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Abstract

Compositional variations (major- and trace-element) of Pleistocene to Present rocks along the volcanic New Hebrides
Central Chain (Southwest Pacific) are presented and discussed, using a new set of analyses. We focus in particular on the
anomalous Mg-, K-, LILE- and LREE-rich and Al- and Si-poor character of the basalts from Aoba and Santa Maria
volcanoes (and, to a lesser extent, from Ambrym volcano), all located in the area where the D’Entrecasteaux Zone collides
with the arc. In addition, we note a compositional transition from ‘normal’ arc basalts to boninite-related high-Mg andesites
at the southern termination of the NHCC. The peculiar composition of the rocks of the volcanoes facing the D’Entrecasteaux
Zone has traditionally been related, more or less directly, to the collision—subduction occurring in this area. We present an
alternative hypothesis, of a strong geochemical anomaly under Santa Maria and Aoba volcanoes, unrelated to this collision.
In this model, a westward and upward invasion of DUPAL-type enriched mantle, corroborated by the pattern of intermediate
seismicity, occurs under this part of the arc, in strong contrast to the usual Pacific-type MORB mantle source present under
all other volcanoes of the NHCC. Such a DUPAL-type source may explain the anomalous geochemistry of the resulting
volcanic products.

Keywords: arc geochemistry; seismo-tectonics; along-arc variations; New Hebrides Central Chain; volcanic suites; enriched mantle; mantle
sources

1. Introduction

In the Southwest Pacific, the New Hebrides arc
overlies an E-dipping slab that corresponds to the
subduction of the Australian plate under the North
Fiji Basin (Fig. 1). This arc comprises four volcanic
segments; the northernmost segment, essentially sub-

* Corresponding author. Fax: +593-2-569396; E-mail:
monzier@orstom.ecx.ec

marine and not well known, is not considered here.
In this paper, the geochemical characteristics of the
primitive magmas from the three volcanic segments
forming the 1200-km-long New Hebrides Central
Chain (NHCC) are discussed and related to the
regional seismo-tectonic context. The NHCC
stretches from Ureparapara island (Banks Islands) in
the north, to Hunter island in the south (Fig. 2A). It
comprises a Central Segment, a Southern Volcanic
Segment (CVS and SVS) and a southernmost or
High-Mg Andesite Volcanic Segment (HMAVS).

0377-0273 /97 /$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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Fig. 1. Inset: The southwest Pacific. AUS = Australia; PNG = Papua New Guinea; COR = Coral Sea; TAS = Tasman Sea; SL = Solomon
islands; VT = Vanuatu; NC = New Caledonia; SM = Samoa islands; FJ = Fiji islands; 7= Tonga islands; K = Kermadec islands; NZ = New
Zealand; PAC = Pacific Ocean. Large map: The New Hebrides trench (dark grey) and island arc (light grey). SC = Santa Cruz islands;
VL = Vanua Lava island; SM = Santa Maria island; Ao = Aoba island; Am = Ambrym island; Ep =ZEpi island; Ef=ZEfate island;
Er = Erromango island; Ta = Tanna island; An = Anatom island; Mt = Matthew island; Hr = Hunter island; North Fiji Basin spreading

axes from Auzende et al. (1994) and Pelletier et al. (1993).

Most of the volcanic edifices are Pleistocene to
Present in age. Late Miocene and Pliocene volcanics
occur only on Erromango, Tanna and Anatom is-
lands (Macfarlane et al., 1988).

2. Volcano-tectonic framework
2.1. The Central Volcanic Segment (CVS)

From Ureparapara to Kuwae, the CVS is slightly
arcuate and convex towards the west (Fig. 2A). Its

northern end includes the active Vanua Lava volcano
and Ureparapara, a presently inactive, small volcano
(Ash et al., 1980; Simkin et al., 1981). Morpho-
tectonic characteristics of this part of the arc are
quite usual; however, the West Torres Massif, on the
Australian Plate, begins to enter the trench and the
extensional back-arc area (Charvis and Pelletier,
1989; Recy et al., 1990) is complicated by the
westwards propagation of the Hazel Holme spread-
ing axis in the North Fiji Basin (Pelletier et al.,
1993). The thickness of the crust (= 14 km, Sage
and Charvis, 1991) is typical of an intra-oceanic
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island arc and both Vapua Lava and Ureparapara active volcano, which is clearly off-axis relative to
volcanoes show ‘normal’ island arc magmatic suites the NHCC, is not considered in this study.
(i.e., low-K, Macfarlane et al., 1988). Mere Lava The central part of the CVS comprises three large

|
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Fig. 2. (A) Schematic map of the New Hebrides island arc. Australian Plate: WIM = West Torres Massif; DEZ = D’Entrecasteaux Zone

(the small arrow and positions I and 2 approximatively indicate the northward migration of the DEZ along the arc during the last 2 or 3
. my. due to their obliquity in relation to the convergence direction); NLB = North Loyalty Basin; LIR = Loyalty Islands Ridge;

SFB = South Fiji Basin; T = deep trench (depth > 6 km). New Hebrides island arc: SMB = Santo-Mallicolo block; EfR = Efate Reentrant;
. CVS = Central Volcanic Segment; U = Ureparapara island; VL = Vanua Lava island; SM = Santa Maria island; NAB = North Aoba Basin;
Ao = Aoba island; SAB = South Aoba Basin; Am = Ambrym island; L = Lopevi island; EEp = East Epi seamounts; Kw = Kuwae caldera;
Em=Emae island; SVS = Southern Volcanic Segment; Ef= Efate island; V= Vulcan seamount; Er = Erromango island; Ta = Tanna
island; An = Anatom island; Gm = Gemini seamounts; Vsm = Volsmar seamount; Ev = Eva seamount; HMAVS = High-Mg Andesites
Volcanic Segment; LP = La Pérouse seamount; Hr = Hunter island; JCBAT = Jean Charcot Back-Arc Troughs; HHSA = Hazel Holme
Spreading Axis; ML = Mere Lava island; MPB = Maewo-Pentecost Block; BACB = Back-Arc Compressive Belt; CBA = Coriolis Back-Arc
troughs; Fu = Futuna island. NFB = North Fiji Basin. Convergence rate at the NH trench, senestral motion along the E-W boundary
intersecting the arc in front of the LIR and compressive or distensive motions in the back-arc area (all in ¢cm/yr) from Louat and Pelletier
(1989). (B) Along-arc (N160°E) vertical projection of the 1961—1988 shallow and intermediate seismicity, at the same scale as A
(USGS-NEIC, 1961-1988). Only the seisms recorded by more than 20 stations are used; a heavy line under each volcanoes ()
approximatively represents the probable magma path (see Fig. 3 and text for the Garet—Santa Maria case). The main gaps of seismicity are
enhanced. The upward and westward propagation of a deep regional body of Indian Ocean-type MORB mantle IOTMM) under Santa
Maria and Aoba islands is also represented (see text and Fig. 3Fig. 9).
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active volcanoes. Aoba volcano is built at the centre
of the Aoba Basin, and divides it into two parts, the
North Aoba Basin and the South Aoba Basin. This
volcano is mainly basaltic (Warden, 1970; Eggins,
1989), whereas Santa Maria and Ambrym, located at
the extremities of the Aoba Basin, consist of basalts
and subordinate differentiated rocks (Mallick and
Ash, 1975; Robin et al., 1993, 1995; Picard et al.,
1995). Since = 2-3 Ma, the structural evolution of
this area has been controlled by the collision be-
tween the D’Entrecasteaux Zone (DEZ), a twin E—
W-oriented ridge system rising 2 to 4 km above the
abyssal plain of the Australian Plate, and the arc
(Maillet et al., 1983; Collot et al., 1985, 1992; Burne
et al., 1988; Greene and Collot, 1994; Taylor et al.,
1994). As a result of this collision, plate coupling is
strong and the convergence rate is relatively low at
the trench (9 cm/yr on average, from Louat and
Pelletier, 1989; only 3.6 cm/yr for the 1990-1994
period, from Calmant et al., 1995). Additionaily,
shortening occurs in the back-arc area, where the
North Fiji Basin underthrusts the Maewo—Pentecost
block at a rate of =1 cm/yr (Collot et al., 1985;
Louat and Pelletier, 1989). ‘

The North Aoba Basin appears as a broad flexural
depression between the uplified Santo-Mallicolo and
Maewo—Pentecost blocks (Collot et al., 1985; Greene
et al., 1994). Its thin crust comprises a 4-km-thick
volcano-sedimentary fill which includes an interme-
diate volcanic sill, overlying a typical 7.5~8.5-km-
thick oceanic crust (Pontoise et al., 1994). The South
Aoba Basin is shallower and probably has a distinct

and more fractured crust than the North Aoba Basin
(B. Pontoise, pers. commun.). Transverse fracture
zones, which tend to open under the compressive
stresses related to the DEZ collision, provide an easy -
patbway for the ascent of magmas under Aoba and
Ambrym (and Santa Maria?) volcanoes. Thus, the
great fracture zone of Aoba, located at the boundary
between two crustally distinct basins, plus the thin-
ness of the North Aoba Basin crust, would partially
explain the particulary mafic nature and the high
lava production rate of this volcano, by far the most
voluminous volcano of the NHCC (= 2500 km?;
Ambrym, second in size, has only a volume of
~ 500 km®). Interestingly, this high lava production
rate correlates with little or no island arc plutonism
within or under the crust underlying Aoba island
(Pontoise et al.,, 1994). High K, LILE and LREE
contents in rocks from Santa Maria, Aoba and Am-
brym volcanoes have always been related, more or
less directly, to the DEZ collision—subduction (Gor-
ton, 1974, 1977, Roca, 1978; Girod et al., 1979,
Barsdell et al., 1982; Dupuy et al., 1982; Crawford et
al., 1988; Macfarlane et al., 1988; Eggins, 1989,
1993; Hasenaka et al., 1994). We discuss this topic
in more detail below.

