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PART I

THE GEOLOGY, PETROLOGY-GEOCHEMISTRY A:\'D TECTONIC
EVOLUTION OF THE NEW HEBRIDES ISLAND ARC

Anthony J. CRAWFORDl and Stephen M. EGGINS2

INTRODUCTION

The New Hebrides Island Arc (Fig. I), of which the

Republic of Vanuatu and the Santa Cruz Islands (Eastern

Outer Solomon Islands) are the subaerial expression, is

part of a narrow chain of Tertiary to Recent volcanic

island arcs extending from Papua New Guinea and the

Solomon Islands, through Fiji, Tonga, and the Kermadec

Islands, to New Zealand. The Vanuatu segment, which

extends from the Torres Islands in the north to the islands

of Mallhew and Hunter in the south, is a 700 km-long,

partly emergent ridge with an average width of 200 km,

overlying a steeply eastward-dipping subducted sbb.

Major physiographic features of the New Hebrides

Arc (Fig. 2) include (1) a trench to the west; (2) an arc

platform complex that consists of emergent bedrock ridges

(Western Belt and Eastern Belt), submarine gr:J.bcns (Jean

Charcot and Coriolis Troughs), an active volcanic chain

(Cenual Chain) within a central sedimentary basin, and

(3) a backarc zone continuous with the North Fiji B:J.sin

(Greene et al. 1988).

The island geology of Vanuatu has been described as

consisting of three volcanic provinces (lvtitchell & Warden

1971; Mallick 1973): the calc-alkalic volcanics of the

Western Belt (late Oligocene to middle Miocene); thc

tholeiitic volcanics of the Eastern Belt (late Miocene to

early Pliocene); and the acti ve Central Ch:J.in (btc Miocenc

or Pliocene to Holocene).

In this Guide, we provide a summ:J.ry of thc tectonic

and geological evolution of the New Hebrides Isbnd Arc

based on published and unpublished inform:J.tion, followed

by a detailed field guide for the proposed lAVCEI Ficltrip.

The section detailing the geologic:J.1 evolution of the arc

1

w:J.s assembled by AlC, drawing heavily on Macfarlane,

Camel', Crawford and Greene (1988); the tectonic

synthesis is b:J.sed on a compilation by AlC of published

works. The petrological summary was largely wrillen by

SlvlE, based on published and unpublished studies. The

bulk of the actual field guide, including all the

volcanological aspects of the proposed fieldtrip,

descriptions of locations to be visited, and pertinent

background, was prepared by CR and MM.
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PREVIOUS WORK

The earliest known geologic observations in Vanuatu

are attributed to the explorer Queiros, in 1606, the first

European to visit the islands. He is reponed as having

seen smoke rising from the now-extinct Merelava volcano

in the Banks Islands. Over 150 years later, Captain Cook,

on his second voyage of exploration to the Pacific, landeD

at Pon Resolution on Tanna in 1774, where he sampleD

the hot springs and witnessed an eruption of Yasur volcano.

In the next hundred years or so, accounts by the early

2

Christian missionaries of volcanic activity and descriptions

of rock specimens collected during naval visits entereD

the literature.

The fIrst systematic geologic investigations were made

by Douglas Mawson, an Australian geologist who visiteD

most of the islands in 1903. He recognizeD the essentially

volcanic nature of the archipelago and the presence of

raised coral platforms in many areas (Mawson 1905).

Mineral prospecting in the 1930's, in particular by the

French geologist Auben de la Rue, leD to reconnaissance

accounts of the general geology and volcanism of
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individual islands. However it was not until after World

War II that the first geologic maps were produccd. Thcse

maps largely were based on research instigated by French

mining companies (e.g. Obellianne 1961; Lemaire 1965).

As a result of this interest in the mineral potential, the

then Joint Administration of the Anglo-French

Condominium of the New Hebrides (since 1980 the

independent republic of Vanuatu) initiated in 1959 a

program of regional reconnaissance geological mapping

at a scale of 1: I00,000. This survey was completed in

1979, and resulted in the publication of eleven coloured

geological maps of inidividual island groups, and a

1:1,000,000 coloured geological map of the archipelago.

With two exceptions (Aoba and Ambrym islands), these

maps are accompanied by detailed reports, all of which

are referenced below.

Collaboration (USA, New Zealand, Australia, and

nations of the SW Pacific) within the SOPAC program

began in 1982 with the first Tripartite cruise, which

investigated the potential for offshore oil and gas resources

in Tonga, Vanuatu and the Solomon Islands. Joint surveys

using USGS vessels continued during Triparti te II cruises,

and data gathered in the waters of the Republic of Vanuatu

are reported in Volume 8 of the Circum-Pacific Council

for Energy and Mineral Resources (Eds. Greene & Wong

1988).

The French scientific agency ORSTOM has played a

major role in the geophysical and volcanological study of

the islands and offshore Vanuatu, and two detailed

bathymetric maps have been published covering all of the

arc south of about 14°S (Monzier et al. 1984; 1991).

Seismometers have been deployed on a number of islands,

and detailed volcanological investigations of Ambrym,

Tanna, Santa Maria, and the small islands that make up

the devastated Kuwae caldera are published or in progress

(Robin et al. 1993; Picard et al. in press; Monzier et al.

submitted). Maillet et al. (1986) reported a detailed

petrological study of Matthew and Hunter Islands at the

very southern termination of the arc.

The petrology group at the University of Tasmania

has been working in Vanuatu since 1987, and detailed

studies of Epi (Crawford et al. 1988; Barsdell & Berry

1990; Merelava (BarsdellI988; Barsdell & Smith 1989);

Aoba (Eggins 1993) are published, and on-going studies

of the isotopic composition and petrogenesis of the arc

3

lavas arc ncaring complction (Eggins in prep.). Another

set of samplcs from a numbcr of islands, and taken from

the collections of the Geological Survey of Vanuatu, are

being analyzed for Sr-Nd-Pb isotopes by Dr D Peate

(Durham). A paper detailing the selling and petrogenesis

of the submarine volcanoes in southern Vanuatu is

complcted (Monzier et al. in press), and further studies of

these lavas are underway at UTas (Crawford,

Danyushevsky, Monzier, Eggins). Detailed petrological­

geochemical studies of the dredged lavas from the narrow

Coriolis and Jean Charcot 'backarc' troughs are also

nearing completion (Crawford, Maillet, Danyushevsky &

Eggins, in prep.). Lavas dredged from the submarine

Hunter Ridge, including primitive arc tholeiites and

boninites, have been described (Sigurdsson et al. 1993)

and further work on this suite of rocks is in progress at the

University of Tasmania. Finally, a cruise to surveying

and sampling the remainder of the Hunter Ridge is

scheduled for October, 1993, and will involve French

(Maillct, Monzier) and Australian petrologists (Crawford,

Eggins, Verbeeten, Danyushevsky) .

REGIONAL SEISMOTECTONIC SETTING

Thc New Hebrides Island Arc is underlain by an east­

dipping Benioff zone that is relatively continuous along

the length of the arc and marks the site of subduction of

the Australia-India pbte beneath the Pacific plate (Figs 1,

2 and 3). The New Hebrides Trench, which lies west of,

and runs parallel to, the New Hebrides Island Arc over

much of its length, is absent opposite Espiritu Santo and

Maiakula, due to collision of the twin-spined

d'Entrecasteaux Zone with the arc. A~ the southern end of

the arc, east of the islands of Matthew and Hunter, the

trench passes eastward into a complex basin-and-ridge

feature known as the Hunter Fracture Zone - Hunter

Ridge, and the Early Tertiary Loyalty Ridge is in incipient

collision with the southern end of the arc.

Immediately west of the New Hebrides Trench, witht

depths of -1,000-5,000 m, is the Nonh Loyalty Basin,

which is floored by oceanic crust that has been dated at

DSDP Site 286 (Andrews, Packharn et al. 1975) as middle



t
N

I

(J Hunler

PACIFIC PLATE

NORTH FIJI BASIN

Motlhew
o

ARC PLAiFORM COMPLEX

170'

TRENCI-1

NHT ES A P
A_---J.I__.Lr====__~ .l::_..r...,:L__ A.

IBACKAec

Bonks Is

Major fracture

Trace 01 plate contact. cashed
wnere buried

RiMe::: ~asln

I
165'

Vo!ca~IC aSSOcIatIons

Tec:onlC elements

Late Miocene 10 HOlocene
(Central Chain)

Late Miocene to early Pliocene
(Eastem Belt)

Late Oligocene lC mIddle Miccene
(Westem Belt)

Intra· arc sedimentary baSin

10 C'Tl/yr

Y,4
Y ~ Uplif:ed ridge

/f
/1

lliiJ
~=

Central Basin SMFZ Santa Marra fracture zone

2 Banks Basin ABFZ Aoba fracture zone

3 Vanll<olo Basin AMFZ Am~rym fracture zone

EFZ Epl fracture zone

0 100 200 km VFZ Vulcan fracture zone
: I

__............. Relative plate motion (American
-V AsSOCiation of Petrole~m

GeologistS. 1981)

15'

20'

Figure 2: Generalized geological and structural setLing of the New Hebrides Island Arc. After Greene et al. (1988)

4



VanUlaU Field Trip Guide

III \;\1'

SOUTH FIJI BASIN

BASIN

FIJI

NORTH

;/",!
~ ,.1.nul3v:g

MItreGTlkOOla

"'0
"0\ ? K1I~~~lers 200

\ Bathymetry In meters
I

. '-... Ree! l$1ands

\o SANTA
NendO \"

Uluoua'V tRUZ IS.
\) ,

VanrkalQ

00-\
=
~
~.

NEW

ZE'>LAND,
,eo'

I

o 1000 0("

~-~---

../'"US-rRlLIA

TASM4N

SEA

\I:J \

20'

CORAL

SE'>

[.

Figure 3: Bathymeuic map of the New Hebrides Island Arc - Loyalty Basin region (after Greene et al. 1988)

5



Eocenc (Fig. 3). The Loyalty Ridge, togcthcr with thc

ridge bearing the island of New Calcdonia, passcs

northwestward into the d'Entrecastcaux Zone (DEZ), an

arcuate horst-and-graben structure some 100 km wide.

Opposite Espiritu Santo and Malakula, the DEZ is being

subducted beneath the Pacific plate. Here, the east-w(;st­

trending DEZ is made up of the Nonh d'Entrecasteaux

Ridge of oceanic-type crust, the smooth-bottomed Centrnl

d'Entreeasteaux Basin (to 4,000 m deep), and a line of

seamountS, the South d'Entrecasteaux Chain. The DEZ is

considered to be a late Eocene south-dipping subduction

zone that was uplifted during Miocene time. This

subduction event caused island arc volcanism in the

Loyalty Islands and the South d 'Entrecastcaux Ch3in

(Maillet et al. 1982; Collot et al. 1985; 1992). Nonh of

the DEZ are the West Santo Basin and the West Torres

Massif, which, from the few data available, are considered

to be, respectively, an old trench-like feature (Collot et a!.

1985) and an oceanic plateau with intermediate crust.

The West Torres Massif, like the DEZ, is impinging on

the arc just north of Espiritu Santo island 3nd is about to

be subducted.

East of the New Hebrides Island Arc lies the North

Fiji Basin, a marginal sea no older than middle to late

Miocene (Malahoff et a1. 1982). This basin is separated

from the older South Fiji Basin ofOligocene age (1\1alahoff

et al. 1982) by the nonheast-trending Hunter Fracture

Zone. Complex multi-stage opening of the North Fiji

Basin (Auzende et al. 1988a; Lafoy et al. 1990) and

backarc extensional troughs (Recy et a1. 1990; Monjaret

et al. 1991) accompanied rotation of the arc (se below).

At the northern margin of the Northj Fiji Basin are the

inactive volcanic islands of Mitre and Anuta (Fig. 3),

which were derived from former subduction of the Pacific

plate along the "fossil" Vitiaz Trench (Jezek et al. 1977).

Undenhrusting and subduction of the Australia-India

plate result in intense shallow and intermediate depth

seismicity (Fig. 4) that has been extensively studied since

1960. Overall seismic propenies have been described by

Pascal et a!. (1978), Louat et al. (1982), Marthelot &

Isacks (1985) and Prevot et al. (1991). More detailed

studies, including analysis of local network data from the

central and southern pan of the arc, have been reponed by

Isacks et al. (1981), Manhelot et al. (1985) and Hamburger

& Isacks (1987).

6

Thc direction of rclativc pl3tc convergence, dctermined

from sh3110w thrust-type mechanisms occurring between

11 aS and 21 aS is N75°E, and the present convergence rate

varies from 16 cm/yr at II'S to 12 cm/yr at 20"S (LoU3t

& Pcllctier 1989). Significantly, the orientation of the

trnnsform faults at the southern (Hunter FZ) and northern

ends of the arc parJJlel this computed plate convergence.

A minimum convergence rate occurs where the DEZ is

colliding with the central pan of the arc (9 cm/yr). Oblique

extension generally occurs along the eastern (backarc)

flank of the main pan of the New Hebrides Island Arc,

except at the latitude of the DEZ collision, where backarc

compression is active. A well-defined Benioff zone dips

steeply to the east (Fig. 5), extending to 350 km downdip

along much of the arc, although it is apparently shoner

(-220 km or less) south of Anatom Island in the southern

part of the arc. Along the main part of the arc, Quaternary­

Recent volcanoes of the Central Chain lie at 100-200 km

above the subducted slab.

In contrast to subduction zones such as the Alaska­

Aleutian or Chile convergent margins, shallow seismicity

in the New Hebrides Island Arc cannot be described in

terms of precisely bounded segments ruptured regularly

by events of large magnitude (e.g. Manhelot & Isacks

1985; Louat et al. 1988). The extreme structural

complexity of the subducted plate, as described above,

may be responsible for this observation. Ridge-arc and

massif arc coli isions have played an increasingly important

role in the teconic and magmatic evolution of the arc

(Daniel et a1. 1986; Collot et al. 1992).

The abrupt change in the width of the arc platform

between Tanna and Anatom Islands at the southern end of

the arc coincides with the sudden shonening of the

subducted slab and Benioff zone (Fig. 6a, b), and has

been interpreted by Monzier et al. (1984) and Louat et al.

(1988) as a former southern termination of the arc at the

latitude of AnalOm Island. During rotation of the

subduction zone, spreading in the North Fiji Basin led to

southward lengthening of the arc-trench system from

Anatom, to the present general areas of Hunter Isl3nd

(Falvey 1978; Daniel 1978; Falvey & Greene 1988; Louat

et al. 1988). To account for the southward decreasing dip

of the Benioff zone, and sharp changes in seismic and

petrological features in the southernmost section of the

New Hebrides Island Arc, Monzier et al. (1984) proposed
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that the subducted slab was tom by twO hinge zones,

parallel to the plate convergence vector (Fig. 6a). One

such hinge is an active E-W sinistral transform maL may

extend as far east as the offset of the southernmost

spreading centre in the Nonh Fiji Basin. North of this

tnUlsfonn, near-onhogonal convergence is driven Dy active

subduction of the oceanic lithosphere of the North Loyalty

Basin. South of this boundary, oblique convergence has

sLOpped, and only a small amount of onhogonal

(northward) convergence occurs m the trench, with the

Matthew-Hunter microplate being strongly coupled to

the Indian - Australian plate. The volcanic islands of

Matthew and Hunter lie only 85 km above the Benioff

zone. Clearly, the southern end of the New Hebrides

Island Arc is a tectonically unstable and transient region,

with considerable tecLOnic and petrological complexity

(Maillet et al. 1989; Sigurdsson et 31. 1993).

TECTONIC DEVELOPMENT OF THE NEW

HEllRIDES ISLAND ARC

The early history of the New Hebrides Island Arc is

generally considered to have occurred behind the late

Eocene Vitiaz trench, above the southwest-dipping,

subducting Pacific plate (Falvey 1978; Carney &

Macfarlane 1977a. 1978; Hamburger & Isacks 1987;

Auzende et al. 1988; Falvey & Greene 1988; Musgrave&

Finh in prep.). The composite Vitiaz-New Hebrides arc

system fonned part of the Outer Melanesian Arc System,

and was continuous along strike from the Tongan and

Solomons Islands arcs. Choking of this long subduction

zone due to ani val at the trench of the immense submarine

OnLOng Java plateau in the Solomon Islands sector is

believed to have forced a reversal of subduction polarity.

The timing of subduction polarity reversal is poorly

constrained, but is generally believed to have been around

10 Ma. Shortly before (Carney & Macfarlane 1977b;

1978) or shortly after subduction reversal (Falvey 1978),

backarc spreading in the Nonh Fiji Basin began. A tectonic

reconstruction of the Vitiaz arc (Falvey 1978) and a

rifting model for the evolution of the New Hcbrides

Island Arc (Greene et al. 1988a) are given in Figure 7.

Magnetic anomaly 4 has been identified over the

oldest crust in the North Fiji Basin, indicating that

9

spreading betwecn the New Hebrides arc and the rcmnant

Vitiaz arc was underway by m least 8 Ma (Malahoff et al.

1982). The opening of the North Fiji Basin and resultant

rOL:ltion of the New Hebrides and Fijian island arcs has

been in the manner of opening double doors, with the

northern 'door' bearing the New Hebrides arc swinging

clockwise as the basin opened, and the southern 'door'

carrying the Fijian arc swinging anti-clockwise (Figs. 7

& 8). M usgrave & Firth (in prep.) suggest that the entire

New Hebrides Island Arc has been rOlated clockwise by

50,,± 13° since the late Miocene (beginning nO later than

8 Ma), and that subduction may have continued beneath

the Vitiaz arc until as recently as 3 Ma, implying

simultaneous subduction, to the east along the New

Hebrides Trench and to the west along the older Vitiaz

Trench. The northern end of the Vitiaz Trench may have

been subparallcl La the late Miocene Pacific - Australia

platc convergcnce direction in this region, thus acting as

a transform boundary, with little associated subduction­

relmed magmatism.

Pacific plate motion changed significantly around 3

Ma (poll ill 1986), and M usgrave& Firth (in prep.) suggest

that this resulted in increased subduction along the New

HcbridesTrench. As described lmer, significant events in

the New Hebrides Island Arc at around 3 Ma include

uplift of the Western Belt islands of Pentecost and Maewo

and cessmion of acti ve arc volcanism On these islands,

and emplacement of horsts of Basement Complex

ophiolitcs probably along the entire ridge nOw delineated

by the Western Belt (Macfarlane et al. 1988).

A restoration of the Outer Melanesian Arc System

relmive to a fixed Australian plme for the Middle Miocene

is shown in Figure 8, after Musgrave & Firth (in prep.).

The Tongan arc has been restored LO its pre-Lau Basin

opening position and the Fiji Platform and nonhern Lau

Arc have been rOlated clockwise to close them against the

Tongan Arc and bmhymetric highs of the Vitiaz Arc. This

reconstruction reCOnnecLS the New Hebrides Island Arc

and the Fiji Platform as a continuous, roughly collinear

feature. rather th:m placing the Fiji Platform north of the

New Hebrides Island Arc, as required by the Falvey

(1978) model (Fig. 7). In this model, the Fiji Platform is

rolated 25°, and subduction along the northern Hunter

Fracture Zone (Kadavu Trench) also began as the fracture

zone rOL:lled ea'itwards as pan of the rotation of Fiji.
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Figure 8: (a) Middle Miocene reconstruction of the Outcr Mclanesian Arc relative to a fixed Australian Plate.
Inset shows a more speculative Middlc Miocene reconstruction.Aftcr Musgrave& Finh (in prep).
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Figure 8: (b) About 5 Ma: Oblique subduction continues below the Solomons on both Lf.te North Solomons Trench
and South SoIomons Trench; subduction is active along the New Hebrides Trench a-.'"HT), and subduction
of Pacific Plate continues along the Vitiaz Trench. Subduction along the NHT is negligible in the north and
increases southward. The Nonh Fiji Basin is opening in response. (c) About 3 Ma: In response to a change
in Pacific Plate moLion, oblique subduction along thc North Solomons Trench and Vitiaz Trench halts, and
subduction rate along the South Solomons Trcnch increases to t.1ke up IOOS"'c of the Australia - Pacific
convergence. Subduction rate also increases along the NHT. Solomon Islands and Vitiaz arc both trans­
ferred to the Pacific Plate. Rot.:ltion of the Fiji Platform causes subduction along the Kandavu Trench
(Hunter Fracture Zone). As the New Hebrides Island Arc swings southwestward. it intercepLS the d'Entre­
casteaux Zone; the NHT grows southw:lfd, and new volcanic edifices extend the arc (After Musgr:lve &
Firth. in prep.)
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GEOLOGY OF THE ISLANDS

The Western Belt

The Western Belt (Fig. 2) consists of a crusta! wedge

of rocks up to 26 km thick along the western edge of the

centtal arc platfonn complex in Vanuatu and is exposed

on the islands of the Torres group. Espiritu Santo. and

Malakula.

The Torres Islands (Greenbaum et al. 1975) form the

most northerly landmass in Vanuatu and consist of a

cluster of small. mainly coral islands with a total land

area of no more than 120 krn2 and a maximum elevation

of 366 m.

Espiritu Santo (Robinson 1969; Mallick & Grcenbaum

1977; Camey & Macfarlane 1985). some 120 km fanher

to the south. is the largest island in Vanuatu and covers

about 4.150 krn2• Physiographically it can be divided into

a deeply dissected western mountain range of volcanics

and volcaniclastics. including in the southwest Ml.

Tabwemasana at 1.879 m (the highest point in Vanuatu),

and an eastern reeflimestone plateau series tilted eastward.

In the Big Bay area. between these two blocks. is an

extensive. Iow-lying alluvial plain.

Malakula (Mitchell 1966. 1971) is immediately

southeast of, and comparable in size to. Espiritu Santo but

has a much more subdued topography. The central volcanic

area is deeply dissected and rises to only 879 m on Ml.

Penot in the south. It is surrounded by an elevated coral

limestone plateau and. at the coast, by narrow "ribbons"

of alluvium bordering the major rivers that drain the

interior.

Stratigraphic columns for the Western Belt islands are

given in Figures 9 and 10.

Qligocene

Pelagic sediments of presumed Oligocene age accumu­

lated in water depths of 4.000-6.000 m and are the oldest

rocks known from the Western Belt (Fig. 10). They are.
exposed only in northwest Malakula. where they are

assigned to the Red Mudstone Fonnation (Mitchell1971).

The sediments are well-indurated dark-red and chocolate­

brown mudstones containing altered volcanic fragments

and plagioclase crystals, which alternate with graded
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sandstone and minor limestone laminae. The maximum

thickness cxposed is no more than 200 m. No diagnostic

organic remains have been rccognized. Because of their

zeolitc·facies metamorphic grade. these sediments are

considercd to be ocean floor deposits older than the

dominantly volcanic Matanui Group to the east, with

which thcy are in high-angle fault contact (MiLChell 1971).

However. they could equally well be the uplifted

deepwater-facies correlate of these volcanics (Carney et

al. 1985).

Red claystone cobbles of probable deepwater origin,

and similar to the Red Mudstone Fonnation pelagites. are

present in a Quaternary limestone conglomerate on Efate

to the southeast. They may have been derived from a

southern extension of the Western Belt that was once in

an elevated position near Efate (Camey 1982).

Late Oligocene to Earlv Miocene

The earliest event common to all the Western Belt

islands was extensive submarine volcanic activity (Fig.

10) that locally built up small landmasses linked by

fringing reefs. Basinal sediments were deposited between

volcanic highs.

Torres Islands: The oldest rocks belong to the Torres

Volcanics (Fig. 10; Greenbaum et al. 1975). Outcrops of

the formation are confined largely to coastal sections.

Rock types include autobrecciated and massive lavas

interbedded with reworked pyroclastic and epiclastic

breccias and tuffs.

The earliest volcanism was confined to the twO

northernmost islands in the group, and representative

lavas include calc-alkaline hornblende andesites. Eruptive

centers subsequently migrated southward, producing

basaltic andesite and olivine basalt lavas. Deposition was

largely submarine and the lavas are locally pillowed. of

low vesicularity and not generally oxidized. However.

minor subaerial flow units at the top of the succession

indicate eventual emergence of the islands. Shallow water

conditions. which supponed reefal growth are also evident

from limestone clasts in polymiclic breccias from the

southernmost island.

KlAr delerminations on porphyritic andesites from

the northernmost island have yielded ages of 39 Ma and

37 Ma and place the Torres Volcanics at the late Eocenel
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early Oligocene boundary. However, foraminifers from

limestone c1asts indicate a late Oligocene to early Miocene

age of no more than 20-25 Ma. Therefore, either a great

time range exists within the Torres Volcanics or else, as

preferred by Greenbaum et al. (1975) and Macfarlane et

al. (1988), the radiometric ages are anomalously high.

Kroenke (1984), on the other hand, argues for the validity

of the KjAr dates and an early Oligocene age for the

Torres Volcanics. The problem remains unsolved.

Espirilu Santo: The oldest rocks (Fig. 10) occur in the

southwest and are mainly coarse, massive submarine

volcanic breccias derived by fragmentation of basaltic

and andesitic lavas (Mallick & Greenbaum 1977).

Accumulation was by mass transpon close to the source

vents that lay to the west, southwest, and east. Included

within the breccias are graded units of fine breccias and

sandstones together with local calcirudite bands and minor

limestone horizons. No base to the breccias is exposed

and minimum thicknesses are estimated at 3,000 m in the

north and 1,000-2,000 m in the east.

Massive and discontinuous lenses of algal-nodule

limestones with characteristic latest Oligocene to early

Miocene microfossiIs, both overlie and are intercalated

with the volcanic breccias. They indicate shallow-water

deposition and the presence of fringing reefs around

volcanic highs.

Malakula: Volcanics, volcaniclastics, and carbonates,

equivalent in age to those of southwest Espiritu Santo,

dominate the central regions of Malakula and are

coIlectively assigned to the latest Oligocene to early

Miocene Matanui Group (Mitehe1l1966, 1971). They are

the products of submarine volcanoes, which from time to

time emerged as small islands surrounded by fringing

reefs. Estimated thicknesses range from 7,000 m in the

north to 3,000 m in the south, although nowhere is the

base of the succession exposed.

Volcanic breccias and unsorted and unstrati fied

submarine and subaeria! autobreccias are the characteristic

rock types. These grade with increasing proportions of

matrix into volcanic paraconglomerates interbedded with

greywackes and limestones. Andesite and basaltic andesite

are the main c1ast types; mudstone, carbonized wood

fragments and limestone are less common. Thin pyritized
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sandstone and carbonaccous siltstOne with wood and plant

remains form thin bands and laminae in the finer sediments

and are often associated with discontinuous beds and

lenses of fragmental limestone; the latter may occur also

as large exotic blocks up to 300 m in size. Dacitic

pumiceous agglomerates and tuffs interlayered with the

sediments are evidence of minor explosive volcanic

activity and with the limestones form distinctive marker

horizons.

KjAr dates of 20-14 Ma from seven hornblende­

bearing dikes cutting the volcanics (J.1itehell 1971; Gonon

1974) suppon the latest Oligocene to early Miocene age

for the Matanui Group.

Earlv 10 Middle Miocene

Thick basinal sequences accumulated in fault-bounded

lows on Espiritu SantO and Malakula during early to

middle Miocene time. Extensive submarine eruptions then

followed, which largely buried the older sediments. No

equivalent events are recognized in the Torres Islands at

this time (Fig. 10).

EspirilU Santa: In early to middle Miocene time,

sediments of the Pua, Peteao, and Pelapa Greywacke

Formations were deposited in a large basin that extended

between the volcanic highs of southwest Espiritu Santo

and a landmass that once lay to the north or northwest of

the Cumberland Peninsula on Santo (Carney & Macfarlane

1985).

Submarine accumulations of coarse volcanic breccias

in south and southwest Espiritu Santo are derived from

nearby source vents to the east and lie with unconformable,

discordant, and fault-bounded contact on the older

Miocene sequences. Primary pyroclastic material

predominates as p]Toxene and hornblende andesites and

olivine basalts. Paraconglomerates, volcaniclastic

sands tOnes and calcareous interbeds are minor. The age

of the rocks is probably late early to early middle Miocene.

although there is no supponive fauna! evidence.

Along the CumberIand Peninsula, submarine deep­

water accumulations of the IIava Volcanic Complex

(Carney & Macfarlane 1985) consist of coarse epiclastic

paraconglomerates, predominantly basaltic breccias, and

calcirudites. Eastward, primary basaltic pillow lavas,

pillow breccias, and palagonitic tuffs predominate and



indicate deposition in shallower water close to former

eruptive centers in the Big Bay area. Contact with the

older Peteao Greywacke and Pelapa Greywacke

Formations in the west is conformable and

intergradational; thicknesses in this area approximate 500­

600 m, and increase northward and eastward to a minimum

of 2,500 m. Foraminifers indicate an early middle Miocene

age (ca. 15 Ma) for the Ilava Volcanic Complex (Fig. 9).

A KlAr date of 21 Ma from an andesite breccia clast in

the Ilava volcanics is thought to reflect derivation from an

older, early Miocene source (Carney & Macfarlane 1985).

Ma/aku/a: Possible age equivalents of the early to

middle Miocene Espiritu Santo volcanics are the coarse

flow breccias of the 500 m thick Lambubu Breccia

Formation (Mitchell 1971), which lie in isola tion on the

narrow neck joining northern and central MaJakula. Other

age equivalents (Figs. 9 & 10) may be the upper MaLanui

Group sediments of northern Malakula, where finely

laminated volcanogenic siltstones and mudstones, 1,500

m thick, are equated with the early middle Miocene Pelapa

Greywacke Formation of northern Espiritu SanLO. The

sediments are overlain by volcanic breccias, some of

which are identical in composition and degree of alteration

to those of the Lambubu outcrop (Carney 1985).

The exact relationship of the Lambubu Breccia

Formation to the Matanui Group is nOl known, but it

could be pan of an upper subdivision within the older

volcanics, not recognized or differentiated by MiLChell

(1971) elsewhere on Malakula. The youngest KlAr age of

14 Ma (MiLChell 1971) obtained from an intrusion CUlling

the volcanics would certainly accommodate such a

subdivision.

An isolated outcrop of glassy basaltic andesite flow

breccias located by Gonon (1974) on the southeast coast

is from an uncertain provenance. His KlAr ages of 10.7­

7.5 Ma on three samples have been eq uated (Carney et aJ.

1985) with the 12.7-Ma date for the volcanics of Mitre

Island (Jezek et al. 1977), which in the middle Miocene

lay close to the Western Belt (e.g. Carney & Macfarlane

1978). Kroenke (1984), however, considers these ages as

the frrst evidence of volcanism associated with east-facing

subduction in the New Hebrides Island Arc.

16

E:lrlv to Middle Miocene lntru~ions

Emplacement of early to middle Miocene late-stage

intrusions is associated with the volcanism on Espiritu

SanLO and Malakula. No equivalent intrusive phase related

to the Torres Islands volcanism has been identified,

however.

