and northern Lau Basin, and mixing models (models A, B, and C) between the identified boninite end-
members (types 1—3; see text for discussion). Model A, 20 wt% type 2 boninite 7—18 and 80 wt% type 3 boninite
119-2-5. Model B, 20 wt% type 2 boninite 7—18 and 80 wt% type 1 boninite 5—24. Model C, 10 wt% type 2 boninite
7-18 and 90 wt% type 1 boninite 5—24. Primitive mantle normalizing values from Sun and McDonough [1989].
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Figure 9. Primitive mantle normalized trace element abundance patterns with normal subduction zone enrichments.
Representative patterns for the Tongan islands of Tofua and Tafahi in the Tofua Volcanic arc are from Turner et al.
[1997] and Eggins et al. [1997]. Primitive mantle normalizing values from Sun and McDonough [1989].

[15] The enriched boninite end-member is repre-
sented by boninite 7—18 from the western group
boninites recovered at dredge station St25
(Figure 3) [Falloon et al., 1987]. In the model of
Danyushevsky et al. [1995], this end-member is
considered to be the result of the addition of the E2
(OIB) component into the depleted end-member.
Quantitative mixing models A and B (Figure 5)
demonstrate that mixing between an enriched OIB

melt composition from Samoa (e.g., Muli, Figure 5)
progressively swamps the subduction zone signa-
ture seen in the depleted end-member as more of
the E2 component is added (see quantitative mod-
els A and B, Figure 5). The enriched end-member
can be modeled by the addition of ~20 wt%
(Model B, Figure 5) of the E2 component mixed
into the depleted end-member represented by 5—
24. The enriched end-member has a LREE-

W71 T T 7T T T T T T T

rock/primitive mantle

0.1 TN N TN NN MU NN N NN TR TN N |

RbBaTh U Nb K LaCePb Pr Sr P NdSmZr Hf Eu Ti GdTbDy Y Ho Er YbLu

Figure 10. Primitive mantle normalized trace element abundance patterns for enriched boninites associated with
rifting of the northern Tongan ridge at its northern termination. Primitive mantle normalizing values from Sun and

McDonough [1989].
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Figure 11.

Primitive mantle normalized trace element abundance patterns for enriched boninites associated with

rifting in the northern Lau Basin. Primitive mantle normalizing values from Sun and McDonough [1989].

enriched REE pattern (Lay/Smy = 3.5, Figure 5),
with relatively low HREE abundances (Yb = 0.85
ppm, Table 3), and enrichment in HFSE (Lan/Nby =
1.0; except TiO,, which remains relatively low)
and LILE. The enriched end-member has low
"Nd/'**Nd values within the range of those of
the Samoan lavas, but does not have the same high
87Sr/%°Sr values as Samoan lavas (Figure 6). How-
ever, the enriched end-member has Pb isotope
values which fall within the range displayed by
Samoan lavas (Figure 7).

[16] The intermediate boninite end-member is rep-
resented by boninite 119-2-5 from the western
group boninites recovered at dredge station D119
(Figure 3). This end-member is intermediate in
character between the depleted and enriched end-
members. It has a normalized abundance pattern
which shows enrichment in LREE and HFSE
relative to the depleted end-member (creating a
U-shaped REE pattern), but still retains a subduc-
tion zone LILE enrichment normalized abundance
pattern (Figure 5). The intermediate end-member

rock/primitive mantle

01 { IS (B [ RSl ] LSSSLrY (S S (LSSl (S

—hi— 7-18
—T e B3

RbBaTh U Nb K LaCePbPr Sr P NdSmZr Hf Eu Ti GdTb Dy Y Ho Er Yb Lu

Figure 12. Primitive mantle normalized trace element abundance patterns for enriched boninites from stations 24
and 25, northern Lau Basin. Primitive mantle normalizing values from Sun and McDonough [1989].
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Figure 13. Primitive mantle normalized trace element abundance patterns for backarc basin lavas from the northern
Lau Basin, compared with representative patterns from the Central Lau spreading center (CLCS, sample GC51
[Sunkel, 1990]); Niua fo’ou Island (average 1946 eruption lava composition [Turner et al., 1997]); Coriolis Trough
(Nifonea Ridge sample 143635 [McConachy et al., 2005]); and Uo Mamae seamount (sample 16—94/1, this study).
Samples M-2212-2, M-2218-2, M-2218-4, M-2218-9, and M-2218-10 are from the Mangatolu Triple Junction
spreading center. Mixing model A, 80 wt% evolved boninite 116-1-3 with 20 wt% glass M-2212-2. Primitive mantle

normalizing values from Sun and McDonough [1989].

normalized abundance pattern (NAP) can by mod-
eled by the addition of ~3 wt% (Model A,
Figure 5) of the E2 component mixed into the
depleted end-member represented by 5-24. The
intermediate end-member has Nd, Sr and Pb iso-
tope values within the range displayed by lavas
from Samoa (Figures 6 and 7) and has the highest
Sr isotope value of the Tongan boninites (Figure 6).

[17] Mixing between these three boninite end-
members can explain the geochemistry of all the
enriched (in terms of LREE and '**Nd/'"**Nd
values) boninites recovered from both the north
Tonga Ridge and northern Lau Basin. This is
demonstrated by quantitative mixing models in
Figure 8, where three different models are pre-
sented (Models A—C, Figure 8). Although the
match between the mixing models and NAPs is
not perfect, it is sufficiently close to support the
hypothesis that mixing between a restricted range
of end-members can explain the geochemistry of
boninites recovered from this area. Mixing of
magmas is also supported by the mineral- and
olivine-hosted melt inclusion chemistry of the
boninites [Falloon et al., 1989; Sobolev and
Danyushevsky, 1994].

[18] In the following section, we show that volca-
nic rocks recovered from the northern termination

of the Tonga Ridge (the eastern group) can be
divided into two broad sub-groups, based on REE
patterns and isotopic composition.

3.2. Volcanics Associated With Rifting
of the Tonga Ridge and Forearc

3.2.1. Boninites and Andesites With
Flat to Depleted REE Patterns

[19] NAPs of boninites and andesites with flat to
depleted REE patterns are presented in Figure 9.
These boninites and andesites are most like the
young TVA volcanics in terms of their REE pat-
terns and enrichments in LILE (Figure 9), and they
also have Nd and Sr isotope values similar to the
young TVA, except the depleted end-member 5—
24 which has distinctly higher Sr isotope values
(Figure 6, blue symbols). This grou of boninites
and andesites also has similar 2°°Pb/>**Pb values to
volcanics from the southern TVA, but significantly
lower 2°°Pb/2**Pb values compared to the northern
Tongan island of Tafahi, which is located to the
south of the graben structure cutting the northern
Tongan Ridge (Figure 7, blue symbols).

[20] One of the dredge station St23 boninites,
sample 5-25, has a number of odd features which
indicates that it has a more complex petrogenesis
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Figure 14. The '"*Nd/"**Nd versus *’Sr/*®Sr isotopic compositions of submarine volcanics from the northern
termination of the Tonga ridge and Lau Basin compared to the isotopic compositions of relevant magmatic suites and
model mixing curves (see text for discussion). Fields and data sources as for Figure 6. End-member compositions for
mixing models are presented in Appendix C (Tables C2 and C4). Numbered mixing models are as follows: 1, mixing
between a fluid derived from subducted pelagic sediment and a refractory wedge composition; 2, mixing between a
fluid derived from a 90:10 mix of volcaniclastic sediment and pelagic sediment and refractory mantle wedge;
3, mixing between fluid derived from subducted oceanic crust and refractory mantle wedge; 4 and 7, mixing between
a modified (addition of a fluid from a 90:10 mix of volcaniclastic sediment and pelagic sediment) mantle wedge
composition and fluid from subducted oceanic crust; 5, 6, and 8, mixing between a modified (addition of a fluid from
subducted pelagic sediment) and a fluid from subducted oceanic crust; and 9, bulk mixing between volcaniclastic and
pelagic sediment.

than other boninites from this area. Melt and  3.2.2. Boninites, Andesites, and Rhyolites
spinel inclusions in olivine indicate that this  With U—Shaped REE Patterns
sample is a mixed magma [Falloon et al., 1989;

Danyushevsky et al., 1995]. The most magnesian . ;
olivines (Fog4) have spinel and melt inclusion with U-shaped REE patterns are presented in

compositions identical to the other depleted Figure 10. Neyv Samp ling_ at dredge s‘gatjon D11§
dredge station St23 boninites (e.g., 5-24, 5- recovered boninite lavas similar to boninites previ-

ously recovered from dredge station St21 (Figures 3
and 10). Whole rock compositions from dredge
station D118 (Table 1), located on a large volcanic
edifice within the graben at the northern end of the
Tonga Ridge (Figure 3), are rhyolitic. The glass
composition from sample 118-2-8 (Table 2) is
strongly enriched in SiO,. Falloon and Crawford
[1991] demonstrated that, in general, the variation
in the dredge station St21 lavas from primitive
high-Ca boninites (e.g., sample 3—44, Figure 10) to
andesites (e.g., sample 3—36, Figure 10) is consis-
tent with the process of fractional crystallization.

[21] NAPs of boninites, andesites and rhyolites

28); however, the more evolved olivines have
melt inclusions indicating a melt with lower
SiO, and higher FeO contents and spinels with
significantly lower Al,O; contents. The chemical
features of this sample may reflect interaction of
high-Ca boninite melts or mantle sources with the
modern Tofua Arc magmatic system. Unfortunately
the small size of the sample itself precludes any
detailed chemical, mineralogical and experimental
study of melt inclusions, which are necessary to
clarify its origin.
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Figure 15. Primitive mantle normalized trace element
abundance patterns for end-member components
(Table C2, Appendix C) and lava composition 43/6
from Tafahi [Turner et al., 1997]; see text for discussion.
Data for Hili Manu Lherzolites from Falloon et al.
[2006]. Primitive mantle normalizing values from Sun
and McDonough [1989].

Compositions of rhyolites from dredge station
D118 are consistent with being highly evolved
magma compositions derived from parental com-
positions similar to those for dredge station St21
lavas. The NAP of rhyolite sample 118-2-5 paral-
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Figure 16. Primitive mantle normalized trace element
abundance patterns for end-member components
(Table C2, Appendix C) and boninite composition 5—
25; see text for discussion. Primitive mantle normalizing
values from Sun and McDonough [1989].
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Figure 17. Primitive mantle normalized trace element
abundance patterns for end-member components
(Table C2, Appendix C) and boninite composition
114-3-1; see text for discussion. Primitive mantle
normalizing values from Sun and McDonough [1989].

lels those for boninites and andesites from dredge
station St21 with relative depletions in Sr, P and Ti
consistent with crystal fractionation involving pla-
gioclase, apatite and Ti-magnetite (Figure 10). We
therefore infer that the large volcanic edifice occu-
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Figure 18. Primitive mantle normalized trace element
abundance patterns for end-member components
(Table C2, Appendix C) and boninite composition 5—
24; see text for discussion. Average Hili Mau harzbur-
gite composition from Falloon et al. [2006]. Primitive
mantle normalizing values from Sun and McDonough
[1989].
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Figure 19. The '"*Nd/"**Nd versus *’Sr/*®Sr isotopic compositions of submarine volcanics from the northern
termination of the Tonga ridge and Lau Basin compared to the isotopic compositions of relevant magmatic suites and
model mixing curves (see text for discussion). Fields and data sources as for Figure 6. End-member compositions for
mixing models are presented in Appendix C (Tables C4 and C5). Numbered mixing models are colored coded as
follows: 1, blue line, bulk mixing between mantle source compositions for Uo Mamae and Malumalu; 2, blue line,
bulk mixing between the mantle source for the Central Lau spreading center (CLSC) and OIB mantle comprising a
mix between Uo Mamae and Malumalu; 1, red line, bulk mixing between melts from Tubuai and OIB melt 1
(Table C5); 2, red line, bulk mixing between melts derived from Tubuai and Uo Mamae; 1, black line, bulk mixing
between boninite 5—24 and OIB melt 3 (Table C5); 2, black line, bulk mixing between boninite 5—24 and OIB melt 2
(Table C5); 3, black line, bulk mixing between melts derived from Niua fo’ou and Tubuai; and 4, black line, bulk

mixing between melts derived from Niua fo’ou and OIB melt 2 (Table C5).

pying the graben at the northern end of the Tonga
Ridge is related to boninitic magmatism associated
with rifting at the northern termination of the Tonga
Trench. The volcanics with U-shaped REE patterns
have Nd, Sr and Pb isotopic values (Figures 6 and 7,
red symbols) displaced from young TVA volcanics,
overlapping values for volcanics from the nearby
Samoan plume (Figures 6 and 7).