The southern end of the CVS is very active,
though volcanic edifices are not volumetrically im-
portant. From north to south, this part of the arc
includes the Lopevi active volcano (Warden, 1967),
three active submarine volcanoes near Epi island
(Crawford et al., 1988) and the Karua active subma-
rine volcano in the S00 year old Kuwae caldera

Fig. 3. Transverse (N70°E) WSW~ENE cross sections beneath the volcanoes of the Central and Southern Volcanic Segments (no vertical
exageration). T = Trench. As for Fig. 2B, only the earthquakes recorded by more than 20 stations are used (USGS—NEIC, 1961-1988).
Larger symbols correspond to seisms with M = 5-7 whereas smaller ones correspond to seisms with M < 5. Parameters shown at the base
of each cross section are: latitude and longitude of the point of the trench at the origin (km 0) of the axis of the section/orientation of this
axis /width of the stripe projected on the section in km (half width on each side of the axis)/along-axis length of the section/number of
events. North and South Efate data have been reported with different symbols on the Efate section (this wide Efate section including the
narrow North Efate section). Schematic interpretation of the sinking Australian Plate lithosphere and its detached parts as well as
approximative thickness for the New Hebrides arc crust and lithosphere after data discussed in the text. Magma path is shown by a dashed
line on each section. Deduced flows in the upper mantle are schematically drawn. The upward and westward propagation of a deep regional
body of Indian Ocean-type MORB mantle (IOTMM) under Santa Maria and Aoba islands is also shown (see text and Fig. 2Fig. 9).
Intra-crustal volcanic chambers are represented beneath some volcanic edifices with large and recent calderas. Westward dipping reverse.
faulting (back-arc compressive belt) is shown on Aoba and Ambrym sections. Aoba is, by far, the most voluminous of all the volcanoes of
the NHCC, which implies, in physical terms, a greater thermal imput than for the other volcanoes (Mitropoulos and Tarney, 1992). The
crust is unusually thin under this volcano (see text), but in addition, and as a possible response to this high thermal release, lithosphere
thinning is also represented beneath it.
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(Mongzier et al., 1994; Robin et al., 1994b). Recently
extinct volcanic cones are also present on Epi, Ton-
goa and Emae (Warden et al, 1972). Here, the
thickness of the crust is not known, but is probably
similar to that of the northemn end of the CVS (.e.,
~ 15 km) and the fore-arc slope shows a wide
reentrant, the Efate reentrant, a consequence of the
early subduction of the DEZ under the arc (Greene
and Collot, 1994), or of the subduction of large
seamounts (Collot and Fisher, 1989). Geochemical
characteristics of the southern CVS volcanoes are
generally ‘normal’ (i.e., low-K, Macfarlane et al.,
1988). The boundary between the CVS and the SVS
occurs between Kuwae and Efate volcanoes and
appears as a sharp dextral jump, where the Emae
volcanoes are located.

2.2. The Southern Volcanic Segment (SVS)

The rectilinear SVS (Fig. 2A), often considered as
the ‘normal’ part of the arc, is characterized, at least
from Efaie to Anatom, by large uplifted islands,
formed by coalescent volcanoes (Colley and Ash,
1971; Ash et al., 1978; Camey and Macfarlane,
-1979; Coulon et al., 1979; Coulon and Maury, 1981;
Marcelot, 1980, 1981; Marcelot et al., 1983; Robin
et al., 1994a). South of Anatom, the SVS becomes
entirely submarine and the size of the edifices de-
creases (Monzier et al., 1984a, 1992). As noted by
Greene et al. (1988), a remarkable feature of this
segment is the almost constant volcano spacing (= 90
km). Historic submarine activity has been reported
east of Erromango, whereas Yasur volcano in Tanna
has been constantly active since its discovery by
Cook in 1774 (Simkin et al., 1981). In February
1996, the Eastern Gemini Seamount erupted, but no
other information exists about the activity of the
submarine volcanoes of the SVS.

Morpho-tectonic characteristics of the SVS in-
clude a deep trench, a large arc ridge, the size of
which decreases south of Anatom, and an active
extension zone at the Coriolis back-arc troughs (Louat
and Pelletier, 1989; Recy et al., 1990). Convergence
rate at the trench is higher than that at the CVS. In
front of Tanna, Louat and Pelletier (1989) give a rate
of 12 cm/yr, a value subsequently confirmed by
geodetic measurements (GPS observations) during
the 1990-1994 period (11.7 cm/yr; Calmant et al.,

1995). The SVS lies on a crust which is thicker than
the CVS crust (= 25-30 km; Ibrahim et al., 1980;
Pontoise et al., 1980; Coudert et al., 1984). Geo-
chemical characteristics of the SVS suites are those
of a low-K ‘normal’ intra-oceanic island arc (Mac-
farlane et al., 1988). Futuna island, clearly off-axis
relative to the NHCC, is not considered here.

2.3. The High-Mg Andesite Volcanic Segment
(HMAYVS)

The boundary between the SVS and the HMAVS
occurs near the Eva seamount (22°S), in front of the
collision zone between the Loyalty Islands Ridge (on
the Australian plate) and the arc. Though quite re-
cent, this collision strongly influenced the structural
configuration of the southern trench and arc, best
demonstrated by the 10.5 cm/yr E~W-trending
sinistral transform fault which forms a new plate
boundary in front of the Loyalty salient (Louat and
Pelletier, 1989; Monzier et al., 1990, 1993; Monzier,
1993). This collision probably explains both the
decreasing size of the arc ridge and the disappear-
ance of the Coriolis troughs south of Anatom.

All the volcanic edifices of the E—~W-trending
HMAVS (Fig. 2A) are of small volume (20-120
km?), with the exception of Vauban Seamount (240
km?) (Monzier et al., 1992, 1993). Most edifices are
wholly submarine, but Matthew and Hunter volca-
noes emerge, forming small islands where recent
volcanic activity has been reported (Maillet et al.,
1986). The subduction under this southernmost seg-
ment of the arc has a northward trend and is very
low (about 1.5 cm/yr, according to Louat and Pel-
letier, 1989).

A high-Mg andesite suite, whose mafic endmem-
bers are closely related to high-Ca boninites, charac-
terizes the HMAVS. Southward propagation of the
N--S-oriented active spreading axis of the North Fiji
Basin into the arc probably accounts for a high
thermal regime in this area and for the generation of
high-Ca boninites by melting of a refractory hy-
drated mantle at shallow depth. Subsequent frac-
tional crystallization and magma mixing processes
produce the high-Mg andesite suite (Crawford et al.,
1989, 1993; Monzier et al., 1993; Sigurdsson et al.,
1993).
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3. Seismological constraints

A projection of the shallow and intermediate seis-
micity (1961-1988) along the arc is shown in Fig.
2B, with inferred slab-to-volcanoes pathways (see
also Fig. 3). A strikingly unusual feature is the
archlike outline of the intermediate event distribution

beneath Santa Maria and Aoba volcanoes, first ob-
served by Blot (1972). At each side of this arch, two
seismic gaps occur, the larger extends beneath Am-
brym to Efate volcanoes (see Fig. 3D~G). Marthelot
et al. (1985) have shown that a zone of attenuation of
the high-frequency shear waves overlaps this large
gap. In the same area, a shallow double seismic zone

¢ Vanua Lava
< Santa Maria
(Gaua)

D Aoba (Ambae)
A Ambrym

@ Epland Kuwae
% Emae, Efate,
Erromango,
Tanna, Anatom
and SNH 1AB
+ SNH HMA

B

LLa/Yb

L La/Yb-H Sr
HLa/Yb

HTi

HMA

+°o 0 ¢ nu

“Melts from the NFB rift system are derived by mixing of

{Nohara et al., 1994)

S = N W A OGN 0 WO

OIB-type and depleted N-MORB mantle components”

NFB basalts
O (Eissenetal.,
1994)

0

4

Fig. 4. (A) La/Yb vs. K,0% diagram for NHCC compositions; the shaded area represents the primitive compositions set used to average
calculations (Table 1Table 2) and in Fig. 6Fig. 7Fig. 8. (B) Classification proposed in this publication (see text). (C) La/Yb vs. K,0%
diagram for basalts from the North Fiji Basin spreading axes (all data LOI free and normalized to 100%).
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occurs near the trench. All these observations are
interpretated by Chatelain et al. (1992, 1993) and
Prévot et al. (1994) in terms of slab detachment
within the last 1 m.y. and resistance to subduction of
the short remaining piece of Australian lithosphere.