Espiritu Santo: Composite intrusions of basalt, basaltic

breccia, andesite, microdiorite, and minor gabbro, cut by

later basalt and andesite dikes, are generally elongate in

shape and parallel to the north and northeast-trending

faults that controlled emplacemenL Propylitic alteration

and associated pyritization are common, phyllic and

argillic alteration less so.

Three intrusive episodes are apparenL (1) A middle

early Miocene episode is associated with the final phase

of Oligocene LO early Miocene volcanism in southwest

EspirilU Santo. The N-S elongated intrusion in the extreme

southwest of the island belongs to this episode (Mallick

& Greenbaum 1977). (2) InU1Jsions of west-central Espiritu

Santo and the Cumberland Peninsula are associated with

the final phase of early to middle Miocene volcanism

(1v1allick & Grecnbaum 1977; Carney & Macfarlane 1985).

Ma/aku/a: Late-stage intrusions are distributed

throughout the Matanui Group (M itchell 1966; 1971) but

are known in detail only from northern and central

Malakula (Carney 1985). In these laller localities, they

are composite intrusions of basalt, andesite, microdiorite,

and quartz diorite emplaced along NNE- and t-.NW­

trending faults. Propylitic alteration with pyrite and minor

chalcopyrite mineralization is pervasive.

KIAr determ inations on several of the intrusions give

an age range of 2-14 Ma (Mitchell 1971; Gonon 1974).

This age range is compatible with the early to middle

Miocene timespan of the Espiritu Santo intrusions,

although three separate episodes have not been

demonstrated on Malakula.

Middle Miocene

In middle Miocene time, volcanogenic sediments and

reefal carbonates derived from uplifted volcanic

landmasses accumulated in fault-bounded, subsiding

basins along the eastern margins of western Espiritu Santo

and Malakula, and possibly off northern Efate. No
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comparable sediments are found on the Torres Islands

(Figs. 9 & 10).

Late Miocene to Earlv Pliocene

Uplift and erosion at the end of the middle Miocene

was followed by progressive subsidence and marine

transgression across all the Western Bclt islands.

Torres Islands: The volcanic basement of the Torres

Islands is overlain with gradational contact by the Pliocene­

PleistoceneSouth Hiu Formation (Greenbaum eta!' 1975),

a thin and discontinuous horizon <10 m thick.

Espiritu Santo: Hemipelagites of the extcnsive Tawoli

Formation on Santo lie with marked unconformity on

early and middle Miocene rocks. The basal bcds are

diachronous, extending in age from late Miocene to earliest

Pliocene, and were deposited after a marine transgression

over highly dissected topography, in at least 700m watcr

depth.

Malakula: Pliocene marine transgression across Malakula

deposited sediments of the Wintua and Malua Formations

on a marked angular unconformity on the Matanui Group.

These mainly shallow marine and lagoonal scdiments are

never thicker than 200m and include calcareous sandsLOnes

and mudsLOnes and occasional conglomerates.

Lale Pliocene to Holocene

Shallow, regressive sequences of late Pliocene to

Pleistocene age formed during uplift of Espiritu S~mto.

but occur nowhere else in the Western Bell. Reef

limestones cap the older rocks of the Western Belt, and

are the dominant rocktype in the Torres Group, over

eastern Santo, and large pans of Malakula where they

form a wide, nearly continuous platform around the isl:.1nd.

Geological History of the Western Belt

The oldest tectonic event in the Western Belt LOok

place in late early Miocene time (ca. 16 M:l). It involved

considerable east-west extension and intrusion into the

southwest Espiritu Santo volcanic axis. It was followed

by uplift and erosion and sediment accumulation in the
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east-west fault-boundcd PctC3o-Pclapa-Pua Basin. Ages

of 20-16 Ma on some of the Mabkula intrusions may

indicate that extcnsion lOOk place there also. but no

comparable events are known from the Torres Islands.

In carly middlc Miocene time (15-14 Ma) NNE-SSW

dextral wrenching and NW-SE reverse faulting,

accompanied by uplift and erosion, were the sites of

major intrusions on Espiritu Santo. A change in stress

regime to one of tensional faulting followed, and grabens

developed along the eastern margin of the main volcanic

axes on both islands; structures of this age either uuncated

or reactivated the former wrench lines. The Torres Islands

were submerged during this period.

Major uplift and erosion began in early late Miocene

time (11-8 Ma) and W:lS associated with E-W sinistral

wrenching on Espiritu SanLO. Equivalent events on

Malakula were NW-SEt reverse faulting and synclinal

development. The Torres Islands emerged at this time.

In the middle late Miocene (8-7 Ma) subsidence began

along the Western Belt, with deposition of the Tawoli

Formation. Total submergence had occurred by the early

Pliocene, at which time subsidence h:ld also begun on

Malakula and the Torres Islands, leading to the deposition

of the Malua and Wintua Form:ltions, and the South Hiu

Formation, respectively.

The gener:ll subsidence of the Western Belt was

interrupted by bricf intervals of uplift and erosion in the

Pliocene (5-3 Ma) (Taylor 1977). At this time considerable

terrigenous material, including reef-derived calcarenite

and c:llcirudite, was added to the sedimentary column.

Final vertical uplift of the Western Belt along normal

faults parallelLO its generall'.'W-SE axis in latest Pliocene

to Holocene time (2-0 Ma), was rapid, and influenced by

the subduction of the d'Entrecasteaux Zone. It brought

about elevation of the Quaternary limestones on all three

islands. Subduction of this bathymetric high caused tilting

of southern Espiritu Santo to the east., and of northern

Malakul3 to the northeast. Inferred r:ltes of uplift for

Espiritu Santo are 1-7 mm/yr increasing from east to

west, and for Malakula 0.4-5 mm/yr increasing from

northe:1stto southwest (Jouannic et al. 1980; Taylor et al.

1980). Limestone plateaux in the Torres group, in contrast,

are generally horizontal.
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The Eastern Belt

The islands of Maewo (Carney 1988) and Pentecost

(Mallick & Neef 1974) are the subaerial expression of the

Eastern Belt (Fig. 2), a narrow, uplifted horst more than

120 km long and 4-11 km wide on the eastern edge of the

arc platform complex (Greene et al. 1988). Structural and

geological maps of Maewo and Pentecost are given in

Figures 11 and 12 respectively. Morphologically, both

islands have much in common. They are linear in outline,

of similar area I extent and elevation (jUSt over 800 m

maximum), and bounded by steep coastal scarps. The

southern half of each island consists of deeply dissected

volcanics, volcaniclastics and, in the case of Pentecost,

ophiolites. The less dissected northern parts, however,

are dominated by reefal limestone plateaux.

Oligocene

The oldest known rocks from the Eastern Belt (Figs.

9 & la) belong to the Basement Complex, an ophiolite

suite emplaced into younger sequences, both as horst

blocks and as narrow irregular masses in east-west

fractures, along the southern spine of Pentecost (Mallick

& Neef 1974). These ophiolites have oceanic affinities

and may be derivatives ofOligocene seal100r upon which

the Eastern Belt island arc volcanics originally

accumulated. Alternatively, they may represent the earliest

manifestations of North Fiji Basin magmatism, erupted

around 15-12 Ma, which have been thrust back westward

over the arc, perhaps associated with collision of the

d'Entrecasteaux Zone.

Principal components of the Basement Complex are

(1) an ultrarnafic group of harzburgite, serpentinite, dunite,

and banded feldspathic peridotite, all carrying blocks and

rafts of schistose epidote amphibolite and cut by gabbroic

stocks and dikes, and (2) a thick pile of submarine pillow

basaltic lavas (the Batrnar Metalavas of Mallick & Neef

1974), which are thermally and metasomatically altered

by gabbroic intrusions, themselves partly metamorphosed.

They are believed to be the same age as the ultramafic

rocks although the relationship between the two is nOl

clear.

Two K-Ar dates of 35±2 Ma and 28±6 Ma suggest an

early Oligocene age for the amphibolite metamorphism,

and a late Oligocene or early Miocene age for the
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ultramafics and mctalavas intruded by the gabbro (l'.1a11ick

& Neef 1974). Other determinations of 13.6 Ma and 5.7

Ma (Gorton 1974), have been attributed to later retrograde

modifications such as re-equilibration during later

volcanism and tectonism (Macfarlane et al. 1988). The

13.6 Ma age on a gabbro dike (Gorton 1974) matches the

age of interprctcd earliest North Fiji Basin opening

(i\fonjaret et al. 1991). It also accords with known tholeiitic

eruptions in the Vitiaz arc at about this time, as shown by

the 12.7 Ma volcanics on Mitre Island (Jezek et al. 1977).

Although the oceanic affinity of the Basement Complex

is not in dispute, certain of the metalavas and gabbroic

intrusions are compositionally more typical of arc tholeiitic

magmas, and further petrological - geochemical ­

geochronological (T. Crawford) and paJaeomagnetic (R.

Musgrave) studies are in progress to determine the age

and tectonic affinities of this suite.

Intrusion as horst blocks is thought to have occurred

first in latest Miocene to earlieSt Pliocene time and

continued into the middle Pliocene, when the complex

was unroofed by erosion. Further venical uplift occurred

in Quaternary time.

No equivalent of the Basement Complex is found on

Maewo. However, a large Bouguer anomaly over the

island, similar to one over Pentecost, suggests ophiolite

masses at shallow depths.

Early to Late Miocene

Mainly during the middle Miocene, clastic sediment

transported by mass flow accumulated on both Maewo

and Pentecost. By late Miocene time, quiet-water

deposition prevailed (on Maewo) and submarine eruptions,

the precursors of later Eastern Belt volcanism, began

(Figs. 9 & 10).

Maewo: The oldest rocks on Maewo belong to the

Sighowa Group (Camey 1988) which is exposed along

the northeast coast of the island as a 600-m-thick

succession of predominantly medium- to fine-grained

and well-bedded epiclastic sediments; the base of the

sequence is nowhere exposed (Fig. 11). The lowermost

beds are very coarse grained and consist of cobble

conglomerates, intraformational breccias, and minor

calcarenites. Rounded cobbles of metabasalt, dacitic

welded tuff, microdiorite, sediment, and reef limestone



EXPlANATlOfl

SEDIMENTARY ROCKS

" ( G R" ... r .. III.......
< thlll'.'

.
PI.",." .. { BR'" e... ,

>
0

" Pllu,"'.
~

"'11, ••• [ B Ol,.~. F..... ' ..

IGNEOUS ROCKS
VOLCANIC"",..iI a...... FIr •• t".

N........ II •• r" •• II •• .
Pllu ...

1
l .... I.u rlr •• II... 1 .

; J ( .tI, B'r Will fer.-alh"

T.. 8.y H••• r., ... I••

~ I

) ~ I
W"'.t Fer ••• hr. U

Uhl'.' I ••• BI' Burlt' r".'II ••
l .... II. flr.,lh.

W,d f ., .. IIIt"

s,,, din I

r."II. '.1 III 'o •• It." ••
,id, .hu, kn •••

(fllvfI A)

)lfl.... HI

[ ~ 1H, ..... , ".,1 ..

IN I RU51VE

HZJ y, ... 1.'r •• I .. ,
ll"

( ul,

C.n"c'

C.... el

tulle' f,,,1t ...... 1

B.4.1", 41(11

fI In t<u
L-L-- 1_~~J.---------1

-'-

I-,-
-1- Anllc,lh"

"{PII"'" (~ Uht ••• (

~ OIlI'''''II{

D

BA o.
'OO"]~...~

...

~ __ CENTRAL

LJ~~'f\ PENI[COST
F A"LT S

lIi 11 " I'" '\.1 ~ HiW'C'H'

A.
-Ifi" UU'

N
o

Figure 12: Main structural (a) and geological (b) divisions of Pentecost. After Macfarlane et
al. (1988)



Vanutau Field Trip Guide

with benthonic foraminifers are the most common c1ast

types. These beds are succeeded by tuffaceous siltstones

and fine sandstones which make up the bulk of the

sequence. The sediments are turbidites with repeated

graded bedding, cross-lamination, convolute lamination,

and load casts; occasional globigerinid foraminifers are

present Well-preserved glass shards within them indicate

pyroclastic activity contemporaneous with deposition.

The lower part of the Sighotara Group is at least early

middle Miocene in age (ca. 15 Ma) and probably as old

as the late early Miocene (Camey 1988). The uppermost

mudstones range somewhere between Zones N16 to N18

(10-5 Ma) in the late Miocene (Fig. 9). In contrast,

calcareous clasts from the basal conglomerates have been

dated as late Eocene and early Miocene, and their

microfaunal content and lithology match rocks of similar

ages in Fiji (Coleman 1969; Camey & Macfarlane 1978).

The source of the igneous c1asts can also be matched

petrologically and geochemically with Eocene to middle

Miocene arc tholeiitic suites from Fiji, whereas they bear

no similarity to the calcalkaline early to middle Miocene

volcanics of the Western Belt (Camey & Macfarlane

1978; Camey 1988).

Conformable on the uppermost unit in the Sighotara

Group but confined to its southern outcrop is the

Tafwutmuto Formation. This formation consists of 60­

120 m of massively bedded foraminiferal mudstones with

minor micritic limestone and some holizons of pumiceous

tuff. On the basis of microfossils, the formation is placed

in the late Miocene, no older than 8.6-6.0 Ma. Deposition

of the Tafwutmuto Formation took place adjacent to a

shallow slope, in quiet water at depths of 2,000-3,000 m.

The tuff horizons are the first indication of the main

Eastern Belt volcanism that followed.

Pentecost. Rocks of mainly middle Miocene age on

PentIXost belong to the Olambe Formation (Mallick &

Neef 1974), a 300-m-thick sequence of massive polymictic

breccia conglomerates overlain by fine-bedded

volcaniclastic sandstones that pass upward into siltstones

and fine sandstones (Fig. 12).

The breccia conglomerates contain rounded basaltic

and andesitic lava pebbles, angular c1asts ofcoral limestone

with large benthonic foraminifers, and epiclastic siltstone;

in some beds angular pyroclastic fragments ofacid andesite
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and latite pumice are present. The volcaniclastic

sandstones and siltsLOnes, the dominant lithologies, are

free of lerrigcnous material. They do, however, have

occasional horizons rich in planktonic foraminifers, heavy

mineral layers, and repeated graded units indicative of

deposiLion by turbidity currents. Also several horizons of

pillowed basalt lavas near the top of the formation are cut

by dolerite dikes.

Two KlAr dates of 12 ± 5 Ma (Mallick & Neef 1974)

and 6 Ma (Gorton 1974) on a dolerite dike in pillowed

basalt indicate a minimum age of middle to latest Miocene

for the Olambe Formation. A faunal age of late early

Miocene to early middle Miocene is given (Mallick &

Ncef 1974) by an assemblage of larger foraminifers from

the breccias.

Initial accumulaLion of the Olambe Formation breccia

conglomerates was in shallow water. Graded sandstones

mark a change to deeper water conditions, although the

association with heavy-mineral layers suggests mass

transport of shallow-water sediment into a deeper water

environment. The intercalated primary volcanic material.

as in the Tafwutmuto Formation on Maewo, probably

derives from precursors of the main Eastern Belt volcanism

that followed .

Late Miocene to Late Pliocene

From middle late Miocene to middle Pliocene time,

copious volcanism took place in the Eastern Belt,

beginning first on Maewo then spreading south to

Pentecost. By the early Pliocene, however, volcanism

had ceased on Maewo and had given way to quiet-water

sedimentation. By the beginning of the Pliocene, the

Basement Complex on Pentecost had moved to a high

structural level beneath the volcanic pile.

Maewo: The late Miocene to late Pliocene succession

on Maewo is represented by the Maewo Group and the

Marino Formation (Camey 1988). The Maewo Group is

a diverse series of submarine volcanic and volcaniclastic

rocks deposited unconformably on a block-faulted and

west-tilted "basement" of older Miocene sediments.

Exposures are confined to the southern half of the island.

where the sequence reaches a maximum thickness in the

west of 700-800 m. However, the succession pinches out

rapidly toward the nonh and east where it abuts the



Sighotara Group.

The major part of the Maewo Group (Bwatigau

Formation) is a thick (as much as 800 m) sequence of

pillow lavas and associated intrusions ranging in

composition from basal ankaramites, picrites, and malic­

enriched porphyritic basalts to an upper series of feldspar·

phyric basalts and basaltic andesites. These rocks erupted

from large-volume submarine fissures and were deposited

as shield or plateau-like accumulations in a pelagic

environment at depths of 2,OOO-3,OOOm.

Subsequent block faulting of the lavas was followed

by more explosive volcanism in shallow water over the

source vents. These events led to deposition on an irregular

topography of a restricted 40 m-thick sequence of

reworked fine tuffs and fossil G lobigerina ooze in thc

southwest (Mbulumbulu Formation), and in the west and

south of 80-100 m of medium- to coarse-grained

palagonitized tuffs and coarse breccias (Avavanvai

Formation). Clasts in the breccias include pillow basalt,

basaltic andesite and reefallimestone. Contemporaneous

with the explosive vo\canism was quiet-water

sedimentation in the north, giving rise to an 80·100 m­

thick sequence of fine-grained, reworked, and wcll-sorted

tuffs and intercalated mudstones (Bosgoli Formation),

which grades vertically and laterally southward into the

Avavanvai Formation.

Foraminiferal assemblages indicate an age of middle

late Miocene to earliest Pliocene (7-5 Ma) for the Maewo

Group. This age is substantiated by a KlAr date of 7 Ma

on a pillow lava from the Bwatigau Formation.

Deposition of the overlying Marino Formation during

the Pliocene (Fig. 9) was in quiet, fairly deep water

without significant terrestrial or volcanic influxes other

than the tuffaceous sediments of the Maewo Group which

interfinger at the base. Contemporaneous magmatism is

implied by angular glassy fragments in the sediments and

by basaltic stocks and sills associated with late-stage

activity in the Maewo Group.

Pentecost: The Miocene to Pliocene volcanic pile on

Pentecost belongs to the Pentecost Group (Mallick &

Neef 1974). Outcrops are discontinuous and, except for

one exposure on the extreme northern tip of the island,

are concentrated in the south. On the west coast it lies

conformably on the Olambe Formation, but as there is

little pctrological di fference between the two units

therc, the exact position of the contact is uncertain.

The Pentecost Group comprises lava piles and thick

accumulations of poorly sorted angular pyroclastic rocks

that were deposited largely in deep water close to the

source vents. Two eruptive cycles are recognized. The

first of these gave rise to 250·350 m of pillow basalt lavas

on the southeast coast (Wari Formation) and on the west­

central coast (Lemulmu Formation). This was followed

by 200-600 m of massive basaltic and andesitic breccias

in the east (Lonbila and Nokonwetling Formations) and

south (lower Warbot Formation). Interbedded with these

formations are thick volcaniclastic sequences of graded

sands tones and thinly bedded turbiditic sandstones and

siltstones, grading into liner foraminifer-rich calcilutites.

Large-scale slump folding occurs on the east coast. Thin

horizons of basalt and andesite lavas, and rare beds of

pelagic limestones of fossil Globigerina oozes are also

present.

The second eruptive cycle produced a 120-800 m

sequence of pillow lava masses and rubble breccias of

avalanche type in the east (Bay Barrier Formation), north

(Bevala Formation), west (Bay Homo Formation), and

south (upper Warbot Formation). The Bay Homo lavas at

one locality contain ultramafic xenoliths of partly

serpentinized lherzolite. The eruptions were basaltic, with

ankaramitic affinities, and on the east coast lie

unconformably on the rocks of the first cycle. On the west

coast, amygdaloidallavas and a thin horizon of limestone

clastic indicate shallow-water deposition. The youngest

beds (Bay Wale Formation) on the west coast are

predominantly well-bedded sandstones and fine breccias,

800·1,000 m thick, with a few blocky or brecciated

horizons. The sandstones grade into foraminifer-rich

mudstones.

Faunal assemblages in the foraminifer-rich beds fall

within Zone N18-N19 (Fig. 9) and possibly extend back

into the uppe pan of Zone N 17, indicating a late Miocene

to middle Pliocene age (6-3 Ma) for the Pentecost Group

(Mallick & Neef 1974). This age is supported by KlAr

dates of 6 to 3 Ma on ten lava and breccia samples

(Gorton 1974).
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Late Pliocene tQ HQlocene

Uplift and erosiQn Qf the Eastern Belt occurred in

earliest late Pliocene time. During this same interval Qn

Pentecost. the Basement CQmplex was emplaced and its

unroofmg began. Subsidence and shallQw-water depQsitiQn

fQlIQwed Qn both MaewQ and PentecQst During late

Pleistocene to HQlocene time. the Eastern Belt emerged

and reef limeslOnes accumulated Qn the peneplained Qlder

rock units. On PentecQst. uplift since late PleistQcene

time is indicated by the presence Qf five reef·capped

wave-cut plauQnns (max. elevatiQn 340m) Qf which the

Qldest is estimated to be 105.000 RP.• and the average

uplift rate is calculated at 2.7mm/yr.

The Central Chain

The active vQlcanic chain (Central Chain) Qf the arc

plalfQnn cQmplex has a maximum width Qf 160 km. It

fQnns a line Qf islands. Qf different ages and erosiQnal

states, between VOl Tande in the nQrth and Anatom in the

south (Fig. 13), allhQugh the submarine Mons Gemini

volcanoes south Qf AnalOm are clearly part of the Central

Chain (Monzier et al. in press). The eruptive histQry dates

frQm late Miocene time and thus Qverlaps with that of the

Eastern Belt.

VOLCANIC CENTERS

• Active

Li. Latest Pleistocene to Holocene (0.3-<l.0 Ma)

• Pleistocene (' .8-0.4 Ma)

o Late Miocene 10 latest Pliocene (5.8-'.8 Ma)

() Active during • and 0

(; Caldera formed 2.000 years ago

S Submarine

Sd Submer~ed

STRUCTURE

--- Normal fault

Volcanic center and crustaI IraCiUre trend

actIVe
~'I Malor arc platlorm laults (2-0.4 Ma) wrth
inactive I
.-.. ~:.J movement where known

Figure 13: Principal vQlcanic centres and structural
trends in the Central Chain. After Macfarlane et al.
(1988).
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Based on present evidence, Central Chain volcanism

from the late Miocene (at least as old as 5.8 Ma) La the

latest Pliocene was confined to Erromango, Tanna.

Anatom and the most easterly islands of Futuna and Vot

Tande (Fig. 14). From Pleistocen'e to the present, however,

volcanism (mainly subaerial) developed extensively along

the length of the active arc. which narrowed at this time

to its present width of -75 km.

One striking feature of the Central Chain (Fig. 13) is

the remarkably even spacing between the six southemmost

volcanoes of the arc. from Mons Gemini northward to

Efate (including the submarine Vulcan Seamount between

Erromango and Efate). With an average spacing of 85 km

(range 83-91 km), this distribution is far more regular

than noted for any other island arc volcanic chain. and

presumably reflects Raleigh-Taylor gravitational

instability of the source peridotite of these volcanoes

above the Benioff zone. Where the arc is compl icated by

the d'Entrecasteaux Zone col1ision north of Efate, and in

the region of transient tectonics south of Anatom due to

recent elongation of the trench and arc. this regular imer­

volcano spacing breaks down

Historv of Volcanism

Late Miocene volcanism (5.8 - 5.3 Ma.) on Erromango

is the oldest known from the Central Chain (Colley &

Ash 1971; Bellon et al. 1984). Two volcanic centers in

the west and central parts of the island were submarine

and largely explosive. erupting basaltic and andesitic

pyroclastics and rare pillow lava flows.

During early to middle Pliocene time (4.1 - 3.4 Ma).

voluminous subaerial extrusions of ankaramitic basalt to

basaltic andesite lavas on Erromango came from three

centers in the west and north (Colley & Ash 1971; Bellon

et al. 1984). Submarine volcanism of this age (4-3 Ma) is

also inferred from dredged samples of basalt lava and

foraminiferal tuff taken from the scarps and floor of the

Coriolis Trough (Dugas et al. 1977). Vot Tande (3.5 Ma).

the northernmost island of Vanuatu. was active at this

time (Ash et al. 1980).

The late Pliocene was a time of major activity in the

southern islands (Fig. 14). On Erromango (2.6 - 2.3 Ma).

there were voluminous eruptions of andesitic lavas and

pyroclastics from four subaerial centers. Caldera col1apse

occurred in the north (CoHey & Ash 1971; Bellon et al.

1984). Subaerial volcanism commenced on Tanna. (2.5­

2.4 Ma) from basaltic cones in the north and middle parts

of the island. A third, partly submarine andesitic centre

east of the island is now submerged. Faunal ages suggest

that Futuna was also active in the late Pliocene, volcanism

giving rise to a predominantly submarine basalts and

culminating in late stage intrusions at ca. 1.8 Ma. The

small, 100,,'lying and reef limestone-capped island of Aniwa

to the northeast of Tanna may also overlie a late Pliocene

volcano.

Throughout most of the Pleistocene. volcanism was

extensive along the length of the Central Chain (Fig. 14).

In the southern islands the fIrst eruptions of this period

gave rise to twO large subaerial basaltic stratovolcanoes

in southern Tanna (1.7 - 0.6 Ma), with contemporaneous

explosive eruptions of andesitic pyroclastics forming a

disL11 apron around them. Ash blown to the northeast

seLLled on the Pleistocene limestone cap of Aniwa as

superficial tuff deposits. To the south, two large subaerial

basaltic stratovolcanoes built up Anatom; emplacement

of multiple basaltic and andesitic intrusions into their

vents was associated with caldera formation (Camey &

Macfarlane 1979; 1982). On Erromango (1.2 - 1.1 Ma)

activity was confined to one centre in the west from

which there were terminal effusions of basaltic andesite

lavas.

On Efate (1.6 - 1.4 Ma), large submarine explosive

eruptions. perhaps associated with caldera subsidence,

produced a thick sequence of dacitic to rhyolitic pumice

breccias and tuffs that now occupy the central part of the

island. Volcanism on Efate moved north (and included

the small offshore islands) and from 1.5 - 0.9 Ma mainly

submarine basaltic volcanism occurred.

Submarine andesitic pyroclastics are the earliest

volcanic events on western Epi (0.7-0.4 Ma), and were

followed by voluminous eruptions of pillow basalts, which

brough the volcano up La sealevel. Similar but somewhat

older basalts also occur on southwest Tongoa (Warden

1967).

The large basaltic shield volcanoes of Aoba (0.7 Ma)

and Ambrym (ca. 1.8 - 0.5 Ma) have been built up from

the floor of the North Aoba Basin (Camey & Macfarlane

1980). where they appear to be aligned along major faults

related to the collision of the d 'Entrecasteaux Zone. Both

volcanoes include large volumes of picritic and
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ankaramitic lavas, and the volcanic and pctrogenetic det.1ils

of these volcanoes are discussed elsewhere, including in

this field-guide (Carney & Macfarlane 1982; Robin et al.

1993; Eggins 1993; this guide).

Volcanic products of latest PI iocene to late Pleistocene

age in the Banks Islands (1.8 - 0.4 Ma) are mainly

subaerial. They are represented on the tWO largest islands

of Sanla Maria (Gaua) (1.8 - 0.8 Ma) and Vanua Lava

(0.5 Ma) by rugged massifs which are the erosional

remnants of twO former basaltic slratovoIcanoes (see

below). Ureparapara is a large basall and basaltic andesite

composite cone with a central crater exposed to the sea

through its northeastern flank. Both MOla Lava (0.4 Ma)

and MOla have been eroded la expose central basaltic

spines. All that remains on Merig (l.! Ma) is a hornblende

andesite plug with basaltic - andesitic breccias around its

margins (Mallick & Ash 1975; Ash et al. 1980).

During latest Pleistocene to Holocene time, volcanism

gradually decreased and the acti ve belt narrowed to its

present width. In the southern islands, only Tanna and

Erromango were active from centres that had shifted

eastward. On Erromango (ca. 0.3 - 0 Ma), eruptions were

mainly pyroclastic, but with basaltic to andesiLic lavas at

the bouom and top. The sequence grew into three well­

preserved subaerial cones. Present acLivity, however, is

restricted la a submarine vent off the northeast coast of

the island (Colley & Ash 1971; Bellon et al. 1984). On

Tanna, predominantly subaerial eruptions of andesiLic

pyroclastics followed by flood basaltic andesite lavas

began at about 0.2 Ma and continued until the end of the

PleislOCene. Renewed volcanism 2,000-3,000 yr B.P.

produced andesitic lavas from a late-slage caldera. An

active andesitic cinder cone, initiated within the last 500

years,lies within the caldera (Carney & Macfarlane ]979).

Tanna volcanology is discussed in more delail below.

The southernmost islands of Matthew and Hunter are

intermittently active Holocene andesitic volcanoes (Maillet

et al. 1986), and these are separated from the remainder

of the arc to the north by a number of major submarine

volcanoes recently described by Monzier et al. (in press).

Near Hate, eruptions from late Pleistocene to Holocene

time (0.2 - 0 Ma) were confined to three islands

immediately off the northern coast and built up subaerial

composite basaltic cones in the well-preserved craters.

Caldera collapse occurred in the very recent past «2,000
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yr B.P., but there is no evidence of present day activity.

Explosive andesitic eruptions built up numerous

subaerial cones with well-preserved craters on eastern

Epi and Tongoa (0.07-0 Ma) and on the small islands of

the Shepherd group. The eruptions culminated in a massive

eruptions and collapse of Ku wae caldera, bet\!. een eastern

Epi and Tongoa about 500 yr B.P. (Robin et al. 1993; this

guide). Active submarine, mainly pyroclastic, cones have

since grown within the Epi-Tongoa calderas (Crawford et

al. ]988). The subaerial active basalt to basaltic andesite

Lopevi volcano northeast of Epi is entirely Holocene in

age (Warden 1967; Macfarlane 1976; Carney &

Macfarlane 1977; this guide).

Rapid construction of the modern-day composite

basaltic volcanoes on Aoba and Ambrym (see below)

commenced in latest Pleislacene time (ca. 0.3 Ma). Fissure

eruptions and caldera collapse have both taken place

within the last 2,000 years and have given rise la the

present low-angle shield morphologies of these islands

(McCall et al. 1970; Warden 1970).

In Lhe BankS Islands (0.2 - 0 Ma), renewed subaerial

growth (se below) took place in the lite Pleistocene centre

of Sanla Maria (Gaua). A basaltLO basallic andesite cone

developed fIrst and was then followed by extensive ash

emissions that accompanied quiet caldera collapse. New

cinder cones, one of which is active, subsequently built

up inside the caldera. On Vanua Lava subaerial eruptions

of andesite lavas in the latest Pleistocene were succeeded

in Holocene time by the andesitic and basaltic andesite

lavas and pyroclastics that preceded caldera collapse.

This collapse was probably synchronous with the one on

Sanla Maria about 2.000 yr B.P. Growth of several

composite cones LOok place later across the caldera's

eastern sector. The volcano was considered to be in the

solfa~c st.1ge unLiI eruptions of ash recommenced in

1962. and minor eruptions from Mt Garet have continued

intermittently to the present time (see below).

