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ABSTRACT

Clark volcano is the last significant volcanic edifice in the oceanic segment of the nearly 3000-km-long Tonga — Kermadec
— New Zealand volcanic arc system, which becomes continental in the Taupo Volcanic Zone of New Zealand. Clark volcano is
a submarine basaltic andesite — dacite edifice with broadly similar petrochemical affinity to the rest of the Kermadec island arc
(i.e., lavas are mostly of basalt —basaltic andesite composition, with ~0.2% K20 at 50% SiO2, MgO in the range 510 7%, (Ce/Yb)n
between <1 and 2), but also present is a suite of unusual K-rich basalts. The latier show ~2% K20 at 50% SiOz2, ~9% MgO, high
Tevels of Ni (>100 ppm) and Cr (>200 ppm), and 5 < (Ce/Yb), < 7; these basalts are unique within the Kermadec — New Zealand
subduction regitne. Phenocryst assemblages in the K-rich basalts at Clark are olivine (+ chromian spinel) + clinopyroxene, which contrast
with the plagioclase + olivine # clinopyroxene assemblages in “typical” Kermadec Arc basalts. In addition to high levels of K
and the light rare-earth elements, the K-rich suite shows high concentrations of Ba (~600 ppm), Rb (40 — 60 ppm) and Cs
(~1 ppm). Radiogenic isotopes of Sr, Nd and Pb in the K-rich basalts are enriched relative to other magmas of the oceanic
Kermadec Arc, including those of the more “typical” Clark basalts, and overlap with those of basalts from the continental Taupo
Volcanic Zone of New Zealand. We interpret these primitive K-rich lavas as a rare example of near-slab, small-volume melts of
a mantle wedge source enriched by sediment and fluid transfer from the descending slab of lithosphere. The nature of this
subducting slab is significant, because it comprises crust of the Hikurangi Plateau, an anomalously thick sequence of Cretaceous
basalt basement and sedimentary basin fill, which is subducting beneath the present-day continental Taupo Volcanic Zone and
the oceanic southern Kermadec Arc.

Keywords: arc geochemistry, primitive K-rich magmas, sediments, Kermadec Arc, southwestern Pacific.
SOMMAIRE

Le volcan Clark est le dernier édifice volcanique du secteur océanique de I’arc Tonga — Kermadec — Nouvelle-Zélande,
presque 3000 km de long, avant qu’il ne devienne continental dans la zone volcanique de Taupo, en Nouvelle-Z€lande. I s’agit
d’un volean sous-marin 3 andésite basaltique — dacite, dont le spectre pétrochimique ressemble en général 2 celui des autres
volcans de P’arc insulaire de Kermadec. Plus précisément, la plupart des coulées ont une composition dans ’intervalle basalte 2
andésite basaltique, avec environ 0.2% de K,0 2 une teneur en SiO; de 50%, entre 5 et 7% de MgO, et un rapport (Ce/Yb),, allant
de <1 2 2. Dans la méme structure, il se trouve une suite de basaltes enrichis en K, ¢’est-3-dire environ 2% X,0 a 50% de SiO,
contenant environ 9% de MgO, des teneurs élevées en Ni (>100 ppm) et Cr (>200 ppm), avec (Ce/Yb), entre 5 et 7. Cette suite
étrange semble unique dans le systdme de subduction Kermadec — Nouvelle-Zélande. Les basaltes riches en K contiennent,
comme assemblage de phénocristaux, olivine (+ spinelle chromifere) + clinopyroxene, ce qui differe nettement de 1’assemblage
plagioclase + olivine * clinopyrox&ne dans les basaltes plus typiques de I’arc de Kermadec. En plus d’un enrichissement en K et
en terres rares légdres, les basaltes riches en K possédent des teneurs élevées en Ba (environ 600 ppm), Rb (entre 40 et 60 ppm),
et Cs (environ 1 ppm). Leurs teneurs en isotopes radiogéniques de Sr, Nd et Pb sont plus élevées que dans les autres venues
basaltiques du secteur océanique de I’arc de Kermadec, par exemple, les basaltes normaux du méme volcan, et ressemblent
davantage 2 celles des basaltes du secteur continental de I’arc, dans la zone volcanique de Taupo, en Nouvelle-Zélande. Nous
interprétons ces laves primitives riches en XK comme une manifestation assez tare de magmas issus par fusion partielle restreinte
du coin de manteau pres de la zone de subduction, dont la source a été enrichie par un apport de sédiment et une contribution par
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transfert via une phase fluide issue de la plaque lithosphérique en subduction. La nature de cette plaque revet ici une signification
particuliere; il s’agit de la crofite anormalement épaisse du plateau de Hikurangi, faite d’un socle de basaltes crétacés et d’un
remplissage de bassin sédimentaire, qui est présentement en sitnation de subduction sous la partie continentale de I’arc, et donc
sous la zone volcanique de Taupo, ainsi que sous sa partie océanique, dans le secteur sud de I’arc de Kermadec.

(Traduit par la Rédaction)

Mots-clés: géochimie des roches d’arc, magmas primitifs riches en K, sédiments, arc insulaire de Kermadec, secteur sud-ouest

du Pacifique.