Another unusual feature is the sharp shortening of
the slab south of Anatom island, which has been
related by Louat et al. (1988) to a southwards propa-
gation of the subduction, but more recently consid-
ered by Monzier (1993) as an effect of the ongoing
Loyalty Islands Ridge vs. New Hebrides arc colli-
sion.

Schematic sections across the CVS and SVS sub-
duction zones are shown in Fig. 3. Though schematic,
these sections underline some constraints for the
geometry of the slab and the asthenospheric mantle
wedge beneath the arc. They illustrate well the de-
tached part of the slab sinking beneath volcanoes
from Ambrym to Efate, with an ENE dip of about
50°, and the very short upper piece of dipping Aus-
tralian lithosphere which remains in this zone (Fig.
3D-G). Here, the mantle wedge appears more nar-
row, than under the ‘normal’ part of the arc, where
the subduction pattern shows an unbroken 70° dip-
ping slab (Fig. 31-M). In addition, interactions be-
tween the Australian and North Fiji Basin astheno-
spheric mantle flow regimes might occur through the
slab window.

In the northern part of the CVS, beneath Vanua
Lava, Santa Maria and Aoba volcanoes (Fig. 3A-0),
the subduction patiern appears quite ‘normal’, with a
70-80° ENE-dipping slab. Slab detachment is proba-
bly occurring beneath Santa Maria and Aoba islands,
but this phenomenon is obviously more recent (or
slower) than beneath Ureparapara—Vanua Lava to
the north, and Ambrym to North Efate to the south.

4. Geochemical data
4.1. Data file

This study includes previous published analyses
as well as recently published and unpublished analy-

ses carried out during the 1989-1994 ORSTOM
program of volcanology in Vanuatu (whose targets
were: Vanua Lava, Santa Maria, Aoba, Ambrym,
Kuwae, Tanna and the southernmost NHCC). Only
analyses with trace-element data (including La and
Yb contents) have been retained, except for Urepara-
para, Lopevi and Vulcan basalts, for which no analy-
sis with such characteristics is available, but which
are important for discussing the along-arc basalt
geochemical variations. For normalization purposes,
all major-element data (wt.%) have been recalculated
to 100%, loss of ignition (LOI) and volatiles free,
with total iron as Fe,0; (= Fe,0; + 1.11FeO). The
data file (Microsoft Excel 4.0) comprises 404 major-
and trace-element analyses, 334 of which (ie., 83%)
are from the ORSTOM volcanological program [ana-
lytical techniques, limits of detection and relative
standard deviations for these 334 analyses are de-
tailed in Monzier et al. (1993) and Picard et al.
(1995)].
References for the source chemical data are:

Ureparapara: Ash et al., 1980; Barsdell et al., 1982;
Monjaret, 1989.

Vanua Lava: ORSTOM unpublished data.

Santa Maria (Gaua): Barsdell et al., 1982; ORSTOM

unpublished data.
Aoba (Ambae): Gorton, 1977; Eggins, 1989;
ORSTOM unpublished data.

Ambrym: Gorton, 1977; Picard et al., 1995.

Lopevi: Warden, 1967.

West and East Epi: Gorton, 1977; Dupuy et al,
1982; Barsdell and Berry, 1990.

Epi A, B submarine volcanoes: Crawford et al.,
1988.

Kuwae (including the easternmost part of Epi island,
Ririna and Laika islets, Karua submarine volcano
and Tongoa island): Gorton, 1977; Dupuy et al.,
1982; Crawford et al., 1988; ORSTOM unpublished
data.

Emae: Dupuy et al., 1982.

Efate (including Nguna, Pele, Emau and Mataso
islands): Dupuy et al., 1982.

Vulcan seamount: Vallot, 1984,

Fig. 5. (a) Selected major- and trace-element diagrams for the NHCC rocks (all data LOI free and normalized to 100%). (b) Selected major-
and trace-element diagrams for the NHCC rocks (all data LOI free and normalized to 100%).
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Erromango: Marcelot, 1981; Dupuy et al., 1982.
Tanna: Dupuy et al., 1982; Robin et al., 1994a;
ORSTOM unpublished data.

Anatom: Dupuy et al., 1982.

Southernmost NHCC (from Gemini seamounts to
Hunter): Monzier et al., 1993.

Following Gill (1981), in this study basalis are
rocks with a SiO, content < 53% (recalculated on
an anhydrous basis), andesites are subdivided into
basic andesites (53-57% SiO,) and acid andesites
(57-63% Si0,), and dacites range from 63 to 70%
Si0,.

4.2. La /Yb vs. K,O systematics

The K,O vs. SiO, diagram has been widely used
to present individual suites or to discuss the general
geochemistry of the arc (Macfarlane et al., 1988).
However, on this diagram, basaltic compositions of
individual suites tend to merge, making discrimina-
tion of primitive compositions difficult. For classifi-
cation and discussion of the NHCC volcanic suites,
we propose the La/Yb vs. K,O process identifica-
tion diagram, which better discriminates the different
suites and the corresponding primitive compositions.
On this diagram, compositions delineate gently rising
parallel trends characterized by the equation ‘La/Yb
=0.55K,0O’ (Fig. 4A). Obviously, the La/Yb value
prevails for the discrimination between the different
suites whereas the K,O content more effectively
shows differentiation. As a first observation, differ-
entiated rocks are better represented than in previous
study by Macfarlane et al. (1988), a probable conse-
quence of the emphasis put on analysis of pyroclastic
products during the ORSTOM volcanological pro-
gram. A straight line through the origin, whose
equation is ‘K,0 =0.0953La/Yb’ (Fig. 4B), may
be considered as the primitive trend for NHCC rocks,
since almost all compositions plot to the right of this
line. Interestingly, most North Fiji Basin basalt com-
positions (Eissen et al., 1994; Nohara et al., 1994)
also plot close to and to the right of this line (Fig.
4C).

Though a continuous compositional spectrum ex-
ists, for simplification purposes, the field defined by
the NHCC rocks on this diagram has been divided
by a line whose equation is ‘La/Yb=0.55K,0 +

5.2, which separates high-La/Yb (HLa/Yb) com-
positions from those with low La/Yb (LLa/YD)
(Fig. 4B). Parameters ¢ and d (Fig. 4C) characterize
each composition reported on the diagram; ¢ corre-
sponds to the La/Yb value in relation to the previ-
ously defined LLa/Yb-HLa/Yb boundary (¢ is
negative for LLa/Yb compositions and positive for
HLa/Yb), and d corresponds to the K,O enrich-
ment measured from the primitive trend. In brief,
rocks belonging to the same suite have similar ¢
values whereas rocks with identical d values have
similar degrees of differentiation.

Sr and Ti contents are also considered in this
classification (Fig. 4B). LLa/Yb compositions with
Sr> 800 ppm are termed high-Sr (LLa/Yb-HSr):
most of these LLa /Yb-HSr compositions correspond
mainly to post-caldera rocks from Santa Maria
(Monzier et al., in prep.) and to a few Tanna and
Efate rocks. High-Ti (HTi) compositions (TiO, >
1%) are emphasized, irrespective of their La/Yb
character (however, all but two HTi analyses are
LLa/Yb and these two only have a very weak
HLa/Yb character). Most of the HTi compositions
correspond to rocks from Aoba and a few to rocks
from Ureparapara, Ambrym, Efate and Vulcan and
Eastern Gemini seamounts. Finally, High-Mg an-
desites (HMA) from the southernmost part of the
NHCC are compositionally distinctive, but clearly
HLa/Yb in this classification.

4.3. Summarized geochemistry of the whole mag-
matic suites

Since the main purpose of this paper is to under-

“stand the variation of the primary compositions along

the NHCC, major- and trace-element behaviour for
the entire arc suites will be summarized, using only
selected diagrams.

Almost all HLa/Yb composition rocks are from
Santa Maria and Aoba volcanoes, the latter being
exceptional in this arc for its paucity of differenci-
ated products (Fig. 4A). Only a few rocks from
Ambrym, Epi and Kuwae plot in the HLa /YD field,
and interestingly, their HLa/Yb character is quite
weak. All rocks from Vanua Lava, Emae, Efate,
Erromango, Tanna, Anatom, most of the rocks from
Ambrym, Epi and Kuwae, most of the IAB rocks
(i.e., belonging to ‘normal’ Island-Arc Basalt suite;
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Fig. 6. (a) North Fiji Basin N-MORB normalized incompatible-element abundance patterns for averages of LLa/Yb, LLa/Yb-HSr and
HLa/Yb primitive basalts (see Table 1Table 2). The average of 19 N-MORB compositions with low La/Yb values from the N-S axis of
the North Fiji Basin has been used for the normalization; normalized patterns for OIB-like basalts with high La/Yb values from the N160°E
axis of the North Fiji Basin are shown for HLa/Yb basalts (Eissen et al., 1994; Nobara et al., 1994; Table 1Table 2). (b) North Fiji Basin
N-MORB normalized incompatible-element abundance patterns for selected averages of HTi and HMA primitive compositions (see Table
1Table 2). Normalized patterns for southern North Fiji Basin boninites (Sigurdsson et al., 1993) are shown for HMA. B = basalt;
BA = basic andesite; AA = acid andesite; D = dacite; HM = high-magnesium.