Two subaerial basaltic cones formed on the older

centres of MOla Lava. A third centre on the island's

souLh-cenlIal flank is now submerged. Mere Lava. the

most eastern of the Banks group. is a Holocene. little­

dissected, subaerial basaltic cone with a well-preserved

summit crater· cinder-cone complex. The last reported

eruption was in 1606 (Ash et al. 1980), and lavas are

unusual Ca-rich arc tholeiites (Barsdell 1988).
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PETROGENESIS IN THE NEW HERRIDES

ISLAND ARC

Compared to many island arcs, !.hc Ncw Hebrides

Island Arc has received scant attention from igneous

petrologists and geochemists. Earliest useful studics of

the arc include ColIey & Warden (1974) and Gorton

(1974, 1977), who pointed out !.hc cale-alkaline affinities

of the Miocene Western Belt lavas, and demonstrated the

presence in the central part of!.hc active chain of picritic

and ankaramitic lavas with high-K compositions.

Subsequent work has been largcly fragmentary, reporting

major and trace element studies of one or two lavas from

several of !.he islands, but lacking any ovcrvicw of the

relationships between magmatic compositions and regional

or local tectonics.

The New Hebrides Island Arc is possibly unique

among modem subduction zone settings, as it is dominated

by basaltic compositions (Fig. IS). Many of these are

primitive magnesian basalts, and offcr an excellent

opportunity to investigate !.he geochemical character of

subduction zone primary magmas.

Magmatic suites in !.he New Hebrides Island Arc are

chemically diverse, and by simply tracing differentiation

trends of individual suites, a spectrum of primary magmas

ranging from low-K tholeiite to high-K alkaline

compositions is shown to exist in !.he arc (Fig. 16).

Apart from a predominance of relatively high-K

primitive compositions where the arc is affected by

collision of the d'Entrecasteaux Zone (i.e. Aoba, Santa

Maria and Ambrym volcanoes), there exists no clear

spatial association of magmatic compositions wi!.h tectonic

setting within the arc. Elsewhere, separate low-, medium­

or high-K suites can occur (e.g. Anatom, Tanna, Epi ­

also Ambrym), though these suites tend to be temporally

distinct. Representative wholerock analyses are given in

Appendix A.

Primitive magma compositions and differentiation

Establishing the chemical composition(s) of subduction

zone primary magmas provides otherwise difficult to

obtain constraints on the processes leading to their

formation. Primary melt compositions are direct probes

of the conditions (temperature and pressure) of melting,
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and also !.he source manLle's mineralogy and gcochemistIy.

Howevcr. this information is usually masked by crustal­

lcvel differentiation processcs. An example of the

f.undamental constraints which primary magma

com[Jositions may place on subduction zone magma

genesis is the long-running debate conccrning possible

melting of subducting oceanic crust. The voluminous

andesites and high-A! basalts erupted in many arcs have

led some workers to invokc slab melting. However, careful

investigation shows these compositions to be differentiated

from more primitive magmas which derive from melting

of mantlc wedge peridotitc (Crawford et al. 1987).

Several voleanoes in the Ncw Hebrides Island Arc are

notable for their abundant primitive basalts, in particular

Aoba, Merelava. and Western Epi. Accordingly, these

volcanoes havc attracted dctailed petrological and

gc.ochemical studies (BarsdelI 1988; Barsdell & Berry

1990; Eggins 1993). These studies provide a useful basis

for examining and comparing the compositional diversity

and the evolution of primary magmas within the arc,

given they represcnt end-member low-K (Merelava and

Western Epi) and high-K (Aoba) magma suites.

Despite the striking compositional differences between

Merelava and Western Epi lavas (1ow-K), and those of

Aoba (high-K). their crystallisation histories are similar.

PhenocrysLs in magnesian basalts (>S wt% MgO) are

dominated by cpx, olivinc, and accessory Cr-spine!.

Plagiocla..se and Ti-magnetite usually occur only in evolved

magmas with <S-6 wt% MgO. Extended differentiation

can lead to low-Ca pyroxene crystallisation in the low-K

magma suites, but this phasc is absent in the high-K

suites. Amphibole occurs rarely in evolved magmas.

Wholerock compositionaJ variation is consistent with

crystal fractionation occurring in the petrographically

determ ined crystallisation scqucnce. Compositions span

picritic (or ankaramitic), through high-AI basalt (-Swt9'o

MgO), to andesitic and sometimes dacitic compositions.

Similar compositional trends occur throughout the arc,

with inOcctions in Alp). Ti0
2

and FeO concentrations

occurring in most suites ncar Swt% MgO (Fig. 17). These

inOcctions record !.he onset of plagioclase and Ti-magnetite

fractionation, when magmas reach high-AI basalt

com[Jositions. In thc case of Aob:l, a subtle inOection in

CaO concentrations also occurs near 10 wt % MgO. and

can be linked to the onset of clinopyroxene crystallisation
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(sce Fig. 17). Compambte inflections in CaO concentration

are not observed in the low-K magma suites, in which

primitive compositions are more calcic and cl inopyroxene­

rich than the high-K suites.

Detailed electron-microprobe probe studies of

phenocryst chemistry reveal subtle but important

differences between the crystallisation of the low-K and

high-K magma suites. The Aoba (high-K) magmas show

a lengthy period of olivine (+Cr-spinel) crystallisation,

beginning with extremely magnesian olivine (F°93.5) , prior

to c1inopyroxene (Mg# -92) becoming a liquidus phase

when crystallising olivine has evolved to FOS94' In contrast,

an initial period of olivine crystallisation has not been

identified for either Merelava or Western Epi, where co­

crystallisation of equally primitive phenocrysts of

magnesian diopside (Mg# -94) and olivine (Fo_
91

) takes

place. This difference is manifested in the bulk

compositional variation difference in these suites at

>10wt% MgO, with c1inopyroxene dominating olivine

(4:1) in the case of Mere lava and Western Epi, and olivine

dominating clinoyroxene (3:1) in the case of Aoba.

Plagioclase first appears in all suites as calcic to highly

calcic anorthite (Anss-9S)' despite the relatively evolved

nature and low CaO/Alp) values of the melts from which

it crystallises.

Elsewhere in the arc, magnesian basal ts are not al ways

abundant; however, they can be found on virtually every

volcano. Like their counterpans on Aoba, Merelava and

Western Epi. these lavas have highly magnesio.n olivine

and clinopyroxene phenocrysts and accessory Cr-spinel,

and indicate comparable crystallisation sequences and

primitive magma compositions to those of Aoba, Merelava

and Western Epi.

Compositions of the most primitive ojjvine and

clinopyroxene phenocrysts for each island/volc:mo are

listed in Table 1. These provide a basis for estimating

compositions of the primitive melts from which they

crystallised. Furthennore, it is emphasized th:n textural

criteria. such as abundant euhedral Cr-spinel inclusions

in the olivine phenocrysts, and zoning characteristics of

c1inopyroxene, indicate crystallisation of these phenocrysts

from melts, as opposed to any possible xenocrystic origins.

Based on Fe/Mg exchange criteria for olivine-liquid and

clinopyroxene-liquid (e.g. Roeder and Emslie 1970) it

can be shown Lhat these phenocrysts demand extremely
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primitive melt compositions with 100Mg/(Mg+Fe2+)

(herein Mg#) in the range 75-82. Evidence for similar

magnesian primary melt compositions has been reported

occassionally from other arcs; however, the New Hebrides

Island Arc is unrivalled in that the evolution of most

magma suites can be traced to these extremely primitive

melt compositions.

Estimating Primary Melt Bulk Compositions

Oxygen fugacity (f0
2

) is an important parameter in

the reconstruction of primary/primitive melt compositions.

It plays a major role in the detennination of ferric/ferrous

Fe speciation in any crystallising melt, and thus is nee<:Jed

to eswblish the correct melt Fe2+!Mg values when applying

Fe/Mg exchange equilibria between melt and

ferromagnesian phases. Magmatic f0
2

values are readily

derived from co-existing olivine and Cr-spinel inclusions

using recent oxygen barometers (e.g. Ballhaus et al. 1991),

which can account for the Cr-rich nature of the New

Hebrides Island Arc spinels. Melt Fe)+!Fe2+values can

then be evaluated by taking into account additional

temperature and bulk composition controls on Fe

specimion (e.g. Kress& Carmichael 1992). Using this

approach, calculated f0
2

values for olivine-spinel pairs in

the various volcanic suites cluster between FMQ+ I and

FMQ+2 log units. with the low-K tholeiite magmas tending

to be slighLly less oxidising than the high-K magmas (Fig.

18). These f0
2

values are significantly more oxidising

than those of ocean island basalts (f02 - Rv1Q) and of

mid-ocean-ridge basalts (FMQ - FMQ-I), as noted

previously by Ballhaus et al. (1991).

Primary melt compositions can be constrained using

the above f0 2 estimates, and the observed extreme

phenocryst compositions. Calculated compositions range

between -13 and -16 wt% MgO, the exact compositions

being moderately sensitive to the f0
2

value applied (see

examples in Table 2). These highly magnesian melts

clearly require partial melting of mantle wedge peridotite.

They are comparable in composition to the primary melts

of OIB and are more magnesian than most estimates for

MORB primary magmas. They do not constitute evidence

for anomalously high mantle temperatures, however, as

the presence of reasonable quantities of dissolved volatiles

(i.e 1-2 wt% H
2
0) reduces calculated liquidus temperatlll"es



Table 1.

Extreme olivine and clinopyro>..ene phenocryst compositions in the Vanuatu Arc

Volcano Olivine (Mg#) Cpx (Mg#) Melt

(Mg#)

Gaua 93.3 90.7 81

Merelava 91.7 94.0 78

Ambae (Lo\\'-Ti suite) 93.4 92.4 81

Ambae (High-Ti suite) 90.9 91.5 75

Ambrym 93.7 93.5 82

Western Epi 92.1 94.4 79

Erromango 88.4 89.7 70

Tanna 92.5 94.8 81

Anatom 93.4 93.6 81

Mathew&Hunter 92.7 88.2 79

Data from Barsdell (1988), BarsdelJ and Ben} (1990), l\laillet et al. (1986), l\larcelot et al.

(1983), Eggins (1993), and Barsdell and Eggins (unpublished data).

E . V 1dWb Mf

Table 2.

P'nmarv me t estImates or Am ae. ere ava. an estem :PI o canoes

Ambae Ambae Merelava Western Epi

Log f02 FMQ+1 FMQ+2.2 FMQ+1 FMQ+1

\\'tol6

Si02 47.57 48.25 49.07 50.20

Ti02 0.52 0.58 0.38 0.46

Al203 10.57 11.74 11.00 10.30

Fe020 3 2.10 3.82 2.43 2.30

FeO 7.86 6.39 6.53 6.02

MnO 0.18 0.18 0.15 0.17

MgO 18.78 15.27 14.53 13.71

CaO 9.68 10.76 14.78 13.69

Na20 1.75 1.95 1.02 1.60

K20 0.80 0.89 0.29 0.38

P70- 0.14 0.16 0.07 0.06- :)
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to values consistent with or slightly below those

appropriate for melting of the convecting upper m:-tntle in

the deep (-2.0-3.0 GPa) mantle wedge (i.e. -1300°C

potential temperature).

In addition to constraining primary me! LcomposiLions,

the high f0
2

estimates obtained from olivine-spincl pairs

may also explain several significant feaLures of the

Vanuatu magmas, including;

1) the occurrence of primitive phenocrysts, which are

more magnesian than counterparts in other tectonic settings

(i.e. MORB and OIB) due to higher FeJ'/Fe~' values

during crystallisation at shallow-levels, and

2) the absence of sulfide phases during differentiation,

due to stabilisation of dissolved sulphaLe (SO.20

) in Lhe

melt.

Trace Element Geochemistry

Only limited detailed trace element geochem ical

studies have been undertaken on various volcanoes/islands

within the arc (Gorton 1974, 1977; Barsdell et '11. 1982;

Dupuy et al. 1982; Marcelot et a!. 1983'1, b; Briqueu et a!.

1984; Maillet et al. 1986; Crawford et a!. 1988; Barsdell

1988; Barsdell & Berry 1990; Eggins 1993; Crawford &

Eggins, unpubI. data). Approximately 80 samples having

5 > wt% MgO have been analysed for a range of trace

elements including REE. These samples have essenLially

primary geochemislry, affected by only relatively minor

olivine, clinopyroxene and accessory Cr-spinel

fractionation. The measured abundances of the

incompatible elements in these samples may vary by up

to a factor of -2 as a consequence of this differentiation,

but relative concentrations of these elements should

preserve primary ratios. Importantly, these samples do

not suffer from the effects of plagioclase and/or Ti­

magnetite fractionation, which will disturb key

petrogenetic elements such as Eu, Sr, and Ti. A

fractionation correction scheme could be employed to

'normalise' the data to primary compositions; however,

combined uncertainties arising from modelling cotcctic

crystallisation of olivine and clinopyroxene, the partition

coefficients for these phases, and the primary raelt

compoSitions to correct for each suite, make this task

unprofitable at present.

The New Hebrides Island Arc basalt data display
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large and systemaLic tr3ce element variations (Appendix

A). which can be attributed LO the primary proeess(es)

operating during magma genesis. Simple geochemical

plots suggest, and principal component analysis of the

data demonstrates, that the compositional variation can

be described by a linear combination of two end-member

compositions/components. These end-members

correspond to low-K (LREE-poor) island arc tholeiite

and high-K (LREE-rich) alkaline compositions

respectively. Regression analysis has been used to

determine the "average" end-member compositions, which

have the following characteristics (see Fig. 19):

The Low-K tholeiitic end-member has large LILE

(Cs, Rb, Ba, K, Sr) and Pb over-abundances relative to

the REE and the HFSE (1'.fb, Zr, Hf, Ti). Both the latter

clement groups are notable for being highly depleted

relative to abundances in N-MORB. Small depletions of

Zr and Hf occur relative to Srn, and also of Nb relative to

La, but no depiction of Ti is evident relative Eu or Gd.

This unique chemistry matches that of island arc tholeiites

elsewhere (e.g. Tonga, South Sandwich Islands, Kuriles

eLc.), and renects a commonality of process during their

formation on a global scale.

The High-K alkaline end-member is strongly

enriched in ULE, Pb, Th, U, Zr, Hf and LREE, but

depleted in No, Ti and the HREE. The relative enrichment

of ULE and Pb over the LREE is greatly diminished in

this end-member, whereas depletion of Ti, and probably

also Nb, relative to La and Eu or Gd respectively, are well

developed. Zr and Hf also are depleted with respect to

Srn, but the eXLent of this depletion is equivalent to that

in the low-K end-member.

These trace element characteristics, and the systematic

variation of relative depletions and enrichments of

elements between the end-members (Fig. 20) provide

fundamental insighL~ into the processes responsible for

their development.

The extremely low concentrations of REE and HFSE

relative to N-MORB in the low-K end-member require

melting of a more depicted source than that of N-MORB,

as it is unlikely these low concentrations can be explained

either by extremely large degrees of melting (up to 50%

or more) of an N-MORB source, or by the presence of

residual phases in the mantle wedge which have high

partiLion coefficients for REE and HFSE.
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The strong enrichment of LILE and Pb in the low-K

end-member is indicative of their addition to the mantle

wedge source. The low charge/large ionic radius ratios of

these elements makes attractive those models which invoke

these elements being preferentially transported into the

mantle wedge via supercritical fluids released from the

dehydrating subducting ocean crust (or overlying hydrous.

cold peridotite).

The high-Ko LREE-rich end-member has

characteristics consistent with relatively small degree

silicate melts. The strong depletion ofTi and Nb in these

compositions suggests a link with partial melting of the

subducting ocean crust, in which a titanate phase may be

stable (i.e. melting of rutile bearing eclogite?). If correct,

these melts may be called upon to flux melting of the

mantle wedge to produce the high-K magmas. Alternative

scenarios may include:

1) small degree mantle wedge melts formed in the

presence of phases with relatively high partition

coefficients for Nb and Ti (possibly amphibole?) ,

2) melting of subducted LREE-rich sediments with

Nb and Ti depletions, and,

3) mantle-melt interaction processes during a~cent of

melt (e.g. Kelemen et al. 1991)

Radiogenic Isotope Geochemistry

Nd isotope geochemistry exhibits no significant

temporal or spatial variations within the arc (Fig. 21), nor

correlation with trace and major element chemical

variation. 143Nd/I44Nd values of the Central Chain

volcanoes have a restricted range, between -0.5] 285 and

0.5130. though higher values do occur with magmatism

associated with rifting in the immediate back-arc region

(e.g. Merelava). In contrast, 87Srfl6Sr values vary from

-0.7030 to -0.7045, and show significant spatial variation

trends, from low values in the southern part of the arc to

high values in the north, with the highest values being

centred at the southern margin of the zone affected by the

d'Entreeasteaux Zone collision. Considerable variation

in 17Srfl6Sr values can occur on individual islands/

volcanoes, but the trend of these variations is not

systematic throughout the arc (i.e. higher 87Srr6Sr can be

associated with either more or less K-rich magmas). Pb

isotope data display complex and appreciable

compositional variation both spatially and temporally

within the arc. They are part ofa detailed integrated study

investigating the Sr. Nd, and Pb isotope characteristics of

the arc, the subducting plate, back-arc rifts (in collaooration

with P. Maillet and J.-P. Eissen; ORSTOM), and the

North Fiji Basin. It is now.ble that Pb isotope characteristics

of the central arc volcano lavas are consistent with Indian

Ocean MORB-like mantle sources.
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PART II

VOLCANOLOGICAL ASPECTS OF THE NEW HEBRIDES ISLAND ARC
A FIELD GUIDE

Claude ROBIN and Michel M'JNZIER

DA Y 1 : Fly from Pon Vila airpon ovcr the activc

volcanic islands of Lopcvi, Ambrym and Aoba.

LOPEVI

The following section is mainly from AJ Wardcn

(1967) The Geology oflhe Cenlral /slands: New Hebrides

Geological Survey Annual Rep. 1967, nOS: 108 pp., and

from JP Eissen, C Blot & R Louat (1991) Chronologie de

l' aClivile volcanique de l' arc insulaire des Nouvelles

Hebrides de 1595 a 1991, Rappons Scienliflques el

Techniques ORSTOA1 Geol.-Geophys. 1991, n02. pp 69.

Lopevi volcano (16°30'S; 168°20'E), a near

symmetrical youthful cone (7 km in diameter), rises steeply

from sea level to 1413 m in altitude.

In 1967, Warden described a small crater in the summit

area, developed within a pyroclastic cone rimmed by the

remnants of an older crater (Fig. 22) The suatocone

consists of lava f10ws and pyroclastics. Lavas exposed in

cliff sections along the coast are mainly "aa" f10w units

with basalt, or less frequently basaltic andesite

compositions, intersected by many dykes. Deposits of

agglomerates and ash generally str:ltified parallel to the

slope, and subordinate radial lava tongues form the uppcr

pan of the cone. Following Williams & Curtis (1964),

some of the~~ deposits are pyroclastic f10w dcposits.

Lopevi has been intennittently active, with eruptions

recorded in 1864. 1874, 1883-84, 1892-93. 1908,1922,

1939,1960. 1962-64, and 1967-1980.

On July 10th, 1960, an eruption beg:m along a fissure

on the north-west f1ank with the emission of pyroclastic

f1ows, and over the ne:<t few weeks dcveloped through

sl.1ges characteriscd by the production of bvu sp;.lllcr.

lava f1ows, and dense ash clouds. In 1962, Lopcvi erupted

again and remained inLCnnittcnlly active over a period of

two years. Commencing atthc crater dormant for over 42

y~s, the centre of activity migratcd to the head of the

1960 fissure. In addition, the volcano erupted at 12 Other

points. mostly fissurcs, producing lava nows from both

the crater and nank fissures on the northeastern side (Fig.

1) and ash emissions. The 1960 and 1962-64 eruptions,

and the presence of older cr-Hers and fissures on the lower

slopes, suggest that f1ank eruptions are a common feature

of Lopevi activity.

Whereas olivine basalt was produced in 1960, rocks

ranging from andesite to olivine basalt in composition

were erupted between 1963 and 1965. From 1967 to

1980, ash emissions in many cases reached Paama island,

and even sometimes Ambrym, as in 1969 (Blot 1976;

Simkin et al. 1981). During this period, explosions, lava

f10ws and ash emissions were reponed each year. On

March 1st 1967, a 10,000 m high column of ash rose

above the volcano. In 1978. lava f10ws re.1ched the Se.1.

Two major eruptions (ash emissions and lava f1ows)

occurred in March 1979 and July 1980.

In summary, with Ambrym, and Yasur volcano

onTanna, Lopev i is one of the three most active volcanoes

in the New Hebrides Island Arc, almost constantly active,

and sometimes quite violently so.

Al\1BRYM

The following descriptions.are from Robin C, Eissen

JP & r-.lonzier M (1993) Gianlluff cone and 12-Km-wide

associaled caldera aI Ambrym Volcano (Vanualu, New

Hebrides Arc). J. Volcanol. GeOlherm. Res. 55: 215-238,

and from Picard C. Monzier M, Eissen JP & Robin C

(1993) Concomilanl evolUlion of leClOnic environmenl

and magmu geochemislry, Ambrym volcano (Vanualu ­

New Hebrides arc) J. Geol. Soc. London. ( in press)

I - VOLCANOLOGY AJ'1D STRUC1lJRE

Ambrym (168°08' E: 161>15' S) is a 35 x 50 km wide

basaltic volcano. rising about 1800 m abovc the adjacent

sea noor (Chase & Seekins 1988). The main cone is

crowncd by u circular, -12 km diamcter older.! with a

continuous scarp:.l few tens of meters to 450 m high (Fig.
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81 Mainly basaltic ashes, cinders and bombs.

... Basalts mainly extruded from fissures after 21.10.63

I11III Basalts from the north-west crater (October 11963).

1':)1 Pyroclastic deposits (July 1963).

c=J Lavas from 1960. Olivine-basalts.
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Figure 22: Geological skelch map of Lopcvi volcano. After Wardcn (1972) and Priam (196-+).
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23). Post-ealdera volcanics, dominantly from the Marum

and Benbow intra-caldera cones, have partly filled the

depression. Post-caJdera scoria cones and lava flows occur

outside the caldera, along fissures oriented N105° E.

MacCall et al. (1970) stressed that the change from

pre-caldera to post-caldera volcanics at Ambrym is not

marked by any unusual type of deposit or any clear bre:.lk

in the eruptive sequence. These authors postulated that

the caldera was formed by quiet subsidence accompanied

by minor eruptions of scoria lapilli, i.e. following the

Hawaiian model. The discovery of dacitic ash- and

pumice-flow deposits on the lower flanks of the volcano,

and of a subsequent voluminous series of mainly basaltic

hyaloclastites which constitute an exceptionally large tuff

cone around the caldera, have encouraged us to reconsider

the problem of the caldera formation in this volcano.

Basal edifice

The oldest subaerial volcanics are ankaramitic lava

flows and pyroclastic deposits exposed on the northern

part of the island. In the main cone, pre-caldera lava

flows crop out on the S, NW and E sides along or very

close to the coast. They are commonly porphyritic, low

viscosity basalts (pahoehoe type), which consutute a basal

shield volcano with very gentle slopes (2-3°).

The Ambrym Pyroclaslic Series

A series of tuffs (Ambrym Pyroclastic Series: APS)

overlies the basal shield volcano and constitutes most of

the volume of the cone up to the caldera rim. Deposits of

the APS have been observed as far as the western end of

the island, 15 km from the caldera margin. No interruption

(erosional discordance or buried soil) has been observed

in these pyroclastic deposits, and despite extensive erosion

of the flanks of the cone, no lava flows are included in

this series. The scarce lava flows exposed on the upper

slopes of the cone are post-caldera basalts that have

overflowed the caldera rim.

Four sequences of pyroclastic deposits comprise the

Ambrym Pyroclastic Series (I to IV, Fig. 24). In the

following section, the term pyroclastic flow deposi t is

used for all flow deposits with less than 50 % ash and

with variable contents of lapilli-sized dense juvenile clasts,

scoria and pumice, and xenoliths. The term ash flow

deposit is used only for fine deposits essentially made of
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ash (at least 50 %, commonly>70 %).

Sequence 1- On the north coast, an -60 m thick lower

sequence of pyroclastic flow deposits (I, Fig. 24) fills

topographic depressions on the basal shield edifice. This

sequence, dacitic in composition (Column D, Table 3),

consists rlainly of six sub-horizontal indurated massive

units of coarse ash and medium-grained lapilli (=50%),

pumice (=15%), cauliflower bombs and glassy clasts

(=15%), and abundant basaltic accidental clasts (=20%).

This sequence also includes pumice-rich layers, surge

deposits and two massi ve block-rich layers. An 8-10 m

thick sequence of fallout ash layers bearing abundant

accretionary lapilli occurs in the middle of the section and

indicates that two major pyroclastic flow events occurred.

Base surge deposits, accretionary lapilli and poorly

vesiculated cauliflower bombs are evidence of

phreatomagmatic processes during the eruption of

sequence I.

Sequence 11- The deposits of sequence I grade upward

into a thick sequence of well-bedded, laterally continuous

layers of vitric tuffs. The continuous beds are generally

<3 m thick (commonly 30 cm - 1 m) and form thick

deposits with intercalated lenses of agglomerates, some

in excess of 8 m thick. Two dominant fades occur: a) thin

and coarse ash including quenched glass fragments and

accretionary lapilli, and b) agglomerates of vitric clasts

and shards in a granular sideromelane matrix which also

includes basaltic lithics from the basement. The

sideromelane matrix is sometimes palagonitized and the

vitric fragments are commonly aligned parallel to the

beds. Typical shapes of juvenile clasts are: i - Light­

brown basaltic blocky or platy fragments (0.5 - 5 mm in

size; analysis G, Table 3), aphyric and non-vesicular,

with cracks due to quenching. ii . Dark-brown to opaque

basaltic glass fragments, with a low vesicularity (0 - 10

%), which can represent the major pan of the matrix. iii

-Irregularly-shaped, translucent basaltic or basic andesitic

vitric c1:lsts which are mainly incipiently or poorly

vesicular (5 - 40 %) but show a broad vesicularity range

(up to 70 %). iv - Glassy andesitic to dacitic angular

fragments. also showing various degrees of vesicularity.

Different types of shapes occur in the same sample; all

the juvenile particles show signs of shattering, induced

by interaction with water.

Ash flow deposits are interbedded with these deposits
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Table 3: Table 1. Selected whole-rock analyses from Ambrym volcano (ICP method; analyst Jo COllen, Univer­
site de Brewgne Occidentale).
A : ankaramitic basalt from the ancient edifice. Band C : two porphyritic basalts from the basal shield volcano.
D to H : syn-caldera pyroclastic products from the tuff cone; D : juvenile clast from the lower dacitic sequence I;
E, F, G : vitric clasts from the surtseyan-like deposits (sequcnce IT); H : basaltic ash now from sequence Ill. I, J,
K: pre-historic basalt from the caldera floor (I), and historic lava flows of 1914 (1) and 1988 (K).

A B C 0 E F G H I J It

PRE-eAl.DERA LAVA FLOWS SYN-eAI.DERA PYR:JCL.AST1C PRJOUCTS lAPS) POST-eALDERA L"'VA FLOWS

......B72 ......632 .....63. AU&eOC .....e39.. .....1!6012 .....B39B ..uees A"'92'O A"'9'?8 .....B.

SI02 "1.50 411,30 52.30 83.50 55.00 54.10 4',eo 49,"0 .... 110 50.75 50.40

TI02 0,10 o.el O.lU!I 0,54 0,77 0,7' 0.10 0.711 0.115 0.8' 0.8:1

..1203 ''',75 ",e• 11,45 14,75 '5.12 '8."2 15." 17,80 15.'4 15.80 IS.g0

Fe203" 10.70 10,43 10." 7,511 '.83 , 1,81 12.4' 12.07 12.'" 12.10 t2.S4

r.t-o 0.18 O,t' 0,11 0.21 0,18 0.22 0.21 0.20 0.21 0.23 0.22

UgC) 10,1' ...., ".38 1,38 3.80 3,go ....0 ",53 5.70 ... se ... gO

~ 12.50 1',lIe 8.87 ",35 7."0 1.51 ',::14 10.55 1 t,IO •. eo 10,00

1<020 2.0. 2.37 3.22 4,37 3.21 3.15 2.71 2.40 2.52 2.110 2.7"
K20 0.84 1.20 2.52 2 .• 5 2.110 1.211 1,75 0.1111 1.112 I,U 1.90
P205 0.19 0,2:1 0."2 0.19 0.21 0.25 0.32 0.22 0.:10 0.:15 0.:1"

LOl '05O"C ·0.28 0.02 ·0.0. 0.54 1.5:1 ·0.03 2.28 0,70 -0.5' ·0.41 ·0.59

100.20 '11.70 ".8:1 100.05 100.81 100,27 100,2' ".4:1 ••. a:l II.U 1'.28

R> 11 18 '1 51 5. 2' 31 I. 2. 35 3'
Ba ... 217 ••0 725 622 HO 35. 15 • 3'2 '07 3.3

Nb 1.00 1.:15 3.40 3.75 4,50 1,'5 2.70 1.110 2.35 2,:10 2.eO

Lo '.2 7.7 12.e 15,11 13.5 •. 3 10.:1 7.1 •. 2 11,0 11.3
S< 30' 570 .,. 2" '1. ... 572 '.2 5.1 I .. ..5

!Id 7.5 11,0 17,5 n,O 17 ,5 12,0 15.0 11,0 12.11 15,0 15.5

Zt •• 5 I .3 "2 112 .. Of 5 I .0 70 73

&> 0.15 0,115 1.25 1.30 1,10 1.20 1.25 1.05 O,a5 1.20 I,JO

Or 2.8 2.7 3.5 .. , '.0 3 .• 3.' 3.1 3.' 3 .• 3.1
y 18,0 18,0 21.0 41,0 24,0 23.5 20.5 11.5 17.0 22.0 21.0

Et 1,80 1,50 2.10 4,10 2.00 2.10 1.70 l,eO 1,70 2.:10 2,50

Vb 1.57 1,42 1.17 4,07 2.27 2.52 1,77 1,70 ' .•0 1.'7 1,112

V 278 214 3.0 70 2.5 2U 330 335 340 375 350

Cl 311 os 2 • 3 I Of 5 lU 5. 5' 10 15

Co •• 31 32 12 21 32 " 36 45 •• '0

'" '01 27 3. 17 20 '3 '00 31 35 2' 2.

5< U 32 2' '7 23 20 20 3. 32 30 32

Figure 25: Si02 histogram of 137 microprobe analy­
ses of vitric cIasts from the syn-caldera Ambrym Pyro­
clastic Series (APS). Class interval: 1 %. As eX:lmple,
for Si02 = 50 %, 32 analyses from 49.5 to 50.5. (From
Robin et al. 1993).
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In the upper pan of the sequence. Dense vegetation,

which covers the flanks of the cone, makes an estimate of

the towl thickness difficult; nevenheless, observations in

deep gullies suggest that this sequence is very thick,

probably at least 200 m.