INTRODUCTION

For many years, the Tonga — Kermadec subduction
system has been recognized as an archetypal example
of a primitive oceanic island-arc (Bwart et al. 1977,
Ewart & Hawkesworth 1987). This region has played a
major role in the development of models and ideas on
marginal basins and backarc basins (Karig 1970, 1971),
and was the focus of Leg 135 of the Ocean Drilling
Program in 1990 — 1991 (Hawkins et al. 1994). The
southern extension of the Tonga — Kermadec Island Arc
toward New Zealand is represented by submarine
volcanoes, which have only recently been surveyed in
detail (Gamble et al. 1993b, 1994, Wright 1994, Gamble
& Wright 1995). These volcanoes, from the north,
include the Silent II and Rumble (II, III and IV)
seamounts (Smith & Brothers 1988, Gamble ef al.
1993b) and three more recently surveyed edifices
named Rumble V, Tangaroa and Clark (Wright 1994),
Southwest of Clark volcano, a major change in slope of
the sea floor delineates the transition from oceanic arc,
with volcanoes constructed on oceanic crust, to continental
arc, where volcanoes are constructed on continental crust.
Whakatane volcano, a basaltic andesite — andesite
edifice with local relief of some 1100 meters (Fig. 1),
marks the northern limit of the offshore segment of the
continental Taupo Volcanic Zone (TVZ) (Wright 1992,
Gamble ef al. 1993b). It is also significant that the
Hikurangi Plateau (Lewis 1994, Wood & Davy 1994,
Mortimer & Parkinson 1996) comprises the upper
portion of the lithospheric slab subducting presently
beneath the continental (TVZ) and the oceanic (southern
Kermadec Arc) portions of the plate boundary (Fig. 1)
along the Hikurangi Trough. The Hikurangi Plateau has
a crustal thickness of 10-15 km (as determined by
gravity modeling: Davy & Wood 1994) compared to
5~7 km for normal oceanic crust to the northeast, which
is subducting beneath the northern Kermadec Arc.
Furthermore, seismic reflection profiling indicates that
the Hikurangi Plateau basement has a Mesozoic to
Cenozoic sedimentary cover up to several kilometers
thick (Wood & Davy 1994). The Hikurangi Trough is
partially infilled by sediment.

Clark volcano is a large volcanic structure, constructed
on oceanic crust and whose local relief is about 1600 m
(Wright 1994). During dredge sampling of the volcano,
an unusual suite of K-rich (1.5 — 2.25% K,0 at 50%
Si0,) basaltic rocks were recovered, in addition to lavas
(basaltic andesite, andesite and dacite) of more “typical”

Kermadec Arc (KA) character (~0.3% K,O at 52.6%
Si0, in basaltic andesite).

Elsewhere, the presence of K-rich volcanic rocks in
island-arc suites has been associated with depth to the
Wadati — Benioff Zone (Hatherton & Dickinson 1969,
Marsh & Carmichael 1974), length of the mantle melt-
ing column (Plank & Langmuir 1988), or enrichment
processes in the sub-arc mantle (Edwards et al. 1991).
In this paper, we present new whole-rock geochemical
and mineral data on suites from Clark volcano, and
other volcanoes toward the southern extremity of the KA
system. We compare these data to results of previous
studies from the KA (Ewart & Hawkesworth 1987,
Smith & Brothers 1988, Gamble et al. 1990, 19934, b),
and develop a model to account for the petrogenesis of
the K-rich suite of basaltic rocks.

ANALYTICAL TECHNIQUES

All samples reported in this work were collected by
dredging on the submarine volcanic edifices during
research cruises in 1988 — 1992; see Wright (1994) for
details. Samples used for petrological study were
selected on the basis of freshness, as determined by
study of broken dredge-haul samples. Many contain
fresh glass, which was carefully prised from pillow rind
surfaces. Prior to crushing, all samples were thoroughly
washed with distilled water in an ultrasonic bath and
oven-dried at 110°C. Samples were then reduced to
cm-sized chips, rewashed and dried, and crushed to a
powder in a tungsten carbide ring mill. This powder
was used for standard X-ray fluorescence (XRF) tech-
niques in the Analytical Facility of Victoria University and
Instrumental Neutron Activation Analysis (INAA); all
isotope analyses were undertaken on selected rock-chips.

Mineral analyses were made by electron microprobe
in the Analytical Facility of VUW, using a JEOL 733
Superprobe and full ZAF-correction procedures. Con-
centrations of major element (oxides) and trace ele-
ments (Sc, V, Cr, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba,
Pb) were determined by standard XRF methods in the
Analytical Facility, VUW (Palmer 1990). In most
cases, our precision for the trace elements is better than
5% (relative). Increased counting times were employed
in the case of Nb, which extended the theoretical limit
of detection to <1 ppm. Concentrations of the rare-earth
elements (REE), Cs, Hf, Th and U were determined by
INAA in the School of Geosciences, New Mexico Insti-
tuteof Mining and Technology. Sr, Nd and Pb isotopes
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were measured on a Finnegan MAT 261 multicollector
mass spectrometer in the Research School of Earth
Sciences, Australian National University. Selected
rock-chips for isotopic analyses were first leached with
warm HCI, then rinsed in ultrapure water, prior to
dissolution. During the period in which analyses were
determined, measurements of standards were as fol-
lows: La Jolla, 3Nd/"*Nd = 0.511878 £+ 13 (n = 31);
NBS-987, ¥Sr/86Sr = 0.710215 £10(n = 42);
SRM-981, 206Pb/204Pb = 16.937, 27Pb/204Ph = 15.492,
208Ph/204Ph = 36.708 (n = 109) (Woodhead et al. 1995).

