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ABSTRACT 

Fonds Documentaire ORSTOM 

We investigate the main crustal structures involved in the collision zone of the eastern d’Entrecasteaus 
Zone with the central Nem Hebrides island arc, using primarily gravity data and supporting seismic-refraction 
and magnetic data.  Over the arc, gravity anomalies trend north-south and include a comples western gravity 
high, a median gravity low, and an eastern gravity high. Large variations in the crustal thickness of the arc are 
deducible from the velocity structure of the upper crust and from two-dimensional gravity calculations. Beneath 
the median gravity low, the 12- to 13-km-thick crust includes 4 to  5 km of s t ra ta  within the North Aoba basin. 
In contrast, the  western and eastern gravity highs are  underlain by 20-km-thick crust t ha t  characterizes the 
islands of the Western and Eastern Belts. The  thin basement of the basin may be either a piece of old trapped 
oceanic crust or attenuated island-arc crust. Because of the thin crust, collision-induced fractures developed that 
facilitated formation of the large Ambrym and Xoba volcanoes. Along the Western Belt, gravity and magnetic 
anomalies outline faults and old buried volcanoes. Large gravity and magnetic anomalies located near the north 
coast of Espiritu Santo Island may indicate a fault zone intruded by igneous rocks. Small sedimentary basins, 
such as the klalakula and Banks basins, are evidenced in the gravity data by local depressions in the western 
gravity high. Across the Eastern Belt, an  asymmetric thick crustal root, together with other geologic and geo- 
physical evidence, supports the model of incipient backarc thrusting along hfaewo Island. 

On the downgoing plate, the eastern d’Entrecasteaux Zone is flanked by two east-west-trending gravity 
lows related to the North Loyalty and ]Vest Santo Basins. The  d’Entrecasteaux Zone itself has a gravity pattern 
tha t  includes a southern gravity high (over the South d’Entrecasteaux Chain), a central low (over the Central 
d’Entrecasteaux Basin), and a northern high (over North d‘Entrecasteaux Ridge). Seismic-refraction and gravity 
da t a  show that  the crust of this submarine mountain zone does not differ greatly in thickness and structure from 
the surrounding oceanic crust. The South d’Entrec3steau.u Chain is probably composed of volcanic edifices built 
upon oceanic crust, whereas North d’Entrecasteaux Ridge appears to have a thicker and shallower, high-velocity 
crust. The uppermost *5 km of oceanic crust vary greatly in the yelocity and density of rocks between the 
d‘Entrecasteaux Zone and the adjacent basins. These variations may be responsible for some tectonic effects of 
the collision, such as comples structure in the accietionary wedge ‘of the forearETupliftin3 of the islands. and 
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Figure 1. Geographic features and major sedimentary basins of the central New Hebrides Arc .  



CRUSTAL STRUCTURE, GRAVITY DATA 

Table 1. Sources of seismic-reflection data and gravimeter characteristics for the New Hebrides Arc used in this 
report. 

YEPLR ORGAVIZATION SHIP PROJECT REFERENCE GRAWhffiTER DRIFT 
(mGal/d) 

1982 ORSTOM'- Coriolis Geovan II Collot, Daniel, S-51 
and Burne 
(1985) 

CCOP/SOPAC2 
0.12 

1982 ORSTOM Coriolis EVA X -- S-5 1 0.23 

1982, U.S. Geological S.P. Lee Australia-New This volume s-53 0.18 
1984 Survey Zealand-United 0.34 

States 
Tripartite- 
C C OP /S OPAC 

Office de la Recherche Scientifique et Technique Outre-Mer 
* United Nations Economic and Social Commission for Asia and the Pacific, Committee for 

Ceordination of Joint Prospecting for Mineral Resources in South Pacific Offshore Areas. 

INTRODUCTION 

Between lat 14'30' and 17'S, the d'Entre- 
casteaux Zone collides with the New Hebrides Arc  
and disrupts the arc structure. Disruptive effects are 
evident in the deep-water intra-arc North and South 
Aoba basins, which are bounded by mountainous 
islands of the Eastern and Western Belts and 
intruded by active volcanoes of the Central Chain 
(Figure 1; Macfarlane et  al, this volume; Greene and 
Johnson, this volume). In this report, we use gravity 
data and magnetic and seismic-refraction profiles to 
analyze the crustal structure involved in the collision 
of the central New Hebrides A r c  with the 
d'Entrecasteaux Zone. 

DATA COLLECTION AND 
PROCESSING 

All the data presented in this report were col- 
lected during the following cruises: GEOVAN II, 
EVA XI, and S. P. Lee SOPAC I and II (Table 1). 
On the GEOVAY II and EVA XI cruises, gravity 
data were collected with a Lacoste and Romberg' 
gravimeter (No. S-51, borrowed from the National 
Ocean Survey of the U S .  National Oceanic and 
Atmospheric Administration), mounted on a two-axis 

'Any use of trade names and trademarks in  this report is 
for descriptive purposes only and does not constitute endorsement 
by the  U.S. Geological Survey. 
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stabilized platform. Gravity, spring-tension, cross- 
coupling and total-correction data were recorded con- 
tinuously on a paper-strip chart; gravity readings 
were also recorded on magnetic tappe at 1-minute 
intervals. During the SOPAC I and II cruises, grav- 
ity data were also collected with a Lacoste and 
Romberg gravimeter (No. S-53), similarly mounted 
on a two-axis stabilized platform. Gravity, spring- 
tension, and cross-coupling data were recorded con- 
tinuously on a paper-strip chart, and every 20 s on 
magnetic tape. 