3.3. Volcanics Associated With Backarc
Rifting in the Northern Lau Basin

[22] Seafloor imaging immediately to the west of,
and in a relative backarc position to, the northern
Tonga Ridge reveals a number of small rifted
basins with associated volcanic features (Figures 2
and 3). Samples recovered from this area include the
enriched western group boninite compositions and

backarc basin basalts, as outlined in sections 3.3.1
and 3.3.2.

3.3.1. Boninites

[23] The western group boninites recovered from
this area all display strong enrichment in LREE
(Figures 11 and 12). Boninites from dredge station
D119 have strongly enriched REE patterns (sam-
ples 119-1-1, 119-2-5, Figure 11) consistent with
boninites recovered at dredge stations 16—26 (R/V
Kallisto, samples 16—26/1, 16—-26/2, Figure 11),
and St24-St25 (R/V Natsushima, samples 6-3, 7—
18, Figure 12). Volcanic rocks recovered from the
large backarc caldera (dredge stations D116 and
D117, Figure 3) are evolved dacites and rhyolites
(Tables 1 and 2). Figure 11, shows that NAPs of
samples 116—1-3 and 117-2-3 parallel those of
the enriched boninites, suggesting that the parental
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Figure 20. The '"**Nd/'**Nd versus *°°Pb/***Pb isotopic compositions of submarine volcanics from the northern
termination of the Tonga ridge and Lau Basin compared to the isotopic compositions of relevant magmatic suites and
model mixing curves (see text for discussion). Fields and data sources as for Figure 6. End-member compositions for
mixing models are presented in Appendix C (Tables C4 and C5). Colored-coded and numbered mixing curves as for

Figure 19.

magmas to these dacites and rhyolites were boni-
nitic in composition. The isotopic compositions of
these western group boninites associated with
backarc rifting are displaced to lower Nd and Sr
values compared to the eastern group boninites
associated with rifting of the north Tonga Ridge
(Table 4, green symbols versus red symbols in
Figure 6). Only the intermediate end—member
boninite 119-2-5 has Nd and Sr isotopic values
overlapping volcanics from Samoa (Figure 6). All
the backarc western group boninites, however,
have Pb isotopic values overlapping volcanics
from Samoa (Table 4, green symbols in Figure 7).
The isotopic values (Table 4) for the dacite compo-
sition 116-1-3 from the backarc caldera (D116,
Figure 3) are distinctive, in having similar Pb
isotopic values to volcanics from the northern Tonga
island of Tafahi (Figure 7), but having lower Nd
values (Figure 6).

3.3.2. Backarc Basin Basalts

[24] NAPs of representative backarc basin basalts
from the MTJ and new sampling at dredge station
D120 on the Northeast Lau Spreading Center
(Figures 1 and 3) are presented in Figure 13.

The geochemistry of pillow lavas recovered by
Mir submersible from the MTJ (dives M-2212,
M-2216, M-2218, Figure 2) have been presented
by Falloon et al. [1992]. Pillow lavas range from
basalt to andesite (Figure 4), and Falloon et al.
[1992] distinguished two geochemical groups of
lavas. Type I lavas most closely resemble N-
MORB in terms of major and trace element geo-
chemistry, whereas the type Il lavas more closely
resemble E-MORB or BABB, the distinctive pri-
mary magma type identified by Sinton and Fryer
[1987]. The type I and II designation is equivalent
to the “depleted” and “enriched” types respectively
of Volpe et al. [1988] for lavas dredged from the
central parts of the Lau Basin, and the (N)-type and
(T)-type Lau backarc basin basalts respectively of
Hawkins and Melchior [1985]. Type I lavas from
the MTJ have very low K,O (<0.14w%), LREE-
depleted REE patterns, and similar incompatible
element abundances to N-MORB, except for
slightly higher Rb and Ba contents (representative
examples are glasses M-2218-4 and M-2218-9,
Figure 13). Type II lavas from the MTJ have higher
K>0 (>0.14wt%), LREE-depleted to enriched REE
patterns, and significant enrichments in LILE com-
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pared to N-MORB, but similar to those observed in
the BABB magma type (representative glasses are
samples M-2212-2, M-2218-2, M-2218-10,
Figure 13). The type II lavas have Al,O; and
FeO contents intermediate between trends dis-
played by BABB and N-MORB suites of glasses
[Falloon et al., 1992]. Figures 4 and 13 show that
the geochemistry of pillow lavas from the MTJ are
very similar to lavas from the backarc island of
Niua fo’ou (Figure 4 and 13).

[25] Pillow lavas recovered at dredge station D120
on the Northeast Lau Spreading Center are basaltic
andesites (Table 1). The major element chemistry
of whole rocks (Table 1) and glasses (Table 2) from
dredge station D120 are very different from back-
arc basin lavas from the MTJ [Falloon et al.,
1992], having at a given MgO content higher
Si0,, Al,O3, and K,0 and lower TiO,, FeO',
and Na,O contents (Figure 4). The NAPs of the
D120 pillow lavas show that compared to MTJ
pillow lavas they are enriched in both LREE and
LILE (sample 120-1-1, Figure 13). The major
element chemistry of the D120 pillow lavas is
intermediate between the basaltic pillow lavas from
MT]J and the boninites recovered from the backarc
rifts immediately to the east of D120 (Figure 4).
This suggests the possibility that boninite magmas
are being generated under the spreading ridge, and
mixing with normal backarc basin basalt magmas.
This possibility is tested in Figure 13 which
demonstrates that a simple mix between an evolved
boninite pattern and a MTJ pillow lava can produce
a reasonably close fit to basaltic andesite sample
120-1-1 (Model A, Figure 13). As can be seen
from Figure 6, the pillow lava 120-1-1 has Nd and
Sr isotope values (Table 4) that fall within the
range of values of pillow lavas from the MTIJ.
However, Figure 7 demonstrates that sam4ple 120-
1-1 has significantly higher *°°Pb/?**Pb and
208pb/2%4Ph values than MTJ lavas overlapping
those of boninites from backarc rifts immediately
toward the east. Thus the Pb isotope values support
the hypothesis that boninite magmas are currently
involved in magma generation beneath this active
backarc spreading center. If this hypothesis is
correct, it demonstrates for the first time in an
active setting, an association between boninite
magmas with backarc spreading centers.

[26] Pillow lavas recovered from dredge stations
16-9 and 16-10 lavas compared to MTJ pillow
lavas at a given MgO content have significantly
lower SiO,, slightly lower Al,Os, higher TiO,,
FeO', and significantly higher K,O and P,Os

contents (Figure 4), compositions intermediate be-
tween pillow lavas from the MTJ and lavas from
the Samoan plume, especially pillow lavas recov-
ered from the Uo Mamae seamount (Figure 4). The
NAPs of pillow lava samples 16-9/1 and 16-10/4
pillow lavas show significant enrichment in all
incompatible elements compared to MTJ pillow
lavas (Figure 13) but have NAP patterns almost
identical to pillow lavas from the Uo Mamae
seamount (sample 16-94/1, Figure 13). Clearly,
these pillow lavas are “OIB-like” yet they were
clearly erupted on the backarc side of the trench
(and not accreted from the Pacific plate), as they
contain cumulate xenoliths related to boninite
magmas [Zlobin et al., 1991]. As Figures 6 and 7
demonstrate, the pillow lava samples 16-9/1 and
16-10/4 have significantly lower Nd isotopic and
significantly higher Pb isotope values than pillow
lavas from the MTJ (Table 4). Although the NAP
patterns for 16-9/1 and 16-10/4 are similar to lavas
from Samoa, their Nd and Sr isotopic values plot
away from Samoan lavas in Figure 6 and plot just
on the margin of the field of Samoan lavas in terms
of Pb isotope values (Figure 7). Clearly, the OIB
component involved in their petrogenesis cannot
simply be a pure Samoan plume component.

[27] Recently, McConachy et al. [2005] reported
alkalic pillow lavas enriched in LREE, Nb and Zr
from young incipient rift basins (Coriolis Troughs)
behind the Vanuatu Island arc. The NAP of a
representative pillow from the Nifonea Ridge with-
in the Coriolis Troughs is very similar to the NAP
of the D120 pillow lava sample 120-1-1 but not as
enriched as pillow lavas 16-9/1 and 16-10/4. In
terms of major element chemistry, the Coriolis
Trough pillow lavas are intermediate in composi-
tion between dredge station D120 and dredge
stations 16-9 and 16-10 lavas, except for Na,O
contents, which are significantly higher in the
Coriolis Trough lavas. Both the Coriolis Trough
and the dredge station 16-9 and 16-10 pillow lavas
have relatively high TiO, contents which are nor-
mally associated with intraplate magmatism.
McConachy et al. [2005] argued that the Coriolis
Trough lavas despite having strong alkali enrich-
ment do not belong to the within-plate magma type
but represent a globally unique end-member of
backarc basin magmatism associated with incipient
backarc basin rifting. McConachy et al. [2005]
proposed that the alkali and associated LREE
enrichment (Figures 4 and 13) seen in the Coriolis
Trough lavas is the result of low-degree partial
melting of a relatively fertile mantle source in
response to incipient rifting behind the volcanic
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front. In contrast to the Coriolis Trough lavas,
pillow lavas from dredge stations 16-9 and 16-10,
although having similar TiO, contents to the Cori-
olis Trough lavas, are significantly enriched in K,O
(Figure 4g) and LREE (samples 16-9/1 and 16-10/4,
Figure 13) compared to normal backarc basin lavas,
such as those from the MTJ, and have clear isotopic
evidence for the involvement of an OIB component
(samples 16-9/1 and 16-10/4, Figures 6 and 7). This
suggests that there is a variety of ways in which
enriched backarc basin lavas may obtain the
enriched, within-plate magma characteristics.

3.4. Volcanics Associated With the

Samoan Plume

[28] In this study we have reanalyzed one pillow
lava from Uo Mamae seamount from dredge sta-
tion 16-94 (Figure 2, sample 16-94/1, Table 3)
recovered by the R/V Kallisto and reported by
Zlobin et al. [1991]. Sr, Nd and Pb isotopic
composition of Uo Mamae seamount lavas have
been determined by Acland [1996]. In terms of
major element chemistry, the Uo Mamae lavas, in
general, overlap compositions produced by the
Samoan plume (Figure 4). However, the Uo
Mamae lavas are distinctive in having the highest
K5O contents so far identified from Samoan plume
lavas (Figure 4g) and in having a distinctive isoto-
pic composition similar to an EMI mantle end-
member component, unlike the EMII dominated
isotopic compositions of the Samoan plume
(Figures 6 and 7). The Uo Mamae lavas have
significantly lower Nd isotopic values at a given
Sr isotopic value than other Samoan lavas
(Figure 6) and significantly lower 2°*Pb/?’°Pb
and 2°°Pb/***Pb values compared to other Samoan
lavas (Figure 7). Although the Pb isotopic values of
the Uo Mamae lavas fall just within the range of
lavas from the HIMU dominated Cook-Austral
plume (Figure 7), they have Nd and Sr isotopic
values well outside the range of Cook-Austral
plume lavas (Figure 6). Similarly, although Uo
Mamae lavas have Nd and Sr isotopic values
within the range of the EMI-dominated lavas from
Pitcairn, they have Pb isotopic values well outside
the range of Pitcairn lavas (Figure 7). Thus it
appears that Uo Mamae lavas are derived from a
unique component of the Samoan plume, which
has as yet not been recovered from islands and
seamounts forming the two main lineaments of the
plume (the Malu and Vai trends, Figures 6 and 7).
However, as we demonstrate in sections 4.2 and
4.3, the plume composition which produced the Uo
Mamae seamount pillow lavas is a vital component

involved in the petrogenesis of the boninites and
associated lavas in the northern Lau Basin and
termination of the north Tonga Ridge.