WHOLE-ROCK AND MINERAL COMPOSITIONS

Most mafic rocks from the KA consist of high-Al
basalt and basaltic andesite, with more than 16.5%
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Al,O; (Crawford ef al. 1987, Gamble ez al. 1990). In
these “typical” rocks, phenocryst assemblages are domi-
nated by plagioclase, with .olivine £ clinopyroxene;
orthopyroxene is present in samples of basaltic andesite
(Table 1, Fig. 2A). In the K-rich suite of basalts from
Clark (samples C1, C2 and C3), olivine and clino-
pyroxene comprise the major phenocryst phases, and
plagioclase is virtually confined to the groundmass
(Table 1, Fig. 2B). A few corroded crystals of plagio-
clase occur in C1 (Table 1), but are almost certainly
xenocrystic. The compositional range of plagioclase,
pyroxenes and olivine is shown in Figures 3 and 4.
The groundmass plagioclase in the K-rich basalts
averages Anyg (Fig. 3). In the basaltic andesite — dacite
suite, plagioclase is the dominant phenocryst phase
(Table 1). Phenocrysts are strongly zoned, and commonly
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Fic. 1. Location map, adapted from Wright (1994) and Gamble & Wright (1995), showing the submarine volcanoes of the
southern Kermadec Arc: Rumble III, IV, V, Tangaroa and Clark. Note how these presently active arc volcanoes lie to the
west of the now inactive Kermadec Ridge. The Havre Trough and Ngatoro Basin mark the backarc basin west of the active
arc. Whakatane Volcano is the northernmost structure of the offshore segment of the continental Taupo Volcanic Zone, and
Colville Knolls consist of Mesozoic greywacke comprising the basement continental crust of New Zealand (Gamble et al.
1993). The inset diagram shows major structural elements of the Tonga — Kermadec — New Zealand subduction system; see
Wright ef al. (1996) for details.
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TABLE 1. SUMMARY OF MODAL AND COMPOSITIONAL DATA
FOR REPRESENTATIVE SAMPLES FROM CLARK VOLCANO

K-rich Basalt
ROCK C1 c2 Cc3
Wt% Si0O2 Whole Rock 50.15 50.30 50.45
PHENOCRYSTS
Vol.% 14% 35% 30%
Rel.% of minerals:-
Plagioclase <0.5*
Olivine 64 12 14
Augite 36 88 86
Orthopyroxene
Magnetite
Spinel trace
GROUNDMASS
Vol. % 86% 65% 70%
Minerals present:-
Plagioclase Y Y Y
Olivine Y Y
Augite Y Y Y
Subcalcic augite
Pigeonite
Orthopyroxene
Magnetite [\ Y Y
Glass Y Y 2]
Wi 1O of in:-
Rock groundmass 60 60-63 62
Rind groundmass 48-51 51-57 51-55
Olivine melt inclusions 50-52 52-53 51-58

Basaltic andesite Dacite
C4 Cc5 Co C7 c8
52.63 55.04 55.05 56.14 6322
37% 38% 50% 27% 8%
50 70 50 73 67
3 1 <0.5 1
40 20 33 16 20
4 8 15 8 2
3 1 2 2 11
63% 62% 50% 73% 92%
Y Y ) Y Y
Y Y Y
Y Y Y
Y Y Y
Y Y Y Y
Y Y Y Y Y
) Y Y Y Y
63 69-70 64 70 devitrfd
59

Note the abundance of phenocrystic plagioclase in the “typical” suite of rocks from the Kermadec Arc (C/4 = 8) and the lack of plagioclase
phenocrysts in the K-rich suite. The top row gives the measured (XRF) contents of SiO; in the whole rocks. The bottom row shows the range of
8i0; in the groundmass, glassy pillow rind, and melt inclusions in olivine, as measured with an clectron microprobe. The dacite sample (C/8) is

entirely devitrified. * Xenocrysts.

show oscillatory zoning and reverse zoning, with
compositions extending from Ang, to Ang;. Individual
samples (Fig. 3) show groundmass compositions that
are generally more Na-rich than the phenocrysts, and
similar to the extreme outer rim of phenocrysts. The
most Ca-rich plagioclase phenocrysts occur in the rocks
with lowest SiO, content (Table 1, Fig. 3).