Sequence III- The following sequence, 10-25 m

thick, consists mainly of grey to bluish ash flow deposits,

almost frce of xenoliths, in beds a few meters thick. The

highly to extremely vesicular (60 - 90 %) "dry"

sideromclane droplcts and pumiceous lapilli are basaltic

(analysis H, Table 3). Translucent ash particles show

fragmenwtion after cooling but no reworking after

deposition; other gr:lins have a smooth appearance.

Sequcnce IV - On the south slope of the cone, basaltic

strombolian deposits constitute this sequence. Their origin

is the Woosantapaliplip vent, located on the caldera rim

(Fig. 23).

On the nonh side of the cone, viscous basaltic andesite

lavas, 20-25 m thick, overly the APS. They extruded on

the c:lldera edge and flowed downward as far as Bogorfan

Bay, forming a 2 km-wide lava tongue. Ne:J.r the vent,
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pan of these flows rcmained in the caldcra and has been

intersected by the collapse.

Most juvenile clasts of the APS are aphyric. 137

microprobe analyses of juvenile glasses from the APS

show compositions ranging from medium-K calc-alkaline

basalt to dacite. A histogram for Si0
2

content (Fig. 25)

shows three peaks, at 50% Si0
2

(basalts), 54% (basaltic

andesites) and 66% (dacites). Dacitic compositions are

restricted to products of sequence I, whereas basalts and

subordinate basaltic andesites constitute the juvenile

material of sequences n, III and IV.

Post-caldera volcanism

Outside the caldera, recent vents occur along fissures

oriented N 105° E and appear as scoria cones and maars

that fed lava flows from the lower flanks of the volcano.

Within the caldera, activity from the Marum (1270 m)

and Benbow (1160 m) cones and from maars locatcd in

the eastern pan has infilled the depression.

Ambrym has had a large number of historical eruptions.

in 1888, 1894, 1913-14, 1929, 1937, 1942, 1952-53 (Fisher

1957; Williams & Warden 1964), the latest being in 1986

and 1989. Episodic lava lakes in Benbow and Marum

craters drain out as basaltic lava flows ontO the caldera

floor. Magma in the conduit is also frequently ejected as

ash and $Coria falls, which mantle the caldera and the

west pan of the volcano (Fig. 26).

Structure of the volcano

The APS LUffs dip at similar angles (l0 - 20°) to the

present upper slopes surrounding the caldera, above a

break of slope at- 6 km away from the caldera rim. Since

the dips of the underlying fluid lava flows are constant (2­

3°), the APS thickens towards the caldera, as observed on

the southern Dank, along the track from Lal inda to the

caldera edge. Thus, Ambrym differs from other oceanic

volcanoes whose slopes generally expose piles of lava

flows with minor interstratified tuffs. The structure of the

edifice is that of a lava shield volcano, overlain by an

uncommonly large tuff cone, the inner part of which has

subsided (Fig. 27). Along the caldera fault, the height of

the buried pre-caldera edifice is probably 200-300 m,

except on the northeastern side where it is very low (-100

m). This suggests a thickness ranging from 200 - 450 m

for the APS deposit near the caldera edge (up to 600 m at

Woosanl:.lpaJiplip Peak) and a volume from 60 - 80 km)

(-19 - 25 km) Densc Rock Equivalcnt).

The large volume of the pyroclastic edifice does not

agree with the relatively small volume of the tuff cone,

the central depression of which would correspond to a

simple cratcrenlarged by explosive coring. By the volume

of basalt released, the pyroclastic event at the origin of

the APS is drastically different from those which led to

the deposit of tuffs associated with a caldera in other

large basaltic volcanoes, for example, the 1790

Keanakakoi ash member at Kilauea (Swanson &

Christiansen 1973; MacPhie et al. 1990). The eruption of

the Keanakakoi tuff (0.1 km)) produced only minor shape

modification of the Kilauea summit caldera. At Masaya

(Nicaragua), caldera collapse apparently formed in

response to large scale pyroclastic eruptions of basaltic

magma, including ignimbrites and surges (Williams 1983;

Bice 1985). This caldera seems the only known example

which resembles, in terms of mechanisms of producing

Plinian basaltic eruptions, the large tuff cone of Ambrym.

Vertical continuity, volume, large extent and the range in

composition of the juvenile clasts are strong arguments

favouring the hypothesis that the APS products erupted

during a major pyroclastic event related to the emptying

ofa chemically zoned magmatic chamber, mainly basaltic

in composition.

Tentative model of caldera formation

Products of sequences 1I to IV are also affected by

subsidence. To construct sequence II or the

Woosantapaliplip cone (sequence IV), the pyroclasLic

eruption at the origin of the APS must have lasted several

months, or even years, and several subsidence stages

probably occurred. It is notable that the composite lower

sequence of daciLic ignimbrites exposes an intermediate

series of phreaLomagmaLic fallout layers and, therefore,

was emiued during a lengthy eruptive event.

(l) . Eruption ofsequence I : earlier caldera collapse.

The volume of the cbcitic pyroclasLic flows from sequence

I cannot be estimated, due to their unknown extent below

sealevel. Based on the thickness of deposits, they represent

a major plinian phase which probably occurred after a

long period of quiescence, allowing magmatic

differentiation. Their eruption led to collapse in the summit

area of the volcano. The large percentage of accidental
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clasts from the basal volcano incorporated in the coarse

layers (Fig. 24) argues in favour of collapse of the roof

inLO the magma reservoir, and enlargement of the vent

during the eruption.

Energy released by expansion of magmatic gases may

have been sufficient to initiate the eruption. Nevertheless,

the lower dacitic pyroclastic now deposits from this

sequence show phreaLOmagmatic features and these

deposits are followed immediately by typical

phreatomagmatic deposits. Thus, magma/water interaction

is important, even during the earliest stages of the eruption.

The formation of a caldera subsequent LO eruption of

sequence I does not preclude the possibility of a pre­

existing caldera of the Kilauea type at the LOp of the shield

volcano, and a lake within such a structure could explain

the phreatomagmatic processes in this sequence.

Introduction of seawater into the nat edifice may be an

alternative mechanism for magma/water intemction.

(2) - Construction of the tuff cone as the collapse

enlarges. The thick ring of accumulated vitric tuffs with

radial dips, and the clast textures, are consistent with a

hydroclastic origin. As juvenile cIasts have moderate to

high vesicularity, we propose a phreatomagmatic explosive

mode of fragmentation for an already vesiculated erupting

basaltic magma (Cas & Wright 1987; Cas et al. 1989).

The accretionary lapilli beds are also diagnostic of a wet

eruptive column of extremely disaggregated material. It

was at this stage of the eruption that seawater probably

entered the upper levels of the magmatic reservoir.

Although the ash deposits of sequence III include

noncarbonized plant fragments, the nowage of these

deposits and the surface features of shards indicate a

pyroclastic origin and an emplacement mode similar to

that of ignimbrites.

During this second phase of the eruption. both

explosive coring and collapse processes occured. Since

Surtseyan-like deposits are likely to occur in a centered

eruption, and a~ the subsequent Woosantapaliplip deposits

and Bogorfan Bay lava nows from sequence IV originated

near the ring fracture, an enlargement of the collapse

during eruption of sequences II and III may have occurred

as the cone was growing (Fig. 27).

(3) - Final phase: eruptive vents on the ringfracture.

Finally, the construction of the Woosanwpaliplip
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Strombolian cone and the eruption of lavas which flowed

towards Bogorfan Bay confirm a decreasing role of water.

These formations arc affected by the final collapse.

Probably other vents opened when thc caldera cnlarged,

but are now buried by post-caldern volcanics.

II - PETROLOGICAL - GEOCHEMICAL SUMMAR Y

Considering variations of Kp, La and Zr, three major

trends characterize the geochemistry of Ambrym tavas

and pyroclastics; one medium-K (MK) to high-K (HK)

tholeiitic to calc-alkaline basaltic trend, and two more

evolved trends, respectively MK and HK, from basaltic

to dacitic-rhyodacitic compositions. These magmatic suitcs

correspond to severnl volcanic phases:

1 - older MK basalts forming the Tuvio-Vetlam­

Dalahum edifice;

2 - MK to HK basalts forming the basal shield volcano;

3 - MK andesites and rhyodacites forming thc first

pyroclastic sequence of the APS which initiated the

formation of the caldera;

4 - MK to HK basalts and andesites forming Surtseyan

then Strombolian pyroclastics sequences Il, III and IV of

the APS; and

5 - post-caldera MK to HK basalts forming the recent

olivine-phyric and plagioclase-phyric suitcs, locally

associated with more evolved HK andesitic volcanic rocks

in the eastern part of the caldera.

(LaIYb)n variations (2 to 5.9), (LaIK)n values (1.3 to

2.2) and Zr contents suggest that the parental magmas

could have originated via incremental batch melting or

fractional melting (21 to 25%) during diapiric ascent of a

single spinel Iherzolite source (from at least 60 - 45 km

depth) in response to the chnaging tectonic environment

due to collision of the d'Enrrecasteaux Zone. However, K

and La contents require prior subduction-rclated mantle

metasomatism of this source. Fractionation of olivine,

plagioclase, cpx and Fe-T! oxides explain most of the

major and trace element variations in the resulting liquids,

and interaction between magmas rising from two distinct

chambers, combined with massive introduction of seawater

into the edifice appear to be the major causes of the giant

eruption leading to caldern formation. Morc recent activity

of the volcano is principally related to magma generation

processes in relation with the NI00° rifting.
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SANTA MARIA

(GAVA)

The following section is based on the report by DU

Mallick & RP Ash (1975)Geology of the southern Banks

islands. New Hebrides Geological Survey Reports 1975.

33pp and unpublished data from the authors, collected

during a five-week fieldtrip in 1992.

Santa Maria island (originally named by Queiros in

1606) or Gaua (167°30'E; 14° 15'S) is about 25 km across

(330 km"), and rises to a hcight of 797 m on the active

volcanic conc, Mt Garcl. Basically, the island consists of

a little-dissectcd, low, truncated cone with an 8 x 6 km

central caldera. It represents the upper part of a 40 km

widc and -3,000 m high volcano (the heightofthe southern

flank, facing the Aoba Basin, is 3,500 m). The caldera is

partly occupied by Lake Letas and by the active Garet

cone (250 m high; base 3 km wide). A previous study of

the geology of the island, including a geological map

(Fig. 28) has been presented by Mallick & Ash (1975).

STRUCTURE OF THE VOLCAc"iO

The structure of the volcano essentially consists of 4

major volcanic units.

1 - Dissected remnants of an earlier volcanic edifice,

probably early Pleistocene or Late Pliocene in age. These

rocks form an apron in the southwest corner of the island.

2 - A regular volcanic cone which is truncated between

500 and 690 m by the caldera rim. Its elevation was

originally around 1,000 m. Two main directions of faulting

(60° and 320°) affect this cone, the western side of the

caldera being in the angle formed by these two trends. On

the Ne slope of the cone, the Lusal River flows in a small

graben boundcd by 600 -rrending faults. Volcanics from

this cone appear to be wholly subaerial and represent

outpourings of basaltic and basic andesitic lavas with

associated rubble horizons and pyroclastic beds (red

cinders, agglomerates and ashes).

3 - A group of superficial small parasitic cones or

vents occurring on the outer flanks of the main cone and

ncar thc caldera edge. Some lava flows derived from

these cones have reached the sea, following topographic

lows, or form large fans mantling the lower slopes of the



edifice. For example, in the nonh east. a young ccntrc

located near 300 m in elevation produccd a broad I:W 01

olivine basalt lava flows which borders the coastline

between Namasari and Tarasag.

4 - The central Mount Garet volcano within the

caldera. Although the construction of this cone is

contemporaneous with some of the extema! parasitic

cones, its composition:ll characteristics. drastic:llly

different from the entire Santa Man:l volcanic series and

the external cones, show that it represents:l founh distinct

volcanic unit.

Mallick & Ash (1975) summarize the geological

dcvclo[)ment of Gaua as follows: 1- Growth of a basaltic

:Jnd andesitic volcano in Pliocene times. 2- Disruption of

this volcano (the NW -trending faults may have paralleled

the margin of an early caldera. just as similar faults

parallel the present caldera). 3- Renewed growth forming

:l symmctrical cone of basalts and basic andesites (main

cone). 4- Quict collapse of the central pan of the new

conc. forming thc caldera (!loar at least 700 m below the

lormer summit). 5- Extensivc ash eruptions after the

caldera event; new cinder cones began to form in the

caldcra. nOL.:1bly Mont Garct, and on the flanks of the

main cone.

I
167"30' E

16°20'
S

~ Cinder and lava cones

_ Mt Garet lavas (basalts)

.. Tuffs

o 10 km

Ig;::~ Pleistocene lava flows

[MATI Main cone

~ Burilan pyroclastic cone

I1 Ancient volcanics (undifferentiated)

Figure 28: Geological map of SanL.:1 M:lfia (Gau:l) volcano. (Aftcr Mallick & Ash 1975, modified).
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THE SM'TA MARIA PYROCLASTIC SERIES A..ND

THE PROBLEM OF THE CALDERA FORMATION

Since 1992, we have carried out an extcnsi ve study of

Santa Maria. A preliminary result of this study is thc

recognition of a thick, coherent pyroclastic series wcll

represented on the southeast and northwest shores of the

island. A5 for Ambrym and Tanna, this series consists of

complex hydromagmatic and Plinian sequences showing

an alternation of both eruptive styles.

At the base of the series, many ash now deposits,

often reworked as thick lahar deposits, have

phreatomagmatic characteristics, as demonstratcd by

quenched juvenile clasts, caulinower bombs, surgc

deposits, quenched lapilli, mud-armed lapi IIi and indurated

or muddy matrix. A composite section of these products

is presented Figure 29. The pyroclastic now dcposits are

associated with sequences of Plinian fallout deposits (ash

and lapilli layers) which often expose accretionary lapilli

beds. At least one major Plinian episode is represented by

a 3 m-thick pumice deposit. These fallout deposits,

obscrvcd along the coast, are probably chronological

equivalcnts of a 20 . 50 m-thick sequence of yellow­

brown ashes that blanket all the earlier effusive series of

the main cone along the track from Namasari to Lake

LeLaS, and that we have also observed at the top of the

thick lava flow sequence dissccted by the Lusal River.

Towards the caldera, these ash deposits grade into srratified

tuffs well exposed above the lava nows from the pre­

caldcra edifice on the northcrn and eastern shoreline of

Lake LCLaS. These tuffs show a 10° dip to the cenrre of the

caldera.

Thus, the large ash-fall deposits recognized within the

caldera and forming the upper slopes of the cone, the

brownish tuffs surrounding the caldera rim, the fallout

deposits from the northwest and north coast, and the

series of pyroclastic Oow deposits and breccias (up to 60

m thick in some places) observed along the north and

south coasts (Fig. 29), constitute a single pyroclastic

scries that we attribute to a large hydromagmatic and

Plini:m event implicated in the formation of the caldera.

Table 4: Wholerock analyses of juvenile clasts from the Santa Maria Volcanic Series

SM1C SM6C SM7A SM 13A SM 13B SM 130 SM 14A SM 14B SM 170 SM30A SM 31B SM 64A
Si02 55,15 57,20 51,50 51,70 52,00 55,30 55,60 52,00 57,50 58,00 59,00 63,60
Ti02 0,86 0,88 0,89 0,86 0,87 0,70 0,87 0,85 0,83 0,74 0,83 0,49
AI203 16,20 16,34 17,20 16,97 16,95 16,40 16,60 16,58 16,32 16,75 16,35 16,80
Fe203' 9,65 8,20 11,50 10,94 11,05 7,75 9,65 10,94 8.00 8,00 7,93 4,01
MnO 0,24 0,23 0,24 0,23 023 0,22 0,24 0,23 0,23 0,20 0,20 0,15
MgO 2,68 1,89 3,90 3,95 3,95 1,95 2,76 3,84 1.61 2,25 2,23 0,64
CaO 6,00 4,95 8,40 8,25 8,39 4,10 6,05 8,15 3.88 5,22 5,16 1,60
Na20 4,27 4,82 3,28 3,54 3,61 4,30 4,34 3,35 4,56 4.60 4,56 5,62
K20 3,00 4,06 1,80 2,17 2,16 3,46 3,07 1,89 3,61 3,40 3,37 5,35
P205 0.52 0,69 0,38 0,41 0,42 0,37 0,55 0,37 0,52 0,40 0,40 0,16
LOI1050"I 1.26 1,04 1,45 0,88 0,47 5,28 0,87 2,33 3,13 0,41 0,30 0,53

99,83 100,30 100,54 99,90 100,10 99,83 100,60 100,53 100,19 99,97 100,33 98,95

MQ# 0.38 0.34 0,43 0.44 0.44 0,36 0,39 0.44 0.31 0,38 0.38 0,26

so
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MOUNT GARET VOLCANIC ACTIVITY

Until 1956. no eruptions had been recorded and this

volcano was probably in a solfataric stage (Fisher 1957).

Priam (1962) and Warden (1963) confirmed that a long

period of dormancy ended in 1962 when the upper slopes

of Mont Garet were largely denuded of vegetation. and

ash spread northwestwards from a new vent on the

southeast side of this cone.

Beginning in 1962, central crater explosions with

frequent associated ash columns were reported nearly

every year until 1977. In 1965. an eruption lasted for at

least three days and a column of ash rising to over 6,000

m was emiued. In 1966 and 1967. small ash eruptions

occurred. On October 1973, a small eruption involving

the projection of blocks in the active crater was reported.

Since such an eruption might become phreatic if water

from the caldera lake gained access to the rising magma,

the population was evacuated. Nevertheless, no major

activity followed and only three emissions of ash occurred,

during January 1974. After an increase in fumarolic

activity in April 1991, strong continuous degassing was

observed. forming a dense white plume from the SE

crater in July. This fumarolic activity was continuing in

1992.

PETROLOGICAL - GEOCHEMICAL SUMMARY

Pre-caldera lava flows have compositions ranging from

basalt to andesite. Lavas from the parasitic cones are

basalts and basaltic andesites, including porphyritic

(plagioclase-rich) lavas.

As for the APS on Ambrym (and also the pyroclastics

from Tannaand Kuwae caldera, see below), the pyroclastic

deposits from Santa Maria show a large compositional

range. Wholerock analyses of 15 juvenile clasts from this

series (vitric blocks from the phreatomagmatic deposits,

welded blocks, scoriaceous bombs and pumices from the

pyroclastic flows) are basaltic to andesite-dacite in

composition (Si0
2

= 51.5 - 63.6; Table 4). A microprobe

study of glasses in juvenile clasLS shows two domin:mt

compositions at Si0
2

~ 52 . 53% and 57 - 58%. The

pyroclastic flows are either basaltic (a rare phenomenon

worldwide for pyroclastic flows of such volume, but

which seem to be relatively common in the New Hebrides
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arc volcanoes), or show juvenile clasts of different

compositions. Preliminary. data suggest that these

compositions represent the magmatic signature of a layered

chamber, the compositional gradient of which is the result

of fractional crystalliz.:ltion.

VA1'.'UALAVA

This section is from RP Ash. JN Carney & A

MacFarlane (1980) Geology ofthe northern Banks Islands,

New Hebrides Geological Survey Regional Reports, 52pp,

and from unpublished field observations collected during

three week fieldwork in 1991 by the authors. plus new

analytical data.

Vanua Lava island (13°48' S; 167°28' E; 331 kmZ) has

a near circular outline whose symmetry is offset in the

south by the Ngere Kwon peninsula (Fig. 30). Its

corresponds to the emerged part of a low profile volcanic

complex, rising to about 2500 m above sea floor, and 35

km wide.

Ash et a!. (1980) recognized four main volcanic

formations in the subaerial pan of the edifice.

1- Older volcanics, including a series of basaltic

volcanoes of Late Pleistocene age.

2- Andesitic lavas and agglomerates on the western

and northern flanks, the lrsa Lion Formation.

3- A thick accumulation of laminated waterlain

volcaniclastics (pe Lav tuffs)

4- Recent volcanics, including the central Suretamatai

volcano (Fig. 30), a broad. Iow-angled shield of

predominantly andesic and basaltic andesite lavas.

5u~ETAMATAIVOLC~~O

Suretamatai (921 m, base: 4 x 6 km) is the largest

volcanic cone of a series of 5 volcanoes aligned SSW­

Ni'<'E. This basaltic stratovo!cano shows a main crater 1

km wide and only 100 m deep. To the north and to the

south-east of the crater, two secondary venLS 300 and 500

m wide are occupied by lakes at 730 m and 690 m

elevation. Recent deposits consist of basaltic and basic

andesite lava flows, and layered purniceous or ashy

deposits. These deposits, added to those from the four

other cones (Tow Maravrig, Tow Mear. Gemekeret and

Kwon 5aoro) refilled the large central depression of the



Irsa Lion Bay

o 10 Km

o alluvium and recent raised reefs

Q Recent ash-and scoria cones

_ Late Pleistocene to recent andesitlc lavas

I·,· ....\ Undifferentiated lavas (basalts and andesites)

F{.~~l Pe-Lav tufts

_ Andesitic lavas, agglomerates and tufts (Irsa Lion Formation).

_ Older volcanics (basalt and andesite lava flows).

Figure 30: Geological sketch map of Vanua lava (After Ash at al. 1980).

island, from Tow Lap peak in the southeast and Ran Tow

in the northeast, forming a large volcanic shield.

Suret.amatai erupted in 1841, 1856 and 1861 (or 1865

?). In 1856, "the mountain was very active: large quantities

of ashes fell at MOLa, ten miles to the windward". In 1868

(or 1865?) "flames were seen apparently from the place".

In 1965, an ash plume rose from a new vent on the t'-.'\V

funk, followed by some other emissions over a one year

period (NHGS Ann. RepL for 1966; Blot 1976; Ash et al.

1980; Simkin et al. 1981). In 1966, small explosions

occurred in the crater (phreatic activity?). Eruptive activity

is at present restricted to sol fa ta ras.

In 1991, the major geothermal area located on the east

side of Suret.amatai (Frenchman's Solfataras and Hell's

Gate) showed slightly superheated fumaroles, hot springs

and boiling ponds along the Sulfur River, an activity
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which has changed little since the early descriptions by

Auben de la Rue in 1937.

A REMARKABLE VOLCANIC FORMAnON: THE

IRSA LION FORMATION

During field work in 1991, we studied in detail the

Irsa Lion Formation, previously studied by Ash et al.

(1980). This formation constitutes a 3 km wide, crescent­

shaped area in the northwest of the island. A transverse

section along the Pe Lav River exposed the rock facies

thJt compose this formation.

Some lava fl'ows occur in the lower part of the Irsa

Lion formation. Nevcnhcless, we emphasize here the

importance of the pyroclastric rocks, which volumetrically

dominate this formation. Ash et al (1980) described a
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common facies of these pyroclastics as "agglomerates

composed of flattened ribbon bombs, poorly welded, that

grade into densely welded glassy !lows exposing an

obvious dark and light coloured banding and showing

vertical cooling joints". When poorly welded, these

agglomerates are quite similar to the spatter pyroclastic

flow eXjX)sed in the caldera wall at Santorini (Mellors &

Sparks 1991). At Vanua Lava, these tuffs are much thicker,

since coastal cliffs eXjX)se at least 80 m of these both

pyroclastic aggomerates and banded flow facies.

Upstream in the Pe Lav river, layered, gently

undulating hydromagmatic tuffs, at least 60 m thick, have

been observed, and these consist of coarse and fine ash

and pumice tuffs. Bed thickness ranges from 10 to 100

cm with an average of 30 cm. Common cross bedding and

typical surge dejX)sits occur in the series. as well as

laharic formations. At the base of this tuff series are

typical ash flow dejX)sits, including pumice, of acidic

composition. Relationships between the ash flows and

phreatomagmatic layers on one hand. and the agglomerates

and welded tuffs on the other, are uncertain, but probably

the ash flows and hydromagmatic sequence underlie the

typical Irsa Lion welded facies.

Further upstream, this pyroclastic sequence is

succeeded by soft clayey tuffs: the Pe Lav Tuffs. Typically,

they are "well bedded, pale yellow to green in colour, and

vary from slightly reworked coarse and medium grained

pumice lapiIIi tuffs to finely laminated volcanic mudstone

with blue-grey clay bands" (Ash et al. 1980). Wet

deformational structures are present and include load

casting, slump folding and convoluted lamination. The

contact of the Pe Lav Tuff and the lrsa Lion Formation is

sharp, since the tuffs were deposited in water-filled lows.

against the east-facing fault scarp of the lrsa Lion

Formation. The Pe Lav Tuff post dates the lrsa Lion

Formation and is overlain by the younger volcanics of

Suretamatai complex. An inferred age for the lrsa Lion

Formation is upper Pleistocene.

Considering (i) the geographic distribution of the lrsa

Lion Formation over a crescent-shaped area. (ii) the

pyroclastic origin of its main deposits. (iii) the presence

in these pyroclastics of the most differentiated rocks of

the edifice (up to 66.5% Si02 as shown by our new

analyses), (iv) the fault contact between the outer

pyroclastic series and the inner waterlain tuffs, and the
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depression at the centre of the island (now filled by the

Suretamatai volcanic complex), and (v) similarities with

the other pyroclastic series encountered in Ambrym and

Santa Maria, we suggest as a working hypothesis that the

lrsa "_ion Formation may be related to a cataclysmic

volcanic event (the formation of a caldera ?) and that

faults probably delimit a central collapse structure.
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Since the visit to Aoba will focus primarily on the

petrography and geochemistry of its !avas, only a bricf

summary of its volcanology is presented herc, rcporting

some of the descript.ions by AJ Wardcn (1970) Evolution

ofAoba Caldera volcano. New Hebrides. Bull. Volcanol.

34: 107-140, and more recent work by S. M. Eggins

(1993): Origin and differentiation ofpicritic arc magams.

Ambae (Aoba), Vanuatu. COn/rib Mineral Petrol 114:

79-100

Aoba is an almost ellipsoidal. voluminous Hawaiian­

like shield volcanic island about 38 km long and 16 km

wide, elongated along aN 50° E axis, and locatcd in the

central section of the flexural Aoba Basin (Fig. 31). Thc

island (1496 m) forms the upper part of the most

voluminous volcano of the archipelago (3900 m above

the sea floor, about 2,500 km)). Its summit area shows

two concentric calderas, the smallest includi ng three lakcs:

Manoro-Ngoru (300 m in diameter), Yui (2.1 km in

diameter) and Monoro (about 1.3 km). Lake Monoro is

located in the eastem part of the caldera against the

caldera wall. Lakes Manoro-Ngoru and Yui are two ncar

circular crater lakes. Lake Yui is atthc summit of a new

cone built on the caldera floor, and may thcrefore rcprcscnt

a third caldera (Fig. 31). Renewed fumarolic activity was

observed by the authors in 1991.

Two magmatic rift zones radiating from thc summit

have promoted elongated growth of the volcano toward

the SW and N'E. These rifts have been the sites of fissure­

style eruptions, now marked by scoria ramparts, and are

flanked by gently dipping slopes formed by extcnsive

lava flows. The rift zones and their flanks are dottcd in

places with scoria cones up to hundreds of metres high.

Thin pyroclast.ic units comprising scoria and ash are

interleaved between the more voluminous lavas. One

relatively thick sequence (-50-lOOm) of pyroclastics

occurs on the nonhem flank of the central volcanic cone,

and is of significance because it marks an abrupt change

in magma chemistry and mineralogy. Below this

pyroclastic unit occur plagioclase+clinopYTOxene+olivine­

phyric lavas which have relatively high HFSE

concentrations (High-Ti Suite of Eggins 1993). whcreas

the overlying lava sequcnce is dominated by olivine

5~

+clinopyroxcnc-phyric lavas with low HFSE

concentrations (Low-Ti Suitc). The latter mantle most of

thc island (at least 90%) and are of particular interest due

to thcir primitivc compositions (from -5 to -20 wt%

MgO).

Dcvelopmcnt of this volcano includes:

1- A construction stage corrcsponding to the prc­

caldcra volcano, including: a- A basal group of basaltic

lava flows, intcrstratified with pyroclastics (250-300 m);

b- Thc Lomala pyroc!astics (60-70 m) interbedded with

scarce lava flows; c- A series of picritic basalts (about

400 m?); d- The Manoro pyroclastics (130 m?):

agglomerates and tuffs exposed in the caldera wall,

interbedded with rare basaltic lava flows.

2- Formation of the caldcras.

3- Post-caldcra volcanic activity. Building of the

ccntral conc and formation of Lake Yui and Monoro

Ngoro. A radiocarbon dating suggests an age of 354 ±54

years B.P. for thc relatcd hydromagmatic products.

Subsequcntly, a small palagonite tuff cone has grown in

Lake Yui.

4- Acti vity in rccent times: Eruption of widespread

buff-coloured ash deposits with layers of accretionary

lapilli mantling pre-caldera rocks. Possible lahars

annihilating villages on the SE flanks. about 120 years

ago (?).

In addition, activity at flank fissures, spatter cones

and formation of phrcatic craters along the coast, especially

at both extrem ities of the island, occurred during both the

pre-and post-caldcra stages of development.

Three anomalous "boiling" areas with large bubbles

and bumed vegetation were observed at Lake Yui on July

1st, 1991 by a YANAIR pi lot. It was the first time he had

obscrved such a phenomenon, and he noted that the

vegetation had still been green in May. On 24 July, an

aerial survey by the authors revealed no strong degassing,

but three areas of discolored water were noticeable in the

crater lake. Bumed vegetation was observed up to the

crater rim, 120 m above the water. Anomalously strong

SOldegassing is believed to have occurred between May

and July. This event went un-not.iced by island residents,

but since Aoba has been quiet for at least 120 and probably

350 years, as a prccaut.ion, a seismological station was

installed in July this ycar on the SW flank of the volcano.
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Figure 31: Topographic (a) and geological (b) maps of Aoba volcano showing the main structural features,
summit calderas and faulls. Contour interval, 100 m.
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Crystallisation and differentiation of the Aoba Magmas

The Low-Ti suite lavas range from olivine+

clinopyroxene-rich magnesian magmas to aphyric and

sparsely phyric high-AI basalt compositions. Small

plagioclase phenocrysts and Ti-magnetite occur in some

high-AI basalLS. The crystallisation sequence begins with

magnesian olivine (F093.~) and Cr-spinel, joined by

magnesian diopside (Mg# - 92) when olivine reaches

F089• Pl.agioclase and Ti-magnetite are late crystallising

in high-AI basalt compositions, together with relatively

evolved clinopyroxene (Mg# - 85) and olivine.

Olivine and clinopyroxene phenocrysLS have euhedral

[onns, commonly exceed 1 cm in length and can reach 2­

3 cm. Olivine phenocrysts have abundant Cr-spinel

inclusions (visible in hand specimen) and often also melt

inclusions. Clinopyroxene phenocryslS are characterised

by complex growth zoning patterns (for example; monIed

magnesian cores contai ning large melt inclusions, probably

refJ&ting rapid growth from highly undercooled magma,

overgrown by intense oscillatory zonation).