Monzier et al., 1993) from the southern submarine
end of the SVS, and a few rocks from Santa Maria
and Aoba are LLa/Yb (i.e., ‘normal’).

The SiO, vs. Al,O, diagram (Fig. 5a) reveals a
linear, negative correlation for most LLA /Yb com-
positions, starting from high-Al basalts (17-19%
Al1,0,). LLa/Yb-HSr basalts are also distinctly
high-Al. In contrast, a general positive correlation is
observed for HLa/Yb compositions with < 54%

Si0,, from low-Al (8-9% Al,0,) basaltic composi-
tions to high-Al (16—19%) basaltic andesite compo-
sitions. HMA are generally slightly depleted in Al,O,
when compared to other rocks with similar SiO,
contents. The same broad linear negative correlations
characterize the LLa/Yb and HLa /Yb compositions
on the SiO, vs. Fe,0; and CaO diagrams (not
shown). Nonetheless, HLa/Yb andesitic composi-
tions are slightly depleted in these elements, com-
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Table 1
Average compositions and individual analyses for the 194 ‘primitive’ compositions of the NHCC. Compositions of North Fiji Basin basalts
are given for comparison

LOI Initial  wt.% (total recalculated to 100% LOI free)
total Si0, TiO, Al,0; Fe,0f MnO MgO CaO Na,0 K,0 P,0;

NHCC rocks withd < 1% K,0

LLa/Yb B, 0.64 100.04 49.69 0.69 18.06 11.21 0.19 578 11.40 233 0.51 0.14
—413<r<3.08(14an)?

Standard deviation 0.65 0.49 1.39 0.10 1.06 0.63 0.01 1.38 1.05 0.35 0.22 0.04
LLa/YbD, t= —3.24 b 0.30 9988 6628 0.57 15.18 6.00 0.14 1.58 496 4.07 1.02  0.20
LLa/Yb B, 025 100.03 49.50 0.66 16.51 11.14 0.19 7.13 11.84 2.21 0.67 0.15
—2.88<r<212(17an) *

Standard deviation 0.50 0.42 1.65 0.13 1.90 0.75 0.02 250 1.29 0.53 024  0.05
LLa/Yb BA, 0.67 9997 5480 0.73 17.55 10.12 0.19 3.44 837 3.29 1.25 027
—261l<r<—239Gan)?

Standard deviation 0.77 0.20 0.84 0.12 1.70 1.66 0.05 0.49 025 027 0.08 0.05
LLa/YbD, t = —2.97 b 0.40 99.89 6343 0.64 15.50 7.30 0.15 2.11 582 377 1.09 020
LLa/Yb B, 0.53 10028 49.83 0.73 16.57 11.44 0.19 6.64 11.09 240 0.90 0.20
-193<t< —-102(25an)*

Standard deviation 0.93 0.48 1.42 0.08 1.79 0.85 0.02 237 1.08 0.52 029 0.06
LLa/YbBA, t=—194 b —0.26 100.00 5456 0.87 1591 11.37 0.23 3.69 835 342 131 030
LLa/YB B, 0.19 9991 4926 072 1635 11.50 020 6.78 11.51 242 1.05 022
—094<t<—-016(17an)*

Standard deviation 0.68 0.32 1.21  0.06 2.12 0.66 0.01 2.30 076 023 025 004
LLa/Yb-HSr B, —0.10 10021 4846 079 18.52 11.93 0.21 5.56 11.02 247 0.85 0.19
—189<t<—-120(4an)?

Standard deviation 0.49 0.27 0.63 0.02 0.63 0.30 0.01 0.48 045 0.07 0.15 0.01
LLa/Yb-HSr B, 0.27 100.06 50.28 0.80 18.42 10.96 022 4.63 1072 278 099 020
—094<t<—021(18an)?

Standard deviation 0.37 0.30 1.23 0.06 047 0.41 0.02 0.84 071 0.28 0.15 0.06
HlLa/Yb B, 0.03 9999 4956 082 1542 11.32 020 7.56 11.02 2.62 122 0.25
+0.12 <t< +099 (14 an.) *

Standard deviation 0.44 0.52 1.19 0.09 2.02 0.57 0.02 347 0.67 049 0.33 005
HLa/Yb BA, t=0.80 b 0.33 99.89. 54.14 0.65 18.70 9.88 016 3.11 9.88 263 0.66 0.15
HLa/Yb B, 0.45 9986 49.11 077 14.26 11.31 020 9.12 1127 243 1.28 0.25
+112<t< +197(18an.)

Standard deviation 0.83 0.33 0.78 0.07 1.39 0.45 0.03 2.37 0.78 024 020 003
HLa/YbB, 0.19 100.24 48.67 0.68 12.80 11.25 0.19 12.17 1053 214 1.32 026
+2.00<t< +299 (17 an.) ®

Standard deviation 0.47 0.37 1.30 0.13 2.84 0.66 0.01 5.57 1.05 0.60 030 005
HLa/Yb BA, t=2.05 b -0.10 10072 54.85 0.89 1597 11.06 0.23 3.53 825 337 1.55 0.30
HLa/Yb B, i 0.64 100.19 48.70 0.74 13.13 11.95 0.21 10.36 1124 210 131 026
+3.05<r< +3.76 (7 an.) ®

Standard deviation 0.86 0.24 0.74 0.08 2.11 0.36 0.01 4,05 1.18 043 030 0.04

HLa/Yb BA, t=3.70 ° 043 10020 54.83 082 1665 11.64 0.19 327 8.54 284 098 025
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Table 1 (continued)
LOI Initial  wt.% (total recalculated to 100% LOI free)

total Si0, TiO, Al,0; Fe,0; MnO MgO Ca0 Na,0 K,0 PR0;
NHCC rocks with d < 1% K,0
HLa/Yb B, 070 9943 4847 078 1370 1199 022 885 11.52 2.58 156 0.33
+423<t< +505(5 an.)? :
Standard deviation 0.81 1.86 1.64 0.14 2.64 077 004 5.07 079 0.72 027 004
HLa/YbB, t=7.39° 196 10041 49.06 0.80 1334 12.07 021 853 1239 239 074 047
HTiBA, t= —4.05" —-042 9979 54.09 131 1490 1280 022 435 8.68 3.18 035 012
HTiB, t= —3.98" —-0.29 9948 5222 105 - 1621 1194 021 507 1027 2.69 026 0.08
HTiB, t= —281° 0.93 51.86 1.06 1656 12.84 023 409 9.03 3.21 096 0.17
HTi B, 068 9937 4959 1.19 1491 11.98 022 761 1092 239 094 025
—157<t<—104(2an)?
Standard deviation 0.89 0.33 1.81 0.12 1.06 0.13 001 2.04 144 037 0.19 0.05
HTiB, t= —0.383 076 10029 47.50 1.12 17.63 13.13 022 528 11.23 285 0.63 039
HTi B, 0.12 10004 48.60 129 1594 12.08 021 625 1131 263 133 035
—057<t< +0.53( an)?
Standard deviation 0.29 022 0.60 020 1.01 079 001 144 0.74 0.38 0.13  0.06
HMD, 072 9937 63.79 053 1493 630 010 324 6.01 3.99 1.01 010
—032<t< +0.85(5an.) *
Standard deviation 0.44 051 062 0.10 0.57 048 001 054 037 0.28 0.05 0.03
HMAA, 027 9937 62.00 046 1541 6.10 0.10 455 6.61 3.67 1.01  0.09
-023<t< +0.55@4an)?
Standard deviation 0.23 032 0.68 0.04 043 004 000 1.00 0.16 0.18 0.15 0.01
HMAA, 024 9973 59.54 060 1554 725 012 485 7.69 343 0.85 0.12
+1.04<t< +197 (@ an) ?
Standard deviation 0.17 0.21 1.76  0.07 0.63 079 001 055 0.81 0.15 0.13 0.03
HMR, r= +1.63 " 245 9926 6921 052 1435 424 009 117 322 5.82 129 0.10
HMBA, t= +2.06° 045 9939 54.88 059 14.19 843 015 872 9.60 2.60 074 0.10
HMBA, 047 9994 5552 062 13.80 838 0.15 8.65 8.87 2.76 1.09 0.16
+398<t< +444 (2 an)? :
Standard deviation 0.03 050 023 0.04 0.15 024 000 0.12 090 0.22 0.16 0.04
HMAA, = +449° 008 9959 61.80 045 15.16 6.33 0.11  4.47 691 3.66 099 0.10
HMB, t= -+13.26 ® 042  99.06 55.05 078 14.02 852 014 7.83 8.13 321 192 041
NFB rocks for comparison (Eissen et al., 1994; Nohara et al., 1994)
NFB N-MORB ¢, —0.60 99.76 4976 155 1445 1180 018 7.65 1197 243 009 0.11
—~474 <t< —4.32(19 an.)
NFB O1B-like B ¢, 1.87 10027 4942 234 1638 9.03 0.16 7.86 997 3.10 122 053

+549 <t < +7.58 (5 an.)
NFB Y54-10-1B ¢, t=10.22

B = basalt; BA = basic andesite; AA = acid andesite; D = dacite; HM = high-magnesium.
® Average or ° single composition.
¢ Average of 19 N-MORB compositions with low La/Yb values from the N-§ axis of the NFB (Nohara et al., 1994).
d Average of 5 OIB-like basalts with high La/Yb values from the N160°E axis of the NFB (Nohara et al., 1994).