Pyroxene compositions are plotted in Figure 4;
representative compositions are shown in Table 2.
Phenocryst compositions in the K-rich suite (samples
C/1, Cr2, C/3) are Mg-rich, and straddle the boundary
between diopside and augite (Morimoto ef al. 1988).
The core of such pyroxene phenocrysts contains up to
~0.8% CryO3 and is commonly more Ti-rich than the
pyroxene from “typical” KA rocks (Table 2). Ground-
mass pyroxenes are more Fe-rich and similar to outer-rim
compositions of the phenocrysts. In the more “typical”
samples from the KA (C/4 to C/8), Ca-rich pyroxene
coexists with a Ca-poor pyroxene. Compositions show
limited Fe-enrichment and a trend toward a lower Ca
content in the groundmass pyroxenes. Overgrowths of
pigeonitic compositions on cores of Ca-rich pyroxene

(e.g., C/5 and C/7) are indicative of a reaction relation-
ship, possibly associated with mixing events.

Olivine occurs as a phenocryst phase in all samples
of basalt and basaltic andesite (samples C1 — C7). In
the basalt samples (K-rich suite), the phenocrysts are
euhedral, <1 mm across, commonly lantern-shaped,
enclose melt inclusions, (Fig. 2), and have a composi-
tional range Fogg — Fogp. In two of the basalt samples
(C/1 and C/2), olivine also occurs as a groundmass phase,
with a composition range Fog; — Fogs. In samples of
basaltic andesite (C/4 — C/7), the olivine phenocrysts
are larger in size (up to 2.5 mm across), but more
sparse. They are strongly resorbed and corroded, and
lack the euhedral shape characteristic of olivine in the
K-rich rocks (Fig. 2). They range in composition from
Fogg to Fogs, and some have an outer corona of clinopy-
roxene or orthopyroxene with an Mg# from 73 to 56,
suggestive of reaction relations between crystal and
enclosing melt. Inclusions of chromian spinel occur in
the olivine phenocrysts of C/1. Finely crystalline magnetite
is present in the groundmass of the basalts, gradually
increasing to phenocryst status in all the other lavas.
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FHiG. 2. A. A sample of “typical” Kermadec Arc, Clark Volcano, basaltic andesite (C/4). Note the corroded olivine phenocryst and
the phenocryst plagioclase. B. A sample of K-rich basalt (C/3). Note the olivine and clinopyroxene phenocrysts (no
plagioclase). Width of field of view 2.5 mm. Both photomicrographs are taken with crossed polars.
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Fic. 3. Compositions of plagioclase in lavas from Clark Volcano in terms of Na — Ca — K (atomic %). Note the rarity of

phenocrystic plagioclase in the K-rich basalts (C/1 — C/3).

GEOCHEMISTRY

Representative results of whole-rock analyses are
contained in Table 3. The Total Alkali versus Silica
(TAS, Le Bas et al. 1986) and K,0 versus SiQ, dia-
grams (Figs. 5A, B) highlight the distinctive composi-
tions of the K-rich basalts (C/1, 2 and 3) relative to
other rock suites from southern KA volcanoes. In terms
of the K,0 — Si0O, diagram, the K-rich basaltic lavas of
Clark volcano are members of the absarokite (C/2 and
C/3) and calc-alkaline rock series (C/1). Note that the
distinction is marked in Figure 5B, but less so in
Figure 5A, which reflects the lower Na content of the
Clark magmas as a whole. Chemical differences are
also apparent in the rare-earth-element data (Fig. 6A),
which show a distinctive light-REE-enriched pattern for
the K-rich rocks [(Ce/YDb), = 6] relative to the “typical”
southern KA rocks from Clark and other adjacent
volcanoes. “Typical” KA basalts have flat to slightly
LREE-enriched patterns [(Ce/Yb), <1 to <2]. More-
over, the K-rich rocks display a slightly negative
Eu-anomaly, despite the absence of plagioclase from
the assemblage of phenocrysts. Multi-element normal-
ized plots (Fig. 6B) illustrate the marked enrichments in
elements such as K, Cs, Ba, Rb, Th, the LREE, P, Zr
and Hf in the K-rich suite relative to typical composi-
tions from the southern Kermadec Arc. These elements
are enriched by factors of between 2X and 5X relative
to the “typical” KA lavas. In addition, the K-rich basalts
show higher Mg-numbers, Ni and Cr contents, and
contain chromian-spinel-bearing olivine (~Fog), all of
which are indicative of a primitive character.

The covariation of Sr and Nd isotopes for Clark
volcano is shown in Figure 7, along with other compar-
ative data from the region (Gamble er al. 1993a, 1994,
1996). Of particular significance are the distinctively

radiogenic compositions of the two K-rich samples
(C/1 and C/2) relative to the “typical” Clark samples,
which plot with other basalts from the southern
Kermadec Arc. This distinction also is reflected in the
Pb-isotope plots (Fig. 8), which show the K-rich
samples within a range defined by the TVZ data, at
more radiogenic compositions than the other Clark
rocks, which are similar to the southern KA basalts
(¢f- Gamble et al. 1993a, 1994, 1996).