The beginning base station for all cruises WS 

the Star Wharf in Por t  Vila, Efate Island, Vanuatu 
(G=978617.49 mGal). The base station 
(G=978536.8 mGal) at the Wharf in Luganville, 
Espiritu Santo Island, was also used for data ties 
during the SOPAC I and II, GEOVAN II, and EVA 
XI cruises. These gravity base stations were esta- 
blished by the French Ofice de la Recherche 
Scientifique e t  Technique Outre-Mer (ORSTOM) and 
correlated with the Noumea, New Caledonia, base 
station (Jezek, 1976). The Star Wharf in Port Vila 
was the ending base station for the GEOVXN II and 
EVA XI surveys. The ending base station for the 
SOPXC I and II cruises was the fuel pier a t  Honiara, 
Solomon Islands (G=978245.2 mGaI). 

Gravity data were automatically corrected for 
spring tension and cross-coupling during the GEO- 
V A I  II and EVA -YI cruises. However, a malfunc- 
tion of the cross-coupling-correction circuits during 
GEOVAN II was not repairable a t  sea, and so these 
errors affect the final data, as discussed below. The 
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Table 2. Crossing errors in free-air gravity (in 
mGal) calculated from data collected on four surveys 
of the central New Hebrides Arc and the eastern 
d'Entrecasteaux Zone. 

SOPAC I SOPAC II GEOVAN II 
SOPAC I 4.0 f 3.6 

EVA Dc -5.2 z t  12.7 -8 i 10.4 -38 f 20.6 

digitally recorded gravity data collected from the 
SOPAC I and II cruises were computer corrected for 
spring tension and cross-coupling terms after the 
cruise. The gravity data  were then corrected for 
latitude according to the IGSN (International Grav- 
ity Standardization Net) 1971 ellipsoid. Eotvos 
corrections were calculated from the  digitally 
recorded navigation data. Plots of gravity and 
Eotvos-correction values were edited to remove noisy 
data or data  obtained during turns. Free-air gravity 
data were plotted on a map, and crossing errors were 
analyzed. 

The quality of the data collected during all the 
cruises varies considerably. We use the SOPAC I 
gravity data  as the base to  which all the other grav- 
ity data are referred because the SOPAC I data 
display the smallest crossing errors (Table 2). The 
SOPAC II gravity data average 4.3 mGal lower than 
those of SOPAC I and are augmented by this value 
to minimize crossing errors. 

The malfunction of the cross-coupling- 
correction circuits during the GEOVAN II cruise is 
shown by large values in the crossing-error analysis 
(Table 2). Fortunately, the GEOVAN II lines have 
more than 50 crossings with S0PA4C I and II lines. 
These crossing errors indicate tha t  although the 
free-air anomalies calculated for the GEOVAN II 
cruise are all lower than those calculated for either 
SOPAC cruise, the relative variations of gravity 
along the GEOVAN II and SOPAC profiles agree. 
To minimize crossing discrepancies, GEOVAN II 
free-air anomalies were augmented by a different 
value for each profile. This correction was calculated 
as the average of the crossing discrepancies of the 
profile with crossing SOPAC profiles. A n  estimate of 
the postcorrec tion crossing discrepancies, calculated 
for 179 crossings, indicates a mean discrepancy of 
about 4.3 mGal, with a standard deviation of 3.9 
mGal (Figure 2). Discrepancies at line intersections 
were also analyzed for the 10 crossings within an 
area that includes the Vanikolo basin region, north 
of the study area. These few crossings do not 
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significantly modify our results for the central NI 
Hebrides Arc. 

Onshore gravity data over the main islands 
the central New Hebrides Arc are sparse (Malahc 
1970). They have been corrected, at lat  15OS, for t 
-16-mGal difference (Dehlinger, 1978) between t 
1967 International Formula used in this study a 
the 1930 International Formula used by Malah 
(1970), and they have been incorporated into c 
map in the form of simple Bouguer anomalies ( F i s  
3a,b). 

CRUSTAL STRUCTURE FROM 
G U V I T Y  ANOMALIES 

Free-air anomalies calculated within the sum 
area range from -250 mGal oyer the New Hebric 
Trench to f200 mGal over Maewo and Pentecc 
Islands. In this section, we describe main grav 
anomalies (Figure 4) along the platform of the c( 
tra1 New Hebrides Arc (Greene, Macfarlane, a 
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Figure 4. Main trends of the gravity field. Simplified from Figure 3. 
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Figure 5. Trackline map of selected bathymetric, magnetic, gravity, and seismic-refraction profiles. 