© Y54-10-1, OIB-like basalt with the highest La/Yb value from the N160°E axis of the NFB (Nobara et al., 1994).




Table 2
Average compositions and individual analyses for the 194 ‘primitive’ compositions of the NHCC. Compositions of North Fiji Basin basalts are given for comparison

ppm

Sc V Ct Co Ni Rb Sr Y Zr Nb Ba La Ce Nd Sm Eu Gd Dy Er Yb Th
NHCC rocks withd < 1% K,0
LLa/Yb B, 37 334 64 35 28 6 433 164 30 12 130 32 63 59 17 071 203 248 162 158 0.28
—4.13<1<3.08 (14 an.)®
Standard deviation 6 4 56 6 14 3 74 28 7 07 43 08 09 11 02 011 017 049 041 027 0.15
LLa/YbD, t=—324° 19 75 2 6 2 16 340 290 69 1.0 138 7.2 12.0 1.20 4.60 2.80 2.85
LLa/YbB, 40 340 181 39 51 9 456 177 36 1.1 229 49 132 85 26 080 3.07 283 172 154 062
—2.88 <t<2.12 (17 an)® .
Standard deviation 10 39 217 5 43 4 135 40 14 04 138 14 14 22 02 020 029 052 038 034 006
LLa/Yb BA, 25 221 11 30 10 21 421 228 68 21 349 82 12.6 1.05 405 275 239
—261<t<—239(5an)
Standard deviation 6 55 4 6 3 4 108 20 8 03 53 11 04 0.16 021 023 029
LLa/YbD, t=—2.97° 21 125 2 11 2 17 38 270 66 08 124 72 13.5 1.05 430 290 255
LLa/Yb B, 37 339 156 41 57 17 48 181 50 15 241 7.0 189 104 30 090 323 290 180 165 171
-193<t<~1.02(25an)?
Standard deviation 7 54 181 6 54 10 110 35 13 07 8 15 45 21 05 016 046 050 036 031 162
LLa/YbBA, t=—1.94° 30 248 14 30 12 16 400 275 79 23 412 104 15.0 1.40 450 2.90 2.60
LLa/YB B, 35 331 180 42 62 17 .555 165 47 13 258 7.8 190 11.7 30 094 3.14 282 167 149 117
—094 <t<~0.16 (17 an.)*
Standard deviation 5 39 186 6 51 6 62 14 12 05 54 10 22 1.8 03 010 031 024 018 020 024
LLa/Yb-HSr B, 30 356 34 37 27 11 932 195 40 14 189 6.9 12.7 1.01 313 193 1.63
—189<t<—1.20(4an)?
Standard deviation 4 27 7 2 3 3 28 21 3 06 18 09 12 0.13 017 019 0.14
LLa/Yb-HSr B, 25 436 18 34 16 14 940 184 46 15 345 86 190 135 32 117 320 316 184 167 127
—~094<t<—021(18 an.)*
Standard deviation 3 26 46 4 18 3 46 21 6 04 38 12 14 15 04 016 049 031 023 024 0.17
HLa/Yb B, 33 360 196 37 8 19 663 193 61 19 372 118 266 161 38 118 384 336 197 180 184
+0.12 << +0.99 (14 an.)*
Standard deviation 5 31 237 7 8 5 130 31 14 09 104 25 57 30 06 022 051 055 034 032 044
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HLa/Yb BA, r=0.80 °
HLa/YbB,

+1.12<t<+197(18an.)?
Standard deviation

HLa/Yb B,
+2.00<t<+299(17 an.)*
Standard deviation

HLa/YbBA, t=2.05"°
HLa/Yb B,

+3.05<t<+376(7an)?
Standard deviation

HLa/Yb BA, r=3.70®
HLa/Yb B,
+423<t<+5.05(5an)?
Standard deviation
HLa/YbB, t=739°
HTiBA, t=—4.05°
HTiB, r=—3.98"

HTiB, t=—2.81"°

HTi B,
—-157<t<—1.04Q2an)?
Standard deviation

HTiB, t=-0.83"

HTi B,
—~057<t<+053(@ an)?
Standard deviation

HMD

—032<t<+0.85G an.)?
Standard deviation

28

34

32

30

36

31

34

38

42

28

37

22

352

29

302

60

245

330

48

350

336

68

335

460

330

361

474

427

54

163

10

17

288

164

463

358

15

333

232

10

245

330

305

30

195

114

31

107

99

51

25

43

51

15

31

33

26

47

12

45

28

30

33

43

31

14

13

127

68

220

163

13

154

121

10

102

134

80

15

74

29

17

49

23

17

21

25

24

19

13

28

11

16

16

23

13

562

688

84

656

157

398

694

121

643

854

172

840

295

284

416

479

972

645

23

338

34

16.1

17.3

1.8

16.1

3.0

31.0

16.9

2.8

20.0

16.9

2.7

18.0

29.0

23.0

29.0

28.0

4.0

23.1

32.1

3.5

16.3

34

41

56

53

12

139

58

10

63

64

10

87

60

41

73

88

18

37

108

100

18

1.1

1.5

0.3

15

04

5.1

1.6

04

1.6

1.7

04

21

1.0

0.9

2.6

5.0

0.5

21

73

3.0

15

03

110

395

64

373

95

420

390

95

167

470

100

483

30

50

310

320

26

133

26

10.2

12.2

1.3

12.3

2.8

23.5

13.4

2.3

17.0

15.7

2.8

19.5

3.7

3.0

83

12.0

2.5

6.7

16.6

2.3

9.9

1.9

29.5

35

24.2

4.0

29.0

5.1

28.0

5.0

14.0
16.2
1.7
16.1
34
27.5
177
2.5
21.0
20.0
3.3
260
10.0
15
134
17.6

24

22.9

3.0

20

4.0

0.3

33

0.5

42

04

3.6

0.6

0.95

1.10

0.17

1.12

0.22

125

1.30

0.19

135

1.37

0.19

175

1.20

0.95

1.18

1.42

0.13

1.00

1.66

0.25

0.91

0.14

3.80

0.30

3.08

0.50

3.83

0.34

3.38

0.42

2.60

2.93

0.31

2.83

0.54

5.00

292

0.40

3.00

3.16

0.69

3.50

4.50

3.60

444

4.88

0.42

534

0.80

2.54

0.48

1.90

1.77

023

1.60

0.22

2.30

1.64

0.26

1.80

3.10

2.50

3.05

2.94

0.36

3.17

048

1.84

0.36

1.60

1.62

0.16

1.47

0.32

2.90

1.43

0.22

1.80

147

0.25

1.50

2.75

220

2.84

2.69

0.34

1.42

2.87

0.35

1.62

0.27

2.08

0.07

1.78

0.21

1.95

047

1.90

0.50
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Table 2 (continued)

ppm

Sc V Ct Co Ni Rb Sr Y Zr Nb Ba ILa Ce Nd Sm En Gd Dy FEr Yb Th
NHCC rocks withd < 1% K,0
HMAA, 22 158 124 18 55 15 371 125 78 13 127 74 11.4 0.75 198 154 125
—-023<t<+055(an)? ‘
Standard deviation 1 11 74 3 36 5 49 04 6 01 44 05 0.8 0.11 011 014 0.04
HMAA, 7 29 221 127 19 39 13 445 137 68 14 95 92 13.1 0.93 225 168 130
+104<t<+197@an)?
Standard deviation 3 60 41 3 7 3 71 22 12 02 6 12 2.8 0.13 053 029 021
HMR, t=+1.63° 13 50 2 3 5 11 - 320 190 119 1.8 155 132 19.0 1.15 300 220 1175
HMBA, = +2.06° 33 235 339 33 128 11 345 133 54 24 153 92 9.0 0.80 230 150 1.20
HMBA, 31 245 327 32 152 16 418 156 84 26 121 143 17.0 1.00 270 185 143
+398<t<+4442an)?
Standard deviation 3 15 21 2 34 3 14 24 27 06 5 1.7 6.0 0.25 040 035 0.13
HMAA, t=+449" 23 150 94 18 30 12 597 133 99 14 103 128 19.0 1.15 220 160 125
HMB, t=+13.26° 28 270 260 25 93 33 684 270 188 35 161 40.0 55.0 2.70 480 2.80 2.05
NFB rocks for comparison (Eissen et al., 1994; Nohara et al., 1994)
NFB N-MORB °, 42 300 261 43 86 2 93 330 76 21 19 22 71 82 26 108 294 498 3.17 3.06 0.3
—474 <t <—432(19 an.)
NFB OIB-like B ¢, 30 297 291 33 142 22 383 282 183 46.1 314 263 499 266 49 1.63 477 480 263 213 250
+549 <r<+7.58(5an)
NFB Y54-10-1B ©, t =10.22 25 381 300 237 628 408 359 719 356 7.0 225 6.61 503 264 233

b .
* Average or ~ single composition.

