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Abstract

This Thesis deais with the study of the riftíng and seafloor spreading processes in backarc 
basins using swath-bathymetry and geophysical data. The geophysical methods used are 
mainly magnetism and gravimetry, although other methods, such as seismic reflection and 
submersible data are also presented in some chapters. Three areas are selected for this study: 
The Central and Eastern Bransfield Basins, northwest Antarctic Península, and the Central 
Spreading Ridge and the South Pandora-Tripartite Ridges in the North Fiji Basin, Southwest 
Pacific.

The Bransfield Basin is a narrow and elongated active backarc basin located between the 
Antarctic Península and the South Shetland Islands, at the southwestern edge of the Scotia 
Are. The Bransfield Basin is composed of three small basins, Western, Central and Eastern, 
separated respectively by Deception and Bridgeman Islands. The last two were surveyed by 
the GEBRA 93 cruise during which full swath-bathymetric coverage, single-channel seismic 
reflection and magnetic profiles were acquired.

The Central Bransfield Basin is 60 km wide, 230 km long and 1950 m deep and the 
structures mainly trend N55-60. The basin morphology is dominated by six large seamounts 
(labelled A to F) that outcrop from the sedimented seafloor of the Central Bransfield Basin 
and align with the basin axis. The seamounts present circular, semi-circular and elongated 
morphologies. Moreover, the Eastern Bransfield Basin is 42 km wide, 150 km long, deeper 
than 2700 m and trends N40-45. The basin is characterised by four deep en échelon troughs 
having a lozenge shape, and small, scattered volcanic cones mainly located in the 
southwestern half basin. A total of 119 submarine volcanoes are observed in these two basins, 
with a predominance of higher edifices (over 150 m high) in the Central Basin. Magnetic 
anomalies are difficult to identify in the Bransfield Basin, although a positive alignment 
well correlated with the submarine volcanic edifices of the Central Bransfield Basin was 
recognized and named the Bransfield Rift Anomaly. When this anomaly is tentatively 
interpreted as Anomaly 1, the máximum age of spreading in the Central Bransfield Basin 
would be 0.71 Ma and the resulting máximum full rate 0.83 mm/yr. The free-air gravity 
anomalies are well correlated with the bathymetric maps.

The North Fiji Basin is a mature backarc basin located between two active subduction 
zones of opposite polarity: the New Hebrides and the Tonga-Kermadec trenches. Several 
extensional features and spreading centres have been identified within the North Fiji Basin. 
Two of these features are studied in detail here: the Central Spreading Ridge and the South 
Pandora-Tripartite Ridges.

The Central Spreading Ridge is the most widely explored and best known of all the 
spreading centres identified in the basin, and has been intensively explored during the cruises 
of the French-Japanese STARMER project (1987-1991). Six cruises were undertaken in the area 
during this project: 4 surface cruises (swath-bathymetry, geophysics and sampling) and 2 
diving cruises. The Central Spreading Ridge is more than 800 km long and 50-60 km wide, and 
is segmented into three first order segments labelled, from north to south, N160, N15 and N-S 
according to their orientation. The N160 segment is 210 km long and is composed of three 
second-order segments (CSR1 to CSR3), which are a succession of long en échelon grabens, 
similar to that of the Mid Atlantic Ridge. The N15 segment is 165 km long and comprises two 
segments, CSR4 and CSR5. The axial morphology is characterized by a double ridge, split by 
an axial graben. The N-S segment is 255 km long and divided into three second-order segments 
(CSR6 to CSR8). The segment morphology shows a central fíat and rectangular high, like in 
the East Pacific Rise. Magnetic anomalies up to Anomaly 2A (3.5 Ma) are recognized along 
the N-S segment, whereas only Anomalies J and 1 (0.97 and 0.7 Ma, respectively) are dearly 
identified along the other two segments. The calculated spreading rate is intermedíate,
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ABSTRACT

decreasing northwards from 80 to 50 iran/yr. In additíon, there is a change in the axial 
gravity structure along the Central Spreading Ridge. The mande Bouguer anomalies obtained 
on the northem part of the Central Spreading Ridge (N160/N15 segments) show "bull’s eye” 
structures interpreted as the result of mande upwelling at the middle of the segments. In 
contrast, the mande Bouguer anomalies of the Southern part of the ridge (N-S segment) are 
more homogeneous and consistent with the observed smooth topography.

The South Pandora-Tripartíte Ridges are located in the northem part of the North Fiji 
Basin, one of the less explored areas of the basin. The area was surveyed by the NOFI cruise 
during which swath-bathymetry, geophysical and geological data were acquired. The South 
Pandora-Tripartíte system extends over more than 800 km, and three first-order segments are 
distinguished according to their orientation: N75 and E-W (South Pandora Ridge) and NI 10 
(Tripartite Ridge). The N75 segment is 170 km long and is composed of two second-order 
segments, SPR4 and SPR3. Its axial morphology is dominated by an axial graben disturbed 
only by an abmpt central seamount in the middle of segment SPR3. The E-W segment is 300 km 
long and composed of three segments, SPR2, SPR1 and SPR0, from west to east respectívely. 
This segment also shows a contrasting longitudinal morphology. The N110 segment is 280 km 
long and composed by TR3, TR2 and TR1 second-order segments. Bathymetric maps show axial 
seamounts and deep troughs alternating along-axis. Preliminary interpretatíons of magnetic 
anomalies are presented, and Anomalies 1 to 3A (7 Ma) are identified along the South 
Pandora Ridge. The calculated spreading rate is ultra-slow at 16 mm/yr. In contrast, only 
Anomaly 1 is clearly identified along the Tripartite Ridge, with a full spreading rate 
decreasing from 8.5 to 0 mm/yr towards the southeast. The gravity structure also shows 
"bull’s eye" lows associated with the contrasting volcanic highs.

Several points are discussed conceming backarc evolution, the comparison between backarc 
and mid-ocean ridge spreading, the role of seamount volcanism, differences in thermal 
regimes along the Central Spreading Ridge, and models of backarc accretion. The main 
conclusions are:

1) The three areas studied ha ve been classified in terms of backarc evolutíonary stages, 
from incipient and pre-spreading rifting stages (Central and Eastern Bransfield Basins, 
respectívely) to well organized seafloor spreading, and from young (Tripartite Ridge) to 
mature (Central Spreading Ridge and South Pandora Ridge).

2) The present-day opening seems to be related to the rollback of the subduction hinge in 
the Bransfield Basin. In contrast in the North Fiji Basin the opening seems to be linked to a 
regional thermal anomaly instead of a subduction zone.

3) The initial rifting of the are may pre-determine the future segmentation of the basin. 
Even if the accretíonary processes are similar in backarc and mid-ocean ridge settings, 
differences appear concerning ridge segmentation and axial discontinuities. First-order 
backarc segmentation is short-lived and about half the length of that in mid-ocean ridges. 
The fundamental difference between backarc and mid-ocean ridges is the lack of large 
fracture zones and transform faults separating the backarc segments.

4) Large seamount volcanism may play a fundamental role in backarc axial construction, 
and may be a common characteristic of slow and ultra-slow mature spreading ridges and 
incipient spreading centres, as observed along the South Pandora-Tripartíte Ridges and the 
Central Bransfield Basin, respectívely.

5) The variability of the axial morphology and gravity structure observed along the 
Central Spreading Ridge is explained in terms of differences in thermal regime. The limits 
between "coid" and "hot" segments are propagating rifts, which may be interpreted as 
thermal boundaries.

6) Two end-member models of backarc crustal accretion and mantle upwelling are 
presented: focused-type and contínuous-type accretion. The focused-type would show an 
extremely contrasted morphology and deep structure along the segments, with punctíform 
upweilings. The contínuous-type accretion would be homogeneous and uninterrupted along the 
ridge, with a persistent magma chamber. Intemal (ridge evolution, spreading rate, thermal 
regime) and external factors (nature of the surrounding lithosphere, proximity of mantle 
plumes and subduction zones) may control the type of accretion.
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Resum

Aquesta Tesi estudia els processos de rifting i acreció oceánica en les conques de rere-arc 
utilitzant dades de batimetría multifeix i dades geofísiques. Els métodes geofísics emprats 
han estat, principalment, magnetisme i gravimetría. En alguns capítols també es presenten 
dades de sísmica de reflexió i dades de submergible. Per a aquest treball s'han seleccionat tres 
árees: les conques Central i Oriental de Bransfield, a l'Antártida Occidental, el Centre 
d'Expansió Central i les Dorsals de Sud Pandora-Tripartita, a la Conca Nord-Fijiana, Pacific 
Sudoest.

La Conca de Bransfield és una conca de rere-arc activa que es troba entre la Península 
Antartica i les liles Shetland del Sud, a la vora sudoest de l'Arc de Scotia. La Conca de 
Bransfield esta formada per les conques Occidental, Central i Oriental, separades per les Bles 
Deception i Bridgeman. Les conques Central i Oriental van ser estudiades durant la campanya 
oceanógrafica GEBRA 93, en la qual es van adquirir dades de batimetría multifeix, 
magnetisme i sísmica de reflexió monocanal.

La Conca Central de Bransfield té 60 km d’amplada, 230 km de longitud, una profunditat 
máxima de 1950 m i la majoria d'estructures están orientades N55-N60. La morfología de la 
conca está dominada per sis seamounts alinéate seguint l'eix de la conca (anomenats A a F), que 
afloren entre el fons recobert de sedimente de la Conca Central de Bransfield. Els seamounts es 
caracteritzen per diferente morfologies: circular, semi-circular i allargades. Per altra part, la 
Conca Oriental té 42 km d’amplada, 150 km de longitud, una profunditat máxima de 2700 m i 
la majoria d'estructures están orientades N40-N45. La conca es caracteritza per quatre 
depressions profundes de forma romboidal i disposades en échélon i per cons volcánics petits i 
dispersos principalment localitzats a la meitat sudoest de la conca. Entre les dues conques s'ha 
observat un total de 119 volcans submarins, amb predomini deis edificis grans (de més de 150 m 
d'algada) en la Conca Central. Les anomalies magnétiques són difícils d'identificar en la 
Conca de Bransfield, peró així i tot s'ha Observat un alineament magnétic positiu, anomenat 
Anomalía del Rift de Bransfield, ben correlacionat amb els volcans submarins de la Conca 
Central. Si interpretan aquesta anomalía com l'Anomalia 1, l'edat máxima de la conca seria 
de 0.71 Ma i la taxa d'expansió resultant de 0.83 mm/a. Les anomalies gravimétriques a l'aire 
lliure están ben correlacionadas amb les estructures batimétriques.

La Conca Nord Fijiana és una conca de rere-arc madura que es troba entre dues zones de 
subducció actives i de polaritat oposada: les fosses de les Noves Hébrides i de Tonga- 
Kermadec. En la Conca Nord Fijiana s'han identificat diverses estructures extensives i centres 
d'expansió. Dues d'aquestes estructures s'han estudiat en detall en el present treball: el Centre 
d'Expansió Central i les Dorsals de Sud Pandora-Tripartita.

El Centre d’Expansió Central és el més conegut de tots els centres d'expansió de la conca i 
ha estat intensament explorat durant les campanyes del projecte franco-japonés STARMER 
(1987-1991). S'hi han realitzat sis campanyes oceanográfiques, quatre de superficie 
(batimetría multifeix, geofísica i mostreig) i dues d'immersió. El Centre d’Expansió Central 
té més de 800 km de longitud, 50-60 km d’amplada i está dividit en tres segmente de primer 
ordre, anomenats segons les seves direcdons predominante, N160, N15 i N-S. El segment N160 
té 210 km de longitud i está format per tres segmente de segon ordre (CSR1 to CSR3), els quals 
són una successió de llargs grabens en échdon , similars ais que es troben a la Dorsal Médio- 
Atlántica. El segment N15 té 165 km de longitud i comprén dos segmente, CSR4 i CSR5. La 
morfología axial es caracteritza per una doble cresta partida per un graben axial. El segment 
N-S té 255 km llargada i está dividit en tres segmente de segon ordre (CSR6 to CSR8). La 
morfología es caracteritza per una cresta elevada i plana, análoga a la Dorsal del Pacific Est. 
En el segment N-S s'han identificat fins a l'Anomalia 2A (3.5 Ma), mentre que en els altres dos 
segmente s’han identificat només les Anomalies J i 1 (0.97 and 0.71 Ma, respectivament).
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RESUM

L'índex d'expansió calculat és intermedi i disminueix de 80 a 50 mm/a. A més, s'ha observat 
un canvi en l'estructura gravimétrica axial al llarg del Centre d'Expansió Central. Les 
anomalies de Bouguer del mantell obtingudes en la part nord del Centre d’Expansió Central 
mostren estructures en bull's eye que s'interpreten com resultat d'un upwelling mantélic a la 
part central deis segments. En canvi, les anomalies de Bouguer del mantell observades en la 
part sud de la dorsal són molt més homogénies i compatibles amb les morfologies observades.

Les Dorsals de Sud Pandora-Tripartita es troben en la part nord de la Conca Nord Fijiana, 
una de les zones menys explorades de tota la conca. Aquesta área ha estat estudiada durant la 
campanya NOFI, en la qual es van adquirir dades de batimetría multifeix, geofísiques i 
geológiques. El sistema Sud Pandora-Tripartita s’estén al llarg de més de 800 km de llargada 
i s’hi han distingit tres segments de primer ordre segons la seva orientació: N75, E-W (Dorsal 
de Sud Pandora) i N110 (Dorsal Tripartita). El segment N75 té 170 km de longitud i es compon 
de dos segments de segon ordre, anomenats SPR4 i SPR3. La morfología axial está dominada 
per grabens intruits al centre del segment per seamounts. El segment E-W té 300 km de longitud 
i, d’oest a est, está format per tres segments, SPR2, SPR1 i SPR0. El segment E-W també es 
caracteritza per una morfologia longitudinal molt contrastada. El segment N110 té 280 km de 
longitud i está format per tres segments de segon ordre anomenats TR3, TR2 i TR1. Els mapes 
batimétrics mostren una alternanga entre seamounts axials i profundes depressions al llarg del 
segment NI 10. En les interpretacions preliminars de les anomalies magnétiques s'han 
identificat les Anomalies 1 fins a la 3A (7 Ma) en la Dorsal de Sud Pandora. L’índex 
d'expansió calculat és ultra-lent, de 16 mm/a. En canvi, en la Dorsal Tripartita només s’ha 
identificat l'Anomalia 1, amb un índex d’expansió que disminueix cap al sudest entre 8.5 a 0 
mm/a. L'estructura gravimétrica mostra anomalies negatives tipus bull 's eye associades ais 
alts volcánics.

Es discuteixen diversos punts, referents sobretot a l'evolució de rere-arc, la comparado 
entre l'expansió de rere-arc i medio-oceánica, el paper del vulcanisme corresponent ais 
seamounts, les diferéncies en els régims térmics al llarg del Centre d'Expansió Central i 
models d'acreció de rere-arc. Les principáis conclusions són les següents:

1) Les tres árees estudiades han estat classificades en estadis evolutius de rere-arc, des 
d'estadis incipient i de pre-expansió (Conques Central i Oriental de Bransfield, 
respectivament) fins a expansió oceánica ben organitzada de jove (Dorsal Tripartita) a 
madura (Centre d'Expansió Central i Dorsal Sud Pandora).

2) L'obertura actual de la Conca de Bransfield sembla estar reladonada amb el retrocés de 
la zona de subducció. En canvi, en la Conca Nord Fijiana, l'obertura sembla reladonada amb 
una anomalía térmica regional.

3) El rifting inicial de l'arc pot pre-determinar la futura segmentado de la conca. Els 
processos d'acreció de rere-arc i médio-oceánics són forga similars, peró s'observen algunes 
diferéncies relacionades amb la segmentació i les discontinultats axials. La segmentado de 
rere-arc de primer ordre es de curta durada i té la meitat de longitud que en les dorsals médio- 
oceániques. La diferéncia fonamental entre les dorsals de rere-arc i les médio-oceániques és la 
manca de zones de fractura que separin els segments de rere-arc.

4) El vulcanisme de grans seamounts pot teñir un paper fonamental en la construcció de les 
dorsals de rere-arc. Proposem que deuen ser una característica comuna en les dorsals lentes i 
ultra-lentes així com en els centres d'expansió incipients, tal com ha estat observat al llarg de 
la Dorsal de Sud Pandora-Tripartita i el Centre d’Expansió Central, respectivament.

5) La variabilitat de la morfologia axial i l'estructura gravimétrica observada al llarg 
del centre d'expansió central pot explicar-se mitjangant diferéncies en el régim térmic. Els 
límits entre els segments "freds" i calents" son rifts que es propaguen, els quals poden ser 
interpretáis com a fronteres térmiques.

6) Es presenten dos models extrems d'acreció crustal i upwelling mantélic de rere-arc: 
Acreció focalitzada i acreció continua. L'acreció focalitzada es caracteritza per una 
morfologia i estructura profunda molt contrastada al llarg deis segments, amb upwellings de 
distribució puntual. L’acreció continua es més homogénia i ininterrumpuda al llarg de la 
dorsal, amb una cambra magmática persistent. Els tipus d’acreció poden ser controláis per 
factors intems (evolució de la dorsal, índex d'expansió, régim térmic) i factors externs (tipus 
de litosfera, plomes mantéliques i zones de subducció).
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Foreword

Most deep-sea, píate tectonics-related marine geology and geophysics was 

initially devoted to the study of mid-ocean ridges, such as the East Pacific 

Rise and the Mid-Atlantic Ridge. It was not until ten to fifteen years ago that 
the scientific community began focusing on backarc basins, on their 

dynamics and on their poorly known accretionary systems. At present, the 

exploration of the general structure of backarc basins has made notable 

progress, research projects address detailed studies of their spreading centres 

by means of swath-bathymetry and imagery, state-of-the-art marine 

geophysics, satellite-derived data, submersible observations and sampling 

and in situ monitoring.

This Thesis aims to contribute to this international effort for the 

understanding of extensional and accretionary processes in backarc basins. 
To this purpose, we follow the theoretical and methodological approaches 

commonly used in the exploration and analysis of mid-ocean ridges, thus 

involving most of the techniques described in the former paragraph. Three 

areas have been selected (Fig. i): The Central and Eastern Bransfield Basin 

(northwest Antárctica), the Central Spreading Ridge, in the central North 

Fiji Basin, and the South Pandora-Tripartite Ridges in the northem North 

Fiji Basin (Southwest Pacific).

The data from the Bransfield Basin (Table I.i) come from the Spanish 

Programa Nacional de Investigación en la Antártida, project ANT-93-1008- 

C03-01, funded by the Comisión Interministerial de Ciencia Y Tecnología 

(CICYT) in 1993-94. The project entitled: "Evolución geológica de la Cuenca 

de Bransfield y de la Dorsal Sur del Mar de Scotia (GEBRA)" was leaded by 

the Grup de Recerca en Geociéncies Marines from the Universitat de 

Barcelona, although other institutions have also participated, as the Institut 

de Ciéncies del Mar-Consejo Superior de Investigaciones Científicas (CSIC) 

of Barcelona, Instituto Español de Oceanografía (IEO) of Madrid, and the 

Renard Centre for Marine Geology (RCMG) of Gent, Belgium.
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FOREWORD

Moreover, the data of the central and northern North Fiji Basin mainly 

come from the French-Japanese STARMER (1987-1992) and New STARMER 

(1994-1999) projects, respectively (Table I.i), devoted to the study of the 

accretionary processes (tectonics, magmatism and hydrothermalism) in 

marginal basins of the Southwest Pacific, and particularly the North Fiji 
Basin. The projects were coordinated by the Science and Technology Agency 

of Japan, and the Instituí Franqais pour la Recherche et Exploitation de la 

Mer, IFREMER (France), with the cooperation of other institutions (Table
Ii).

CBB-EBB CSR
Central Spreading 
Ridge

SPR-TR 
South Pandora - 
Tripartite Ridges

Areas
Central - Eastern 
Bransfield Basin

Bransfield Strait 
(NW Antarctic 
Península)

Central North Fiji 
Basin
(SW Pacific)

Locations Northern North Fiji 
Basin
(SW Pacific)

Prog. Nacional 
Inv. Antártida 
(1992-1994)

STARMER
(1987-1991)

Projects New STARMER 
(1994-1999)

UB (Spain)
ICM (Spain)
IEO (Spain) 
RCMG (Belgium)

INSU (France) 
IFREMER (France) 
STA (Japan) 
JAMSTEC (Japan) 
SOPAC (SW Pac)

Organizations IFREMER (France) 
INSU (France) 
STA (Japan) 
JAMSTEC (Japan) 
SOPAC (SW Pac)

GEBRA 93 KAIYO 87-88-89 
YOKOSUKA 90-91 
STARMER

Cruises NOFI94

Res. Vessels Hesperides L’ AtalanteKaiyo
Yokosuka
Nadir

Swath-bathymetry 
Bot. Parametric Source 
Magnetics 
Seismics
Sediment sampling

Swath-bathymetry
Magnetics
Seismics
Submersible dives 
Rock/water sampling

Swath-bathymetry
Acoustic imagery
Magnetics
Gravity
Seismics
Rock sampling

Data

Table I.i. Summary of the locations, projects, organizations involved, cruises, research vessels 
and data acquired in the three study areas.

My personal participaron in the above mentioned projects started in 

1990, with a fellowship of "la Caixa". Then, I attended the cruise Yokosuka
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90, a surface-ship survey in the frame of the STARMER project. This first 
cruise, was followed in 1991 by a diving cruise, the Yokosuka 91, with the 

submersible Shinkai 6500. Also in 1991,1 completed the D.E.A. "Géosciences 

Marines’’ at the UBO-Brest (France). Since 1992, I benefited from the 

fellowship AP-91-46338255 of Formación de Profesorado Universitario from 

the Ministerio de Educación y Ciencia, and I completed my Master Thesis at 
the University of Barcelona. Moreover, I participated in the Programa 

Nacional de Investigación en la Antártida with the cruise GEBRA 93. The 

recently started New-STARMER program allowed me to take part in the 

NOFI 94 cruise. Along these five years, I have had open access to all the data 

from STARMER and GEBRA projects

This Thesis is composed of the following parts:

• Part I. Introduction to the geophysical methods used in ocean ridge 

surveys, new insights into ocean ridges and some general aspects of backarc 

basins.

• Part II. Geological setting of the Bransfield Basin and North Fiji Basin, 
focusing on their regional geodynamic setting imaged from GEOSAT 

satellite data, as well as some hypotheses about the origin and evolution of 

these basins.

• Part III. Data and main results obtained in the study of the Central and 

Eastern Bransfield Basin, the Central Spreading Ridge and the South 

Pandora-Tripartite Ridges. The results are obtained principally from the 

study and interpretation of swath-bathymetry, magnetics and gravity data, 
although seismic reflection and submersible data are also presented in some 

chapters.

• Part IV. The essential points discussed in this part are the evolution from 

backarc rifting to mature spreading, the similarities and differences between 

backarc and mid-ocean spreading, the role of seamount volcanism in 

accretionary processes, and the variability between the superficial and deep 

structure along a backarc spreading ridge. Finally, we propose two end- 

member models of backarc accretion.

And now, sit-down comfortably, relax and...enjoy your reading!
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PART I: 

INTRODUCTION



Over the past 15 years our understanding of the evolutíon of the mid- 

ocean ridge system, and the processes associated with the creation of new 

oceanic crust has changed significantly. This new thinking has been 

stimulated in part by the availability of new surveying instruments, such as 

high-resolution swath mapping and side-scan Systems, satellite altimetry, 

geophysical methods, and submersible exploration. All this has allowed 

researchers to map the seafloor with an unprecedented level of resolution. 

In part, this changing view recognizes a complex dynamic system within 

which magmatic, tectonic and hydrothermal processes are intimately linked 

(Detrick and Humphris, 1992).

T hree different aspects will be covered in the next three chapters, which 

form the introductory part of this Thesis. The three are fundamental for a 

better understanding of Parts III and IV. In Chapter 1 we present the various 

geophysical tools commonly used in the survey of ocean ridges. Chapter 2 is 

based on the new approaches in ocean ridge analysis in terms of its surface 

and deep structure, leading to the concept of ridge segmentation. Finally, 

Chapter 3 deais with the main characteristics of backarc basins, which 

constitute the geodynamic setting in which the studied areas are located.
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Chapter 1

GEOPHYSICAL METHODS 

IN OCEAN RIDGE SURVEYS

Geophysical methods are essential tools for the survey and study of 

oceanic areas, such as mid-ocean ridges and spreading centres. In this 

chapter we summarize some of the methods most commonly used in 

marine geology and geophysics. These methods provide the basis for this 

Thesis. A basic explanation about the data processing is also presented. Each 

method results in specialized and unique data sets which, at the same time, 
are complementary with others. We consider two different working scales 

in marine geology and geophysics: macro- and meso-scale.

• Macro-scale. This is mainly based on satellite data. These data give 

accurate information on the marine gravity field at a large scale, for 

example a whole ocean basin. Satellite data are essential to assess the 

main features of poorly surveyed areas, such as Southern hemisphere 

oceans and circum-polar seas.

• Meso-scale. Two approaches are considered: Shipborne and 

submersible data.
- Shipborne data comprise all the different types of geophysical data 

acquired during oceanographic cruises. This is the approach most 
generally used to survey and map an oceanic area. Some of the most 
common methods are bathymetry, imagery, magnetic, gravity, 
seismic reflection, and seismic refraction. In this chapter we describe 

only the methods used for this study.

- Submersible data. Once one area has been completely mapped using 

satellite and shipborne data, manned submersibles and remóte 

operated vehicles (ROV) are essential to geological observations in 

situ and detailed sampling of the deep-ocean bottom.
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1. GEOPHYSICAL METHODS IN OCEAN RIDGE SURVEYS

1.1. Satellite data

Satellite altimetry is used to study the marine gravity field over the 

world's oceans (Sandwell, 1984; Haxby and Weissel, 1986; McAdoo and 

Marks, 1992). Satellites such as Geos-3, Seasat, and Geosat use pulse-limited 

radar to measure the topography of the ocean surface, which is a good 

approximation to the marine geoid. For marine geology and geophysics it is 

desirable to compute the gravity anomaly from the geoid height. At short 
wavelengths (<200 km) the gravity anomaly mimics the seafloor 

topography, and thus provides essential information over vast areas of 

uncharted seafloor, such as Southern oceans and Antarctic margins 

(Sandwell, 1992).

In this section we present, first, the basic principies of the altimetric 

method based on a synthesis made by Gilg-Capar (1994), and, second, the 

main characteristics of the Geosat satellite data.

1.1.1. THE ALTIMETRIC MEASUREMENT
The principie of altimetry is based on the height of the geoid (N), which is 

obtained after some corrections from the measurement of the variations in 

the height of the ocean surface (geoid) above a reference ellipsoid (Gilg- 

Capar, 1994) (Fig. 1.1).

The satellite carries an altimeter that emits pulses of a particular 

frequency, and records the reflected signal from the ocean surface at the 

vertical of the satellite position. The two-way travel time propagation of this 

wave gives the distance H, which is the distance between the satellite and 

the ocean surface (Fig. 1.1). Nevertheless, there are some dynamic 

phenomena that introduce a difference between the geoid and the ocean 

instantaneous surface. Some of these events correspond to tides, currents, 
and sea-level variations caused by changes in the atmospheric pressure. All 
these events are referred to as "oceanographic component", and are labelled 

hc (Fig. 1.1). Data from on-land stations allow scientists to calcúlate the 

distance (h) between the satellite position and the reference ellipsoid. This 

distance h comprises the height (N) of the geoid above the reference 

ellipsoid, the oceanographic component (hc), and the distance (H) between 

the satellite and the ocean surface (Fig. 1.1).
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1.1. Satellite data

The height of the geoid (N) (Fig. 1.1), which is defined as the geoid 

variations in respect to the reference ellipsoid, is represented in the 

following formula (Tapley et alv 1982):
N = h-(H + h')

satellite -é------ .

H
h

instantaneous
surface

\
____ ^ hcv.—;r ..i i.

Fig. 1.1. Scheme of the principie of satellite altimetry moiified from Tapley et al. (1982) and 
Gilg-Capar (1994). N is the geoid height, h is the height of the satellite, H is the distance 
between the satellite and the ocean surface, and hc is the oceanographic component.

1.1.2. The Geosat data

The Geodetic Satellite (Geosat) was launched in Mareh 1985 by the United 

States Navy. Its primary (and classified) Geodetic Mission (GM) was to map 

the marine gravity field at a high spatial resolution on a global basis 

(Sandwell, 1992). In September 1986 Geosat started its first scientific mission: 
The Geosat/Exact Repeat Mission (ERM). Examples of marine gravity field 

or geoid mappings from Seasat (satellite launched in 1978) or Geosat/ERM 

data are given by several authors as Sandwell (1984), Haxby and Weissel 
(1986), and Sandwell and McAdoo (1988).

Sandwell (1992) summarized the measurement capabilities for satellite 

altimeter missions (Table 1.1). Measurement precisión is evaluated in terms 

of vertical deflection (sea surface slope) along individual satellite altimeter 

profiles, and 1 |irad of vertical deflection error translates into 0.98 mGal of 

gravity anomaly error. The along-track resolution of the altimeter profiles is 

estimated by calculating the spectral coherence between independent
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1. GEOPHYSICAL METHODS IN OCEAN RIDGE SURVEYS

repeated profiles (e.g. Sandwell and McAdoo, 1990). The cross-track 

resolution is twice the characteristic spacing of the profiles (Sandwell, 1992).

Year of 
launching

Cross-track
resolution

Satellite Along-track
resolution

Precisión

Geos-3 30 firad 

10 (J.rad 

6 jrrad 

<1 (Arad

80 km 

50 km
20-400 km 

80-120 km
1975

Seasat 1978
Geosat/GM
Geosat/ERM

30 km 4 km 1985
160 km20 km 1987

Táble 1.1. Altimeter capabilities (Sandwell, 1992).

The profiles from the Geos-3 altimeter are "noisy" (30 |irad) in 

comparison with latter missions. This low precisión limits the along-track 

resolution to 80 km (Table l.I). The Seasat altimeter collected a data set 
having a precisión of 10 prad with an along-track resolution of 50 km 

(Marks and Sailor, 1986), However, the short lifetime of the mission 

resulted in a poor cross-track resolution of 80-120 km. The precisión of the 

Geosat/ERM is generally better than 1 jirad and the full-wavelength 

resolution is 20-24 km, whereas the cross-track resolution is poorly resolved 

(160 km). High density Geosat/GM profiles have a precisión of about 6 prad 

and along-track resolution of about 30 km. The cióse spacing of the profiles 

supports a cross-track resolution of 4 km (Table 1.1). At present-day, the 

Geosat/GM profiles are dedassified only south of 30°S.

Global marine gravity field data base
Sea surface height data from múltiple high resolution satellites, such as 

Geosat/GM, ERS-l/GM, Seasat, and Topex, have recently been combined to 

produce a new global marine gravity field data base (Sandwell et al., 1994). 
The accuracy and resolution of this global field approaches the best fields 

derivad from dedassified Geosat/GM data south of 30°S (3 km of cross-track 

resolution at 30°S). A new free-air anomaly map has been established by 

Sandwell et al. (1994) revealing many structures not visible in the 

previously published map (Sandwell and Smith, 1992). The new map clearly 

reflects details of the bathymetric structures, such as fracture zones, active 

and fossil ocean ridge axes, and differences in roughness relied to specific 

structures, such as propagating rifts, triple junctions, microplates, and 

seamounts. Thus, the Sandwell et al. (1994) free-air anomaly map can be 

directly interpreted as a sort of morphological map.
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1.1. Satellite data

The original gridded data of the Sandwell et al. (1994) map are available 

by ftp through Internet. We have extracted parts of this grid in order to 

produce satellite-derived free-air gravity maps that are presented in Parts II 

and III of the Thesis.
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1. GEOPHYSICAL METHODS IN OCEAN RIDGE SURVEYS

1.2. Shipborne data

Shipborne data are the most common data used in Marine Geology and 

Geophysics, and they comprise a wide range of tools and methods. In this 

section we focus on the three main methods of ocean ridge exploration used 

in this Thesis: bathymetry, magnetism and gravimetry. In the Bransfield 

Basin, where there is a significant sedimentary cover, single-channel seismic 

reflection data were also acquired. Although some of the main results of 

seismic reflection data are presented in Chapter 6, we will not describe this 

method here because it is not essential to ocean ridge surveys.

1.2.1. Bathymetry

Bathymetric techniques reveal the shape and structure of the ocean floor. 
Macdonald et al. (1992b) and Smith (1992) explained the evolution of 

mapping tools in oceanography, which we summarize in the next 
paragraphs.

The first soundings of the deep ocean floor were made in the 1800's with 

ropes and later with wire ropes. In the late 1920's, a major advance was 

made with the development of the echo-sounder, an instrument that 

measures the time it takes a sound pulse generated at the sea surface to 

return to the surface after reflecting off the seafloor. The travel time is 

converted to water depth using a velocity-depth curve for sound in the 

water column.

Since the 1960's, three major advances were made:

• Echo-sounders. They were developed with narrower beams and 

towed closer to the seafloor (Spiess and Tyce, 1973). A limitation was 

the ship speed (about 1.6 knots) and, in consequence, only small areas, 
less than a few hundred square kilometres, were mapped in this way.

• Side-scan sonar. In this new system the amplitude of the echo is 

recorded as a function of time. The strength of the echo is a measure of 

backscatter (bottom roughness) and slope. In general, there is an 

inverse relationship between the width of the side-scan swath and the 

resolution (Davis et al., 1986). Some examples of side-scan sonars are
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1.2. Shipbome data

SeaMARC II and HMR-1 (USA), GLORIA and TOBI (United Kingdom), 
and SAR (France).

• Multíbeam echo-sounder (Fig. 1.2). This was the most critical advance 

in terms of mapping large areas of the seafloor with high resolution. 
The multíbeam echo-sounder produces an array of 16 to 120 beams 

which are very narrow (1-3°). The array of beams constitutes a wide 

"swath" beneath the ship up to 7.5 times the water depth in the Simrad 

EM-1000 and EM-12D. Resolution varies from approximately 5 m for 

near-vertical beams to «50 m for echoes 60° from vertical and water 

depths of 2-6 km (Renard et al., 1991). Different systems have been 

developed. Thus for deep areas, from 100 to 10,000 m, we mention 

Seabeam 2000 (USA), Hydrosweep (Germany), Echos-XDM (Finland), 
Simrad EM-12 (Norway), and Furuno HS-10 (Japan). For shallow areas, 
from 5 to 800 m, the most important systems are the Simrad EM-100, 
EM-950, and EM-1000 (Norway).

Fig. 1.2. Sketch of the Simrad EM-12 Dual, the multíbeam echo-sounder installed on board 
the French RV L'Atalante, used during the NOFI survey of the northern North Fiji Basin (see 
Chapter 8).
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1. GEOPHYSICAL METHODS IN OCEAN RIDGE SURVEYS

The relatíve lack of erosión in many places of the deep ocean floor, and its 

relatively simple history, means that high resolution bathymetric maps 

together with side-scan mosaics may be translated direetly into a map of 

structure, tectonics, and volcanism. This tool is particularly powerful in 

mid-ocean ridge regions which are relatively free of sediment burial, and are 

the birthplace of «60% of the Earth's crust and lithosphere (Macdonald et al., 
1992b).

Swath bathymetry data processing
The raw bathymetric data are processed using programs specially 

developed for multibeam echo-sounders. We used Neptune and TRISMUS 

processing system, and all the colour bathymetric maps presented in 

Chapters 6, 7 and 8 (Part III) were obtained using the latter. In the next 
paragraphs we summarize its principal characteristics.

TRISMUS, which means, in French, TRaitement Interactif des donnéeS_ 

MUltifaiSceaux. is an interactive program developed at the Department of 

Computing of the IFREMER-Brest Centre (France). This program helps to 

process and represent graphically swath-bathymetry data. The main 

objective of TRISMUS is to create a bathymetric map issued from a Digital 
Terrain Model calculated from the multibeam echo-sounder. Although it 

was specially made for processing Simrad EM-12 Dual data, this program 

now also accepts the most common formats of swath-bathymetric Systems, 
like those cited above.

Once having the (x,y,z) files containing latitude, longitude and depth, the 

successive processing steps are as follows:

• Data gridding. The first step is to grid the (x,y,z) data to create the 

Digital Terrain Model (DTM). In order to obtain the best results, the 

DTM grid must be proportional to the scale of the final plot (Sorribas et 
al., 1995). For example, for a bathymetric map at 1:200,000 scale, the right 
DTM should have a 200 m grid; for a 1:1,000,000 map, the DTM should 

be of 1 km grid. Two gridding methods are available.

• DTM operations. These comprise a succession of arithmetical and 

geometrical operations (e.g. interpolation, smoothing, reduction) that 

allow the user to modify or combine two or more DTM's.
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2.2. Shipbome data

• Data filtering. The raw (x,y,z) data are compared to a reference DTM 

in order to elimínate erroneous valúes (spikes).

• Plots. The final DTM can be represented graphically as along-track 

bathymetric profiles, isobath contour maps, colour contour maps, 
isobath and colour contour maps, or 3-D view block diagrams.

All the colour bathymetric maps presented in Part III have the same 

colour code. That is: reds for the shallow areas, orange, yellows and greens 

for the intermedíate valúes from shallow to deep areas respectively, and 

blues for the deepest. Bathymetric contours with labels every 5 lines are 

superimposed on the colour images. Shaded relief maps derived from 

bathymetric gradients are also presented in Chapters 7 and 8. They are useful 
for illustrating the degree of topographic roughness along the ridge.