S6

Compositional variation in the Low-Ti suite lavas is

largcly consistcnt with fmctionation of the observed pheno­

cryst phases, and also with experimentally-detennined

phase relationships. However, variation in magnesian

compositions with> 10 % MgO confonns to addition/

subtraction of olivine and cIinopyroxene in the ratio 3: I,

where otherwise control by olivine alone is expected.

This apparcnt control by clinopyroxene in addition 10

olivine may be accounted for by either mixing very

primitive olivinc-saturmcd magmas/melts with more

evolved olivinc+clinopyroxene-saturmed magmas, or by

rapidly crystallising the primitive magmas before fmction­

ation takes place. Pctrographic and mineml chemical

evidcnce for magma mixing and rapid crystallisation occur

in the Ambae lavas, in the form ofmulti-modal phenocryst

populmions and clinopyroxene zoning characteristics

(consistcnt with initial skeletal growth) respectively. Rapid

crystallisation may further explain lhe development and

common eruption of crystal-rich magmas, by producing

a more evolved, higher viscosity, and crystal-rich system

on a time scale insufficicnt to enable eff&tive fractionation

to L1ke place.
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Figure 32: The Kuwae submarine caldera and surrounding islands. Location of sections and sites of samplingreferenced in the text. Topographic or bathymctric contour intcrval =lOOm, DOlted zones show the extenl
of PFD 1 and PFD 2 on Tongoa.
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DAYS 2 and 3: Tongoa and Laika islands. Eruptive

products of Kuwae Caldera.

KUWAE CALDERA

This section derives from two papcrs prcscntly

submitted for publication. M Monzier, C Robin & J-P

Eissen. Kuwae (mid-fifteenth century:) the forgollen

caldera . Submitted to J. Volcano\. Gcothcnn. Rcs., and

C Robin, M Monzier & JP Eisscn. Formation of the 550

year-old Kuwae caldera (Vanuatu) by an initial

hydroclastic and subsequent ignimbritic eruption .

Submitted to Bull. Volcano\.

BACKGROUND

In central Vanuatu, there is a local legcnd th:ll Tongoa

island once fonned part of a larger landmass, Kuwae,

partly destroyed during a cal41c1ysmic seismo-volcanic

event (Garanger 1966; 1972; Heben 1966; Espirat et al.

1973). When embellishments common to oral folklore

are filtered out, it appears that after several strong

earthquakes of increasing magnitude, Kuwae tilted and

broke into pieces while a gigantic eruption was occurring.

Many people escaped death, fleeing soumward as far as

Efate island at the first signs of me cataclysm. Most

inhabitants remaining on Kuwae were killcd, but a few

reached Tongariki island, and among mcm was the young

Ti Tongoa Liseiriki who rlIst resettled Tongoa shortly

after the eruptions ceased.

This cataclysmic event has been well

known to archaeologists and emnologisL~, as well as to

geologists over the last few dccades. Neverthclcss,

inadequate geological data and the misintcrprctation of

!4C dates quoted by archaeologists have previously

prevented the determination of me age and size of the

event, the nature and volume of me erupted products, and

the precise morphology of the resulting caldcra. As a

consequence, there is no report of this major eruption,

which was probably of the same order of magnitude as

that of the Santorini Minoan event in 3600 S .P. or that of

Mount Mazama (Crater Lake) in 6845 S.P.
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PREVIOUS STUDIES

Wardcn (1967) and Wardcn et al. (1972) related the

dacitic pumiceous agglomerates which cover most of the

high ground of Tongoa, Laika, Tongariki, and the Valea

islands, and also the southcastern part ofEpi island, to the

major volcanic cvcnt rccordcd in oral tradition. Previous

workcrs (Aubcrt de la RUe 1956; Espirat 1964; Geze

1966) postulatcd that this call1cIysm might correspond to

mc fonnation of a large-scale caldera, somewhere between

Epi and Tongariki islands. Wardcn (1967) disputed this

hypothesis, but Carney & Macfarlane (1977) recognized

an oval-shaped caJdera between Epi and Tongoa from

new bathymetric data. Crawford et a!. (1988) defined five

largc, mainly submerged calderas between Epi and Efate

islands and proposed mat Kuwae was destroyed and largely

submerged during paroxysmal eruptions of one or more

of the adjaccnt calderas, between 3,000 and 400 years

ago.

MORPHOLOGY OF THE CALDERA

The scalloped rim of the caldera is conspicuously

delimitcd by Epi, Tevala, Laika, Tongoa and Fatumiala

(Sail Rock) islands. As a whole, the caldera is a NW-SE

elongated dcpression, 12 km-long and 6 km-wide, wim

an area of -60 km~ at the level of the rim, and a floor 250

m to 450 m bclow sea-level, from SE to :'-."\V (Fig. 32).

The inner wall of the caldera is steep, from about 200

m high between Laika and Tongoa to 700 m high along

the shore of Epi. From seismic reflection data, "well

layered.j7atlying reflectors" that partly fill me structure

(Crawford et a!. 1988) -i.e. the ignimbrites (and minor

ash from mc intra-caldcra Karua active volc:lIlo; see below)

trapped within the caldcra- are 225 m thick. If the

"basin ward dipping and chaotically bedded refleclOrs"

observed below are also pan of me pyroclastic series, the

fill reaches 380 m in thickness. Thus, the minimum

estimate for collapse near me caldera edge ranges from

650 m along the Tongoa coastline to 950 m along

soumcastcrn shorc of Epi, and may range from 800 to

1100 m.

For volumc calculation, a simplified calder:l shape is

considered to take into account probable slope

modification during collapse, which enlarged the caldera
I



to its present size and created its scalloped outline. This

simplified shape covers an area of 45 km2• On this basis,

the volume of the depression is estimated to be 17 km3

and the volume of the intracaldera tuffs is in the range 10

to 17 km 3
• In addition, an undocumerted volcanic edilice

vanished during the eruption. Considering a hypothetical

previous topography, quite similar to th::ll of Epi and

Tongoa islands (i.e. 500-600 m in elevation; see discussion

below), of two cones 5 km in diameter and respectively

0.5 and 0.6 km-high, the VOlume of rocks above sea·level

was -7 km 3
• Part of this volume (-2 km 3 ?) can be

accounted for as li thics in the prox imal pyroc lastic

deposits. Thus a total of -32-39 km3 of rock were engulfed

during the caldera formation.

AGE

Frederick (1893) first mentioned the cawclysm and

Heben (1966) summarized information collected by

European missionaries and travellers about the tectono­

volcanic event. Rough estimates based on the number of

generations of chiefs place the event between 1540 and

1654 A.D. According to Garanger (1972), these eStim::lles

appear too recent in view of two 14C age determinations

carried out on burned wood included in deposits related

to the cataclysm, and one collagen age determination

carried out on the skeleton of Ti Tongoa Liseiriki,

suggesting that the cataclysm occurred in the first decades

of the Fifteenth century.

New 14C data

The sequence of deposits related to the caldera collapse

includes two thick pumice flow deposits which occur

extensively on Tongoa. Three radiocarbon dates have

been determined at the Centre des FaibJes Radioactivitcs

(Gif sur Yveue, France) from pieces of charcoal from

sites T4, nand 1'9. Carbonised tree trunks are abundant

in the lower deposit near Moeriu (sites T7 and T9).

- T4D, is a completely carbonised pandanus trunk, 7

cm in diameter, from the upper pumice flow deposit at

Mangarisiu, with a conventional radiocarbon age of 430

± 50 years B.P. (Gif-8958), that reduces to a calibrated

date ofCAL A.D. 1414 - 1619 (calibration according to

pazdur & Michczynska (1989); 95% confIdence level,

range based on 2 sigmas).
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- T7D, is a completely carbonised "ironwood" trunk,

20 cm in diameter, from the lower pumice flow deposit at

Moeriu, with a conventional age of 560 ± 50 years B.P.

(Gif-8959), or CAL A.D. 1295 - 1430.

- T9A, is a completely carbonised "iron wood" trunk,

25 cm in diameter, from the lower pumice flow deposit at

Moeriu, with a conventional age of 430 ± 40 years B.P.

(Gif-8960), or CAL A.D. 1420 - 1611.

As the exact positions of the dated samples within the

carbonised logs have not been recorded (outermost rings

or core ?), some of these dates could predate the eruption

by some years or tens 01 years. This may be the case for

sample nD, which gave an older age than samples T4D

and T9A; furthermore, the tree corresponding to this

sample could have died bclore the main eruption (perhaps

during a previous eruption?). As both samples T4D and

T9A (from two distinct sites) give a maximum probable

date of 1445 A.D., the cataclysmic eruption of Kuwae

probably took place in the mid-Fifteenth century. This

result agrees well wi th previous 14C dates (Garanger 1972).

PRODUCTS OF THE TERMINAL MAAR PHASE OF

THE PRE-CALDERA EDIFICE, AND PRODUCTS

RELATED TO THE CALDERA EVE!'·rr

Effusive and Strombolian, mainly basaltic, products

characterize the pre-caldera edi fice. Basalt and andesite

la\'a flows and agglomerates may be observed and sampled

on Tongoa (sites TJ, T3, T5, T8 and 1'9. Table 5 shows

three representative analyses from these series.

Three dewiled cross-sections from Tongoa-Laika will

be observed during our field trip, and these illustrate the

tephrostratigraphy of the entire series of tuffs surrounding

the caldera and overlying the pre-caldera formations (Fig.

33). Two scctions are located on the caldera waIl, at

Lupalea Point on Tongoa (sites T2 and TlO-12, Fig. 32)

and on the small island of Laika (L 1-7), and the third is

a composite section from the SE coast of Tongoa, near

Mocriu and Mangarisiu (T4 and n-9).

Lupalea point section (day 2. rrwrning)

1 . At Lupalea Point, the fust 33 m of deposits which

overlie the pre-caldera lava flows show a complex

association ofpyroclastics which correspond to alternating

hydromagmaLic (H D J-4) and Plinian eruptive styles. At
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Table 5: Kuwae - Wholerock analyses. Major elemenL<; geochemisrry in wt% summed lO 100% volatile free;
FeO*=toUJI iron as FeO; LOI=loss on ignition; Mg It determined on the basis of Fez+/(Fez++ FeJ +)=0.9.

PRE-eALOERA SYN-eALOERA PYROCLASTIC SERIES OU.Elrtr KARUA

lava"
"'9 Il A!1l And HOl H05 PFD1 PFD2 H06 WFD3 WFD4 WFD5

S~"n' T9C T2A C98 T2C T2J T2K TIF HA HB T2N T10C LlA llB L6A L6G L7A L7F L7B T6A Cl0A

Si02 51.60 52.08 58.74 51.92 64.:13 6VllJ 64.11 64.43 63.91 62.49 61.67 64.41 64,71 64.51 64.37 64.40 65.68 64.38 63.88 53.04
Ti02 0,70 0.79 0.64 0.83 0.60 0.60 0.60 0.60 0.81 0.81 0.62 0.59 0.58 0.58 0.59 0.59 0.56 0.59 0.61 0.67
Al203 14.05 18.60 15.68 18.31 15.37 16.00 15.62 15.53 15.61 18.00 16.24 15.49 1520 15.45 15.52 15.42 15.29 15.47 15.62 16.85
FaO' 10.17 9.65 827 10.45 6.35 6.68 8,16 825 628 8.69 8.86 6.06 6.04 8.08 6.15 6.16 5.69 6.12 6,48 10.77

"'nO 020 0.17 0,18 0.19 0.15 0.16 0.16 0.15 0.15 0.16 0.18 0.29 0,15 0.15 0.15 0.15 0.14 0.15 0.16 0.12

"'gO 8.12 3.96 3.48 3.87 1.71 2.05 1,69 1.68 1.78 2.05 2.23 1.64 1,70 1.66 1.87 1.66 1.46 1.82 1.73 5.67
caO 12.00 10.50 7.54 9.86 4.80 5.74 4.88 4.80 5.04 5.73 6.07 4.68 4.81 4.77 4.75 4.80 4.33 4.74 4.90 8.96
Na20 2.13 2.89 3.37 2.99 3.93 3.78 3.98 3.eo 3.91 3.n 3.61 4.04 4.18 3.93 3.95 3.99 4.03 4.03 3.95 3.28
K20 0.81 1.29 1.81 128 2.51 229 2.56 2.50 2.47 227 2.33 2.57 2.58 2.62 2.60 2.59 2.58 2.46 2.43 0.48
P205 020 027 0,29 0.30 0,24 0,23 024 025 024 023 0.22 0.23 025 025 024 024 025 024 024 0.15

LOll0500C -<l21 0.07 -<l.36 221 0.02 -<l.06 0.59 0.10 -<l.12 -<l.02 0.62 0.04 0.98 -<l.09 ·0.03 0.10 -C.l0 0.57 -C.15 1.62
IniliaJ lof. 98.62 98.96 99.40 98.51 98.73 99.17 99.63 98.96 98.85 99.03 99.54 99.18 98.79 99.58 99.87 99.64 99.25 99.05 98.94 98.62

IM<J' 061 045 0,45 042 0.35 0.38 0.35 0.35 0.36 038 039 0.35 036 035 0.35 0.35 0.34 0.37 035 0.51

n

the base, a first sequence of hydromagmatic deposits (H D

1),3.5 m-thick, consists mainly of surge layers grading

upward into ash flow deposits bearing basaltic scoriae.

This sequence is followed by a rhythmic 1.5 m-thick

sequence of ash and lapiIli fallout layers. Above, two

sequences of yellowish layered hydromagmatic deposits,

HD 2 (7.5 m-thick) and HD3 (4 m-thick) are intercalatcd

with two massive (2.5 and 6 m) beds of grey airfall bpilli.

Ash layers show conspicuous cross bedding or wavy fine

"!aminites", intercalated with ash and vitric lapilli layers

cemented by a coarse or fine muddy matrix consisting of

sideromelane clasts with palagonite, mainly basaltic

andesite in composition. An 8 m thick sequence of

yellowish layered hydromagmatic deposiL<; HD 4, quite

similar to HD 2-3, ends these 33 m of deposits, which

may be interpreted as a terminal maar phase of the prc­

caldera edifice, and which includes drier Plinian episodes.

The hydromagmatic deposits grade upwards into two

major sequences, which mainly consist of Plinian deposits,

and are clearly related to the caldera event.

The upper pan of the Lupalea Point seCtion (26 m)

exposes: (i) 7 m of massive yellow hydromagmatic tuffs,

with quenched black, vitric blocks and flallened bombs.

dacitic in composition, in an indurated muddy matrix of

coarse ash cemented by fines (layer HD 5); (ii) a co­

ignimbrite breccia including about 10% of juvenile c lasts,

5 m thick; (iii) an additional lenticular yellow layered tuff
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sequence, 3 m-thick; (iv) a 4 m-thick lithic-and pumice­

rich unwelded flow deposit (PFD 1), and (v) a 6 m-thick

unwelded pumice flow deposit (pFD 2) with 80 to 90%

pumice (sample TIN, Table 5). An 80 cm-thick ashfall

layer crowns this section.

Moerill-J1angarisill composite cross-section (day 2.

afternoon).

The two major ignimbritic units PFD 1 and PFD 2

reached the SE coast of Tongoa:

- Near Moeriu, a lower un welded pumice flow deposit

is exposed over 9 m at the base of the coastal cliffs. This

deposit includcs 50 LO 8090 of pumice fragments (sample

nF) up to 15 cm in size, but commonly 3 to 7 cm, 20­

50% of lithic blocks up to 20 cm, but usually 2 to 8 cm,

and scarce quenched glassy blocks a few cm in size. At

sites T4 and Tt), this unit commonly shows bigger (30

cm) and more frequent glassy blocks (sample T4A).

Completely carbonised "iron wood" trunks, frequently

oriented in the direction of flow (1\'\V -SE), are so frequent

in this lower pumice now deposit that local people use

them to cook food. A 1m-thick ashfall layer crowns this

deposit.

- The middle and upper parts of the Moeriu-Mangarisiu

composite section are exposed near Mangarisiu. The upper

ignimbrite unit exposes a 50 cm to 2m-thick basal layer

of welded vilric LUff with glassy blocks up to 80 cm
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Figure 33: Stratigr3phic sections of the pyroclastic deposiLs surrounding the Kuwae caldera; see text for details

across (sample T4B). This layer is overlain by 15 m of an

unwelded pumice flow dcposit including scarce pieces of

carbonised wood. This flow deposit includes 60-80% of

pumice fragments commonly 1 lO 4 cm in size, but up to

25 cm, black glassy blocks usually from 1 to 3 cm, and

very scarce small accidental blocks. An ashfalllayer ends

the upper ignimbrite unit. Along the coast near Mangarisiu,

we will observe at the lOp of the section, a 6 m-thick

sequence of lahars which rework the ignimbrite deposit.

Laika cross-section (day 3, morning).

On Laika island, the base of the western shore cliff

exposes a pumice flow deposit. at least 20 m-thick, which

corresponds unambiguously to the upper ignimbrite PFD

2 recognized on Tongoa. It is overlain by a 5 m-thick

distinctive sequence of hydromagmatic deposits (HD 6,

Fig. 33). Increasingly welded ignimbrite deposits (\VFD

1-5) characterize the upper two-thirds of the Laika section

which ends in a thick and specUlcular sequence of welded

tuffs, including about 20 m of black (WFD 4, s3mple

L7F) and 30 m of red welded tuffs (\VFD 5, sample UB).

Rheomorphic facies are common, as well as quenched

and brecciated rocks resulting from interaction betwecn

hot flows and seawater. Finally, about 5 m thickness of
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bedded ash and [Jumice fall deposits complete the Laika

section, the total thickness of which is near 90 m.

Slraligraphic correlalions

On Tongoa, all sequences of hydromagmatic nd

intercalated Plinian falloutlapilli deposits from the lower

part of the tuff series, the massive hydromagmatic unit

HD 5 and the co-ignimbritc breccia have only been

observed near thc caldera along the NW coast. In contrast,

both the upper part of this serics at Lupalea Point and the

cntire Moeriu-Mangarisiu composite section clearly

expose the same succession of two major Plinian,

unwclded, pumice-rich ignimbrite deposits (pFD I and

PFD 2 ), the total thickness of which is at least 27 m on

the SE coast. From one side of the island lO the other, a

southeastward decrease in the size of dense juvenile blocks

concom itant with a decrease in the quantity of xenoliths

is well marked in the lower flow. Changes also occur

upward, since at both sections the lower deposit is richer

in acciden131 blocks than the upper one.

Stratigraphic correlation between the two sections

from Tongoa and the Laika section is even more obvious,

since PFD 2 forms the base of the eastern shore cliff of

Laik:J. Pumice flow deposits identicalLO those of Moeriu-
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PRE-CA1..CE.o.A En IFICE
(eIlusIve ancl SlrOITlColian)

WFD5

lSOnl-

PETROLOG Y OF THE TUFFS

Inlermediate and upper hydromagmatic deposits

!lID 5-6) and ignimbrites

Wholcrock com positions of ignimbriles and associated

hydromagmatic dcposi ts from the upper part of the series

range from acid andcsitcs to dacites (62 to 66% Si02;

Table 5), but are mainly dacitic. Taking into account the

In thc weldcd tuffs, minerals generally represent 4­

7C;o of volumc, thc matrix being constituted by glassy

shards, somc of thcm totally aphyric. SUrlSeyan-like

dcposil'l arc constitutcd by abundant vitric clasts and

scarce lithics sct in a very fine and palagonitized matrix.

Some samplcs are crystal-enriched. All studied samples

arc charactcrized by a phenocryst mineralogy very close

to that of the pre-caldera acid andesites. Bytownite

phenocrysts (A~2.88) are frcquent in the vitric fragments

from the basal and lower hydromagmatic layers HD 1-4.

in association with less abundant clinopyroxene and scarce

olivine phcnocrysls. The ignim bri le deposits PFD 1-7

and thcir associatcd hydromagmatic deposits HD 5-6

show, in dccrcasing ordcr of abundance: dominant

andcsine-bytownite (An43.89), subordinate augite (E~~.

43 W039.42FSI5.2j)' Ca-poor pyroxene (En4?-68 W03...Fs29..7),

minor olivine (F063.67) and Ti-magnetite.

Fifteen wholerock analyses are given in Table 5. In

addition, microprobe analyses of minerals, 257 glassy

clasts, and 10 intcrstitial glasses from the groundmass of

lava T6A were pcrformed on 12 thin sections.

Basal and lower hydromagmatic tuffs HD 1-4:

One wholcrock analysis has been made on sample

TIC from the basal hydromagmatic deposllS HD 1. There

are no wholcrock analyses for the lower deposits HD 2­

4, but microprobe analyses were carried out on a

population of 100 glass shards from samples T2E, T2F,

T2G, T2H (Fig. 35). No correlation exisLS between

physical char:lcteristics (color and vesicularity) and

chcmical compositions of the shards. Analyses range

from 4R to 619c Si0
2

• but intercstingly Si0
2

distribution

is bimodal. with one peak al 53.9% mainly formed by

glasses from HD 3, and a second at55.8% mainly formed

by glasscs from HD 2. In addition, sample T2F includes

a few basaltic glass fragments, whcreas sample TIH

conwins a few acid andesite vitric clasts.

SECCND
HYDRO'-4AGMAnC
THEN PUNIAN
PHASE OFIHE
CAlDERA EVENT

FIRST
HYOROMAGMAnc
THEN PUNAN
PHASEOFIHE
e.u.DERA EVENT

TEF.MINAL MAAR
PHASE OF THE
PRE~LDERA
EDIFICE

WFD4

WFD3

H06

PF02

PFD'
~I:ncca

H05
H04

;i;;~ H03
H02

0- HO'

Mangarisiu on Tongoa, and including carbonised trunks,

were observed on Epi island. Observation ofthc Fatumiala

rock showed that this 15 m high islct consists of rcd

welded tuffs similar to WFD 5. On Figure 34. a compositc

log of the complete pyroclastic serics rc latcd to thc ca Idera

is shown. In generaltcrms, the lowcr tuff series exposes

alternating hydromagmatic (HD 1-4) and Plinian fallout

deposits, whercas the upper tuff series mainly consists of

four lhick welded or unweldcd ignimbritc units (PFD I.

2, WFD 4 and 5), minor ash now dcposil'i and twO

sequences of hydromagmatic dcposits (HD 5·6).

Figure 34: Summary log of the whole Kuwac pyro
clastic series (KPS) preceding thc caldera event
(maar phase) and directly related La it (two
main phases).

Volcanics from outer vents (day 3. afternoon).

On the eastern coast of Tongoa. at site T6, wc will

examine two silica-rich glassy lava flows, erupted Crom

volcanic centers that are locatcd on a Cracture, rad ial lO

the caldera. These turned to hyaloclastitcs whcn thcy

entered the sea. Although if thcse lavas arc covercd by

pumice fallout deposits, their petrology and composition

(dacites, sample T6A) suggests lhat lhey must bc

considered as lavas eruptcd from outcr vcnts, just

preceding the caldera event.
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Figure 35: Frequency histogram for Si02 values in glasses from the entire tuff series. Microprobe analyses on
studied samples and generalised frequency histogram. Class 48 =48.00% to 48.99% Si02.

phenocrysts contents, microprobe analyses of glasses arc

in good agreement, in term of major elements, with

corresponding wholerock analyses (Fig. 36).

Taken individually, each sample from the welded

tuffs ofLaika (L6G, L7B or L7F) shows a glass population

characterized by a wide, dacitic to rhyolitic, and not

unimodaI Si0
2

distribution (Fig. 35). In comparison,

samples from the upper hydromagmatic deposits of Laika

display glass popuJations with a restricted dacitic range in

Si0
2

around 68% (L6A). Black glassy blocks from HD 5

and PFD 2 deposits of Tongoa (T2J, T2K, T4B) show

glasses with a wide Si0
2

compositional range, but with a

definite peak around 66-67% Si0
2

. Interstitial glass patches

from the groundmass of sample T6A display a wide

compositional range in Si0
2

from 61 to 71%.

Taken together, these glass analyses (60.2 - 78.5'1(;

Si0
2
) display a fairly well defined unimodal distribution

around a marked peak near 66-68% Si0
2

. For each group

of hydromagmatic deposits and their following pumice

flow deposits (HD 5 + PFD 1-2 and HD 6 + WFD 1-5),

an average composition has been calculated (Table 6).

Vitric clasts in tuffs from Laika (i.e. the upper group) are

slighly more silicic than those of Tongoa (lower group

corresponding to flows PFD 1-2 and bombs from the

massive hydromagmatic layer HD 5).

DISCUSSION

Comparison with other ca/dera1orming eruptions

The towl volume of material released by the Kuwae

event cannot be mea.<;ured, as most of its products entered

the sea. However, as for the Crater Lake (Bacon 1983)

and Tambora eruptions (Self et al. 1984), the "lost" volume

(i.e. the -32·39 km 3 of rock engulfed during the caldera

formation) should equal the DRE (Dense Rock Equivalent)

erupted volume. The emission of 4 main units of thick

un welded and welded tuffs (PFD 1, 2 and WFD 4, 5)

associated with lesser ash flows agrees well with such a

large magmJ output.

A comprehensive idea of the Kuwae eruption
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Table 6: Averagcs and standard dcviation of microprobe analyses (rccalculatcd to 100%) of glasses. HD 2 and
HD 3: av. of 80 analyscs of basalt ,mdcsitc glass fragmcnts in samplcs T2E, F, G, H from the basal hydro
magmatic deposits (Lupalca Point, Tongoa); HD5 ctc: av. of 143 analyscs of dacitic glass fragments in
samplcs T2J, T2JK, T4B, L6A, L6G, L7B, L7F from unwcldcd or weldcd ignimbrites and related rocks
(Tongoa and Laika) and intcrmcdiatc hydromagmatic dcposits (Laika); C9G is a fcedcr dyke from Kuwae
caldera wall; see Fig. 32 for sample locations.

HD2 HDJ HDS+PFD2 HD6+WFD3,4,S DYKE

Samples T2G-T2H T2E·T2F T2J-T2K·T48 L6A-L6G-L7F·L78 COO

Si02 range 55,00 to 56,99 53,00 10 54,99 65,00 to 68.99 64,001071,99

No 01 analyses 46 sd 34 sd 39 sd 104 sd 1

Si02 55,86 1,20 53,96 1,31 66,73 2,09 68,79 2,88 67,70

Ti02 0,97 0,30 0,90 0,19 0,69 0,15 0,59 0,02 0,52

AI203 14,93 1,24 14,98 1,69 14,75 0,10 13,94 0,16 14,79

FaO" 10,82 1,87 11,22 2,73 5,72 1,49 4,62 1,62 4.84

MnO 0,24 0,07 0,24 0,05 0,14 0,04 0,08 0,07 0,12

MgO 3,83 0,24 4,69 0,18 1,20 0,20 1,28 1,25 1,08

GaO 7,97 0,05 9,74 0,97 3,53 0,40 2,91 0,50 3,58

Na20 3,37 0,20 2.74 0,22 4,91 1,08 4,25 0,23 4,23

K20 1,91 0,14 1.51 0,93 2,24 1,06 3,55 0,21 2.95

Cr203 0,10 0,07 0,03 0,04 0,00 0,00 0,00 0,00 0,19

Initial Total 98,30 0,86 98.39 0,26 99.79 1.03 99.41 o,n 99.n
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Figure 36: MgO vs Si02 variation diagram for wholcrock analyses (dots) and microprobe analyses (areas) from
Kuwae caldera. Glass anal yses from tuffs arc groupcd following the three erupti ve phases (Figure 34).
Note the spread of microprobc analyses from the unhomogcnized sample C9G (feeder dyke).

magnitude may be simply arrived at by comparing this

erupted volume with the volume released by the largest

eruptions (i.e. exceeding 25 km J of magma output)

recorded during the past 10.000 years. Thc DRE volume

of the Kuwae event, the Taupo rhyolilic evcnt (186 A.D.;

Walker 1980) and the Santorini Minoan cvcnt (3600

B.P.; Druitt & Francaviglia 1992) are quitc similar (30 ­

40 km J), and are only surpassed by those of the Tambora

(1815 A.D.; Self et al. 1984; Sigurdsson & Carcy 1989),

Kikai-Akahoya (6300 B.P.; Machida & Arai 1983) and

Mount Mazama (Cratcr Lake; 6845 B.P.; Bacon 1983)

events (50 to 60 km J
). The age of the caldera event at

Ambrym is not well constrained. but this event should

also bc included in the list, since it is believed to be very

young (Icss than 2,000 B.P.; Mc Call et al. 1970), and

rclcascd at Icast 19 ·25 km' DRE of products (Robin et

at. 1993).

Thus, togcther with the Crater Lake, Kikai-Akahoya,

S,mtorini (Minoan), Ambrym. Taupo and Tambora events,

thc Kuwac evcnt is among thc seven biggeSt caIdera-
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forming events of the last 10,000 years. Furthermore, the

Kuwae eruption appears second in importance amongst

Lhe eruption witnessed during the present era, just after

the Tambora eruption (Self et al. 1984). Considering

recent events in the SW Pacific, the great eruplion on

Long Island er I -12 km 3 calculated vol ume of tephra)

which occurred about 250 years ago and provoked a

"Time of darkness" in the highlands of Papua New Guinea

(Blong 1982), should also be mentioned. As for Kuwae,

oral folklore has provided accuratc accounts of this

eruption.

Duration and triggering of the event: model of caldera

formation

The lower part of the pyroclastic series shows

increasing amounts of hydromagmatic deposits at the

expense ofPlinian fallout deposiLs, both types of dcposits

being mainly of basaltic andesite composition. Convcrscly,

Lhe upper pan of the series exposcs a thick pile of dacitic

ignimbrites, all emitted during the climactic sL:1ge of the

eruption. This latter phase was probably short, as similar

eruptions such as Tambora in 1815 and Krakawu in 1883

seem generally LO have lasted for two-three days or less.

The time separating the eruption of the hydromagmatic

deposits from Lhe climactic swge and the collapse is not

known. Nevenheless, Lhe eruption of the whole pyroclastic

sequence was of short duration as, in spite of the wet

tropical climate, no soils are developed between the

different units of tuffs and Lhere are also no lava nows.

The lack of temporal discontinuity, added to the

intimate association between hydroclastic and Plinian

products and Lhe progressive evolution in the eruptive

styles, leads US to consider that these pyroclastics form a

coherent volcanic series. the climactic stage of which

provoked the caldera collapse. This is one of the original

characteristics of the Kuwae caldera, compared to other

calderas of similar size which originate in a sudden,

major, essentially Plinian eruption. Association between

hydromagmatic and Plinian eruptive styles is a second

remarkable characteristics of the Kuwae caldera. Thus, a

model for the Kuwae cataclysmic eruption must take into

account (i) temporal considerations, and (i i) eruptive style

evolution and (iii) petrologic considcrations.
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(i) - The numerous eruptive events that preceded the

ignimbrilc cruptions suggest monLhs or even years of

relativcly moderate activity before the collapse paroxysm.