Wong, this volume) and on the downgoing plate 
from south to north and from west to  east. We also 
investigate crustal structure of the central New 
Hebrides Arc and the d’Entrecasteaux Zone by using 
a two-dimensional gravity-modeling technique. Den- 
sities used in gravity modeling are deduced from 
seismic-refraction experiments (Figure 5; Pontoise, 
1984; Holmes, this volume), utilizing the velocity- 
density relation of Ludwig, Nafe, and Drake (19’70). 
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The Arc 

Gravity anomalies over the arc platform in 
Vanuatu can be separated into four. groups: the 
h b r y m - E f a t e  high, the western high (Santo- 
Malakula Islands), the median low (North and South 
Aoba basins), and the eastern high (Xlaewo and Pen- 
tecost Islands) (Figure 4). The western high is gen- 
erally more complex than the other three features. 
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Figure 8. Offshore magnetic anomalies of the d'Entrecasteaus Zone and central New Hebrides -4rc (from Col- 
lot, Daniel, and Burne, 1985), calculated from total magnetic field less the  IGRF 1975. 
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Am brym-Efat  e High 

The gravity high that lies between Efate and 
Ambrym Islands is composed of two segments that  
are displaced at the latitude (17's) of the Shepherd 
Islands (Figure 3b). On Efate, a major Bouguer high 
(+I50 mGal) trends approximately north-south; it is 
associated with a 300-nT peak-to-peak magnetic 
anomaly that trends mainly east-west (Malahoff, 
1970). According to hialahoff (1970), the volcanic 
plug, which is the source of the volcanoes in northern 
Efate, could be the source of these gravity anomalies. 

The offset of the Xmbrym-Efate gravity high a t  
the Shepherd Islands is associated with an east-west- 
trending magnetic anomaly (bidahoff, 1970) that 
emphasizes a major transverse fracture. Other east- 
west-trending crustal fractures have been interpreted 
from magnetic anomalies (Malahoff, 19íO), and, as 
shown from offshore structure (Greene et al, this 
volume), the Central Basin region of the arc appears 
to be dissected by such fractures. Furthermore, 
Aoba volcano has apparently developed along one of 
those fractures. 

The northern segment of the gravity high, 
which closely overlies the line of active volcanoes 
between the Shepherd Islands and Ambrym, has a 
mean value of +I20 mGal (Figure 3b). High- 
amplitude magnetic anomalies are measured over the 
following volcanoes in this area: Tongoa, Lopevi, 
Ambrym, and the submarine cones off northeast Epi 
(Malahoff, 1970). Malahoff described and interpreted 
the gravity and magnetic anomalies on Ambrym as 
the result of two major volcanic plugs; the southeast- 
ern one is presently inactive. 

The \Vestern High 

ciated with a 300-nT magnetic gradient (Figure G; 
Collot, Daniel, and Burne, 1985). This gravity high 
is truncated abruptly a t  its north end by a NGO'IV- 
trending gravity high of f l O O  to +150 mGal (Figure 
4). This west-northwest orientation, which contrasts 
with the general gravity trends over Espiritu Santo 
Island, prevails across the southwest quarter of the 
island, where the highest topography and the oldest 
volcanic rocks (early Miocene; Macfarlane et al, this 
volume) of the island occur. A relative gravity low 
of +50 mGal observed over the Cumberland Penin- 
sula (northwestern part of Espiritu Santo Island, Fig- 
ure 4) correlates with a topographically high region 
consisting of middle Miocene volcanic rocks (Mac far- 
lane et al, this volume). The transition between this 
north-south-trending gravity low and the NG0"W- 
trending gravity high is a moderate gradient across 
the latitude of Wousi Bank, where a major east- 
west-trending wrench fault is recognized (Taylor et 
al, 1980). 

Two interpretations may account for the 
observed data of the western high: either the densi- 
ties of the surface to immediate-depth rocks vary 
from north to south, or subduction of the 
d'Entrecasteaux Zone under the south half of Espir- 
itu Santo Island greatly influences the gravity field. 
These two interpretations are discussed below. 

The  rocks of the western part of Espiritu Santo 
Island are mostly volcaniclastic breccia and sand- 
stone interbedded with basaltic pillow lavas or algal 
limestone. However, andesite, microdiorite, gabbro, 
and basalt intrusions are more numerous in the 
southwestern region than elsewhere on the island 
(Macfarlane et al, this volume). These intrusions do 
not seem to be a major influence on the N6O0W- 
trending gravity high because one large intrusion lies 
along a conspicuous fault and crops out in a north- 

_. . - .  . I_. south direction. Andesite and diorite sampled on the 
The  sinuous western gravity high (P'igure 4) 

extends from offshore of the southern part of 
bíalakula Island, northward along the central crest of 

island show an average bulk density of 2.68 g/cm3 
(Malahoff, IgíO). 1Ve.use 3.7 g/cm3 as an estimate of 

Malakula and Espiritu Santo Islands, thence along the mean density of the core of the island, and 2.6 

- -  
latitude of the Banks Islands (14's). In addition to 
the overall north-south trend, several short gravity 
alignments trend oblique to the main anomaly. A 
gravity high of +-EO1 mGal that extends offshore to 
the south of Malakula Island (Figure 4) is associated 
with a fSOO-nT magnetic anomaly (Figure G) that 
was interpreted by hlalahoff (1OíO) as a volcanic 
center. 