4. Geochemical Modeling

[20] In this section we present petrogenetic quan-
titative models to explain the geochemistry of
volcanics from our study area. Our modeling is
explained in more detail in Appendix C, and will
be presented in three sections. In section 4.1, we
present quantitative modeling of boninites and
associated volcanics which are the result of “nor-
mal” subduction zone processes, involving simply
a depleted mantle wedge composition and a sub-
duction-related fluid components derived from the
down going slab. In section 4.2, we present mod-
eling for boninites and related volcanics which
have enriched isotopic compositions indicating
the involvement of an OIB component in their
petrogenesis. In section 4.3, we present modeling
to explain the range of isotopic compositions
present in the northern Lau backarc basin lavas.

4.1. Boninites Generated by “Normal”
Subduction Processes

[30] Quantitative modeling of the elemental and
isotopic variations in normal subduction-related
magmas suggests that in general a minimum of three
independent components are required to explain
their petrogenesis [Ellam and Hawkesworth, 1988;
Turner et al., 1997, Hawkesworth et al., 1997a,
1997b; Haase et al., 2002; Kimura and Yoshida,
2006], the depleted mantle wedge, a fluid derived
from the dehydration of subducted basaltic oceanic
crust and a fluid/melt from terrigenous sediment.
Previous workers have demonstrated that the pres-
ence of these three components is required to
successfully model the geochemistry of young
TVA lavas [Ewart and Hawkesworth, 1987; Turner
and Hawkesworth, 1997, Turner et al., 1997; Ewart
etal., 1998]. In the case of young TVA lavas, Turner
et al. [1997] presented a detailed geodynamic and
quantitative three component model to explain their
petrogenesis. In this model, three components iden-
tified are (1) the mantle wedge, (2) a melt from
subducted sediments, and (3) a dehydration fluid
from subducted basaltic oceanic crust. The sediment
contribution to the northern TVA lavas from Tafahi
and Niuatoputapu consists of a ~90:10 mixture
between volcaniclastic sediment derived from the
subducted Louisville Ridge and pelagic sediment. In
the model of Turner et al. [1997], a sediment melt
derived from the subducting oceanic plate enriches
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the overlying mantle wedge (see discussion by
Turner et al. [1997]) at relatively shallow depths.
The mantle wedge is then dragged to greater depths
in response to viscous drag along the upper surface
of the subducting oceanic plate, arriving at the melt
generation area after ~2—4 Myr [Turner et al.,
1997]. At the melt generation zone, the enriched
mantle wedge undergoes partial melting in response
to fluxing by fluids derived from dehydration reac-
tions occurring within the subducted oceanic crust.
The time interval between fluid release and partial
melting is ~30—50,000 yrs based on Th-U isotopic
data [Turner et al., 1997]. In this section, we model
quantitatively the Nd and Sr values and NAPs of
boninites which have a subduction zone signature
similar to TVA and the representative depleted
boninite end-member 5—-24 using the model of
Turner et al. [1997] and the new experimental data
of Kessel et al. [2005] on element partitioning
between eclogite and supercritical fluids (see
Appendix C for further details). Our modeling
results are presented in Figures 14 to 18.

[31] In order to demonstrate that our modeling
approach and methodology (see Appendix C) is
consistent with previous work, we first model the
lava composition 43/6 from the northern Tonga
island of Tafahi [Turner et al., 1997]. Turner et al.
[1997] have previously demonstrated that the man-
tle wedge source for Tafahi lavas requires a small
enrichment (~0.15 wt% addition) of a ~90:10
mixture of volcaniclastic and pelagic sediment.
The presence of Louisville volcaniclastic sediment
is required to explain the distinctive Pb isotope
values of lavas from Tafahi compared to the rest of
the TVA (e.g., Figure 7) [Turner et al., 1997,
Regelous et al., 1997; Wendt et al., 1997; Ewart
et al., 1998]. This model is presented in Figures 14
and 15. We have chosen a mantle wedge compo-
sition based on natural lherzolite samples from the
ultrafresh Hili Manu peridotite [Falloon et al.,
20006] as representative of a depleted mantle wedge
source (see Appendix C). This mantle wedge
source is first enriched by the addition of a sedi-
ment melt derived from a bulk composition com-
prising a 90:10 mixture between an average
Louisville Ridge volcaniclastic sediment and an
average Tongan pelagic sediment (bulk mixing
between these two sediments is shown by model
9 in Figure 14). The NAP of the sediment melt as
calculated using the Kessel et al. [2005] experi-
mental data is shown in Figure 15 (see Appendix C
for details). Mixing between the depleted mantle
wedge and this sediment melt is shown by model 2
in Figure 14. The addition of 0.2 wt% of this model

sediment melt to the mantle wedge causes the
mantle wedge Nd and Sr isotope values to move
to a position directly below the field defined by lavas
from the island of Tafahi (model 2, Figure 14).
If the enriched mantle wedge source is then fluxed
by a fluid from altered subducted oceanic crust,
then the addition of ~0.13—0.68 wt% fluid will
raise the Nd and Sr isotope values of the previously
enriched mantle wedge to encompass the range
displayed by lavas from the island of Tafahi
(model 4, Figure 14). The NAP of the fluid from
the altered subducted oceanic crust, as calculated
using the Kessel et al. [2005] experimental data is
presented in Figure 15 (see Appendix C for
details). To quantitatively match the Nd and Sr
values of lava sample 43/6 requires the addition of
0.2 wt% of the sediment melt followed by 0.42 wt%
addition of fluid from the altered oceanic crust. If
we apply these mass balance constraints derived
from the Nd and Sr isotope modeling, we can get a
good match to the NAP of sample 43/6 if the
modified depleted mantle wedge source is melted
to a high degree (F = 0.3; see “model melt,”
Figure 15).

[32] In Figure 14 we present quantitative modeling
of Nd and Sr values for eastern group boninite
samples 5-25 and 114-3-1 which have strong
subduction zone signature, similar to the depleted
end-member boninite 5-24. Boninite 114-3-1 has
Nd and Sr and Pb isotope values similar to young
lavas from the TVA (Figures 6 and 7), whereas
boninite 5-25 has Nd and Sr values similar to the
island of Tafahi (Figure 6) but with Pb isotope
values similar to young TVA lavas (Figure 7). Both
boninites 114-3-1 and 5-25 have Nd and Sr
isotope values which can be successfully modeled
by the addition of differing amounts of a pelagic
sediment melt to the mantle wedge source. The Nd
and Sr isotope values of boninite 5—25 can be
successfully matched if the mantle wedge source
was first enriched by the addition of 0.09 wt%
pelagic sediment derived melt (model 1 in
Figure 14 is a bulk mixing curve between a pelagic
sediment melt and the mantle wedge) followed by
the addition of 2.3 wt% of fluid from the altered
oceanic crust (model 5, Figure 14). If this modified
source undergoes a high degree of melting then we
can closely match the NAP of boninite 5-25 (F =
0.3; see “model melt,” Figure 16). Similarly the
Nd and Sr isotope values of boninite 114-3-1 can
be successfully matched if the mantle wedge
source was first enriched by the addition of
0.01 wt% pelagic sediment derived melt, followed
by the addition of 1.0 wt% fluid (model 8,
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Figure 14). If this modified wedge source under-
goes a moderate degree of melting we can closely
match the NAP of boninite 114-3-1 (F = 0.2, see
“model melt,” Figure 17). Note that the modeling
confirms that boninite melts require significantly
higher fluid addition compared to basaltic andesites
from Tafahi (1-2.3 wt% versus 0.42 wt%), con-
sistent with the higher H,O contents present in
boninite magmas compared to other subduction-
related magmas [Sobolev and Chaussidon, 1996].

[33] The depleted boninite end-member 5-24, as
previously mentioned (see section 3.1), has signif-
icantly higher ®’Sr/*°Sr values compared to young
TVA lavas (Figure 6 and 14). To achieve these high
7Sr/%Sr values using the model of Turner et al
[1997] requires a petrologically unreasonable
amount of fluid to be added to the modified mantle
wedge source (~34 wt%, model 6, Figure 14). In
the petrological model of Danyushevsky et al.
[1995], however, the depleted end-member is de-
rived not from fluid-fluxed melting of the mantle
wedge with Pacific isotopic composition, but in-
stead from fluid-fluxed melting of refractory OIB
mantle related to the Samoan plume. If we assume
that the isotopic composition of the OIB mantle
residue is similar to the more depleted part of the
range displayed by Samoan lavas of the Vai Trend
(e.g., Tau’ulsland [Workman et al., 2004]; Figure 14),
then a more petrologically reasonable amount of
added fluid (~1 wt%) can explain the high ®’St/*°Sr
values of boninite 5—24 (model 7, Figure 14).

[34] In the model of Danyushevsky et al. [1995] it
was assumed that the middle REE were not trans-
ported by the slab-derived fluid, as this fluid
(which should have a Nd isotopic value of the
subducted Pacific ocean crust with ~>0.5129)
appeared not to have changed the isotopic compo-
sition of the refractory OIB mantle residue (based
on the reported data of Falloon et al. [1989]).
However, recent experimental work on likely sub-
duction zone fluid compositions [Kessel et al.,
2005] demonstrates that middle-REE are fluid mo-
bile. Our quantitative modeling (Figures 14 and 18,
Appendix C) using the new Nd isotopic values
obtained in this study for the depleted boninite
end-member 5—24 demonstrates that the new values
are in fact more consistent with the model of
Danyushevsky et al. [1995] than the previously
published values. This is because the subduction
zone fluid (derived from altered subducted Pacific
crust) will impose its isotopic value onto a refractory
OIB source, as our modeling demonstrates (see
model 7, Figure 14).

[35] In Figure 18 we present quantitative modeling
of the NAP for the depleted boninite end-member
5-24. As explained in more detail in Appendix C,
we could only get a close matching to the NAP of
boninite 5—24, if we arbitrarily changed the trace
element abundances of the residue, so that a partial
melt of the residue plus added fluid component
would produce a close match to boninite 5—24 (F ~
0.22, Figure 18, Appendix C). The resulting NAP of
the OIB residue is similar to an average depleted
harzburgite from the Hili Manu peridotite, apart
from significant depletions in HFSE. Similar HFSE
depletions have been observed in mantle xenoliths
from Samoan lavas [Hauri et al., 1993], and could
possibly be due to metasomatism by carbonatite
melts [Hauri et al., 1993; Danyushevsky et al.,
1995].

4.2. Boninites Generated by the
Involvement of OIB Plume Components

[36] Danyushevsky et al. [1995] have previously
demonstrated that the LREE and isotopically
enriched Tongan boninites can be explained by
mixing of an OIB component (E2 in the model of
Danyushevsky et al. [1995]) into the depleted end-
member represented by boninite 5-24 (D+E1 in
the model of Danyushevsky et al. [1995]). In this
study we have previously demonstrated that the
geochemistry of the enriched Tongan boninites can
be explained by mixing of three boninite end-
members (see section 3.1). In general the Pb
isotopic composition of the enriched boninites can
be simply explained by mixing of a Samoan EMII
component(s) into the depleted end-member 5—24.
For example, Figure 7 shows that the enriched
boninites (samples 115-1-1, St21, 16-26/2, 119-2-5,
and 7-18, Figure 7) and the depleted boninite 5—24
form a ~ linear array overlapping with Samoan
lavas. This array could potentially be explained by
mixing of a pure EMII component of the Samoan
plume into boninite 5—24 (Figure 7). However, this
simple model cannot explain the Nd and Sr isoto-
pic values of the enriched boninites. This is be-
cause any mixing of an EMII component into the
boninite 5-24 end-member will produce mixing
arrays which will not pass through the enriched
boninites. In fact, some of the enriched boninites
(e.g., dredge station St25, sample 7—18) have Nd
and Sr isotopic values which fall outside the main
field of Samoan lavas from the Vai and Malu
Trends (Figure 6). Even if the lavas from Uo
Mamae seamount are included in the Samoan field,
in Figure 6, the Sr isotopic value of boninite 7—18
is too low for Uo Mamae to be the enriching
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component. In addition, the Uo Mamae lavas have
depleted Pb isotopic compositions compared to the
enriched boninites (Figure 7), making it impossible
for Uo Mamae to be the enriching E2 component.
Similar arguments apply to the role of subducted
pelagic sediment and volcaniclastic Louisville
Ridge derived sediment. Both the average pelagic
sediment component and Louisville volcaniclastic
sediment do not have appropriate Pb isotopic
compositions to be the enriched E2 component
mixing into the depleted boninite 5—24 end-mem-
ber (Figure 7). As well, mixing arrays of these
sedimentary components into boninite 5—24 will
not pass through the enriched boninites in Nd and
Sr isotopic space (Figure 6). In summary, it is clear
from simple inspection of Figures 6 and 7 that the
proposed E2 component that mixes into the depleted
boninite end-member 5—-24 cannot be correlated
with any known isotopic composition from the
Samoan plume or subducted sediment.