1.2.2. MAGNETISM
The magnetic method is based ih measuring the strength of the Earth's 

magnetic field. Over the oceans, magnetic field measurements are made by 

towing in a sensor (usually a proton magnetometer) at a distance equal to at 
least 2.5 times the length of the vessel to remove its magnetic effects. 
Magnetic surveying is normally carried out in conjunction with other 

marine geophysical methods, such as bathymetry, gravity, and seismic 

reflection.

In order to obtain information about crust magnetization, it is necessary 

to subtract the International Geomagnetic Reference Field (IGRF) from the 

magnetic field measured, and the magnetic anomalies are then obtained. 
The magnetometer measures the magnitude but not the direction of the 

total magnetic field (only three-component magnetometers measure this, 
e.g. Isezaki, 1986). Thus, marine magnetic anomalies are anomalies in the 

magnitude (or total intensity) of the Earth's magnetic field (Fowler, 1990).

Magnetic anomaly maps of oceanic regions show altérnate strips of high 

and low valúes of the magnetic field. Magnetic anomalies are positive when 

the magnetization is normal, and negative when they are magnetized 

following a reversed magnetic field. These magnetic strips, which are tens of 

km wide, offset by fracture zones and typically ± 500 nT in magnitude 

(Pitman and Heirtzler, 1966), run parallel to and are symmetric about the
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1. GEOPHYSJCAL METHODS IN OCEAN RIDGE SURVEYS

spreading axes. In consequence, magnetic anomaly maps are very useful in 

delineatíng ridge axes and fracture zones (Fowler, 1990).

The origin of these magnetic stripes was firstly interpreted by Vine- 

Matthews in 1963. The Vine-Matthews hypothesis led directly to the theory 

of seafloor spreading and the establishment of a time scale for polarity 

transitions of the geomagnetic field (Heirtzler et al., 1968). Marine magnetic 

anomaly patterns may be used to date oceanic lithosphere back to mid- 

Jurassic time with an accuracy of a few million years (Kearey and Vine, 1990) 

(Fig. 1.3), and also to obtain spreading rates, which are intermedíate valúes 

for the relative motion between two diverging plates (Vine, 1966).

Fig. 1.3. The age of the ocean floor determined by using magnetic anomaly data, basement ages 
from deep sea drilling anomaly time scale and rotation poles and angles. White indicates the 
youngest ocean floor, light grey: 2-23 Ma, darle grey: 23-59 Ma; coarse light stipple: 59-84 Ma, 
and coarse dark stipple: 84-144 Ma (Scotese et al., 1988).

A high magnetization zone is sometimes found within the Central 
Anomaly, located over the axial zone. This magnetic high, named Central 
Anomaly Magnetic High (Tivey and Johnson, 1987), biseets the Brunhes 

Anomaly exactly where the present-day accretion is produced, and thus 

gives information about the precise location of the spreading axis (Klitgord, 
1976; Tivey and Johnson, 1987).
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Magnetic data processing
An example of the processing of magnetic data is presented by Huchon et 

al. (1994) for the Central Spreading Ridge (North Fiji Basin) (Fig. 1.4). Here 

we summarize the main parts of the magnetic data processing.

E-W magnetic anomaly profile at 20°S (EVA 12)

2A?

7.6 cm/yr 5.6 cm/yr
Obs«rv«d

Aimontotion

Fig. 1.4. Example of a magnetic anomaly profile located in the Central Spreading Ridge 
(North Fiji Basin) at 20 °S (Huchon et al., 1994). Anomalies 1 to 2A are clearly identified. An 
increase in the spreading rate from 5.6 cmfyr to 7.6 cm/yr is deduced from the width of the 
anomalies. Bold line: Observed magnetic profile; Thin line: Synthetic magnetic profile.

The first step is to remove all anomalous data points, such as spikes and 

noise, by the radial amplitude-slope rejection method of Neff and Wyatt 
(1986). Other errors, such as cross track errors, are mostly due to the diurnal 
variation of the magnetic field and to differences between IGRF's used for 

computing the magnetic anomalies. To remove some of these errors, 
Huchon et al. (1994) applied a band-pass filter using a Fast Fourier 

Transform (Schouten and McCamy, 1972). This processing ineludes:

• Identification of profiles of sufficient length (at least 10 km) and 

proper orientation (not oblique to the axis by more than 45°);

• Projection of each profile on the selected direction;

• Interpolation at a constant step (about 1 km), necessary to perform the 

Fast Fourier Transform (FFT);

• FFT and band-pass filtering between 5 and 100 km;
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The filtered data are projected along tracks to produce magnetic anomaly 

maps. For the identification of magnetic anomalies, synthetic magnetic 

profiles (Fig. 1.4) are computed using the Geomagnetic Time Scale of 

Harland et al. (1990). Huchon et al. (1994) used an average depth to the top of 

the magnetic layer (layer 2) of 2.7 km, a thickness of the magnetic layer of 0.5 

km, and a magnetization valué of 0.01 emu/cm.

An example of magnetic anomaly identification is given in Figure 1.4, 
where Anomalies 1 to 2A are clearly displayed. The identification of 

magnetic anomalies is facilitated by the good control we have on the 

location of the active spreading axis using swath bathymetry as well as 

observations in situ . Magnetic anomaly maps of the three zones studied are 

presented in Part III.

1.2.3. GRAVIMETRY
Measurements of the gravitational attraction of the Earth provide 

information about the structure of the lithosphere and mantle. Gravity 

anomalies are much smaller than the mean surface gravity valué of 9.81 

m/s2 and they are quoted in milligal (mGal), which is 10-5 m/s2 (103 Gal). 
Gravimeters are usually located in the most stable parts of the ships and 

have a resolution of 10*2 mGal. Two types of gravity anomaly are considered 

in marine geophysical studies:

Free-air anomalies
The free-air gravity anomalies are dominated by the attraction of seafloor 

topography and they mimic the bathymetric structure. Thus, anomaly lows 

are associated with the greater depths and positive anomalies appear over 

topographic highs and graben flanks. Free-air grids are obtained using the 

cubic B-spline approach (Inoue, 1986), and then free-air anomaly maps are 

obtained, like those presented in Part III.

The free-air gravity anomaly across mid-ocean ridges is not zero, 
indicating that the ridges are not in total isostatic equilibrium. In the ridges 

presenting an axial valley, the free-air anomaly is negative and of large 

amplitude (Cochran, 1979; Collette et al., 1980; McKenzie and Bowin, 1976). 
In contrast, in the ridges showing an axial high, the free-air anomaly is 

positive and of low amplitude (Davis and Lister, 1974; Lewis, 1981; Madsen 

et al., 1984).
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Mantle Bouguer anomalies
Mantle Bouguer anomalies are obtained using the classical approach 

developed by Prince and Forsyth (1988) and Kuo and Forsyth (1988). Mantle 

Bouguer anomalies are generated by subtracting the attraction of seafloor 

topography and the effect of the crust-mantle interface from the free-air 

anomaly. The gravity effect of the water/crust and crust/mantle interfaces 

are usually computed assuming a crustal thickness of 6 km. Here, crust and 

mantle densities were assumed to be uniform, 2.7 and 3.3 Mg/m3 

respectively, while sea water density was taken as 1.03 Mg/m3 (Fig. 1.5). The 

gravity effects of the two interfaces are processed at each node of the grid 

with the FFT algorithm of Parker (1972). Mantle Bouguer anomaly maps are 

presented in Part III (Chapters 7 and 8).

Crustal density model
TPw= 1.03f |S T T NWATER

1

-6

Pm = 3.3MANTLE-8 - I "

Fig. 1.5. A cross-sectioml view of the crustal structure of the Mid-Atlantic Ridge. R is the 
axial topographic relief. Water, crust and mantle densities are given. The arrows correspond 
to bathymetric discontinuities. The crust in this model is predicted to be thickest near the 
segment midpoints and thinnest at the segment ends (Un et al., 1990).
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1.3. Submersible data

The best way to explore the nature of the ocean floor in detail is by using a 

submersible. The main problem is that the cost of building and maintaining 

a sdentific submersible capable of diving with passengers down to depths of 

thousands of meters is too high for most countries to afford. However, at 
least seven deep sdentific submersibles are still in use (Table l.II).

Shinkai Cyana MirAlvin Nautile ShinkaiSubmersibles
2000 i-n 6500

Country Japan France USA FranceRussia Japan

Year 1981 1970 1964 1987 1985 1989

Depth (m) 

Length (m) 

Weight in air (T)

2000 3000 4000 6000 6000 6500

9.3 5.7 7.6 7.8 7.6 9.5

8.324 16 18.7 18.5 26

Max. Speed (kn) 3 3 1.5 5 2.5 1.8

Work aut. (h) ? 10 10 10 13 6

Safety aut. (h) ? 72 72 130? 120

Table 1.11. Main characteristics of the sdentific deep submersibles in use. Aut: Autcmomy.

Submersibles permit marine geologists to do what land geologists do in 

the field. Submersible activities comprise in situ rock, sediment and water 

sampling, imaging (high quality video and photos), and measuring of water 

temperature, salinity and depth. The navigation system is based on several 
acoustic beacons communicating the submersible with the mothership 

which allow the submersible to use satellite GPS navigation at depth. This 

information allow scientists to make a detailed "geological mapping" of the 

seafloor.

In situ studies are fundamental for understanding the ocean ridge system. 
Thus, one of the best sections through the oceanic crust was recorded by the 

submersible Nautile along the sides of the Vema Fracture Zone (Auzende et 
al., 1989). In addition, several hydrothermal sites have been explored by 

submersibles in mid-ocean ridge environments. Such as the Mid-Atlantic
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1.3. Submersible data

Ridge at 23°22'N (Gente et al., 1991), or in backarc setting, as the Lau Basin 

active sites (Fouquet et al., 1991).

Data and results obtained from dives of the Nautile and Shinkai 6500 in 

the Central Spreading Ridge of the North Fiji Basin are presented in section
7.3.
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Chapter 2

NEW INSIGHTS 

INTO OCEAN RIDGE STUDIES

Ocean ridges mark accretive píate margins where the new oceanic 

lithosphere originates. They represen! the longest, linear uplifted features of 

the Earth's surface, and can be traced by a belt of shallow-focus earthquakes 

which follow the ridges and their transform faults. The total length of the 

ridge system is about 70,000 km, and their crests are commonly 2-3 km 

higher than neighbouring ocean basins.

New swath mapping sonar systems and complementary geophysical 
methods (described in Chapter 1) have revealed the structure of the mid- 

ocean ridge and surrounding deep ocean floor with unprecedented clarity. 
These images show that the global ridge system is partitioned into discrete 

accretionary segments, each of which is separated from its neighbour by 

ridge axis discontinuities of various tectonic character. They have been 

studied and classified into a hierarchical system, comprising four principal 
orders (Macdonald et al., 1991). These range from the most fundamental 
first-order discontinuities, such as fracture zones, which are large, stable 

features linking ridge segments along strike-slip fault zones, to less stable 

second-, third- and fourth-order ridge axis discontinuities, which are 

considered to be more direct manifestations of the volcanic and tectonic 

Controls governing the geometry of spreading centres. The changes in 

spreading rate, symmetry and direction, together with variations in 

temperature and magma supply, all affect crustal accretion processes. Much 

of contemporary oceanographic research is now focused on these features.

2.1. Superficial structure

The shallow structure of oceanic ridges can be approached in two 

different ways: temporal (structural variability across the axis), and spatial 
(structural variability along the axis).
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2.1.1. ACROSS-AXIS MORPHOLOGY
The study of the across-axis morphology may give detailed Information 

about the evolution of the ridge over time. We distinguish between axial 
and off-axial morphology.

Axial zone
The study of numerous bathymetric profiles orthogonal to the ridge axis 

suggested two different types of axial morphology: with axial high and with 

axial graben (Menard, 1967). The presence of each type of axial morphology 

depends on the spreading rate (e.g. Menard, 1967; Macdonald, 1982 and 1986). 
Thus, an axial depression is characteristic of slow spreading rates, whereas 

an almost fíat profile and a topographic high are systematically observed at 
intermedíate and fast spreading rates (Macdonald, 1982 and 1986). 
Macdonald (1982) considered three different types of axial morphology as a 

function of the full spreading rate (Fig. 2.1).

Fig. 2.1. High resolution bathymetric profiles of ocean riáges at fast, intermedíate and slow 
spreading rates. EPR: East Pacific Rise, MAR: Mid-Atlantic Ridge, V: Neooolcanic zone, F: 
Zone of fissuring, and P: Extent of active faulting (Macdonald, 1982).

• Fast. At fast spreading rates (> 80-90 mm/yr) the most common 

feature is a wide, smooth axial high (Fig. 2.1), as the East Pacific Rise 

south of 15°N (Macdonald et al., 1992a). Some exceptions are observed, 
where a fast spreading ridge contacts an oíd, coid lithosphere, and then 

a deep axial valley develops (Malinverno, 1993) (e.g. Pito Rift, Martínez 

et al., 1991).
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2.1. Superficial structure

• Intermedíate. They have a spreading rate between 50 and 90 mm/yr, 
and a morphology showing an axial high locally split by a 50 to 200 m 

deep graben (Fig. 2.1). Examples of intermedíate ridges are the East 
Pacific Rise near 21 °N and the Galápagos Ridge (Klitgord and Mudie, 
1974). Exceptions are parts of the Juan de Fuca Ridge, the Australian- 

Antarctic Ridge, and Pacific-Antarctic Ridge, where a rift valley can be 

present along the ridge (Kappel and Ryan, 1986; Palmer et al., 1993; 
Marks and Stock, 1994).

• Slow. At slow spreading rates (< 40-50 mm/yr) the most common 

feature is an axial rift valley (Fig. 2.1). The axial valley width ranges 

between 10 to 50 km, and the height, difference in depth between the 

top of the flanks and the valley floor, is usually about 1000 m, 
sometimes reaching 2000 m (Le Douaran and Francheteau, 1981). 
Exceptions to this general trend are noticed in parts of the Mid-Atlantic 

Ridge near hot-spots where axial highs are found at slow spreading 

rates, such as the Reykjanes Ridge (20 mm/yr), or south of the Azores, 
at 37°40'N (23 mm/yr) (Laughton et al., 1979; Vogt, 1979).

Off-axis
The difference in topographic roughness between fast and slow spreading 

ridges is also found off-axis (Cannat, 1990). The maximal amplitude of the 

abyssal hills associated with fast spreading ridges is about 200-300 m. In 

contras!, the amplitude of the topographic features at the flanks of slow 

spreading ridges may reach 1000 m (Gente, 1987). The distribution of abyssal 
hills is not regular, and does not follow a simple periodicity law 

(Malinverno and Pockalny, 1990). This irregularity of the off-axis 

morphology suggests a temporal variability of the present-day axial 
morphology (Lewis, 1979).

In addition, a marked variation in fault-facing direction with the 

spreading rate has been observed on the flanks of mid-ocean ridges. Based 

on interpretation of SeaMARC II side-scan sonar data, Carbotte and 

Macdonald (1990 and 1994) demonstrated that on slow and intermedíate rate 

spreading centres inward-facing faults predomínate, whereas on fast 
spreading ridges, large numbers of both inward- and outward-facing faults 

are observed (Fig. 2.2). These authors suggested that this variation in fault- 

facing direction may reflect differences in the mean stress on potential fault
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planes through the oceanic lithosphere, which might favour inward- versus 

outward-facing faults at different spreading rates (Fig. 2.2).

Distance from Axis (km)
10 155

0 45°
20 mm/yr

\
inward facing5 /

outward facing

60q°q
io

£ 5 IO 15CL oa> u 45°O
100 mm/yr

C\
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5 -

Fig. 2.2. Location of the theoretical 600°C isotherm within the oceanic lithosphere from the 
thermal model of Lin and Parmentier (1989) for spreading rates of 20 and 100 mm/yr. Figure 
illustrates relative difference in length (Al) of outward- and inward-facing faults inclined at 
45°, at slow and fast spreading rates. On the basis of this model, outward-facing fault dipping 
at 45° will be 2.6 times longer than inward-facing fault at a total opening rate of 20 mm/yr, 
but only 1.8 times longer at 100 mm/yr. Given these differences in fault length, greater mean 
stress on the longer fault plañe will require greater shear stress to initiate failure, henee the 
predominance of inward-facing faults. At faster rates, however, as differences in length 
between inward- and outward-facing faults diminishes, so will relative differences in mean 
stress associated with failure; henee, both inward- and outward-facing faults are observed on 
fast spreading ridges, although there is still a predominance of inward-facing faults 
(Carbotte and Macdonald, 1990).

2.1.2. ALONG-AXIS MORPHOLOGY
When viewed in along-axis perspective, the axial depth and continuity of 

mid-ocean ridges is segmented at various scales (see section 2.2) by different 
types of discontinuities (Fig. 2.3). Two wavelength scales are distinguished 

(Macdonald et al., 1991):

• Long wavelength. The along-strike profile of the ridge is 

characterized by a broad swell with length in excess of 1000 km. The 

crests of these swells are determined by hot-spots, associated with 

anomalously shallow levels, and permanent magmatic budgets. One 

example is the Mid-Atlantic Ridge near Iceland and the Azores 

(Anderson et al., 1973).
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• Short wavelength. The along-strike profile of the ridge is 

characterized by a short wavelength, between 20 to 100 km, 
independent of the spreading rate. The ridge system is partitioned into 

discrete segments by axial discontinuities showing distinctive 

structural signa tures (Whitehead et al., 1984).

Independent of segment length, most segments have arched along-axis 

topographic profiles: the shallowest part is located approximately midway 

along the ridge segment, and depths increase towards the segment ends (Fig. 
2.3). The extent to which axial depths increase from central high to segment 
ends ranges from tens to thousands of metres, with the largest changes in 

relief associated with segments along slow spreading ridges. At fast 
spreading ridges, the axial high increases steadily in cross-sectional area with 

increasing proximity to the elevated mid-sections of individual segments 

(Macdonald and Fox, 1988; Macdonald et al., 1992b; Scheirer and Macdonald, 
1993).

Fig. 2.3. Axial depth profiles for (A) slow spreading, (B) fast spreading, and (C) ultra-fast 
spreading ridges. Discontinuities of orders 1 and 2 occur at local depth maxima. The segments 
at fastest spreading rates are longer and have smoother axial depth profiles than those at 
slow spreading rates. Vertical exaggeration is 150 (Macdonald et al., 1991)
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2.2. Segmentation and discontinuities

Since most of the observations support the concept of a hierarchy in the 

segmentation of mid-ocean ridges, a classification scheme from orders 1 to 4 

has been proposed (Schouten et al., 1985; Langmuir et al., 1986; Macdonald 

and Fox, 1990; Macdonald et al., 1988 and 1991). Table 2.1 represents these 

four-orders of segmentation as a function of some parameters like length 

and longevity of the ridge segments, and offset, age and off-axis trace of the 

discontinuities.

Order 3 Order 4Ordo-2Order 1Segments

50 ±30 
(15 ± 10?)

Length (km) 14 ±18 
(7 ± 5?)

600 ±300 
(400 ± 200)

140 ±90 
(50 ±30)

< 5 x 106 
(0.5 - lOx 106)

>5xl06 ~ 104'102 ~102'10Longevity (yr)
(?) (?)

Discontinuities

Offset (km) 0.5 -2.02.0-30 < 1>30

> 0.5X106 < 05 x1o6Age (yr)+ ~0~0

Norte NoneV-shaped 
discordant zone

Off-axis trace Fracture
Zone

Table 2.1. Charaderistics of ridge segmentation (after Macdonald et al., 1991). Information is 
for fast spreading (> 60 mm/yr) ridges. If this differs from that for slow spreading ridges, it is 
marked in parentheses.
t The age of seafloor that is juxtaposed to the spreading axis at a discontinuity.

2.2.1. FIRST-ORDER
The first-order segmentation of the ridge is defined tectonically by major 

transform faults and large propagating rifts at both slow and fast spreading 

ridges (Fig. 2.4). We remind readers of the definition of these first-order 

discontinuities:

• Transform faults are large offsets of opposing ridge segments in terms 

of both distance (tens to hundreds of kilometres) and age (from one to 

tens of millions years) (Wilson, 1965). Transform faults represent a 

first-order discontinuity along which accretionary processes trúncate 

and along which strike-slip strains are narrowly focused defining a
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small circle about the pole of opening (Langmuir et al., 1986; 
Macdonald et al., 1988; Fox et al., 1991).

• Propagating rifts are non-transform ridge axis discontinuities that 

migrate up or down the axis with time. Propagating rift is the ñame 

given to a new spreading centre that grows at the expense of an oíd 

ridge when a change occurs in the spreading direction (Hey, 1977; Hey 

et al., 1980).

The segments limited by first-order discontinuities are very long (600 ± 

300 km for fast spreading ridges, and 400 ± 200 for slow spreading ridges) and 

have longevity of more than 5 Ma (Table 2.1).

2.2.2. SECOND-ORDER
The second-order discontinuities represent an offset in the ridge 

characterized by morphotectonic patterns, both on- and off-axis, that are 

spatially complex and heterogeneous (Fox et al., 1991). Large overlapping 

spreading centres* on fast spreading ridges (Macdonald and Fox, 1983; 
Lonsdale, 1983), and oblique, en echelon offsets along slow spreading ridges 

(Roña and Gray, 1980; Sempere et al., 1990) are examples of second-order 

discontinuities (Fig. 2.4).

*We recall that:
• Overlapping spreading centres (OSC’s) are non-rigid discontinuities 

where the spreading centre of a ridge is offset by a distance of 0.5 to 10 

km, with the two ridge portions overlapping by about three times the 

offset (Macdonald and Fox, 1983).

Segments limited by second-order discontinuities are 140 ± 90 km long for 

fast spreading ridges and 50 ± 30 km for the slow ridges. The segment 
longevity is 0.5 Ma to 5 and 10 Ma, for fast and slow spreading ridges, 
respectively (Table 2.1). Second-order discontinuities leave an off-axis trace 

but this does not create alignments parallel to flow lines. They are 

considered a non-rigid offset and the on- and off-axis expressions of these 

features are called discordant zones (Fox et al., 1991). Second-order 

segmentation patterns may migrate along-strike, leaving a V-shaped wake 

of abandoned ridge tips and basins; or they may remain approximately in 

the same place, but oscillate back and forth along the ridge (Lonsdale, 1985; 
Macdonald et al., 1987; Wilson, 1990).
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2.2.3. THIRD-ORDER
The third-order segmentation is characterised by small offset overlapping 

spreading centres on fast spreading ridges (Macdonald et al., 1984 and 1988) 

and intér-volcano gaps on slow spreading ridges (Fig. 2.4). Characteristic 

segment length for third-order segments ranges between 50 ± 30 km for the 

fast spreading ridges and 15 ± 10 km for the slow ridges. The longevity of the 

segment varíes between 100 and 10,000 years (Table 2.1). The magnitude of a 

third-order offset is relatively small (< 2 km), and they leave no off-axis trace 

indicating that they are not long-lived features (Fox et al., 1991).

Fig. 2.4. A proposed hierarchy of ridge axis discontinuities of orders 1 through 4 for fast (A) 
and slow (B) spreading centres. SI, S2, S3, and S4 are ridge segments of arder 1, 2, 3, 4, and DI, 
D2, D3, and D4 are ridge axis discontinuities of order 1, 2, 3, 4, respectively. Thus a segment is 
first-order if it is bounded at both ends by first-order discontinuities, and second-, third-, or 
fourth-order if it is bounded at one (or both) end(s) by second-, third-, or fourth-order 
discontinuities. Intermedíate rate spreading centres (40-90 mm/yr) tend to have the 
characteristics of slow spreading segments and discontinuities when they are magmatically 
starved, and those of fast spreading centres when they are magmatically robust (Macdonald 
et al., 1991).

2.2.4. FOURTH-ORDER
Fourth-order discontinuities do not represent termination of ridge axis 

structures, rather they represent changes in the character of axial structures. 
They inelude features like DEViations from Axial Linearity (DEVAL’s) 

resulting in slight bends or lateral offsets of the axis of less than 1 km on fast
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spreading ridges (Langmuir et al., 1986), and intra-volcano gaps on slow 

spreading ridges (Macdonald et al., 1988) (Fig. 2.4). The fourth-order 

segments are very short, between 5 and 30 km long, and very short lived, 
between 1 to 100 years (Table 2.1). High resolution imaging and sampling of 

the ridge axis in some areas has defined morphological and geochemical 
changes along-strike that suggest that this finer, fourth-order scale of 

segmentatíon is superimposed on the long segmentatíon discussed above 

(Langmuir et al., 1986).

This hierarchy of segmentation may really be a continuum. It has been 

established, for example, that fourth-order segments and discontinuities can 

grow to become third-, second-, and even first-order discontinuities and 

vice-versa at both slow and fast spreading centres (Macdonald et al., 1991).

39



2. NEW INSIGHTS INTO OCEAN RIDGE STUDIES

2.3. Deep structure

The tectonic and morphological segmentation of the ridges presented 

above is also accompanied by a deep segmentation evidenced by gravity data, 
and especially marked in slow spreading ridges (Lin and Phipps Morgan, 
1992). In contrast, gravity studies along intermediate and fast spreading 

ridges, such as the Cocos-Nazca Ridge or East Pacific Rise, do not show 

significant variations of the along-axis deep gravity structure (Madsen et al., 
1990; Lin and Phipps Morgan, 1992). Thus, along-axis mantle Bouguer 

anomaly gradients at the Mid-Atlantic Ridge vary from 0.3 to 1.2 mGal/km, 
whereas at the East Pacific Rise they vary only from 0.1 to 0.2 mGal/km. In 

addition the amplitude of the mantle Bouguer anomaly is also greater along 

the Mid-Atlantic Ridge (30-60 mGal) than in the East Pacific Rise (10-20 

mGal) (Lin and Phipps Morgan, 1992).

Gravity observations collected along the Mid-Atlantic Ridge provide 

constraints on the characteristics of segmentation, and suggest that 

magmatic accretion is focused near segment centres (Kuo and Forsyth, 1988; 
Lin et al., 1990; Morris and Detrick, 1991). The Mantle Bouguer anomalies 

(for definition see section 1.2.3), show circular gravity lows centred near the 

midpoints of morphologically defined slow spreading segments. These 

concentric negative anomalies are usually named "bull’s eye" anomalies. 
The interpretation of these gravity anomalies is that magmatic accretion is 

focused near the centre of a segment and that the vigour of magmatic 

activity at the midpoint of a segment increases with segment length (Lin et 
al., 1990).

Two specific hypotheses have been proposed to interpret the mantle 

Bouguer anomalies (Lin et al., 1990):

• Along-axis variations in crustal thickness. Since the mantle Bouguer 

correction is calculated for a fixed crustal thickness, any departure from 

this structure will appear as an anomaly. Consequently, the mantle 

Bouguer anomaly pattern could arise from a thick crust near the centre 

of a ridge segment and a thinner crust near the segment ends.

• Variations in upper-mantle densitv structure. In this hypothesis the 

anomalies are attributed to a buoyancy-driven mantle upwelling.
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2.3. Deep structure

Recent 3-D numerical modelling (Phipps Morgan and Forsyth, 1988; 
Parmentier and Phipps Morgan, 1990) suggested that mantle contributions 

to the gravity can be signifícant only near large offset transforms. At the 

more commonly observed non-transform ridge offsets, gravity anomalies 

will mainly reflect variations in crustal thickness (Lin and Phipps Morgan, 
1992).
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2. NEW INSIGHTS INTO OCEAN RIDGE STUDIES

2.4. Crustal accretion and mantle upwelling

Analysis of the along-axis gravity data indicates that the amplitude of the 

along-axis crustal thickness variation decreases when the spreading rate 

increases (Lin and Phipps Morgan, 1992). The authors suggested that the 

spreading rate crustal accretion style may origínate in the mantle. Two 

contrasting types of crustal accretion pattem can be distinguished depending 

on the spreading rate (Lin and Phipps Morgan, 1992) (Fig. 2.5).
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Fig. 2.5. A spreading-rate dependent model of crustal accretion and mantle upwelling that is 
consistent with the gravity and bathymetry observed on ocean ridges. Solid arrows show 
mantle flow directions. Open arrows show píate motion vectors. Dashed Unes in the mantle 
show isotherms. Such contrasting crustal accretion patterns may result from a dominantly 
plume-like upwelling and melting beneath a slow spreading ridge and sheet-like mantle 
upwelling and melting beneath a fast spreading ridge (Lin and Phipps Morgan, 1992).

• Sheet-like accretion. Gravity analyses indícate that the crustal density 

structure is relative uniform beneath a fast spreading ridge, and a 

constant crustal thickness is expected. In consequence, crustal accretion 

is more sheet-like (2-D) (Fig. 2.5, left). However, smaller amplitude 3-D 

upwellings may still occur at a fast spreading ridges, but their effects on 

crustal thickness variations will be reduced by along-axis melt flows 

along a persistent magma chamber.
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2.4. Crustal accretion and mantle upwelling

• Plume-like accretion. Gravity analyses over slow spreading ridges 

show a variable crustal density structure, suggesting strong variations 

in along-axis crustal thickness, even if the segment is bounded by non- 

transform offsets. Finite-amplitude mantle upwelling is intrinsically 

plume-like (3-D) beneath a slow spreading ridge (Fig. 2.5, right).
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Chapter 3

GENERAL ASPECTS 

OF BACKARC BASINS

The last ten years have seen fundamental changes in the understanding 

of tectonics, volcanism, hydrothermalism and sedimentation in backarc 

basins (Taylor, 1995). This results from exploration and detailed studies 

using some of the tools described in Chapter 1, as well as other methods, 
such as multi-channel seismics, remotely operated vehicles, and deep ocean 

drilling.

As explained in the Foreword, this Thesis is based on the study of three 

extensional zones (see Part III) located within the North Fiji and the 

Bransfield basins, both backarc basins. Thus, this chapter is devoted to a 

synthesis of the main characteristics of backarc basins, from their definition 

and origin to the most recent models of backarc opening and evolution. 
Other dynamic processes occurring in this particular setting, such as backarc 

hydrothermalism, are also presented at the end of the chapter.

3.1. Definition and characteristics

3.1.1. Marginal and backarc basins 

The terms "marginal basin" and "backarc basin" are often mixed up or 

not used appropriately. Karig (1971) defined marginal basins as semi-isolated 

basins lying behind the volcanic chains of island are systems, taking the 

Western Pacific basins as typical. This definition is based primarily on the 

tectonic position "back-of-the-arc". Subsequent studies (e.g. Weissel and 

Watts, 1979) have shown that not all the marginal basins are located in a 

backarc position, and Karig's (1971) definition was too restrictive. Taylor and 

Karner (1983) used the term "marginal basin" following Menard’s (1967) 

definition as a small ocean basin, but they added the condition that the basin 

must have an oceanic crust. The same authors (Taylor and Karner, 1983) 

defined the backarc basins as marginal basins located behind active or 

inactive trench systems and having an origin related to subduction
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3. GENERAL ASPECTS OF BACKARC BASINS

processes. In this study we use the term "backarc" as defined by Taylor and 

Karner (1983).

Backarc basins are situated above or beyond the Wadati-Benioff seismic 

zones that trace the descending oceanic lithosphere from submarine 

trenches into the mantle (Taylor, 1995). Not all subduction zones have 

associated active are and/or backarc volcanism, sometimes because the 

above wedge of mantle is missing and/or because there is compressional 
coupling between the subducting and the overriding plates (Taylor, 1995).

The formation of backarc basins involves the splitting of volcanic ares, 
initially forming rifts (elongated depressions bounded by faults) and 

subsequently backarc spreading centres. They may form within continental 
or intraoceanic ares (Taylor, 1995). Thus, the two basins studied in this work, 
North Fiji (intraoceanic) and Bransfield (intracontinental), may both be 

considered as backarc basins. Active backarc basins occur in the Western 

Pacific, Caribbean and Scotia Sea regions.

3.1.2. GEOPHYSICAL characteristics

In this section we summarize some geophysical aspeets characterizing the 

backarc basins, such as crustal structure, seismic wave attenuation, heat flow 

and magnetic anomalies.

Crustal structure
Early seismic refraction studies suggested that backarc basins may have a 

thin oceanic crust (Karig, 1971; Sclater et al., 1976). Subsequent studies, 
however, showed a range of velocity-thickness crustal sections 

indistinguishable from the range of major oceanic sections. Thus, LaTraille 

and Hussong (1980) with data from the Mariana Trough, reported crustal 
thicknesses of 4-5 km, whereas results of Bibee et al. (1980) in the same area 

indicated a crustal thickness of 6.6 km.

Seismic wave attenuation
Seismic wave attenuation may be a useful measurement of the 

temperature regime and the degree of partial melting under backarc basins. 
Differences in seismic amplitude are quantitatively described in terms of the 

Q-factor, the inverse of the specific attenuation factor. A zone of very high 

attenuation (extremely low Q of about 50) has been defined in the 

uppermost mantle above the downgoing slab in a región about 300 km wide
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3.1. Definition and characteristics

stretching between the active island are (Tonga Islands) and backarc ridge 

(Lau Ridge) (Barazangi and Isacks, 1971; Oliver et al., 1973; Barazangi et al., 
1975) (Fig. 3.1). It implies that the mantle beneath the backarc basin (Lau 

Basin) is much weaker than elsewhere or that the lithosphere is 

considerably thinner (Barazangi and Isacks, 1971).
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Fig. 3.1. Map (A) and cross-section (B) of the North Fiji Basin-Lau Basin-Tonga Trench región 
showing inferred and extrapolated extent of the región of high and low attenuation in the 
uppermost mantle. (A) Historically active volcanoes of the Tonga Are are shown as solid 
áreles. Loci of shallow earthquakes are shown as solid squares. Depth contours are at 1 and 6 
km. (B) Note that the Lau Basin is underlain by mantle with extremely low Q (very high 
seismic attenuation) (Barazangi and Isacks, 1971).

Heat flow
Karig (1971) classified the marginal basins according to their heat flow. He 

distinguishes three different types: active basins with high heat flow, 
inactive basins with high heat flow, and inactive basins with normal heat 
flow. Later in 1977, Toksoz and Bird reclassified the backarc basins by their 

heat flow valué as well as their stage of evolution, and considered four 

different types of backarcs.

• Undeveloped basins, those that have not reached the spreading stage. 
They show low heat flow valúes.

• Active basins, those showing active spreading parallel to island ares, 
and characterized by high heat flow.
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3. GENERAL ASPECTS OF BACKARC BASINS

• Mature basins. those that have undergone several spreading phases. 
They are characterized by very high heat flow.

• Inactive basins. those oíd basins that have long passed the spreading 

stage. They show normal oceanic heat flow.

The high heat flow measured in active and mature backarc basins 

(Watanabe et al., 1977) correlates with the región of very low Q-factor in the 

upper mantle (Fig. 3.1) and supports the interpretation of this area as a zone 

of partial melting (Kearey and Vine, 1990).

Magnetic anomalies
Many authors (Sclater, 1972; Karig, 1974; Hawkins, 1976; Uyeda, 1977) 

suggested that the mode of spreading in backarc basins may be substantially 

different from that in major ocean basins. This assumption was mainly 

based on the less developed (low intensity and difficult identification) 

magnetic lineations in backarc basins. As an explanation for that, Lawver 

and Hawkins (1978) proposed a model of diffuse backarc spreading, in which 

accretion occurs simultaneously at a number of spreading ridges.

However, symmetric magnetic lineations correlatable with the magnetic 

reversal time scale are found in several active and inactive backarc 

spreading centres, such as Manus, Lau, North Fiji, and East Scotia (Taylor 

and Kamer, 1983). Only the basins formed near the magnetic equator by N-S 

spreading do not show recognizable magnetic pattem. Thus, Bibee et al. 
(1980) and Weissel (1981) proposed that backarc basin crustal accretion takes 

place in a narrow zone by processes similar to those of mid-ocean ridges. In 

agreement with the last authors, Taylor and Karner (1983) suggested that the 

irregular but correlatable magnetic pattern of some backarc basins is largely a 

function of the scale rather than a function of fundamental differences in 

spreading processes.
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32. Origin

3.2. Origin

The mechanism of backarc origin has been the matter of much debate, 
and since the 1970% several models have been proposed. Taylor and Karner 

(1983) and Tatsumi et al. (1990) reviewed the main hypotheses to explain 

backarc basins.

3.2.1. DIAPIRISM IN THE MANTLE WEDGE
This model proposes that extensión in backarc basins is caused by 

injection of hot low-density mantle diapirs that rise buoyantly from sub- 

lithospheric depth (Karig, 1971) (Fig. 3.2a). The source of this diapir may be 

the magmas mobilized from the top of the descending slab by shear strain 

heating. A variation of the initial model was presented by Karig (1974), in 

which dewatering of the slab would cause partial melting and diapiric rise of 

the overlying mantle.

The fundamental problem with this model is that they cannot explain 

the temporal and spatial distribution of backarc basins and their spreading 

centres (Taylor and Karner, 1983). In addition, the geophysical evidence 

presented to support this hypothesis, such as high heat flow, seismic 

attenuation, and low density mantle (Karig, 1971; 1974), is indicative of 

spreading, but not necessarily of mantle diapirism (Taylor and Karner, 1983).

3.2.2. INDUCED ASTHENOSPHERIC CONVECTION
Another mechanism is the convective motion induced in the 

asthenosphere by the subducting lithosphere (Andrews and Sleep, 1974; 
Toksóz and Bird, 1977; Toksoz and Hsui, 1978). The convective current 

induced in the asthenospheric wedge above the slab delivers hot mantle 

material to the base of the píate behind island ares (Fig. 3.2b). The 

combination of material upwelling, heating of the lithosphere and flow- 

induced tensión initiates spreading and the formation of a backarc basin 

(Toksoz and Hsui, 1978).