X +llO-mGal gravity high that trends north- 
south over the southwestern peninsula of Espiritu 
Santo and its submarine extension (Figure 4) is asso- 

volcaniclastic rocks. 
Our  gravity model across the Cumberland 

Peninsula (Figure 7) suggests that the north-south- 
trending gravity low in the northwestern part of 
Espiritu Santo Island is due to the presence of a rela- 
tively thick and low-density root under the Cumber- 
land Peninsula. In contrast, the NGO'W-trending 
gravity high south of the profile of the gravity model 
may reflect the influence of the subducted North 
d'Entrecasteaux Ridge (Figure 4). Seismic-refrac tion 
data (Pontoise, 1984) indicate a G-km/s velocity for 
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Figure 7. Crustal structures across the Central New Hebrides island arc, based on seismic-refraction! reflection, 
and gravity data. OBS (ocean-bottom seismograph) profiles from Pontoise (198.4); sonobuoy profiles from 
Holmes (this volume). Two-dimensional calculated gravity anomaly is not shown in the IVest Santo Basin 
because of strong influence of the third dimension. An unexaggerated cross section is shown a t  the bottom of 
the figure. See Figure 5 for location of cross section. 

the shallow basement of North d'Entrecasteaux 
Ridge. This velocity suggests a density of 2.8 to 2.9 
g/cm3 for the core of the ridge; this density is sub- 
stantially higher than the average density of rocks 
exposed on Espiritu Santo Island. Therefore, in the 
southwestern part of this island, rocks from the 
d'Entrecasteaux Zone may partly replace the low- 
density root of the island. This replacement may 
account for not only the magnitude of the gravity 
high in the southwestern part of Espiritu Santo 
Island but also the similar gravity trend between 

1 

North d'Entrecasteaux Ridge and the southwestern 
part of the island. 

The gravity high along the eastern part  of 
Espiritu Santo Island extends from the northern part 
of Malakula Island, across Malo Island, and along the 
east coast of Espiritu Santo Island to the latitude of 
Cape Queiros (14.5'S). The maximum gravity values 
of +130 to +I40 mGal are observed near Malo 
Island. Along this high, emerged land areas consist 
of lower to middle Miocene volcaniclastic rocks 
covered by Quaternary raised reefs (Macfarlane et  al, 
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Figure 8. Bathymetric, magnetic, and gravity profiles a. along North d’Entrecasteaux Ridge, b. across 
Bougainville Guyot, c. across the Banks basin, d. across the East Santo and North Aoba basins, and e. across 
the Malakula and South Aoba basins. Magnetic anomalies were calculated by interpolating between the DGRF 
1980 and IGRF 1085 values. See Figure 5 for location of tracklines. 
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this volume). 
-% comples pattern of gravity highs estends 

northward over Big Bay in the northern part of 
Espiritu Santo Island. .i major northwest-trending 
gravity high of +90 mGal tha t  crosses this bay may 
be connected to a f9C-mGal anomaly observed 
above the north tip of the Cumberland Peninsula 
(Figure 4). This northwest-trending gravity anomaly 
coincides with a -200-nT magnetic anomaly (Figure 
30 of Malahoff. 19'iO), as well as with a submarine 
oblique fault reported by Greene and Johnson (this 
volume). A body with a 3.1-g/cm3 density (Figure 7) 
is required to match the observed anomaly. This 
requirement suggests that  dense volcanic or 

'ultramafic rocks may be buried along the oblique 
fault of Big Bay. Other magnetic anomalies reported 
by Malahoff (1970) along Espiritu Santo Island were 
interpreted to be possibly related to Miocene vol- 
canic centers. 

A second gravity high over the northern part of 
Espiritu Santo Island extends northward from Cape 
Queiros to approximately lat 14's; its magnitude 
decreases northward from +IO0 to +10 mGal. West 
of the Banks Islands, this gravity high outlines the 
west boundary of the sedimentary North Aoba or 
Banks basin (Figures 1, 4, 8c; Katz, this volume; 
Fisher, Falvey, and Smith, this volume; Greene and 
Johnson, this volume). The junction between the 
eastern Espiritu Santo, Big Bay, and northern Cape 
Queiros highs remains undefined, because few data 
are available in this zone. 

The M e d i a n  Low 

The median low, which estends from between 
Malakula and Ambrym Islands northward to  the 
Banks Islands (lat 11OS), is more than 90 km long 
(Figure 3, 4). This low is sinuous and consists of 
several arcuate segments that  are connected to form 
one continuous feature with a general north-south 
trend. In the south, a relatively short (30 km long) 
gravity low swings westward from the gap that 
separates Malakula and Ambrym Islands and paral- 
lels the northeast coast of Malakula Island. Free-air 
anomalies as low as -GO mGal were recorded over the 
intra-arc North and South Aoba basins. 