[37] Of particular significance therefore is the ob-
servation that not all scamounts located close to the
line of the Samoan plume are associated with it
[Workman et al., 2004]. In particular, Workman et
al. [2004] noted that the Malulu seamount and
Rose Atoll, located immediately to the east of the
active Vailulu’u seamount, are most likely part of
the Cook-Austral mantle plume [Workman et al.,
2004]. This observation is of significance as it
allows the possibility that a HIMU mantle plume
component is also involved in the petrogenesis of
lavas at the northern termination of the Tonga
Ridge and Lau Basin. The Cook-Austral Islands
and associated seamounts are assumed to have
been formed by the same hot spot volcanism
currently located on the MacDonald Seamount
(~29°S, ~140°W) in the South Pacific [Jordahl
et al., 2004; Bideau and Hekinian, 2004]. The
Cook-Austral chain, which although in general
conforms to an absolute plate motion relative to
the hot spot reference frame [Duncan and Clague,
1986], has a complex age progression [Jordahl et
al., 2004] making it unlikely that a single hot spot
could explain the entire chain. The oldest parts of
the Cook-Austral chain (20-25 Ma), however,
overlap the positions of seamounts and islands
formed by the Samoan hot spot [Norton, 2000],
which is currently located at the active submarine
Vailulu’u volcano at ~14°S ~169°W [Hart et al.,
2000]. We propose that in addition to the Samoan
EMII plume component, HIMU mantle sources
related to the Cook-Austral plume have also pen-
etrated across into the northern Lau Basin mantle.
As can be seen from Figures 6 and 7 the isotopic

compositions of lavas from the Cook-Austral
islands encompass the entire range of isotopic
compositions of the Tongan boninites. In particu-
lar, the Cook-Austral Islands have significantly
lower ®’Sr/*°Sr values than the EMII-dominated
Samoan lavas (Figure 6). Malulu seamount plots
within the range of Cook-Austral lavas in Sr and Nd
isotopic space, with significantly lower %’Sr/*Sr
values than Samoan lavas. Both Falloon et al. [1989]
and Falloon and Crawford [1991] have previously
suggested on the basis of Nd and Sr isotopes that an
OIB component other than the Samoan plume must
be involved in mantle sources of northern Tongan
boninites, and that the mantle sources derived from
the Cook-Austral plume was the most likely extra
OIB component.

[38] In this section, we present quantitative mod-
eling of the Sr, Nd and Pb isotopic composition of
the enriched boninites, demonstrating that it is
possible to explain the isotopic compositions of
the enriched boninites if components other than
Samoan EMII are included. The results of our
modeling are presented in Figures 19 and 20.
Compositions of end-members used in mixing
calculations are presented in Appendix C. In order
to achieve an internally consistent quantitative
model for all of the Sr, Nd and Pb values of the
enriched boninites based on the assumption that
the isotopic compositions are the result of mixing
of an OIB component (E2) into the depleted
boninite end-member 5-24, three distinct OIB
“end-member” components are required. These
components are (1) the Samoan EMII component,
represented by the compositions from Malumalu
seamount [ Workman et al., 2004]; (2) the distinctive
Samoan EMI-like plume component represented by
the Uo Mamae seamount [Acland, 1996; this study];
and (3) a HIMU component from the Cook-Austral
plume, represented by lavas from Tubuai [Hauri
and Hart, 1993]. The required mixing lines
between these end-members components necessary
to explain the enriched boninites are presented in Nd
versus Sr isotopic space in Figure 19 and in Nd
versus Pb isotopic space in Figure 20.

[39] The isotopic composition of enriched bonin-
ites can be explained if the E2 component of
Danyushevsky et al. [1995] is a either an OIB melt
(e.g., OIB melt 1, Table C5, Appendix C) which is
derived from a mixture of HIMU, Uo Mamae and
EMII components (model 1, black line, Figures 19
and 20), or alternatively, an OIB melt (e.g., OIB
melt 2, Table C5, Appendix C) which is derived
from a mixture of HIMU and Uo Mamae compo-
nents (model 2, black line, Figures 19 and 20). The
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mixing lines are illustrative only, as a unique line
could be calculated to match exactly the isotopic
composition of any individual boninite. Our mod-
eling suggests that a significant (~25-35%)
HIMU plume component is required in the E2
component of the Danyushevsky et al. [1995]
model. Only in the enriched boninites from the
northern Tonga ridge and the intermediate boninite
end-member (119-2-5; see section 3.1) is a signif-
icant contribution (~37%) from Samoan EMII
required in the E2 component.

4.3. Northern Lau Basin

[40] A distinctive feature of the lavas currently
erupting from spreading ridges in the Lau backarc
basin is that their isotopic composition is related to
geographical position reflecting distinctive mantle
sources. Volpe et al. [1988] demonstrated that the
Sr and Nd isotopic compositions of Lau Basin
basalts display a bimodal distribution related to
geographic location within the Lau Basin. They
defined two types of basalt comprising both N-
(similar to N-MORB) and E-types (similar to E-
MORB); Type I basalts (*Sr/*°Sr < 0.7037,
'"SNA/M*Nd > 0.51297) occur along the Peggy
Ridge and seafloor to the south, and Type II basalts
*7Sr/°sr > 0.7038, "Nd/M*Nd < 0.51288),
which have been recovered from spreading ridges
and seafloor north of the Peggy Ridge. Volpe et al.
[1988] noted that the Sr-Nd compositions of Type
II lavas are similar to OIB, including recent alkali
basalts from Fiji [Gill, 1984], and from the South
Pandora Ridge in the North Fiji Basin [Sinton et
al., 1991]. Volpe et al. [1988] also noted that the
restriction of Type II basalts to the northeastern
portion of the Lau Basin indicates that there are
localized mantle domains with distinct composi-
tions. Further work [Loock et al., 1990; Falloon
and Crawford, 1991; Hergt and Hawkesworth,
1994; Ewart et al., 1998] subsequent to Volpe et
al. [1988] has confirmed these observations, and it
is clear that the Peggy Ridge lies on the boundary
between two mantle domains, MORB-like to the
south (Pacific evolving to Indian [Hergt and
Hawkesworth, 1994]) and OIB-like to the north.
This is also supported by *He/*He ratios of north-
ern Lau Basin basalts [Poreda, 1985; Poreda and
Craig, 1993]. The isotopic data of Lau Basin
backarc lavas indicate that there is a generalized
influence of the Samoan Plume mantle within the
Lau Basin. However, so far, this influence is only
reflected in the isotopic compositions of erupted
lavas, and is not reflected in their major or trace
element compositions, which are typical for the

range expected for backarc spreading centers. This
observation is consistent with mixing of sources in
the mantle (the Samoan mantle flowing into the
northern Lau Basin across the “slab edge”).

[41] The Island of Niua fo’ou in the northern Lau
Basin has also long been recognized as having a
distinctive mantle source in terms of its isotopic
values. Lava compositions from Niua fo’ou are
MORB-like tholeiites very similar to lavas from the
MTIJ (see section 3.3.2). Ewart and Hawkesworth
[1987] noted the similarities of the isotopic com-
positions between lavas from Niua fo’ou and lavas
from the Samoan and Cook Island chains, and
suggested that Niua fo’ou may be tapping a mixed
asthenosphere source. Ewart et al. [1998] sug-
gested that Niua fo’ou represents a separate “mini-
plume” from deeper within the Lau Basin, possibly
involving mixing of the “new” (Indian) Lau Basin
MORB-source with a restricted isotopic subset of
the Samoan plume arrays. In Figures 6 and 7 the Sr,
Nd and Pb isotopic compositions of lavas erupting
from the Central Lau Spreading Center (CLSC),
Niua fo’ou Island and the MTJ are plotted. Lavas
erupting from the CLSC have Indian MORB iso-
topic values (Figures 6 and 7), and it can be seen
from Figure 6 that the Nd and Sr isotopic values for
the MTJ and Niua fo’ou plot toward lavas from the
Samoan plume. In terms of Nd and Sr isotopic
values, the lavas from Niua fo’ou would appear to
have more of a Samoan plume component in their
mantle source (Figure 6). However, in terms of Pb
isotopic values, the lavas from the MTJ would
appear to have more of a Samoan plume influence
(Figure 7). This observation strongly suggests that
different OIB components other than the Samoan
plume must be involved in causing the enriched
isotopic values of northern Lau Basin backarc
lavas.

[42] In Figures 19 and 20 we demonstrate that it is
possible to explain the mantle source of the Niua
fo’ou island as a simple mixture between a Samoan
plume component dominated by the distinctive
EMI-like Uo Mamae component (~78%) and
Indian MORB mantle (source mixing model 2,
blue line, Figures 19 and 20). This result is
consistent with the conclusion of Ewart et al.
[1998] that the mantle source for Niua fo’ou lavas
must involve a mixing with a subset of the Samoan
plume. We propose that this “subset” plume com-
ponent is represented by the distinctive EMI-like
Uo Mamae lavas. In Figures 19 and 20 we also
demonstrate that the isotopic values of the MTJ
lavas, and lavas from the backarc caldera (sample
116-1-3) and the NELSC (sample 120-1-1) are
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consistent with mixing of a pure HIMU component
(Tubuai) into the distinctive mantle source repre-
sented by Niua fo’ou Island (mixing model 3,
black line, Figures 19 and 20). This mixing is well
defined in Nd and Pb isotopic space where Niua
fo’ou, MTJ, NELSC and sample 116-1-3 from the
large caldera are all co-linear (Figure 20) and this
array projects directly to Tubuai. Mixing between
the HIMU component and Niua fo’ou Island
causes backarc spreading lavas to move to higher
Nd and Sr isotopic values (Figure 19).

[43] The enriched OIB-like backarc lavas from
dredge stations 16-9 and 16-10 (samples 16-9/1,
16-10/4) do not fall on a mixing line between Niua
fo’ou and a HIMU component. However, the isoto-
pic composition of lavas 16-9/1 and 16-10/4 are
consistent with the E2 component involved in the
petrogenesis of the backarc enriched boninites (OIB
melt 2, Table C5, Appendix C) being mixed into the
Niua fo’ou mantle source (model 4, black line,
Figures 19 and 20). The presence of cumulate xen-
oliths derived from boninite melts in these lavas
supports a possible close petrogenetic relationship
between these OIB-like lavas and enriched boninites.

4.4. Summary

[44] The complex tectonic setting at the north-
eastern corner of the Lau backarc basin is respon-
sible for the simultaneous eruptions of a large
variety of subduction-related magmas. The main
features of this setting are the roll-back of the
Tonga trench, the transition from subduction to
transform fault tectonics at the northern termination
of the Tonga arc, and the presence of two separate
mantle hot spot trails on the Pacific plate immedi-
ately to the north of the Tonga trench.

[45] Extension in the backarc region, generated by
the trench rollback, is accommodated by two
processes. The first is propagation of the backarc
spreading into the area (the NELSC), which results
in the adiabatic upwelling of “Indian”’-type mantle
under the spreading center. The second is inflow of
the sub-Pacific mantle from the north through
the slab window formed due to the subduction/
transform fault transition. This sub-Pacific mantle
contains variable components of the Samoan and
Cook-Austral mantle plumes.

[46] Thus the mantle sources in the area are a
complex mixture of (1) the “normal” Tongan
mantle wedge source that has “Pacific”-type iso-
topic signature with (2) the plume-related compo-
nents and (3) an “Indian”-type source upwelling

beneath the backarc spreading. Some of these
sources, such as the “normal” mantle wedge and
variably depleted residual plume mantle are fluxed
by subduction components from the slab, which
produces boninites, tholeiites and their mixtures.
Other mantle sources, such as “Indian”’-type back-
arc mantle and also some of the plume mantle
produce melts due to adiabatic decompression.
These melts are variably mixed with each other
and the fluxed melts to form the observed spectrum
of magma compositions.