Probably, this initial phase was accompanied by

earthquakes and radial faulting, allowing construction of

the outer cones observed on Tongoa. On the other hand,

all oral folklore seems to suggest that earthquakes and

tsunamis started clearly before the paroxysmal phase.

(ii) - An unusual sequence of hydromagmatic and

Pjinian deposiLs and evolution from one type of volcanism

to the other are evidenced in some places: a- at Lupalca

Point on Tongoa, the lower sequence of deposits shows

increasing hydromagmatism with time at the expense of

Plinian fallout deposits. b- This evolution leads LO Lhe

emission of hydromagmatic deposits HD 5 at the start of

the cat..1clysmic event, i.e. an eruptive phase in which

w:.llcr played an imporwnt role; c- higher in the ignimbritic

sequcnce, a second burst of hydromagmatism (HD 6)

occurs, testifying that water-magma interactions still

occurred between two episodes of the major Plinian

eruptive phase. This strongly argues for triggering of the

Plinian eruptions by magma-water interaction.

(iii)- Glasses from the caldera tuff series are usually

not of homogeneous composition, but rather show a wide

compositional range. These compositions, LOgether with

wholerock compositions, display well defined trends on

oxide-SiOz variation di3grams. Considering the major

elements, all caldera tuffs can be readily interpreted in

terms of I'ractional cryswll it.ation, the vitric cIasts in the

tuffs representing variable compositions from an early

differentiated magma chamber. Thus, as for Tanna (see

below), the caldera event of Kuwae is characterized by a

large compositional range of magmas and the intimate

association of hydromagmatic and Plinian products.

Glass compositions represent liquids quenched from

differentiated layers in Lhe magmatic chamber just before

Lhe eruption. During the eruption, these layers disintegrated

and droplets of various compositions were mechanically

mixed, but usually wiLhout homogenization of the resulting

product. A striking similarity is evident between averages

of glass compositions and the wholerock composition of

sample C9G, a porphyritic dacite with fine-grained

groundm:lss from a probable feeder dyke, dredged on the
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caldera wall (site C9, Fig. 32). Other feeder dykes were

observed in coastal cliffs on LJika and Fatumiala islet.

The prel~minary seismo-tectonic crisis and the

pronounced hydromagmatic features of the lower deposits

provide evidence that external water (probably sea water)

reached mafic andesite magma. Such a magm:.l does not

usually stay in the upper central part of a differentiated

chamber. Therefore, earlier magma-water interaction

probably occurred under a lateral submarine part of the

volcanic field, where basic andesite magma was rising,

either from an' intermediate level of the chamber or from

a secondary magma chamber. through a fissure swarm

opened during the seismic crisis. At this time, a volatile­

charged acid cap, ct:lcitic in average composition. and

potentially self-explosive, was stored under the roof of a

magma chamber located beneath the central pan of the

volcanic field, pending eruption. This stock of evolved

magma may have been produced by generation of dacitic

liquids in a sheath of magma adjacent to the walls or the

chamber, ascending by bound:Jry-layer convection and

progressive concentration at the top of the chamber, as

proposed by Wheller & Varne (1986).

As water played an important role In

the first stage of his eruption, the following mechanism is

suggested: opening of vents related to earlier

hydromagmatic eruptions (ma:Jr phase) weakened the

rock-pile at the top of the central magma chamber, which

progressively failed. This allowed water to reach the

volatile-charged cap. At this stage, magma water

interaction resulted in the overnow of hydrovolcanic

dacitic products poured out, as a mixture of gas and dense

vitric and vesiculated blocks (layer HD 5). Th is was

followed by co-ignimbrite breccia corresponding to the

initiation of the caldera collapse and enlargement of the

vents. Then, depressurization and a turbulent convective

regime induced in the differentiated cap produced

expansion and eruption of heterogeneous dacitic m;\gma.

New infiltration of seawater during a volcanic lull is

responsible for the upper hydromagmatic sequence HD 6

and, perhaps, for the triggering of the second Plinian

phase (pFD 3-7 on Laika island).

Kuwae caldera: {WO probable coalescenl colla[1se

structures

The oval and lobate shape of the depression, with two
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basins :.It dirrcrent depths, does not accord well with the

existence of a single large volcano before the cataclysm.

In addition,the caldera is located on a very narrow volcanic

ridge, where a strip of land, at most6-km wide. previously

joined Epi and Tongoa islands, and this also precludes the

ex istence of a large-sized pre-caldera volcano. For

comparison, the l2-km wide Ambrym caldera is at the

top of a 35 x SO km-wide volcano. and the caldera of

Santa Maria in the north or the archipelago, only 6 x 8

km-wide, is at the top of a 30 km-wide volcano.

Additional observations are in favour of a previous

topography rather similar to that of Epi and Tongoa: the

200 m-high cliff along Epi exposes a pile of thin lava

nows intercalated with agglomerates (Warden 1967),

which suggest a ne:Jrby vent approximately at the center

of the NW basin. Along Tongoa, the caldera wall exposes

in some places thick sequences of coarse scoria, also

suggesting a volcanic center ne:Jr the present shoreline.

Moreover, it is worth noting that both basins on the

c::lldera noor are quite similar in diameter to Mounts

Tavani Ruru and Tavani Hurata on Epi and Tongoa (Fig.

32). Thus, two small-sized volcanoes in the same places

as the present basins probably produce a good

approximation to the pre-caldera morphology. In addition,

these volcanic centres would be precisely aligned with

the Tavani Ruru and Tav::lni Hurata cones.

Therefore, the elongate shape of the caldera may be

expl::lined by ::In elongated magma chamber with several

discrete (or unconnected) apophyses. The fact that dacitic

products from the second Plinian phase are systematically

highcr in Si0
2

than those from the first phase suppons

such an hypothesis. Moreover, upper ignimbrites PFD 3­

7 have never been observed on Tongoa.

Post-caldera activity during the last 500 years includes

the development of the basaltic Karua cone on the floor

of the caldera (Craw ford et a!. 1988). Karua has been

periodically active since the first documented eruption in

1897 (Warden J967; Simkin et al. 1981). This cone has

produced basaltic lavas and scoria quite different from

precaldcra basalts. At many times, it has emerged as a

small island. It is interesting to ask why these small

islands, up to 100 m in elevation in 1948-1949, and often

made of scoriaceous pyroclastics, disappeared. Did this

disappearance result only from wave action, or from

movements of the still-young caldera floor?



DAYS 4 and 5: Tanna ignimbriles and Yasur volcano.

TANNA

OLD TANNA IGNIMllRITES AND THE SIWI

IGNIMfiRITE

The following section is from "C Robin, J-P Eissen &

M Monzier (1993) 1gnimbrites of basaltic andesile and

and.esite composilions from Tanna. New /Iebrides Arc.

Bull. VolcaMI. (In press), and from new field observations

by the authors during recent fieldwork in June 1993.

During the fieldtrip, we will encourage discussion aboul

the exact location of the Siwi caldera and aboul lhe

respective roles of the regional teclonics and m:lgm:llic

resurgence over the struclural panern of the Yasur - Pon

Resolution area.

STRUCTURE OF THE TANNA VOLCANIC

COMPLEX

Tanna (19°30'S . 169°20'E; 561 km2) is the main

island in the southern VanuaLU archipelago, rising 10R4

m elevation at Mount Tukosmeru (Fig. 37). Present

volcanic activity is restricted to the small Yasur scoria

cone (350 m high) in the southern part of the island.

Camey & McFarlane (1979) divided Tanna's volcanics

into three groups of lavas and pyrocla<;tics: two ancient

groups of Late Pliocene and Pleistocene age, the Green

Hill and Tukosmeru Groups, and the younger Late

Pleistocene to Present Siwi Group, the deposits of which

cover the southeastern part of the island. The laner includes

the presently active Yasur cone, the volcanics from Ombus,

another scoria cone recently extinct, and the Yenkahe

volcanics which comprise a remarkable ignimbrite sheet,

the Siwi ignimbrite (Nairn et al. 1988).

The Eastern Tanna Volcano and the Old Tanna Ignimbrile

Sequence (OTl) .

Camey & McFarlane (1979) recognized lWO volcanic

centres in the former Green Hill Group, respectively the

Green Hill centre in the north and the Waesisi-Lowniel

centre in the south, near the eastern coast. They also

included in this Group the thick pyroclastic deposits which

lie between these two centres, along the eastern coasl and

TIlE GEOLOGY, VOLCANOLOGY, PETROLOGY.
GEOC8EMISTRY, AND 'IECTONIC EVOLUTION OF TIlE NEW

HEBRIDES ISIAND ARC, VANUAnJ
0._a-.MicIMI_.--', J. enwford ODd5_ Mo:EcPos
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over the central ['art of the island, but they were uncertain

of their origin. According to Camey & McFarlane's

observations, regional eastward dips of these deposits

suggest an origin in the west, but there is no morphological

evidence to suppon a volcanic edi rice in the central area

or the island. As suggested by these authors, an eastward

increase in grain size of the pyroclastics would represent

a laleral lransi lion to coarser deposits closer to a centre

located in the east, and the observed regional dip may not

primary. Such a hypothesis is susUlined by the presence

of raised limestones in the !'o'W pan of the island.

Balhymetric data obtained during a recent marine

survey (ORSTOM Calis Cruise, May 1991, Fig. 38)

revealed that the crescent-shaped island belongs to a Plio­

Pleislocene volcanic complex, aboul 40 km wide and

some 1ROO m high, relative to the arc basement. Field

observalions show that parl of the volcanic sequence

assigned to the Green Hill and Tukosmeru Groups.

especially the lava nows and pyroclastics exposed along

the eastern coaSl (i.e. pyroclastics from sites 16,22 and

23, Fig. 37) and in the central part of the island, form the

western slope of a large edifice. This edifice, now collapsed

below sealevel, we name the Easlern Tanna VolcaM

(ETV). A pile of lava nows and intercalated agglomerates

(scoria, ash and lapilli fallout deposits), forming the 100

to 150 m high coastal cliff near Waesisi represent the

remains of the southwest flank of lhis cone. Thick massive

to lenticular units of coarse scoria and breccia, numerous

dykes intruding scoria and lavas, and the general dips of

these lavas, suggest that the vent was located not far to

the north-east, probably near 19°26' Sand 169° 25' E.

At sites 16,22 and 23, a complex series of ash flow

deposits, scoria-rich pyroclastic flow deposits and massive,

poorly welded bomb-rich pumice now deposits, associated

with falloullephra, overlies the lavas from ETV (Fig. 39).

Here, this series is named the Old Tanna Ignimbrites

(OT1) to disLinguish them from the Late Pleistocene Siwi

ignimbrite. As for the associated lavas, local dips CVV-SW

al sites 22-23, and W -NW at site 16) and their distribution

along the co3.<;[ suggest thal the source of these pyroclastics

is the ETV.

We will nOl have enough time tovisit outcrops on the

eastern coast. As these tuffs extend over most of the

isbnd, eXJmination of these LUffs will be possible in the

Belhel area, where they underl ic recent raised limestones.
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DJ Siwi Group (Including lavas, the Siwi ignimbrileo sequence. and Ombus and Yasur cinder cones)

o Tukosmeru Group ~ Raised limeslones

_ Green Hill Group 0 Alluvium and raised
beach sedimenls
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..~~\(Lenuingao)
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A

169°40'

Figure 37: A - Geological sketch map of Tanna isbnd, from Carney & McFarlane (I979), showing the main
units and location of outcrops to bc visited during the fieldLrip. B - Location of Tanna in the New
Hebrides Arc. Dotted area: New Hebridcs Trench. BaLhymcLry in kilometers.

f

r

I

19°'0" L---'---':::::::=-"""'7'"--;-'T':-====:-:~~~
Soutl'l L ..-..........-:::::::-......

169°40'

Figure 38: BathymeLric daw obwined during Lhe
ORSTOM Calis Cruise, May 199 I. north-cast
of Tanna Island. Topographic and bathymeLrle
interval contour: 100 meters.
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Upper Pleislocene volcanics and Ihe Siwi ignimbrile

sequence

Nairn et al. (1988) in vestig:.ned the Upper Pleistocene

volcanics and emphasized the presence of the Siwi

ihrnimbrite. which covers a large area in Lhe souLheast part

of the island. These authors attnbute to Lhis ignimbrite an

approx imauve age of a few tens of Lhousands of years and

relate the pyroclastic event to the collapse area in which

the Om bus and Yasur cones and the Lake Siwi are located

(see Fig. 43). The deposits are well exposed at Waesisi

along the northeast coast, at sites 2, 3, 5 and in the region

of Resolution Bay. On the northeast coast. the intimate

associ~llion between ash now deposiLs and Lhick underlying

phrcatomagmatic dcposits led us to reconsider Lhe Siwi

ignimbrite as part or a complex sequence including these



phrcatomagmatic deposits. At site 5, a 4 m-thick densely

welded lUff is presenL at the base of the main pum ice now

and overlies the phrcatomagmatic deposits (Fig. 39).

Thus, at least four main volcanic units comprise the

Tanna volcanic complex: 1 - the Green Hill centre in the

ncrth; 2- the Tukosmeru centre in the southwesL; 3- LaLe

PleisLOcene Yenbhe volcanics in the south-cast, and 4­

the Eastern Tanna Volcano, in a more cenLral position,

but now collapsed below sea-\cvel and dissected by

conjugate NW-SE and SW -NE faults, as suggested by the

bathymetry (Fig. 38). Scarce ages do not presenLly allow

development ofa useful geoc hronology: three radiomeLric

datings from the Green Hill, Tukosmeru and Yenkahe

volcanics give ages of 2.45,0.65 and 0.23 Ma respecLively

(Dugas et a!. 1976; Camel' & MacFarlane 1979). Since

the on (that overlie the Green Hill volcanics) have their

source in the east, Eastern Tanna Volcano was probably

as volumelTically l.1rge as Tukosmeru volcano, alLhough

confirmation is still required.

FIELD CHARACTERISTICS OF IGNIMBRITES

The OTI series is divided into three parts:

1- A lower pan consisLs of brown to yellowish ash

flow deposits (up to 2 m thick) and bedded tuffs thaL show

alternating thin and coarse ash, including centimCLre sized

quenched glass fragments, pumice and lithics (layers 2

and 3, Fig. 39). These deposits reach 9 m in thickness at

site 16, where they are overlain by a 5 m thick a<;h and

scoria unit of the intermediate part of the deposits (layer

4). At site 22, only the upper 3 m of this lower sequence

(ash flow bearing quenched vitric clasts, layer 3) are

observed. No sharp discontinuity is present and the ash

flow deposits grade into the intermediate pyroclasllc !low

deposits.

2- The intermediate pyroclastic now deposits (layer

4), enriched in scoria and bombs, occur at all three sites.

IAt site 22, transverse sections to the west directed nows

Ishow lenses (up to 6 m thick and a few tens of meters

Ilong) mantled by a 6 m thick fallouL ash and lapilli scoria

Ilayers. The lenses comprise unsorted massive beds of

boarse ash, 2-3 meters thick, bearing dense and pumice
I
apilli, scoria and small cauliflower bombs that form up
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to 60Ck of the volume. These deposiL<; locally develop

slighLly W3VY bedded structures some metres long. The

dense lari11i are commonly quenched vitric clasts from

disaggregalcd bombs. Accidental clasts are rare.

3- AL Lenambtaim Point (site 23), three induraLed

pumice now uniLS were emplaced almost simulL1I1eously,

forming a single cooling unit. They represenL the major

nows of the OTl (layer 5). They form the cliff along the

coast and dip slightly to the S-SW These tuffs include 30­

40% of glassy collapsed pumice blocks and bombs, mainly

poorly vesicular and obsidian blocks, generally 10 • 25

cm across, but up to 1 m. Some of the dense fragments are

elongaLe and ribboned lenses 5-10 cm thick and 20-80 cm

long, made of compacLed scoria and pumice lapilli.

Xenol iLhs are represented by limesLOne, lavas from the

basement, and blocks of a plagioclase-rich andesite.

AL all three siLes, the upper pan of deposits consists of

bedded fallouttephra (layers 6), and a lava flow overJies

the pyroclastic sequence at site 22.

The Siwi ignimhrilc sequence

AtsiLes 3 and 5, the lower deposits of the Siwi sequence

exposed along the coast are agglomeraLes of light brown

coarse-grained ash, bearing vil.ric fragments 2-3 mm to 2

cm across, dense Yitric bombs (up to 60 cm) and scoria

(2-3 mm to 20 cm) and accidental clasts. Locally, more

fine-grained surge deposits occur. The lower half (about

3 m) of these typical phreatomagmatic deposits is

induraLed. In the upper pan of the deposit, bombs become

more abund3nl and inLerfingering between these deposits

and the succeding ignimbrite sheeL can be seen. The

following layer is a 4 m-thick densely welded layer (layer

2 aL site 5, Fig. 39). The lOP of this welded tuff grades into

the base of the unwelded Jlow, which is over a few metres

thick and rich in poorly vesicular glassy lenses showing

bread crU~L~. The latter become less abundant and then

diseappear from the pumice deposit. Atthe lower part of

the pumice now deposits, a block-rich layer separates the

lower part of the pumice flow from the rest of the flow,

about 30 m thick, which becomes homogeneous. In the

laLler, thc pumices (generally cm-sized, but up LO 15 cm

across) and the ash are in equal volume. Accidental clasts

are SC:.lJce.

Along the coastline beLween Telckey (siLe 5) and
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OTI IGNIMBRITE SEQUENCE
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Figure 39: Synthetic scctions or OT1 and Siwi ignimbrilc sequences. Localion or siles in Figure 37.

aTr s~uence: 1- Lava nows. 2 ~Jnd 3- Phre~1LomagmaLic ashy dcposilS be:.lring virric d.lsts. 4- Ash and
$Coria now deposits bc:.lring caulinower bombs, juvenile vitric ClaSL'i and accidenwl clusts. 5- Main ignim­
britic deposits of the OT!. 6- Ash and lappilli fallout 141yers. 7- L41V41 now.

Siwi s~uence: At site 2, reccnt fallout ash and lapilli layers from Yasur overlie thc ignimbrite s~uence.
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Sulfur Bay, a complele seclion of the Siwi ignimbrilic

sequence will be observed. Here, the Siwi ignimbrile

sequence s.s. consisls of (i) basal surge deposits (lO 1 m

thick); (ii) a hydromagmaLic layer bearing vitric fragmenL"

dense viLric bombs, scoria, and accidenL11 clasls. This

deposil grades into (iii) an inilial hyer of densely-welded

tuff (3-4 m thick) overlain by a 6 m-thick unwelded

ignimbrite; (iv) a second succession of welded and

unwelded tuffs (4 and 6 m thick, respectively). This

sequence lies on a composile sequence of hydromagmatic

(maar type) deposits and at least lwO pyroclaslic nows

from a probable inilial pyroclastic event heralding the

caldera forming event. At the base of the section, a

fedsparphyric lava now from the pre-caldera edifice

outcrops.

On the eastern side of Port Resolulion, lWO ignimbritic

units (2 and 5 m thick respectively) arc separated by a

complex sequence (-4 m) of block-rich hydromagmalic

layers.

In addition, at the northeastern end of the Yenkahe

horsl, we will observe waterlain pumice tuffs which arc

obviously the stratigraphic equivalents of the Siwi

ignimbrile. Their areaI distribution defines the inilial

location of the caldera and their subsequent tilling (from

30 to 80°) at the periphery of the horst allows definilion

of the resurgent zone. In our opinion, the main part of the

caldera is at present below sea-level, and it would include

only the northeastern part of the Yenkahe horsl.This

proposed location, and our interpreUltion of the resurgent

zone differ from thal of Camey & MacFarlane (1979) and

Nairn et al. (1988,) who suggested lhat the caldera

corresponds to the entire Siwi area. For us, the present

structural pattern of the Siwi area seems controlled by the

pre-and post-caldera regional tectonics rather lhan by

volcanotectonic movements.

Interpretation of the OT! and Siwi ignimbriles

In both sequences, the lower deposits (layers 2 and 3

for the OTI sequence, layer 1 for the Siwi sequence) have

phreaLOmagmatic characteristics, as demonstrated by

quenched juvenile clasts, caulinower bombs, surge

features, coated lapilli, and induraled or muddy matrix.

For the upper deposits, lhose from the Siwi sequence

are easily interpreted, since the spatial lithologic

relationships and distinct textures from base to top
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represent a classical facies model from a single pyroclasLic

110w.

This is nol the case for the deposits from the OT!

sequence. The volcanologic significance of the main now

deposiL'l at sile 23 (layers 5) may be deduced from the

following characlerislics: 1- Rare accidental clasts. 2­

Large juvenile fragments (max. 1 m), commonly bread­

cruSl bombs (up lO 40% of the volume). 3- Massive

induraLed or poorly-welded beds withoUl stratification. 4­

Matrix consisting of lapilli thal range from pumiceous to

scoria, and sparse coarse ash. At Lenambtaim Point, these

deposits resemble the Acatlan and Campanian poorly

vesiculaled bomb deposits (Wright & Walker 1981; Rosi

el al. 19~3). The dense materia I is too heavy to have been

trJnsported far from the source, and we suggest an origin

from a collapsed, fines depleted, dense eruptive column.

These deposits characterize the proximal deposits of a

lypical ignimbrile eruption dominated by a complex flux

regime.

PETROLOGICAL SUMMARY

Old Tanna f~nimhrites.

Most obsidian blocks and pumices are aphyric or

poorly porphyritic. The juvenile blocks show eULaXitic

texlures (banded and welded matrix, nallened glassy

shards). The compositions of 9 samples from sites 16,22

and 23 range from 53.3 - 58.8% Si0
2
(Table 7). Juvenile

clasts in the lower and intermediate OT! deposits show a

wide range in plagioclase composilion (An90- 5s ) whereas

plagioclase from the upper pyroclastic nows at

Lenamblaim Poinl clearly shows less anonhitic

compositions and a narrow range (An58 -42)' These data are

consislent wilh the compositional evolution of

clinopyroxene toward more Fe-enriched augite from the

basal deposits to the upper layers, also marked by an

evolulion of the M# from 49 to 36. Low Ca-pyroxene

only occurs in dense vitric lapilli from lower andesitic ash

now deposits (layer 2; analysis TA 15) at site 16. Olivine

(F'o~ is scarce.

Our 144 microprobe analyses of glassy shards and

welded laminations from the OTI vary from 54 to 699c

Si0
2

(Fig. 40, 41,41), with two main peaks at 56 - 579c

Si0
2

and 60 - 61% Si0
2

, and minor peaks at 54-SS. 59.

61-62 and 69% SiOr It is notable that the whole r.mge of
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compositions may be represented within a single llow

deposit of the upper sequence. or even within a single

sample from this flow deposit (Fig. 41).

Siwi Ignimbrile:

Seven wholerock analyses of juvenile clasts from the

three pans of the Siwi sequence were carried out. Three

samples from Ihe basal layer includc a basaltic andcsitc

and two andesites, whereas the uppcr ignimbritc is mainly

andesitic (SiOz=59-60%).

Glass compositions (152 analyses). including Ihc lowcr

phreatomagmatic deposits, range from 51 to 65.5% SiOz
(Fig. 42). The lower phreatomagmmic dcposilS show a

multi-modal distribulion, with 3 main peaks al SiO~ =54

- 55. 57 - 58 and 61 - 62, and also a minor dacilc pcak al

64% SiOr In contrast, Ihe w'clded layer, as well as Ihe

upper non-welded pumice flow dcposil, are characlcrized

by a unimodal compositionaI distribution of the glass, al

61 - 62% SiOr

Such variations in the vitric phase are malched by the

mineralogical daLa. A very wide r:Jnge of pLlgioclase

(Angz..J and olivine (Fo~b-72) compositions exiSlS in Ihc

lower deposits, whereas morc narrow composilional r:Jnges

for Ihese phases occur in the upper ash now deposit.

Petrological significance

An important question raised by the large

compositional range for the wholerock samples and vitric

components. is to know if these composilions were

produced by mixing, or by various degrees of

differentiation of Ihe same parenLaI magma. The absence

of features typical of magma mixing argues in lavour of

the second process. To address this question, and to

constrain the petrologic and volcanologic significance of

these pyroclastics, both mixing and crysLaI fractionation

models were tested using wholerock and vitric

compositions, and may be summarized as follows:

Wholerock: In a few cases, tests of mixing applied lO lhe

near-homogeneous samples clearly indicale that Ihese

samples may resull from the homogeni/..ation of lhe

heterogeneous ones. Nevenhelcss, such successful tests

are rare and allhough Ihe sum of Ihe squares of residuals

for major elements is <I, high residuals for most trace

element tests show Ihat mixing is unlikely lO have produced
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the dillerent compositions.

Classes: The compositional gaps in many samples

strongly suggesl that the dominant process producing

these diverse glass compositions is crystal fractionation,

and Ihalthese compositions are representative of various

layers in a zoned magma chamber. Mixing tests applied

to the avcrage glass compositions from Tablc 8 show Ihm

mixing cannot explain the daLa. On the olher hand, crystal

fractionation gives excellent results from basaltic andesite

BA to andesite A3. through intermediate andesites A I

and A2.

Results for Ihe Siwi ignimbrite are comparable. Mixing

c~Jculmions give poor results, whereas fractionation

models fit very well, in agreement with the modal

mineralogy and the wholerock and glass compositions

throughout Ihe scquence.

Because Ihe overall composition of most of Ihe 011

and Siwi products is andesitic, the mechanics of Ihe

eruption must differ from that of a potentially self­

explosive acidic m:.lgma (dacite or rhyo!ite), for which

gas overpressure may be sufficient to cause eruption.

Since our resull~ preclude a mixing process between a

deep mafic and a silicic magma, a hypolhesis invoking

triggering of the eruption by introduction of basalt into a

differentiated magma chamber must be rejected. For each

sequence, mineralogical dau and fractionation models

suggest Ihat Ihese compositions represent Ihe magmatic

signature or a voluminous luyered chamber, the

compositiona I gradient of which is the result of fractional

cryslallizalion. Thus, Figure 42 gives a quantitative

representation of the zoned chamber just before the

explosive events, and we conclude that these two

sequences of phreatomagmmic products and ignimbriles

resulted from rapid emptying of a large magma body wilh

a strong compositional gradient imposed by crystal

fractionation.

The intimale assm;iaticn between lower phrealo­

magmatic deposits and upper ignimbrite deposits suggests

the following model of eruption.

1- PhreaLOmagmalic processes during Ihe earlier sL:lges

of eruption.

2- Welded textures indicating hot emplacement in a

subaerial environment for Ihe main deposits.

3- lnduration and glassy blocks in Ihe upper pumice



flow deposits, that also indicate magma-water imerJction,

probably to a lesser extent than for the lower ash nows.
s- Homogenization of the composlllon during the

outpouring of the Siwi ignimbrite.

4- SimulUlneous eruption of malic and intermediate

magmas at all stages of the OTI sequence and at the

beginning of the Siwi sequence.

In both cases, the successive eruptive dynamics, from

phreatomagmatic to Plinian, emph:lsize the Tole of water

in initiating the eruptions, without which the mafic and

intermediate magmas would probably not have erupted.
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Figure 40: MgO and K20 vs Si02 diagrams of analysed glasses from the OTI and Siwi sequences.
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Figure 41: K20 vs SI02 diagram for an:llysed glasses within 3 juvenile clasts from the OTI ignimbrite at site 23.
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Table 7: Whole rock analyscs of juvcnilc c1:lsts from OTI and Siwi ignimhritcs, Tann:l.

SIWIIGNIMBRITE all SEQUENCE
SITES 2-3-5 SITE SITE SITE 16 SITE 22 SITE 23

9 10
Sample TA 28 TA 38 TA !,A TA 58 TA 5C TA 98 TA 108 TA 15 TA 16 TA 22A TA 228 TA 22C TA 22D TA 23A TA 238 TA 23C TA 23G

5102 60,00 59,80 59,40 58,65 56,30 59,20 53,70 59,30 57,30 55,20 58,80 57,30 54,55 53,30 58,60 55,80 57,00

Ti02 0,89 0,77 0,89 0,88 0,76 0,88 0,70 0,69 0,78 0,89 0,81 0,81 0,74 0,79 0,79 0,78 0,80

AI203 15,33 15,57 15,12 14,93 17,56 15,19 17,45 16,68 16,18 16,03 15,98 16,4' 16,33 16,68 15,87 , 5,92 15,69

Fe203' 8,60 7,99 8,65 8,77 9,16 8,57 9,66 7,68 9,15 10,83 8,51 8,87 9,23 10,36 8,91 9,91 9,43

/,IrQ 0,20 0, ,9 0,19 0,19 0,23 0,19 0,17 0,18 0,16 0,20 0,17 0,17 0,17 0,21 0,19 0,19 0,' 8

M(1) 1,92 2,04 1,97 2,02 3,07 1,89 3,87 1,99 2,61 3,70 2,38 2,89 4,05 3,80 2,58 3,49 3,15
Ca) 4,50 4,80 4,56 4,71 6,65 4,41 8,94 5,68 6,00 7,77 5,66 6,48 7,51 7,82 5,84 7,43 6,52

Na20 4,10 4,30 4,36 4,20 4,35 4,25 3,31 4,13 4,08 3,32 4,05 3,81 3,18 3,24 4,13 3,65 3,72

K20 3,93 3,20 4,00 3,80 1,90 3,96 1,83 2,10 2,74 2,09 3,13 2,80 2,21 1,90 2,93 2,32 2,59

Pro5 0,69 0,50 0,67 0,65 0,47 0,67 0,33 0,32 0,42 0,35 0,52 0,47 0,39 0,42 0,46 0,38 0,43

LOI -0,01 0,18 0,22 0,60 0,19 0,28 0,23 0,88 0,53 -0,17 -0,19 0,02 1,01 1,60 -0,16 0,39 -0,02

100,15 99,34 100,03 99,40 100,64 99,49 100,19 99,63 99,95 100,21 99,82 100,03 99,37 100,' 2 100,14 100,26 99,49

Rl 59 47 58 56 31 59 26 30 38 32 48 42 34 29 44 46 39

Ba 745 765 740 722 580 1445 432 248 1140 436 600 545 453 422 577 454 524

Nb 1,60 1,50 2,00 1,50 1,35 1,90 1,00 1,35 1,05 0,90 1,50 1,50 0,90 1,00 1,40 0,60 1,60

La 21,50 15,25 19,25 18,40 15,25 18,80 9,00 9,50 13,50 10,00 14,80 13,40 11,20 9,80 13,60 , 0,80 12,40

5r 445 476 440 443 547 438 647 468 537 495 536 583 580 567 530 567 548

Nd 29,0 23,0 28,0 29,0 21,0 28,0 , 2,5 15,5 19,5 16,0 24,0 21,0 18,0 17,0 21,0 19,0 20,0

Zr 144 122 15, ,4, 101 148 65 78 99 89 118 105 88 81 ,,0 84 99

Eu 1,75 1,55 1,70 1,70 1,45 1,85 1,05 1,15 1,55 1,10 1,60 1,50 1,30 1,25 1,40 1,30 1,25

Dy 5,9 5,1 5,8 5,7 4,4 5,8 3,5 4,6 4,3 4,2 4,9 4,3 3,9 3,7 4,6 4,3 4,5

Y 35,0 30,S 36,0 35,0 27,0 36,0 20,0 28,0 26,8 29,0 31,0 29,0 24,0 23,0 29,0 25,0 27,0

Er 3,6 3,1 3,7 3,7 3,0 3,6 2,2 2,7 2,6 3,0 3,0 2,7 2,5 2,1 3,2 2,0 2,4

Vb 3,40 3,05 3,50 3,35 2,65 3,40 2,00 2,65 2,58 2,65 2,93 2,60 2,23 2,30 2,85 2,35 2,58

V 175 157 177 179 238 168 281 130 238 330 198 237 246 320 222 296 258

Cr 4,5 4,5 2,5 4,0 22,0 10,0 22,S 43,0 3,3 20,0 15,0 26,0 90,0 37,0 12,0 17,0 21,0

Co 17,0 17,0 16,5 17,0 21,0 16,0 27,0 16,0 20,0 26,0 19,0 21,0 26,0 28,0 20,0 25,0 23,0

Ni 6,5 6.0 3,5 6,0 16,0 7,0 20,0 22,0 9,0 26,0 11,0 16,0 47,0 24,0 10,0 18,0 17,0

Se 15,0 16,0 14,5 15,0 18,0 15,0 23,0 17,7 19,0 26,0 17,0 19,0 22,0 26,0 19,0 23,0 21,0

/,Ig/! 0,33 0,36 0,33 0,34 0,42 0,33 0,47 0,36 0,39 0,43 0,38 0,42 0,49 0,45 0,39 0,44 0,42

Mq# on the basis of Fe2 ...I(Fe2...... Fe3...1=O,9

OTlIGNIMBRITES AVERAGES OF GlASS COMPOSIi10NS
BA A1 A2 A3 AA 0

No an. 6 21 15 18 12 2
III III III III III

5:02 54,40 0,2' 56.47 0,29 58,50 0,28 60.44 0,28 62,36 0,28 88,46

Ti02 1.04 0,18 0,81 0,18 0,80 0, '2 0,78 O,O~ 0,73 0,19 0.88

AI203 15,Og 1,12 16,03 0,80 16,16 o.aJ 15,74 0,33 15.93 1,7' 13,14

FeQ' 10,61 1,3~ 8.54 o.ao 7,72 0.a9 7.24 0.47 6,14 ',8~ 4,34

""'" 0.20 0.07 0,20 0.07 0,15 0.07 0.19 0.09 0,16 0,011 0.08

M<P 4.00 0.81 3.28 0.44 2.60 0.'3 2,02 0.2' 1.35 0.32 0,32

C<I:l 7,87 0.72 7,07 0.79 6,13 0.5J 4,79 0.82 3,82 0.87 1.45

Na20 3,73 0.15 3.85 0.22 4,01 0.3a 4,14 0.'0 4,44 0,911 2.79

K20 1.96 0.311 2.46 0.•4 2,85 0,33 3.87 0.a7 4,25 1.15 7.01

C::203 0,03 O,OJ 0,03 0.0' 0,02 0.04 0,03 0.05 0,03 0.0' 0,00

98.92 1,0' 98,74 0.51 98,94 0.82 99.24 0.57 99,21 0.52 98,23

SlWlIGNIMBRITES AVERAGES OF GlASS COMPOSlTlONS
BA A AA 0

No an. 8 12 47 6

III III III III

5i02 55,63 0.30 57,56 0,28 61,54 0.32 64,40 0.22 BA.