DISCUSSION

The relationship between K-content and source
depth for subduction-zone magmas has played an impor-
tant role in the development of petrogenetic models for
magmatism at convergent plate-margins (Kuno 1966,
Hatherton & Dickinson 1969). The Tonga — Kermadec
(oceanic) Island Arc has long been recognized as an
example of a primitive arc-system in which magma
sources are highly depleted in incompatible elements,
arguably due to previous extraction of melt (Ewart
et al. 1977, Ewart & Hawkesworth 1987, Woodhead et al.
1993, Pearce & Parkinson 1993). Extending this model
southward to the New Zealand region, Gamble et al.
(19934, 1994) identified signs of source heterogeneity,
both parallel and normal to the plate boundary, together
with an overall increase in source fertility. This was
related to the age of the subduction system, with a
general younging southward, with present-day volcanism
in TVZ “unzipping” the lithosphere of New Zealand
(Wright et al. 1996). The recovery of K-rich basaltic
lavas from Clark volcano, at the presently active volcanic
front of the southern KA, was therefore unexpected and
unusual, in that primitive K-rich lavas are found asso-
ciated in space and time with more “typical” KA lavas.
Hence the paradox referred to in the title: How can one
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FiG. 4. Compositions of pyroxene and olivine in lavas from Clark Volcano. Note the relatively restricted range of compositions
in the K-rich basalts (C/1, 2 and 3) and the more variable compositions in the basaltic andesite — dacite lineage (C/4 — 8).
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TABLE 2. REPRESENTATIVE COMPOSITIONS OF PYROXENES FROM K-RICH BASALTS AND
BASALTIC ANDESITES FROM CLARK VOLCANO

K-rich basalts

Sample: C/1 |C/2 C/2 |C/3 C/3 C/3

px px  Cpx cpx  cpx  Cpx

Core |Core Rim [Core MidZ Rim
Si0y 52,12 {52.39 4828 |[52.37 46.73 50.70
TiOy 044 (029 089 1034 125 0.59
AlbO3 329 285 656 (3.05 810 462
FeO 411 435 932 |469 9.01 793
MnO 011 l0o15 020 [010 019 017
MgO 1713 [17.57 1435 {1724 12.06 14.99
CaO 2266 |21.97 1994 (2117 21.75 20.64
Na20 0.21 019 033 018 027 027
K20 0.00 {011 002 |011 017 0.06
CroO3 0.74 0.81 0.14 063 012 0.07
NiO 0.09 0.04 0.07 006 0.07 0.04
Total 100.90 | 100.72 100.10 [99.94 99.72 100.08

Basaltic andesite
Cc/5 CJ/5 C/5 C/5 C/5 C/5 C/5
cpx cpx  Opx  opx  OpXx  CpX
Core MidZ Rim Core Rim Orim Crim
5236 50.26 5061 5285 5442 5219 5020
025 049 032 028 023 029 047
1.75 287 327 138 1.07 134 415
334 701 567 1595 1396 1821 6.90
020 037 025 046 047 054 0.05
18.06 1598 16.67 2590 28.15 24.09 16.08
2265 2024 21.08 174 167 193 20.52
033 042 034 009 007 053 022
0.02 0.07 0.04 0.01 0.01 0.01 0.00
063 044 060 028 010 0.10 0.11
034 010 010 009 007 011 0.13
9993 9825 9895 99.03 100.22 99.34 98.83

MidZ indicates a part of a crystal between core and rim. Orim is the extreme outer rim of a phenocryst. Crim stands for the
outer rim of clinopyroxene on a phenocryst of orthopyroxene. Electron-microprobe data; the proportion of the major elements

is expressed as oxides, in weight %.

reconcile K-rich basaltic lavas adjacent to the arc front
of an archetypal primitive and depleted oceanic island-
arc? The answer, we believe, is tied in to the unique
tectonic setting of the southern Kermadec Arc, where
a thick slice of Mesozoic lithosphere (the Hikurangi
Plateau) comprises the slab presently subducting
beneath continental New Zealand and the oceanic
southern Kermadec Arc.

Fate of subducted sediment and fluids along the
Hikurangi Margin

Pb isotope ratios are one of the accepted criteria with
which to assess sediment involvement in subduction-
zone magmas (Armstrong 1971, Hawkesworth ef al.
1993, Plank & Langmuir 1993). Trace elements such as
Cs, Rb, K, Ba and Pb also are typically enriched (by
orders of magnitnde) in sedimentary source-rocks rela-
tive to the putative depleted mantle-wedge source. In
combination, these trace elements and isotope ratios are
potent means of studying processes of sediment recy-
cling through subduction zones (McCulloch & Gamble
1991, Hawkesworth et al. 1993, Plank & Langmuir 1993).