© Average of 19 N-MORB compositions with low La/Yb values from the N—S axis of the NFB (Nohara et al., 1994).
d Average of 5 OIB-like basalts with high La/Yb values from the N160°E axis of the NFB (Nohara et al., 1994) .
® Y54-10-1, OIB-like basalt with the highest La/Yb value from the N160°E axis of the NFB (Nohara et al., 1994).
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pared to the LLa/Yb compositions. Most HMA
compositions are Fe,0; (and TiO, and MnO) de-
pleted and CaO enriched. The SiO, vs. MgO dia-
gram (Fig. 5a) reveals a linear, negative correlation
for most LLA /Yb compositions. A general negative
correlation is also observed for HLa/Yb composi-
tions, with accumulation of olivine and clinopyrox-
ene certainly responsible for the sharp bend occur-
ring near 50% SiO, and the trend towards high-MgO
(and low-Al,0,) contents. Obviously, HMA are dis-
tinctly Mg-rich.

The SiO, vs. Na,O and K,O (Fig. 5b) diagrams
show two broad positive trends, LLa/Yb composi-
tions being depleted in these elements compared to
Hl.a/Yb compositions. As previously noted, some
LLa/Yb compositions from Ambrym have an
anomalous high-K (or low-Si) character. In addition,
HMA compositions are strongly depleted in K (and,
to a lesser extent, in Na).

Relationships between Ba and SiO, contents (Fig.
5b), as well as relationships between Rb, Nb, Zr, La
and SiO, contents (not shown), are quite similar to
those displayed in the SiO, vs. K,O diagram, with
two distinct LLa/Yb and HLa/Yb linear positive
trends converging towards basaltic compositions, and
a flat and significantly depleted HMA trend. The
MgO vs. Sr diagram (Fig. 5a) also clearly discrimi-
nates the LLa/Yb and HLa/Yb compositions and,
obviously, the post-caldera LLa/Yb-HSr basalts
from Santa Maria. Finally, both the LLa/Yb and the
HLa/Yb compositions delineate the same broad pos-
itive trend on the Y and Yb vs. SiO, diagrams (not
shown); all HTi compositions plot above this trend
whereas HMA compositions display a flat and dis-
tinctly depleted trend.

4.4, Geochemistry of the primitive compositions

A selection of 194 ‘primitive’ compositions with
d<1 (grey field on Fig. 4A-B), including 79
LLa/Yb, 22 LLa/Yb-HSr, 64 HLa/Yb, 10 HTi and
19 HMA, has been used to draw up the Tables 1 and
2. Each class is subdivided into subclasses using ¢
parameter values (as shown in Fig. 4A). Obviously,
true primitive basalts as well as slightly differenci-
ated basalts are included in this selection; however,
in a statistical approach to obtain a representative
view of the entire NHCC, all of these compositions

have been incorporated in the average calculations
for ‘primitive’ basalts. Additionally, twelve basic
andesites and dacites with a ‘primitive’ character
(i.e., with an unusually low K,O content), and HMA,
have been considered separately for calculations.

The four calculated averages for the LLa/Yb
basalts (Tables 1 and 2) show very similar SiO,,
TiO,, Fe,0;, MnO, Ca0, Na,0, Sc, V, HREE and
Y contents. As expected, they show increasing K, 0O,
P,O,, LILE, LREE and Zr contents with increasing #
values. However, the average for the compositions
with ¢ < —3.8 have higher Al,0, (18% vs. 16.5%)
and lower MgO (6% vs. 7%), Cr, Ni and Co than the
three other LLa/Yb averages. The two calculated
averages for the LLa /Yb-HSr basalts are quite simi-
lar to those calculated for other LLa/Yb basaltic
compositions, except for the Al,O,, Sr and Na,O
contents which are higher.

The low-Al and high-Mg (and high-Cr and -Ni)
character of the HLa/Yb basalts is clearly indicated
by the five average compositions, when compared
with the LLa/Yb compositions. In addition, these
HLa/Yb compositions have slightly lower SiO, con-
tents, slightly higher TiO, and MnO contents, and
clearly higher K,0, P,0O;, LILE, LREE and Zr
contents than the corresponding LLa/Yb composi-
tions, but comparable Fe,O;, CaO and Na,O con-
tents.

The average of nineteen N-MORB compositions
with low La/Yb values from the N—S-oriented axis
of the North Fiji Basin (Tables 1 and 2; Eissen et al.,
1994; Nohara et al., 1994) has been used for the
normalization of incompatible elements. The NFB-
MORB-normalized incompatible-element abundance
patterns for the LLa/Yb averages (Fig. 6a) show
typical arc-lava features, with relative (but variable)
enrichment of LILE and LREE compared to HFSE
and HREE, a negative Nb anomaly, a strong positive
Sr anomaly, and HFSE and HREE levels below the
NFB-MORB level. For the LLa/Yb basic andesite
and dacite compositions with ‘primitive’ character,
the NFB-MORB-normalized incompatible-element
abundance patterns (not shown) remain, in a general
way, just above those of the LLa/Yb basalts; how-
ever, they show unusually high HREE and Y levels,
comparable to those of the NFB-MORB. The NFB-
MORB-normalized patterns for the LLa/Yb-HSr
basalts coincide with the most enriched LLa/Yb
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basaltic compositions (Fig. 6a), except for a strong
positive Sr anomaly which is not accompanied by a
positive Eu anomaly.

The NFB-MORB-normalized incompatible-ele-
ment abundance patterns for the HLa/Yb averages
are almost perfectly parallel and plot above the
LLa/Yb patterns (Fig. 6a), except for the HREE
which are quite similar for both groups. Typical
arc-lava features, including the strong negative Nb
anomaly, a positive Sr anomaly and levels of HFSE
and HREE well below NFB-MORB levels, are obvi-
ous. For comparison, normalized patterns for OIB-
like basalts with high La /Yb values from the N160°E
axis of the NFB (Eissen et al., 1994; Nohara et al.,
1994) are given. These patterns show a progressive
increase in incompatible-element contents from Yb
to Nb and plot well above the HLa/Yb basaltic
compositions (but most of the HLa/Yb composi-
tions are significantly more mafic than these NFB
OIB-like basalts; Tables 1 and 2). Considering only
the REE and Y contents, the patterns for both OIB-
like basalts from the North Fiji Basin and HLa/Yb
basalts are almost parallel; however, the LILE con-
tents (Sr excluded) are quite similar for the two
groups. The three HLa/Yb basic andesite composi-
tions (Tables 1 and 2) have quite variable character-
istics, but one of them, from Ambrym, has HREE
contents similar to those of the NFB-MORB compo-
sitions, whereas the other two have more usual low-
HREE levels (diagrams not shown).

Average and individual compositions for HTi
basalts and basic andesites show variable character-
istics apart from their high-Ti contents (Tables 1 and
2). NFB-MORB-normalized incompatible-element
abundance patterns (Fig. 6b) confirm this wide com-
positional spectrum. Nevertheless, Ti, HREE and Y
contents are always above those of other NHCC
basalts, i.e., slightly below the NFB-MORB level,
and the negative Nb anomaly is weak. In addition, as
noted by Monzier et al. (1993), the REE and Y
contents for the two basic andesites from Eastern
Gemini Seamount do not differ markedly from those
of the NFB-MORB.

Calculated compositions or individual analyses
for HMA are given in Tables 1 and 2. Corresponding
NFB-MORB-normalized incompatible-element
abundance patterns (Fig. 6b) are quite similar to
those of the LLa/Yb basaltic compositions, but with

a notably higher Zr content, higher contents of K,
Nb, La, Nd, comparable contents of Rb, Sr and Eu
and lower contents of Ba, P, Ti and HREE. One
composition from Vauban seamount (= +13.26)
differs from the other HMA compositions by a strong
enrichment in all incompatible elements (see Monzier
et al., 1993). Lastly, it is apparent that the HMA
compositional trends broadly parallel the southern
North Fiji Basin boninites trend (Sigurdsson et al.,
1993).