The southern part of the median low (Figure 4) 
lies in the South Aoba basin where i t  reflects pri- 
marily the topography and sedimentary fill (Figure 
se). Seismic-refraction da ta  suggest tha t  both the 
North and South Aoba basins contain as much as 5 
k m  of low-velocity rocks (Pontoise, 1081; Holmes, 
this volume). The minimum gravity values, which 

are displaced southwestward with respect to the mor- 
phology of the basin, appear to coincide with the 
masimum sediment thicknesses (Holmes, this 
volume; Fisher, Falvey, and Smith, this volume). 
The North Aoba basin shows a negative anomaly 
that is asymmetric transverse to the arc (Figure 7); 
the minimum gravity value is displaced toward 
Espiritu Santo Island with respect to the basin's 
physiography but centered with respect to the thick- 
est sediment (Figure 3, 7). The gravity model across 
the North Aoba basin (Figure 'i) indicates a 12-km- 
thick crust, which thickens toward the southwest. 
This crust is thin in comparison with the %-km- 
thick crust of the southern New Hebrides island arc 
(Pontoise, Latham. and Ibrahim, 1982). If the upper 
crust of the North and South Aoba basins is made up 
of 4 to 5 km of sedimentary fill, the deep crust, 
which is characterized by velocities of 8.0 and G.8 
km/s, is likely to be oceanic igneous rock because 
anomalously low velocities characterize layer 3 of the 
oceanic crust near this island arc (Pontoise: Latham, 
and Ibrahim, 1982; Pontoise, 1084). Therefore, the 
North Aoba basin crust may have originated either 
as a trapped piece of oceanic crust or from crustal 
thinning by estension. The development of 
transverse fracture zones in response to t h e  arc/ridge 
collision and of the large h i b r y m  and Aoba vol- 
canoes may have been facilitated by the thinness of 
the crust. Both the South and North Aoba basins 
have the same -GO-mGal gravity low, but at 
significantly different water depths, 2.4 and 3.1 km, 
respectively. This difference suggests that the crusts 
of the basins differ in either thickness, density, or 
mechanism of compensation. 

A secondary gravity low of -10 mGal, observed 
over the Malakula basin (Figure 1, 3b, 4)) suggests 
that the buried ridge, which separates this basin 
from the South -4oba basin, is composed of rocks 
that are denser than the  basin fill (Fisher, Falvey, 
and Smith, this volume; Greene and .Johnson, this 
volume). Seismic-refraction da ta  suggest a masimum 
thickness of übout 3 km for the sedimentary fill in 
the Malakula basin (Holmes, this volume). 

The East Santo basin (Fisher, Falvey, and 
Smith; Greene and Johnson, this voIume; Figure 8) is 
not apparent on the gravity map (Figure 1,3a), 
although seismic-refrac tion data suggest about 1.5 to 
2 km of sediment thickness in this basin (Fisher, Fal- 
vey, and Smith, this volume). 

The western part  of the Banks basin of Katz 
(1981; Figure 1.3a), which may be associated wich 
the estension of che North Aoba basin (Greene and 
Johnson, this volume; Katz,  this volume: Fisher. Fal- 
vey, and Smith, this volume), appears to be well del- 
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ineated by the -2tkmGal contour on the gravity map 
(Figure 3a) and has a minimum magnitude of -30 
mGal (Figure 8c), probably related to  the estimated 
3 km of sedimentary fill in the basin [Holmes, this 
volume; Fisher, Falvey, and Smith, this volume). 

Th e Eus te rn High 

The linear eastern high extends along the horst 
that  underlies the Eastern Belt of islands from south- 
ernmost Pentecost to the latitude of Mere Lava 
(14'25 'S)(Figure 3). The highest gravity values 
measured over the New Hebrides A r c  occur over the 
Eastern Belt [Malahoff, 1970): +I90 mGal on 
Maewo Island and f150 mGal on Pentecost Island. 
This anomaly has been interpreted to be due to an 
ultrabasic intrusion tha t  crops out  in the southern 
part of Pentecost Island (Macfarlane et  al, this 
volume). In the northern part of Maewo, gravity 
modeling suggests rocks with an average density of 
2.7 g/cm3, which matches the density of the Mocene 
volcaniclastic series observed on the island. How- 
ever, this series may include highly serpentinized 
periodotites, such as those cropping out  on Pentecost 
Island to the south. On the basis of the gravity 
model, the crust beneath Maewo Island is as thick as 
19 km-about 7 km thicker than the crust of the 
North Aoba basin. 

A gravity low of O mGal was measured at  the 
west edge of the North Fiji Basin off the eastern part 
of Maewo Island. This low seems to correlate with a 
slight topographic depression of unknown origin that 
parallels the Eastern Belt over the North Fiji Basin. 
The North Fiji Basin has a +3G t o  f4O-mGal aver- 
age gravity anomaly, with a few highs reaching +60 
mGal. 

Near the east coast of Maewo Island, refraction 
lines R9 and RI0 (Figures 5,7) suggest an arcward 
downbending of North Fiji Basin oceanic crust. Our 
gravity model (Figure 7) shows an asymmetric 
crustal root beneath lvfaewo Island tha t  supports the 
concept of a westward deepening of North Fiji Basin 
oceanic crust. This westward-deepening oceanic 
crust, in combination with the high uplift rate of the 
Eastern Belt islands during Quaternary time (Mallick 
and Neef, 1974), the recent folding of North Aoba 
basin sediment along hiaewo Island (Katz and 
Daniel, 1981; Collot, Daniel and Burne, 1985, Figure 
I?), and the occurrence of shallow thrust earthquakes 
with compressive northeast-trending axes (Collot, 
Daniel, and Burne, 1985), suggest tha t  the Eastern 
Belt is being thrust over North Fiji Basin oceanic 
crust. 