This model also presents major disagreements, such as the lack of 

explanation for backarc spatial distribution or why backarc basins are absent 
in some arc-trench systems, and its unrealistic prediction about the 

emplacement of backarc spreading centres (Taylor and Karner, 1983).
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3. GENERAL ASPECTS OF BACKARC BASINS

3.2,3. INTERACTION OF MAJOR PLATES
Problems with the above "local" models of backarc formation have 

prompted alternative models in which backarc extensión is considered a 

consequence of the global interaction of major plates (Taylor and Karner, 
1983) (Fig. 3.2c). All these models (Molnar and Atwater, 1978; Uyeda and 

Kanamori, 1979; Dewey, 1980) emphasize the role of relative píate motion 

between the over- and underriding plates in the formation of extensión 

within the overriding píate (Tatsumi et al., 1990).

Fig. 3.2. Hypothetical models of backarc basirt formation. a)Active diapirism resulting from 
heat andfor water generated along the Benioff zone (Karig, 1971; Karig, 1974). b) Convective 
flow induced in the mantle by the subducting lithosphere (Andrews and Sleep, 1974; Toksóz 
and Bird, 1977; Toksóz and Hsui, 1978). c) By-product of major píate interactions on a global 
scale (Molnar and Atwater, 1978; Dewey, 1980). OP: Overriding píate, RAP: Remnant píate 
(Taylor et al., 1983).

Two models can be distinguished in terms of the role of the subducted 

slab (Tatsumi et al., 1990).
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3.2. Origin

Anchored slab model
This model, based on Uyeda and Kanamori (1979), simply assumes that 

the subducted slab is fixed (or anchored) relative to the deeper mantle, and 

suggests that the landward motion of the overriding píate produces the 

backarc extensión. This model cannot be applied to some of the backarc 

systems in which the overriding píate migrates trenchwards, as in the North 

Fiji Basin (Taylor and Karner, 1983).

Sinking slab model
Molnar and Atwater (1978) suggested that the oíd, coid lithosphere sinks 

into the asthenosphere under its own weight causing the trench to migrate 

seaward. They proposed that the density of oceanic lithosphere increases 

with age and inferred that trenches subducting Mesozoic lithosphere should 

move seaward faster than trenches subducting relatively younger 

lithosphere. Thus, they proposed that backarc spreading may result if the 

velocity of seaward trench migration exceeds the convergence rate. One 

problem of this model is that there is no clear correlation between seaward 

motion speed and the age of the subducting lithosphere (Carlson and Melia, 
1984).

In 1980, Dewey proposed that backarc origin is mainly controlled by the 

"absolute" motion of the overriding píate and by the migration of the hinge 

of the downgoing píate. Thus, hinge migration, named rollback, is 

fundamental to the understanding of the geodynamics of backarc regions 

(Dewey, 1980). Carlson and Melia (1984) estimated the rate of hinge 

migration from the rate of backarc extensión and the motion of the 

overriding píate. Rates of rollback range from valúes of 100 mm/yr at the 

Tonga Are, 50-70 mm/yr at the South Sandwich Are, and zero at the New 

Hebrides Are, and negative valúes (advancing trench) at the Izu-Bonin 

Trench.

Based on numerical analysis of subducting slab stability, Dvorkin et al. 
(1993) suggested a new model for the origin of backarc basins. They show 

that a horizontally wide slab is always stable in its inclined position. This 

stability is due to the lifting forcé produced by the negative pressure 

(suction) into the comer between the slab and the overriding píate. Dvorkin 

et al. (1993) suggested that there is a common feature associated to all backarc 

basins: the narrow width of their associated subducting slabs. In the case of a 

narrow slab, sideways asthenospheric flow into the slab/overriding píate
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3. GENERAL ASPECTS OF BACKARC BASINS

comer eliminates the suctíon forcé, which results in the rapid sinking of the 

slab, This sinking causes a fast migratíon of the slab hinge and the assodated 

are (rollback) leading to a rapid opening of a backarc basin (Fig. 3.3). They 

show that the hinge of an unstable narrow slab can migrate quite rapidly at 
rates of 100-200 km per million years.

Subduction m
Rollback

■5
>£ ,°

Subduction

Fig. 3.3. A scenario of backarc rollback resulting from the instability of a narrow slab. Up: The 
slab sinks vertically, which results in the hinge rollback away from the overriiing píate. 
Down: Map view of the backarc opening (Dvorkin et al, 1993).
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3.3. Modes of backarc evolution

Two modes of backarc opening have been suggested by Tamaki (1985) 

from a comparatíve study of the Bonin Are and the Japan Sea. These two 

modes are: single-rift type and multi-rift type.

Single-rift type
The single-rift type (Fig. 3.4) is based on the study of the rifting of the 

Bonin Are. The volcanism is concentrated on the volcanic front where an 

active volcanic ridge is formed because of the high dip angle of the 

subducting slab (60°) (Isacks and Barazangi, 1977). The rifts are maturing and 

may eventually join together to make a single-rift system parallel to the 

trench.

The rifting features of the Bonin Are demónstrate that when the are is 

extensional the break-up of the are occurs near the volcanic zone. This is 

basically the model of Dewey (1980), which is illustrated in Figure 3.4. Dewey 

(1980) consider three plates for modelling the tectonics of island ares: backarc 

píate, fore-arc sliver, and subducting oceanic píate (Fig. 3.4, stage 1). The 

divergent movement between the backarc and the fore-arc sliver generates 

rifts along their boundary, which is the are volcanic zone (Fig. 3.4, stage 2). In 

the case of the Bonin Are, a single rift system is generated along its active 

volcanic chain and arranged in a single line. Further divergent tectonics 

may cause a new backarc basin and a linear remnant are (Fig. 3.4, stage 3). 
The spreading system developed from the single-rift system usually causes a 

single lineated remnant are, such as the Kyushu-Palau Ridge and West 
Mariana Ridge in the Philippine Sea (Tamaki, 1985).

Multi-rift type
This second type of backarc opening is based on the example of the now 

inactive Japan Sea. This basin is characterized by the presence of many 

submarine volcanoes and fragments of rifted continental crust along the 

margins of the basin.

In the multi-rift case, many parallel rifts appear to have been formed in a 

broad volcanic zone. This reflects a low dip angle of the subducting slab (Fig. 
3.5, stage I). Extensión across the broad zone caused many rifts rather than a 

single rift system (Fig. 3.5, stage 2). Some of the rifts failed and became
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Fig. 3.5. Model of stages of multi-rift backarc spreading. O: oceanic 
píate, F: forearc sliver, B: backarc piale. Present-day evólution of 
fapatt Sea corresponds lo cessation of backarc spreading shown in stage 
3 (Tamaki, 1985).

Fig. 3.4. Model of stages of single-rift backarc spreading. Arrows show 
motion vector of each píate. O: oceanic piale, F: forearc sliver, B: 
backarc píate. Motion of forearc sliver is coupled with that of trench 
hinge Une. Rifting stage shows present-day evolution of the Bonin Are 
(Tamaki, 1985).
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remnant rifts, and others joined together and developed into spreading 

centres of the backarc basin (Fig. 3.5, stage 3).

In summary, there are fundamental geological variations between the 

two types. In the single-rift type, the remnant are is single and continuous, 
seamounts are rare, the crust is purely oceanic, and aborted rifts are rare. In 

contrast, in the multi-rift type the remnant are is segmented, seamounts are 

abundant, the crust is overprinted by island-arc volcanism, and aborted rifts 

are common features. The two types are end-members, and there are 

probably many gradual variations between them (Tamaki, 1985).

Recent studies, mainly based on results obtained from the Ocean Drilling 

Program (ODP) in backarc basins (e.g. Lau Basin, Hawkins, 1994), are 

revealing greater importance than previously recognized of the role of rift 
stage in the evolution of backarc extensión. Thus, based on data from the 

northern Mariana Trough, Martínez et al. (1995) proposed the following 

four stages model of evolution of backarc rifting (Fig. 3.6):

• A) Initial rifting starts near the are volcanic line (Fig. 3.6a), the locus 

of are volcanism characteristic of subduction zones. The are volcanic 

line has been proposed as the most favourable location for rifting to 

initiate, based on rheological and physical considerations (Steckler and 

ten Brink, 1986).

• B) Extensión in the overriding píate, caused by the rollback of the 

subduction zone hinge, can generate an asymmetric rifting mechanism 

since the are volcanic line will remain on the subducting slab side of 

the rift. The volcano-tectonic zone migrates seaward following the 

weak zone above the locus of are magma generation and rift into the 

frontal are crust. At this stage, a large proportion of the magmas which 

erupt within the volcano-tectonic zone have an are compositíon. 
However, because the are lithosphere is thinning, there may also be a 

component of extensionally induced advection of the underlying 

mantle, which may generate some MORB-like melts (Fig. 3.6b).

• C) The volcano-tectonic zone separates from the are line, in a process 

named "localization". This process begins to establish a well defined 

píate boundary within the backarc, allowing the forearc platelet to 

migrate passively with the seaward rollback of the subducting píate and
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3. GENERAL ASPECTS OE BACKARC BASINS

allowing are magmatism to rebuild the are volcanoes. Separation of are 

magma source from the zone of concentrated extensión may lead to a 

less magmatic phase forming deep tectonic grabens (Fig. 3.6c).

m
0

fh morb-like partial melt ORGANIZED SPREADING CENTER

-¿/j/jllK ASTHENOSPHERICAOVECTlON 
z/j CAUSEO BY EXTENSIONflf ARC PARTIAL MELT

FAULTEO ARC CRUST WUH INTRUSIONS, 
FLOWS ANO VOLCANIC RIDQES

Fig. 3.6. Sketch illustrating the tectonic evolution of a backarc basin zvith increasing amounts 
of extensión, a) Initial configuration of the arc-slab system prior to extensión. Partial melt of 
are composition released from the subducting slab is shown as rising diapirs coloured in light 
grey. Solid arrotos: motion of the descending slab; s.l: sea level. b) Extensión of the overriding 
píate is caused by the rollback of the subduction zone hinge (large outlined arrow). Región of 
concentrated extensión is indicated by the diverging outlined arrows. Both are and MORB- 
like melts may intrude and erupt wilhin the rifting backarc basin. c) The zone of focused 
extensión becomes weaker than the volcanic are and "localizes”, producing the separation of 
the are magma source from the zone of concentrated extensión, d) Organized seafloor spreading 
begins and accommodates extensión by accreting new material from MORB-like melts 
(Martínez et al, 1995).

• D) Continued rifting results in an increasingly focused zone of 

extensión creating greater upward advection and volumes of partial 

melt of underlying mantle. Organized seafloor spreading begins and 

accommodates all of the subsequent extensión by accreting new

56



3.3. Modes of backarc evolution

material from MORB-like melts within a narrow boundary zone (Fig. 
3.6d).

Tamaki (1995) after the ODP drilling results in the Japan Sea (e.g. Jolivet 
and Tamaki, 1992) suggested that part of this basin was probably formed by 

rifted and extended continental crust instead of true oceanic crust formed by 

seafloor spreading (Tamaki, 1985).
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3.4. Hydrothermal activity

Five or six years after the discovery of hydrothermal mineralization at the 

East Pacific Rise (Francheteau et al., 1979) reports of similar seafloor 

hydrothermal activity were noted in the Western Pacific (Both et al., 1986; 
Hawkins and Helu, 1986; Craig et al., 1987a,b). Continued exploration 

showed that the Western Pacific región has as much seafloor hydrothermal 
mineralization associated with it as with mid-ocean ridges. However, 
mineralization in the Western Pacific appears to have wider variations in 

tectonic setting, mode of occurrence, and chemistry of fluids and deposits 

than those of mid-ocean ridges (Ishibashi and Urabe, 1995).

About 75% of backarc basins worldwide occur in the Western Pacific 

región, and six of them have active spreading centres: Mariana Trough, 
Andaman Sea, Manus Basin, Woodlark Basin, North Fiji Basin, and Lau- 

Havre Basin (Tamaki and Honza, 1992). It is reasonable to expect vigorous 

hydrothermal activity at most of the active volcanic centres in this Systems. 
Thus, one sixth of the known sites of seafloor hydrothermal activity has 

been discovered in backarc basins in the Western Pacific (Taylor, 1995). In 

recent years, several cruises with deep diving scientific submersibles 

(Shinkai 2000 and 6500, Nautile, Alvin, and Mir) have contributed to 

successive discoveries of hydrothermal occurrences (Ishibashi and Urabe, 
1995).

Ishibashi and Urabe (1995) reviewed some major sites of hydrothermal 
mineralization associated with three major tectonic settings: backarc 

spreading centre, backarc rift, and volcanic front. Examples of these 

hydrothermal occurrences found in backarc spreading centres and rifts as 

well as their location, water depth, geologic structure, water temperature of 

vents, and type of hydrothermal deposit are represented in Table 3.1.
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Site ñame Location Depth Geologic structure Water Type of deposit
Temp.
(°C)

(m)

Backarc spreading centre

North Fifi 
(Central Ridge)

North Fifi 
(Central Ridge)

Vienna Woods Central Manus

Station 4 1980 Split axial high near a 
triple junction

Collapsed lava lake on 
a flat rectangular dome

Axial rift graben 
covered by pillow 
lavas

290 Anhydrite chimneys on 
a sulfide mound

Station 14 2720 5.2 10 m high extinct 
sulfide chimneys

20 m high active sulfide 
chimneys

2500 ?

Pacmanus Field Eastern Manus 1650 Topofaridge 
composed of dadte 
flows

Normal fault along a 
ridge crest

? 4 m high active sulfide 
chimney

Vai Lili
(Valu Fa 
Ridge)

Lau
(Valu Fa 
Ridge)

Lau
(Valu Fa 
Ridge)

1707 400 17 m high black-white 
smokers and sulfide 
ores1764

Hiñe Hiña 1832 Domeofhighly 
vesiculateaand 
brecciated andesite

Top and flanks of a 
ridge formed by pillow 
lavas

Propagating rift west 
tip composed of 
basaltic andesite

Flank of an axial split 
volcano of basaltic 
andesite

40 Fossil sulfide covered 
by Mn crust

1887

White Church 1946 10-15 m high inactive 
barite-sulfiae chimney

1966

Franklin
Seamount

Western
Woodlark

2143 20 Inactive barite silica 
chimneys, oxide mounds

2366 30
Alice Spring 
Field

Central
Mariana

3600 287 1 m high active barite 
sulfate chimneys

3700

Backarc rift

Minami-Ensei
knoll

Northern
Okinawa

Volcanic depression 
with pumice, and 
dioritefragments

Axial ridge with 
vesicular pillow 
basalts

Flank of a rhyolite 
dome

690 267 Anhydrite chimneys on 
a sulfide mound

705 278

Iheya Ridge 1400Middle
Okinawa

100 Carbonate predpitates 
with sulfides

220

Izu-
Ogasawara

Sumisu rift 
(Bonin Are)

1550 Fossil barite-silica 
chimneys

Table 3.1. Synthesis of the main backarc hydrothermal sites (modified from Ishibashi and 
Urabe, 1995).
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PART II: 

GEOLOGICAL SETTING



In this part, composed of two chapters, we overview the geological 

settíng of the Bransfield Basin (Chapter 4) and the North Fiji Basin (Chapter 

5). The first section of each chapter deais with the regional geodynamic 

setting and history of the areas where the two basins are located, the Scotia 

Are and the Southwest Pacific, respectively. A short review of other active 

backarc basins, and a brief description of the regional geodynamic evolution 

are presented.

Subsequently, we introduce the characteristics and structural elements of 

the Bransfield and North Fiji basins, such as location, limits and main 

geological-geophysical traits, based on previously published studies 

(bathymetry, seismicity, magnetics, seismic reflection and refraction, gravity, 

heat flow, hydrothermalism, and petrology). Finally, we focus on the 

reconstructions and geodynamic evolution of the Bransfield and North Fiji 

basins since their formation.
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Chapter 4

THE BRANSFIELD BASIN

The Bransfield Basin is the narrow, elongated basin located at the 

northem tip of the Antarctic Península, forming the southwestem edge of 

the Scotia Are. The Bransfield Basin/ñorthern Antarctic Península area is 

one of the most accessible parts of Antárctica. Thus, since the first studies 

carried out in the 1970's (e.g. Ashcroft, 1972), the solid earth's structure of 

this area has been extensively studied by teams of scientists from Europe, 
Asia, North and South America.

4.1. Geodynamic setting: The Scotia Are

4.1.1. Generalities

The Scotia Are is the ñame of the eastward-closing curved loop of 

mountains, submarine ridges, and islands which connects the Andean 

Cordillera of South America to the Antarctic Península and endoses the 

Scotia Sea (Barker et al., 1991) (Fig. 4.1). The Scotia Are región is dominated 

by the E-W strike-slip displaeement between the two major surrounding 

plates, South-America and Antárctica (Dalziel, 1989). Two main plates are 

located within the Scotia Are, the small Sandwich Píate in the extreme east, 
and the much larger Scotia Píate filling the remaining area and limited in 

the western part by the Shackleton Fracture Zone (Forsyth, 1975) (Figs. 4.1 

and 4.2).

A 10 mGal contour satellite-derived free-air gravity map of the Scotia Are 

región shows the principal structures in high resolution (Fig. 4.1). The 

present-day píate tectonic setting and the main morphostructures of the 

Scotia Are are shown in the interpretative sketch of the satellite-derived 

map (Fig. 4.2).

• Active subduction occurs along the South Chile Trench (pre- 

Mesozoic to Present, Barker et al., 1991) and South Sandwich Trench
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4. THE BRANSFIELD BASIN

(Mid Eocene/Early Oligocene to Present, Barker and Hill, 1981) (Figs. 4.1 

and 4.2).
- The South Chile Trench is where subduction of the Antarctic 

Píate under the South American continent occurs. The trench is 

marked by negative free-air anomalies reaching up to -160 mGal.
- The South Sandwich Trench is the eastem limit of the Scotia 

Píate, and where the western edge of the South American Píate is 

being subducted at present. The South Sandwich Trench is 

strongly marked by curved free-air anomalies reaching more than 

-250 mGal, whereas the volcanic are, parallel to the trench, shows 

positive valúes of 180 to 200 mGal (Figs. 4.1 and 4.2).

• Passive subduction occurs along the South Shetland Trench. This 

trench, west of the intersection with the South Scotia Ridge and the 

Shackleton Fracture Zone, represents the last surviving segment of a 

subduction zone that originally extended along the western margin of 

the Antarctic Península (e.g. Hawkes, 1981). The South Shetland 

Trench shows negative free-air anomaly valúes, up to -120 mGal.

• Present-day left-lateral strike slip motion occurs along the Scotia 

Ridge, and marks the northern and Southern boundaries (North and 

South Scotia ridges, respectively) of the Scotia Píate (Pelayo and Wiens, 
1989).

- The North Scotia Ridge (Fig. 4.2) is composed of a series of 

elevated blocks from Tierra del Fuego to South Georgia Island, 
showing strong positive anomalies (> 80 mGal) (Fig. 4.1). South 

Georgia Island represents a fragment of the South-American 

continent displaced 1600 km to the east (e.g. Dalziel et al., 1975). 
The northern margin of this ridge, with negative free-air 

anomalies up to -180 mGal (Fig. 4.1), has been interpreted as the 

collision zone between South America and Scotia plates (Ludwig 

and Rabinowitz, 1982).
- The South Scotia Ridge (Fig. 4.2) is also composed of a series of 

fragmented blocks showing high valúes on the free-air anomaly 

map (Fig. 4.1). From the South Orkney Islands to the Bransfield 

Basin, the ridge is composed by two continuous, parallel crests 

limited by deep inner depressions. The South Scotia Ridge
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Fig. 4.1. Contour satellite-derived free-air gravity map of Ihe Scotia Are and northern Antarctic Península area. Contour every 10 mGal. Colonr 
rauges are red: 300/80 mGal; orange: 80/40 mGal; i/ellow: 40/30 mGal; light green: 30/20 mGal; dark green: 20/0 mGal; bine: Of-lÓO mGal and purple: 
-1001-300 mGal.
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Fí^. 4.2. Presenl-day píate tectonic setting and main structural features of the Scotia Are and Antarctic Península area from interpretation of Figure 
4.1. Double Unes indícate spreading centres, aligned triangles denote a subduction zone xoith Mangles pointing to the overriding píate. Thick Unes 
indícate presenl-day píate boundaries. Location of features are from Parker (1982), British Antarctic Survey (1985), and Lawver el al. (1995).



4. THE BRANSFIELD BASIN

emerges from the sea on the South Orkney Islands, interpreted as 

a micro-continental fragment originally contiguous with the 

Antarctic Peninsula (Dalziel, 1984).

• Dead spreading centres can be observed within the Scotia Píate (Fig. 
4.1). Three inactive spreading regimes have been recognized within the 

Scotia Sea overlapping in time: the Drake Passage, the Central Scotia 

Sea and Protector Basin (Barker and Burrell, 1977; Hill and Barker, 1980; 
Barker et al., 1991) (Fig. 4.2). However, only one of them (Drake 

Passage) is clearly seen in the free-air anomaly map. This fossil 
spreading centre is characterized by a WNW-ESE trending double ridge 

and pronounced fracture zones showing negative anomalies (-50 

mGal) (Fig. 4.1). This system stopped spreading at magnetic Anomaly 5 

(11 Ma), Late Miocene (Barker and Hill, 1981).

• Small marginal basins occurring within the Scotia Are región, such as 

the Powell and Jane basins flanking the South Orkney micro-continent, 
and those separating Pirie, Bruce, and Discovery banks (Fig. 4.2), show 

weak negative anomalies (Fig. 4.1). Some of them have an oceanic 

crustal structure (Barker, 1972), but their ages can not be determined 

precisely (Barker et al., 1991).

• Active extensional backarc basins, such as the East Scotia Sea and the 

Bransfield Basin, are also clearly identified on the free-air anomaly 

map (Figs. 4.1 and 4.2).
- The East Scotia Sea is characterized by higher regional anomalies 

(10-50 mGal) than those of surrounding areas, such as the oíd 

Central Scotia Sea (-10 to 10 mGal). The East Scotia Ridge is the 

active backarc spreading centre (Barker and Hill, 1981), and 

appears as a small (10-40 mGal) linear gravity low flanked with 

gravity highs (Livermore et al., 1994) (Figs. 4.1 and 4.2). More 

detailed information about this structure is presented in section 

4.1.3.
-The Bransfield Basin shows weak negative free-air anomalies 

associated with bathymetric lows (Figs. 4.1 and 4.2). The Bransfield 

Basin may represent the present-day episode of backarc extensión 

with respect to a possible active subduction along the South
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4.1. Geodynamic setting: The Scotia Are

Shetland Trench (Pelayo and Wiens, 1989). For more details see 

section 4.2.

The seismicity of the región is concentrated along the bathymetric 

features which surround the Scotia Sea, providing evidence for a 

kinematically distinct Scotia Píate (Forsyth, 1975) (Fig. 4.3). Apart from the 

seismicity related to the active subduction along the South Sandwich island 

are, the most active seismic zone follows the bathymetric trend of the South 

Scotia Ridge (Pelayo and Wiens, 1989). The North Scotia Ridge shows a 

seismicity level lower than the South Scotia Ridge, and the most important 
activity is found near Burwood Bank (Figs. 4.2 and 4.3).

The earthquakes along the North Scotia Ridge have E-W nodal planes 

with a left-lateral sense of shear, and a compressional component also 

indicated by focal mechanisms (Fig. 4.4). Moreover, earthquakes along the 

South Scotia Ridge also have E-W trending nodal planes with a left-lateral 
shear sense, but display elements of extensión (Fig. 4.4). The results suggest 
about 6 mm/yr of left-lateral motion with a component of compression 

along the North Scotia Ridge, and about 10 mm/yr of left-lateral motion 

with a component of extensión along the South Scotia Ridge (Pelayo and 

Wiens, 1989).

4.1.2. ACTIVE BACKARC BASIN: THE EAST SCOTLA SEA
The East Scotia Sea is the basin located backarc from the curved South 

Sandwich volcante are and trench (Fig. 4.2). The East Scotia Sea provided the 

first reported example of active backarc extensión generating well developed 

oceanic magnetic lineations (Barker, 1970 and 1972). The dominant feature 

of the basin is the spreading centre located approximately along 30°W, and 

defined very precisely by lineated magnetic anomalies (Barker and Hill, 
1981). In the northern and central sections of the East Scotia Ridge well 
formed magnetic anomalies are identified to at least Anomaly 5 (11 Ma) on 

the western flank. Farther south, anomalies can be identified only out to 

Anomalies 2 (2 Ma) or 2A (3.5 Ma). Spreading is essentially E-W, but a slight 
discordance between the older anomalies on each flank suggests the 

possibility of earlier complexity. For the last 1.7 Ma, spreading was up to 15% 

asymmetric, favouring accretion to the are flank, within an overall rate of 65 

mm/yr (Barker, 1995).
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Fig. 4.3. The 1963-1985 seismicity of the Scotia región (mb > 5.0). Stars represent events for 
which source parameter inversión results were obtained (see Fig. 4.4). Only earthquakes with 
m\j > 6.0 are plotted east of 30°W. They represent events along the South Sandwich island are 
and the South Sandwich Fracture Zone (Pelayo and Wiens, 1989).
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Fig. 4.4. Focal mechanisms Solutions determined from body waveform inversión. Each 
mechanism solution is shown as lower hemisphere equal-area projection of the focal sphere 
with solid quadrants representing compressional P-wave first motions. The P- (máximum 
compression) and T- (mínimum compression) axes are shown as filled and unfilled small 
áreles, respectively. Events numbered from 1 to 20. SFZ: Shackleton Fracture Zone, SSI: South 
Shetland lslands, BS: Bransfield Strait, and AP: Antarctic Península (Pelayo and Wiens, 
1989).
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4.1. Geodynamic settíng: The Scotia Are

The East Scotia Ridge comprises seven or more N-S oriented ridge 

segments, separated by short (less than 30 km), mainly sinistral, offsets. The 

axial morphology of the East Scotia Ridge varíes along strike, although a 

median valley may be recognized along most of the central part. The valley 

can reach 1200 m in depth and 20 km in width, although it most commonly 

appears as a central trough 500-800 m deep and 6 to 10 km wide (Barker, 
1995). The amplitude of the axial free-air anomaly lows is larger (around 40 

mGal) in the central part of the ridge, between 57°S and 58°S (Figs. 4.1 and 

4.2). Towards the northern and Southern ends, presumably a ridge- 

transform-transform (RFF) triple junction, the amplitude of the free-air 

anomalies is reduced to 10/20 mGal, making it difficult to lócate the axis 

precisely (Livermore et al., 1994).

4.1.3. The scotia Sea evolution

Based on the identification of marine magnetic anomalies, Barker et al. 
(1984 and 1991) and Barker (1995) presented a series of reconstructions of the 

Scotia Sea, from the present-day back to 30 Ma ago, in three steps 10 Ma each 

(Fig. 4.5). Some uncertainties affect the reconstructions, such as the age and 

nature of many parts of the Scotia Ridge, the Southern Scotia Sea, and the 

small marginal basins.

Present-day
The identified magnetic anomalies of the Scotia Sea and northern 

Weddell Sea are depicted in Figure 4.5a. Note that within the Scotia Are 

región, active spreading and extensión occur only along the East Scotia 

Ridge and the Bransfield Basin, respectively.

Late Miocene (10 Ma ago)
During this period, the Bransfield Basin and the dividing trough of the 

western South Scotia Ridge are both closed. The whole East Scotia Sea is 

eliminated, and small sections of the young ocean floor are removed from 

the Drake Passage and Central Scotia Sea. The Southern part of the South 

Sandwich Trench becomes parallel to the Discovery Bank. South Georgia 

Island is located at the same place as it is today (Fig. 4.5b).
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4. THE BRANSFIELD BASIN

Fig. 4.5. Tectonic evolution of the Scotia Sea región over the past 30 Ma (Barker et al., 1984 
and 1991). Small blocks are BB: Burdwood Bank, S: Shag Rocks, SG: South Georgia, H: 
Herdman Bank, D: Discovery Bank, /: jane Bank, SO: South Orkney, B: Bruce Bank, P: Pirie 
Bank, and PB: Powell Basin. These are micro-continental fragments, dissected inlra-oceanic 
island ares, and accretionary prisms. (A) Present-day geodynamic setting with the identified 
magnetic anomalies in the Scotia Sea and northern Weddell Sea. South Sandwich trench is 
shaded. (B, C and D) Reconstructions to 10, 20 and 30 Ma, respectively. The "ghost" of the 
present South Sandwich Trench is given for scale (Barker, 1995). See section 4.1.3. for further 
explanations.
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4.1. Geodynamic settíng: The Scotia Are

Early Miocene (20 Ma ago)
For the 20 Ma reconstruction, all the Central Scotia Sea and Protector 

Basin are removed. Collision with a ridge crest section of the South 

America-Antarctic boundary has stopped subduction at the Southern section 

of the trench, and Jane and Discovery banks are aligned. This implies that 
the small basins lying between these banks are older than 20 Ma. The North 

Scotia Ridge is shorter and the South Georgia block lies further west, 
protected from accretion to the north by the Shag Rocks block (Fig. 4.5c).

Early Oligocene (30 Ma ago)
This reconstruction is more speculative than the previous ones. Oceanic 

floor in Drake Passage is removed to Anomaly 8 (28 Ma). The basins lying 

between Jane Bank and South Orkney Islands, and Discovery and Bruce 

banks are removed, but not the basin between Pirie and Bruce banks. This is 

based on the similar width and position of the first two basins, and the age 

estimation of 25 Ma for the Jane Basin from heat flow data (Lawver et al., 
1985). The bathymetric reconstruction suggests that the Powell Basin may be 

younger than 30 Ma (King and Barker, 1988). The result of this 

reconstruction is a compact continental connection between South America 

and the Antarctic Península (Fig. 4.5d). Thus, the paleo-Pacific margin of 

South America appears to have continued to the eastern end of the South 

Georgia block, in the same way as the Antarctic Península continued to the 

eastern end of the South Orkney block.
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4.2. Main characteristics

An overview of the main geological and geophysical characteristics of the 

Bransfield Basin is presented in this section.

4.2.1. LOCATION AND LIMITS
Geographically, the Bransfield Strait is the body of water extending 

between the South Shetland Islands and the northern tip of the Antarctic 

Península (Lawver et al., 1995) (Fig. 4.6). At the northern part of the Strait, in 

a backarc position with respect the South Shetland Island lies the Bransfield 

Basin sensu stricto. The Bransfield Basin is a young, active rift basin 

(Saunders and Tarney, 1984; Fisk, 1990; Grad et al., 1992; Lawver et al., 1995) 

that separates the Shetland Microplate from the Antarctic Píate, at the 

southwestern edge of the Scotia Píate (Fig. 4.2). The Bransfield Basin is 

located between longitudes 62°W and 54°W, and latitudes 61 °S and 64°S. 
The basin extends more than 400 km from Low Island to Clarence Island, 
and up to 80 km in width (González-Ferrán, 1985). The limits of the 

Bransfield Basin are (Fig. 4.2):

• to the north, the South Shetland Islands. The central South Shetland 

Islands are mainly composed of volcanic and plutonio rocks, 
constituting part of a magmatic are of Cretaceous to Mid-Tertiary age, 
with few sedimentary rocks intercalated (Trouw and Gamboa, 1992). 
The youngest rocks in the South Shetland Islands are ensialic alkaline 

volcanics probably related to the extensión (Smellie, 1987). Behind the 

islands lies the curved South Shetland Trench. In cross-section it shows 

a elassie trench asymmetric profile: very steep slope landward and 

gentle slope seaward (Henriet et al., 1992).

• to the south, the Antarctic Península margin. The Antarctic 

Península forms part of the same Mesozoic-Tertiary magmatic are as 

the South Shetland Islands. Consequently, the rock units are essentially 

the same. The Antarctic Península is apparently a higher uplifted, and 

therefore deeper eroded, part of the magmatic are, resulting in the 

predominance of basement outerops, such as the Permian-Triassic 

turbiditic sequences of the Trinity Península Group, intruded by Middle 

Jurassic to Cretaceous batholiths. Few remainders of Late Tertiary and
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Quaternary volcanics cover the older sequences locally (Trow and 

Gamboa, 1992).

• to the west, the extensión of the Hero Fracture Zone. This feature has 

been surveyed by seismic reflection lines, and it appears as a mighty 

ridge, towering more than 1500 m above the surrounding seafloor. 
Only the Southern flank of the fracture is covered by a 200 m thick 

sedimentary layer (Henriet et al., 1992).

• to the east, the extensión of the Shackleton Fracture Zone. This is an 

elevated ridge feature having a transpressive character, manifested by 

deep diapirs, normal faults, and shallow folds with reverse faults 

deforming the sediments. The intersection between the Bransfield 

Basin, the South Scotia Ridge, and the southeastern tip of the 

Shackleton Fracture Zone is a complex triple junction (Maldonado et 
al., 1994).

Fig. 4.6. Bathymetric map of the Bransfield Basin región (contour interval is 200 m). Solid 
triangles are locations of subtnarine and subaerial Quaternary volcanism that were sampled 
and analyzed by Keller et al. (1992). Hollow triangles denote submarine locations where 
fresh basalts were recovered by Keller et al. (1994) but not yet analyzed. Dashed numbered 
lines (1 to 4) are volcanic lineations explained in the text. BI: Bridgeman Island, CI: Clarence 
lsland, DI: Deception Island, El: Elephant Island, GrI: Greenwich Island, JRI: James Ross 
Island, Lvl: Livingston Island, MP: Mélville Peak, PI: Penguin Island, and RI: Robert Island 
(Lawver et al., 1995). Compare to the new sets of bathymetric maps presented in Chapter 6.
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4. THE BRANSFIELD BASIN

4.2.2. GEOLOGY and geophysics 

Bathymetry
Important aspects of the bathymetry of the Bransfield Basin have been 

discussed by previous authors, as Ashcroft (1972). The Bransfield Basin is an 

asymmetric trough, trending NE-SW and with an average depth of 1900 m, 
bounded by a steep slope from the South Shetland Islands and wider from 

the Trinity Península margin (Jeffers et al., 1991). Several deep troughs, 
roughly aligned with the bays of the South Shetland Islands, cut the 

platform of Trinity Península (British Antarctic Survey, 1985). Irregular 

topography is exposed on the seafloor, mainly as an alignment of seaknolls 

between Deception and Bridgeman Islands (Jeffers et al., 1991). A 

compilation of all the bathymetric data acquired in the area was published by 

Klepeis and Lawver (1994), and is presented in Figure 4.6. Note the higher 

resolution along the bands where multibeam bathymetric data were 

acquired. Dashed lines between bands correspond to interpolated valúes.

Seismicity
Seismicity associated with the South Shetland Trench is weak, showing 

no evidence of shallow earthquakes along the thrust zone except near the 

intersection of the trench, the Shackleton Fracture Zone and the South 

Scotia Ridge (Figs. 4.3 and 4.4). Similarly, deep events which would indícate 

a downgoing slab are rare (Pelayo and Wiens, 1989). Most of the earthquakes 

in the Bransfield Basin are shallow events related to extensión and volcanic 

activity, and located near Deception and Bridgeman islands.

Magnetism
Marine magnetic and aeromagnetic surveys of the Bransfield Basin región 

found a central positive anomaly along the axis of the basin. This central 
high has been modelled as a large, positive magnetized igneous body 

associated with the inferred axis of rifting (Roach et al., 1978; Parra et al., 
1984; Garrett, 1990; González-Ferrán, 1991). Roach et al. (1978) hypothesize 

that spreading has occurred only during the past 1.3 Ma. Parra et al. (1984 and 

1988), modelling aeromagnetic data, suggest an age of 1.8 Ma for the start of 

the basin spreading, at an average full rate of 9 mm/yr. González-Ferrán 

(1991) suggests from aeromagnetic data interpretation an average full 
spreading rate of 2.S-7.5 mm/yr for the past 2 Ma. What seems clear is that 
magnetic anomalies are difficult to identify in the Bransfield Basin. The 

young age of the basin makes the magnetic pattems still diffuse, and the 

thick sediment cover containing interbedded basalt flows hides the
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basement topography (Lawver et al., 1995). This difficulty in analyzing 

marine magnetic anomalies is a common characteristic of the young backarc 

basins of the Southwest Pacific, as suggested by Lawver and Hawkins (1978).

Seismic refraction and gravity
Early seismic refraction work found an anomalously thin layer beneath 

the Bransfield Basin with a seismic velocity lower than of normal mantle 

material but higher than typical continental crust (Ashcroft, 1972). Later 

studies carried out by a Polish research group (Guterch et al., 1985,1991; Grad 

et al., 1992 and 1993) found a crustal thickness of 30-33 km in the South 

Shetland Islands to 38-45 km near the coast of the Antarctic Península. 
Guterch et al., (1991) observed a seismic discontinuity with velocities of 7-7.2 

km/s at a depth of about 10 km beneath the Bransfield Basin. The subducted 

slab can be detected beneath the South Shetland Islands (Grad et al., 1993) 

dipping at an angle of 25° to the southeast (Fig. 4.7). A 10 km wide body with 

velocity vp « 6.8 km/s has been assimilated by Grad et al. (1993) to the active 

Bransfield rift (Fig. 4.7).
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Fig. 4.7. Seismic model of the lithosphere from the Drake Passage through Bransfield Strait 
and onto the Antarctic Península. 1: sediments, Vp= 2.5-42 km/s; 2: upper crust, Vp= 5.4-6.3 
km/s; 3: middle crust, vp= 6.4-6.8 km/s; 4: lower crust and high velocity body in Bransfield 
Strait, Vp> 7.0 km/s; 5: Moho boundary, vp> 8.0 km/s; 6: Reflection boundary in the lower 
lithosphere (Grad et al., 1993)

Large negative free-air gravity anomalies were observed by Garrett (1990). 
Bouguer gravity anomalies (Renner et al., 1985; Garrett, 1990) of up to 100
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mGal correlate with the anomalous crustal structure found by Grad et al. 
(1993) under the South Shetland Islands and Bransfield Basin.