5. Discussion
5.1. Volcano distribution

Based on the best constrained sections shown in
Fig. 3, large volcanoes are generally 170-220 km
above the slab, this distance decreasing to 80—90 km
for the HMAVS small edifices (not shown in Fig. 3;
see Monzier et al., 1984b, 1993). At Erromango,
beneath which the slab is continuous (Fig. 3J), recent
volcanism appears well anchored just above an inter-
mediate seismic swarm. This swarm probably corre-
sponds to a zone of intense reactions within the slab,
leading to the melting of the overlying mantle. Nev-
ertheless, in Fig. 3A-D, the dense swarms of inter-
mediate seismicity and the volcanoes (Vanua Lava,
Santa Maria, Aoba and Ambrym) are not located on
the same vertical line. This discrepancy could be
explained if, according to Spiegelman and McKenzie
(1987), the fluids (or melt phases) released from the
slab are not driven by buoyant percolation alone, but
rather tend to be drawn toward the hotter core of the
mantle wedge (i.e., the principal site of magma
generation; Eggins, 1989, 1993). Another explana-
tion would be the lateral displacement of the sinking
pieces of the slab in relation to the volcanoes. Such

* an explanation may be proposed for Ambrym and

Vanua Lava, where slab detachment is obvious, but
is probably not applicable for Aoba and Santa Maria,
where the slab is barely (or not?) broken.

5.2. Compositional changes of the primitive compo-
sitions along the NHCC

Primitive compositions (d < 1) are considered for
the study of the geochemical variations along the
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NHCC. To avoid data gaps, the file is completed
with a few major-element analyses of Ureparapara,
Lopevi and Vulcan basalts, for which REE data is
not available. Considering their locations, these rocks
are probably LLa/Yb, i.e., ‘normal’.

Variations of La/Yb along the NHCC are shown
in Fig. 7. On this diagram, the LLa/Yb rocks clearly
define the ‘normal’ trend of the NH arc whereas the
HLa/Yb rocks delineate two strong anomalies, one
in front of the DEZ collision zone and one corre-
sponding to the HMAVS (plus a few rocks from the
neighbouring Volsmar seamount). In the DEZ colli-
sion zone, compositions from Santa Maria and Aoba
form the anomaly peak with very high La/Yb.
Interestingly, the upper limit of this anomaly is
distinctly asymmetric, with a sharp northward de-
crease between Santa Maria and Vanua Lava and a
progressive southward decrease from Aoba to Kuwae.
Note that the corresponding lower limit of the
LLa/Yb field also shows a similar asymmetric pat-
tern.

The Si0,% along-arc variation diagram (Fig. 8A)
displays minimum values for Santa Maria and Aoba,
where basalts with 45-47% SiO, are common, and a
progressive SiO, enrichment from Tanna to the

Q
NN "/.)é Yg Y‘S\/‘llflﬁllflzl\
Ad A A AAAM A

southern HMA. The only two dacites with ‘primi-
tive’ character in our data file come from the south-
ern end of the SVS (Western Gemini seamount; see
discussion of these particular rocks in Monzier et al.,
1993). The Na,O% variation pattern is similar to
that of SiO, (Fig. 8F). The Al,0,% variation pattern
is strikingly spoon-shapped (Fig. 8C), with predomi-
nant low-Al compositions at Aoba and Santa Maria
(nevertheless, the post caldera LLa/Yb-HSr basalts
from Santa Maria are clearly Al-rich), both low- and
high-Al rocks at Ambrym, predominant high-Al rocks
at Ureparapara, Vanua Lava and from Lopevi to
Erromango, and a continuous decrease in Al,0;%
from Erromango to the southern HMA. The K,O
content pattern is exactly the opposite (Fig. 8G),
with unusuaily high-K basalts at Aoba and Santa
Maria and a continuous increase in K,O from Erro-
mango to the HMA. P,05% variation (not shown) is
quite similar to that of K,O, but with a broader
scattering and no constant enrichment from Erro-
mango to the HMA (in conirast, the HMA are de-
pleted in P,0O; compared to the Anatom—Gemini—
Volsmar rocks). For the CVS, the MgO% variation
pattern (Fig. 8E) parallels that of K,0%; basalts
with a high MgO content (i.e., > 10%) are frequent
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Fig. 7. Variation of the La/Yb ratio along the New Hebrides Central Chain (only primitive compositions are reported; see Fig. 4); volcano

names as in Fig. 2.
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at Aoba and, to a lesser extent, at Santa Maria,
Ambrym and Epi. All other rocks are normal in
terms of MgO content, with the exception of the
most primitive HMA, which contain 8.5-8.8% MgO.
In spite of some scatter, Fe,O; (Fig. 8D), MnO and
CaO (not shown) contents show little variation all
along the NHCC, except for the southern termination
where they fall abruptly in the HMA. The TiO2%
variation (Fig. 8B) is not systematic, with HTi rocks
present in several volcanoes along the arc. Appar-
ently, TiO,% strongly increases between Lopevi and
Vulcan seamount, whereas it remains quite constant
from Erromango to Western Gemini seamount. As
for Fe, O, this content falls at the southern extremity
of the NHCC.

- The Cr, Co and Ni content variations along the
NHCC (not shown) closely reflect those of MgO,
with high values (Cr>300 ppm, Ni> 100 ppm)
frequent for Aoba rocks and less frequent for Santa
Maria, Ambrym and Epi rocks. The most primitive
HMA from the southern termination of the NHCC
also present high contents in these compatible ele-
ments (306 < Cr < 347 ppm, 118 <Ni < 185 ppm).
Lastly, the Sc content along-arc pattern (not shown)
is quite unclear, but displays a continuous decrease
from Erromango rocks to the southern HMA.

Among the LILE (Rb, Ba and Sr), the most
striking behaviour is that of the Ba content (Fig. 8H),
which shows a definite peak for Santa Maria and

. Aoba rocks and, to a lesser extent, Ambrym rocks,

and low values for all other rocks, including those
from the southern HMA. Note the sharp decrease in
Ba content between Santa Maria and Vanua Lava
rocks whereas the decrease from Ambrym to Kuwae
is more gradual. The Rb content pattern along the
NHCC is very similar to that of K,0. A broad
scattering affects the Sr content, but a peak is obvi-
ous for Santa Maria and Aoba. The La (LREE) and
Zr (HFSE) content patterns (Fig. 8LJ) reflect, with
much less scatter, that of K,0. The Yb (HREE) and
Y contents remain quite constant all along the NHCC
(diagrams not shown), with high values only for the

HTi samples and a weak decrease from the SVS
rocks to the HMA.

Thus, in front of the DEZ collision zone, a gen-
eral increase in La/Yb occurs, with Santa Maria and
Aoba rocks displaying the highest values. Major-ele-
ment variations along the arc clearly illustrate: (1)
the anomalous, Mg- and K-rich, Al- and Si-poor,
character of the rocks from Aoba and Santa Maria
(and, to a lesser extent, from Ambrym); this anomaly,
recognized since Gorton (1974, 1977), may be partly
explained, with the exception of the K enrichment,
by olivine accumulation in these rocks; (2) the exis-
tence of a compositional transition between the ‘nor-
mal’ rocks of the SVS and the HMA of the southern
termination of the NHCC. Trace-element variations
along the arc are in good agreement with major-ele-
ment variations, especially the strong enrichments in
Rb, Ba, Sr, Zr and La, which parallel the K enrich-
ment at Aoba and Santa Maria.

5.3. Model of magma generation

The peculiar compositions of the rocks from the
volcanoces facing the DEZ have always been related,
more or less directly, to the DEZ collision—subduc-
tion. The DEZ subduction probably provokes a mod-
ification of the mantle thermal regime in the source
region of the arc magmas, leading to lower degrees
of partial melting and the generation of high-K mag-
matic suites. Nevertheless, Briqueu et al. (1994)
demonstrated isotopically that the DUPAL-type man-
tle source of these anomalous high-K products is the
result of a long-term (> 500 m.y.) enrichment pro-
cess. More recently, Crawford et al. (1995) ex-
plained the unusual characteristics of these volcanoes
by an eastward (50-100 km) and downward deflec-
tion of the site of arc magmatism in front of the
collision zone, such that dehydratation of the slab
leads to magma generation, not from the usuval Pa-
cific-type MORB mantle source in the mantle wedge
present under all other volcanoes of the NHCC, but
from an Indian Ocean-type MORB mantle source,

Fig: 8. Variation of selected major and trace elements along the New Hebrides Central Chain (only primitive compositions are reported; see

Fig. 4); volcano names as in Fig. 2.
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presently ascending under both the embryonic New
Hebrides backarc troughs and the volcanoes facing
the DEZ.

The DEZ collision began at approximately 3 Ma
at the latitude of Epi island and the impact zone has
experienced a northward migration since that time

- (Greene and Collot, 1994). Therefore, a direct rela-
tionship between the DEZ subduction and the geo-
chemistry of the NHCC should show a concomitant
northward migration of the geochemical anomaly,
followed by a progressive return to ‘normal’ mag-
matic arc processes on its trailing edge. As a conse-
quence, HLa/Yb rocks covered by LLa/Yb rocks
should be expected to occur from Kuwae to Am-
brym, whereas in Aoba (presently in front of the
DEZ), recent lavas would be only of the HLa/Yb
type. Our detailed sampling allows us to discuss
these topics.