Sediments dredged (unconsolidated) and cored (consoli-
dated) from the Hikurangi Trough and Kermadec
Trench have recently been studied in detail (Carter
et al. 1996, Gamble ef al. 1996) and a multi-element
plot representative of one of these samples is included
in Figure 6B. All sediments are strongly enriched in the
large-ion lithophile elements (LILE), the LREE, Pb and
Sr, and depleted in Nb, P and Ti relative to the reference
backarc basalt from the Havre Trough (Fig. 6B). All

samples of sediment also have a negative Eu-anomaly
(Gamble et al. 1996). These authors described the
composition of the sedimentary material in terms of
mixing between a continental crust component (New
Zealand Mesozoic Torlesse terrane basement), an arc-
derived component, and a biogenic component (carbonate
ooze). The Torlesse component contributed high U, Th,
Pb, LREE and radiogenic Sr and Pb isotopes, and is
diluted northward by detritus shed from the arc and by
carbonate-dominated ooze. Following many other
investigators (e.g., Ben Othman et al. 1989), it is clear
that high abundances of Pb, U, Th, Cs, LREE and the
relevant Pb isotopes in the sediments would swamp the
depleted mantle-wedge, such that input of even traces
of sediment into the mantle source would significantly
alter the Pb isotope ratios of magmas derived by partial
melting. Bulk-mixing calculations (Gamble et al. 1996)
showed that the addition of as little as 5% sediment into
depleted mantle could produce model Pb—Sr—Nd iso-
topic arrays spanning the entire range of KA — TVZ
basalts [¢f. Vroon et al. (1993, 1995) for Indonesia].
However, a number of investigators (e.g., Ellam &
Hawkesworth 1988, Hawkesworth et al. 1991, 1993,
Pearce & Peate 1995) have alluded to a disparity
between isotopes and trace elements in terms of mass
balance. This decoupling bas been attributed to the
coexistence of sediment and a (hydrous) fluid compo-
nent, with a resultant redistribution of trace elements, in
particular the alkali metals and the alkaline earths. As a
result, ratios of LILE/HFSE (e.g., Ba/La) have been used
with some degree of success to discriminate between fluid
and sediment input, with fluid involvement showing
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TABLE 3. WHOLE-ROCK COMPOSITION OF REPRESENTATIVE K-RICH
AND “TYPICAL” KERMADEC ARC SAMPLES FROM CLARK VOLCANO

K-RICH BASALTS BASALTIC ANDESITES DACITE
Sample cn cr [¢7] c/4 crs cr6 cr c/8
Si0, wi% 5015 5030 5045 5263 5504 5505 5614 6322
TiO, 061 062 064 066 072 066 091 065
ALO, 1411 1341 1350 1625 1786 1629 1743 1566
Fe,0, 119 122 119 1.34 1.07 112 1.23 0.67
FeO 790 815 797 895 715 747 823 446
MnO 0.16 0.17 017 020 0.15 0.16 0.17 0.16
MgO 935 900 873 634 451 565 371 183
Ca0 175 1275 1296 1113 973 1030 874 507
Na,0 196 167 169 223 276 262 300 384
K0 155 218 224 035 060 060 060 1.60
P04 021 027 028 006 008 008 009 021
LOL 099 048 048 006 047 008 006 286
Total 99.93 10022 100.10 10020 100.14 100.08 100.19 100.23
Mg 68.3 66.3 66.1 558 529 57.4 44.6 426
Sc ppm 38 37 37 37 29 33 31 17
v 272 283 287 284 253 240 296 57
Cr 416 259 263 74 42 74 12 1
Ni 105 71 73 27 16 21 10 5
Cu 90 119 133 85 31 130 18 1
Zn 67 68 69 76 66 65 81 80

13 13 13 16 17 15 15 14
Rb 40 53 56 7 11 11 11 20
Sr 340 404 409 194 242 263 27 289
Y 24 27 26 19 21 19 24 34
Zr 83 91 92 45 54 52 57 108
Nb 1 1 1 - 2 2 1 2
Cs 077 1.08 031 044 047 0.48
Ba 593 638 635 187 333 312 361 626
La 1268 1633 250 426 399 10.79
Ce 265 357 6.8 10.8 9.1 25.0
Sm 440 557 179 222 201 437
Eu 128 158 067 078 072 130
Tb 065 074 042 050 047 0.86
Yb 181 L70 196 210 213 347
Lu 0.248  0.239 0.276 0296 0278 0.527
Hf 194 230 122 148 141 3.09
Ta 0.083  0.020 0.029 0065 0.024 0.113
Pb 5 4 3 7 3 4 4 4
Th 143 164 027 068 0.1 213

0.7 0.5 0.5
¥SefSr  0.705194 0.705479 0.704138 0.704321 0.704386
st. error 0.000015 0.000009 .000005 0.000013 0.000011
YSNQ/M“Nd - 0.512817 0.512834 0.513091 0.513009 0512984
st. error 0.000004 0.000012 0.000005 0.000006 0.000008
&€ Nd +349  43.82 884 4724 +6.75
2SpL%ph  18.832  18.855 18727 18,761
2pp4Ph 15620 15614 15582 15.594
MppAph 38742 38.754 38.585 38.642

‘The values of Sr, Nd and Pb isotope ratios are quoted with 20 errors. Mg# is defined as 100
Mg/(Mg + Fe**) (atomic). The weight ratio Fe,0,/FeQ is normalized to 0.15. Loss on
ignition (LOX) was measured on aliquots of rock powder ignited at 1000°C for one hour. See
the text for other details of the analytical methods, Samples: C/1, C/2 and C/3: K-rich basalts;
Ci4, C/5, C/6 and C/7: basaltic andesites; C/8: dacite.