Seismic reflection and sedimentary record 

Numerous multi-channel and single-channel seismic lines from the 

Bransfield Basin were collected and published by researchers from Brazil 
(e.g. Gamboa and Maldonado, 1990), Belgium (e.g. Henriet et al., 1992), 
Poland (e.g. Guterch et al., 1985), Spain (e.g. Acosta et al., 1992), United 

Kingdom (e.g. Larter and Barker, 1989), and United States (e.g. Jeffers and 

Anderson, 1990). Neovolcanic intrusions within the Bransfield Basin were 

first detected by Guterch et al. (1985) in single-channel seismic profiles. 
Jeffers and Anderson (1990) determined that sedimentation is mainly 

dominated by glacial-marine processes with associated lithofacies. The same 

authors stated that the volcante ridge may act as a sedimentary barrier. The 

thickness of the ponded turbiditic sediment within the Bransfield Basin is 

less than 1 second (Gamboa and Maldonado, 1990). Line-drawings presented 

by Acosta et al. (1992) show the southwestern flank of the South Shetland 

Islands faulted in horst and graben structures and intruded by dykes and 

plugs. Barker and Austin (1994) imaged, from multichannel data, complex 

fan-shaped faulting pattems along the Antarctic Península margin. They 

interpreted these pattems as resulting from crustal diapirism, suggesting 

diffuse zones of extensión within the Bransfield Basin.

Heat flow and hydrothermalism
Heat flow measurements were made in the King George Basin, located 

south of King George Island (Lawver et al., 1995). The heat flow valúes range 

from 49 mW/m2 to 626 mW/m2, with about 25% of the valúes greater than 

220 mW/m2. The highest valúes were recorded in the central part of the 

basin and along the southeast and northeast edges of the basin (Lawver et al., 
Í995). Most of these valúes are typical of regions with active hydrothermal 

circulation (Nagihara and Lawver, 1989; Lawver et al., 1995). Evidence of 

hydrothermal activity were found in the water column and in the 

sediments where the highest heat flow measurements were recorded 

(Lawver et al., 1995). 3He increment with depth has been interpreted as 

resulting from injection of 3He into the water by backarc rifting (Schlosser et 
al., 1988). Mn concentration and temperature also increase with depth (Suess 

et al., 1988). Thermogenic hydrocarbons found in surface sediments 

(Whiticar et al., 1985) may be also associated with hydrothermal activity in 

the Bransfield Basin.
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Volcanism
Quaternary volcanism in the Bransfield Basin is recorded at Deception, 

Penguin and Bridgeman islands (Weaver et al., 1979) as well as at few other 

places on the South Shetland Islands (Smellie, 1990), and on the seamounts 

and ridges between Deception and Bridgeman islands (Fisk, 1990; Keller and 

Fisk, 1992). Lawver et al. (1995) suggested at least four parallel lines of active 

and incipient volcanism in the Central Bransfield Basin (Fig. 4.6). The first 
line would be located within the shelf of the South Shetland Islands and 

ineludes Penguin Island and Melville Peak (Birkenmajer, 1992). The second 

would be defined southeast of King George Island (along the King George 

Basin margin), and comprises small circular volcanoes. The third line 

would be the main rift axis and ineludes Deception and Bridgeman islands 

and at least two major submarine volcanoes. The fourth lineation would be 

defined by a ridge, the máximum heat flow valúes, and a recent extrusión at 
the northeastern part of the basin.

Samples recovered from the Bransfield Basin seamounts are fresh glassy 

basalts less than 300,000 years oíd (Fisk, 1990; Birkenmajer and Keller, 1990; 
Keller et al., 1992), classified as backarc basin basalts, a hybrid of are and mid- 

ocean ridge basalt composition (Fisk, 1990). The Bransfield Basin is one of 

the few modern examples of a marginal basin within an ensialic are (Keller 

and Fisk, 1992).
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4.3. Origin and evolution of fhe basin

The Bransfield Basin is an example of basin formed by rifting within a 

continental volcanic are, but the history of extensión and evolution of the 

Bransfield Basin is still not well constrained.

Cenozoic píate convergence occurred at the Pacific margin of the Antarctic 

Península (Barker and Dalziel, 1983). The seafloor ereated at the Antarctic- 

Phoenix ridge was subducted beneath the Antarctic Píate, and a succession of 

ridge-trench collisions started about 50 Ma at the south of the Pacific margin 

of the Antarctic Península (Barker, 1982; Larter and Barker, 1991) (Fig. 4.8). 
The trailing flank of the ridge crest and the overriding lithosphere at the 

trench were both part of the Antarctic Píate, and in consequence, the rate of 

convergence at the trench was equal to the full spreading rate at the ridge 

crest (Barker, 1982). After each collision, seafloor spreading and subduction 

both stopped. Trench basement topography was eliminated and the margin 

became passive (Larter and Barker, 1991). Through time, additional 
segments of the ridge were subducted to the northeast until about 4 Ma ago, 
when the spreading centre immediately Southwest of Hero Fracture Zone 

reached the trench (Barker, 1982). The last segment of the Antarctic-Phoenix 

ridge (between Hero and Shackleton fracture zones) was then abandoned 

offshore of the trench and the remnant of the Phoenix Píate became part of 

the Antarctic Píate (Lawver et al., 1995) (Fig. 4.8).

Barker (1982), Barker and Dalziel (1983), Barker et al., (1991), and Lawver 

et al. (1995) have suggested that the Bransfield Basin is opening because the 

subducting píate (former Phoenix Píate, see Fig. 4.2) is continuing to sink by 

oceanward migration of the hinge of subduction. According to these 

authors, a mechanism of trench rollback may result in the opening of the 

Bransfield Basin, and the amount of trench rollback would be comparable to 

the amount of extensión in the basin. Barker and Dalziel (1983) suggest an 

age between 4 and 1.3 Ma for the start of the extensión.

Jeffers et al. (1991) presented the evolution of the basin from the marine 

sedimentary record. Those authors agree with Barker and Dalziel (1983) that 
the basin is relatively young (less than 4 Ma), and considered that extensión 

in the Bransfield Basin began with the cooling and sinking of the subducted 

slab. Jeffers et al. (1991) suggested that the segmentation of the basin could be
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4.3. Origin and evolution of the basin

related to the segmentation of the subducting slab into three pieces and their 

differences in the age. Then, the older and denser slab sinking faster below 

the northeastern part of the Bransfield Basin would drive extensión more 

rapidly there than further Southwest.
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Fig. 4.8. Reconstruction of southeast Pacific and Antarctic Península regions for 20 Ma. Dashed 
fracture zones and spreading centres are taken from Larter and Barker (1991). Magnetic 
anomaly picks are shovm as small squares. Rifting in the Bransfield Basin has been closed up. 
The shaded región corresponds to the seafloor that was subducted since 20 Ma. NAZ: Nazca 
Píate, PHO: Phoenix Píate, SAM: South-America Píate, SCO: Scotia Píate, ANT: Antarctic 
Píate, FZ: Fracture zones, Alex.: Alexander Island, Anv.: Anvers Island (Laivver et al., 1995).

A completely different model of evolution of the Bransfield Basin has 

been presented by Birkenmajer (1992 and 1994). That author considered that 
the oldest evidence for rifting in the area derives from Oligocene deposits 

and volcanics. This "oíd" age for the Bransfield Basin contrasts with the 

"young" Pliocene age (4 Ma) proposed by Barker (1982) and many other 

authors. Birkenmajer (1992 and 1994) suggested that incipient rifting started 

at the end of Oligocene, 26 to 22 Ma, and continued at a slow rate through 

Early Miocene. This is evidenced by a system of faults cutting through Upper 

Oligocene and older rocks at the outer margin of the rift. Between Early (22- 

20 Ma) to Mid (14 Ma) Miocene, several successions of basaltic to andesitic 

dykes and plug intrusions occurred. From Late Miocene to Pliocene stages, 
there is a gap in geological evidence of the rift evolution. Finally, the
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4. THE BRANSFIELD BASIN

Pleistocene to Recent stages are characterized by alkaline to calc-alkaline 

volcanic activity along the rift axis. Birkenmajer (1992) concluded that the 

Bransfield Basin continúes to be at an early stage of rifting evolution 

underlined by continental-type crust, despite its Oligocene age.

Tokarski (1991) considered that the Bransfield Basin is not a backarc basin 

and its origin is not directly related to the subduction of the Drake Píate, as 

suggested by many authors (e.g. Weaver et al., 1979; Barker and Dalziel, 
1983). Instead, he proposed that the volcanic features and extensión along 

the Bransfield Basin are simply signs of the internal deformation of the 

Antarctic Píate due to the stress regime set up by the surroundings spreading 

centres. Thus, after ceasing the subduction, a NE-SW compressional 
component, probably related to the accretion near to the Scotia Sea, would 

have determined a NW-SE extensión leading to the basin opening.
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Chapter 5

THE NORTH FIJI BASIN

The North Fiji Basin is a lar ge, triangular basin located in the south-west 
Pacific región. Little was known about the geology of the basin and its 

structures 10 years ago. Only large-scale heat flow and seismicity studies 

were conducted in the North Fiji Basin, although they already supported 

the hypothesis of its formation by seafloor spreading (Sclater and Menard, 
1967; Chase, 1971). Numerous studies carried out during recent years within 

international sdentific programs, have provided a more accurate picture of 

the structures and history of this basin (Crook et al., 1991).

5.1. Geodynamic setting: The Southwest Pacific

5.1.1. GENERALITIES
The Southwest Pacific región is a complex transitional area located 

between Australia and the Central Pacific Basin (Fig. 5.1). It is composed by 

continental fragments, oceanic trenches, island ares, marginal basins, 
fracture zones, and seamounts, created by the interactions between the 

Pacific and Indo-Australian plates during the Cenozoic (Kroenke, 1984). The 

Southwest Pacific región (Fig. 5.1), extending from New Guinea to Tonga, is 

then dominated by the E-W píate convergence and lateral displacement 
between the two major plates (Chase, 1978; Minster and Jordán, 1978).

The Southwest Pacific región is still referred to as the Melanesian 

Borderland (Coleman and Packham, 1976), as it constitutes the "border" 

between the Pacific and Indo-Australian plates. The convergence along the 

Melanesian Borderland is expressed by both shallow and deep seismicity and 

Quatemary volcanism associated (Hamburger and Isacks, 1987).

A 10 mGal contour satellite-derived free-air gravity map shows the main 

structures of the región (Fig. 5.1). The diverse morphologies across this area, 
such as long linear submarine ridges and troughs, broad plateaus, extensive
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5. THE NORTH FIJIBASIN

basins, and curved island ares and trenches (Fig. 5.1), depict the complex 

history of the región (Kroenke, 1984):

• Present-day (from Late Miocene to Present) convergence occurs along 

New Britain - San Cristóbal - New Hebrides - Tonga - Kermadec 

trenches (Yan and Kroenke, 1993) (Fig. 5.2). These features are marked 

by strong negative anomalies reaching up to -200 mGal (Fig. 5.1).

• A succession of inactive subduction zones (from Early Eocene to Late 

Oligocene) (Yan and Kroenke, 1993) trending NW-SE, as Manus - 
North Solomon - Cape Johnson - Vityaz trenches (Fig. 5.2), are also 

recognizable by negative anomalies (-100 mGal) of lower amplitude 

than the active trenches.

• Seamount chains, as the Tasmanid, Lord Howe, Louisville and 

Samoan seamounts (Fig. 5.2), are clearly visible by alignments of 

circular and strong positive anomalies (Fig. 5.1). All these seamounts 

are formed by development over the hotspots of the same ñames, 
respectively (Yan and Kroenke, 1993).

• Oíd marginal basins, such as New Caledonia, Coral Sea, Loyalty, 
West Torres, Solomon, and South Fiji basins (Fig. 5.2), are also 

identified on the gravity map (Fig. 5.1). They correspond to basins 

formed during extensional episodes from Late Cretaceous to Oligocene 

(Yan and Kroenke, 1993).

• Active backarc basins are expressed as elevated areas in the free-air 

anomaly map (Fig. 5.1). Four main basins can be easily identified: 
Manus, Woodlark, North Fiji and Lau, from west to east respectively 

(Fig. 5.2).

5.1.2. ACTIVE BACKARC BASINS
In this section, we highlight the main traits of the Manus, Woodlark and 

Lau basins in terms of active seafloor spreading.

Manus Basin
The Manus Basin (Fig. 5.2), included within the Bismarck Sea, is a backarc 

extensional structure situated north of the New Britain subduction zone 

and volcanic are. A seismic lineation formed by strike-slip events marks the
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present-day boundary between the Pacific and Bismarck plates (Taylor, 1979). 
The Manus Basin spreading centre is formed by three discrete segments 

limited by highly oblique left-stepping and left-lateral transform faults (Fig. 
5.2). An extensional transform zone was identified at the intersection 

between the Willaumez Fracture Zone and the Central Manus Spreading 

Centre (Taylor et al., 1994).

The Identification of magnetic anomalies indicates that asymmetric 

seafloor spreading in a direction averaging N60 has formed the Manus 

Basin in the past 3.5 Ma. A total spreading rate of 132 mm/yr was calculated, 
which represents 74 and 58 mm/yr half spreading rates for the western and 

eastern flanks of the ridge, respectively (Taylor, 1979). Two zones of basalt- 

dominated seafloor spreading in the central and western portions of the 

basin are each associated with hydrothermal activity (Binns and Scott, 1993; 
Scott and Binns, 1995).

Woodlark Basin
The Woodlark Basin is located between the Solomon Islands and the 

southeast tip of Papua New Guinea, at the Southern part of the Solomon 

Sea (Figs. 5.1 and 5.2). The basin it is largely floored by mafic oceanic crust 
generated along a spreading axis which separates formerly contiguous 

continental rocks (Taylor et al., 1995). Seafloor spreading started 5 Ma ago in 

the extreme east of the basin, where the Woodlark axis is being subducted 

beneath the Solomon Are, and has propagated episodically westward at an 

average rate of 120 mm/yr (Taylor, 1987). Magnetic profiles indicate 

decreasing spreading rates westward, from 60 mm/yr at 156°E to 2.7 mm/yr 

at 152°E (Hill et al., 1984). The V-shaped Woodlark Basin shallows towards 

its western end, where evidence of initial seafloor spreading and rift 
propagation into the continental crust has been recognized (Benes et al., 
1994; Taylor et al., 1995). Earthquake source parameters indicate that low- 

angle (10°-25°) normal faulting is active in the región of incipient 

continental separation (Abers, 1991). At the western part of the basin, 
hydrothermal activity associated with seamount volcanism in a continental 
margin setting has been observed (Binns et al., 1993; Scott and Binns, 1995).

Lau Basin
The Lau Basin (Figs. 5.1 and 5.2) is a trapezoidal-shape backarc basin that 

separates the inactive Lau Ridge remnant volcanic are from the Tonga 

Ridge (Karig, 1970) behind the westward dipping Tonga-Kermadec
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subduction zone (Figs. 5.1 and 5.2) (Hawkins, 1995). The Lau Basin was 

considered as the "typical" example of world's backarc basins formed by are 

splitting (Karig, 1971). Two major spreading centres located in the central 
part of the basin, Central Lau Spreading Centre (CLSC) and Eastern Lau 

Spreading Centre (ELSC) (Fig. 5.2), are propagating southward as suggested 

by the triangular shape of the basin (Parson et al., 1990; Parson and Hawkins, 
1994). At the northeastern part of the Lau Basin, a ridge-ridge-ridge (RRR) 

type triple junction (Mangatolu Triple Junction) presenting modern 

volcanism has been identified (Nilsson et al., 1989).

Seafloor spreading may started about 5.5 to 5 Ma ago (Parson and 

Hawkins, 1994) by the southwards propagation of the present ELSC. A 

further development of a second propagator (1.5 Ma ago) cut the previously 

created seafloor (ELSC) and formed the present CLSC (Parson et al., 1990, 
Parson and Hawkins, 1994). The two spreading centres overlap and are 

separated by complex seafloor with traces of pseudofaults, abandoned ridges, 
and relay zones (Hawkins, 1995). At present, the northern Lau Basin opens 

in an E-W direction at a rate of 120 to 145 mm/yr decreasing southwards. 
Along the Southern ELSC (named Valu Fa Ridge) seismic reflection data 

evidence a magma chamber underneath the present-day axis (Collier and 

Sinha, 1990 and 1992). At this part of the ELSC, three major active 

hydrothermal fields have been discovered (Fouquet et al., 1991).
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5.2. Main characteristics

An overview of the main characteristics of the North Fiji Basin- and its 

structures is presented in this section.

5.2.1. logahon and limits
The North Fiji Basin is an extensional basin (Packham and Falvey, 1971; 

Karig, 1971) located along the Vityaz Trench and between two active 

subduction zones of opposite polarity: the New Hebrides and the Tonga- 

Kermadec trenches (Fig. 5.1). The North Fiji Basin is located between 

longitudes 168°E and 180°E, and latitudes 10°S and 25°S. The basin extends 

along 1200 km from north to south, and 700 km from west to east (Lafoy, 
1987; Bendel, 1993). The limits of the North Fiji Basin are (Fig. 5.1 and 5.2):

• to the north, the Vityaz Trench. This structure trending WNW-ESE 

extends from the northern part of the New Hebrides Are to 175°E. 
Farther east, it is marked by a series of discontinuous, irregular 

bathymetric troughs at depths of 4-5 km considerad as remnants of the 

formerly continuous trench (Brocher, 1985). The Vityaz Trench appears 

as a well-defined bathymetric low, locally over 6000 m deep (Kroenke 

et al., 1983). Its morphology is similar to that of active trenches 

(Halunen, 1979), but shallow seismicity and Quaternary arc-related 

volcanism are absent (Hamburger and Isacks, 1987). However, recent 
studies show present-day compressive structures across the Vityaz 

Trench (Pelletier and Auzende, 1994).

• to the west, the New Hebrides-Vanuatu Are. This structure is a 

bathymetric high extending 1200 km. The geology of the New Hebrides 

records a history of are volcanism that began in the Late Eocene 

(Carney and Macfarlane, 1982). The New Hebrides Are trends NNW- 

SSE and is parallel to the New Hebrides Trench. The New Hebrides 

Trench extends from 11°S to 23°S, reaching 8000 m deep in the north 

(Kroenke et al., 1983). The trench is interrupted in the central segment 
where the Santo-Malekula block overrides it (Hamburger and Isacks, 
1987) (Fig. 5.1). However, píate convergence is observed along the 

entire length (Isacks et al., 1981), with abundan! shallow earthquakes 

associated (Hamburger and Isacks, 1988).
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• to the south, the Matthew-Hunter Fracture Zone. This curvilinear 

belt of ridge/trough topography extends from the Fiji Islands to the 

Southern New Hebrides Are. At its western end it interseets the 

Southern termination of the New Hebrides Trench. The average depth 

decrease progressively eastwards. Malahoff et al. (1982a) and Gilí et al. 
(1984) proposed that this zone accommodated subduction of the South 

Fiji Basin until Early Quaternary. However, the absence of an indined 

seismic zone and shallow thrust focal mechanisms suggests that the 

Matthew-Hunter Fracture Zone is not accommodating píate 

convergence at present (Hamburger and Isacks, 1987).

• to the east, the Fiji Islands Platform. It is defined physiographically as 

a broad, apostrophe-shaped, shallow platform, less than 2000 m deep 

(Kroenke et al., 1983). The Fiji Islands represent the exposed portion of 

a remnant island are (Hamburger et al., 1988 and 1990). Their exposed 

rocks reveal a complex history of are volcanism and deformation 

beginning in the Late Eocene and extending into the Quaternary (Gilí 
et al., 1984; Rodda and Kroenke, 1984).

5.2.2. GEOLOGY AND Geophysics

An exhaustive review of the marine data acquired in the North Fiji Basin 

before the STARMER project is presented by Lafoy (1987). In this section we 

will highlight only the main points characterizing the basin geology and 

geophysics.

Bathymetry
The North Fiji Basin has an average depth of 3000 m (Karig, 1970; Chase, 

1971), and seems bathymetrically homogeneous, if we look at the scale of the 

whole Southwest Pacific (Fig. 5.1). The basin is elevated of 2000 m with 

respect to the adjacent seafloor of the Central Pacific Basin. This is why it 
was named North Fiji "Plateau" (Sclater and Menard, 1967). Falvey (1975) 

was the first to ñame the area as North Fiji "Basin", taking into account its 

origin by oceanic accretion. A compilation of all the available bathymetric 

data made by J.P. Mazé is presented in Fig. 5.3. This compilation at 
1:1,000,000 scale, combines classical bathymetric surveys with the swath- 

bathymetry data from the Seapso 3 cruise (1985) and from the whole 

STARMER project (1987-1992).
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Fig. 5.3. Bathymetric map of the North Fiji Basin. This map results from a compilation made by J.P. Mazé of the whole bathymetric data set until 
1993. The contour interval is 200 m (Auzende et al., 1995b).
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Seismicity
A swarm of shallow earthquakes (depth < 70 km) are associated along the 

New Hebrides and the Tonga trenches (Hamburger et al., 1988) and contrast 
with the diffuse earthquakes located within the inter-arc región, the area 

between the dashed lines on Figure 5.4a. Shallow earthquake epicentres are 

aligned along the North Fiji Fracture Zone, and the Matthew-Hunter 

Fracture Zone.
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Fig. 5.4. Earthquake distribution and focal mechanism Solutions in the inter-arc región of the 
southwestern Pacific, a) Compilation of well-located shallow events (depth < 70 km) is 
shown for the inter-arc región (within dashed lines); events along the Tonga and New 
Hebrides píate boundaries are shown for comparison. Light shading areas > 2 km depth, 
heavy shading shows areas > 5 km. Bathymetric features: CPB: Central Pacific Basin, FFZ: 
Fiji Fracture Zone, FP: Fiji Platform, HFZ: Hunter Fracture Zone, LB: Lau Basin, NFB: North 
Fiji Basin, NHA: New Hebrides Are, NHT: New Hebrides Trench, PR: Peggy Ridge, SFB: 
South Fiji Basin, TR: Tonga Ridge, TI: Tonga Trench, VT: Vityaz Trench. b) Summary of focal 
mechanism types. Earthquake types are defined by consistent oriéntations of principal stress 
axes. Heavy bars indícate horizontal projections of mechanism tensión (T) axes. Shaded 
áreles: Type-1 events; Filled áreles: type-2 events. Other mechanisms are shown by open 
áreles (Hamburger and Isacks, 1988).

The central part of the North Fiji Basin is characterized by a concentration 

of earthquakes in discrete areas. This is interpreted as related to the present- 

day accretionary systems (Malahoff et al., 1982a; Louat and Pelletier, 1989). 
The focal mechanisms in the inter-arc región fall into two groups 

(Hamburger and Isacks, 1988): type-1 earthquakes, cióse to and north of the 

Fiji Platform are defined by NE-trending compression (P) axes, NW- 

trending tensión (T) axes and nearly E-W fault planes, and type-2, south of 

Fiji, defined by E-W T axes, N-S P axes, and NW- and NE-striking fault 
planes (Hamburger and Isacks, 1988). Both fault planes are interpreted in
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terms of relative left-lateral strike-slip motion between the Pacific and Indo- 

Australian piafes. Thus, Hamburger and Isacks (1988) based only on this 

seismic data erroneously claimed that there are no steady-state spreading 

centres in the North Fiji Basin, but only diffuse extensional zones .located 

within a wide strike-slip boundary between the Pacific and Indo-Australian 

Piafes.

Deep earthquakes are associated with the present-day location of 

subduction zones. Thus, the New Hebrides Trench, site of eastward 

subduction of the Indo-Australian Píate, marks the surface trace of a 

Wadati-Benioff zone dipping steeply (about 70°) towards the northeast 
(Louat et al., 1982) to a máximum depth of 350 km (Cooper and Kroenke, 
1993). The Tonga-Kermadec Trench is the site of the westward subduction of 

the Pacific Píate. The Tonga-Kermadec subduction zone has one of the 

deepest (> 650 km) and most active Wadati-Benioff zones of the world. Deep 

earthquakes (550-650 km) within the North Fiji Basin probably occur in 

pieces of lithosphere spatially detached from the New Hebrides slab (Cooper 

and Kroenke, 1993).

Magnetism
The study of magnetic anomalies suggests an age of Late Miocene (10-8 

Ma) for the basin with a calculated opening rate of 70 mm/yr (Malahoff et 
al., 1982a). Paleomagnetic results from Vanuatu and Fiji (Viti Levu Island) 

indicate a clockwise rotation of the New Hebrides Are and counterclockwise 

of the Fiji Platform (Malahoff et al., 1982b). An aeromagnetic survey carried 

out by the National Oceanographic and Atmospheric Administration 

(NOAA) in 1979 defined magnetic lineations revealing the structural 

complexity of the basin (Cherkis, 1980). Magnetic data are fundamental for 

reconstructions of the basin opening (see section 5.4).

Gravity and seismic refraction
Strong positive free-air anomalies (30 to 50 mGal) have been measured 

on the basin (Kogan, 1976) corresponding to a geoid anomaly. This anomaly 

has been interpreted by Larue et al. (1982) as an astenospheric swelling. 
Seismic refraction data indicate a crustal thickness of 5 to 7 km, and seismic 

wave propagation indicates a low velocity zone in the upper mande (7.1 to 

7.7 km/s). Both results suggest the formation of the basin by accretionary 

processes (Larue et al., 1982).
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Seismic reflection and sedimentary record
A progressive thickening of the sedimentary cover from the middle of 

the basin (less than 100 m) to the margins (up to 1200 m), where the 

sedimentary input is substantial, is observed from seismic reflection data. 
The sedimentation rate varíes from 1 to 5 cm/ky, based on measurements of 

sediment cores (Chase, 1971). Sediments accumulated across the basin are 

dominated by the remains of pelagic carbonate, organisms from surface 

waters and fine volcanic debris from surrounding volcanic centres (Eade 

and Gregory, 1993).

Heat flow and hydrothermalism
Heat flow valúes are high in the central North Fiji Basin, reaching 116 

mW/m2 (Sclater et al., 1972; Macdonald et al., 1973; Halunen, 1979). This 

valué is similar to those recorded on mid-ocean ridges (e.g. Sclater and 

Francheteau, 1970). In the northern part of the basin, north of the Hazel- 

Holme Ridge (see section 5.3.3), the heat flow valúes are very low if the 

volcanism related to the New Hebrides Are is subtracted (Halunen, 1979). 
These low valúes can be related to the age of the crust in this part of the 

basin or to hydrothermal circulation (Auzende et al., 1995b). Two active 

hydrothermal sites and several fossil sites have been recognized in the 

Central Spreading Ridge using deep submersibles (Auzende et al., 1990b, 
1991). For more details about these results, see section 7.3.

Petrology
The first petrologic samples of the area were tholeiitic basalts obtained by 

Hawkins and Batiza (1975) in the central part of the North Fiji Basin 

(15°30'S-173°30'E). Sinton et al. (1985) recognized the co-existence of at least 
two different types of lava in the basin: Low potassium MORB (Mid-Ocean 

Ridge Basalt), similar to the ones found in mid-ocean ridges, and oíd basaltic 

lavas enriched with incompatible elements, interpreted as associated with 

an oíd spreading centre. More details about the petrologic characteristics of 

each of the structures within the basin will be developed in next section.
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5.3. Structural elements

Several extensional structures and spreading centres have been identified 

within the North Fiji Basin (Figs. 5.3 and 5.5). However, the most widely 

explored and known is the Central Spreading Ridge, located in the central 
part of the basin. The ñame "central" was firstly given by Brocher and 

Holmes (1985) to differentiate it from the other structures also present 

within the basin that have been interpreted as spreading centres or fracture 

zones, but are smaller or less explored. These features are: the South 

Pandora and Tripartite Ridges, the Hazel-Holme Ridge, the West-Fiji Ridge 

and the North-Fiji Fracture Zone (Fig. 5.5). In this section we summarize 

their main characteristics.

5.3.1. The Central Spreading Ridge

The Central Spreading Ridge (Figs. 5.3 and 5.5) was locally recognized 

using sparse magnetic and bathymetric profiles (Chase, 1971; Malahoff et al., 
1982a; Maillet et al., 1986), but it was mapped with swath-bathymetry 

Systems for the first time during the Seapso 3 cruise in December 1985 

(Auzende et al., 1986a, 1988b). During the French-Japanese STARMER 

project, the Central Spreading Ridge was completely mapped between 

14°30'S and 21°40'S on more than 1 degree width by multibeam bathymetric 

full coverage (Auzende et al., 1990a; Urabe et al., 1992).

The basalts accreted along the Central Spreading Ridge are 

predominantly MORB-type, suggesting that is one of the most evolved 

spreading zones in the North Fiji Basin (Auzende et al., 1988a, b, 1990 and 

1991). However, a geochemical backarc signature has been identified on the 

northern and Southern parts of the spreading centre (Eissen et al., 1991 and 

1994; Lagabrielle et al., 1994b). Magnetic anomalies indícate that seafloor 

spreading began at the central part of the ridge about 3 Ma ago. More 

recently, about 1.5 Ma ago, changes in the geodynamic setting and a 

successive plate-motion reorganization resulted in the present-day ridge 

segmentation (Auzende et al., 1988a; Huchon et al., 1994). Multi-channel 
seismic data show a relatively thin crust, with no evidence for an axial 
magma chamber reflector (Kisimoto et al., 1994). There is extensive low- 

temperature hydrothermal activity, in addition to some sites of vigorous 

high-temperature venting along the Central Spreading Ridge (Auzende et 
al., 1990b and 1991; Bendel et al., 1993).
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Fig. 5.5. Main structures of the North Fifi Basin. The two study areas: Central Spreading 
Ridge and South Pandora/Tripartite Ridges are marked by bold letters. Thick lines mark the 
position of the present-day spreading axis and fracture zones. Islands are in black, shallow 
areas in light grey, and deep areas and trenches in dark grey. Ck. Smt.: Cakabau Seamount, 
F.Z.: Fracture Zone, P.R.: Propagating Rift, R.: Ridge, T.: Trench, T.J.: Triple Junction, Ts.: 
Troughs.

The axis extends along 800 km, is 8-10 km wide, and trends roughly N-S 

changing in direction to the N160 and N15, north and south of the 16°50’S 

latitude, respectively. The axial depth ranges between 4300 m and less than 

2000 m. Three main segments, N160, N15 and N-S are observed along the 

Central Spreading Ridge (Auzende et al., 1988a and 1990b; Grácia, 1992; 
Grácia et al., 1992 and 1994; Huchon et al., 1994; Tanahashi et al., 1994) 

bounded by four main discontinuities (Fig. 5.5).
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The 14°50'S triple junction is located at the northem tip of the N160 

segment, where three grabens seem to converge (Grácia, 1992; Grácia et al., 
1992; Auzende et al., 1994a). This triple junction is of RRR type (ridge-ridge- 

ridge) following the McKenzie and Morgan (1969) classification, and its 

morphological expression is a deep depression of more than 4000 m (Grácia, 
1992; Grácia et al., 1992; Auzende et al., 1994a). The 16G50'S triple junction is 

located at the intersection between the N160 and N15 segments and the 

North Fiji Fracture Zone (Lafoy et al., 1990; Jarvis and Kroenke, 1993). This 

triple junction is of RRF type (ridge-ridge-fracture zone) following the 

McKenzie and Morgan (1969) classification, and its characterized by a broad 

and large dome reaching the shallowest point of the Central Spreading 

Ridge (1800 m). The 18°10'S propagating rift occurs at the northem tip of the 

N-S segment where a clear V-shape structure is observed. The N15 failing 

rift retreats progressively whereas the N-S segment propagates northwards 

(De Alteriis et al., 1993; Ruellan et al., 1994). De Alteriis et al. (1993) and 

Tanahashi et al. (1994) also suggested that the N-S segment could be 

propagating southwards at 20°40,S. The gravity data we present in Chapter 7 

confirm this.

5.3.2. THE SOUTH PANDORA AND TRIPATITE RlDGES
The South Pandora Ridge (Fig. 5.5) is located at the northern part of the 

basin, one of the less explored areas of the North Fiji Basin. It is part of the 

named "Hazel-Holme Fracture Zone" (Chase, 1971) and corresponds to a 

broad, complex arch, trending globally E-W, and showing a strong linear 

fabric. On a previous bathymetric map (Kroenke et al., 1983) it appears as a 

pair of discontinuous ridges flanking an axial trough and separated by 

numerous offsets. The strong E-W linear fabric of the South Pandora Ridge 

was clearly revealed by Sea-MARC (Price and Kroenke, 1991) and GLORIA 

(Jarvis and Kroenke, 1993; Tiffin, 1993a; Jarvis et al., 1994) side-scan sonar 

imagery, ran over widely-spaced small surveys.

An active spreading centre in this part of the northern North Fiji Basin 

was first proposed from the analysis of magnetic anomalies (Lapouille, 
1986). Hamburger and Isacks (1990) pointed out that this interpretation was 

difficult to reconcile with the focal mechanism Solutions from earthquakes 

indicating a dominant strike-slip character along the ridge. The ridge has 

finally been interpreted as an active spreading ridge (Kroenke et al., 1993b) 

based on bathymetry and gravity profiles, and freshness of the pillow basalts
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dredged (Price and Kroenke, 1991). Towards the east, the South Pandora 

Ridge bifurcates in two branches, named Tripartite and Rotuma Ridges 

(Figs. 5.3 and 5.5).

The Tripartite Ridge is an elongated feature, trending N110, which 

connects to the South Pandora Ridge (Figs. 5.3 and 5.5). It has been 

interpreted by Kroenke et al. (1993b) as a very young spreading axis. The 

Tripartite Ridge was sampled and explored in détail only near the región of 

Cakabau Seamount during the SeaMARC II survey aboard the R/V Moana 

Wave in 1987 (Price et al., 1990; Price and Kroenke, 1991).

The Rotuma Ridge is a volcanic ridge trending N75, which is shallower 

than 1000 m. The ridge is bounded by two parallel troughs, 3000 m deep 

each. Rotuma Ridge consists of an alignment of seamounts but it has not 
been interpreted as a spreading axis. The Rotuma Island is located at the 

eastern tip of the Rotuma Ridge. It exposes very fresh alkali-olivine basalts 

and hawaiite of Late Pleistocene and Recent age (Woodhall, 1987).

5.3.3. The hazel-holme ridge

The Hazel-Holme Ridge is located on the northwestem part of the basin, 
at the western end of the South Pandora Ridge (Fig. 5.5). Focal mechanisms 

show dextral, sinistral, or even compressional motions along this feature 

(Luyendyck et al., 1974; Halunen, 1979; Hamburger and Isacks, 1988). The 

segment of the Hazel-Holme Ridge located west of 171°E corresponds to the 

western part of the "Hazel-Holme Fracture Zone" of Chase (1971), and has 

recently been surveyed and interpreted as an active extensional zone 

(Pelletier et al., 1988 and 1993).

Pelletier et al. (1993) describe the ridge as composed of several parallel 
narrow ridges and troughs trending N80-N90 and extending o ver a 

máximum width of 120 km. The troughs are 3500-4000 m deep on average 

and are bounded by 500 to 1000 m high scarps. West of 168°30'E, the width of 

the ridge decreases, the lateral troughs disappear, and a unique 2500-3000 m 

deep trough appears. This trough ends at 168°10'E, where it connects with 

the northem New Hebrides backarc troughs.

The Hazel-Holme Ridge is seismically active (Louat and Pelletier, 1989). 
A WNW-ESE seismic belt correlates all along the area between the New 

Hebrides backarc and the northem tip of the N160 segment of the Central
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Spreading Ridge. Concerning the magnetic anomalies, an E-W trending 

magnetic fabric is associated with the Hazel-Holme Ridge, and interpreted as 

the present-day opening and extensión (Pelletier et al., 1993).

5.3.4. THE WEST FIJI RIDGE
This area is located between the Fiji Islands and the Central Spreading 

Ridge (Figs. 5.3 and 5.5). Despite the lack of detailed data, in 1967 Sclater and 

Menard mapped a pair of troughs seismically very active at the western part 
of the Viti Levu Island (Fiji). They were the first to interpret the area as the 

result of active seafloor spreading. Later, this spreading centre was also 

proposed taking into account different parameters, such as magnetism 

(Chase, 1971; Malahoff et al., 1993), píate reconstructions (Brocher and 

Holmes, 1985; Kroenke et al., 1993a), and seismicity (Louat and Pelletier, 
1989). Auzende et al. (1986b) carried out a swath-bathymetry and geophysical 
survey in a one-square-degree zone located immediately west of the Fiji 
Islands. Taking into account structural arguments, Auzende et al. (1986b and 

1988a) interpreted the area as a right lateral strike-slip deformation zone, 
refusing an active spreading axis. Finally, the area has been re-interpreted in 

terms of propagating rift (Auzende et al. 1993,1994b and 1995b, c; Huchon et 
al., 1994). The area of the West Fiji Ridge comprised between 17°10'S and the 

intersection with the North Fiji Fracture Zone (16°30,S-176°10’E Triple 

Junction) has been recently surveyed during the Germán HYFIFLUX cruise 

(Auzende et al., 1995a), confirming active spreading.