The Downgoing Plate 

The downgoing plate shows two different 
groups of gravity anomalies: low-gravity-field varia- 
tions occur south of the d'Entrecasteaux Zone, 
whereas high gravity-field variations occur over the 
d'Entrecasteaux Zone and the West Torres Massif to 
the north. 

South of the d'Entrecasteaux Zone 

Northwest of Efate Island, a gravity low of 
-140 mGal has been measured over a forearc basin 
that underlies 4,200 m of water depth. The adjacent 
South New Hebrides Trench causes only a -120- to 
-130-mGal low associated with 6,500 m of water 
(Figure 3b). Except for some high-frequency, 800-nT 
peak-to-peak magnetic anomalies below the steep 
flank of the arc, this forearc area has a relief of 300 
nT peak to peak (Figure 6). Both types of 
potential-field da t a  suggest that an accumulation of 
low-density material lies in this physiographically 
depressed area and that the island-arc rocks, which 
constitute the east flank of this basin, are intruded 
by volcanic rocks. 

A small northwest-trending gravity low of -50 
mGal was measured over the plate boundary just  
south of Bougainville Guyot. This low may connect 
to the  gravity low observed farther south over the 
trench. 

Most of the North Loyalty Basin has a rela- 
tively high gravity anomaly ( i 3 0  mGal) associated 
with 4,800- to 5,000-m water depth. However, south 
and west of Bougainville Guyot, a broad gravity low 
of -20 mGal extends westward along the South 
d'Entrecasteaux Chain into the North Loyalty Basin. 
This low may result from lithospheric flexure in 
response to  crustal loading by the volcanic South 
d'Entrecasteaux Chain and from resulting sediment 
accumulation. 

Magnetic anomalies over the North Loyalty 
Basin, which trend NíO'W, are related to Eocene 
reversals of magnetic-field polarity (Figure 6; 
Weissel, Watts, and Lapouille, 1982; Collot, Daniel, 
and Burne, 1985). The gravity model (Figure 9) 
shows that the crust of the North Loyalty Basin is 
about 10 km thick and is depressed near the South 
d'Entrecasteaus Chain. This estimate agrees with 
the 10- t o  12-km thickness reported by Pontoise, 
Latham, and Ibrahim (1982) farther south along the 
trench. 
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The d’Entrecasteauz Zone 

Gravity anomalies over the eastern 
d’Entrecasteaux Zone, which trend east-west, consist 
of a s o u t h n  gravity high, a broad central low, and 
a northern high (Figure 4). 

The southern high is dominated by a f.50- to 
f10C-mGal anomaly extending east-westward over 
Sabine Bank. High-frequency magnetic anomalies 
(Figure 6) show 1,300-nT peak-to-peak variations 
above the summit of Sabine Bank, whereas only 
moderate-frequency, 200-nT positive anomalies occur 
above the rest of the South d’Entrecasteaux Chain. 
The high gravity and magnetic anomalies, as well as 
the conical shape of Sabine Bank,  are consistent with 
a volcanic origin for this ridge. An isolated -90- 

mGal gravity high is observed over Bougainville 
Guyot northwesc of Malakula Island. Because this 
feature lies under 1.0 km of water, its relxively high 
gravity value may be related to volcanic rocks, 
although its magnetic signature is weak (Figure 8b;  
Fisher, Collot and Smith, 1986). 

The  broad central low observed over the Cen- 
tral d’Entrecasteaux Basin is asymmetric. with a 
steep gradient over the west flank of the western 
parc of Espiritu Santo Island and a -50-mGal value 
above the  plate-contact zone. This low is similar to 
the one observed south of Bougainville Guyot in 
about the  same water depth (4,000-4,300 m). The 
magnecic field shows only low-relief variation and 
generally decreses  from about +lo0 nT in the mid- 
dle of t he  basin to  -150 nT above the west slope of 
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Espiritu Santo Island. 
The northern gravity high shows j5O-mGa.l 

values over North d‘Entrecasteaux Ridge, which lies 
beneath 2,500 m of water (Figure Sa). This gravity 
high connects to the e s t  with the A G O -  to +;O-mGal 
gravity high observed above the  shallow JVousi 
Bank. hfagnetic anomalies of 300 LO 400 n T  peak to 
peak lie along the south flank of North 
d’Entrecasteaux Ridge a t  long 163O10’ and lGGoE 
(Figure 6). This anomaly may indicate an  extension 
of the faulted oceanic basement tha t  lies to the west 
(Maillet e t  al. 1983). X linear negative anomaly with 
a minimum value of -200 nT  extends along the north 
flank of North d’Entrecasteaux Ridge, crosses the 
plate boundary, and ends a t  \Vousi Bank. This 
negative magnetic anomaly, which coincides geo- 
graphically with the faulted boundary between North 
d’Entrecasteaux Ridge and the Jlrest Santo Basin, 
suggests that  the ridge extends into the subduction 
zone, far beneath the inner trench wall. 