typically high Ba/La values (e.g., Hawkesworth ef al.
1993). Relevant to this argument, Gamble et al. (1993a)
observed a lack of correlation in basalts from TVZ and
KA in plots of high field-strength elements (HFSE)
versus LILE, as distinct from plots of selected HFSE
versus HFSE, which are strongly correlated. Moreover,
this decoupling is more apparent for TVZ basalts than
for KA basalts, leading to the suggestion that a shorten-
ing of across-arc length scales in TVZ source-regions,
combined with the relatively recent (<2 Ma) age of
volcanism in TVZ, led to heterogeneity in LILE abun-
dances in the source.
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FiG. 5. A. Total alkali (Na,0 + K,0) versus SiO, (TAS)
diagram, with fields from Le Bas ef al. (1986); B. K,0
versus SiO, diagrams (from Basaltic Volcanism Study
Project (1981). The samples from Clark Volcano are com-
pared to other data from Rumble III, IV and V and Tan-
garoa volcanoes in the southern Kermadec Arc. All oxides
are expressed in weight %.

In Figure 9, we attempt to decipher further the signals
of fluid and sediment by plotting ratios of Ba/La versus
Cs/Sc and Zr/Yb. The rationale behind the use of these
ratios is that a high Ba/La ratio should signal “fluid”,
whereas “sediment”, largely owing to its high LREFE
content, will show moderate Ba/La. Elements such as
Zr and Yb have a very low potential to partition into a
hydrous fluid. Continent-derived sediments should
show relatively high Zr/Yb, owing to the presence of
detrital zircon. Cs, on the other hand, is demonstrably
enriched in sediments, and Sc is relatively impover-
ished, leading to very high Cs/Sc ratios in sediments.
Sources of MORB or depleted MORB (PM in Fig. 9)
will have low to very low values of Ba/La, Zr/Yb and
Cs/Sc. The observed distribution for basalts from TVZ,
KA and the backarc region (Ngatoro Basin and Havre
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Fia. 6. A. Chondrite-normalized (Wasson & Kellemeyn 1988), concentrations of the rare-earth elements for “typical” southern
Kermadec Arc basalts and K-rich basalts (C/1 and C/2) from Clark volcano. B. Primitive mantle-normalized (Sun &
Mc Donough 1989) multi-element diagram for K-rich basalts (C/1 and C2) and “typical” Kermadec Arc basalt (C/4) from
Clark volcano, Note the LILE and LREE-enriched nature of the K-rich samples relative to the “typical” KA basalt. A sample
of sediment (A-305) from the Hikurangi Trough is shown for comparison, as is a typical basalt from a backarc basin
(PPTUWY/5 from Havre Trough), both from Gamble et al. (1996).
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Trough data, Gamble er al. 1994, 1996), fanning out
from the origin, is suggestive of variable roles for
“fluid” and “sediment”, with the northern KA magmas
more fluid-dominated, and the southern KA and TVZ
magmas sediment-dominated. However, it is interesting
to note that no strikingly coherent array of data
emerges; as noted previously by Pearce & Peate (1995),
this situation may well reflect the complex interplay
between fluid and sediment transfer across the slab —
mantle interface, together with the tapping of melts
from various levels of an integrating melt column.
This model is reasonable geologically, and is also
robust with respect to the observed Sr, Nd and Pb
isotope data. It may answer the problem of why the
Sr-isotope ratios of arc-front basalts from the onshore
segment of TVZ are strongly decoupled from the Nd
isotope ratios, whereas those from the offshore segment are
not (Gamble ef al. 1994, cf. Ellam & Hawkesworth 1988).

K-rich basalts and magma sources

The high K content of the Clark basalts is matched
by similarly high concentrations of Rb, Cs, Ba, Sr,
elevated abundances of the LREE [5 < (Ce/Yb), < 7]
and enriched radiogenic isotopes of Sr, Nd and Pb.
Accordingly, they show distinctly elevated values of
LILE/HFSE and LILE/REE such as Ba/La, Cs/La,
Ba/Nb, and importantly, a negative Eu-anomaly. In
addition, in terms of Mg-number, Ni and Cr contents
(being sensitive indicators of crystal fractionation),
these K-rich rocks are amongst the most primitive
recovered from the southern KA. Nevertheless, these

values are low, when compared to those of primary
melts equilibrating with mantle peridotite; we conclude
that even these melts must have experienced some
modification by crystal fractionation.

We therefore need to erect a model whereby primi-
tive magmas with enriched characteristics can be gener-
ated in the same mantle column as more “typical” arc
magmas. Given these constraints, we list the following
possible explanations:

(1) Geochemical characteristics were inherited from a
mantle source that is chemically and isotopically
distinct from the typical KA source.

(2) Geochemical characteristics were inherited by
crustal contamination or some process of assimilation,
involving an enriched lithospheric component combined
with fractional crystallization (AFC).

(3) Geochemical characteristics were inherited from
an isolated source in the sub-arc lithosphere, or some
ancient subduction-modified mantle component.

(4) Geochemical characteristics are an extreme example
of slab — fluid — sediment interaction.