This area is characterized by two overlapping curved grabens separated by 

a central plateau with sinuous trends. Auzende et al. (1995 a and b) 

distinguished three domains in the West Fiji Ridge. The Western Domain, 
is composed by a N-S trending ridge that propagates southward at an overall 
propagation velocity of about 100 mm/yr, and is bordered by two deep 

grabens converging to the south (Auzende et al., 1995b). The Eastern 

Domain is characterized by an axial graben trending N10 abutting on a N150 

scarp. The Central Domain shows a fan-shaped succession of highs and 

lows. The cióse structural similarities between this area and the 95.5°W 

Galápagos Propagator (Hey et al., 1986) confirms the interpretation of an 

active spreading axis (Auzende et al., 1995 b and c).

A NNE-SSW trending line located near 176°E, between 17°S and 20°S 

underlines the West Fiji Ridge (Auzende et al., 1995c). Events with strike- 

slip or normal fault type focal mechanism Solutions have been detected
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(Pelletier and Louat, 1989). Magnetic anomalies also favour active spreading. 
In the western graben, corresponding to the propagating system, a well 
defined magnetic Anomaly 1 has been observed. Anomalies 1 and J have 

been identified on both grabens, and the spreading rates calculated are of 40 

to 50 mm/yr (Auzende et al., 1993 and 1995c; Huchon et al., 1994). Free-air 

gravity anomalies follow the seafloor topography, and West Fiji Ridge 

anomaly lows are associated with the greater depths and positive anomalies 

over topographic highs and graben flanks. A V-shaped positive Mantle 

Bouguer Anomaly associated with the Western Domain, is consistent with 

the idea of a propagating rift structure (Auzende et al., 1995c).

5.3.5. The North Fiji Fracture Zone

The North Fiji Fracture Zone (Figs. 5.3 and 5.5) has a major role in the 

píate tectonic framework of the northern Melanesian Borderland (Auzende 

et al., 1988b). This structure, located immediately north of the Fiji Platform, 
marks the site of the present-day Southern boundary of the Pacific Píate (Fig. 
5.5). Sinistral motion along the North Fiji Fracture Zone was first suggested 

by Isacks et al. (1969), based upon seismic activity, and was placed into a píate 

tectonic framework by Chase (1971).

Before the SOPAC-GLORIA side-scan imagery survey, the North Fiji 
Fracture Zone (Hughes Clarke et al., 1993; Tiffin, 1993b) appeared in most 
models as an E-W trending simple zone of sinistral shear taking up píate 

boundary motion from the 16°50'S triple junction of the central North Fiji 
Basin (Lafoy et al., 1990) to the northern tip of the Tonga Trench (Pelletier 

and Louat, 1989). Hughes Clarke et al. (1993) detailed tire location and 

orientation of the present-day areas of extensión and translation along the 

North Fiji Fracture Zone. In particular, they determined that northwest of 

Fiji, the North Fiji Fracture Zone has a sinistral motion whereas in the 

northern Lau Basin, it is marked by dextral motion (Fig. 5.2). The precise 

location of the accommodation fault between the two areas is still uncertain. 
Some pull-apart basins have been observed along the North Fiji Fracture 

Zone between 177°E and 179°E (Pelletier and Louat, 1989; Jarvis et al., 1994).
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5.4. Evolution of the basin

Several models have been proposed to explain the formation and 

geodynamic evolution of the North Fiji Basin (Chase, 1971; Gilí and Gorton, 
1973; Dubois et al., 1973 and 1977; Falvey, 1978; Colley and Hindle, 1984; 
Hamburger and Isacks, 1987; Auzende et al., 1988b). Although each model 
differs from the others, all the authors seem to coincide in that the North 

Fiji Basin opened at least 10 Ma ago, in part resulting from the clockwise 

rotation of the New Hebrides are and the anti-clockwise rotation of the Fiji 
Islands after the dismemberment of a unique are. About 3 Ma ago, a N-S 

spreading system start functioning in the south of the basin.

Auzende et al. (1995c), based on the recent data acquired on the northem 

and northwestem parts of the North Fiji Basin, completed the geodynamic 

evolution model previously proposed by Auzende et al. (1988b). The 

evolution of the North Fiji Basin is composed of six main phases, 
illustrated on Fig. 5.6.

Mid Miocene (12 Ma ago)
The Vityaz, New Hebrides, Fiji, Lau and Tonga are alignment split, and 

the North Fiji Basin rifting started with the change of subduction polarity 

from the Vityaz to the New Hebrides system. The main part of the initial are 

remained on the Southern side of the spreading axis.

Late Miocene (10 Ma ago)
Spreading along a NW-SE axis was synchronous with the clockwise 

rotation of the New Hebrides are and the anticlockwise rotation of Fiji 
Platform. The initial axis located north of Fiji Platform jumped southward 

between New Hebrides and Fiji. The crust created during this stage is 

mainly located in the western part of the basin.

Late Miocene (7 Ma ago)
The NW-SE spreading axis stopped and was replaced by an E-W trending 

spreading centre from the northwestem tip of the basin to the north of the 

Fiji Platform. This centre correspond to the 9°30'S, and proto-South Pandora 

Ridge. This opening induced a new subduction zone along the Southern 

limit of the North Fiji Basin.
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Fig. 5.6. Geodynamic evolution of the North Fifi Basin. 1: active ridge axis, 2: incipient ridge 
axis, 3: transform fauli, 4: flow Unes, 5: active subduction zone, 6: incipient subduction zone. 
VT: Vityaz Trench, NH: New Hebrides Are, F: Fifi platform, NC: Nouvélle Calédonie 
(Auzende et al, 1995c)

Late Pliocene (3 Ma ago)
A triple junction was active around 3 Ma ago (Anomaly 2A) between the 

former E-W axis and the newly created N-S trending spreading centre. At 
this stage there was a major change in the stress direction from N-S to E-W. 
This period was synchronous with the beginning of spreading in the Lau 

Basin.
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Pleistocene (1.5 Ma ago)
The opening along the E-W axis was reorganized by the development of 

the North Fiji Fracture Zone along the Fiji Platform up to the N-S axis, 
creating the 16°50'S triple junction. The left-lateral strike-slip motion along 

the North Fiji Fracture Zone induced the change of the direction of the N-S 

axis at the 16°50’S triple junction. The West Fiji and Hazel Holme Ridges 

developed to accommodate strike-slip motion along the North Fiji Fracture 

Zone.

Present-day
The spreading south of the North Fiji Transform Zone is distributed 

along the parallel Central Spreading Ridge and West Fiji Ridge, isolating an 

intermedíate microplate. To the south, the southernmost spreading axis is 

connected to the New Hebrides trench by a large left-lateral strike-slip fault. 
North of the 16°50'S triple junction, opening occurs along the N160 

segment and the Hazel-Holme Ridge. Crustal motion probably occurs in the 

north and the northeastern part of the North Fiji Basin along the South 

Pandora Ridge and its eastern prolongation. This system is connected with 

the NI 60 segment and Hazel-Holme Ridge by the 14°50'S triple junction.
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In this part, we present the data and main results obtained in the three 

study areas: The Central and Eastern Bransfield Basins in Chapter 6, the 

Central Spreading Ridge in Chapter 7, and the South Pandora and Tripartite 

Ridges in Chapter 8.

The chapters are largely similar in organization. In the first section, we 

present the characteristics of bathymetric, magnetic and gravimetric 

methods of data acquisition. In the second section we describe the 

morphostructure of the ridges, focusing principally on three aspects: 

segmentation, axial morphology and seafloor fabric. The magnetic 

anomalies, which provide information about the spreading rate and age of 

the ridge, are then identified. In the final section we describe the free-air 

gravity anomalies and, where possible, inelude mantle Bouguer anomaly 

maps.

In addition to the above, specific results of single-channel seismic 

reflection data acquired in the Branfield Basin are presented in Chapter 6, 

while the main results obtained in those areas explored using submersibles 

in the Central Spreading Ridge are included in Chapter 7.
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Chapter 6

THE CENTRAL AND EASTERN 

BRANSFIELD BASINS

6.1. Data base and methods

The field data described in this chapter were obtained during the GEBRA 

93 cruise (Geological Evolution of the BRAnsfield), which took place 

between 2nd and 24th December, 1993 aboard the Spanish research vessel 
(R/V) Hesperides. The data consist of full bathymetric mapping of two of the 

three Bransfield Basins, Central and Eastern, located between longitudes 

60°30'W and 54°30'W, and latitudes 61°24’S and 63°10’S (Fig. 6.1). Although, 
during the last decade, the Bransfield Basin has been the object of several 
geological and geophysical surveys (see Chapter 2), surprisingly, it had not 

previously been mapped using modern swath-bathymetry systems. Only a 

digital compilation of pre-existing data has been published by Klepeis and 

Lawver (1994) (see Fig. 4.6). In this chapter we present the first, full coverage 

swath-bathymetric maps of the Central and Eastern Bransfield Basins. 
Magnetic and single-channel seismic reflection profiles were also acquired 

(Canals et al., 1994), and are presented here in sections 6.3 and 6.4. No gravity 

data were acquired during the GEBRA 93 cruise, but in order to complete 

our data set, we present a free-air anomaly map of the study area obtained 

from the world satellite-derived gravity data (Sandwell et al., 1994).

6.1.1. BATHYMETRY
Bathymetric data were acquired using the multibeam echosounders 

Simrad EM-12, 81 beams covering twice the water depth in deep areas, and 

the EM-1000, 48 to 60 beams covering up to 7 times the water depth in 

shallow areas. A full coverage of the Central (10,366 km) and Eastern 

Bransfield basins (3,816 km), totalling a surface of about 14,200 km was 

produced (Fig. 6.1). The bathymetric survey covered the floors of both basins 

with 25 and 10 shiptracks, respectively, running NE-SW with a spadng of 2.7 

to 3.7 km. Several DTM (see section 1.2.1 for more details) at different grid 

spacings (200,400 and 1000 m) were obtained, but only the latter (1000 m grid 

spacing) is presented in this chapter (see section 6.2).
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6.1.2. SEISMIC REFLECTION
More than 1500 km (corresponding to 22 lines) of single-channel seismic 

reflection were recorded during the GEBRA 93 cruise. Longitudinal and 

transversal basin profiles were taken providing a full coverage of the central 
basin floor, the outer shelf of the South Shetland Islands and the Antarctic 

Península margins (Fig. 6.1). Seismic profiles were shot every five seconds 

with a BOLT 1500 C airgun of 175 cubic inches (2.91) at a pressure of 2000 psi. 
The reflected signáis were detected with a SIG 120 three channel streamer 

with an active section of 150 m. Digital acquisition was carried out with the 

ELICS Delph 2 system. Simultaneously, the analogic signal was recorded 

with an EPC 4800 S graphic recorder. Post-acquisition data processing, 
induding bandpass, deco-filtering and scaling was carried out at the Renard 

Centre of Marine Geology in Ghent (Belgium) using the Delph2 and 

Phoenix vector processing systems. Most profiles yield a penetration of more 

than 1 s Two Way Travel Time (TWTT), which was suffident to reach the 

basement in the basin and penétrate the Antarctic Península Margin at 
considerable depths.

6.1.3. MAGNETOS
Together with the seismic reflection data, 22 magnetic profiles were 

acquired during the GEBRA 93 cruise. Total magnetic field intensity was 

measured using an EGG-Geometrics proton precession magnetometer 

towed 200 m behind the vessel.

6.1.4. GRAVITY
Satellite-derived gravity data from the northwest Antarctic Península 

región ha ve been extracted from the world-wide data grid (see section 1.1) 

and are presented as the free-air anomaly map of the región. This map 

enables us to understand better the general geodynamic location of the 

Bransfield Basin.
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6.2. Morphostructure

The analysis and interpretation of the bathymetric maps allows detailed 

examination to be made of three features: basin segmentation, basin 

morphology, and the characteristics of the seamount population.

6.2.1. Basin segmentation

Morphologically, the Bransfield Basin is composed of three small basins, 
Western, Central and Eastern, separated respectively by the highs of 

Deception and Bridgeman islands (Jeffers and Anderson, 1990) as can be 

observed in Figure 6.2.

A longitudinal bathymetric section along the axial part of the Central and 

Eastern Bransfield Basins shows a progressive deepening towards the 

northeast, while Bridgeman Island marks the boundary between the two 

basins (Fig. 6.3). The Central Bransfield Basin is characterized by a smooth, 
step-like topography, whereas the Eastern Basin shows both greater 

topographic roughness and depths (Figs. 6.2 and 6.3).

A detailed analysis of fault scarps and structural lineations from the 

bathymetric maps of both basins (at 1:250,000 scale) shows two main 

structural trends: N55-N60 for the Central Bransfield Basin, and N40-N45 

for the Eastern Bransfield Basin (Fig. 6.4). A total of 866 directions have been 

measured, 424 for the Central and 442 for the Eastern Bransfield Basin. 
These are represented in rose diagrams with a 5o interval and a radius of 

20% of the valúes (Fig. 6.4). Both basins differ greatly in size, morphology, 
and structure and are described separately below.

Central Bransfield Basin
The Central Bransfield Basin is located between longitudes 60°30W and 

56°50'W, and its along-basin extent is defined by the highs of Deception 

Island and Bridgeman Island (Fig. 6.2). The Central Bransfield Basin is 60 km 

wide, 230 km long, and 1950 m deep. A new bathymetric map (50 m isobath 

contour and 200 m colour change) of the Central Bransfield Basin is 

presented in Figure 6.5.
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Fig. 6.2. Simplified balhymetric map of the Central and Eastern Bransfield Basins. Isobath contour is 100 m.
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6.2. Morphostructure
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Fig. 6.4. Rose diagrams of the structural trend of lineations and fault scarps measured along 
the Central (grey) and Eastern (black) Bransfield Basins. Interval: 5 o; Radius: 20%.

The margins of the Central Bransfield Basin are asymmetric. The South 

Shetland margin is steep (between 25° to 30° of máximum slope gradient), 
rectilinear and narrow, as can be observed along the swath-band surveyed at 
the northeastern edge of the bathymetric map (Figs. 6,5 and 6,6). This margin 

is dominated mainly by extensional faulting, with steep normal faults 

having as much as 4 km of downthrow to the southeast (Ashcroft, 1972). In 

contrast, the Antarctic Peninsula margin is more irregular and wider, 
deepening gently (from 8.5° to 3.2° of slope gradient) into the basin through 

a series of widely-spaced normal faults (Ashcroft, 1972). A 7-8 km wide 

valley is observed cutting into the slope, from the slope break at 800 m down

113



6. THE CENTRAL AND EASTERN BRANSFIELD BASINS

to the basin floor. This valley, named GEBRA Valley (Canals et al., 1994) is 

30 km long, and is limited by flanks which rise up to 200 m.

A progressive deepening and widening of the basin can be seen towards 

the northeast. Four different levels are distinguished on the bathymetric 

map (Fig. 6.5), labelled 1 to 4 on the morphostructural interpretation (Fig. 
6.6). The levels are demarcated by morphologic steps trending N145 which 

are interpreted as faults throwing to the northeast. These faults together 

with the longitudinally N55-N60 trending faults (Fig. 6.4) define the overall 
basin structure, and seem to correlate with features observed on land, e.g. on 

Livingston Island (Smellie et al., 1995) and King George Island 

(Birkenmajer, 1992). The deepest bathymetric level, level 4, corresponds to 

the King George Basin, which shows a very fíat, thick sedimented seafloor, 
covering an area 10-18 km wide and 45 km long (Fig. 6.6).

Eastern Bransfield Basin
The Eastern Bransfield Basin lies between longitudes 56°40'W and 

54°20'W, and is longitudinally demarcated by the highs of Bridgeman Island 

and Clarence Island. This basin is 42 km wide, 150 km long, and deeper than 

2700 m in its central part (55°30’W) (Figs. 6.2 and 6.3).

The Eastern Bransfield Basin is limited to the north by the margins of 

Gibbs and Elephant Islands, the northeasternmost extensión of the South 

Shetland Islands, and to the south by the Antarctic margin. The margins are 

more symmetrical than the Central Bransfield Basin margins (Fig. 6.7). The 

South Shetland margin is also steep and narrow but less linear than its 

homologue in the Central Bransfield Basin. The Antarctic margin is steep 

and irregular with a step-like morphology in plan-view poorly smoothed by 

sedimentation (Fig. 6.8).

6.2.2. BASIN FLOOR MORPHOLOGY 

Central Bransfield Basin
The most striking features in the Central Bransfield Basin floor are the 

several volcanic edifices that rise above the sedimented seafloor (Figs. 6.5 

and 6.6). Six large seamounts (labelled A to F) are on the edge of the N145 

trending morphologic steps and several small cones have been 

distinguished. For each large seamount we recorded the longitude, latitude, 
height, depth (at the seamount top), morphology or shape, length, width, 
basal area, and the volume was calculated (Table 6.1).
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Fig. 6.6. Morphostructural interpretation of the Central Bransfield Basin. Note the six major volcanic edifices and lineaments (A lo F), the small 
scattered volcanoes, and the four basin floor levels (modified from Gracia et al., 1996a).
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Shape Length Width Area Volume
(km) (km) (km2) (km3)

Edifice Long. Lat. Heigtat Depth
(W) (S) (m) (m)

177.69 33282.16
12.13 1166.08
12.05 1004.16

60°10 62°51.0 
59°42 62°42.7
59°20 62°44.6
59°04 62°38.5
59°00 62°38.6
59°00 62°41.2
58°23 62°25.5
57°15 62°11.4 
56°35 62°04.1

350 semi-circular 28
1050 elongafed 11.25 
1200 elongated 10.5
1150 elongated 6.25
1150 elongated 30
1150 elongated 15
650 circular
1150 circular
900 elongated 33

16.25550A
2.25B 325

C 2.75250
130013DI 300 2.5

53.69 9395.75
38.17 5725.5
114.82 19170.66
51.77 12725.75
94.72 22496

2.0350D2
3.5D3 300
10E* 550 11

F 550 14.5 7
G 5475

Table 6.1. Main characteristics of the largest volcanic edifices in the Central (A to F) and 
Eastern (G) Bransfield Basins. *Edifice E corresponds to the ORCA volcano identified by 
González-Ferran (1991).

The seamounts are aligned parallel to the basin axis which is defined by a 

wide line between Deception and Bridgeman islands. All the volcanic 

features are concentrated between the South Shetland Islands margin and 

the basin axis (Figs. 6.5 and 6.6). Only two of the four parallel lines of 

volcanism suggested by Lawver et al. (1995) (see section 4.2 and Fig. 4.6) are 

identifiable on the new bathymetric map. Unlike Lawver et al. (1995), our 

observations suggest that one of the lineations comprises Deception Island, 
seamounts B, E, and small cones at the northem margin of King George 

Basin. The other lineation aligns edifices A, C, D and F with Bridgeman 

Island.

The seamounts present circular, semi-circular and elongated morphologies 

(Table 6.1 and Fig. 6.6). Six cross-sections of the main edifices are shown in 

Figure 6.9. The largest circular and semi-circular seamounts have basal 
diameters of more than 16 km and heights of about 550 m, as edifice A, 
which in turn is similar in size to the emerged part of Deception Island. The 

fíat top cone of edifice A is split by rectilinear faults which sepárate the two 

halves by a 3.3 km wide graben, as can be seen in cross-section in Figure 6.9. 
A discontinuous neovolcanic ridge (2.2 km wide) is found in its central part. 
Edifice E is another circular seamount with a 400 m deep caldera (Fig. 6.9) 

and shows few spurs following the main N55-N60 structural trend. Edifice F 

shows a circular basal area although it is composed of two perpendicular 

ridges, the main one elongated following the basin trend (Fig. 6.9).
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Fig. 6.7. Baihymetnc inap of the Easlerti Bransfield Basiti. Bathymetric contour: 50 m. Colour change: 200 m.



Fig. 6.8. Morphostructural interpretation of the Eastern Bransfield Basin. Note the four lozenge-shaped troughs (TI to T4), the ridge G, and the 
scattered volcanoes (modífied from Gracia et al., 1996a).



6. THE CENTRAL AND EASTERN BRANSFIELD BASINS

The ridges (B, C and D) are 10 to 15 km long (reaching up to 30 km at 
edifice D), 2 to 3.5 km wide, 250 to 350 m high, and also trend N55-N60. 
Edifice D consists of three parallel features named DI, D2 and D3 (Figs. 6.6 

and 6.9). Edifices DI and D3 have inward facing flanks which are limited by 

rectilinear faults in contrast to their respective outward flanks which are 

smoother. This structure suggests that DI and D3 result from the división of 

a previous single seamount. Edifice D2 is the neovolcanic ridge formed 

between the two halves (Fig. 6.9), and in plan-view it can be clearly seen that 
it is a coalescence of several mound-shaped small structures (Fig. 6.6).

Apart from the large structures, small isolated volcanic cones appear on 

the basin floor. They have a basal diameter about One sixth (2.5 km on 

average) of the volcanic edifices described above, but range up to 400 m in 

height, like the small volcano located at the northeast tip of ridge D2 (Figs. 
6.5 and 6.9).

Eastern Bransfielá Basin
The morphology of the Eastern Bransfield Basin is dominated by the 

presence of four deep troughs showing a lozenge shape on the bathymetric 

map (Fig. 6.7) and labelled TI to T4, from south to north, on the 

morphostructural interpretation (Fig. 6.8). Figure 6.10 shows the along-axis 

variability of the Eastern Bransfield Basin morphology.

The trough TI is 22 km long, 10 km wide, 2350 m deep, and limited by 

two steep scarps trending N45, strongly oblique to the basin margins. A 

neovolcanic ridge labelled G (see Table 6.1), 33 km long, 5 km wide and 475 

m high, propagates within the central part of TI (Figs. 6.8 and 6.10). This 

ridge shows a N60 trend on its Southern part, changing progressively to N45 

towards the north.

The trough T2 is located south of TI and separated by a threshold 

culminating at 1850 m. The trough is 13,5 km long, 8 km wide, and 2150 m 

deep. Its Southern margin is a very abrupt scarp composed of two rectilinear 

steps both of which are 200 m high (Figs. 6.7 and 6.8).

The central trough T3 is 25 km long, 11 km wide and more than 2750 m 

deep. The trough is located in the middle of the basin where the deepest part 
of the Bransfield Basin is found (Fig. 6.10). In contrast, the nearby structural
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Eastern Bransfield Basin
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6.2. Morphostructure

high located at 55°40'W that separates T3 from T4, named Gibbs High, 
shallows at 700 m.

The trough T4 located at the northem end of the Eastem Bransfield Basin, 
is 48,5 km long, 17,5 km wide and reaches 2250 m deep. The northem part of 

T4 shows a fíat floor bordered by abrupt flanks (Fig. 6.10). The troughs have 

steep, linear flanks trending N40-45 and N80-90 (Fig. 6.4), which we assume 

to be fault scarps.

In addition to the neovolcanic ridge G located at the southwestem end of 

the basin (Fig. 6. 8), the rest of the volcanism on the Eastem Bransfield Basin 

is apparent in small scattered volcanic cones which are mainly concentrated 

on the south-central part of the basin between 56°30'W and 55°30'W. Some 

of the volcanoes seem to be aligned and trend N20, in a similar way to those 

between T2 and T3 (Fig. 6.8). The study of these seamounts together with 

those on the Central Bransfield is explained in more detail below.

6.2.3. SEAMOUNT POPULAHON
We used bathymetric maps to study the fine scale volcanic morphology of 

the Bransfield Basin floor. Seamounts were identified from 25 m contour 

maps using criteria specified in prior studies (e.g. Batiza, 1982) in which they 

are defined as topographic highs having a relief greater than 50 m on all 
sides.

The plan shape of the seamounts was defined by drawing a dosed curve, 
starting at the shallowest point where the base slope breaks and continuing 

until the feature was drcumscribed, as in the work of Smith and Cann (1992) 

on the Mid-Atlantic Ridge valley floor. The height of the cones and basal 
areas were measured for each singular edifice to calcúlate the volumes. 
Basal area was used rather than basal diameter (as was used for the Padfic 

and Atlantic seamounts, Batiza, 1982; Smith and Cann, 1992) because the 

shapes of the edifices are irregular and partly defined by linear trends, 
instead of being perfectly circular.

We report 122 volcanoes (Table 6.II) of different sizes and morphologies; 
119 submarine (39 volcanic edifices of the Central Bransfield Basin and 80 of 

the Eastern Bransfield Basin) and 3 subaerial (Deception, Penguin and 

Bridgeman islands).
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NumberHeight
(m)

Suhmarine volcanoes:
10-50

4450-100
100-150
150-200
200-250
250-300
300-350
350-400
400-450
450-500
550-600
650-700

31
12
10
7
8
1
1
1
2
1

119Total seamounts:

Subaerial volcanoes:
350 Penguin I. 

Deception I. 
Bridgeman I.

1000
1050

Total volcanoes 122

Table 6,11. Observed number of seamounts along the Central and Eastem Bransfield Basins. 
The data for the subaerial volcanoes are from Conzález-Ferrán (1991).

From the interpretation of the bathymetric maps, three parameters will 
be discussed in detail: height, basal area, and volume of the seamounts.

Height
There is an exponential decrease in the number of edifices with 

increasing height (Table 6.II). In the Bransfield Basin up to 37% of the 

edifices are over 150 m high. In the Central Bransfield Basin (Fig. 6.11) 

heights are generally evenly distributed except for a concentration around 

75-100 m, and two larger peaks between 200-325 m. Three edifices are more 

than 550 m high; edifices E, F and A. In contrast, in the Eastern Bransfield 

Basin there is a clear predominance of low edifices (50-125 m) (Fig. 6.11), 
with only one feature greater than 250 m in relief: ridge G (475 m) (Fig. 6.9).
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6. THE CENTRAL AND EASTERN BRANSEIELD BASINS

Basal area
The basal area has been calculated automatically from the plan-shape of 

the edifices. The total basal area of the seamounts formed in the Central 
Bransfield Basin is about 522 km2 whereas on the Eastem Bransfield Basin it 
is only around 150 km2. The relationship between basal area and height is 

shown in Figure 6.12. Small edifices predominate on the Eastem Bransfield 

Basin, forming a highly homogeneous population. In the Central Bransfield 

Basin the seamounts exhibit a less homogeneous distribution with respect 
to size, the tallest being those with máximum basal area.
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Fig. 6.12. Basa¡ area plotted against height of the seamounts.
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Volume
The volume has been calculated from the basal area and the height of the 

edifices. The total volume of seamounts in the Central Bransfield Basin is 

87,000 km3 while that of the Eastern Bransfield Basin is 25,000 km3, less than 

a third of that of the Central Bransfield Basin.
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6.3. Seismic reflection

In this section we discuss the main results obtained from the 

interpretation of seismic reflection profiles. These data are of particular 

interest in the Central Bransfield Basin due to the presence of a thick 

sedimentary cover that masks the underlying structure. In contrast, seismic 

reflection data allow us to identify a thin sedimentary cover on the Eastern 

Bransfield Basin, which determines its morphology, mainly dominated by 

Structure.

On the seismic lines, we differentiate between acoustic basement, 
sedimentary cover, and volcanic edifices. They are described individually 

below.

6.3.1. BASEMENT STRUCTURE
The basement is characterized by a lack of internal reflectors, is highly 

faulted and arranged in horst and graben structures. The top of the acoustic 

basement shows a discontinuous, high amplitude and low frequency 

hyperbolic facies which is sometimes difficult to identify. The top of the 

acoustic basement is a pronounced erosional truncation (Prieto et al., 1995 

and in press).

Central Bransfield Basin
As has been suggested by various authors, the basement of the Central 

Bransfield Basin seems to be formed by thinned continental crust (Ashcroft, 
1972; Birkenmajer et al., 1992; Grad et al., 1992; Guterch et al., 1991) intruded 

by dykes. The top of the basement near the South Sheüand Islands margin is 

relatively shallow (2 s Two-Way Travel Time) gradually deepening towards 

the Antarctic Peninsula margin, where it is found at 3-3.4 s (Fig. 6.13a). 
Along the basin, the basement is strongly faulted and shows a step-like 

deepening towards the northeast. This deepening is also evident in the 

bathymetric map as "morphologic steps" (see section 6.1). Across the basin, 
inward-facing normal faults parallel to the basin axis predomínate (Fig. 
6.13a). At 57°30'W, and towards edifice F and Bridgeman Island, the 

basement rises through a series of normal faults. This horst-feature is the 

threshold which limits the Central from the Eastern Bransfield Basin.
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Eastern Bransfield Basin
Although no crustal studies of the Eastern Bransfield Basin have been 

undertaken, bathymetric data (Figs. 6.7 and 6.8) suggest that the basement 
may also be formed by thinned continental crust with isolated sills and 

dykes. The basement reaches a depth of 3 s in the deepest areas of the basin, 
but it is shallower (1 s) in the shelves. Seismic lines show that basement and 

volcanics crop out from the middle of the basin floor (Fig. 6.13b). Basement 
faults are very steep (sometimes almost vertical), and reach the seafloor.

6.3.2. SEDIMENTARY INFILL
The overlying sedimentary sequence is well stratified, of variable 

thickness, and organized in sedimentary units limited by discontinuities.

Central Bransfield Basin
The basement asymmetry of the Central Bransfield Basin is also reflected 

in the sedimentary cover, which is thicker near the Antarctic Península 

margin (reaching 1 s) where sedimentary processes of shelf-progradation 

domínate, than on the South Shetland margin (less than 0.2 s). Several 
sedimentary terraces, some of which show ice scours, are found at different 
depths on the Antarctic margin (700-800 m and 1000-1100 m). Two major 

sedimentary sequences have been identified along the Antarctic Península 

margin (Prieto et al., 1995 and in press) (Fig. 6.13):

• The lower sequence lies directly over the basement showing 

stratified, semitransparent seismic facies with reflections whose 

continuity and amplitude increase basinward. The top of the lower 

sequence is an erosional truncation surface.

• The upper sequence is a complex sedimentary sequence composed of 

several seismic units, classified in upper-slope prograding units and 

basinal units. The prograding units were formed during episodes of 

advanced ice-sheets, whereas the basinal units correspond to 

interglacial periods (Prieto et al., 1995 and in press).

The lower and upper sequences correspond to the tectonized syn-rift 
sequence (related to the basin opening), and an overlying post-rift sequence, 
respectively (Gamboa and Maldonado, 1990; Barker et al., 1991; Prieto et al., 
1995). Both sequences are separated by the break-up discontinuity. For more
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63. Seismic reflection

details about seismic stratígraphy based on the interpretation of GEBRA 93 

lines, see Prieto (1996).

Two elements determine the sediment distribution in the Central 
Bransfield Basin: differences in sediment supply and the presence of 

volcanic edifices. It seems that sedimentation in the Bransfield Basin is 

mainly dominated by glacial-marine processes (Jeffers and Anderson, 1990) 

and that sediment supply coming from the Antarctic Peninsula is greater 

than on the South Shetland Islands margin. Moreover, seamounts may be a 

local obstacle to the homogeneous distribution of sediment, but contrary to 

what Jeffers and Anderson (1990) suggested, they do not seem to constitute a 

real sedimentary barrier because the neovolcanic ridge is not a continuous 

feature.

Eastern Bransfield Basin
On this basin, the sedimentary cover is only observed along the 

continental shelves (Fig. 6.13). On the Antarctic Peninsula margin the 

sedimentary cover is relatively well developed (0.5 s), whereas on the South 

Shetland margin when it is present the cover is thin (0.2 s). Sediment supply 

on the Eastern Bransfield Basin is small due to the great distance separating 

it from the Antarctic Peninsula. This low sedimentary infill makes it almost 
impossible to recognize the two sequences (syn-rift and post-rift) found on 

the Central Bransfield Basin. Near the Antarctic Peninsula margin, 
sediments may be disturbed by intrusions which protrude through the 

sediment (Fig. 6.13b).

6.3.3. VOLCANIC EDIFICES
The volcanic edifices show chaotic seismic facies, with very low 

continuity and high frequency reflections in both basins. Bordering the 

edifices some faults can be identified. In the Central Bransfield Basin, 
interstratified lava flows, forming horizontal layers with fíat or undulated 

morphologies, are observed (Fig. 6.13a) and attributed to batches of volcanic 

material (Prieto et al., in press). In the Eastern Bransfield Basin, in addition 

to the volcanic edifices cropping out from the middle of the troughs, there 

are some off-axis volcanic knolls partially buried by the sedimentary cover 

(Fig. 6.13b).
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6.4. Magnetic anomalies

The magnetic anomaly map (Fig. 6.14) is a compilation of the data 

obtained during the GEBRA 93 cruise plus some lines obtained by Kim et al. 
(1992). The map shows a pronounced positive alignment referred to here as 

the Bransfield Rift Anomaly.

On the Central Bransfield Basin, this positive anomaly is characterized by 

its short wavelength and high amplitude (300-400 nT) and correlates well 
with the submarine volcanic edifices. In some places, it reaches valúes of 

more than 500 nT, e.g. near seamount A northeast of Deception Island (Fig. 
6.14). Axial magnetic highs of profiles G1 and G2 (Figs. 6.1 and 6.14) are 

centred over the neovolcanic ridge of edifice D (D2). Edifice E, south of King 

George Island margin, and edifice F, at the northeastern end of the basin, 
also show highly positive associated magnetic peaks.

On two magnetic lines Crossing the Eastern Bransfield Basin, a low 

amplitude positive anomaly correlates with the basin axis (Fig. 6.14). This 

anomaly may be associated to the ridge G cropping out from the 

southwestern edge of the basin. The only magnetic profile Crossing the 

Western Bransfield Basin (Kim et al., 1992) (Fig. 6.14) also suggests the 

existence of isolated volcanic features south of Snow Island.

The Bransfield Rift Anomaly can be interpreted as forming part of the 

axial Central Anomaly or Anomaly 1 (0-0.71 Ma) following the magnetic 

reversal time scale of Harland et al. (1990). This normal polarity event is 

clearly related to an ongoing phase of extensión and associated volcanism. 
In contrast, there is a long wavelength and high amplitude positive 

anomaly over the Antarctic Península margin. This anomaly may be 

associated with either deep magnetic sources corresponding to the 

crystalline basement, as proposed by Kim et al. (1992), or with fault- 

controlled intrusions. Considering an oceanie origin for the Bransfield Rift 
Anomaly, and interpreted as the axial Central Anomaly, we may suggest a 

máximum age of 0.71 Ma for the beginning of spreading in the Central 
Bransfield Basin. The máximum full spreading rate, calculated from the 

magnetic anomalies, would be about 0.83 mm/yr at 59°W, suggesting an 

ultra-slow spreading rate, quite constant along the basin.
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Fig. 6.14. Magnetic anomaly map of the Central and Eastern Bransfield Basins. Note the Bransfield Rift Anomaly interpreted as the Central 
Anomaly or Anomaly 1 (0-0.71 Ma). Compilation of magnetic data from the GEBRA 93 cruise and Kim et al. (1992).
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6.5. Gravity anomalies

A 2 mGal contour satellite-derived free-air gravity map of the area 

between longitudes 67°W-43°W, and latitudes 58°S-64°S is presented in 

Figure 6.15. The free-air anomaly is dominated by the seafloor topography, 
and the map can thus be seen as a morphological map of the región. Red 

and orange colours correspond to gravity highs and blue and purple 

correspond to gravity lows.

The three basins forming the Bransfield Basin (Western, Central and 

Eastern) are clearly visible in Figure 6.15, as they show negative gravity lows 

(0 to -20 mGal), and are limited by the positive gravity anomalies produced 

by Deception and Bridgeman islands. The Western Bransfield Basin would 

seem to be connected to the South Shetland Trench via a narrow curved 

passage which separates Smith and Low Islands from the rest of the South 

Shetland Islands. The largest axial seamounts of the Central Bransfield 

Basin (A, D, E and F) are distinguishable in Figure 6.15. This provides 

additional evidence in support of the existence of these submarine features. 
Troughs TI, T3 and T4 of the Eastern Bransfield Basin are also shown in 

Figure 6.15, and are characterized by the largest negative anomalies of the 

three Bransfield basins (reaching up to -40 mGal), which also correlate with 

the máximum depths.

The South Shetland Trench shows an important negative anomaly of 

-130 mGal, whereas the South Shetland Islands show a positive anomaly of 

100 mGal. The Shackleton and Hero Fracture Zones which delimit the 

Bransfield Basin to the north and south, respectively, are well marked by 

positive anomalies up to 80 mGal at the Shackleton Fracture Zone (Fig. 
6.15). The present-day inactive Phoenix-Antarctic ridge, together with the 

fracture zones segmenting the spreading centre, are also well marked on the 

free-air anomaly map by positive anomalies up to 40 mGal.

East of Elephant Island, the South Scotia Ridge may be clearly identified 

by the presence of two ridges, the northern reaches 140 mGal and the 

Southern reaches, 110 mGal. The ridges are separated by a deep narrow 

valley,
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EBB: Eastern Bransfield Basin, WBB: Western Bransfield Basin.



6.5. Gravity anomalies

characterized by important gravity lows. At longitude 51 °W, a máximum 

negative anomaly of -150 mGal is found, and the structures change from an 

E-W trend parallel to the South Scotia Ridge, to a NE-SW trend, parallel to 

the Bransfield Basin. The intersection area between these two sets of faults 

was completely mapped during the Scotia 92 cruise and named Hesperides 

Deep (Canals et al., 1992; Acosta et al., 1994) (Fig. 6.15). To the east and 

following the same E-W trend, another deep trough centred at 48°W and 

also showing a large negative anomaly is observed.