Ti02 0.85 0,15 0.82 O. " 0,83 O.IJ 0.74 0.10 B...ltlc And••it.
AI203 15,46 0,47 15,73 1,01 15,74 0.91 16,11 0.87 A.

FeO' 9,14 1,13 8.31 0.58 8,81 0.98 4,69 1.04 And••lt.

""'" 0,22 0," 0.21 0.08 0.18 0.07 0.14 0.09 AA ..

M<P 3.17 0,48 2.74 0.20 1.72 0." 1,04 0.3' Acid And••it

C<I:l 6,33 1.10 5.82 0.31 4,14 0.3J 3,21 O.Jl 0 ..
Na20 3.89 0,'8 4,21 0.31 4,07 0.88 4.14 0.97 aaclt.

K20 2.38 0,78 2.75 0.48 3.99 0.38 4.14 0.91

C::203 0,06 O,O~ 0.03 O.OJ 0,01 0.02 0.07 0.08

96.93 1.18 98.19 1.30 99.04 1.07 g8.68 1.15

Table 8: Averages of glass compositions from microprohc data, calculated following the peaks observed in

Figure 42.

75



65 70

!SIWI SEQUENCE!

%Si02

No. ot analyses UPPER PART
3(h

f
20';'

I

101

o--........-..-t_____

50 55 60

(OTI SEQUENCE I

No. d analyses SITE 22
I

12 -

1 Sample 226 Sample22C

I LAYER 3 LAYER 4

e-

J
I

01 "o5iQ2 ".5i02

50 55 60 65 70 50 55 60 65 70

No. ot analyses

sample23A
LAYER 5

70

"o5i02

60 65
0--_---

50 55

10

LOWER PART

No. a analyses
30

20

7060 65

sample23C
LAYER 5

55

SITE 23
sample 238
LAYER 5

55 60 65 70 50

I
12,

1
ie-
I
i

:~
50 55 60 65 7050

55

Cl UPPER PART

%5i02 6560

• LOWER PART

No. ot analyses
50-

401
301

1
20~

1
10 1
t0------.......

50

C23C

.238 LAYERS

.23A

o 22C. LAYER 4

• 226. LAYER 3

60

51
0.:...----
50 55

20

10

15

No. ot analyses
25

Figure 42: Frequency histogram for microprobe glass con:positions in juvenile clasts from the OTI and Siwi
ignimbrite sequences. Class 55 =55.00 - 55.990/1: S102.
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YASUR VOLCANO

This section reports descriptions by lA Nairn, B1

Scott & WF Giggenbach (19X1\) Yasur Volcano

investigations. Vanuatu, Sepl 1988; Publ. New Zeal,md

Geological Survey, Dept of Scientific and Industrial Res.,

plus observations made by G~rard Granger, (L'Association

Voicanique Europcenne) reported by the Global Volemic

Network Bulletin, by M. Lardy and D. Charley

(ORSTOM), and our own observations.

STRUCTURE A.."lD VOLCANIC PRODUCTS

Yasur is an active volcanic cone, 365 m high, with a

base 3 km wide, located in the southeastern part of Tanna

island. It is the youngest of several volcanic venL, which

occupy the Siwi area (including the Ombus cone). It lies

at the western end of a 6 km long and 3 km wide WSW·

ENE directed horst, the Yenkahe hom (Nairn et al. 191\8).

Uplift of the horst is demonstrated by the recent raised

reef deposits up to 180 m above sea-level and by Jincly

laminated marine volcaniclastic beds which have been

tilted to 65-700 on the south shore of Sui fur Bay (Fig. 43).

There are several other young (Holocene) vents on the

western end of the Yenkahe horst and the present Ya.,ur

cone overlies remnanL, of an older cone, composed of

strongly-altered coarse pyroclastics, which h:ls been

affected by somma ring collapse and erosion.

Lavas erupted prior to the formation of the present

Yasur cone flowed from vents within the south somma

across the Siwi ash plain.

A cliff section (8-m thick) on the north shore of Lake

Siwi (2 km from Yasur) and a more distal section at

Lownasunen, 4 km NNW of the cone, expose bedded

medium to coarse grey-black ashes considered to h3ve

been associated with the recent activity of Yasur. Fine

ash layers are of apparent phreatomagmatic origin.

Charcoal from the base of an upper ash layer gave an age

of 800 years B.P. and a coarser scoria bed which underlies

these fine ash layers itsel f lies on a paleosol dated 3t 1400

yr B.P. (Nairn et al. 1981\). C1asL, from the scoria fall are

of basaltic andesitc compOsition.
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VOLCANIC HISTORY AND PRESENT ACTIVITY.

Yasur was observed by Captain Cook in 1774, and its

aUivity is regarded as h,lVing been fairly constant since

that times (Fisher (957). Yasur activity between 1959

and 1978 is summarized by Carney & Macfarlane (1979)

with variations in the level of continuous eruptive activity,

ash and bomb emission, crater depth and number of

active vents. Particularly intense activity was reported in

1974,1975 and in 1977. Nairn et al. (1988) described the

crater morphology in 1986 and 1988. In 1986, the crater

contained three distinct, vertical-walled and deep sub­

crJters broadly aligned in a N-S direction. The minimum

depth of subcraters A and B has been determined to be

about 230 m below the south cr:ller rim, indicating retreat

of the magmatic column. Five eruptive vents were

distinguished in aerial photographs, although only 2 of

these vents could be observed from the crater rim.

In 1991, observations showed active lava lakes and/or

strombolian activity were visible at four vents (A, B, B',

and B": Fig. 44) within the large pit crater located at the

center or the main crater.(Granger 199I; descriptions

reported in GVN Bulletin). The fifth summit vent (C)

northeast of the central pit crater, was inactive. Vent A,

located within a deep nearly vertical cylindrical pit, was

not visible from the rim but continuous lava founLaining

ejected material several meters above the rim. Rare

explosions (3 observed in two days) threw lava clots

more than 50 m above the rim. In addition, Strombolian

activity occurred at vent B, a small ash cone (several tens

of dega.~sing explosions per hour, occasion.1lly with 7-8

explosions in rapid succession. The eruptive plume rose

above the rim or the main crater. Located within a cinder

cone at the NW base of the central pit crater, the 10 m­

wide vent B wa., the most active. A small, continuously

bubbl ing lava lake was periodically visible within the

cone. Approximately one explosion was heard per second,

accompanied by ejection of Ouid lava. Several times per

hour, a large c:<:plosion sent a founUlin to 100 m high.

Vent B" is located within a continuously incandescent

crater. Loud explosions occurred at a rate of 3 to 4 per

hour, dropping hallistics and l:lrge qU:lntities of ash

In October 199~, observ:Jtions revealed low-level

activity in zone A and subsuntial gas emission with faint

explosions in zone B. Zone C showed significant activity

with large explosions and lava ejections.
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Alluvium
Recent raised reefs
Yasur and Ombus volcanics
Basaltic andesite and andesite flows (caldera lavas)
Cinder, scoria and thin lava units, undifferentiated.
Big feldspar basaltic-andesite lava (pre-caldera)
Breccio-conglomerates
Waterlain tuffs
Tuffs, scoria and pyroclastic breccia, Undifferentiated
Big-feldspar basaltic andesite lava
Tukosmeru volcanics

Figure 43: Geological skelchmap or thC Slwi· Ycnk:.lhc are.:!, southcasl TannJ. Shows the Yenk::lhe hOrsl and
the Siwi ring rracture. (ArlCr CJmey & Madarlane 1979).

7H



Vanutau Field Trip Guide

REFERENCES

Figure 44: Sketch map of the summit of Yasur
showing the eruptive vents in August 1991.
(From G VN, vol 16-11).

Andrews JE, Packham G H et al. (1975) Site 286. In: Initial
Repts DSDP 30: US Govl. Printers. Washin~lon. 69-
131 -

Ash RP, Camey IN, Macfarlane A (19~O) Geolo~v of the:
northern Banks islands; Ne:w He:hride:s G;,;1. SlIrv.

Reports, 52 PP
Aubertde la Rue E (1937) Le volcanisme JUX Nouvellcs Hchride:s

(Melanesie). Bull Volcanol. Napoli, 2: 79-142
Aubert de la Rue E (1956) La geologie des Nouvelles-Hcbrides.

Volcanisme. J Soc des Oceanistes Xl!: 89-93
AuzendeJM, Eissen JP, Lafoy Y, Gente P & Charlou JL (1988)

Seafloor spreading in the North Fiji Basin (SW Pacific).
Tectonophysics 146: 317 -351

Bacon CR (1983) Eruptive history of Mount Mazama and Crater
Lake caldera. Cascade Range, USA. l. Volcano!.
Geotherm. Res. 18: 57-lIS

Ballhaus CG. Berry RF & Green DH (1991) High pressure
experimental calibration of the olivine .orthopyroxene­
spine! oxygen barometer: implications for the oxidation
stale of the upper mantle. Contrih. M ineral. Petrol. 107:
27-40

Barsdell M (1988) Petrology and petrogenesis of clinopyroxene­
rich tholeiitic lavas. Merelava Volcano. Vanuatu. J.
Petrology 29: 927-964

Barsdell M & Berry R (1990) The peaology and geochemiscry
of Western Epi. 1. Peaology 31: 747-777

Barsde:lI M & Smith [EM (19~9) Pe:aology of rccrystJllizcd
ultramafic xenoliths from Merelava volcano. Vanuatu.
Contrih. Mineral. Pe:ao!. 102: 230-241

Ihrsde:lI M. Smith [EM & Sporli KB (1982) The origin of
reversed geochemical zoning in the northern New
Hehrides volcanic arc: Conaib. Mineral. Peao!. 81:
148- 1SS.

Bellon H. Marcelot G. Lefevre C & Maillet P (1984) Le
volcanisme de I'ile d'Erromango (Republique de
Vanuatu): Calendre de: I'activite (donnees 4°K_4°Ar):
Academic des Scie:nces, Comptes Rc:ndus 299 series 2:
257-262.

Bice DC (1985) Quaternary volcanic saatigraphy of Managua,
Nicaragua: correlation and source assignement for
multiple overlapping pi inian deposits. Geol. Soc. Am.
Bul!. 96: 553-566

Blong RJ (1982) The time of darkness. Ausaalian National
University Press. Canberra, 257 pp

Blot C (l 976) Vo1canisme et seismicitc dans les arcs insulaires
prcvision de ces phcnomenes. Paris. ORSTOM

Gcophys. 13, 206 pp
Briqueu L. Bllugault H & loron J-L (1984) Quantification of

Nh. Ta, Ti and V anomalies in magmas associated with
subduction zones: petrogenetic implications. Earth
Planet. Sci. Let!. 6S: 297-308

Camey IN (19~2) E[Jte geotheITnal project, phase I. Geology
and reconnaissance hydrology of the project area:
Institute of Geological Sciences. Overseas Division
Report no. 82/1 I

Camel' IN (1985) Ge:ology and mineralisation of north and
central Malekula: Vanuatu Depl. of Geology, Mines
<ind Rural Water Supplies Regional Report: 57 pp

Camey IN (l9R~) Geology of Maewo: Vanuatu Dep!. of
Geology, Mines and Rural Water Supplies Regional
Re:pon: 119 pp

Camey IN & Macfarlane A (1977a) Volcano· tectonic events
and prc-Pliocene crustal extension in the New Hebrides,
in Intern:ilional Symposium on Geodynamics in South­
West Pacific. Noumea. New Caledonia., 1976: Paris,
Editions Technip

Camey IN & MacfJrlane A (1977b) Submarine geology. Epi­
TongoJ. In: MacfJrlane A ed. Annual report of the
Gcological Survey for the year 1975. New Hebrides
Ge:o!. Surv., 11-13

C.lmey IN & ~bcfar1:J.ne A (1973) Lower to middle Miocene
sedimenL~ on M .lewo, New Hebrides, and their relevance
to the development of the Outer Melanesian Arc system.
Austr. Soc. Exploration Geophys. Bull. 9: 123-130

Camey IN & M acfarlane A (1979) Geology ofTanna, Anneyrum.
and FULUna. New Hebrides Geo!. Surv. Report: 71 pp

Camey IN & Macfarlane A (1980) A scdimentarV basin in the
cenaal New Hebrides Arc. UN ESCAP. CCOP/SOPAC
Technical Bulletin 3: 109·120

Camey IN. Macfarlanc A & Mallick D11 (1985) The Vanuatu
island arc: an outline of the stratigraphy, structure and
pe:lrology. In: Nairn AEM, Stehli FG and Uveda S eds
The ocean basins Jnd margim, the Pacific. New York:
Plenum Press, 7: 6S3-71S

Cas RAF, Landis CA & Fordyce RE (1989) A monogenetic,
Surtla-type, Surtseyan volcano from the Eocene­
Oligoccnc Waiareka- Deborah volcanics, Otago, l'iew
Z~aland: a model. Bull. Volcano!. SI: 281-:298

Cas RAF &Wright JV (1987) Volcanic successi~ns: modem
JIld ancien!. A geological approach to processes. products
Jnd successions. Alien & Unwln. London, 528 pp

~oo,200
I

m

o
I

~ he, N, P: obaervatlon point.

warm grouncl

®

N

i

79



Chase TE & Seekins BA (1988) Submarine lOpl1gr:lphy of lhe
Vanuaru and soulheaslern Solomon Islands regions. In
Grccne HG and Wong FL eds, Geology and offshore
resources of Pacific island arcs- VanualU region. Circum­
Pacific Council For Energy and Mineral Resources Earth
Science Series, 8: 35-36

Coleman PJ (1969) Derived Eocene larger foramini fera on
Maewo, easlern New Hebrides, and lheir soulhwesl
Pacific implicalions: New Hehrides. New Hehrides Geol.
Surv. Annual Repcrt For 1967: 36·37

Colley H & Ash RP (1971) The geology of Erromango. New
Hebrides Geol. SUTV. Report 112 pp

Collol JY, Daniel J & Burne RV (1985) Recent lectonics
associaled with the suhduction/collision of the
D'Entrecasteaux 7.one in the central New Hehrides:
Teclonophysics 112: 325 ·356

Collot J-Y, Lallemand S, Pellelier B. J.p Eissen. Gbcon G,
Fisher MA, Greene HG, Boulin J, Daniel J and MOr17ier
M (1992) Geology of lhe d 'Entrecasteaux New Hehrides
arc collision zone: results From a deep suhmcrsihle
survey. Teclonophysics 212: 213-241

Coulon C. Maillet P & MauT)' R (1979) Contribution 3 l'erude
du volcanisme de I'arc des Nouvelles-Hehrides: donnees
petrologiques sur les laves de l'ile d'Hale. Soc.
Geologique de France, Bull. 7: 619·629

CrawFord AJ, Falloon TJ & Eggins S (1987) The origin of
island arc high.alumina basalts. Contrih. Mineral. Pelrol.
97: 417-430

Crawford Al. Greene HG & Exon NF (l98~)Geology, pelrology
and geochemistT)' of submarine volcanoes around Epi
island, New Hebrides island 3rc. In Greene HC 3nd
Wong FL eds. Geology and oFfshore resources of Pacific
island arcs· Vanu3ru region, Circum-PaciFic Council
for Energy and Mineral Resources Earth Science Series,
8, Houston, Texas, 301-32

Daniel J (1978) Morphology and strucrure of the southern part
of the New Hebrides island arc system ..J. Phys. Earlh

26: SI 81 ·S 190
Daniel J, CoIlol J- Y, Monzier M, Pelletier B, BUlscher J. Deplus

C. Dubois J, Gcrard M, tv1aillcl P, Monprel MC. Recy
J, Renard V, Rigolol P & Temakon J (1986) Sutxlllctions
et collisions le long de l'arc des Nouvelles-Hehrides
(Vanuatu): resultals preliminaires de la campagne
SEAPSO (Leg 1). C. R. AC3d. Sci. Paris 303,11: 805·
810,

Druiu TH & Francaviglia V (1992) Calder3 Formalion on
Santorini and the physiography of lhe islands in lhe lale
Bronze Age. Bull. Volcanol. 54: 484-493

Dubois J, Dugas F, Lapouille A & Louat R (1978) Troughs al
lhe rear of lhe New Hebrides arc; possible mechanisms
of formation. Can.J, Earth Sci. 15: 351-360

Dugas F, Camey IN, Cassignol C, Je7.ek PA & Monzier M
(1977) Dredged rocks along a cross section in the
Southern New Hebrides Island Arc and their hearing on
the age of the arc. In Geodynarnics in Soulh- West Pacific.
Technip Ed. Paris: 105-116

Dupuy C. Dostal J, Marcelot G, Bougault H, Joron IL & Treuil
M (1982) Geochemistry of basalts from central and
soulhern New Hebrides arc: implications For lheir source
rock composition. Earlh Planet. Sci. Lell. 60: 207 -225

Eggins SM (1993) Origin and diFFerentiation of picritic arc
magmas, Ambae (Aoba), Vanuatu. Contrih. Mineral.
Petrol. 114: 79-100

Eissen J·Ph, Blot C & Loual R (1991) Chronologic de l'activite
volcanique de l'arc insulaire des Nouvelles Hehrides de
1595 a 1991. Rappons Scient. Cl Techn., ORSTOM,

GeoJ-geophys.: 69 pp

80

Espiral J.J (I %4) Etude gell!Dgique de l'ile Tongariki ec
ohservations sur la geologic des iles Shepherd, Rapport
du Bureau des Recherches Geologiques Cl Minicres,
Noumca: 41 pp

Espirat J-J, Guian J, Lagrange M-S. & Renaud M (1973) Systcme
des lilres, elecliFs ou heredilaires. dans les Nouvelles­
Hehrides cenlrales d'EFale aux iles Shepherd, Museum
NallOnal d'Hisloire Nalurelle, Memoires de l'Instirul
d' Ethnologic 10: Paris, 491 pp

FaJvey DA (1978) Analysis of palaeomagnelic data from the
New Hehrides. Austr. Soc. Exploralion Geophys. Bull.
9: 117-133

F:llvey DA & Creene HC (1988) Origin and evolution of the
sedimentary has ins of the New Hehrides Arc. In: Greene
HG and Wong FL eds. Geology and ofFshore resources
of Pacific island arcs· Vanualu region, Circum-Pacific
Council For Energy and Mineral Resources Earth Science
Series, 8, Houslon, Tcus: 413-442

Fisher NH (1957) Cat310gue of the active volcanoes of the
world including solF3lara fields, Pan V, Melanesia. Int.
Volcano!. Ass., Naples, 106 pp

Frederick GC (1893) Geological notes on certain islands in the
New Hebrides. Q. J. Geol. Soc. 49: 227-232

Garanger J (1966) Recherches archeologiques aux Nouvelles­
Hehrides. L' Homme 6: 59·81

Garanger J (1972) Archcologie des Nouvelles-Hebrides,
ORSTOM, Puhlicalions de la Societe des Oceanistes,
n030, Musee de l'Homme. Paris, 405 pp

Geze B (1966) Sur I'age des dcrniers cataclysmes
vo!canotectoniques dans la region ccntrale de I'arc des
Nouvclles-Hchrides. Bull Soc Geol France (7), VID:
3~9-333

Global Volcanism Network (1991) Yasur volcano (Vanuaru)
GVN 16, 11: 7

Conon MP (1974) The geochemistT)' and gcochronology of the
Ne ..... Hebrides. Australian National University,
Canherra. Ph.D dissertation: 300 pp

Conon MP (1977) The geochemistT)' and origin of Quaternary
volcanism in the Ne ..... Hehrides. Geochim. Cosmochim.
Acta 41: 1257-1270

Greenhaum D, Mallick DIl & Radford N (1975) Geology oFthe
Torres Islands. Ne ..... Hebrides Gcn1.Surv. Report: 44 pp

Greene HG. MacFarlane A, Johnson DP & Cra ..... Ford AJ (1988)
Structure and teclonics of the central New Hebrides arc.
In: Greene HG and Wong FL eds. Geology and oFfshore
resources of Pacific island arcs - Vanuaru region, Circum­
PaciFic Council for Energy and M ineraI Resources Earth
Science Series, 8, Houston, Texas: 377 -412

Hamburger MW & Isacks BL (1987) Deep earthquakes in the
southwest Pacific: a teconic inlerpretation. J. Geophys.
Res. 92: 13841-13854

Hchcrt B (1966) Contrihution a I'erude archeologique de l'ile
d'Efate et des iles avoisinantes. Erudes Mclanesiennes
18·20. dec. 1963·dccemhre 1965, Noumea: 71·98

Isacks BI. Cardwell RK, Chatelain IL. Barazangi M, Marlhelot
J·M, Chinn D & Louat R (1981) Seismiciry and tectonics
of lhe central New Hebrides island arc. In: Simpson
DW and Richards PG, eds., Earthquake prediction; a
international revie ..... : American Geophysical Union,
Maurice E..... ing Series 4: 93·116.

Jezek PA, Bryan WE, Haggeny SE & Johnson HP (1977)
Petrography, petrology, and tectonic implications of
MilrC Island, nonhern Fiji Plateau. Marine Geol. 24:
133-148



Vanu{au Field Trip Guide

10uannic C. Taylor FW. Bloom AL & fkrnat M (19HO). Late
Quaternary uplift history from cmerged reef terraL:es on
Samo and MalekuiJ Islands. central New Hebrides island
arc UN ESCAP. CCOP/SOPACTech. Bul!. 3: 91-108

Kelemen P. Dick HJB & Quick lE (1992) Formation of
harzburgite by pervasive melt/rock reaction in the uppcr
mantle. Nature 358: 635-641

Kress VC & Carmichael [SE (1991) Compressibility of silicate
liquids containing Fe203 and the effect of compositions.
temperature. oxygen fugacity and pressure on their redox
states. Contrib. Mineral. Petro!' 108: 81-92

Kroenke LW (1984) Vanuatu and the Eastern Outer Solornor
Islands--formation of the New Hebrides and Vitiaz
Arcs and development of Lbe North Fiji Basin, In:
Cenozoic tectonic development of the southwest Pacific:
UN ESCAP CCOP/SOPAC Tech. Bullctin 6: 63-75

Lafoy Y. Auzende J-M, Ruellan E, Huchon P & Hom.a E (1990)
The 16°40' triple junction in the North Fiji Basin (SW
Pacific). Marine Geophys. Res. 12: 285-296.

Lemaire B (1965) Etude geologique de rile Erronungo
(Nouvelle Hebrides). Mtallogenie locale du manganese:
Mem. Bureau Recherche Geo!. et Min. 38: 183 pp

Louat R & Pelletier B (1989) Seismotectonics and present day
relative plate motions in the New Hebrides - North Fiji
Basin region. Tectonophysics 167: 41-55

Louat R, Hamburger MW & Monzier M (1988) Shallow ans
intermediate-depth seismicity in the New Hebrides arc:
conslIaints on the subduction process. In: Greene HG
and Wong FL eds. Geology and offshore resources of
Pacific island arcs - Vanuatu region, Circum-Paci fic
Council for Energy and Mineral Resources Earth SL:ience
Series, 8, Houston, Texas: 329-356

McCall GIH, LeMaitre RW, Malahoff A, Robinson GP and
Stephenson PJ (1970) The geology and geophysics of
the Ambrym caldera, New Hebrides. Bull. Volcano!.
34: 681·696

Macfarlane A (1976) Volcanic activity during 1974. f';ew
Hebrides Geo!. Surv. Annual Repl. fur 1974: 11-13

Macfarlane A. Camey IN. Crawford AJ & Grcene HG (1988)
Vanuatu - a review of onshore geology. In: Grcene HG
and Wong FL eds., Geology and offshore resourL:es of
Pacific island arcs - Vanuatu region. Circum-Paclfic
Council for Energy and Mineral Resources Earth Science
Series, 8. Houston, Texas: 45-91

Machida H &Arai F (1983) Extensive ash falls in and around
the Sea of Japan from large, late Quaternary erJptions.
J. Volcano!. Geotherm. Res. 18: 151-164

MacPhie J, Walker GPL & Christiansen RL (1990)
Phreatomagmalic and phreatic fall and surge deposits
from explosions at Kilauea volcano. Hawaii. 1790 AD:
Keanakakoi Ash Member. Bul!. Volcano!. 52: 334-354

Maillet P. Monzier M & Lefevre C (1986) Petrology of Matthew
and Hunler volcanoes. south New Hebrides island Arc
(SW Pacific). J. Volcano!' Geotherm. Res. 30, 1-27

Maillet P. Monzier M. Eisscn J-P & LDuat R (1989) Gcodynamics
of an arc-ridge junction: the case of the New Hebrides
arc - North Fiji Basin. Tectonophysics 165: 251-168

Malahoff A. Feden RH & Fleming HS (1981) Magnetic
anomalies and tectonic fabric of marginal basins north
of New Zealand. 1. Geophys. Res. 87: 4109-4125

Mallick DIl (1973) Some petrological and structural variations
in the New Hebrides. In: Coleman PJ cd .. The western
Pacific: island arcs, marginal seas, geochemiqry: Unlv
Western Australia Press. Perth. 193 . 211

Mallick DIJ & Ash RP (1975) Geology of the southern Banks
islands. New Hebrides Geo!. Surv. Report. 33 pp

RI

Mallick DU & Greenbaum D (1975) The Navaka fossiliferous
sands and the Kere shell bed. New Hebrides Gco!. Surv.
Annual Repon for 1973: 8-12

Mallick DU & Greenbaum D (1977) Geology of southern
Santo. New Hebrides Geo!. Surv. Report: 84 pp

Mallick DU & Neef G (1974) Gcology of Pentecost. New
Hebrides Geo!. Surv. Repon: 103 pp

M:Ircelot G, Dupuy C. Girod M & Maury RC (l983a) Petrology
of Futuna Island lavas: an example of calc-alkaline
magmatism associated with initial stages of back-arc
sprcading. Chem. Geo!. 38: 3-37

Marcelot G. Maury RC & Lefevre C (l983b) Mineralogy of
Erromango lavs (New Hebrides): evidence of an early
stage of fractionation in arc basalts. Lithos 16: 135-161

Marthelot JM & Isacks BL (1985) Space-time distribution of
shallow and intermediate depth events in the Vanuatu
(New Hcbrides) island arc from 1961-1981.1. Geophys.
Res. 90: 8641-8650

Marthelot JM. Chatelain BL. [sacks BL. Cardwell RK & Couden
E (1985) Seismicity and allenuation in the central
Vanuatu (New Hebrides) islands: a new interpretation
of the effect of the D'Entrecasteaux fracture zone. 1.
Geophys. Res. 90: 8641-8650

Mawson D (1905) The geology of the New Hebrides. Linnean
Soc. New South Wales, Proc. 30: 400....85

M~llors RA & Sparks RSJ (1991) Spatter-rich pyroclastic Oow
deposiL' on Santorini. Greece. Bul!. Volc. 53: 327-342

MilL:hell AHG (1966) Gcology of south Malekula. New Hebrides
Geo!. Surv. Repon: 41 pp

Milchell AHG (1971) Geology of northern Malekula. New
Hebrides Geo!. Surv. Repon: 56 pp

MitL:hell AHG & Warden AJ (1971) Geological evolution of the
New Hebrides island arc. J. Gee!. Soc. LDndon 127:
501-529

Monjaret MC. Bellon H and Maillet P (1991) Magmatism of the
troughs behind the New Hebrides island arc (RV Jean
Charcot SEAPSO Cruise 2): K-Ar geochronology and
petrology. J Volc. Geothcrm. Res. 46: 265-280

Mon/ier M. Collot J- Y & Daniel J (1984) Carte bathymetrique
des parties centra le et mendionale de l'arc insulaire des
Nouvelles Hebrides: Paris. ORSTOM.