The gravity model (Figure 9) indicates no 
significant crustal root beneath the d’Entrecasteaux 
Zone. The  oceanic crust of the h‘orth Loyalty Basin 
may extend part way beneath the  d’Entrecasteaux 
Zone, but from seismic-refraction data,  North 
d‘Entrecasteaux Ridge may include a piece of the 
crust of the West Santo Basin, as discussed below. 
Seismic-refraction velocities, basement morphology, 
and sediment characteristics (Pontoise. 1984; Burne, 
Collot, and Daniel, this volume) indicate tha t  the 
crusts of the North Loyalty and JVest Santo Basins 
have different oceanic origins. The  identical 
seismic-refraction velocities (G.0 km) m e s u r e d  for 
the basements of North d’Entrecasteaux Ridge and 
the West Santo Basin suggest tha t  the rocks forming 
these basements may have the same origin. How- 
ever, the high-velocity basement of North 
d’Entrecasteaux Ridge is considerably sliallower than 
that of the surrounding oceanic basins. This depth 
difference, together with the midoceanic-ridge basalt 
(XIORB) dredged along the north scarp of Xorth 
d’Entrecasteaux Ridge (hlailiet et  al, 1953), suggests 
that  oceanic crust has been uplifted to form the 
ridge. The crustal thickening beneath Piorth 
d’Entrecasteaus Ridge suggests t h a t  tlie West Santo 
Basin may have underthrust and uplifted tlie north 
edge of the d‘Entrecasteaux Zone. Therefore, 
seismic-refraction. gravity, and magnetic da t a  cannot 
confirm whether the crust of che North Loyalty 
Basin extends as far northward as Xorth 
d’Entrecasteaux Ridge, but this ridge may encom- 
pass an underthrust fragment of the \Vest Santo 
Basin and its basement. 

North of Lhe d’Entrecastcauz Zone 

The \.Vest Santo Basin underlies water 5.400 m 
deep. and che basin rocks cause an easc-west- 
trending gravity low of -lSO mGal that correlates 
with a broad low-amplicude positive magnetic anom- 
aly bounded to the north and south by negative 
anomalies (Figure 6). Boch the positive and negative 
magnetic anomalies extend eascward beyond the 
plate boundary, across the island-arc slope. 

The gravity low over the West Santo Basin. 
which extends along the north flank of North 
d’Entrecasteaus Ridge, partly reflects the 2 to 3 km 
of sediment filling a possible half-gaben or relict 
trench. This large gravity low contrasts with the 
-90- to -30-mGal low observed just south of Sabine 
Bank in the North Loyalty Basin (Figure 1,3b). 
Seismic-refraction data from Pontoise (1984) reveal 
that  the West Santo Basin has a 13-km-thick oceanic 
crust covered by a sedimentary wedge. O u r  gravity 
da t a  support this interpretation and show that this 
crust deepens in a north-south direction. This thick- 
ening emphasizes that the West Santo Basin may be 
the site of an old subduction zone (Burne, Collot, 
and Daniel, this volume). Near the presently active 
plate boundary, along the New Hebrides - k c ,  bend- 
ing of the oceanic plate, in combination with deposi- 
tion of low-density material, may account for the 
large gravity low. 

A gravity high of about f 1 3 0  mGal trends 
north-northwest over the West Torres ?classif (Figure 
4). This high includes values larger than ‘100 mGal 
measured over water depths between 1.000 and 1,500 
m. The steep-sided south flank of the West Torres 
Massif is truncated by a negative magnetic anomaly 
that trends east-west (Figure G). This anomaly can 
be correlated either with the faulted and intruded 
south margin of the massif o r  with che oceanic crust 
of the West Santo Basin. The flank is also aligned 
with the Santa  >Iaria fracture zone described by 
Greene e t  al (this volume). lfagnetic anomalies 
observed over the IVest Torres hlassif generally trend 
north-south. in contrast to the generally east-wesc 
trends observed over the \Vest Santo Basin and the 
d’Entrecasteaux Zone. Seismic-refraction da ta  from 
one sonobiioy (Figure 5) collected on top of the \Vest 
Torres Massif indicate thac a stratum with a 5-km/s 
velocity is close to the seafloor. - i t  this site, our 
gravity model indicaces a 16-kni-thick crusr,. The 
northern part of the grayit? model does not account 
for the complex bathymetry, which evidently violates 
the two-dimensional assumption used in our model. 

Gravity values as low as -270 mGal were meas- 
ured above the 6,500-m-deep North New Hebrides 

138 



CRUSTAL STRUCTURE. GRAVITY DATA 

i 

Trench north of Espiritu Santo Island. The steepest 
gravity gradients are observed just south of lat 
13’30’s and at the toe of the )Vest Torres Xhssif. 
In this region, low-amplitude magnetic anomalies 
clearly trend north-south above both the outer and 
inner walls of the trench (Figure 6). These anomalies 
are sharply truncated by east-west-trending magnetic 
anomalies over the forearc region. W e  interpret the 
limit between the two crossing magnetic trends as 
the boundary between the igneous intruded volcanic 
arc to the east and the margin of the West Torres 
Massif estending beneath the forearc region to the 
west. 