5. Conclusions

[47] 1. New multibeam mapping [Wright et al.,
2000] reveals that the boninites erupted at the
northern termination of the Tonga Trench and
Lau Basin are clearly related to recent rifting along
the trench-transform wall. The boninite dredge
locations are located on either young volcanic
cones associated with rift grabens in the northern
Lau Basin, or recovered from the rifted walls of a
prominent graben which cuts the North Tonga
Ridge at its northern terminus. This study confirms
the association of boninitic magmas with active
backarc spreading ridges and rifting in a backarc
setting inferred from previous studies [Crawford et
al., 1989; Falloon et al., 1992].

[48] 2. The geochemistry of enriched boninites can
be explained by mixing between three end-member
compositions. The depleted end-member is derived
by fluid-fluxed melting of refractory OIB mantle
source, which is inferred to be hot Samoan plume
mantle which has penetrated across the trench-
transform boundary above the subducting Pacific
oceanic crust. The enriched end-member geochem-
istry is dominated by an OIB component, inferred
to be a melt, and is equivalent to the E2 component
in the model of Danyushevsky et al. [1995]. The
third boninite end-member is intermediate between
types 1 and 2, and is slightly more enriched in
7Sr/%Sr values.

[49] 3. Quantitative modeling of isotopic values of
the enriched boninites requires that the OIB melt
component (E2) is a combination of up to three
distinct components, these being the Samoan EMII
mantle, an EMI-like component, represented by
lavas from the Uo Mamae seamount and a HIMU
component, represented by lavas from Tubuai.

[s0] 4. Quantitative modeling of boninites which
have normal “subduction” zone enrichments of
LILE, are consistent with the geodynamic and
quantitative geochemical model of Turner et al.
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Table A2. Radiometric Age Determinations for Rock Samples Dredged From the Northern Lau Basin — Tonga Area

Sample Rock Type Lab/Data Source Method Age, Ma Hlo
Kallisto 82
Station 16—51 16-51/9 boninite Acland [1996] K-Ar 2.54 0.74
Station 16—51 16-51/16 boninite Acland [1996] K-Ar 3.09 0.48
Station 16—26 16-26/1 boninite Acland [1996] K-Ar 0.58 0.20
Station 16—26 16-26/2 boninite Acland [1996] K-Ar 0.89 0.04
Natsushima 84
Station St21 3-23 boninite OSuU* K-Ar 1.40 0.03
Station St23 5-27 basaltic andesite OSuU K-Ar 2.03 0.11
Tafahi
TT1 basaltic andesite ucscP K-Ar 0 0
Niuatoputapu
TN3 basaltic andesite UCSC K-Ar 3.00 0.10

708U, Oregon State University, R. Duncan analyst.

UCSC, University of California Santa Cruz, J. B. Gill personal communication, 1986.

[1997]. However, unlike the northern Tonga
Islands of Tafahi and Niuatoputapu, there appears
to be no involvement of subducted volcaniclastic
sediment derived from the Louisville Ridge.

[s1] 5. Backarc pillow lavas recovered from the
northern most nascent spreading center in the
northern Lau Basin, the NELSC, at dredge station
D120, are basaltic andesites with LREE-enriched
patterns. The basaltic andesites have major element
geochemistry intermediate between those of MTJ
lavas and enriched boninites sampled from rifts in
the northern Lau Basin. This suggests that boninite
magmas are being mixed into normal backarc
spreading ridge lavas at the northern end of the
NELSC. Volcanics recovered from a large backarc
caldera (dredge stations D116 and 117) are dacites
and rhyolites with major and trace element geo-
chemistry consistent with being derived by crystal
fractionation from boninitic parents.

[s2] 6. The isotopic composition of backarc lavas
from the island of Niua fo’ou can be explained by
source mixing between the EMI-like Samoan
plume component represented by Uo Mamae lavas
and Indian MORB represented by lavas from the
CLSC. Mixing of a pure HIMU plume component
into this distinctive Niua fo’ou source can explain
the isotopic compositions of spreading ridge lavas
from the MTJ, NELSC and the large boninite-
derived backarc caldera sampled at dredge stations
D116 and D117 by the R/V Melville.

[53] 7. Lavas sampled from rifts located to the west
of the NELSC (dredge stations 16-9 and 16-10)
have major element chemistry intermediate be-
tween MTJ and Samoan plume lavas, and have
strong enrichments in LREE similar to Samoan
lavas. The isotopic composition of these lavas

suggests that the enrichment seen in these OIB
like lavas is similar to the E2 component present in
enriched boninites associated with rifting in the
northern Lau Basin.

Appendix A: Geological Setting of
Dredged Samples

[s4] Locations from dredging or submersible sam-
pling from the R/V Melville, R/V Kallisto, R/V
Keldysh, and R/V Natsushima voyages are pre-
sented in Figures 2 and 3. Dredging results from
the R/V Melville voyage are summarized in
Table A1l. Available radiometric age dating of rocks
from the area is presented in Table A2. Brief
petrographic descriptions and mineral chemistry of
the samples collected from the R/V Melville voyage
are presented in Tables A3 and A4. In Table A5 we
present corrected sample numbers for the data from
the study of Falloon and Crawford [1991].

[ss] The sampling covers seven specific tectono-
magmatic elements of the northern Lau Basin-
Tonga Trench termination as outlined below
moving west to east in Figures 2 and 3. Radio-
metric ages and radiogenic isotope analyses from
a number of samples from both the R/V Keldysh
and R/V Kallisto cruises are reported by Acland
[1996].

Al. Inner Slope of the Westernmost
Extent of the Tonga Trench

[s6] During the 1982 voyage of the R/V Kallisto
fresh pillow lavas were recovered from dredge
stations 16-9 and 16-10 [Sharaskin et al., 1983;
Zlobin et al., 1991] located within a backarc rift
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Table A3. Petrographic Summary of Samples Studied

Petrographic Group Samples Comments
Olivine — phyric boninite 114-3-1 Quenched strongly oliv-phyric picritic rock lacking
opx phenocrysts, and having a quenched groundmass,
assemblage of fan spherulites with small opx
microlites and strongly zoned clinopyroxene.
Olivine + clinopyroxene + plagioclase 114-3-6

— phyric basalt
Orthopyroxene + clinopyroxene + olivine
— phyric boninite

Orthopyroxene + plagioclase + clinopyroxene
— phyric andesite
Orthopyroxene + clinopyroxene + plagioclase
+ titanomagnetite + apatite — phyric dacite
Plagioclase + orthopyroxene + clinopyroxene
+ titanomagnetite + apatite — phyric rhyolite
Plagioclase + quartz + orthopyroxene
+ clinopyroxene + titanomagnetite
— phyric rhyolite
Olivine + orthopyroxene + Cr-spinel
+ clinopyroxene — phyric Boninite

Olivine + plagioclase + clinopyroxene
— phyric basalts

115-1-1,115-1-2,
115-1-8,115-1-10,
115-1-11,115-1-5
115-2-5,115-2-7
116-1-1,116-1-3
117-1-1,117-2-3
118-2-5,118-2-8

119-1-1,119-2-5,
119-3-5,119-3-6

120-1-1,120-1-3,
120-2-1,120-2-3

Strongly porphyritic vesicular boninitic high-Mg
andesite dominated by large opx and cpx phenocrysts,
with abundant evidence of magma mixing, including
partially reacted grains, opx with strong reverse
zoned rims. Very little chromite.

Highly vesicular, glassy.
Vesicular, glassy groundmass.

Massive, vesicular, glassy groundmass.

Vesicular and strongly to moderately porphyritic very
fresh boninite with common large oliv and opx
phenocrysts, in a quenched groundmass of glass
charged with small cpx and opx microlites.
Samples 119-3-5, —6 are sparsely phyric to aphyric.

Both pillow and tabular pahoehoe pieces.

zone associated with the transition from a trench to
a transform plate boundary in this area.

A2. Northeast Lau Spreading Center

[571] The mapping reveals a nascent spreading cen-
ter, the Northeast Lau Spreading Center (Figure 3,
the location is identified by dredge station D120),
featuring a series of parallel, or closely-spaced
ridges and troughs [Wright et al., 2000; Langmuir
et al., 2005; German et al., 2006]. The spreading
center can be clearly identified to within about 30km
of the trench axis and it is likely that the spreading
center intersection with the trench forms a ridge-
transform-transform triple junction between the
Tonga Plate, the Pacific Plate and the Niua fo’ou
Plate. This spreading center is a continuation of
the northeastern limb of the Mangatolu Triple
Junction, MTJ (Figure 2, dive sites M-2212,
M-2218, M-2216), a backarc ridge-ridge-ridge junc-
tion. Hydrothermal activity along this spreading
center is reported by German et al. [2006]. The
Mangatolu Triple Junction is located ~15° 37'S,
174° 52'W, and is characterized by intense defor-
mation and neovolcanism [Parson and Tiffin, 1993].

[ss] The detailed geological structure of the Lau
Basin including the MTJ is presented by Zellmer

and Taylor [2001]. During the 1990 voyage of the
R/V Keldysh, three Mir dives were conducted on the
MTIJ. Two dives (M-2212, M-2218 [Falloon et al.,
1992]) were conducted close to the center of the
triple junction, and one dive (M-2216 [Falloon et
al., 1992]) was conducted on the northeastern
branch of the triple junction (Figure 2). During the
1996 R/V Melville voyage one dredge (dredge
station D120, Table A1, Figure 3) was conducted
on the northern part of the Northeast Lau Spreading
Center which appears to intersects the Tonga Trench
to form a triple junction [Wright et al., 2000].

A3. Backarc Caldera

[s9] To the south of dredge station D120 (~50 km) and
on the eastern side of the spreading ridge lies a 10km
wide caldera with a significant breach on its southern
rim (Figure 3, dredge stations D116 and D117).
Dredges D116 and D117 (Table A1) were conducted
respectively on the central volcanic cone and eastern
wall of this large backarc caldera (Figure 3).

A4. Rift-Related Boninite Lavas:

“Western Group Boninites”

[60] The multibeam mapping reveals that the
boninites sampled during voyage 16 of the R/V
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Table A4. Seclected Mineral Analyses