— South of Kuwae, only LLa/Yb compositions
exist along the SVS of the NHCC, and at Epi island
and Kuwae LLa/Yb compositions predominate dur-
ing the entire evolution of these volcanoes.

— On Ambrym, HLa/Yb basalts are scarce and
do not correspond to recent products. The few differ-
entiated, rocks with a weak HLa/Yb character come
from both the basal shield volcano and the recent
(< 2000 yr B.P.) post-caldera suite (MacCall et al.,
1970; Robin et al., 1993; Picard et al., 1995). In
contrast, almost all basalts and differentiated rocks
are LLa/Yb, independent of their stratigraphical po-
sition. At this mostly subaerial volcano (according to
the bathymetric map of Chase and Seekins, 1988),
our detailed sampling (Picard et al., 1995) is cer-
tainly sufficient to definitively preclude the existence
of a HLa/Yb inner core capped by post-collision
LLa/Yb products. Thus, this volcano appears largely
dominated by LLa/Yb magmatism.

— Scarce, old Ti-rich lavas from Aoba island
(Eggins, 1993) may be, on the basis of trace-element
data, related to pre-DEZ collision Pliocene (3.65-
3.30 Ma) sills, sampled in the North Aoba Basin at
ODP Hole 833 (Hasenaka et al., 1994). These rocks,
which have lower La/Yb than the young lavas from
Aoba island, might correspond to a pre-DEZ colli-
sion volcanic phase (note that the voluminous sub-
marine edifice has not been sampled), even if pre-
collision ‘normal’ rocks are not usually Ti-rich. Most
samples from Aoba island are young HLa/Yb

basalts, but a few recent LLa/Yb (but not HTi)
basalts also occur. As these scarce LLa/Yb rocks
are overlain by HLa/Yb formations, they cannot
mark a progressive reversion to ‘normal’ post-colli-
sion compositions.

Thus, the relationship, in terms of leading edge
and wake effects, between the LILE and LREE
enrichment and the northward migration of the DEZ
collision zone is not tenable. This is confirmed by
the anomaly peak which clearly coincides with Santa
Maria, an area probably still unaffected by the DEZ
subduction. On this well sampled island, all pre-
caldera basalts and differentiated rocks are HLa/Yb,
which implies that ‘normal’ LLa/Yb pre-caldera
suites probably never occurred, given the mostly
subaerial nature of the volcano (according to the
bathymetric map of Chase and Seekins, 1988).
Moreover, all recent (post-caldera) basalts are
LLa/Yb (even if this LLa/Yb character is relatively
weak; Figs. 4 and 7). These recent basalts are also
unusually Sr-rich (and also Al,O,- and Na,O-rich)
for ‘normal’ LLa/YDb basalts, possibly as a conse-
quence of plagioclase phenocryst accumulation in a
shallow magmatic chamber (Monzier et al., in prep.).
Thus, a few thousands of years ago, a marked change
from HLa/Yb lavas to LLa/YDb lavas occurred at
Santa Maria, apparently without 'a concomitant tec-
tonic change. As post-caldera lavas are only basaltic,
they probably correspond to the ascent of a new
magma batch following the complete emptying of an
earlier magma chamber. North of Santa Maria, at
Vanua Lava island, only LLa/Yb, compositions ex-
ist, a remarkable feature given the small distance
between the two islands.

Therefore, rather than an interpretation related to
the DEZ subduction and its northward migration
along the arc, an alternative interpretation based on a
strong geochemical anomaly located under Santa
Maria and Aoba islands is preferred. As no fractional
crystallization process can link LLa/Yb and
HLa/Yb primitive compositions, this geochemical
anomaly is linked to discrete mantle source composi-
tions. Moreover, as shown by isotopic data, it cannot
have a slab origin (Briqueu et al., 1994). In contrast,
isotopic data suggest that a DUPAL-type mantle,
result of a long-term (> 500 m.y.) enrichment pro-
cess, is the probable source of the HLa /Yb products
(Briqueu et al., 1994).
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Normal arc magma generation occurs by melting
in the mantle wedge of a residual upper mantle
source previously depleted by BABB melt extraction
and driven by convection in the mantle wedge
(Woodhead et al., 1993). We suggest that an E-W-
oriented strip of enriched mantle under the N160°E
axis of the North Fiji Basin may extend westward
beneath Santa Maria and Aoba islands, and may well
explain both the generation of enriched ‘OIB-like’
basalts along this axis (Eissen et al., 1994; Nohara et
al., 1994) and the generation of the HLa/Yb anoma-
lous magmas of the NHCC. Given the few composi-
tions with a weak HLa/Yb character found at Am-
brym, Epi and Kuwae, and the continuous spectrum
existing from LLa/Yb to HLa/Yb compositions
(Fig. 4), some limited participation of the enriched
source in the magma generation should occur in the
mantle wedge under this volcanic segment. Con-
versely, some limited participation of the depleted
source in the magma generation under Santa Maria
and Aoba is also likely.

If the ascent of enriched mantle under the Santa
Maria—Aoba volcanoes (and the backarc troughs) is
occurring, in contrast, the proposed eastward deflec-
tion of the site of arc magmatism (Crawford et al.,
1995) is really not evident for the Santa Maria—Aoba
segment, where the peak anomaly is located (Fig. 2).

166 167 168 169°E

Such a deflection clearly exists for the Ambrym-—
Kuwae segment, but the geochemical anomaly in this
zone is weak. Thus, the interpretation by Crawford et
al. (1995), which correlates the unusual character-
istics of the DEZ volcanoes to an eastward and
downward deflection of the site of arc magmatism in
front of the collision zone, is not supported by our
data and model.

In conclusion, since = 3-2 Ma, a westward and
upward invasion of enriched mantle, well sustained
by the distribution of the intermediate seismicity
(200-259 km deep) under the central part of the arc
(Fig. 9) seems to better explain the anomalous geo-
chemistry of volcanics from Santa Maria and Aoba.
The unusual longitudinal distribution of the interme-
diate seismicity beneath Santa Maria and Aoba, with
the top of a seismic arch overlying an aseismic core,
strongly supports the ascent of such an' enriched
mantle diapir (Figs. 2 and 3). Furthermore, ascent of
this diapir would also explain the peculiar arched
form of the detached slab beneath Ureparapara to
Efate. The detachment, probably triggered by the
collision of the DEZ with the arc, would be less
important under the Santa Maria—Aoba segment than
under Ureparapara—Vanua Lava and Ambrym—Efate
segments, because of the upward motion of the
mantle diapir beneath Santa Maria and Aoba, which

80-139 km

1

r

| 2t S S S S e e S S B S B S e et o e e B

1
| e

1 Lo
LIRS I T T s

14019 km

»
:

»
|t e e e LI S e

A VOLCANOES U=Ureparapara, VL=Vanua Lava, SM=Santa Maria, Ao=Aoba, Am=Ambrym, L=Lopevi,
EEp=East Epi, Kw=Kuwae, Em=Emae, NEf=North Efate volc.; ML=Mere Lava (not in the NHCC)

Fig. 9. Intermediate seismicity (USGS~NEIC, 1961-1988; n > 20 stations) under the central part of the New Hebrides arc. The slab is
outlined and the westward and upward propagation of a deep regional body of Indian Ocean-type MORB mantle (IOTMM ) beneath Santa

Maria and Aoba islands is represented (see text and Fig. 2Fig. 3).
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would support and slow down the sinking slab. The
westward and upward invasion of upper mantle con-
sidered here obviously contrasts with the general
convective motion established under the arc (Fig. 3),
which would likely enhance mechanical and chemi-
cal mixing between depleted and enriched material.
This would account for the variable participation of
both sources in magma generation in the central part
of the arc.

The very recent change in the characteristics of
Santa Maria volcanism (post-caldera LLa/Yb-HSr
basalts) probably corresponds to a move towards a
more ‘typical’ situation, with magmas being issued
from a more ‘normal’ depleted mantle (Fig. 2). This
emphasizes (i) either the instability of the anomaly
(due to variations in the mechanical and chemical
mixing between enriched and depleted mantle?) or a
modification in the deep feeding circuit as shown in
Fig. 2, and (ii) the close connection between deep
and crustal-level evolution in arc magmatism.

Finally, from Tanna to Hunter volcanoes, the
existence of a compositional transition between the
rocks of the SVS and the HMAVS implies a decreas-
ing participation of the ‘normal’ depleted mantle
source, combined with a greater participation of the
high-Ca boninites refractory source in NHCC mag-
matism. The complex history of this southern termi-
nation of the arc, with evolving transform plate
motions related to both the intersection between the
N-S-oriented North Fiji Basin spreading axis and
the arc, and the Loyalty Ridge collision, probably
favoured this progressive interplay between the two
magmatic sources.
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