I 

139 

CONCLUSIONS 

Gravity, magnetic, and seismic-refraction data 
reveal the complex crustal structure involved in the 
collision process along the central New Hebrides 
island arc. The Western Belt of this island arc 
includes different volcanic segments, volcanic centers, 
and transverse or oblique features. The Xorth Aoba 
basin has a thin (12-13 km) crust with oceanic 
affinities. The North and South Aoba basins have 
similar gravity anomalies bu t  at different depths, 
suggesting differences in crustal composition or thick- 
ness. The Western and Eastern Belts all show crust 
of about 20-km thickness tha t  may reflect Oligocene 
and Miocene arc volcanism and (or) Pliocene to 
Quaternary collision of the d’Entrecasteaux Zone. 
The northern part of Espiritu Santo Island, a moun- 
tainous area, exhibits a relative gravity low, which 
we interpret as related to a low-density crustal root. 
This gravity low contrasts with the transverse grav- 
ity high of the southern part of Espiritu Santo 
Island, directly adjacent to the d’Entrecasteaux 
Zone. 

The colliding d’Entrecasteaux Zone is not a 
deep-rooted feature. No significant differences in 
crustal thickness distinguish the d’Entrecasteaux 
Zone from the surrounding oceanic crust. Thus, the 
uplift of Espiritu Santo Island in the collision zone 
cannot be accounted for by the subduction beneath 
this island of a thick buoyant crustal body. In con- 
trast, the rocks in the upper crust of the 
d’Entrecastesu-u Zone vary in physical properties 
relative to the nearby oceanic plate. The South 

d ’ h t r e c a s t e a u  Chain seems to have an oceanic 
crust on which such volcanoes as the Sabine Bank 
are superimposed. North d’Entrecasteaus Ridge has 
a more complex struccure, with a thick? shallow 
high-velocity .crust tha t  may have resulted from 
underthrusting and stacking of the West Santo Basin 
crust. Therefore, we believe that the variations in 
topography, velocity, and density of the uppermost 5 
km of the crust of the d’Entrecasteaux Zone with 
respect to the adjacent basins may be responsible for 
such collision effects as the unique attitude of the 
accretionary wedge in the collision zone, the uplift of 
the forearc, and the tilt of the  North Aoba basin. 

REFERENCES 

Collot, J.Y., Daniel, J., and Burne, R.V., 1985, Recent tectonics 
associated with the subduction/collision of the d’Entrecasteaux 
Zone in  the central New Hebr.ides: Tectonophysics, v. Il?, p. 
325-356. 

Dehlinger, P., 1978, Marine gravity: Elsevier Oceanography Series, 
212 p. 

Fisher, MA.,  Collot, J.Y., and Smith, G.L., 1986, Possible causes 
for structural variation where the  New Hebrides island arc and 
the d’Entrecasteaux Zone collide: Geology, v. 11, p. 951-95-1. 

Jezek, P., 1976, Gravity base stations in  Indonesia and in the 
Southwest Pacific: Woods Hole Oceanograp hic Insticution, 

Katz, H.R., and Daniel J., 1981, Structural map of the New 
Hebrides island arc, in Tenth  Session CCOP/SOPXC, Port 
Vila, Vanuatu, 1981: Suva, Fiji, UN ESCAP, CCOP/SOPAC 
Technical Secretariat. 

Ludwig, W.J., Nafe, J.E., and Drake, C.L., 1970, Seismic refrac- 
tion, in  Bullard, E.G., and Maxwell, .4.E, eds., The Sea. v. 4, 
part 1: N.Y., Wiley-Interscience, p. 53-84. 

.Liaillet, P., Xlonzier, IV[., Selo, M., and Storzer, D., 1983, T h e  
d’Entrecasteaux Zone (South-West P s c i f i c t a  petrological and 
geochronological reappraisal: Marine Geology, v. 53, p.  179-198. 

Malahoff, A., 1970, Gravity and magnetic studies of the New 
Hebrides island arc: New Hebrides Condominium Geological 
Survey, 67 p.  

Mallick, D.I.J., and Neef, G., 19í4, Geology of Pentecost: New 
Hebrides Geological Survey Regional Report, 103 p. 

Pontoise, B., 198-1, Resultats de sismique refraction dans la partie 
centrale de l’arc insulaire des Nouvelles Hebrides: Rapport 
ORSTOM, 15 p. 

Pontoise, B.. Latham, G.V., and Ibrahim, A.K., 1982. Sismique 
refraction: Structure de la croute aux Nouvelle-Hebride. in Con- 
tribution a I’etude geodynamique du Sud-Ouest Pacifique: Paris, 
ORSTOM. no. 147. p .  79-90. 

Taylor, F.W., Isacks. B.L., Jouannic, C.. Bloom, A.L., and Dubois, 
J., 1980, Coseismic and Quaternary vertical tectonic move- 
ments, Santo and !&lakula Islands, New Hebrides island arc: 
Journal of Geophysical Research, v. 8.5, p. .536í-5381. 

Weissel, J.K.. \Vatts, AB., and Lapouille, A., 198‘2, Evidence for 
late Paleocene to lace Eocene seafioor i n  the southern Sew 

WHO1 76-55. 

He brides bas in :  Tectonop ’ hysics, v. 87. p.  



ri 

..’ 



16‘ 

17’ 

18 

COLLOT, FISHER CRUSTAL STRUCTURE, GRAVITY DATA 

F I J I  

L O Y A L T Y  

Figure 3b. Gravity map of the central S e w  Hebrides island arc (from lat 13°.50’S to lat 1So0O’S) 
showing simple Bouguer anomalies on land from hlalahoff (1970) and free-air anomalies at sea. 
Bathymetry after Chase and Seekins (this volume). 
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