Sample Mineral Type Analysis SiO, TiO, ALO; Cr,03 FeO MnO MgO CaO Na,O K,0 NiO Mg# An
115-1-8  Cpx Ph 24 52.81 0.06 156 048 795 022 17.13 19.71 0.08 79.3
Opx Ph 27 5492 0.03 093 0.14 1430 036 27.08 224 0.01 77.1
Opx Ph 28 56.55 0.00 040 024 9.18 022 31.14 224 0.02 85.8
115-1-10 Plag mcl 17 47.51 30.09 2.46 0.50 17.07 2.20 0.17 80.3
Cpx Ph 23 53.60 0.03 054 056 5.03 021 19.35 20.56 0.12 87.3
Cpx Ph 22 51.60 0.06 134 024 850 0.26 17.97 19.94 0.08 79.0
Opx Ph 16 5223 0.03 125 0.14 1624 045 2745 2.17 0.04 75.1
115-1-11 Oliv Ph 29 38.79 13.65 0.27 47.00 0.20 0.08 86.0
Opx Ph 28 5329 0.04 097 0.08 1527 047 27.67 2.22 0.01 76.4
Cpx Ph 25 52.72 0.06 149 0.16 834 0.33 17.28 19.55 0.08 78.7
115-2-5  Opx Ph 20 5458 0.07 093 0.06 16.87 043 2480 2.24 0.02 72.4
Plag Ph 24 4428 34.55 0.68 0.06 19.72 0.68 0.03 94.0
116-1-1  Cpx mPh 41 5144 028 1.85 11.55 0.41 14.61 19.69 0.16 69.3
Opx mPh 44 52.73 024 1.04 0.00 2235 0.80 20.87 195 0.02 62.5
Plag mPh 39 55.64 26.81 1.60 0.15 11.79 3.79 0.23 62.3
Ti-mag mPh 43 023 7.02 342 0.00 87.62 0.31 1.37 0.02
116-3-1  Opx Ph rim 30 53.38 0.16 0.95 20.71 0.50 22.30 1.89 0.06 65.7
Cpx Ph 38 51.18 032 190 0.04 11.87 0.37 13.98 20.09 0.24 67.7
Plag Ph 43 47.73 32.37 0.99 0.11 1691 1.85 0.04 83.3
Ti-mag mPh 37 0.10 6.16 3.26 87.99 0.24 2.14 0.00
117-2-3  Cpx Ph 4 51.00 026 098 0.00 16.50 0.53 11.45 19.14 0.15 553
Opx Ph 30 5041 0.24 0.65 31.22 090 14.64 194 0.00 45.5
Plag Ph 3 50.21 31.03 0.61 0.03 15.12 2.94 0.06 73.7
Ti-mag mPh 0.12 1528 1.97 80.94 0.54 1.11 0.01
118-2-8  Opx Ph 11 52.71 0.17 051 0.02 24.16 0.60 20.51 1.30 0.02 60.2
Cpx Ph 20 5196 021 097 0.00 11.38 0.36 13.65 21.28 0.19 68.1
Plag Ph 52 48.20 32.41 0.58 0.03 16.19 2.53 0.06 77.7
Ti-mag mPh 25 0.11 8.67 2.15 87.15 0.31 130 0.08
119-1-1  Cpx Phr 6 54.04 0.14 1.18 0.57 4.01 0.11 19.05 20.78 0.11 89.4
Oliv Phr 19 41.23 0.14 7.03 0.10 50.99 0.21 0.31 92.8
Oliv Phc 18 40.69 . 10.45 0.14 48.16 0.31 021 89.1
Cr-sp incl 21 0.08 033 9.76 5859 16.82 0.22 1421 0.00
120-1-1  Oliv Ph 64 38.79 18.78 0.31 41.75 0.27 0.11 79.8
120-1-3  Oliv mPh 47 38.71 17.62 0.29 43.02 0.20 0.16 81.3
120-1-1  Plag Ph 60 49.33 31.22 0.78 0.26 15.63 2.68 0.10 75.9
120-1-1  Plag Ph 61 46.19 33.66 0.55 0.14 18.05 1.36 0.04 87.8
120-2-3  Plag Phc 23 44.40 34.99 0.57 0.12 1898 0.92 0.02 91.8
120-1-1  Cpx Ph 59 52.19 038 2.09 0.07 6.78 0.18 17.75 2045 0.13 82.3
120-2-1  Cpx mPh 17 50.21 0.81 500 0.10 8.13 0.22 16.11 19.24 0.18 77.9
120-2-1  Cpx mPh 19 50.92 0.63 4.07 7.13 034 16.51 20.09 0.17 80.5

Kallisto in 1982 at dredge station 16-26 (samples
16-26/1 and 16-26/2) and the 1984 voyage of the
R/V Natsushima in 1984 at dredge stations St24
and St25 (samples 6-3, 7-18) were derived from
young volcanic cones associated with a rift graben
immediately to the east of the Northeast Lau
Spreading Center sampled by dredge station
D120 (Figures 2 and 3). The cones are young
based on their undisturbed shape despite being in
a tectonically active area, lack of alteration and Mn
coating on pillow rinds of the erupted lavas and
radiometric dating (Table A2) [Falloon et al.,
1987; Acland, 1996]. These boninites were referred
to as the “western group” boninites by Sobolev
and Danyushevsky [1994] and Danyushevsky et al.
[1995]. During the 1996 R/V Melville voyage

dredge station D119 (Table Al) was conducted
on a small volcanic cone on the western side of the
rift graben where boninite lavas were also recov-
ered (Figure 3).

AS5. Tonga Trench at the Northern
Termination of the Tofua Volcanic Arc

[61] Boninite lavas were recovered at dredge
stations 16—51 (R/V Kallisto) and St21 (R/V
Natsushima) from this area (Figure 3, Table Al).
The boninites from this area belong to the “eastern
group” boninites of Sobolev and Danyushevsky
[1994] and Danyushevsky et al. [1995]. The radio-
metric ages obtained for boninites from dredge
stations 16-51 and St21 give relatively young ages
(~1-3 Ma, Table A2) which overlap the age of
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Table B1. Major Element Analyses of Tasmanian Standard Rocks Obtained During This Study

TASBAS, n =9 TASDOL, n =8 TASDIOR, n =5 TASGRAN, n =6
This Study Published This Study Published This Study Published This Study Published
SiO, 44.46 44.55 53.03 53.19 64.73 65.11 72.83 72.78
TiO, 2.32 2.32 2.44 243 0.61 0.61 0.29 0.29
AlLO4 14.13 14.15 13.20 13.10 14.94 14.80 13.69 13.66
Fe,05 12.64 12.65 12.50 12.57 5.59 5.61 2.26 2.26
MnO 0.17 0.17 0.18 0.18 0.12 0.11 0.04 0.04
MgO 8.34 8.29 2.84 2.79 3.07 3.02 0.71 0.68
CaO 7.86 7.84 6.19 6.20 4.78 4.79 1.83 1.84
Na,O 542 5.37 3.18 3.16 1.93 1.97 2.79 2.74
K,0 1.93 1.93 1.82 1.81 2.23 2.20 4.61 4.59
P,0s 0.93 0.94 0.94 0.95 0.15 0.17 0.11 0.12
Loss 1.56 1.56 3.28 3.28 1.35 1.35 0.73 0.73
Sum 99.77 99.77 99.68 99.72 99.56 99.74 99.85 99.73
S 0.04 0.04 0.11 0.11 0.02 0.03 0.00 0.00

modern Tofua Arc volcanism on the islands of
Tafahi and Niuatoputapu (Table A2).

A6. Large Rift Graben Cutting the North
Tonga Ridge at Its Northern Termination

[62] This rift graben was first identified by the R/V
Natsushima voyage which sampled the north fac-
ing wall of the graben at dredge station St23
(Figure 3) [Falloon et al., 1987]. During the R/V
Melville voyage the rift wall was again sampled at
dredge station D115 and boninite lavas recovered
(Figure 3, Table A2). Also sampled at dredge
station D118 was a large submarine volcanic edi-
fice which completely fills the central part of the
graben (Figure 3). Boninites from this rift graben
are also part of the “eastern group” boninites.

A7. Uo Mamae Seamount

[63] The R/V Kallisto voyage sampled the most
southerly seamount of the Samoan plume, Uo
Mamae (dredge stations 16-94 to 16-100
[Sharaskin et al., 1983]). This seamount is starting
to be pulled apart by the rifting of the Pacific Plate
at the termination of the Tonga Trench [Wright
et al., 2000]. Hawkins and Natland [1975] report a
K-Ar age of 940,000 yrs for a phonolite dredged
from the summit of this seamount.

Appendix B: Analytical Techniques

B1. Major Element Analysis

[64] Samples were ground in an agate mill to avoid
any possible trace element contamination. Major
element analyses were performed at the School of
Earth Sciences (UTAS) using X-ray fluorescence

spectrometry (XRF) and the methods of Robinson
[2003]. Whole rock sample powders were fused
with 12—-22 flux (a pre-fused mixture consisting of
12 parts Li,B4O; and 22 parts LiBO,) using a
sample:flux ratio of 1:9 at 1100°C. All fusions are
performed in a non-wetting 5% Au- 95% Pt alloy
crucible. The following quantities are used to make
32 mm diameter discs: —12—22 flux (4.5000 g),
sample (0.5000 g) and LiNO; (0.0606 g, added as
100 pl of 60.6% LiNO;5). The mix is fused with
agitation at 1100°C for 15 minutes before being
cast in a 5% Au —95% Pt mould. Ignition loss was
determined on ~2 grams of sample powder ignited
overnight at 1000°C in 5 mL platinum crucibles.
Major elements were determined with a ScMo
3kW side window X-ray tube and a Philips
PW1480 x-ray spectrometer. Corrections for mass
absorption are calculated using Philips X40 soft-
ware with De Jongh’s calibration model and Philips
(or CSIRO) alpha coefficients. Compton scattering
is also used for many trace elements (see below).
Calibrations are on pure element oxide mixes in
pure silica, along with international and Tasmanian
standard rocks are used. Analyses of a range of
secondary standards are presented in Table B1.

B2. Trace Element Analysis

B2.1. XRF

[6s] Trace element analyses in Table 3 (Rb, Ba, Nb,
Sr, Zr, Y, V, Sc, Cr, Ni) were determined by using
pressed powder pill analysis (10 grams, 32 mm)
using a combination of ScMo (Y, Rb, Ni) and Au
(Ba, Nb, Sr, Zr, V, Sc, Cr) 3kW side window X-ray
tubes and a Philips PW1480 x-ray spectrometer.
Analyses of international and secondary standards
and detection limits are presented in Table B2.
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B2.2. ICP-MS

[66] ICP-MS trace element analyses at UTAS were
obtained using the methods of Robinson et al.
[1999] and Yu et al. [2000]. ICP-MS analyses were
performed on duplicate high-pressure HF-HCIO,
digestions. Sub-boiling double distilled acids and
ultrapure water were used, as were clean sampler
and skimmer cones, ICP torch, spray chamber,
nebulizer and sample introduction tubes (including
auto-sampler tubing). Prior to sample analysis the
instrument was purged for at least 24 hours with
5% v/v HNO5 and 0.05% v/v HF rinse solution.
Analyses of international and secondary standards
and detection limits are presented in Table B3.

[67] ICP-MS analyses were also performed at the
ANU using the multiple enriched isotope internal
standard, solution ICP-MS method of Eggins et al.
[1997]. Trace and minor element concentrations for
several basaltic international reference materials
and the ANU in-house secondary standard (Tafahi)
that were determined during the same analytical
runs as the unknowns measured in this study are
reported in Table B4.

B3. Electron Microprobe Analyses

[6s] Electron Microprobe Probe Analysis (EMPA)
of interstial glass and pillow rind glass are pre-
sented in Table 4 and were obtained using a
Cameca SX50 electron microprobe at the Central
Science laboratory, University of Tasmania,
Hobart, at 15 kV and 20 nA. Each element was
calibrated against a relevant oxide standard. In the
case of glass analyses we analyzed the international
standard USNM 111240/2 (basaltic glass) from
Jarosewich et al. [1980] to derive correction fac-
tors, which were applied to the glass analyses.
Counting times for all elements except Na and K
were 10s for the peak and 5s for the background on
both sides of the peak. K and Na was analyzed for
20s on the peak and 10s on the background.
Standard electron microprobe accuracy is as fol-
lows: 2% for Si, Al, Fe, Mg and Ca; 5% for Na and
Ti; and 5-50% for K depending on absolute
content. A beam size of 5um was routinely used.

B4. Isotope Analyses
B4.1. Sr-Nd-Pb Isotopes: The Australian
National University

[e9] Sample powders were first acid washed in hot
6N HCI for around 30 minutes, rinsed in milli-Q
water and finally dissolved in HF/HNOj acids. Pb,
Sr, and Nd were then separated by conventional
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Table B3. Analyses of Standard Rocks by ICP-MS at UTAS

BIR-1,n =1 TASBAS, n =3 Tafahi, n =2
This Study Published This Study Published This Study Published
La 0.796 0.58 40.43 44.58 0.90 0.938
Ce 1.74 1.85 79.34 85.24 2.19 2.22
Pr 0.34 0.37 9.51 10.12 0.35 0.361
Nd 2.20 2.35 37.67 41.68 1.85 1.93
Sm 1.05 1.1 7.55 8.24 0.70 0.722
Eu 0.50 0.52 2.41 2.63 0.30 0.305
Gd 1.80 1.97 6.54 6.79 1.05 1.069
Tb 0.36 0.38 0.92 1.01 0.20 0.207
Dy 2.44 2.5 4.45 4.76 1.36 1.384
Ho 0.56 0.57 0.76 0.80 0.31 0.322
Er 1.60 1.7 1.73 1.79 0.93 0.98
Yb 1.60 1.6 1.26 1.27 0.98 0.992
Lu 0.25 0.25 0.18 0.17 0.16 0.153
BIR-1, n =4 TASBAS, n =2 Tafahi, n = 4
This Study Published This Study Published This Study Published
Zr 14.8 14.5 255.5 260 12.7 12.07
Nb 0.533 0.55 54.7 54.5 0.458 0.456
Ba 7.1 6.4 186 186.5 42.5 40.3
Hf 0.547 0.56 5.51 5.43 0.392 0.395
Pb 2.99 3 4.64 4.6 0.69 0.95
Th 0.029 0.03 4.816 4.8 0.118 0.12
U 0.01 0.01 1.91 1.89 0.072 0.0728

ion-exchange techniques. Total procedural blanks
were negligible in all cases, with Pb blanks typi-
cally less than 100 pg.