Of these, we believe that we may rule out 2 and 3,
owing to the location of Clark Volcano in an oceanic
setting and the absence of any pre-Phanerozoic litho-
sphere in northern New Zealand. Models 1 and 4, however,
are not mutually exclusive and, indeed, will be a neces-
sary consequence of slab — mantle-wedge interaction by
bulk-sediment mixing, fluid fluxing, or melt transfer, or
by some combination of these processes. These form
the basis of our petrogenetic model outlined in the
following section.
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FiG. 10. Model for melt production in the K-rich and “typical” KA suites from Clark
Volcano, southern Kermadec Arc (not to scale). Sediment mixing and fluid transfer
across the slab — mantle-wedge interface ensures stabilization of amphibole (am) in the
wedge of peridotitic mantle. Breakdown of amphibole, enhanced by the induced
flow-regime in the wedge and the inverted isotherms (e.g., Davies & Stevenson 1992),
results in further transfer of fluid in the mantle wedge. Melts forming and accumulating
in the melt column will experience a series of histories varying from limited (the K-rich
melts) to extensive pooling and mixing (the “typical” KA melts), at high pressures (in
the mantle melt column) and low pressures (in the sub-arc lithosphere). In this model,
we envisage the K-rich melts ascending rapidly from a source adjacent to the
slab—wedge interface. Depth from volcanic front volcano to slab surface is 112+ 19km

(Tatsumi 1986).

Preferred petrogenetic hypothesis

There is abundant seismic and bathymetric evidence
to show that the Hikurangi Trough has been well supplied
by sediment derived from continental New Zealand,
and that this sediment-rich portion, together with the
Hikurangi Plateau, extends to the southern Kermadec
Trench off the southern KA (Lewis 1994, Carter &
McCave 1994, Carter et al. 1996, Wood & Davy 1994).
In contrast, the northern Kermadec Trench has been
relatively starved of sediment, and is presently subducting
oceanic crust of standard (~7 km) thickness. Gamble
et al. (1994, 1996) have demonstrated distinctive geo-
chemical differences in basaits from the northern KA
toward New Zealand. These differences are manifested
by changes in Pb isotopes and element ratios, such as

Ba/La and Ce/Yb. Significantly, whereas the TVZ
basalts show clevated isotope ratios, and generally
higher trace-element ratios such as Ba/La and Ce/Yb
relative to the northern KA, they overlap with basalts
from the southern KA, despite the fact that one setting
is continental (TVZ) and the other is oceanic (KA).
This observation led Gamble et al. (1996) to conclude
that variable input of sediment, as distinct from crustal
contamination, may be the crucial process along the
Kermadec — Hikurangi margin.

Furthermore, as indicated by a number of investiga-
tors (e.g., Hawkesworth e al. 1991, Pearce & Peate
1995), trace elements and isotopes may become decou-
pled, in the presence of putative hydrous fluids and
sediments. In the case of the K-rich basalts from Clark
volcano, these basalts extend to higher values of Ba/La
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and Ce/Yb than most sediments, yet have high Cs/Sc
and radiogenic isotopes commensurate with a variable
fluid — sediment flux into their source.

Our model (Fig. 10), in part adapted from Tatsumi
(1989) and Pearce & Peate (1995), shows a regime in
which the K-rich magmas are restricted-volume melts,
generated in the lower portion of the melt column
adjacent to the slab-mantle interface, which ascend
rapidly to the surface, thereby preserving their near-
primary status. In this way, their source has been both
fluxed by fluid and contaminated by subducted sedi-
ment, leading to a decoupling of trace elements and
isotopes. “Typical” KA melts have experienced pooling
higher in the melt column, and thus subsequent mixing
and fractionation processes, as they traverse the litho-
sphere and pond in magma chambers beneath the volca-
noes. As a result, phenocrysts in these lavas show
manifest textural evidence for disequilibrium and resorp-
tion. This type of model provides a satisfactory expla-
nation for the temporally and geographically distinct
eruptions of basalt in the region where basalts do not
show unambiguous evidence for common parentage or
common low-pressure crystal-fractionation pathways
(Gamble efal. 1990, 1993a). This mechanism also
allows for batches of melt to display unusual charac-
teristics, (e.g., TVZ basalts that plot in the KA field and
vice versa) in that they are chance extracts from a
column of accumulating melt.

CONCLUSIONS

1) K-rich basalts from Clark volcano at the southern
end of the Kermadec Arc offer a rare example of melts
formed from a source fluxed by fluids and enriched by
subducted sediments.

2) The fact that these basalts coexist with more “typical”
Kermadec Arc basalts, and in the volcanic-front tectonic
setting, testifies to the complexity of melt-extraction
processes from the melt column in the mantle wedge.
3) On the basis of the occurrence described in this
paper, the long established “K — depth” relationship
should be approached with caution. Melts forming,
ascending and accumulating in a dynamic melt-column
may show a variety of characteristics determined
largely by their point of extraction and the efficiency
of ascent.

Furthermore, there is an urgent need for experimental
verification of the partitioning and relative diffusivities
of LILE and HFSE among fluid, melt, sediment and
peridotitic mantle (cf. Pearce & Peate 1995).
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