The Powell Basin is a quiet zone, with no major gravity anomalies. This 

basin has a curved enclosed shape, limited to the south by a narrow ridge 

showing positive anomalies of 20 mGal. In the northern margin, near the 

distinctive topography of the South Orkney Islands microcontinent, the 

anomalies are larger, reaching +190 mGal.
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Chapter 7

THE CENTRAL SPREADING RIDGE

7.1o Data base and methods

The data used in this chapter were acquired during the French-Japanese 

STARMER project (1987-1992). The main objective of this project was an 

inter-disciplinary study of the Central Spreading Ridge of the North Fiji 
Basin, occupying the area located between latitudes 14°20'S and 21°40'S, and 

longitudes 172°30'E and 175°E (Fig. 7.1). During the project six cruises were 

undertaken in this area. Four of which (Kaiyo 87, Kaiyo 88, Kaiyo 89 and 

Yokosuka 90) were surface cruises, and included swath-bathymetric 

mapping, geophysics, water and geological sampling. The remaining two 

were submersible diving cruises: Starmer 89 and Yokosuka 91 (Auzende and 

Urabe, 1994) (Fig. 7.1).

We have available the whole data set acquired in the Central Spreading 

Ridge during STARMER project. Part of the data was previously processed 

and published during the project itself (see section 5.3.1). In addition, we 

have included further bathymetric and magnetic data from other data bases, 
and a compilation of pre-existing gravity data. All these data permit us to 

present a unique synthetic compilation of bathymetric and geophysical data 

of the Central Spreading Ridge, providing a detailed analysis of various 

features and aspects, such as ridge segmentation, near-axis seamount chains, 
axial morphology and spreading rate, and gravity anomalies, which have 

not previously been discussed.

7.1.1. BATHYMETRY
More than 800 km of bathymetric data, the length of the Central 

Spreading Ridge system, were acquired during STARMER. This extensive 

data set was collected using two different types of swath-mapping systems: 
firstly, the General Instruments Seabeam which was installed on board the 

R/V Kaiyo, and which has 2.7° x 19 narrow beams which make a 43.2° 

opening fan and cover up to 2/3 of the water depth in deep areas; and 

secondly, the Japanese Furuno HS10, installed on board the R/V Yokosuka,
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and which has 2o x 45 narrow beams which make a 90° opening fan and 

cover up to twice the water depth in deep areas (Tanahashi et al., 1994).

173°E 176°E 177°E 178°E175°E174°E
14°S

15°S

16°S

17°S

18°S

19°S

20°S

21 °S

22°S

Fig. 7.1. Location of the swath-bathymetry data and geophysical surveys, and diving cruises 
carried out during the STARMER project in the Central Spreading Ridge.
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7.1. Data base and methods

The bathymetric maps presented in this chapter are a compilation of 

bathymetric data acquired during five STARMER cruises (Kaiyo 87, 88, 89 

and Yokosuka 90 and 91) together with the Seabeam data obtained during 

the Seapso 3 cruise and data from the GEODAS database (NOAA/NGDC, 
1992). Once the data was merged and homogenized, the post-processing to 

obtain bathymetric maps was the same as explained previously in section 

1.2.1.

7.1.2. SUBMERSIBLE DATA

Two deep submersibles explored the Central Spreading Ridge during the 

STARMER project: the French submersible Nautile with the R/V Nadir 

(Starmer 89 cruise in June 1989), and the Japanese submersible Shinkai 6500 

with its mothership R/V Yokosuka (Yokosuka 91 cruise in October, 1991). 
The Yokosuka 91 cruise was partly devoted to revisiting hydrothermal sites 

previously explored by the Nautile during the Starmer 89 cruise. In total 46 

dives were carried out along the Central Spreading Ridge, focused on five 

dive-stations, from north to south (Fig. 7.1): station 58 on the N160 segment, 
stations 4 and 6 at the northern and Southern tips of the N15 segment, 
respectively, and stations 14 and "19°S", both on the N-S segment.

The parameters recorded on the video image were time 

(hour/minutes/seconds), immersion, height to the bottom, submersible 

heading, and camera heading (when camera was mobile). All these 

parameters provide information about the nature of the seafloor, measure 

the orientation of structures, and establish detailed bathymetric and 

navigation maps. The main results obtained from submersible video data 

along the Central Spreading Ridge are presented in section 7.2.2.

7.1.3. MAGNETICS
Magnetic data were acquired during the STARMER cruises with a marine 

proton magnetometer EGG-Geometrics G866. The sensor was towed 230 m 

behind the ship, with an accuracy of 0.1 nT and a sampling rate of 10-second 

intervals. Thus, during the Kaiyo 87, Kaiyo 88, Kaiyo 89, Yokosuka 90 and 

Yokosuka 91 cruises, a total of 100,000 magnetic data points were recorded.

The STARMER data are compiled together with data obtained from other 

projects that also conducted cruises in the area. Magnetic data from the 

Hawaii Institute of Geophysics (Kroenke et al., 1993a; Jarvis and Kroenke,
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1993), ORSTOM, Scripps Institute of Oceanography, and US Geological 
Survey were extracted from the GEODAS database (NOAA/NGDC, 1992). 
Taken together these cruises provide 180,000 magnetic data points (Huchon 

et al., 1994). The processing of the magnetic data of the Central Spreading 

Ridge was explained in detail by Huchon et al. (1994). A summarized 

versión is presented in section 1.2.2.

7.1.4. GRAVITY
No gravity data were acquired during the STARMER project. Thus, we 

have compiled all the available shipbome gravity data from the GEODAS 

data base (NOAA/NGDC, 1992), comprising a total of 33,300 km, collected 

during numerous cruises and transits in this part of the North Fiji Basin. 
Due to the irregular quality of the data set, we performed a cross-over error 

analysis to check the consistency of the data between cruises. Profiles that 
had no cross-over were checked visually, and some were rejected. In one 

case (Seapso 3 cruise) the Eotvos correction was entirely recalculated, and 

good consistency with the remaining data was obtained. The whole data set 
were reduced to the same reference system (IGSN 71). Cross-over errors 

were computed and corrected for the data set using the algorithm of Hsu 

(1995). For details about processing the gravity data see section 1.2.3 in 

Chapter 1.
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7.2. Morphostructure

This section is based on the analysis and interpreta tion of the bathymetric 

data, and three aspects are examined in detail: ridge segmentation, axial 
morphology and seafloor tectonic fabric.

7.2.1. RIDGE SEGMENTATION
Three parameters characterize segmentation along spreading ridges 

(Macdonald et al., 1991): the length of the segment, the longevity of the 

segment, and the offset separating the segments (see Chapter 2). Along the 

whole Central Spreading Ridge, neither the longevity ñor the offset can be 

considered due to the youthfulness of the spreading centre and the lack of 

large offsets and transforms. Thus, the length of the segment is the only 

parameter we measured in order to characterize the Central Spreading 

Ridge segmentation. In Figure 7.2, a 200 m contour bathymetric map of the 

whole Central Spreading Ridge is presented, and the first-order segments 

N160, N15 and N-S are clearly differentiated. These three segments were 

previously identified and named after their main orientations by early 

STARMER workers (see section 5.3.1). Therefore, here we do not inelude 

rose diagrams of the structural trends for each segment, as is done for the 

Bransfield and South Pandora-Tripartite Ridges (see Chapters 6 and 8).

The axial depth profile (Fig. 7.3) shows a long-wavelength (150-250 km 

long) bathymetric pattern between the first-order segments separated by 

first-order discontinuities (14°50'S and 16°50'S triple junctions, and 18°10’S 

and 20°45'S propagating rifts). Superimposed on this long-wavelength 

segmentation is a shorter-wavelength (50-90 km) segmentation caused by 

second-order discontinuities. These smaller segments, second-order 

segments, have been labelled from north to south CSR1 to CSR8.

N160 first-order segment
The N160 segment extends 210 km, between the 14°50'S and the 16°50'S 

triple junctions. It is composed of three second-order segments (CSR1 to 

CSR3) which are a succession of long en échelon grabens, as can be observed 

on the bathymetric map and the morphostructural interpretation (Figs. 7.4 

and 7.5). Segment CSR1 is 63 km long, between 7.5 km and 15 km wide and 

reaches a depth of more than 4200 m, the máximum depth measured along 

the whole Central Spreading Ridge. Segment CSR2 is offset 20 km to the
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Fig. 7.2. Bathymetric map of the Central Spreading Ridge in 200 m contour interval. The 
three first-order segments (N160, N15, and N-S) and discontinuities are distinguished.
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east of segment CSR1 at 15°30’S. C5R2 is 82.5 km long, 12 km wide, and 3700 

deep. A 5 km right-lateral offset separates CSR2 and CSR3 at 16°15’S. 
Segment CSR3 is 78 km long, 10.5 km wide, and 3600 m deep (Figs. 7.4 and
m

7.5)

Segments CSR2 and CSR3 are bound by two volcanic constructions, 135 

km long and 2100 m high that become progressively wider southwards, 
reaching a width of 40 km near the 16°50'S triple junction (Fig. 7.5). These 

ridges connect with the axial valley through a wall 1000 m high formed 

from several steps of inward facing scarps which would appear to be normal 
faults.

N15 first-order segment
The N15 segment extends from the 16°50'S triple junction to 18°10'S, and 

has a length of 165 km. It comprises the two second-order segments CSR4 

and CSR5, separated from the 17°50'S offset. Segment CSR4 is 97 km long, 
and is characterized by a 500 m high and 10.5 km wide axial ridge with a 

small axial graben 1.5 to 3 km wide.

The axial zone is bound by two curved grabens, 60 km wide and 3500 m 

deep. Such grabens might be relict structures related to the functioning of 

the 16°50'S triple junction. CSR5 is 72 km long and characterized by a 3 km 

wide and 300 m high dome bordered by two elongated, curved depressions. 
The axis of segment CSR5 also shows a curved shape from 17°56'S to 

18°34'S and overlaps with the northem portion of the N-S segment (Figs. 
7.4 and 7.5).

N-S first-order segment
This segment extends from 18°10'S to 20°45'S and is 255 km long. Three 

second-order segments can be distinguished on the bathymetric map (Fig. 
7.6). Segment CSR6 is characterized by a dome which is 67.5 km long, 9 km 

wide and 100 m high. A small offset at 19°05’S separates this segment from 

CSR7. A 71 km long dome, with the shallowest depth (2000 m) and the 

widest section (12 km), can be observed along the middle segment (CSR7). A 

small overlapping spreading centre at 19°50'S separates CSR7 and CSR8. 
This last segment is characterized by a 75 km long, 7.5 km wide and 100 m 

high axial dome. CSR6 propagates northwards whereas CSR8 seems to 

propágate southwards, as is suggested by the V-shaped pseudofaults (Figs. 
7.6 and 7.7).

148





15°S

15°30S

16°S

16°30S

17°S

17°30S

18°S173°E 174°E173°30E 174°30E

Fig. 7.5. Morphostructural inierpretative map of the northern part of the Central Spreading 
Ridge. Second-order segments, axial discontinuities, and dive stations 58 and 4 are also 
indicated.
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7.2.2. Axial morphology

Systematically spaced every 10 minutes, 40 transverse bathymetric 

profiles were made from 14°20'S to 21 °S orthogonal to the axis. Some of 

these sections are presented in Figures 7.8, 7.9 and 7.10 for the N160, N15 

and N-S segments, respectively.

A rift valley, on a vera ge 10 km wide and 1 km deep, runs along the crest 
of the NI 60 segment (Fig. 7.8). Present-day volcanism seems to be localized 

along the axial neovolcanic ridge. This discontinuous feature is about 500 m 

wide and 200 m high, and when present, is located in the middle part of the 

graben, as observed in the 16°30'S cross-section (Fig. 7.8). The inner flanks of 

the rift valley are very steep and formed by several scarps up to 35° of 

máximum slope gradient. The axial morphology of the N160 segment is 

similar to those reported for slow-spreading ridges, such as the Mid-Atlantic 

Ridge (Macdonald, 1986; Purdy et al., 1990; Grindlay et al., 1992).

The axial morphology of the NI5 segment its characterized by a double 

ridge (2000 m deep) split by a 2 km wide and 200 m deep axial graben, as is 

observed along segment CSR4 (Fig. 7.9). The northern part of the CSR4 

segment is particularly shallow (less than 1900 m) due to the proximity of 

the triple junction, as observed in the cross section at 17°10'S (Fig. 7.9). 
Towards the south, the axial morphology shows a fíat dome topography 

more similar to the morphology of the N-S segment, as in segment CSR5 

(Fig. 7.9).

The N-S segment morphology is characterized by a central fíat rectangular 

axial rise locally cut by an axial summit caldera of 20 m depth. In the middle 

of segment CSR7 at 19o10’S-19o20'S a triangular dome-shape can also be 

observed (Fig. 7.10). Both axial morphologies, rectangular and triangular, are 

typical of fast-spreading ridges, such as the East Pacific Rise (Macdonald and 

Fox, 1988; Macdonald et al., 1992).

7.2.3. Seafloor tectonic fabric

The shaded relief map corresponds to the topographic gradient derived 

from the swath-bathymetry data. Both black and white areas, which are the 

results of the direction of illumination, correspond to zones where the 

topographic gradient is very high, while grey areas are of intermediate 

valué. The shaded relief maps (Figs. 7.11 and 7.12) reveal high angle-slopes
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Fig. 7.6. Bathymetric map of the Southern part of the Central Spreading Ridge between 
17°50'S and 21 °S, comprising the Southern parí of the N15 segment and the whole N-S 
segment. Bathymetric contour: 700 m. Colour change: 200 m.
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Fig. 7.7. Morphostructural interpretative map of the Southern part of the Central Spreading 
Ridge. Note the near-axis seamount chains labelled A to N located at both sides of the N-S 
axis. Second-order segments, axial discontinuities, and dive stations 6, 14 and 19 S are also 
indicated.
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that parallel the ridge axis, and are interpreted as being the expression of 

faults.

The topographic roughness seems to decrease towards the south from the 

N160 to the N-S segment, and the orientation of the fault pattern off-axis 

seems to mimic the present-day orientation of the ridge axis. It also clearly 

shows the dome-shaped topography along the N-S axis (Fig. 7.5).

The off-axis topography of the NI60 and N15 first-order segments exhibits 

a series of topographic lows and highs also trending N160 and N15 

respectively. They show a periodicity of 200,000 years, assuming a spreading 

rate of 50 mm/yr.

The off-axis topography of the N-S segment is rather fíat, except along 

pseudofaults of the north and south propagating rifts where a series of 

topographic lows and highs occur every 120,000 years (Figs. 7.11 and 7.12). 
An importan! feature of the off-axis topography of the N-S segment is the 

existence of volcanic cones and seamount chains located between 18°30'S 

and 20°30'S, although its maximal concentration is off-axis of the CSR7 

segment (Figs. 7.6 and 7.7). They are listed in Table 7.1, together with the 

latitude and longitude of their western and eastern limits (west and east 
ends, respectively), location with respect to the ridge flank, length, 
máximum height, orientation, and number of edifices forming the 

seamount chain.

We followed the same analytical approach as that undertaken by Scheirer 

and Macdonald (1995) for the near-axis seamounts of the East Pacific Rise. 
Each chain is composed of two or more seamounts over 200 m. Many 

smaller edifices and possibly lava flows and mass wasting deposits, which 

contribute to an irregular seafloor pattern, are located between the edifices 

of the chain. However, these are not included in Table 7.1.

We have identified a total of 14 seamount chains, labelled A to N. The 

chains range in length from 17 to 50 km, and some of them, such as chain I, 
extend beyond the multibeam coverage of the Central Spreading Ridge. 
These seamount chains exhibit cortical volcanic edifices which have a basal 
diameter from 4-5 km up to 10-15 km and rise above the abyssal plain from 

between 300 to 1250 m. The seamount chains are generally linear, although 

a number of them contain distinct bends, and the two trends are given in

159



173° 174°

173° 174°

Fig. 7.11. Shaded relief map of the northern part of the Central Spreading Ridge. 
Illumination: N45, eleoation: 30°. The areas with detailed survey are shown hy rough, small- 
scale topography, whereas zones where the bathymetry is interpolated are much smoother.
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Fig. 7.12. Shaded relief map of the Southern part of the Central Spreading Ridge. 
Illumination: N90, elevation: 30°.
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Table 7.1. The trends of the chains range from perpendicular to almost 
parallel to the axis direction (Fig. 7.7).

Flank Length Height Trend
(km) (m) (deg)

EdificesEast end 
(lat °S/lon °E)

Ñame West end
(lat °S/lon °E)

17 90/4918°47/173°40
18°59/173°20.1
18°56/173°38.5
19°03/173°05.6
19°10.5/173°23
19°12/174°12.7
19°36/173°12
19°20/173°50.5
19°48/173°03
19°32.5/173°58
19°45.2/173°17
19°34/173°42.5
19°54/173°13.5
19°51/173°47.5

35018052/173031.5
18°52/173°11
19°06/173°30.5
18°52/172°57.3
19°04/173°09.5
19012/173044
19°21.5/173°06
19°30/173°43
19°22/172°57.5
19°50.5/173°48
19°35.5/173°05
19°43/173°28.5
19°46.7/173°03
19°51/173°36.7

E 4A
29 500 129 3WB

30024 26C E 4
95023W 140 3D
100028 124W 4E
550 90 1053EF

28 650 160 3WG
3722 600 2EH
5/34051 800 2WI

1250 27 337EJ
750 12727 4WK
850 71 528.5EL
1150 123 221M W
375 90 317.5N E

Table 7.1. Characteristics of the near-axis seamount chains observed along the N-S segrnent of 
the Central Spreading Ridge.

The small isolated volcanic cones appear scattered over the basin floor 

and ha ve basal diameters which are 5 times smaller (1.5 km on average) 

than those described above in the seamount chains.

Inward facing faults seem to predominate on the N160 segrnent, whereas 

both inward and outward faulting appear along the N-S segrnent. This 

corresponds to observations made for slow and fast spreading ridges, 
respectively (Carbotte and Macdonald, 1990).
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7.3. Dive results

In this sectíon we describe the main results obtained at each of the five 

dive stations proceding from north to south, explored by submersible in the 

Central Spreading Ridge. Three principal aspects are presented in detail: 
structure, volcanism and hydrothermal activity, and are summarized from 

the works of Grácia et al. (1994).

7.3.1. STATION 58
The site is located between latitudes 16°18’S-16°20'S and longitudes 

173032,E-173034'E at the end of the CSR3 segment (N160 segment) (Figs. 7.1 

and 7.5). The area is characterized by a 3800 m deep circular graben bordered 

by two 1000 m high vertical walls (Fig. 7.8). A N170 trending neovolcanic 

ridge culminating at less than 2800 m and slightly oblique to the graben axis 

is observed. Three dives were conducted to explore the median neovolcanic 

ridge, where significant methane and manganese anomalies were measured 

during surface cruises (e.g. Auzende et al., 1988a).

Structure
The most recent tectonic features on the graben floor are N130-140 

trending funnel alignments indicating active fractures underneath the 

sediments, and narrow opened fissures (Grácia et al., 1994). The scarps 

bordering the median ridge mainly trend N160-N170, and show steep slopes. 
The fault scarps are formed by a succession of small steps, 15-20 m high each, 
forming 100 m high main scarps. Mass wasting is very common along the 

wall, and debris and chaotic blocks are accumulated at the foot of the scarps.

Volcanism and Hydrothermalism
The most important outcrops of pillow lava and lava tubes are exposed 

on the fault scarps. Vertical sections of columnar jointed sheet-flows are 

observed on basaltic walls. At the edge of the neovolcanic ridge, white 

sedimentary patches associated with fissures cutting through the talus are 

observed. They are possible indications of fossil hydrothermal activity. In 

many places, dark-brown stained blocks are associated with temperature 

anomalies and major fissuration. This minor hydrothermal activity is 

characterized by sporadic discharges, as has been suggested by Nojiri et al. 
(1990) from the detection of hydrothermal plumes in the water column.
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7.3.2. STAUON 4
This station is located on the northern tip of the N15 segment (CSR4 

segment), between longitudes 173053'E-173057'E and latitudes 16°57.5'S- 

17°02'S, very cióse to the 16°50'S triple junction (Figs. 7.1 and 7.5). Twenty- 

two dives were carried out in this area where an active white-smoker was 

discovered during deep-towed camera exploration (Jollivet et al., 1989). The 

main objectives of the dives were to explore and sample the most 
hydrothermally active part of the axial graben.

Structure
Three structural domains are distinguished from north to south along 

station 4 (Bendel, 1993; Grácia et al., 1994). The northern domain (north of 

16°58.5'S) is characterized by N15-N20 trending faults, although N160-N170 

directions, reflecting the influence of the N160 segment, are also very 

common. The central domain (between 16°58.5'S and 17°S) was explored 

during most of the dives. The floor consists of 10-50 m high and 50-150 m 

wide horst and graben topography. The central horst, trending N-S/N05, is 

slightly oblique to the main N15 structures. Active tectonism on this 

domain is represented by fresh fissures, faults and aligned funnels (Fig. 
7.13a). On the Southern domain (between 17°00.5’S and 17°02'S) the axial 
graben is wider (2.5 km) than in the north, and scarps and fissures trend 

N15-N20.

Volcanism
Although the axial zone is almost completely covered by a thin sediment 

cover (Fig. 7.13a, b), there are still some basaltic outcrops. Basalts exhibít the 

most common lava morphologies observed in mid-ocean ridges (e.g. Ballard 

and Moore, 1977; Ballard et al., 1979), as pillow lavas and tubes, sheet flows, 
draped flows, lava lakes, and massive flows. Fluid lobate lavas form lava 

lakes, which exhibit collapse and pillar structures (Fig. 7.13b). Lava lakes 

cover the floor of the whole graben in the northern domain but are almost 
non-existent in the Southern domain.

Hydrothermalism
Both fossil and active hydrothermal activities are found at station 4. 

Fossil deposits are represented by inactive sulfide mounds and chimneys. A 

4 km2 fossil field of sulfide chimneys (Pére Lachaise field), some of them 

reaching heights of 20 metres, was discovered in the northern domain
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•i

31 UBI

Fig. 7.13. Bottom photographs taken by the Nautile and Shinkai 6500 along different sites in 
the Central Spreading Ridge. Station 4: a) Open fissure at the bottom of the mairt graben, b) 
Basaltic pillars of foundered lava lakes, c) Yellow-ochre hydrothermal deposits located in a 
graben wall, d) the "VJhite Lady" active stnoker. Station 14: e) Animal colonies associated 
with low lemperalure diffnsions, f) Top of a sediment free foundered lava lake, g) Contad 
belween sheet flow lavas (1) and draped lavas (2). Station "19°S": h) Fossil chimneys forest 
with ophiuridae (Gracia et al., 1994).
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(Auzende et al., 1990b and 1991). Inactive hydrothermal deposite also occur 

in the surveyed area as yellow-brown patches along fault scarps (Fig. 7.13c). 
In the central domain, hydrothermal activity is observed in the area 

showing present-day fissuration. On the top of the central horst, a 3 m-high 

white anhydrite smoker venting at 285°C was discovered, and named the 

"White Lady" (Fig. 7.13d) (Auzende et al., 1991; Bendel et al., 1993). Other 

similar active white smokers are also found in this area, some of them 

venting at a temperature of 296°C ("Starmer II" site). Living animal 
communities including gastropods, shrimps, galatheans and crabs are 

associated with the active vents.

7.3.3. STATION 6
This station is located between 18°03'S-18°07'S and 173024'E-173034'E, at 

the end of the CSR5 second-order segment (Figs. 7.1 and 7.7). Four dives 

were carried out here following an E-W cross section. The objective was to 

lócate with precisión the N15 axis, in this area influenced by the 18°S 

propagating rift. All along the station, the seafloor is widely covered by 

sedimente, although they tend to decrease towards the west, where the most 
tectonically active area is found and which was interpreted by Ruellan et al. 
(1994) as the N15 axial zone. Open fissures, N20 trending fault scarps, and 

fresh talus screes at the foot of the scarps can be observed. In situ pillow 

basalts crop out along the crest scarps and walls. No hydrothermal activity or 

indicators were found at station 6.

7.3.4. Station 14
Station 14 is located along the CSR6 segment between 18°47.7,S-18°51’S 

and 173o29,5,E-173°30,5'E (Figs. 7.1 and 7.7). The station lies on the fíat top 

axial dome, where a deep-tow camera survey revealed the existence of fossil 
hydrothermal activity 0ollivet et al., 1989). Sixteen dives were devoted to 

the exploration of this area.

Tectonics
Tectonic activity is not very important at this station which is dominated 

by volcanism. Only few en échelon N170-N10 trending fissures were 

observed along the axial summit caldera.

Volcanism
Extremely fresh basalts, mostly lava lakes, were observed on the floor of 

the axial graben. Lava lakes (Fig. 7.13f) exhibit drain-back features, 4 to 5 m
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high vertical pillars aligned along a N-S direction, and lava debris. Sheet 
flows (Fig. 7.13g-l) and draped lavas (Fig. 7.13g-2) are also present. Sheet 
flows exhibit flow-lines, fresh volcanic glass, and a thin sedimentary cover, 
in contrast to the draped lavas lying over them. Sections of pillow lavas are 

exposed along the steepest slope scarps.

Hydrothermalism :
Diffuse vents of low temperature fluids (5°C) and brown-yellow stains 

associated with living animal colonies are frequent at the station. "Forests" 

of inactive chimneys, up to 10 m high, associated with dead animáis are 

located within the axial summit caldera or along the first steps of the 

external walls (Bendel, 1993).

7.3.5. Station "19°S"
Only one dive was carried out at the N-S axis at 19°S, 20 km south of 

station 14 (Figs. 7.1 and 7.7). At 19°S near the end of the CSR6 segment, the 

axial morphology consists of a 8 km wide dome, topped by two 40 m high 

ridges separated by a 300 m wide, 50 m deep, axial graben. The N-S trending 

walls are constituted by pillow-lava sections. Scree deposits at the foot of the 

scarps are indicators of recent tectonic activity. Pillow-lavas and lava-tubes 

are common volcanic features in the area. A sedimentary cover of a few 

centimetres is present all along the dive track. Forests of fossil sulfide 

chimneys are observed on the floor of the axial graben (Fig. 7.13h). Low 

temperature fluids vent in the axial graben, at the foot of the western wall, 
associated with yellow-brown inactive hydrothermal deposits.
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7.4. Magnetic anomalies

On the magnetic anomaly map of the Central Spreading Ridge (Fig. 7.14) 

the axial anomaly or Anomaly 1, and the Anomaly J or Jaramillo Event can 

be clearly identified along the central N-S segment between 19°S and 

20°30’S. Based on the profiles where the magnetic anomalies are easy to 

identify, and with the help of synthetic profiles (see section 1.2.2 and Figure 

1.4), an identification of the magnetic anomalies along the whole Central 
Spreading Ridge was made (Fig. 7.14).

On the NI 60 segment only the Anomaly 1 (0.71 Ma to present) can be 

clearly identified. Along the N15 segment, up to Anomaly J (0.91 to 0.97 Ma) 

the anomalies follow the present-day structural trend, but older anomalies 

(Anomalies 2 and 2A) seem to follow an oblique N-S orientation, clearly 

visible on the eastern flank of the ridge (Fig. 7.14). This may be related to a 

ridge re-orientation, occurring at least 1 Ma ago. Along the N-S segment, the 

magnetic anomaly sequence up to Anomaly 2 (1.65 to 2.10 Ma) was 

previously identified between 20°S and 20°30'S by Maillet et al. (1986). 
Although not as clear as younger anomalies, magnetic Anomaly 2A (2.45 to 

3.40 Ma) can also be identified on the central part of the N-S segment 
between 19°S and 20o10,S (Fig. 7.14).

The pattern of magnetic anomalies on the 18°10'S propagating rift (De 

Alteriis et al., 1993) shows that propagation began after Anomaly 2 and 

before Anomaly J (Fig. 7.14). This observation allows us to fix the age of the 

N15 segment between 1 and 1.6 Ma (see next section). Note that the N-S 

axial anomaly shows an increase in amplitude towards the tip of the 

propagating rift, which is the typical signature of the Fe-Ti enriched basalts 

formed in this setting (Miller and Hey, 1986).

Because of the occurrence of the 18°10'S propagating rift, the N15 segment 
was much longer about 1.5 Ma ago than it is today. Based on bathymetric 

and magnetic data, its tip was located around 19°S (De Alteriis et al., 1993; 
Ruellan et al., 1994) which suggests a propagation rate of about 75 mm/a 

(Huchon et al., 1994). This valué is similar to the valué found at the 

Galápagos Propagating Rift (Kleinrock and Hey, 1989).
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Fig. 7.14. Magnetic anomaly data projected along tracks of the Central Spreading Ridge 
between 14 °S and 22 °S and interpretation by Huchon et al. (1994). Dotted line: spreading axis, 
bold lines: identified magnetic anomalies, NFFZ: North Fiji Fracture Zone.

7.4.1. Spreading rate and age
On the N160 segment, the spreading rate calculated from the magnetic 

anomalies has an intermediate valué of 50 mm/yr (Huchon et al., 1994) and 

an age of less than 1 Ma (Auzende et al., 1991). Magnetic anomalies suggest
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an age between 1 and 1.6 Ma for the N15 segment, whereas the calculated 

spreading rate decreases from 66 mm/yr at 18°S to 52 mm/yr at 16°50'S 

(Huchon et al., 1994). As has been suggested previously, magnetic anomalies 

up to 2A (3.5 Ma) have been identified along the N-S segment, and the 

calculated spreading rate decreases from 82 mm/yr at 20°S to 71 mm/yr at 
19°S (Huchon et al., 1994).

Thus, the spreading rate is of an intermedíate rate decreasing from 80 to 

50 mm/yr along the Central Spreading Ridge. This northward decrease in 

spreading rate suggests that the pole of opening of the Central Spreading 

Ridge is located cióse to the north of the area. Assuming an E-W direction of 

opening, Huchon et al. (1994) estimated the latitude of the pole of rotation at 
around 9°S.
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7.5. Gravity anomalies

To facilítate computation we separated the area in two sub-regions that 
overlap between latitudes 17°30'S and 18°30'S. These areas will be referred 

to hereafter as the northern and Southern areas. The northem area has good 

gravity coverage from the Kana Keoki-1982 and Moana Wave-1987 cruises 

of the Hawaii Institute of Geophysics (Kroenke et al., 1993a; Jarvis and 

Kroenke, 1993).

For the Southern area, CSR5 (N15 segment) and the whole N-S segment, 
the coverage is irregular, with sparse transit profiles, and only local full- 

coverage boxes, acquired during the Seapso 3 cruise (Auzende et al., 1988a). 
The central part of the Southern area is particularly poorly covered, and 

anomalies with wavelengths shorter than 80 km cannot be resolved. In 

order to increase the spatial resolution in this central part we induded free- 

air gravity anomalies derived from satellite altimetry (Sandwell and Smith, 
1992). The spectral analysis of the free-air gravity computed from the 

satellite altimetry reveáis that anomalies with wavelengths larger than 50 

km can be correctly resolved. Thus, satellite-derived free-air gravity data 

were used to fill some data gaps.

In order to allow coherent comparisons to be made between the northern 

and Southern areas, free-air grids were downgraded to remove wavelengths 

shorter than 50 km. The choice of the 50 km cut-off for the filter was 

determined by independent spectral analyses of both satellite and gridded 

marine data (for more detailed information see Gráda et al., 1996b).

7.5.1. FREE-AIR GRAVITY ANOMALIES
The free-air anomaly map of the northern part of the Central Spreading 

Ridge between 14°S and 17°30'S, comprising the N160 segment and CSR4 

(N15 segment) is shown in Figure 7.15a. The anomaly lows (-20 mGal) are 

associated with greater depths and rift valleys arranged en échelon along the 

NI 60 segment. Máximum positive anomalies (70 mGal) occur over 

topographic highs such as the 16°50’S triple junction, and the flanks of the 

CSR2, CSR3 and CSR4 segments (Fig. 7.15a).

On the downgraded free-air anomaly map of the northern part (Fig. 
7.16a), the main features are still recognizable. The free-air anomaly map of
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the Southern part of the Central Spreading Ridge (17°30’S and 22°S), 
comprising the CSR5 (N15 segment) and the whole N-S segment is shown 

in Figure 7.16b. The N-S segment, is characterized by a small anomaly 

gradient (±10 mGal) consistent with its smooth axial topography. The off- 

axis seamounts are characterized by positive anomalies (more than 40 

mGal).

7.5.2. MANTLE bouguer anomalies

The mantle Bouguer anomaly is related to the sub-seafloor density 

structure (Figs. 7.15b and 7.16c,d) and reflects the gravity field arising from 

density anomalies in the crust or in the mantle. The interpretation of the 

mantle Bouguer anomaly can be made in terms of crustal thickness and 

density variations, mantle density variations thermally induced, or by a 

combination of these mechanisms (see section 2.3). In Figure 7.15b we 

present the resultant mantle Bouguer anomaly for the northem area. As for 

the free-air grid, the resultant mantle Bouguer anomaly for the northern 

and Southern areas was also downgraded to remove wavelengths shorter 

than 50 km (Fig. 7.16c,d). A comparison between Figures 7.15 and 7.16 shows 

that downgrading preserves the main characteristics of the gravity field.

In the northern area (NI 60 segment) there is a strong negative signa ture 

(-50 mGal) passing from a "buH's-eye" (centred at the 16°50'S triple junction) 

to an elongated shape (Figs. 7.15b and 7.16c). Elongated "buH's-eye" 

anomalies (-25 mGal) appear also centred in the middle of segments CSR2 

and CSR3, and may indícate the propagation of the CSR2 and CSR3 

segments towards the north. The tip of the propagator is located at 15°50'S, 
at the point where the two triangular ridges bordering the rift valley end 

(Fig. 7.15a). From this point to the north, at about 14°20'S, the large positive 

anomaly (50 mGal) observed is possibly related to oíd and coid crust (Figs. 
7.15b and 7.16c).

Fig. 7.16. Left: Downgraded free-air (a) and mantle Bouguer (c) anomaly maps of the northern 
part of the Central Spreading Ridge. Right: Free-air (b) and mantle Bouguer (d) anomaly 
maps of the Southern part of the Central Spreading Ridge. The original data of (a) and (c) is 
presented in Figure 7.15 and has been downgraded to be compared with the Southern part of 
the Central Spreading Ridge, where the gravity coverage is much more sparse. 
Superimposed, bold Unes correspond to bathymetric contours to indícate the position of the 
rift-valleys, axial highs and seamounts. Contour interval is 5 mGal (Gracia et al., 1996b).
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7.5. Gravity anomalies

The mantle Bouguer anomaly map of the Southern parí of the Central 
Spreading Ridge (Fig. 7.16d) shows a very uniform signa ture. The axis of the 

N-S segment shows anomaly variations from 5 to 10 mGal. The N-S 

segment propágales towards the north, as indicated in the bathymetric and 

structural maps (Figs. 7.6 and 7.7), towards the negative anomaly zone of the 

16°50'S triple junction. Between 20°S and 21°S there is a V-shaped structure, 
visible both in the bathymetry and gravity, probably related to the 

southwards propagation of the N-S segment into a zone of oíd, coid crust 
with a very high positive gravity anomaly (55 mGal). The off-axis 

seamounts have a negative anomaly (-10 mGal) (Fig. 7.16d) which may be 

related to a locally thickened crust.
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Chapter 8

THE SOUTH PANDORA AND 

TRIPARTITE RIDGES

8.1. Data base and methods

The data for this study come from the NOFI (NOrth of the North FIji 
Basin) cruise which took place between 25th August and 19th September, 
1994 on board the French R/V L'Atalante. The area surveyed is located in 

the northern part of the North Fiji Basin, between 171°E and 178°E and 13°S 

and 14°40'S (Fig. 8.1). While máximum data coverage was obtained between 

longitudes 171°E and 175°30'E, between 175°30'E and 178°E, the data indude 

only twelve widely spaced zig-zag tracks which were undertaken to explore 

the easternmost part of the ridge (Fig. 8.1)

The operations conducted during the NOFI cruise included swath- 

bathymetry and imagery, geophysics (seismic reflection, magnetic, and 

gravity profiles), and geological samples (dredges and pistón core) 

(Lagabrielle et al., 1994a,b). In this chapter, we present only bathymetry, 
magnetic and gravity data.

8.1.1. Bathymetry

Bathymetric data were obtained with the Simrad EM-12 Dual 
multinarrow-beam echo-sounder for deep sea. This system provides precise 

swath mapping capability from 70 m to full ocean depth (11,000 m) with a 

normal accuracy of 0.25% of water depth. Integrated data processing enables 

detailed real time mapping. The máximum angular coverage of the EM-12 

Dual is 150°, Two sepárate multibeam echosounders, one on port and one 

on starboard, generate 81 stabilized beams each, 11 of which are common 

(see Fig. 1.2). The swath width covered by the 162 beams is 7.4 times the 

water depth, so for 2800 m depth, the swath width is 20.7 km. In comparison 

with the EM-12 sounder on board the R/V Hesperides used during the 

CEBRA 93 cruise, it gives an increase in swath width of approximately 10 

km in the 3000-6000 km range. Post-processing, in order to obtain the 

bathymetric maps, was performed as in section 1.2.1.
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8.1. Data base and methods

8.1.2. MAGNETICS
The total amplitude of the magnetic field was recorded using a Barringer 

Research M-244 protón magnetometer. The sensor was towed from the 

ship's stern by a 280 m long cable, at a depth of about 15 m. The accuracy was 

0.5 nT, and the sampling rate was 6 seconds. No correction was made for 

diurnal variations. In this chapter, we show the magnetic anomaly data and 

a preliminary identification of the anomalies, emphasizing the relationship 

of bathymetric and magnetic lineations. The parameters outlined in section 

1.2.2 were used to calcúlate the synthetic magnetic profiles.