[70] All samples were run on a Finnigan MAT261
mass spectrometer operating in static multicollector
mode. *’Sr/**Sr and '"**Nd/'**Nd were normalized
to *°Sr/**Sr = 0.1194 and '**Nd/"*°Nd = 0.7219
respectively, using a linear fractionation law. Re-
peated analysis of the NBS 987 Sr and nNd-1 (the
ANU “in-house” Nd standard) Nd standards over
a 3 year period provided long-term mean values of
87Sr/%¢Sr = 0.710198 + 4 (2 s.e. for n = 96) and
MNA/M*Nd = 0.512200 + 3 (2 s.e. for n = 60), the
latter corresponding to a "**Nd/'**Nd value for La
Jolla Nd of 0.511899. Typical in-run precisions
(2se) are +0.000010 (Nd) and +0.000015 (Sr).
Measured Pb isotope ratios were routinelz?f corrected
for mass fractionation using a 2°’Pb->*'Pb double
spike. Samples were split for spiking immediately
prior to filament loading and mass spectrometry thus
avoiding any potential problem due to variable
blank composition in spiked and unspiked aliquots.
This technique provides consistently high quality
data with improvement in both precision and accu-
racy over conventional correction procedures (an
external precision in 2°°Pb/***Pb, 2*’Pb/***Pb and

208pp/294Pp ratios of £0.003, 0.003 and 0.01 (2 x
S.D.) respectively is routinely obtainable indepen-
dent of minor variations in loading and run param-
eters): for further details readers are referred to

Woodhead et al. [1995].

B4.2. Sr-Nd-Pb Isotopes: University of
Melbourne

[71] Sample preparation techniques for isotopic
analysis at the University of Melbourne differ from
those used at the ANU. Hand-picked rock chips
were acid washed in hot 6N HCI for 15 minutes
and then dissolved in HF/HNOj5 acids. After ex-
traction of Pb using conventional anion exchange
using HBr-HCl media, Sr and LREE were
extracted on EICHROM Sr. resin and RE.resin,
respectively, followed by Nd purification on
EICHROM LN resin [Pin et al., 1994; Pin and
Santos-Zalduegui, 1997]. Total procedural blanks
were negligible in all cases with Pb blanks typi-
cally less than 20 pg.

[72] All isotopic analyses were carried out on a Nu
Instruments multicollector ICP-MS coupled to a
CETAC Aridus desolvating nebulizer [Belshaw et
al., 1998; Woodhead, 2002]. Instrumental mass bias
was corrected by normalizing to "*°*Nd/'*°Nd =
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Table B4. Analyses of USGS Reference Materials and ANU in-House Standard Tafahi Measured by Solution

Nebulization ICPMS at the ANU?

AGV-1 (n = 2) BIR-1 (n = 4) %RSD Tafahi (n = 4) %RSD W2 m=1)

Li 11.30 3.309 1.1 4.00 0.8 9.57
Be 2.60 0.115 0.8 0.185 0.9 0.74
Sc 12.4 44.1 1.6 46.1 1.8 355

Ti 5986 5841 75 2294 9.2 7296
\Y% 129.8 325 2.0 283 33 268

Cr 8.93 416 1.1 50.6 9.2 90.9
Co 15.48 532 0.6 39.6 0.4 44.4
Ni 15.95 175.6 0.5 24.6 0.8 73.1

Cu 58.28 112.8 1.4 126.3 1.2 100.7
Zn 85.0 65.9 1.1 62.2 2.5 71.5

Ga 20.23 15.10 0.9 13.02 1.1 17.23
As 0.91 0.330 10.6 0.61 12.3 0.53

Rb 68.6 0.195 22 1.73 1.3 20.0
Sr 654 105.9 0.6 137.7 0.5 189.0
Y 21.01 16.28 0.9 9.15 0.3 22.61
Zr 2375 14.37 0.7 11.97 0.4 88.5

Nb 14.84 0.554 0.7 0.45 1.0 7.84
Cs 1.304 0.0053 4.0 0.067 3.0 0.898
Ba 1226 6.450 0.7 40.37 1.0 170.5
La 38.91 0.603 0.7 0.942 1.1 10.49
Ce 68.90 1.888 0.2 2.224 0.7 22.82
Pr 8.429 0.375 0.8 0.363 1.5 3.014
Nd 31.35 2.360 0.9 1.932 1.4 12.93
Sm 5.877 1.115 1.7 0.721 2.2 3.301
Eu 1.573 0.521 0.9 0.306 0.9 1.090
Gd 4.766 1.864 0.7 1.074 0.7 3.688
Tb 0.693 0.379 1.4 0.212 0.2 0.646
Dy 3.553 2.520 0.7 1.386 0.5 3.840
Ho 0.692 0.580 0.9 0.322 0.5 0.803
Er 1.865 1.731 0.9 0.983 0.2 2.257
Yb 1.647 1.643 1.2 0.990 1.0 2.030
Lu 0.249 0.248 13 0.154 1.6 0.296
Hf 2.742 0.559 1.8 0.395 1.7 2.279
Ta 0.876 0.041 1.1 0.022 35 0.478
Pb 38.07 2.946 0.1 0.96 1.7 7.96

Th 6.49 0.0306 35 0.119 29 2.155
U 1.89 0.0100 34 0.073 1.0 0.496

@ Using the method of Eggins et al. [1997]. Units are ppm.

2.0719425 (equivalent to '**Nd/'**Nd = 0.7219
[Vance and Thirlwall, 2002]) and %°St/*®Sr =
0.1194, using the exponential law. Further details
are given by Maas et al. [2005]. In the case of MC-
ICPMS data, where mass bias is generally highly
constant during a given analytical session, but can
vary between sessions, data are routinely normal-
ized to the standards of the day. In this case, data are
reported relative to La Jolla Nd = 0.511860 and
SRM987 =0.710230. This secondary normalization
yields the following results for international stand-
ards (£2sd): BCR-1 = 0.512641 + 18, BHVO-1 =
0.512998 + 18, JNdi-1 = 0.512113 + 22; E&A Sr
carbonate = 0.708005 + 47, BCR-1 = 0.705016 +
46, BHVO-1 = 0.703478 + 36. These results com-
pare well with data based on TIMS and MC-ICPMS
from other laboratories [e.g., Raczek et al., 2003;

Tanaka et al., 2000]. Typical in-run precisions (2se)
are £0.000010 (Nd) and +£0.000022 (Sr). External
(2sd) precision, or reproducibility, is +0.000020
(Nd) and £0.000040 (Sr) and is based on the results
for secondary standards. Mass bias for Pb was
corrected using the thallium-doping technique
[Woodhead, 2002]. This produces data accurate to
<+0.02% (with respect to the SRM981 Pb standard),
with an external (2sd) precision of ~+0.02%.

Appendix C: Geochemical Modeling

C1. Modeling of Subduction Components

[73] To model the subduction components accord-
ing to the geodynamic model of Turner et al.
[1997] we applied the experimentally determined
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Table C1. High-Pressure Normative Compositions of
Modeled Subduction Compositions

Eclogite® LR VS® Pel Sed® 90:10 Mix?

Major Element Compositions

SiO, 53.42 51.06  63.95 52.35
TiO, 1.45 2.6 0.9 243
AL O; 17.24 12.27 14.49 12.49
FeO' © 8.8 10.55  9.61 10.46
MgO 593 14.82 3.61 13.76
CaO 10.22 5.61 2.87 5.34
Na,O 3.24 3.1 4.57 3.24
High-Pressure Normative Compositions
Garnet 20.79 10.87 8.12 10.54
Olivine 5.78 29.51 9.54 27.09
Jadeite + diopside  19.85 14.61 11.4 14.16
Quartz 50.35 39.98  69.61 43.65
[lmenite 3.23 5.03 1.34 4.56

? Anhydrous bulk composition of eclogite used in the experimental
study of Kessel et al. [2005].

Average composition of volcaniclastic sediment from the Louis-

ville Ridge. Data from Turner et al. [1997] and Ewart et al. [1998].

€ Average composition of Tongan pelagic sediments. Data from
[Turner et al. [1997], Ewart et al. [1998], and Plank and Langmuir
[1998].

Bulk mix formed by 90:10 ratio of Louisville Ridge derived
volcaniclastic sediments (LR VS) and Tongan pelagic sediments (Pel
Sed).

®Total Fe as FeO.

fluid/solid partition coefficients for eclogite deter-
mined by Kessel et al. [2005]. However, in order to
apply the results of Kessel et al. [2005] we used the
high-pressure normative mineralogy (using the
method of Yaxley and Green [1998]) of our bulk
compositions (Table C1) to determine the modal
amount of clinopyroxene and garnet in each model
eclogite. The amount of fluid produced at the
relevant experimental conditions was determined
by dividing the normative quartz by a factor of 2,
which gives a reasonable approximation to the
amount of fluid present in the experiments of
Kessel et al. [2005]. We used the actual eclogite
bulk composition of Kessel et al. [2005] for the
composition of subducted oceanic crust (Table C1).
In the model of Turner et al. [1997] a sediment
melt (or super-critical fluid) is first added to the
mantle wedge at relatively low pressure. We used
the experimental results of Kessel et al. [2005] at
4 GPa, 900°C to model this process. The mantle
wedge is then dragged down to deeper levels by
viscous drag due to the subducting oceanic crust,
until a point at which fluid dehydration reactions
add a fluid from the oceanic crust to the mantle
wedge, initiating partial melting. We used the
experimental results of Kessel et al. [2005] at
6 GPa, 1000°C to model this process. The resulting
calculated bulk distribution coefficients are pre-

sented in Table C2. Table C2 also lists the trace
element and isotopic compositions of our model
bulk compositions and resulting fluid compositions
at the chosen model conditions.

C2. Modeling of Residue Compositions

[74] There are two potential residual mantle com-
positions lying above the subducting Pacific ocean
crust at the northern termination of the Tonga
Ridge. The first is Pacific MORB like mantle
which has been depleted by the loss of a melt
fraction due to the opening of the Lau Back arc
basin, according to the geodynamic model of
Ewart and Hawkesworth [1987] and Ewart et al.
[1998]. The second is a refractory OIB mantle
which has moved across from the slab edge formed
by the trench-transform boundary according to the
geodynamic model of Danyushevsky et al. [1995].

[s] To model the Sr and Nd abundances and
isotope values of these two potential mantle resi-
dues we selected a Pacific MORB like lava from
the earliest phase of Lau Back arc basin, sampled at
ODP 834B [Hergt and Hawkesworth, 1994]. A
Samoan lava from Ta’u Island [Workman et al.,
2004] was chosen to model an OIB residue for the
Samoan plume. The Sr and Nd contents of the
mantle residues were calculated assuming simple
batch melting. Partition coefficients and modes
used are presented in Table C3. The Sr and Nd
abundances and isotopic values of the residues are
presented in Table C4 (Mantle wedge residue and
OIB residue, Table C4).