Monzier M. Maillet P & Dupont J (1991) Carte bathymetrique
des parties meridionale de I'arc insulaire des Nouvelles
Hcbrides et du Bassin Nord FidJien: Paris. ORSTOM.

Monzier M.. Danyushevsky L. Crawford AJ. Bellon H & Cotten
C (1993) High-Mg andesiles from the southern
termination of the New Hebrides island arc. 1. Volc.
Geotherm. Res. (In press)

Monzier M. Robin C & Eissen J-P (1993) Kuwae (mid-fifteenth
century): the forgotten caldera. Submitted to J. Volc.
Geotherm. Res.

Monzier M, Danyushevsky LV, Craw ford Al. Bellon H &
Cottcn J (1993) High-Mg andesites from the southern
termination of the New Hebrides island arc (SW Pacific).
J. Volc. Geotherm. Res. (In press)

Musgrave RJ (1992) 1\1agnilude and timing of New Hebrides
arc rotation: palaeomagnetic evidence from Nendo.
Solomon Islands. 1. Geophys. Res.

Nairn A. Scott BJ & Giggenbach WF (1988) Yasur volcano
investigations. Vanuatu, Sepl. 1988. New Zealand Geol.
Surv. R~port G 134: 74 pp

Neef G (1980) Mod~ of formation of an earliest Pliocene-latest
Miocene basaltic pillow-lava pile present at Pentecost
Island. New Hebrides, and iL, bearing on the formation
of basaltlL: rudilc. Bul!. Volcano!. 43: 505-510



Neef G (1982) Plate tectonic significance or lale Oligoccne/
early Miocene deep sea sedimentation at Maewo.
Vanuatu (New Hebrides). In: Packham, G.H .. cd.,
Evolution of the India·Paciric plate houndaries.
Tectonophysics 87: 177-183

Neef G, PlimerIR & BOltrill RS (1985) Submarine- ran deposited
sandstone and rudite in a mid·Cenol.oic interarc basin in
Maewo, Vanuatu (New Hebrides). Sedimentology 32:
519-542

Obcllianne IM' (1961) Contrihution a la connaissance geologique
de I'archipel des Nouvelles·Hehrides (iles Vate.
Pentecote. Maewo. S:UllO). Sci. de la Terre Ii: l39-31iS

Pascal C, Isacks BL Bara7.angi M & Dubois J (1978) Relocallons
of earthquakes, and seismotectonics or the New Hebrides
island arc. J. Geophys. Res. 83: 4957-4973

pazdur M-F & Michczynska D-J (1989) Improvement or the
procedure for probabilistic calihration or radiocarbon
dales. Radiocarbon 31: 824-832

Picard C, Monzier M, Eissen JP. Robin C. (in press) Concomitant
evolution of tectonic environment and magma
geochemistry, Ambrym volcano (Vanuatu - New
Hebrides arc). In: JL Smellie cd. J Geol Soc London.
Spec. Issue "Volcanism associated with extension at
consuming plate margins"

PolliLZ FF (1986) Pliocene changes in Pacific plate motion.
Nature 320: 738-741

Prevot R. Roecker SW, Isacks BL & Chatelain JL (1991)
Mapping of low P wave velocity structures in the
subducting plate of the central New Hehrides, SW
Pacific. J. Geophys. Res. 96: 19825-19842

Priam R (1962) Mission d'erudes volcanologiques. Cond. des
Nouvelles Hebrides. Serv des Mines Port Vila, Rapp.

Dept 798-M
Recy J, Pelletier B. Charvis P, Gerard M. Monjaret MC &

Maillet P (1990) SO'Ucture, age et origine des rosses
arriere-arc des Nouvelles·Hehndes (Sud-Ouest
Pacifique). Oceanologica Acta Spec. Vo!. 10: 165-J82

Robin C. Eissen J-P & Monzier M (1993) Giant turr cone and
12km wide associated caldera at Amhrym volcano
(Vanuatu. New Hebrides Arc). J. Volc. Geotherrn. Res.
55: 225-238

Robin C, Eissen J-P & Monzier M (In press) Ignimhrites of
basaltic andesite and andesite compositions from Tanna,
New Hebrides arc. Bull Volcano!.

Robin C. Momier M & Eissen JP (1993) Formation or the 550
year-old Kuwae caldera (Vanuatu) by an initial
hydroclastic and subsequent ignimbritic eruption.
Submitted to Bul!.Volcanol.

Robinson GP (1969) The geology of north Santo: New Hebrides

Geo!. Surv .Report: 77 pp
Roeder PL & Emslie RF (1970) Olivine-1iquid C4]uilihrium.

Contrib. Mineral. Petro!. 29: 275-289
Rosi M, Sbrana A & Principe C (1983) The Ph legraean fields:

sO'Uctural evolution. volcanic history. and eruptive
mechanisms. J. Volcano!. Gcotherrn. Res. 17: 273-288

Self S, Rarnpino MR. Newton MS & Wolff JA (1984)
Volcanological study of the great Tambora eruption of
1815. Geology 12: 659-663

Sigurdsson H & Carey S (1989) Plinian and co-ignimbrite
tepma fall from the 1815 eruption orTambora volcano.

Bull. Volcano!. 51: 243-270
Sigurdsson lA. Karnenetsky VS. Crawrord AJ, Eggins SM &

Zlobin SK (1993) Primitive island arc and oceanic lavas
from the Hunter Ridge-Hunter Fracture Zone: evidence
from glass, olivine and spinel compositions. Mineral.

Petrol. 47: 149-169

Simkin T, Siehert L. McClelland L. Bridge D. Newhall C &
Laller JH (1981) Volcanoes of the world. Smithsonian
Institution. Hutchinson Ross. Pennsylvania. 233 pp

Swanson DA & Christiansen RL (1973) Tragic base surge in
1790 at Kilauea volcano. Geology 1 : 83-86

Taylor FW, Jouannic C & Bloom AL (1985) Quaternary uplift
of the Torres Islands. northern New Hebrides fromal
arc; cl>mparison with Santa and Malekula Islands. central
New r1ebrides frontal arc. J. Geo!. 93: 419-438

Walker GPL (1980) The Taupo pumice: Products of the most
powerful known (ullraplinian) eruption? J. Volcanol.
Geotherm. Res. 8: 642-641i

Warden AJ (1963) Investigation of eruption at Mt Gharat. Gaua
island. New Hebrides Geo!.SuTV. Repon: 4 pp

Warden AJ (1967) The geology or the Central Islands. New
Hebrides Geol.Surv. Repon 5: 108 pp

Warden AJ (1970) Evolution or Aoba caldera volcano. New
Hebrides. Bull Volcanol 34: 107-140

Wheller G & Varnc R (1986) Genesis of dacite magmatism at
Batur volcano, Rali - implications for the origin of
stratovolcano ca.lderas. J. Volc. Geotherrn. Res. 28: 363­
378

Williams CE & Cunis R (1964) The eruption of Lopevi Volcano,
New Hebrides. July 1960. Rull. Volcano!. 27: 423-433

Williams CEF & Warden AJ (1964) Progress report of the
Geologica.l Survey for 1959-1962. New Hebrides Geol.
Surv, Repon: 75pp.

Wil1iams SN (1983) Geology and eruptive mechanisms of
M asaya Caldera complex. Nicaragua. PhD thesis.
Hannover. New Hampshire, Darrnouth College: 169 pp

Wright ]V & Walker GPL (1981) Eruption. transpon and
deposition of ignimbrite: a case study from Mexico. J.
Volcano!. Geotherrn. Res. 9: 111-13 J.

82



Appendix A - Vanualu basalt geochemislry
Volcano Meris Meris Meris Villi'Lava Van'Lava Mc:rclava Merclava Mc:relava Gaua Gaua Gaua Gaua Aoba Aoba Aoba Aoba Aoba

0Cl
~

Si02 54.42 4915 49.79 47.95 48.90 50.82 52.03 50.20 46.50 49.33 48.22 46.44 47.84 48.29 49.66 48.81 45.31

Ti02 1.00 0.90 093 065 Ollo 0.64 0.63 0.46 0.74 0.96 0.91 0.81 0.72 0.68 087 1188 0.46
A1203 16.82 13.44 13.33 19.47 \6117 13.67 15.70 10.30 11.36 15.21 14.74 11.69 13.19 12.99 1601 1621 86·'
Fe203 2.76 10.2') 10.48 4.20 12.1~1 2.73 4.35 2.43 5.52 6.04 5.65 6.06 4.34 4.41 4.50 456 4.49

FeD 5.40 5.52 6.79 5.46 5.90 5.48 6.08 6.28 5.99 7.81 7.94 8.11 8.20 8.08

MnD 0.28 0.16 0.18 0.18 0.20 0.21 0.18 0.17 0.26 0.30 0.29 IUO 021 0.20 1121 0.20 021

MgO 5.26 11.04 11.33 5.79 630 9.74 7.36 13.71 14.81 633 6.22 I 1.00 1083 IlUI 5.80 5.49 22.09

CaD 862 1030 10.40 11.95 11.13 12.9/) 11.23 1369 11.78 10.66 11.59 13.01 11.38 11.95 10.-17 10 62 8.33

Na20 2.82 2.38 2.31 2.75 254 1.89 2.07 1.60 2.04 2.90 2.94 2.22 2.29 2.11 2.96 293 1.40

K20 1.03 0.60 0.54 0.37 089 0.38 0.43 0.38 0.60 0.79 1.48 o.n 1.15 1.04 1.15 \.79 0.79

1'105 0.27 0.17 0.16 008 0:17 012 0.08 (106 0.15 0.22 0.35 0.23 0.23 0.20 1125 032 0.21

LOI. 1.01 1.18 0.58 0.74 022 0.20 0.16 0.52 \.W 1.19 1.43 1.33

Cs 0.32 0.15 0.11 0.05 0.1 0.44 01
l'b 609 3.27 2.9 2.05 202 6.96 525 4.6 \.8 4,4 7.6 1.45
Hb 25 6.5 56 2.2 20 54 6.7 6 8.9 12 28 187 17.2 20.2 282 13.9
lIa 353 217 194 247 123 162 181 193 237 516 310 360 310 430 510 230
Sr 524 355 332 584 5,17 240 255 218 502 529 9')8 687 677 6tll 538 935 422
l.a 13.55 6.53 656 3.18 9.38 \.86 2.34 2.42 8.33 9.83 17.36 11.21 12.76 10.46 8.85 1551 8.22
Cc: 3\.69 1560 16.30 7.25 21.20 4.91 5.55 4.87 17.00 22.96 39.88 24.n 28,40 24.10 20.70 36.40 16.90

I'r 4.00 2.10 2.35 1.10 2.77 0.81 0.88 067 2,45 2.89 4.80 J,46 3.38 2.99 2.75 4.75 2.20
Nd 1691 10.50 10.80 5.75 13.50 4.36 4.69 3.76 11.30 1401 21.1l-t 1695 15.38 13.38 12.82 21.53 10.03
Sill 3.86 281 271 1.68 2.74 \.48 1.59 1.19 2.37 381 4.83 4.06 317 284 3.16 4.73 2.20
IOu 1.21 1.20 0.911 08·' 097 0.51 0.59 OA·' 0.79 1.25 1,40 1.27 101 0.88 \.().I 1.38 0.69
lid 3.77 3.26 3.39 1.9·' 302 \.80 \.97 \.45 2.42 3.19 3.75 3.63 3.\5 2.52 3.49 4.07 2.13
1b 061 0.33 0.36 0.51 0.50 0.53 0.49 0.42 0.60 0.65 0.33
Dy 3.86 3.67 3.99 2.30 3.50 208 2.38 I.IlI 2.45 3.16 3.02 3.16 2.94 2.51 3.63 3.60 1.97
110 0.86 200 0,48 0.51 0.71 063 0.55 0.59 0.56 0.77 0.72 0.39
Er 2.50 264 274 1.33 2.21 1.41 1.52 1.16 1.57 211 1.6-1 1.36 \.70 1.48 221 2.04 1.09
Yb 2.55 2.21 237 1.25 1.39 \.70 1.12 1.15 2.19 1.55 1.45 1.68 1.38 218 \.96 1.06
I.u
Y 25.4 230 240 190 17.8 12.5 13.1 27.4 190 13.3 17.9 17.4 26.5 21.3 12.1
Th 1.48 0.17 0.22 0.60 0.86 1.91 1.21 1.73 \.16 1.18 2.51 \.07
11 0.55 0.10 016 026 0.34 0.68 0,45 0.58 0.36 041 0.80 0.30
h 108 61.7 66 36 51 47 49 18.3 4ll 61 63 53 50 43 63 67 33
Ilf 2.3 0.87 0.99 1.18 \.74 \.78 1.6 \.79 1.37 \.73 2.n \.().t

Nb 4.84 2.4 2.7 061 094 1.11 \.9 \.02 \.16 1.35 2.06 \.9 0.84
Se 34 34 44 52 36 39 35 27 29
V 244 245 306 363 384 262 328 390 381 407 380 350 460 450 230
Cr 101 524 666 23 112 372 179 695 854 41 53 398 590 490 91 29 1650
Ni 37 Ill3 214 20 3·' 75 47 137 265 29 19 \20 165 ISO 32 35 480
Dala SllIllces: nafSllcll cl al. (1982); lIarsdcll (1988); na"ddl and ncrry (1990); Crawford cl al. (1988); DIII'IIY cl al. (1982); Eggins (1993); Gonon (1977); M,"cdol cl a!. (1983);
n ...... -.... , "' ... • .-~ ... • .". • I
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Appendix A conl'd - Vanualll basalt geochelllistry
Vulcanu 1\"". 1\"". I\nh. A"h. A"h. A"ha Anh.~llTi l\"ba~IITi Anha~llTi A"h.IITi Amhrym AmhrYIII Al1Ih'yl1l Al1Ih,)'I" Amh'yl1l Amhr)'m Amh'yl1l
Sample 68622 68588 686J8 68611 68562 68567 68574 6856'.1 68578 .518 15(,7 6 26 18 58 61 74
Si02 46')0 49.37 48.7<) 47.81 1H.'J6 17.IH 48.75 47.79 11.14 1HHJ 4HIJl 511H2 51.-15 50.11 48.5H 4'1 ZI 4HIIH
fi02 0.54 0.85 0.65 0.70 0.72 0.58 1.24 1.22 1.07 1.07 11.(,3 0~8H 0.70 0.80 0.72 076 0.71

A1203 9.35 16.46 13.21 12.59 13.90 10.87 16.06 11.27 1384 16.41 IJ,40 13.87 14.7\ 17.51 1436 14.37 15.12
Fe203 11.61 11.58 11.06 11.29 11.13 11.14 13.16 11.65 12.10 4.37 1.71 11.50 10.68 9.96 10.22 10.36 11.08
FeO 7.87 8.51
MnO 0.20 0.20 0.18 0.19 0.20 0.19 0.23 0.21 0.21 IUO 0.20 0.20 0.18 0.17 0.17 0.18 0.18
MgO 19.35 5.39 10.41 12.08 9.95 16.05 5.26 8.56 9.65 6.22 11.50 7.71 '.1.16 5.12 11l.44 IIl.JJ 9.71
C.O 9.91 1083 12.10 11.86 1150 11.11 10.95 12.58 12.J1 10.81 11.96 11113 1IU)8 10.m 12.44 12.22 11.64
Na20 1.27 293 2.19 1.85 2.22 1.38 2.91 1.97 2.111 2.78 1.99 2.55 2.55 2.89 2.02 2.17 2.81
K20 0.84 1.75 1.00 0.89 1.31 1.52 1.2'.1 1.33 0.75 1.16 \.03 1.74 1.09 1.73 0.62 0.78 0.66
1'205 0.17 0.30 0.18 0.18 026 0.34 1l.31 0.37 0.20 0.28 0.17 IU4 0.21 0.30 0.11 0.16 1l.11

un 0.22 ·0.51 0.15 -0.23 ·0.22 -1l.02 -0.22 -1l.21 0.43 11.42 -0.41 0.1l8 -0.36 ·0.42 ·0.26

Cs

"h 11 2.9 3.3 7.9 6.9 3.8 6.4 2.3 3.8 8 5.9 5.\ 5.2 2 1.6 2.4
Rh 12 28 15 13 22 52 18 27 11 16.7 \8.2 17 21 32 9 \<1 11
/la 329 597 366 345 445 433 -101 -131 294 -121l 2-11l '115 25,1 395 191 no 187
Sr -190 938 585 583 673 638 676 627 -187 (,20 -181l 5-12 -136 7Oo1 313 J52 332
L. 8.13 14.30 8.74 9.57 13.41l 16.10 IHIl 16.81l 9.49 14.61 9.49 11.50 7.38 10.10 4.42 -1.97 4.12
Cc 19.1l0 33.90 21.10 22.50 3020 H21l 36.1l1l 37.40 23.80 32.60 27.(M) 17.20 23.80 12.30 12.90 11.43
Pr 2.49 4.37 283 2.98 3.71 4.44 4.55 U-1 3.11 -1.21 2.95 J 11 LIO 2.88 1.70 1.7.1 1.61l
NtI 11.40 19.41l 12.90 13.70 1781l 2UIl 21.10 22.60 15.20 1950 13.17 16.60 11.41l 14.70 8.95 9.07 8.59
Sm 2.62 -1.50 3.05 3.89 4A8 4.5-1 5.00 5.06 3.88 4.29 2.63 -1.68 2.85 3.52 3.01 2.27 2.52

00 IEll 0.83 1.52 1.08 \.15 1.21 1.47 1.63 1.51 1.29 1.41 1l.8.1 1.10 0.87 I.m 0.90 1l.81l 0.86
,&.

2.44 4.09 3.04 3.39 3.M 4.16 5.18 5.05 4.15 4.5-1 2.61 401 107 3.45 2.8'1 2.75 3.1)9Od
Th 0.73 (HI
()y 2.10 3.26 2.96 3.22 3.53 3.70 5.27 5.1l2 -1,45 -1.43 2.44 357 3.12 3.3-1 J.I).1 2.79 3.2\
110 0.94 0.48
Er 1.24 1.73 1.96 1.83 1.9-1 2.11 3.13 2.82 2.58 2.75 1.32 1.89 1.9\ 205 1.62 1.58 1.97

V" 099 \.48 1.13 1.57 1.67 1.92 2.71 2.60 2.35 2.64 1.26 1.59 1.58 1.66 1.29 1.25 1.56
Lu
V 12.0 21.0 16.0 11.0 17.0 11.0 31.0 30.0 24.0 29.4 15.1 18.0 17.0 18.0 16.0 17.1l 16.0
In 2.90 2.30 1.90 3.00 2.80 3.70 1.14 1.38 1.50
U 0.50 0.35
7.r 3-1 65 41 47 53 60 94 102 70 91 45 71 55 69 36 41 40
IIf 2.59 1.36

N" I 2 I 2 2 2 5 7 4 5.06 1.48 3 2 3 I 2 I
5e 38 29 44 41 36 39 36 -12 4-1 38 37 35 31 47 44 4-1
V 257 428 3-13 385 351l 280 45-1 343 370 -190 357 304 339 287 28.S 280
Cr 1221 20 465 552 1.SI 896 13 2-11 308 160 279 511 86 464 434 324
Ni 457 40 163 190 143 330 28 78 101 63 88 174 47 109 115 97
DOlO snwco: n .... tlell el.1. (1982); n.mlell (1988); lIarsJcll and Berry (1990); Crawford cl 0.1. (1988); I>lIl'uy cl 0.1. (1982); Eggin. (19'JJ); 0""011 (1977); M.rcch" cl 11. (1983);
R"n (1978); Dlmldl and EUin! (Impubli.hcd dlla)
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Appendix A (;on/'d • Vi:lflUl:tlu himh gwdJellliury
V"leulU Ambrym WcslEpl WCSlEpi WcslEpi WcslEpi WcslEpi WcslEpi WcslEpi
SamDlc 96 666 EPI24 EI'23 71047 71065 71046 71071 .... _ .. ....... . .. --
SiOl 48.75 55.25 48.17 50.07 47.80 48.00 48.20 50.90 47.79 47.70 48.39 46.83 46.72 50.21 4661 51.14 41)42
TiOl 0.66 0.67 0.52 0.76 0.54 0.45 0.39 0.64 0.54 0.57 0.59 0.84 0.83 0.83 0.70 0.7\ 0.60
A1203 10.28 15.94 1640 17.18 18.40 \3.90 11.50 1600 16.49 16.98 12.99 17.13 16.43 16.13 1461 14.03 13.14
Fc203 11.19 1.43 1.50 1.50 11.50 10,S0 9.90 10.1l0 1.16 1.50 1.50 12.94 11.1l7 12.06 11.94 1.10 183
FeO 7.15 8.45 8.90 8.80 9.23 8.30 1l,S1 9.16
MnO 0.18 0.16 0.19 019 0.19 0.18 0.16 0.19 0.20 0.20 0.18 0.22 0.20 0.20 0.20 0.20 0.20

MgO 13.28 5.49 8.59 5.13 6.80 lUll 13.50 6.13 894 7.46 12.35 6.77 7.11 585 847 8.54 937

CaO 12.10 9.18 13.43 10.75 12,S1l 1350 14.40 11.10 13.24 1303 11.63 12.93 12.45 11.08 13.07 12.06 1277

Na20 1.86 2.41) 1.ll6 2,S5 1.110 1.55 1.05 2.31 1711 1.1)8 2.09 2.00 2.25 2.47 2.32 205 1.16
K20 1.13 2.00 0.30 1.38 0.45 0.35 0.31 0.77 0.311 0.50 0.82 0.52 1.31) 1.03 Oll6 0.87 1.45
1'205 0.22 0.21 0.12 0.33 IUlll 0.05 007 0.13 0(1) 0.14 OIl) (U6 11.49 Ol) 020 11 20 030
Ul.I. ·{UO 1.52 0.07 0.07 0.07 lUll 0.10 ·(Ulll 11.51) 017 (Ull) ·0.16 .(lOll o Oil 0.16 0.57 o~'

Cs
I'b 4\ 7.4 1.9 2.1 2.2 5.3 2.5 4.5 4
Rb 23 44.7 25 46.7 II 5.7 6 12.3 62 5.1 12.5 II 44 162 107 I3Il 355
11. 2Sl) 60n 122 266 173 161 137 266 120 1311 1')5 215 213 IllO 20') 14n 160
Sr 395 41)6 374 5117 461 322 246 444 3711 445 530 1133 9110 560 623 4{MI 5W
La 6.58 17.20 2.411 6.70 4.711 3.03 3.05 5.)0 2711 3.20 5.)0 6.fM) 15.60 7.10 640 6.37 1l.71
Cc 15.811 311 (MI 5.60 15.20 1010 7.69 7.26 1320 7n) 6.70 12.0n I·IKO 37.50 IHO 13.50 156) 20.70
Pr 2.25 4.22 1.42 (1)5 1.11 I 1.80 094 2.2.' 5.10 2116 2.71
N,I 10,SO 17117 7.0S 5.75 5m 9.20 4.85 101)11 24.911 10.011 1229
SOl 276 ll!O 1.40 nil 1.68 1.40 1.54 2.411 1.31 l,SO 1,90 2.l!1) 5,70 3.00 2.40 2.,11 2.65
Eu 0.95 1.10 0,54 087 067 0.47 0,57 11,90 OS2 0.57 Il.M 1.09 2,10 0.96 O.IlO OIlO 084
GJ 2.711 3.75 2.21 1.16 1.83 2.80 1.65 21)1l 5<16
'Ib 058 0.30 0.49 {Ull 0.30 (UO 0.56 047 043 042
Dy 2,66 143 2.47 2.10 1.91 120 1.88 3.10 3.95 2,62 2.26
110 0.72 0.39 0.59 0.46
Er 1.54 2.12 1.50 1.14 1.06 2.20 1.21 179 1.96 176 1.21
Yh 1.30 2,10 \.30 1.60 1.41 1117 0,98 180 1,07 UlI I,{)) 1.41 1.·10 1.80 1.21 1.62 1.07
Lu 1122 0.28 016 IU8 (Ull 0,11)

Y 140 23.5 134 19.4 13.7 12,4 8.1 18.3 14.4 14.4 14.2 170 18,0 20,1) 182 17,S 17.\
Th 3.28 0.26 0.97 0.26 0.41 0,82 090 086 1.12 1.67
U 1.05 0.11 0.38 0.60
Zr 46 101 28 77 20.8 18 13.5 36 19 32 39 28 64 57 33 46 57
Ilf 2.35 0.65 0.44 1.12 1 1.44 1.2
Nb 2 3.54 \ 3.9 0.46 1.1 1.3 1.9 1.4 1.12 1.15
Se 52 48 45 57 66 49 39 34 43 37 38 34 28 3\
V 281 219 323 371 321 295 335 335 270 41)1 444 323 30') 240 250
Cr 876 1')11 87 31).5 533 1120 156 86 670 55 ')2 46 227 200 260
Ni 220 58 3ll 37 124 \72 38 38 20ll 32 60 33 75 58 46

00
u.

Data Snurccs: Oarsddl cl al. (19112); Oarsddl (1988); lIarsddl and Occry (1990); Crawford cl al. (1')88); /)lIl'uy cl 01. (II)H2); Egg;ns (11)1)3); GOrlOIl (1<)77); Maredol cl al. (11)83),
I(r)t"i1 (I 1)1H 1. 11.1l .. ddl .Hld Fl~l~im. (III1Hllhli .... hL"d d ... la)



Tann3 Anlll>ln Anltum Analom Al1llom Anllom
AY 4 AYC55 AYC62 Avmae36 Avmae68

I\ppendix 1\ conl'd - Vanllalll basalt geochernislry
Vulcanu Efale Ef.le E'lnango E'mal1e" Tonno Tanl1l Tlnna T8nna Tannl Tlnoa Tanna

V36 V20 Ell EM, 1'J3 TA 72 1'24 TAC76 TACM TAC90 l'
~""'I"-

. --, .. ----
SiOl 46.32 47.28 46.97 4(H6 47,70 47.33 48.21 51.74 53.14 46.1 I 46.2·1 49.50 4R.84 49.)0 48.10 49.60 46.50

TiOl 0.78 1.11 0.73 0.61 0.72 0.82 0.61 0.6~ 0.78 0.84 0.85 0.) I 0.85 0.57 0,79 0.62 0.59

"1203 18.50 17.55 17.76 17 .40 16.14 18.60 1J.41 16.44 14.72 17.79 16.43 7.~9 1554 12.77 17.2~ 18.10 13.20

rc203 4.61 5.97 3.34 348 341 4.38 12.07 10.85 10.91 1J.70 1127 8.82 4.82 10.84 1143 10.80 10.80
FeD 5.50 6.40 8.02 7.04 8.28 6.78 5.98
MnD 0.17 0.22 0.22 0.19 0.22 0.22 U.22 0.18 0.18 021 0.19 0.15 U.20 0.18 019 0.19 0.15

MeO 7.4~ 5.26 6.84 6.92 7.80 6.02 9.58 6.~O 5.81 7.19 6.89 16.79 7.16 10.25 6~2 6.00 12.90
('aO 1259 11.18 11.24 , 2.1J 12.~ I 11.76 114~ 11163 8.21 12.16 1\.(,5 153 I 11.90 In.\ 1122 11.30 1260
Na20 2.24 2.84 1.8~ 202 1.84 2.35 UR 2.32 3.05 14:1 147 ONI 2.:10 1.62 1.8(, 1.89 1.39

KlO 0.53 0.63 0.41 0.62 0.5') 0.60 0.56 0.41 2.08 049 1.29 0.31 0.67 U.RO IM 0.85 0.40
1'105 0.26 0.39 0.15 0.14 0.16 0.18 0.08 0.12 0.34 U.22 031 0.06 017 0.16 037 0.17 0.08

un 0.06 0.16 0.42 O.OJ 0.26 0.20 040 ·0.05 0.21 U.07 I.OJ ·O.UR 0.36 1.15 0.12 0.39 0.94

C.
Ph
Ilh 6.6 6.5 7.1 (,.1) 8.3 64 7 11 31 3 19 32 4.7 9 2~ 12 5
lIa 1J3 151 101 159 15~ 254 4'17 142 152 86 120 121 207 131 91

Sr 987 972 441 301 430 955 387 742 516 523 54(, 22U 450 3R9 806 554 269

La 4.911 6.70 3.00 3.IU 3.3U 5.70 2.95 4.58 10.30 3.25 4.67 2.16 4.()() 6.12 12.60 6.88 2.46
Cc 11.00 14.80 8.00 7.10 7.30 11.80 756 12.10 24.80 9.27 12.10 4.85 9.2U 13.80 28'}(} 1540 5.60

Pr 113 1.65 3.69 1.36 1.73 082 2.08 3.87 214 U.91

Nd 5.84 8.19 16.3U 7.35 9.19 3(1) m2IJ 18.911 9.68 4.74

Sill 2.10 2.90 1.90 2.00 1.60 2.W 1.86 2.34 4.13 2.46 2.78 1.16 2.20 2.73 4.79 2.58 1.51
En 0.71 1.00 O.M 0.65 059 0.84 O.N 0.72 102 0.91 0.93 0.43 U.67 1.07 I.M 0.87 U.57
G,I 1.96 2.43 3.91 2.69 2.79 1.22 302 505 2.82 2.()(1

'Ill 0.33 0.46 0.36 0.37 0.35 0.38 0.42
Dy 2.20 251 4.00 2.89 2.62 1.40 2.78 4.03 2.64 2.20
Uu
Er 1.37 1.56 2.49 1.60 1.77 096 1.75 2.23 2.03 142
Yb 0.98 1.42 1.45 1.70 1.24 1.41 1.16 1.72 2.42 1.45 1.51 u.n 1.62 1.41 1.86 1.68 1.11
LII 0.16 0.23 0.28 0.32 0.18 0.19 0.29

Y 14.0 23.1 15.3 15.7 23.5 22.8 12.3 15.0 24.0 15.3 14.6 7.0 21.2 17.0 no 15.3 12.0

111 0.42 0.78 0.24 0.26 U.29 0.61 0.44
U
I.r 29 37 27 29 38 38 18.8 28.4 81 24 31.6 11 40 38 61 J4 21.3

IH 0.83 0.8 1.29 1.24
Nb 2 2.1 1.2 1.4 1.4 2.2
Se 26 28 39 48 26 24 M 43 33 58 52 67 34 56 46 39 54

V 347 474 379 310\ 349 312 377 333 3U9 416 441 230\ 320\ 310 386 302 358
Cr 204 31 67 67 81 28 388 184 171 95 115 H04 144 456 115 98.8 860
Ni 88 17 J4 30 29 29 84 36 64 37 44 237 39 933 5U 33.1 244

:lO
0--

1>'10 sources: "amlell et al. (1982); "orsdell (1988); IlllCsdcll Ind lIerry (1990); Crawfurd elal. (1988); Oupuy et 11. (1982); Eggins (19'))); GI>I lun (1977); Marcelnl cl .1. (1983);
Rucl (1978); "."delland Eggins (unpublished dill)