8.1.3. Gravity
Gravity data was measured using a Bodenseewerk KSS3 30 gravity meter, 

which was mounted on a KT 30 gyrostabilized platform, and installed at a 

point where ship motion was minimal. Short period noise was discernible 

in total gravity field data, and was clearly related to sea conditions. The noise 

amplitude was about 1 mGal in fair seas, but reached 3 mGal with 2-3 m 

swell and 30 knot wind-conditions which prevailed during most of the first 
half of the cruise. After smoothing the short period noise and cross-over 

errors between tracks, the data was considered suitable for interpretation. 
Gravity data were used to contour free-air anomaly and mantle Bouguer 

anomaly maps where there was sufficient data coverage. These maps were 

obtained foliowing the procedure explained in section 1.2.3.
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8JZ. Morphostructure

As in Chapters 4 and 5, this section is based on the analysis of bathymetric 

maps, and consequentiy, we consider the same sections as in Chapter 5.

8.2.1. RIDGE SEGMENTATION
The South Pandora and Tripartite Ridges are located in the northem part 

of the North Fiji Basin and extend o ver more than 800 km. On the 

bathymetric map of the whole area (400 m contour), three main segments 

are distinguished according to their orientation: the N75 and E-W segments, 
which form part of the South Pandora Ridge (Green and Cullen, 1973), and 

the N110 segment also known as the Tripartite Ridge (Kroenke et al., 1993b) 

(Fig. 8.2).

The parameter used to determine segmentation order along the South 

Pandora-Tripartite Ridge was the segment length, also used for the Central 
Spreading Ridge. The axial depth profile (Fig. 8.3) shows a long wavelength 

(250-300 km) between the three first-order segments separated by the 

172°10'E non-transform discontinuity and the 174°55'E offset. Superimposed 

on this long-wavelength there is also a shorter-wavelength (about 100 km) 

caused by smaller second-order discontinuities. The shorter segments are 

labelled from west to east, SPR4 to SPR0, and TR3 to TR1.

A detailed analysis of the fault scarps and structural lineations observed 

in the axial zone of each second-order segment was imdertaken using 25 m 

contour bathymetric maps at 1:250,000 scale. A total of 777 directions were 

measured in the axial domain and grouped into first-order segments (163 for 

the N75 segment, 332 for the E-W segment and 282 for the N110 segment). 
They are represented in three rose diagrams with a 5o interval and a radius 

of 20% of the valúes (Fig. 8.4). Thus, in segments N110 and E-W the current 
axial structures follow the main segment trend. In contrast, part of the 

current axial structures in the N75 segment trend E-W, obliquely to the 

main segment trend (Fig. 8.4).

N75 first-order segment
This first-order segment extends 170 km, between 170°48’E and 172°12’E 

(Fig. 8.2). This segment corresponds to the westernmost part of the South
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Pandora Ridge, and trends predominantly N70-N75 (Fig. 8,4). It is composed 

of two second-order segments (from west to east, SPR4 and SPR3), which can 

be seen on the bathymetric map (Fig. 8.5), while its morphostructural 

interpretatíon is included as Figure 8.6.

Segment SPR4 is located on the western edge of the survey area, and has 

not been eompletely mapped. It is at least 58 km long and seems to extend 

farther west with the same orientation. It shows an axial valley bounded by 

discontinuous lateral ridges trending E-W and which change to N75 towards 

the east (Figs. 8.4 and 8.6). A small offset located at 171°14’E sepárales 

segment SPR4 from SPR3.

Segment SPR3 is 125 km long, mainly trends N75 and is composed of a 

deep graben, with a large central volcanic high arranged en échelon. The 

axial zone of the segment is bordered by two narrow elongated ridges 

flanked by very steep scarps (Figs. 8.5 and 8.6). The northem ridge (5 km 

wide, 60 km long and N75 trend) is clearly shown on the bathymetric map 

(Fig. 8.5)., while the Southern ridge is less continuous but also presents a 

marked N75 trend. Three third-order segments arranged en échelon , 
named SPR3a, SPR3b, and SPR3c, from east to west respectively, can be 

distinguished. The axis of these segments clearly trends E-W, and is oblique 

in respect to the N75 direction pattern of the SPR3 segment (Fig. 8.4).

• Segment SPR3a is 53 km long, 22 km wide with an average depth of 

3800 m. It is characterized by an arcuate graben which might be the 

result of the two main structural trends, N75 and E-W, interacting 

(Figs. 8.5 and 8.6).

• Segment SPR3b is characterized by a 35 km-long and 24 km-wide 

topographic high protruding into the middle of the SPR3 segment, and 

bordered along-axis by two axial grabens. The central high appear to be 

rifted by faults trending E-W and N75 (Figs. 8.5 and 8.6).

• Segment SPR3c is a 43 km-long graben trending N85-E-W and 

flanked by abrupt walls clearly trending E-W. At the eastem part of this 

segment, a máximum depth of 4787 m, the greatest measured during 

the NOFI cruise whitin the North Fiji Basin, was recorded and named 

the NOFI Deep (Figs. 8.5 and 8.6).
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Around 172°12'E, a distinctive offset of 15-18 km, separates the axis of 

SPR3 from that of segment SPR2.

E-W first-order segment
This first-order segment is 300 km long and is located between 172°12'E 

and 174°54'E (Fig. 8.2). It corresponds to the eastern part of the South 

Pandora Ridge, trends predominantly E-W (Fig. 8.4), and is composed of 

three second-order segments, from west to east SPR2, SPR1, and SPRO, 
respectively (Figs. 8.5 and 8.6).

The 80 km-long segment SPR2 consists of a 12-14 km wide E-W trending 

graben flanked by two sharp narrow lateral ridges which are 5 km wide and 

culminate at a depth of 1800 m. The segment is composed of an axial graben 

that becomes progressively shallower and narrower towards the east. At 
172°45'E the graben is only 5 km wide, and at this point the two bordering 

ridges reach their máximum elevation. Off-axis there is a high-and-low 

topography parallel to the main E-W trend. However, about 40 km off-axis 

there is a strong asymmetry between the northern and Southern flanks. On 

the northern side, a 92 km-long ridge, showing a half-elliptical shape, is 

centred at 172°35’E, and named Bow Seamount (Fig. 8.6). North of this 

feature, a circular seamount which forms part of the Pandora Bank shallows 

at less than 1200 m. Around 40 km off-axis on the Southern flank, two large 

circular-shaped seamounts, named Twin Seamounts, of 13 km diameter, 
disrupt the cyclic E-W seafloor pattern (Figs. 8.5 and 8.6).

Segment SPR1 is characterized by a very large volcanic high, which 

largely trends E-W and whose width varíes between 18 to 30 km, with the 

widest part between 173°20'E and 173°30'E (Fig. 8.5). It is clearly rifted by two 

sets of faults trending E-W and N100-105. A median valley trending N100, 
whose depth reaches 2600 m, runs from the western tip of the segment to its 

eastern end and separates SPR1 into two main areas. In the western part of 

the segment, a small axial valley separates a volcanic high at the northern 

edge from an elongated and narrow ridge to the south. Towards the middle 

of the segment, at 173°30'E, a large near-axis seamount showing a triangular- 

shape is connected to the northern flank of the ridge segment. This feature 

corresponds to the Horizon Bank. The eastern tip of SPR1 segment is 

slightly curved towards the north whereas the western tip of SPRO is curved 

towards the south, both overlapping at 173°50'E. The small depression 

formed
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8. THE SOUTH PANDORA AND TRIPARTITE RIDGES

between the two branches of the overlapping spreading centre corresponds 

to the overlap basin (Fig. 8.6).

Segment SPRO is 135 km long, and is characterized by a split axial high 

which becomes an axial graben towards the east (Figs. 8.5 and 8.7). The 

northern half of the high is bow-shaped, with a steep rectilinear inner flank, 
and a smooth curved outer flank. The Southern half of the high is 

dominated by a circular edifice centred at 174°E that elongates and curves to 

the west (Fig. 8.6). Around 174o10'E, an incipient axial graben may be 

observed, deepening and widening towards the east. Between 174°20’E and 

175°E, the graben is bordered by two NI 05-110 trending elongated highs, both 

of which are 10 km wide and less than 2000 m deep. Off-axis and north of 

the axial domain at 174°45'E/ a lar ge curved graben can be observed (Figs. 8.7 

and 8.8). Although this graben resembles a large overlapping spreading 

feature, geophysical data provides no evidence of present-day activity. An 

offset at 174°55'E is the discontinuity between SPRO segment and the N110 

segment.

Tripartite Ridge / N110 first-order segment
This first-order segment extends along 280 km, between 174°55'E and 

177°30'E (Fig. 8.2). Also called the Tripartite Ridge, it trends predominantly 

N110 and is composed of three second-order segments from west to east, 
TR3, TR2, and TR1 (Figs. 8.7 and 8.8). Full bathymetric coverage of this first- 

order segment does not exist and only partial information is available along 

the axial zone.

Segment TR3 is located between 174°55'E and 175°45'E, is 106 km long 

and consists of a split axial high centred at 175°10'E which evolves towards 

the east into an axial graben. The central volcanic high, which we have 

named NW Cakabau Seamount (Fig. 8.8), corresponds to the intersection 

between the Tripartite, Rotuma, and South Pandora ridges. The graben 

bordering the NW Cakabau Seamount narrows progressively from 15 to 8 

km, reaching a depth of 3600 m. The graben is limited by N120 trending and 

750 m-high inner walls.

Segment TR2 is about 90 km long, and is composed of a large, slightly 

elongated axial volcano named Cakabau Seamount (Fig. 8.8), which was 

mapped with the SeaMARC II system by Kroenke et al. (1993a). A graben is 

located on its southeastern part. The Cakabau Seamount is centred at
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8.2. Morphostructure

175°55'E, and is 60 km long, 20 km wide and culmina tes at a depth of 400 m. 
The eastern graben is about 35 km long, 10 km wide and 3400 m deep.

Segment TR1 is 105 km long, and is located at the eastern limit of the 

Tripartite Ridge between 176°30'E and 177°30'E. This segment is composed 

of an axial seamount and a graben on its southeast end, as are the previous 

second-order segments of the Tripartite Ridge. The whole segment is 

bordered by two lateral ridges; the northern ridge trends NI 10-115 and 

shallows at about 2000 m, while the Southern ridge trends almost E-W and 

is more discontinuous (Figs. 8.7 and 8.8). The axial volcano, named SE 

Cakabau Seamount (Fig. 8.8), is composed of a central round-shaped high 20 

km wide and 25 km long centred at 176°53'E. At 176°46'E, the central 
volcano forks into two (200-2200 m high) elongated ridges. East of the 

seamount, a 50 km long elongated graben appears. This graben shows a 

triangular shape, narrowing progressively towards the end of the segment 
from 16 km to 3 km. The N110 structures stop abruptly at 177°30'E, where N- 

S trending structures appear.

8.2.2. AXIAL MORPHOLOGY
In common with the Central Spreading Ridge (Chapter 7), a succession of 

transverse bathymetric profiles orthogonal to the axis were undertaken. 
Some of these sections are presented in Figures 8.9, 8.10 and 8.11 for the 

N75, E-W and N110 segments, respectively. None of the three first-order 

segments shows a continuity in the along segment axial morphology.

The N75 segment is dominated by an axial graben morphology, disturbed 

only by the abrupt axial high of SPR3b. The rift valley of SPR4 segment 
extends from between a width of 10 to 15 km and a depth of 3800 m towards 

the segment end. The SPR3 segment shows a successive graben-dome- 

graben morphology, while SPR3a shows a rift valley 22 km wide, with a 

neovolcanic ridge in its middle (at 171°20'E) that disappears towards the east. 
Near 171°30'E, a máximum depth of 4200 m is observed (Fig. 8.5). In 

contrast, SPR3b is characterized by a triangular-shaped 22 km wide axial 
dome that culminates at a depth of 1875 m. Finally, SPR3c also shows a deep 

rift valley flanked by 1200 m high walls with an 18 km-wide inner rift (Fig. 
8.9). The trough endoses the deepest part of the area, NOFI Deep, as 

explained in section 8.2.1.

195



N75 segment (South Pandora Ridge)

I
AXISm

*

-2000- 171E

-4000

SPR4I 4o 20 60 km
i

m‘

-2000-
S

171E20
I

-4000-
I SPR3

o km20 6040 80

I
nr

I-2000-

171E30

I
-4000-

O

SPR3
T

20 40 60 80 km100I
Im-

-2000

I
171E46-4000

l SPR3
40 160 80 km20 100

m~
I

-2000- 171E

NOFI
deep

-4000 I
SPR3

604020 800 km
!

Fig. 8.9. Bathymetric sections across the N75 segment, western South Pandora Ridge. All the 
sections are taken following a N165 trend orthogonal to the axis. SPR4 and SPR3 are second- 
order segments. Vertical Exaggeration: 7.



E-W segment (South Pandora Ridge)
i

AXISm~

-2000-

-4000-

40 6020 80O km

m~

I
-2000 '

173E05
-4000-

I SPR1
40 I 60 km8020O

I
m-

-2000-

-4000- I
SPR1

o 40 I 60 80 km10020

I
i-2000
f

SPR1SPRO

I173E50 
overlap basin |

-4000-
SPR1-SPR0

80 km40 60 1000 20

rrr

-2000-.

174E40

-4000-.
SPRO

km806040 100O 20

Fig. 8.10. Bathymetric sections across the E-W segment, eastern South Pandora Ridge. All the 
sections are taken follozoing a N-S trend orthogonal to the axis. SPR2, SPR1 and SPRO are 
second-order segments. Vertical Exaggeration: 7.



N110 segment (Trípartite Ridge)

AXIS
m

-2000 -

175E
-4000-

TR3i
40O 20 60 km

m

-2000

í
175E20

8-4000

I TR3
km40 600 20 80

m~
I

-2000-

I Cakabau
Smt.s

-4000-
175E30 TR3-TR21

o 20 60 km40l
lm-

-2000

176E13-4000-

TR2
T

6040O 20 80 km100

m-

-2000-

176E40-4000-
8 TR1i

6040 8020 100 km

Fig. 8.11. Bathymetric sections across the N110 segment, Trípartite Ridge. All the sections are 
taken following a N20 trend orthogonal to the axis. TR3, TR2, and TR1 are second-order 
segments. Vertical Exaggeration: 7.



8.2. Morphostructure

The E-W segment also shows a contrasting longitudinal morphology. 
The SPR2 segment is characterized by an axial valley topography. A typical 
slow spreading cross-section may be observed at 172°20'E (Fig. 8.10), where 

the rift valley is formed by several steps of inward faults of 750 m high each. 
The axial valley shallows from 4200 m at the western tip of the segment to 

2800 m at the eastern one. The width of the axial graben also decreases 

eastwards from 12 to 5 km. The SPR1 segment shows an axial high 

culminating at 1200 m and split by a graben that reaches 10 km wide and 500 

m deep at 173°13'E (Fig. 8.5). Finally, the SPR0 segment is characterized by a 

split volcanic high culminating at 1600 m around 174°E, that passes to a 25 

km wide and 4200 m deep rift valley at 174°50’E (Fig. 8.10).

The NI 10 segment morphology is characterized by several volcanic highs 

or seamounts, located on the middle of the second-order segments, and deep 

troughs at the segment ends. This alternating morphology is clearly 

represented in Figure 8.11.

8.2.3. Seafloor tectonic fabric

On the shaded relief map (for explanation see section 7.2.3) of the South 

Pandora Ridge (Figs. 8.12 and 8.13) the axial zone where active spreading 

occurs, is represented by high topographic roughness, continuous E-W 

trending lineations (that we assimilate to faults), and high reflectivity (dark 

pattern) on the imagery data (Lagabrielle et al., 1994b). We can distinguish 

northern and Southern domains in the off-axis area. The northern domain 

(Fig. 8.12) shows a fíat smooth topography with some isolated lineations 

trending NI 10 and clearly cut by large volcanic edifices such as the Horizon 

and Pandora Banks. The Southern domain is more complex (Fig. 8.12) and is 

composed by the following zones: the E-W trending Southern domain, the 

central plateau, the southwestern area and the Central Spreading Ridge tip.

• The E-W trending Southern domain is located south of segments 

SPR2, SPR1 and SPR0. It shows a rough topography, and it is 

characterized by a cyclic succession of high and low lineations trending 

E-W.

• South of segment SPR3 (Fig. 8.5 and 8.6), there is a fíat elevated area 

named the central plateau. Its average depth is 3000 m, and is 

characterized by the occurrence of numerous small volcanoes of 1,5 -2 

km in diameter, although a several may reach 12 km.
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8. THE SOUTH PANDORA AND TRIPARTETE RIDGES

• The southwestern area displays a widely curved tectonic fabric, with 

successive elongated grabens and horsts, separated by fault scarps, that 
locally are 90 km long.

• The Central Spreading Ridge tip corresponds to the northern part of 

the N160 segment, north of the 14°50'S triple junction (Grácia, 1992; 
Grácia et al., 1992; Auzende et al., 1994a) (see section 5.2). Two branches, 
one trending N150 and another one trending N120 are distinguished 

(Fig. 8.12). This system abuts abruptly against the E-W domain.

Along the NI 10 segment or Tripartí te Ridge, there is a strong contrast 
between the axial and off-axis areas on the shaded relief map (Fig. 8.13). The 

axial part is associated to a high topographic roughness, whereas on the off- 

axis areas, the seafloor topography is almost fíat only disturbed by some 

isolated features as the Rotuma Ridge at 176°30'E. The structural data 

suggest that the Tripartite Ridge may be a very young feature laying on a 

previously created and older oceanic domain.
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8.3. Magnetic anomalies

8.3. Magnetic anomalies

Preliminary maps and the Identification of magnetic anomalies are 

presented here based principally on the initial results of the NOFI cruise 

(Lagabrielle et al., 1996). Magnetic anomalies can be easily correlated among 

profiles navigated 15 km apart on the South Pandora Ridge, whereas 

anomalies are much harder to identify and correlate over the sparse zig-zag 

profiles along the Tripartite Ridge, as can be seen on the magnetic anomaly 

map (Fig. 8.14a).

Along the two first-order segments of the South Pandora Ridge, magnetic 

anomalies (mainly trending N75 and E-W) define lineations that mimic the 

bathymetric structures. Spacing of the recognized anomalies does not vary 

significantly along the South Pandora Ridge (Fig. 8.14a), suggesting a fairly 

constant spreading rate. Despite a poorer data coverage, the Tripartite Ridge 

is also associated with correlatable magnetic anomalies. The interpreted 

magnetic lineations become closer to the east on both flanks, suggesting a 

decreasing spreading rate in this direction (Fig. 8.14a). The Rotuma Ridge 

displays a narrow weak positive anomaly flanked by two negatives.

8.3.1. Spreading rate and age

Identification of magnetic anomalies is not an easy task along the South 

Pandora-Tripartite ridges due to the complexity of structural pattems. Axial 
anomalies are the most easily recognized because they are associated with 

areas of highest reflectivity areas on imagery maps (Lagabrielle et al., 1996). 
Along the South Pandora Ridge, the axial anomalies are about 15 km wide 

displaying strong variations of amplitude, probably related to the axial 
variability (see section 6.2.2). Magnetic data along the Tripartite and Rotuma 

ridges are more difficult to identify. However, in both cases axial anomalies 

may be inferred, but no sequence of older conjúgate anomalies has been 

recognized (Fig. 8.14 b).

Dyment et al. (1995) and Lagabrielle et al. (1996) recognize Anomalies 1 to 

3A on both flanks along the South Pandora Ridge (Fig. 8.14 b) following 

comparisons between the observed magnetic profiles and a synthetic 

magnetic model. This may suggest that the ridge exists at least from 7 Ma, 
máximum age of Anomaly 3A. That may be followed along the whole E-W
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8.3. Magttetic anotnalies

first-order segment, although it is better represented along the SPR1 and 

SPR2 segments, indicating an average full spreading rate of 16 mm/yr.

Due to their lower amplitudes, anomalies are more difficult to interpret 
along segment N75 (Fig. 8.14 b). Anomalies 1 to 3 can be interpreted along 

segment SPR3, whereas only Anomalies 1 and 2 are identified on segment 
SPR4. Anomaly 1 and other unidentified anomalies are observed along the 

Tripartite Ridge (Fig. 8.14b). An approximate full spreading rate of 8.5 

mm/yr over the last 0.71 Ma was calculated in the Tripartite Ridge at 
176°15'E.
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8.4. Gravity anomalies

Here we present the initial results of the gravity data from the NOFI 

cruise, partly based on the studies of Goslin et al. (1995) and Lagabrielle et al., 
(1996). The free-air anomaly and the mantle Bouguer anomaly maps were 

prepared between 170°40'E and 176°E as there was enough data to produce 

contour maps here. The whole of the South Pandora Ridge and the western 

edge of the Tripartí te Ridge (comprising segments TR3 and the central part 
of TR2) are shown.

8.4.1. FREE-AIR ANOMALIES
The distribution of free-air anomalies (Fig. 8.15a) is strongly correlated 

with the main topographic features of the South Pandora Ridge, as revealed 

by the bathymetric maps. The two first-order segments (N75 and N110) are 

clearly differentiated, as well as their second-order segments.

The N75 first-order segment is characterized by negative anomalies, 
which follow the structure's trend and which are bordered by gentle gravity 

highs. From west to east, the SPR4 segment produces only a small negative 

anomaly, whereas the SPR3 segment is well marked by two gravity lows 

(Fig. 8.15a). The two negative anomalies, one of 20 mGal, and the other of 

-10 mGal, correspond to the grabens SPR3a and SPR3c respectively. The axial 
high between them (SPR3b) is poorly marked on the free-air anomaly map.

The segment SPR2, corresponding to the western tip of the E-W first- 

order segment, is characterized by two gravity lows that evolve towards a 

gravity high, as observed on the bathymetric map. The SPR1 segment 
produces two elongates and oblique positive anomalies, one of them 

reaching 100 mGal (Fig. 8.15a). The Horizon Bank, on the northem flank of 

SPR1 shows the highest positive anomaly recorded in the area (more than 

120 mGal) and appears clearly connected to axial zone. Finally, the curved 

SPR0 segment is characterized by a máximum negative anomaly (less than 

-10 mGal) centred at 174°40'E.

The NI 10 segment, or Tripartite Ridge, is represented by a circular gravity 

high (100 mGal) corresponding to the NW Cakabau Seamount (TR3 

segment) and by a small positive anomaly (70 mGal) over the Cakabau 

Seamount (TR2 segment) (Fig. 8.15a). A few off-axis features stand out on
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8.4. Gravity anomalies

the free-air anomaly map, including the Bow Seamount which is clearly 

visible due to the bending of the gravity contours, and the northern tip of 

the NI 60 segment of the Central Spreading Ridge, characterized by gravity 

lows.

8.4.2. MANTLE bouguer anomalies

The mantle Bouguer anomalies of the area are depicted in Figure 8.15b. 
Along the western axial area, we can distinguish two circular negative 

anomalies (máximum -15 mGal) located in the centre of segments SPR4 and 

SPR3. The latter corresponds to the central volcanic high (SPR3b) and shows 

a small "bull's eye" signature (Fig. 8.15b). Towards the east, the three E-W 

segments (SPR2 to SPRO) are characterized by an extremely large elongated 

negative anomaly. A máximum "bull's eye" gravity low (more than -50 

mGal) is centred in the middle of SPR1 (around 173°E), where the segment 
is more robust and flanked by the Horizon Bank (Fig. 8.15b).

The Tripartite Ridge, which bathymetrically shows central volcanoes 

flanked by troughs is also characterized by "bull's eye" anomalies. A very 

large circular gravity low (more than -50 mGal) is centred on the NW 

Cakabau Seamount (TR3). A similar anomaly is centred over the Cakabau 

Seamount (TR2).

In contrast to the axial domain anomalies, the off-axis area is 

characterized by weak, uniform, mainly positive anomalies. Only on the 

southwestern part of the area, an important positive anomaly reaching +40 

mGal appears, which may be related to an oíd coid pre-existing crust.
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PART IV:
DISCUSSION AND 

CONCLUSIONS



Five main points are discussed. First, each study area is classified in 

terms of backarc evolution, from pre-spreading rifting to mature spreading.

Secondly, a comparison between the backarc and mid-ocean ridge 

accretion is presented.

N ext, we discuss the role of the seamount volcanism in the areas 

studied. We have seen in the previous chapters that large axial seamounts 

are common features in backarc areas. We attempt to elucidate their 

significance in the process of seafloor spreading.

The fourth point refers only to the Central Spreading Ridge of the North 

Fiji Basin. We apply a non-steady State thermal model in order to explain 

the morphological and gravitational differences observed between the 

northern (N160/N15 segments) and Southern parts (N-S segment) of the 

ridge.

Finally, taking into account the whole data set over the three study 

zones, we present two end-member models of the accretionary processes in 

backarc basins.

In the last chapter (Chapter 10), we present a list of the main conclusions.
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Chapter 9

DíSCUSSíON

9.1. Backarc evolution: From rifting to mature spreading

The three study areas presented in Part III, the Central-Eastern Bransfield 

Basin, the Central Spreading Ridge, and the South Pandora and Tripartite 

Ridges, can be classified in terms of backarc basin evolutive stages (see 

section 3.3). The three areas have been studied using almost the same 

conventional geological and geophysical methods (mainly swath- 

bathymetry, magnetics and gravity), and that constitutes the basis for 

comparison between them. Backarc rifting and incipient stages of seafloor 

spreading are both well illustrated in the Eastern and Central Bransfield 

basins, respectively (Fig. 9.1). In contrast, well developed seafloor spreading 

is characteristic of the North Fiji Basin spreading centres (Fig. 9.1). In this 

section, we discuss the evolution of the Bransfield and the North Fiji 
backarc basins, and compare them with other study cases.

9.1.1 THE BRANSFIELD BASIN: BACKARC RIFTING AND INCIPIENT SEAFLOOR 

SPREADING
As mentioned in Chapter 6, the Central and Eastern Bransfield basins are 

different in structure, dynamics, volcanism, and sedimentary cover. This 

suggests that slightly different processes may occur in both basins at present. 
In this section we propose that the Bransfield Basin is undergoing successive 

extensional stages from backarc rifting prior to spreading (Eastern Basin) to 

possibly incipient seafloor spreading (Central Basin).

The Eastern Bransfield Basin
Morphologically, the 150 km long Eastern Bransfield Basin is characterized 

by four deep rhombic troughs 13.5 to 48.5 km in length, 8 to 17.5 km wide, 
and with axial depths of 2150 to 2750 m. The troughs are arranged en 

échelon, showing a zig-zag pattern in plan view and trending slightly 

oblique to their margins. Considering the flanks of the troughs as normal 
faults, as suggested by bathymetric (Fig. 4.7) and seismic reflection data (Fig. 
4.13), a possible left-lateral strike-slip motion in addition to a NW-SE 

extensión would occur in the Eastern Bransfield Basin (Fig. 9.2). The
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RIFTING AND INCIPIENT SPREADING
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Fig. 9.1. Comparisoti of models for how backarc extensión is accomplished for the Central 
Bransfield Basin (upper) and for the Central Spreading Ridge (lower). Cross section of the 
Bransfield Basin is based in Trow and Gamboa (1992), and cross-section of the North Fifi 
Basin is based in Hussong and Uyeda (1981). Note the different estimates for the width of the 
crust formed by seafloor spreading Cspread’ crust) in the Central Spreading Ridge (150 km) 
and in the Central Bransfield Basin (less than 10 km).



9.1. Backarc evolutíott: From rifting to rnature spreading

proximity of the left-lateral píate boundary of the South Scotia Ridge, and 

the presence of transtensional focal mechanisms north of the Eastern 

Bransfield Basin (Fig. 9.2) may explain part of this strike-slip motion. Small 
basins similar to the troughs of the Eastern Bransfield Basin have been 

observed along the South Scotia Ridge between the northern and Southern 

crests. The troughs have been interpreted as pull-apart basins, as the 

Hesperides Deep, a rhombohedral trough more than 5000 m deep and fully 

mapped during the Scotia 92 cruise (Canals et al., 1992; ORCA Group, 1992) 

(Fig. 9.2). On Figure 9.2, nine focal mechanisms and the main seismic events 

from the región based on data from Pelayo and Wiens (1989) are also located. 
Earthquakes along the South Scotia Ridge show normal and strike-slip 

faulting. Events near Elephant Island show strike-slip, normal and thrust 

faulting; the normal faulting event is deeper and may indícate tensión 

within a downgoing slab. Normal faulting earthquakes are also associated 

with rifting in Bransfield Basin (Pelayo and Wiens, 1989).

Numerous small volcanic cones, 50 to 125 m high and 1 to 3 km2 of basal 
area, are scattered at the southwestern part of the Eastern Bransfield Basin. 
They show a disorganized distribution, and only one apparent volcanic 

lineation (labelled G in Fig. 9.3) forming a neovolcanic ridge may be 

identified. This abundance of small volcanic edifices can be interpreted 

either in terms of youth of the volcanism, or/and low magmatic budget in 

the basin. This kind of volcanism together with the rift graben morphology, 
and by analogy with other known rifting backarc basins (see next paragraph), 
indícate that the Eastern Bransfield Basin may be in a pre-spreading rifting 

stage, that is, backarc rifting prior to true spreading. The basin is then 

dominated by extensional and strike-slip tectonism and with associated 

diffused volcanism (Fig. 9.3). Further work based on the petrology, 
geochemistry, and geochronology of the rocks cropping out in the Eastern 

Bransfield Basin should be done in order to test this hypothesis.

Similar features are observed in Southern Havre Trough (Wright, 1993), 
and North Mariana between 22°25'N-20°N (Martínez et al., 1995) where pre- 

spreading rifting also predominates. There, a segmented en echelon rift 
system of deep troughs, of similar size than the Eastern Bransfield Basin, are 

opening and active backarc rifting propagates progressively towards the 

north. An extreme example is the Sumisu Rift (Taylor et al., 1991), where a 

system of troughs rift and develop into the present-day Izu-Bonin volcanic 

are (Taylor et al., 1991; Taylor, 1992).
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9.1. Backarc evolution: From rifting to tnature spreading

The Central Bransfield Basin
The morphology of the Central Bransfield Basin is dominated by six large 

volcanic edifices aligned with the basin axis that protrude from the 

sedimented seafloor (Fig. 9.3). Many other smaller, scattered volcanic edifices 

have also been identified. The thick sedimentary cover (approximately 1 

km) observed on the seismic reflection lines prevenís the horst and graben 

basement structure of the basin from cropping out. This progressively 

deepens towards the northeast up to 2950 m at 57°50'W. The trend of the 

main structures and the linear arrangement and shape of the large volcanic 

edifices suggest that a NW-SE extensión may be taking place in the Central 
Bransfield Basin (Fig. 9.3). Even if the amount of extensión for both Central 
and Eastern Bransfield basins is similar and proportional to the amount of 

subduction caused by the rollback effect (Lawver et al., 1995), some of the 

differences between them may be due to the strike-slip component affecting 

the Eastern Bransfield Basin (Figs. 9.2, 9.3).

As a general rule, in the Central Bransfield Basin, the volcanic edifices are 

larger, 100 to 600 m high, and up to 150 km2 of basal area, and less numerous 

than on the Eastern Basin (Fig. 9.3). This may be explained either in terms of 

maturity of the volcanism or/and higher magmatic supply in the Central 
Bransfield Basin (see section 9.2 for more details about the evolution of 

these volcanoes). We interpret the evidence of concentration of extensional 
faulting along the active and young MORB-type volcanoes (Keller et al., 
1991) located at the basin-axis, as the result of incipient seafloor spreading 

through the continental crust of the Central Bransfield Basin (Fig. 9.1).

In other areas, such as the Red Sea, or in backarc basin setting, as the 

Okinawa Trough, initial stages of seafloor spreading have also been reported 

(Bonatti, 1985; Sibuet et al., 1987). The Red Sea may be considered the best 
example of the transition from continental to oceanic rifting from north to 

south (Bonatti, 1985; Cochran and Martínez, 1988). The initial breakthrough 

of oceanic crust and the beginning of organized seafloor spreading occurs in 

essentially punctiform hot areas located along axial fissures. Axial 
propagation from each hot point forms linear spreading segments. The 

Okinawa Trough is a backarc basin formed by extensión within the 

continental lithosphere (like the Bransfield Basin). In the Okinawa Trough 

three different areas are distinguished: Northern, Middle and Southern 

Troughs. The crust in the Northern Trough is continental and still at the 

stage of thinning. On the Southern Trough, the backarc oceanic crust is
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9.1. Backarc evolution: Frotn rifting to rnature spreading

exposed through a series of elongate ridges presenting linear magnetic 

anomalies associated. Finally, the Middle Trough is in a transitional stage 

between the last two (Sibuet et al., 1987). There is a gradation from backarc 

basin localized accretion in the Southern Okinawa Trough to backarc basin 

diffuse extensión on the Northern Trough. This is also similar to what is 

observed in the Bransfield Basin. The Central Bransfield Basin exhibits more 

organized and localized volcanism, and the Southern Eastern Bransfield 

Basin displays more diffuse volcanism with small edifices scattered over the 

seafloor.

Some basic questions
The Bransfield Basin is formed by rifting of the Antarctic Península 

parallel to the South Shetland Trench. It seems that most of the extensión 

occurring on the Bransfield Basin involves a combination of rifting of the 

pre-existing thinned continental crust and injection of intrusions and 

volcanism. Seafloor spreading, defined by Martínez et al. (1995) as extensión 

accommodated primarily by accretion of new backarc crust and lithosphere, 
may occur only discontinuously along the Central Bransfield Basin. Thus, 
following the different stages of backarc evolution defined by Martínez et al. 
(1995) (see section 3.3), we consider that the Eastern Bransfield Basin may be 

represented by the stage C and the Central Bransfield Basin by a transitional 
stage between C and D (Fig. 3.6). We suggest that the Bransfield Basin is 

undergoing a progressive opening and volcanic propagation towards the 

northeast, with incipient seafloor spreading in the Central Bransfield Basin 

and pre-spreading backarc rifting in the Eastern Bransfield Basin.

Taking this into account, several points and questions need to be 

considered:

• What is the timing and what Controls the initial rifting?
This is still a point of debate. Barker (1982), Barker and Dalziel (1983), 

Barker et al., (1991), and Lawver et al. (1995) considered that the present 
extensión in the Bransfield started about 4 Ma ago. This is when accretion at 
the Antarctic-Phoenix spreading centre stopped, as recorded by the marine 

magnetic anomalies. In contrast, Birkenmajer (1992) suggested that incipient 
rifting could have begun between 26 to 22 Ma ago, according to radiometric 

ages of extensional dykes on King George Island.
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Evidence from the Okinawa Trough, also formed by extensión within 

continental lithosphere, indicates an early rifting phase around 13 Ma ago 

(Sibuet et al., 1995). Hussong and Uyeda (1981) consider that rift propagation 

along an are system requires at least 6 Ma, which is in clear contrast with 

what has been suggested by Barker (1982) and others for the Bransfield Basin. 
It seems that an intermediate solution between the two age models 

suggested for the Bransfield opening may better agree with the observed 

structures in the basin and with the very slow and virtually aseismic 

subduction along the South Shetland Trench.

• What is the amount of thinning and extensión?
The crustal structure of the Bransfield Basin has been modelled by 

Ashcroft (1972), Guterch et al. (1985 and 1991), and Grad et al. (1993) based on 

seismic refraction data. All of them agree that the Bransfield Basin is formed 

by thinned crust underlain by an anomalous mantle upwelling. However, 
the depth to Moho is very different in these models (ranging between 14 and 

30 km), and the exact amount of thinning as well as extensión remains to be 

solved. From bathymetric data, we tentatively suggest máximum valúes of 

60 km of extensión for the Central Bransfield Basin and about 40 km for the 

Eastern Bransfield Basin.

As a reference, in the Okinawa Trough the crustal thickness increases 

from 10 km in the Southern troughs to 30 km in the north and the total 
amount of extensión decreases from 80 km in the Southern Okinawa 

Trough to 74 km in the north (Sibuet et al., 1995).

• How wide is the crust formed by seafloor spreading? At what rate?
We know that the rate of extensión in the Bransfield Basin is 

approximately equivalent to the rate of rollback at the South Shetland 

Trench. However, the amount of true oceanic crust created is almost non 

existent in comparison with a mature backarc basin (Fig. 9.1). Roach et al. 
(1978), Parra et al. (1984 and 1988) and González-Ferrán (1991), from marine 

magnetic and aeromagnetic data, suggested the start of seafloor spreading 

between 1.3 Ma and 2 Ma ago, at an average velocity of 2.5 to 9 mm/yr full 
rate. Nevertheless, unlike Vine-Matthew’s reversal sequences, representing 

complete zones of newly accreted crust, in the Central Bransfield Basin we 

do not have continuous bands of magnetic lineations. Thus, we suggest that 
the above calculations are not reliable.
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9.1. Backarc evolution: Front rifting to mature spreading

If we consider the young (less than 0.3 Ma; e.g. Keller et al., 1992) 

seamounts of the Central Bransfield Basin as representative of incipient 
spreading, the width of crust formed is less than 10 km (Fig. 9.1). When the 

Bransfield Rift Anomaly is tentatively interpreted as Anomaly 1 (section 

6.4), the máximum age of spreading in the Central Bransfield Basin would 

be 0.71 Ma and the resulting máximum full rate 0.83 mm/yr. As spreading is 

not well organized and discontinuous, these should be considered 

máximum valúes.