[76] Three potential methods of modeling the full
NAP of the mantle wedge and OIB refractory
mantle are as follows: (1) by calculation using
partition coefficients (e.g., Figure C1); (2) assum-
ing an arbitrary smooth NAP pattern reflecting the
ordering of incompatible elements (e.g., Figure C1);
(3) using natural examples of refractory mantle
compositions; and (4) a combination of the last
three methods. In the case of both the mantle
wedge and OIB residue composition we found that
both a calculated NAP and an assumed smooth
NAP for the mantle residue could not successfully
match the NAP of the normal subduction-related
boninites (section 4.1). This is because the NAP of
calculated residues (see examples in Figure Cl1)
have markedly ‘“‘spikey” patterns which are not
removed by the addition of the fluid components,
which are generally enriched in all incompatible
elements (Figures 15 and 16). An arbitrarily
smooth NAP for a mantle wedge residue combined
with generally “smoothly” enriched patterns from
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Table C2. End-Member Compositions Used in Modeling of “Normal” Subduction Zone Enrichments

Chiuia
Tongan  Louisville 90:10? 90:10 Chiuid
Mantle OIB Pelagic  Volcaniclastic Sediment Oceanic Chuia Sediment Oceanic
Wedge Residue Sediment  Sediment Mix Crust D, D,° Pelagic Mix Crust®
Rb 0.184 0.279 56 25 28.1 4 77 67 156.232 122.105 11.765
Ba 4.498 4.263 850 195 260.5 38 43 180 2328.025 1093.896 113.867
Th 0.001 0.003 9 1.47 2.223 0.2 6.4 62 19.931 6.502 0.587
U 0.004 0.005 1.6 0.701 0.7909 0.09 6 25 3.491 2.260 0.252
Nb 0.040 0.0003 11 18.8 18.02 2 3.7 7 20.925  41.828 4.698
La 0.007 0.001 104 15 239 3.34 11.3 74 255201 82.691 9.851
Ce 0.017 0.002 184 34 49 11.48 5.2 35 387.368 132.432 32.881
Pb 0.095 0.115 75 1.24 8.616 1.27 314 47  202.320 35.190 3.689
Sr 3.582 8.299 228 177 182.1 197 21.1 82 598.731 708.652 582.546
Nd 0.063 0.142 122 19.7 29.93 10.15 1.51 19.6 156317 40.635 27.871
Sm 0.134 0.0004 27 4.88 7.092 343 0371 3.8 12.845 3.054 6.774
Zr 0.827 0.011 140 146 145.4 110 0.39 3.6 69.421 65.495 213.132
Hf 0.069 0.0003 3.7 3.57 3.583 2.56 052 53 2.313 2.083 5.609
Eu 0.067 0.007 6.6 1.59 2.091 1.23 0.208 2.05 1.899 0.527 1.873
Ti 501 26 4796 13429 12566 8572  0.132 2.8 909 2050 15057
Gd 0.269 0.060 29 4.96 7.364 4.68 0.094 1.03 3.992 0.865 4.773
Dy 0.414 0.133 26 4.2 6.38 5.53 0.03 0.301 1.181 0.243 2.164
Y 2.508 1.001 160 41 52.9 32 0.032 0.37 7.743 2.151 14.948
Er 0.291 0.106 15 2.01 3.309 352 0.014 0.14 0.321 0.059 0.688
Yb 0.302 0.128 13 1.68 2.812 2.75 0.011 0.092 0.219 0.040 0.361
Lu 0.048 0.022 2 0.24 0.416 045 0.009 0.077 0.028 0.005 0.050
875r/80Sr 0.702618 0.704528 0.70886 0.70668 0.706953 0.70425 0.70886 0.706953 0.70425
YNd/MINd 0.513125 0512822 0.512441 0512861 0.51269 0.513057 0.512441 0.51269 0.513057
T, °C 900 1000 900 900 1000
P, GPa 4 6 4 4 6
F 0.35 0.22 0.33

“Model mix is based on the quantitative model of Turner et al. [1997] and comprises 10% pelagic sediment and 90% volcaniclastic sediment
frogn the Louisville Ridge.
Bulk distribution coefficients for eclogite-fluid equilibria are from Kessel et al. [2005].
“Tsotopic composition of fluid from Ewart et al. [1998].

the fluid components results in smooth OIB like
patterns in the resulting calculated melt composi-
tions. However, we found a much better matching
of model NAP with observed NAP of the boninites
if we used natural residue compositions.

[77] In the case of the mantle wedge composition
we found that the NAP (Figure Cl) of average
lherzolite composition from the ultrafresh subduc-
tion-related Hili Manu peridotite, East Timor
[Falloon et al., 2006] gave a very close match
to the observed NAP of the boninites when used
in our modeling. However, we found that there
was a mismatch in some elements. The final
residue composition presented in Table C2 was
derived from this average lherzolite composition
from the Hili Manu peridotite, with Sr and Nd
values calculated using partition coefficients and
the pillow lava from ODP 834B, and values
selectively raised and lowered but within the
range displayed by the Hili Manu lherzolite, to
give the best match to the NAP of boninites 5—25
and 114-3-1 (Figures 16 and 17). The NAP of the

mantle wedge residue composition relative to the
range displayed by the Hili Manu lherzolites is
shown in Figure 15. The fact that this residue
composition also gives a very close matching to
the Tafahi Island composition 43/6 using a different
sediment fluid composition, gives us confidence
that our preferred residue composition may well
be a close approximation to actual mantle residue
composition resulting from melting in a backarc
supra-subduction environment.

[738] We used the same approach as in the pervious
paragraph to model the NAP of the refractory OIB
residue. We modeled the Sr and Nd abundances
using partition coefficients and a natural lava
composition from Samoa (Ta’u; see Table C4).
Because boninite 5—24 is so depleted in incompat-
ible elements we initially used an average harzbur-
gite composition from the Hili Manu peridotite
(Figures 18 and C1). Although in general the
natural harzburgite gave a reasonable fit, it was
necessary to adjust the trace element abundances
arbitrarily to achieve a close matching to the NAP
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Table C3. Distribution Coefficients Used in Trace
Element and Isotope Melting Models

oI* Opx° Ref® Mode® O Mode Opx
Rb 0.0002 0.0006 1 0.727 0.273
Ba 0.009 0.001 1 0.727 0.273
Th  0.0000024 0.0000157 2 0.727 0.273
18] 0.0000056 0.0000362 2 0.727 0.273
Nb 0.001 0.01 1 0.727 0.273
La 0.0021 0.0046 1 0.727 0.273
Ce 0.0022 0.0069 1 0.727 0.273
Pb 0.0001 0.0013 3 0.727 0.273
Sr 0.0002 0.07 1 0.727 0.273
Nd 0.0022 0.0104 1 0.727 0.273
Sm 0.0023 0.0203 1 0.727 0.273
Zr 0.0005 0.05 1 0.727 0.273
Hf 0.01 0.14 4 0.727 0.273
Eu 0.0023 0.0258 1 0.727 0.273
Ti 0.01 0.25 1 0.727 0.273
Gd 0.0024 0.0651 1 0.727 0.273
Dy 0.0017 0.022 3 0.727 0.273
Y 0.015 0.15 1 0.727 0.273
Er 0.0015 0.03 3 0.727 0.273
Yb 0.015 0.2 1 0.727 0.273
Lu 0.022 0.235 1 0.727 0.273
T Distribution coefficients between olivine and liquid used in this
study.
}IIDiStribution coefficients between orthopyroxene and liquid used in
this study.

“Data sources for partition coefficients are as follows: 1, Ewart et
al. [1998]; 2, Beattie [1993]; 3, McKenzie and O’Nions [1991]; 4,
Ulmer [1989].

Olivine and orthopyroxene modes in the residue are based on
peridotite melting experiment T-4335 [Falloon et al., 1999].

of boninite 5-24 (Figure 18). The resulting harz-
burgite NAP has significant depletions in HFSE
outside the range shown by the natural examples.
Thus the OIB residue to boninite 5—24 cannot be a
simple residue and must have been modified by
secondary mantle processes. One such process is

001 |

0001 |

et Model Mantie Residues
1 = = = Wedge residue calculated
\ ®

Av Hili Manu Lherzolite

0.0001 |- by Hifl Manu Lherzolite modified |4
E I = = = (OIB residue calculated

\ 4 —&— Hili Manu Harzburgite

Hili Manu Harzburgite modified

PP -8 N [N S Y Y YN T O S
RbBaTh U NbLa CePb Sr NdSm Zr Hf Eu Ti GdDy ¥ Er Yb Lu

Figure C1. Primitive mantle normalized trace element
abundance patterns for residual mantle compositions
(see text, Appendix C for discussion). Primitive mantle
normalizing values from Sun and McDonough [1989].

potential metasomatism by carbonatite melts which
have been identified in mantle xenoliths from
Samoan lavas [Hauri et al., 1993]. Danyushevsky
et al. [1995] also present discussion on the poten-
tial role of carbonatite metasomatism affecting the
trace element signature of their proposed depleted
mantle component D1.

C3. Modeling of OIB Source and
Melt Components

[79] Our rationale in modeling the Sr, Nd and Pb
isotope compositions of the enriched boninites was
to use observed compositions represented by actual

Table C4. End-Member Mantle Source Compositions Used for Isotope Modeling

Mantle Wedge

Residue OIB Residue Lau Basin Mantle Uo Mamae Mantle Malumalu Mantle
o Cr C.° Cr C.° Co ¢ Co o Co

Sr 186 3.582 431 8.299 73.9 14.735 7042  210.4092 361 107.864
Nd 14.18 0.063 32.06 0.142 4.1 0.819 39.98 11.985 32.86 9.849
Pb 0.366  0.073195  4.929 1.478 3.77 1.131
f 0.23 0.23 0.2 0.3 0.3
87Gr/0Sr 0.702618 0.702618 0.704528 0.704528 0.703134 0.703134 0.705183 0.705183 0.70886  0.70886
BNA/*Nd 0513125 0513125 0512822 0.512822 0.513127 0.513127 0.513127 0.513127 0.512511 0.512511
206py,204py, 18.000 18.000 18.319 18.319 19.23 19.23

“Based on Pacific N-MORB lava composition ODP 834B 15R-2 96-104 [Hergt and Hawkesworth, 1994].
" Based on OIB lava composition T30 from the Samoan Island of Ta’u [Workman et al., 2004].
“Based on Lau Basin lava composition GC51 from the Central Lau Spreading Center [Sunkel, 1990].

9Based on lava composition 16—94/1 (this study and Acland [1996]).

®Based on lava composition 78-3 [Workman et al., 2004].

Melt fraction used to calculate mantle sources and residue using partition coefficients presented in Table C3.
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Table C5. End-Member Melt Compositions Used for Isotope Modeling

Tubuai® Uo Mamae® Niua fo’ou® Boninite 5—24¢ OIB Melt 1¢ OIB Melt 2f  OIB Melt 38

Co Co Cp Co Co Co Cp
Sr 1056 704.2 170.8 47.6 530.953 827.33 662.2148
Nd 68.01 39.988 11.2 0.794 36.3901 49.7957 44.29508
Pb 7 4.929 1.2 0.6675 434911 5.65385 5.011833
F" 0.3 0.3 0.3
8791/868r 0.7028 0.705183 0.704284 0.704465 0.706428 0.704118 0.704983
BNA/*Nd 0.512927 0.51248 0.512824 0.512977 0.512494 0.512694 0.51266
206pp,204py, 21.118 18.319 18.2178 18.624 18.71381 19.5319 19.55329

“Based on lava composition TBA-B-23 [Hauri and Hart, 1993].
®Based on lava composition 16—94/1 (this study and Acland [1996]).
“Based on average lava compositions [Turner et al., 1997].

Based on data from this study.

€ Calculated melt from a mantle source comprising a 50:50 mixture of mantle sources to Uo Mamae and Malumalu lavas.
Calculated melt from a mantle source comprising a 35:65 mixture of mantle sources to Tubuai and Uo Mamae lavas.
€ Calculated melt comprising a 25:75 mixture of OIB melt 1 and Tubuai.

Melt fraction of calculated melt compositions.

erupted lava compositions to determine the com-
position of the enriching E2 component which is
mixed into the depleted boninite 5—24 in accor-
dance with the petrogenetic model of Danyushevsky
et al. [1995]. However, it was found that it was not
possible to construct internally consistent mixing
models using the observed compositions in all cases.
For example the HIMU end-member based on an
actual observed lava composition (from Tubuai)
appears to be representative of a pure end-member
melt composition involved in the petrogenesis of
backarc basin lavas in the northern Lau Basin
(Figures 19 and 20). However, the EMI-like com-
ponent represented by Uo Mamae lavas, although
close to being a pure end-member melt component,
required the addition of an addition OIB component,
either EMII or HIMU, to produce an exact match for
the E2 melt component in all isotope space (OIB
melts 1 -3, Table C5). The resulting end-member E2
components (OIB melts 1-3, Table C5) plot into
areas of isotope space that so far are not represented
by actual lava compositions erupted from either the
Samoan or Cook-Austral Islands. Our modeling
assumes that the identified E2 melt components
are available during boninite petrogenesis, but thus
far no lava composition of pure E2 components has
been erupted. Our modeling, if correct, predicts that
such lava compositions with the isotopic composi-
tion of our E2 components may one day be sampled
from the northern Tonga, Lau Basin area.
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