9.1.2. THE NORTH FlJI BASIN: YOUNG TO MATURE SEAFLOOR SPREADING
The two areas studied at the north and central parts of the complex 12 Ma- 

old North Fiji Basin are representative of different degrees of maturity, in 

terms of organized seafloor spreading (Fig. 9.1). Thus, each of the active 

spreading ridges (Central Spreading, South Pandora-Tripartite) illustrates at 
the present-day a particular stage of backarc oceanic accretion, from young to 

mature.

The Central Spreading Ridge
The Central Spreading Ridge located in the central part of the North Fiji 

Basin is the best developed, both in structure and magmatism, of all the 

spreading centres identified in the basin (Fig. 9.1). The variability between 

superficial and deep structure will be discussed in detail in section 9.4. The 

Central Spreading Ridge is 3.5 Ma oíd, as magnetic Anomalies 1 to 2A have 

been clearly identified (Huchon et al., 1994). Two recent axial reorganizations 

have been reported, at 3 and 1.5 Ma (Auzende et al., 1995). The full spreading 

rate, the fastest within the basin, is intermedíate and decreases northwards 

from 82 to 52 mm/yr. A main E-W extensional trend is considered for the 

N-S segment, changing to NE-SW and NW-SE for the N160 and N15 

segments, respectively (see Chapter 7).

The accretion in the central part of the North Fiji Basin is distributed on 

two synchronous active axes (Auzende et al., 1994b). The Central Spreading 

Ridge and the West Fiji Ridge (see section 5.3) are propagating in opposite 

directions, isolating an intermedíate píate west of the Fiji Islands. This twin- 

ridge system can be compared with the Easter (e.g. Naar et al., 1991) and Juan 

Fernandez (e.g. Francheteau et al., 1987) microplates on the East Pacific Rise, 
although such a case was not documented before on backarc basins 

(Auzende et al., 1995b). Moreover, the relationship between the central and 

northern Systems, the Central Spreading Ridge and South Pandora-
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9.1. Backarc evolution: From rifting to matute spreading

Tripartite ridges respectively, is still not clear. Even if they are opening 

perpendicular to each other, there is no triple junction between the present- 

day axes (Fig. 9.4).

The South Pandora-Tripartite Ridges
Relatively oíd crust is present in the northern part of the North Fiji Basin, 

at the mature South Pandora Ridge. Although Auzende et al. (1988b, 1995c) 

suggest that spreading stopped at the northern part of the North Fiji Basin 

sometime between 3 Ma and the present-day (see section 5.4), new data 

obtained during the NOFI cruise (see section 8.1) along the South Pandora 

Ridge demonstrates the contrary. We can affirm that oceanic spreading 

processes have been occurring almost continuously for at least 7 Ma along 

the South Pandora Ridge, as revealed by the identification of Anomalies 1 to 

3A (Lagabrielle et al., 1996). At a regional scale, this mature spreading system 

shows a relatively stable geometry, as revealed by the well-organized E-W 

parallel pattern of magnetic lineations suggesting a N-S extensión (Fig. 9.4). 
The magnetic anomalies identified suggest a full spreading rate of 16 mm/yr 

(see section 8.3), which classifies the South Pandora Ridge as an ultra-slow 

spreading centre.

The young N110 trending Tripartite Ridge is located at the eastern end of 

the South Pandora Ridge (see Chapter 8). Magnetic Anomaly 1 is clearly 

identified (see section 8.3), and in consequence, we may affirm that the 

Tripartite Ridge is a young spreading centre formed at least 0.71 Ma ago. The 

structural and magnetic patterns along the Tripartite Ridge indicated a V- 

shaped structure narrowing towards the southeast. This suggests an axial 
propagation of the Tripartite Ridge with a propagating tip located at 177°30'E, 
exactly where the N-S structures appear (Fig. 9.4). The converging V-shaped 

lineations, named pseudofaults (Hey, 1977; Hey et al., 1980), correspond to 

the limits between the newly created and the pre-existing lithosphere of the 

basin, mainly trending E-W. From the magnetic anomalies, the calcúlate full 
spreading rate is ultra-slow and decreases from 8.5 mm/yr at 176°15’E to 0 

mm/yr at the tip of the pseudofault (177°30’E). In addition, ferrobasalts have 

been identified about 15-20 km inside the pseudofault (Sinton et al., 1994), a 

position predicted to be most conducive to eruption in association with 

propagating rifts, as in the Galápagos Rift (Christie and Sinton, 1981; Sinton 

et al., 1983). AI1 these points support the interpretation of the Tripartite 

Ridge as an active and young propagating rift.
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Some Basic questions
The Central Spreading Ridge and the South Pandora-Tripartite Ridges are 

both active centres where new oceanic crust is created through organized 

seafloor spreading. Both systems would be classified as more evolved than 

stage D (Fig. 3.6), following the four stages of backarc evolution (Martínez et 
al., 1995) (see section 3.3). The Central Spreading Ridge and the South 

Pandora-Tripartite Ridges are not the solé locus of seafloor spreading; at least 
three more active ridges (see section 5.3 and Fig. 5.5) with various positions 

and orientations form also part of a complex spreading system within the 

basin. The North Fiji Basin is, then, one of the world's ocean basin having 

the largest cumúlate length of active spreading centres for a given surface of 

seafloor (Lagabrielle, pers. comm.). It is one of the most evolved backarc 

basins in the world opening together with the Lau Basin, in the inter-arc 

región between the opposite verging New Hebrides and Tonga subduction 

zones (Hamburger and Isacks, 1988).

Concerning the present-day opening in the North Fiji Basin, some 

fundamental questions appear.

• Is the present-day spreading in the North Fiji Basin subduction-related?
In contrast to the neighbouring Lau Basin (see section 5.1), where opening 

seems to be caused by the rollback of the Tonga subduction zone hinge 

(Parson and Hawkins, 1994), the present-day opening in the North Fiji Basin 

does not seem to be related or parallel to any subduction. Petrologic, 
geochemical and structural data (Boespsflug, 1990; Eissen et al., 1991; Sinton 

et al., 1985 and 1993; Bendel, 1993) suggest that the present-day Central 
Spreading Ridge is independent of the active New Hebrides subduction 

zone. Moreover, although the general trend of the curved South Pandora 

Ridge mirrors the fossil Vityaz Trench (Fig. 9.4), the origin of the South 

Pandora Ridge was not related to subduction along the trench. During the 

Late Miocene, when the ridge started spreading, the trench was already 

inactive (e.g. Falvey, 1978). In addition, the geochemistry of the South 

Pandora Ridge lavas shows a predominance of E-MORB sources along-axis, 
with no influence of active or fossil subduction zones. Trace element 
analysis indícate that this enrichment may be due to a mantelic source 

(Guivel et al., 1995).
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9.1. Backarc evolution: Frottt rifting to mature spreading

• What induces the present opening in the North Fiji Basin?
It is understood that the basin started opening around 12 Ma ago, when 

the Ontong Java Plateau and associated seamounts collided at the edge of the 

Australian borderland, the now inactive Solomon-Vityaz subduction system 

(e.g. Auzende et al., 1988b) (see section 5.4 and Fig. 5.6). However, the causes 

of the present-day opening are controversial. We recall that the North Fiji 
Basin is characterized by shallow depths with respect to the Pacific basin, 
very high heat flow, shallow Moho beneath the spreading axis, low seismic 

velocities in the crust, low density upper mantle, and local high of the geoid 

(see Chapter 5) . All these features suggest that the North Fiji Basin 

development is linked to a regional thermal anomaly (hot mantle plume) 

responsible for a higher rate of mantle convection that induces rapid erustal 
production. This inherent process, together with the deformation generated 

by the dominantly transcurrent motion between the Pacific and Indo- 

Australian Plates (Hamburger and Isacks, 1988) may explain the current 

opening in the interarc región.
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9. DISCUSSION

9.2. Backarc versus mid-ocean ridge spreading: Differences and 

similarities

Some authors considered that spreading centres in backarc basins are less 

clearly defined morphologically and geophysically than at mid-ocean ridges 

(Lawver et al., 1976; Lawver and Hawkins, 1978), and that backarc extensión 

in marginal basins was more diffuse (Lawver and Hawkins, 1978; Tamaki, 
1985; Hamburger and Isacks, 1988). However, a series of fundamental 

geological and geophysical characteristics links the backarc basin and mid- 

ocean ridge tectonic environments as zones of lithospheric accretion (Karig, 
1971; Taylor and Karner, 1983; Weissel, 1981). Both are characterized by 

relatively shallow seafloor with high heat flow and high seismic 

attenuation, active crustal seismicity and thin ocean crust. Basement rocks 

in both environments are commonly composed of tholeiitic basalts. The 

backarc ridge segmentation pattern is similar to that found at mid-ocean 

ridges, magnetic lineations are recognizable and parallel to the present-day 

axis, and the axial zone (rift valley or axial high) is about 10 to 20 km wide 

(Table 9.1). These common characteristics have led to an obvious tectonic 

analogy with seafloor spreading at mid-ocean ridges. Lithospheric accretion 

in backarc basins takes place along discrete spreading centres resembling 

those of major oceans (Taylor and Karner, 1983; Weissel, 1981; Auzende et 
al., 1988b).

9.2.1. Segmentation

The initial rifting within the volcanic are may already pre-determine the 

future segmentation in backarc spreading ridges, as has been suggested in the 

Sumisu Rift within the Izu-Bonin Are (Taylor et al., 1991; Taylor, 1992) and 

the northern Mariana Trough (Martinez et al., 1995). Thus, the zig-zag 

pattern of faults limiting the en echelon troughs and their dimensions 

characterizing the present-day Eastern Bransfield Basin geometry may reflect 
the initial pattern of are rifting, and may also determine the future 

segmentation of the basin. In the following stage, during incipient seafloor 

spreading, the axial volcanic propagation starts from individual hot-points, 
forming linear proto-spreading segments, as observed in the Northern and 

Central Red Sea (Cochran and Martinez, 1988). The constant distance 

between each eruptive centre (about 50 km) suggests regular spacing of the 

upwelling zones and a segmentation of the rift into compartments (Bonatti, 
1985). The spacing between the edifices in the Central Bransfield Basin,
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9.2. Backarc versus mid-ocean ridge spreading: Differences and similarities

between 25-30 km, agrees with these hypotheses. This model implies that 
beneath each initial hot point there is a zone of preferential upwelling of 

upper mantle material.

The recognition that backarc basins have an extensive rifting stage prior 

to spreading has helped to reconcile some of their initially perceived 

differences with mid-ocean spreading centres. The study of mature systems 

such as the North Fiji Basin has confirmed some similarities in backarc 

spreading parameters (rates, morphotectonics, magnetization, crustal 
structure and geochemistry) to those of mid-ocean. Nevertheless, although 

the fundamental accretionary processes may be similar (see section 9.4), 
differences between backarc and mid-ocean ridge spreading centres occur, 
and they are especially evident when looking at ridge segmentation 

hierarchy and axial discontinuities.

The Central Spreading Ridge and the South Pandora-Tripartite Ridges are 

segmented into three first-order segments named according to their 

orientation, and between 300 and 125 km long (Table 9.1). This is half of the 

first-order segmentation observed in mid-ocean ridges (between 600 and 300 

km long) (Macdonald et al., 1991; see Table 2.1). In consequence, it appears 

that the first-order segments in mid-ocean ridge would be at the scale of the 

whole backarc basin, and that the first-order segment backarc basins 

correspond to the second-order in mid-ocean ridges.

The longevity of these first-order segments is another point that 

differentiates backarc from mid-ocean ridges. The Tripartite Ridge dates 

from at least 0.7 Ma, and the Central Spreading Ridge from 3.5 to 1 Ma. Both 

backarc ridges are shorter-lived than mid-ocean ridges, where segments of 

order 1 have a longevity at least 5 Ma (Macdonald et al., 1991; see Table 2.1).

9.2.2. Discontinuities
The axial discontinuities along the Central Spreading Ridge and South 

Pandora-Tripartite Ridges (overlapping spreading centres, propagating rifts, 
offsets and devals) (Table 9.1) are analogous to those described along mid- 

ocean ridges (Hey, 1977; Hey et al., 1980; Macdonald and Fox, 1983; 
Macdonald et al., 1988,1991; Schouten et al., 1985; Whitehead et al., 1984).

The fundamental difference between mid-ocean ridge and backarc axial 
discontinuities is the lack of large transform faults and fracture zones
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separating first-order segments in the backarc ridges. Small, short-lived 

offsets (Table 9.1) showing curved patterns, with no off-axis traces, are the 

only strike-slip features displacing the axis, like the numerous offsets 

observed along the N160 segment of the Central Spreading Ridge (Fig. 7.5) 

and along the N75 segment of the South Pandora Ridge (Fig. 8.6). This 

might be a general characteristic of backarc accretion, as also observed in the 

Woodlark Basin (Taylor et al., 1995) and Lau Basin spreading centres (Parson 

et al., 1990).

Another point is the presence of non-rigid discontinuities characteristic 

of fast spreading ridges (Macdonald and Fox, 1983; Lonsdale, 1985) along the 

ultra-slow South Pandora Ridge, like the 173°50'E overlapping spreading 

centre between SPR1 and SPRO (Fig. 8.6). This suggests an independence 

between the spreading rate and the magmatic budget underneath these 

robust segments, allowing rapid reorganizations along the ridge.

9.2.3. IN SITU OBSERVATIONS
At the scale of submarine observations similarities and differences 

between backarc and mid-ocean ridges have also been pointed out. 
Variability of the present-day tectonic, volcanic and hydrothermal activities 

is reported from diving observations along the Central Spreading Ridge (see 

section 7.3).

Different axial morphologies are observed between Stations 14 and 19°S, 
respectively located 20 km apart at the centre and end of CSR7 segment (N-S 

segment). These may be related with the shape and boundaries of the 

magma chamber underneath (Ondréas et al., 1993). Small-scale variations 

have been observed within Stations 4 and 14. These variations show that at 
this scale (within 1 km), magma erupts randomly in time and space, and 

tectonic activity takes place in narrow, discrete areas (Grácia et al., 1994). 
Submersible studies along mid-ocean ridges, such as the East Pacific Rise at 
13°N (Vaslet, 1993), 12°50’N (Gente et al., 1986), and between 17°30'S and 

21°30'S (Renard et al., 1985) have also emphasized small-scale along-axis 

morphologic variations.

The hydrothermal activity observed in Station 4 (NI 5 segment) may be 

linked to both nascent magmatism and fissuring, which have been also 

observed in other oceanic sites (Kappel and Ryan, 1986; Gente et al., 1991; 
Ishibashi and Urabe, 1995).
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9. DISCUSSION

9.3. Seamount volcanism on backarc basins: Role in accretionary 

processes

The formation and growth of seamounts in ocean basins are intimately 

related to melt production and migration in the mantle and to the 

evolution of the oceanic lithosphere. The seamounts can be grouped in two 

main classes: the large volcanoes forming oceanic islands and guyots 

associated with hot-spots, and the numerous small volcanoes related to 

spreading centres. The second group of volcanoes is associated with mantle 

upwelling and lithospheric development along the spreading centre 

(Scheirer and Macdonald, 1995).

In this section we discuss the on-axis and near-axis seamount volcanism 

systematically observed along the Bransfield Basin, the South Pandora and 

Tripartite Ridges, and the Central Spreading Ridge, with the aim of 

establishing the relationship between this seamount volcanism and backarc 

basins accretionary processes.

9.3.1. BRANSFIELD BASIN
At first sight, the seven large circular volcanoes and ridges (A to G) 

exposed on the floor of the Bransfield Basin (Fig. 9.3) might be explained as 

the result of initial fissure eruptions converging in to single vents. 
However, rectilinear faults affecting the volcanoes do not support this idea, 
and a more complex model must be considered. We propose that different 
morphologies of the largest edifices of the Central Bransfield Basin (edifices 

E, A, and D) may illustrate three successive volcano-tectonic stages (Fig. 9.5).

• 1. Point-source circular volcanoes form at the intersection of two sets of 

orthogonal trending faults that define the overall basin structure (see 

Chapter 6). This stage is represented by small scattered circular volcanoes 

and also by edifice E (Fig. 9.5a).

• 2. Extensión occurs, which causes the splitting of the circular edifices by 

normal faults, and leads to the formation of neovolcanic ridges elongated 

from the initial point-source. The propagation of the volcanism follows the 

main N55-N60 direction as in edifice A (Fig. 9.5b), although it may locally 

follow a N145 normal direction, as in one ridge of edifice F.
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• 3. Finally, continued extensión results in the development of a single 

neovolcanic ridge, inactivity of the half-volcanoes on both sides and, 
consequently, their disfigurement. This situation is best illustrated by edifice 

D (Fig. 9.5c).

There is a significant along-axis variation in seamount basalt chemistry in 

the Central Bransfield Basin (Keller et al., 1991). Lawver et al. (1995) 

proposed that as the Bransfield Basin rift develops and deepens, the 

volcanoes become more MORB-like. The most similar to Normal-Mid 

Ocean Ridge Basalt (N-MORB) of any sample recovered so far from the 

Central Bransfield Basin comes from edifice D, which we interpret as 

characteristic of the maturest stage. Younger, 100,000 year oíd, backarc type 

tholeiitic-calc-alkaline basalts have been sampled in edifice F (Fisk, 1990), 
which is also morphologically less evolved. This significant along-axis 

variation in seamount basalt chemistry correlates with our interpretation of 

the distinct seamount morphologies being consistent with the idea of 

transitional nature of the Central Bransfield Basin from rifting to spreading 

regimes.

Role of seamounts in axial construction
Seamount volcanism plays a fundamental role in axial construction on 

slow spreading ridges, as has been suggested by their abundance on the Mid- 

Atlantic Ridge floor between 24°N and 30°N (Smith and Cann, 1992), 
23°25'N and 22°45'N (Bryan et al., 1994), and the Reykjanes Ridge (Murtón 

and Parson, 1993; Smith et al., 1995). A detailed analysis of seamount 
population made on the axes of Mid-Atlantic Ridge (24°N-30°N) and 

Reykjanes Ridge shows that seamounts higher than 150 m comprise 15% of 

the population and they are densely distributed (Smith and Cann, 1992; 
Smith et al., 1995). In comparison, in the Bransfield Basin up to 37% of the 

edifices are o ver 150 m high (see section 4.2.3) and they are more widely- 

spaced than those usually found at the slow-spreading ridges. Both 

differences may result from a wider spacing of the fracturing of the basin. 
This style is probably related to the continental nature of the crust and 

results in a concentration at the same preferential areas of both volcanism 

and extensión.

Moreover, large split axial volcanoes with a diameter of 10 to 15 km, 
similar dimensions to those cropping out at the Central Bransfield Basin, are
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observed along the Mid-Atlantic Ridge between 37°N and 39°N, near the 

Azores Islands platform (Ondréas et al., 1995). In this area, the ridge axis 

shoals to less than 1500 m depth, and the deep axial rift valley that 

characterizes the Mid-Atlantic Ridge in much of the North Atlantic 

disappears. These anomalous features are strongly influenced by the 

presence of the Azores hot spot (Detrick et al., 1995). Another example of 

large ridge-axis seamounts is the 12 km diameter Axial Volcano located in 

the central segment of the intermedíate Juan de Fuca Ridge (Embley et al., 
1990). Currently both volcanically and hydrothermally active, this feature 

lies at the intersection of the Cobb-Eickelberg seamount chain and the Juan 

de Fuca Ridge. In consequence, the formation of the Axial Volcano is 

directly associated with the seamount chain and, at the same time, affected 

by normal seafloor spreading processes (Embley et al., 1990; Johnson and 

Embley, 1990).

9.3.2. The South Pandora and Tripartite Ridges 

South Pandora Ridge
The broad, complex arched E-W trending South Pandora Ridge is 

characterized by both axial and off-axis seamounts. The axial topography of 

the South Pandora Ridge is represented by a contrast between segments 

formed by large volcanic edifices and highly tectonized rift-valleys (see 

Chapter 8). The axial seamounts are large features located either at the 

central part of second-order segments (as SPR3b), at the segment end (as 

SPR0), or occupying the whole segment (as SPR1) (Fig. 8.6). These features 

seem to form by point source volcanism that propagates following the main 

structural trends (Fig. 9.4).

The SPR3b seamount protrudes within the N75 trending rift valley but 

several E-W faults and fractures cut the edifice and the bordering troughs 

obliquely (Fig. 8.6). We consider that the present-day extensional trend is N- 

S, normal to the axis-parallel faulting (Fig. 9.4). However, if spreading is 

orthogonal to the main N75 segment trend, then oblique spreading trending 

N160-170 will occur, as in the Reykjanes Ridge (Murtón and Parson, 1993). 
Determination of the exact direction of píate separation is essential to the 

assessment of whether there is oblique spreading along the SPR3 segment 
(Fig. 8.6). The SPR1 segment is a large, shallow volcanic high composed of 

several elongated edifices following the main E-W trend (Fig. 9.4). An 

individualized seamount is located at the central part of the segment (Fig. 
8.6), suggesting point-source volcanism. The SPR0 seamount is formed by
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Fig. 9.6. Example of the EM-12 imagery data recorded during the NOFI cruise. The axial zone 
characterized by active tectonized región, recently emplaced lavas, and weak sedimentara 
cover, corresponde to the black areas. Off-axis, the ridge parallel fabric as zvell as the Twin 
Seamounts (10 km diameter each) are clearly outlined (Lagabrielle et al, 1995)
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two elongated edifices trending N110-120, which seem to result from the 

split of a previous single seamount centred at 174°E. The Southern half, 
which overlaps with SPR1 (Figs. 8.5, 8.6 and 9.4) seems to propágate towards 

the west, where small volcanic cones cover the seafloor.

Two types of off-axis seamount are observed along the South Pandora 

Ridge system: large seamounts and banks, and small volcanic cones.

Two large seamounts are located about 40 km off-axis in the SPR2 

segment and symmetrically distributed at either side of 172°36'E: the Bow 

(north flank), and Twin (south flank) seamounts (see section 8.2 and Fig. 
8.5). The centre of the E-W trending Bow Seamount is wide (15 km) and 

narrows considerably towards its tips, to less than 4 km wide. The Bow 

Seamount shows a rectilinear and faulted inward facing flank whereas the 

outward is irregular and curved. This suggest that the Bow Seamount was 

formed and split at the axis, with an original elliptic shape. These bow forms 

are also recognized along the Juan de Fuca Ridge (Kappel and Ryan, 1986). 
The Twin Seamounts are two perfectly round-shaped symmetric volcanoes. 
The rocks samples recovered by dredging on the Southern Twin Seamount 
are similar to other seamounts dredged in the North Fiji Basin (Price et al., 
1990; Price and Kroenke, 1991; Eissen et al., 1994; Lagabrielle et al., 1994a). 
However, the low reflectivity response of the Twin Seamounts in the 

imagery map (Fig. 9.6), probably due to a thick sediment cover, suggests that 
they may not be active at present. The near-axis Horizon Bank, mainly 

formed by vesicular and porphyric fresh lavas (Lagabrielle et al., 1994b), is 

directly linked with the northem flank of SPR1 through a narrow sharp 

ridge (Figs. 8.5, 8.6, and 9.4). Its formation may be related to SPR1, the most 
robust segment of the entire South Pandora Ridge. Large off-axis seamounts 

and chains are often related to the wide, shallow, magmatically robust 

spreading segments, as along the East Pacific Rise, north of Orozco Fracture 

Zone (16°N) (Macdonald et al., 1992a).

A high concentration of small volcanic cones, 1.5 to 3 km in diameter are 

observed off-axis in the SPR3 and SPR4 segments (Figs. 8.5 and 8.6). They 

appear scattered over a 3000 m deep fíat plateau. The imagery shows low 

reflectivity over these cones in relation to a fairly thick sedimentary cover 

(Fig. 9.6).
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Tripartite Ridge
The axial morphology of the Tripartite Ridge is dominated by the NW 

Cakabau, Cakabau, and SE Cakabau seamounts centred within TR3, TR2 and 

TR1 segments, respectively (see section 8.2.1). The size and volume of these 

seamounts tends to decrease towards the southeast according to the direction 

of ridge propagation (see section 9.1). In consequence, a progressive decrease 

in the age of the seamounts towards the propagating tip should be 

considered (Fig. 9.4).

As for the Bransfield Basin, the morphologies of the Tripartite Ridge axial 
seamounts may also illustrate the volcano-tectonic stages defined above (Fig. 
9.5). Point source circular volcanoes form in the central part of the segment 
protruding into the deep axial grabens. An along-axis volcanic propagation 

occurs following the NI 10 trending axial fissures from the initial point 
source (Fig. 9.4). This is illustrated by the SE Cakabau Seamount, which 

propagates to the northwest, as well as by the Cakabau Seamount 
propagating in both directions. Continued extensión split the circular 

edifices by normal faults leading to the formation of a small new axial 
graben, like that observed within the NW Cakabau Seamount. 
Asymmetrically, one of the volcanic halves may develop into a propagating 

neovolcanic ridge. At the tip of the ridge, dozens of small seamounts (2 km 

basal diameter) mark the present-day axial volcanic propagation of the NW 

Cakabau Seamount towards the west.

No considerable off-axis volcanism has been observed associated with the 

Tripartite Ridge due to the limited multibeam coverage, and the youth of 

this structure.

9.3.3. The Central Spreading ridge

Unlike the Bransfield Basin or the South Pandora-Tripartite Ridges 

where seamounts play a major role in the axial neovolcanism, the axis of 

the Central Spreading Ridge is devoid of large seamounts. Small (1.5 km 

diameter) and scattered axial volcanic cones are observed only near the 

volcanic massif of the 16°50'S triple junction, at the Southern CSR3 and 

northern CSR4 segments (Fig. 7.5). Punctiform volcanism is not observed, 
perhaps because it is covered by low-relief flows which are the primary 

products of axial fissural constructional volcanism. However, well 
developed seamount chains and large volcanoes, about five times larger 

than the cones described on axis, are abundant within a few tens of
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kilometres of the N-S segment axis. They are mainly concentrated along of 

the CSR7 second-order segment (Figs. 7.6 and 7.7).

Near-axis seamount chains
As described in section 7.2.3, at least 14 seamount chains more than 15 km 

long have been observed. The chains are composed of two or more 

seamounts showing different shapes and sizes (Table 7.1). Some of the 

circular seamounts, like those in E or M (Fig. 7.7), show central depressions 

up to 1-2 km diameter that are interpreted as caldera collapses, suggesting 

magmatic chambers underneath (Batiza and Vanko, 1983). The most 
plausible hypothesis for explaining the origin of these circular seamount 
chains is that as the central part of the N-S segment is magmatically very 

robust, chains located within 25 to 30 km of the ridge axis may be associated 

with the upwelling system beneath the ridge axis. This is similar to the East 
Pacific Rise, where the largest seamount chains occur adjacent to the ridge 

axes which are among the shallowest and broadest of their respective 

segments (Scheirer and Macdonald, 1995). However, a mini hot-spot 
hypothesis (Shen et al., 1993) has been put forward for the formation of the 

isolated seamounts located 61 and 92 km off-axis respectively (see Fig. 7.6, 
7.7). In contrast, rectangular seamounts, like the ones forming the east-west 
trending F chain, are delimited by linear and faulted flanks. This N-S 

faulting pattern parallel to the axis suggests that these seamounts were 

formed on axis, although this process no longer seems to occur.

Another point to discuss are the ages of the seamount chains. The 

relative ages of seamounts within a chain are often thought to mimic the 

age progression of hot-spot volcanoes, becoming older in the direction of 

absolute píate motion (Scheirer and Macdonald, 1995). Datation of near-axis 

seamount chains on the Juan de Fuca Ridge (e.g. Desonie and Duncan, 1990) 

confirms such an age progression decreasing towards the spreading axis. If 

we apply this hypothesis to the seamount chains of the Central Spreading 

Ridge, we can affirm that most of the youngest seamounts are located within 

a distance of 6 to 12.5 km from the axis. Taking an average spreading rate of 

80 mm/yr 20°S for the CSR7 segment, these seamounts appear to form in 

very narrow zones on either side of the ridge axis on crust ranging in age 

from 0.1 to 0.3 Ma.
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9.4. Variability of the superficial and deep structure along the 

Central Spreading Ridge

As has been explained in section 2.1, there is a strong dependence of axial 
morphology on the spreading rate (e.g. Menard, 1967; Macdonald, 1982). 
Axial valleys are considered dynamically stable features (Atwater and 

Mudie, 1973; Macdonald, 1982), and several steady-state models have been 

proposed to explain their presence at slow-spreading centres (Sleep, 1969; 
Lachenbruch, 1973; Anderson and Noltimier, 1973; Tapponnier and 

Francheteau, 1978; Phipps Morgan et al., 1987; Chen and Morgan, 1990b). 
However, recent studies reveal a wide variety of ridge morphologic features 

at slow and intermediate rates instead of an ubiquitous axial depression. 
Changes from a volcanic dome to a rift valley have been proposed from 

segments of the Juan de Fuca Ridge (Kappel and Ryan, 1986), Mid-Atlantic 

Ridge (Fox et al., 1991), Austraban-Antarctic Discordance (Palmer et al., 
1993), and Pacific-Antarctic Ridge (Marks and Stock, 1994). This 

morphological variability suggests that, in addition to spreading rate, other 

parameters such as magma supply and/or crustal thickness exert 
morphological control.

While maintaining an intermediate spreading rate (50-83 mm/yr), the 

Central Spreading Ridge is characterized by axial morphologic and 

gravimetric variability, both in space (along-strike) and time (across-strike). 
In this section, the along-axis variations in morphology and gravity 

structure, described in Chapter 7, are related to different thermal regimes. 
The non steady-state thermal model of Tisseau and Tonnerre (1995) is 

applied in order to explain the observed variations.

9.4.1. Bathymetric and gravimetric variability

Two types of spreading centre can be assumed based on their magmatic 

budget: a "cold"-type spreading centre, which corresponds to the northern 

part of the Central Spreading Ridge, and a "hot"-type for the Southern part.

The "coid" spreading centres show an axial morphology characterized by 

a deep rift-valley (N160 segment) or an axial graben (N15 segment), similar 

to those observed at the Mid-Atlantic Ridge (Fig. 9.7). The roughness of the 

on- and off-axis topography is very pronounced. The morphology described 

in section 7.2, and the presence of an interrupted neovolcanic ridge indícate
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that magmatism is discontinuous along-axis (non steady-state) and 

restricted to this area, with no evidence of off-axis volcanic activity.

Distance in km

Fig. 9.7. Across-axis bathymetric profiles along the Central Spreading Ridge. Note the 
dramatic change in axial morphology between the different segments, while the whole 
spreading rate ranges only between 50 to 73 mm/yr. Compare with the across axis profiles 
from the sloiv spreading Mid-Atlantic Ridge and intermedíate East Pacific Rise (Fox et al., 
1991). Vertical Exaggeration: 5.

239



9. DISCUSSION

In contrast, the "hot" spreading centre represented by the N-S segment 
has an axial topography similar to that of the East Pacific Rise (Fig. 9.7): a 

wide volcanic dome, locally with an axial summit caldera. The axial 
morphology suggest near steady-state magmatism along axis. The off-axis 

topography is in general smooth and it is only disturbed by the seamount- 

chains that concéntrate on the flanks of CSR7, the most magmatically robust 
segment (for details about the interpretation of these seamount-chains, see 

section 9.2).

The gravity structure beneath the Central Spreading Ridge also shows 

strong differences between the northern and Southern parts of the Central 
Spreading Ridge. The N160 and N15 segments ("coid" spreading centres) 

ha ve strong variations in the mantle Bouguer anomaly, ranging from -55 to 

-10 mGal. The "buH's-eye"-shaped gravity lows observed in the 16°50'S 

triple junction and in the middle of segments CSR2 and CSR3 (Fig. 7.16) are 

similar to the anomalies found between 27°50'N and 30°40'N on the Mid 

Atlantic Ridge (Lin et al., 1990; Rommevaux et al., 1994a) and also between 

31 °S and 34°S along the Southern Atlantic (Kuo and Forsyth, 1988; 
Neumann and Forsyth, 1993). As suggested by Lin and Phipps-Morgan 

(1992) for slow spreading ridges, these negative anomalies are interpreted as 

discrete mantle upwellings that result in a thickened crust.

The axis of the N-S segment ("hot" type) shows small-amplitude mantle 

Bouguer anomaly variations (from -10 to 10 mGal), similar to the low 

gravity gradients observed along the East Pacific Rise between 9°N-13°N by 

Madsen et al. (1990). This can be interpreted as sheet-like accretion, a 

constant crustal thickness (Lin and Phipps-Morgan, 1992) and isostatic 

compensation of the axial topographic high (Madsen et al., 1990).

Both morphologic and gravimetric features suggest two very different 
behaviours of magmatism: homogeneous and nearly steady-state 

magmatism along the N-S segment and heterogeneous and non steady-state 

magmatism along the N15 and N160 segments. Lava petrology supports this 

assumption. The lavas are predominantly N-MORB on the "hot" N-S 

segment. Along the N15 segment three magmatic sources coexist: N-MORB, 
BABB (transitional E-MORB with Nb anomaly) and OIB lavas. Along the 

NI60 segment, the three sources still coexist but the influence of the BABB 

source increases (Eissen et al., 1994).
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9.4.2. UNEQUIVOCAL RELATIONSHIP BETWEEN FEATURE VARIABILITY AND 

SPREADING RATE?
Chen and Morgan (1990a, b) presented a mechanical model to explain 

variations in axial topography and gravity with spreading rate. Their model 
is based on a layered rheology of the oceanic crust, with an upper brittle 

layer underlain by a ductile zone. The rheology is determined by the crustal 
thickness and the thermal structure of the lithosphere, and can result in a 

decoupling zone under the ridge axis (ductile lower crust). If the decoupling 

región is small or non-existent, as is the case for slow spreading ridges, then 

a rift valley is produced as a result of a necking process. If the decoupling 

región is large, as suggested for the fast spreading ridges, a rise crest high is 

formed. The critical spreading rate for the formation of a rift-valley or a 

ridge morphology suggested by both topographic and gravity data is around 

70 mm/yr.

A more evolved model is presented by Neumann and Forsyth (1993). 
They present a 3-D thermal model modified from that of Chen and Morgan 

(1990b) that ineludes passive mantle flow, hydrothermal circulation, píate 

boundary geometry, and variable crustal thickness. The dynamic and 

isostatic loads produced by this model, applied to a moving, thickening 

píate, produce a median valley with relief and morphology controlled by the 

thickness of crust, spreading rate, and mantle temperature.

The bathymetric, gravity and magmatic variations observed along-axis 

can be related to changes in spreading rate and crustal thickness (Phipps 

Morgan et al., 1987; Chen and Morgan, 1990b; Neumann and Forsyth, 1993). 
With a critical spreading rate of 70 mm/yr, the changes in the observed 

morphologies along the Central Spreading Ridge may, in part, be due to the 

decrease in spreading rate from 83 mm/yr to 50 mm/yr (south and north, 
respectively). However this progressive change in the spreading rate does 

not seem to be accompanied by important changes in the seismically- 

derived crustal thickness (Kisimoto et al., 1994). Spreading rate and crustal 
thickness can only explain part of the variations in axial morphology and 

gravity observed. It is necessary to consider an additional explanation for the 

variability involving differences in the thermal regimes between the 

northern and Southern segments of the Central Spreading Ridge. This 

alternative hypothesis is tested by using a non steady-state thermal model, 
which allows us to take into account a variable heat supply beneath the axis.
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9.4.3. APPLICATION OF A NON STEADY-STATE THERMAL MODEL
The thermal model used for this test is that from Tisseau and Tonnerre 

(1995) (Fig. 9.8). The equations, physical parameters, boundary and initial 
conditions used for constructing this model are fully explained in Tisseau 

and Tonnerre (1995).
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Fig. 9.8. Sketch of the thermal model used (from Tisseau and Tonnerre, 1995). The accretion is 
viewed as the superposition of the spreading (upper part) and magmato-tectonic cycles (lower 
part). 0: axis, x: across axis distance, z: depth, t: time, u: full spreading rate, T: témperature, l: 
full x-dimension of the computed box at t, Tq and T}¡s: upper and lower boundary temperatures 
respectively, Taxis'- temperature at the axis and in the new created zone.

In this model, the accretion is viewed as the superposition of two 

processes, spreading with the creation of new oceanic crust, and successive 

thermal inputs associated with magmato-tectonic cycles. To simúlate the 

spreading, a new two dimensional zone of crust and mantle is accreted at 
the ridge axis, at regular time intervals (Fig. 9.8). Its width is 1 km and the 

spreading interval (dt) depends on the spreading rate. At each time step (dt), 
new axial material is instantaneously emplaced, and its temperature profile
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(Taxis) is that of the neighbouring zone. Superimposed on spreading are 

magmato-tectonic cycles that are simulated as thermal inputs (temperature 

Ths) occurring periodically in a 10 km-wide axial conduit, that extends 

vertically from 4 km below the seafloor to the bottom of the modelled box 

(Fig. 9.8). Hot material rises very fast towards the surface (Dick, 1989), and 

thermal upwelling is modelled to be instantaneous. The periodicity of 

thermal upwelling events is assumed to be equal to the duration of a 

magmato-tectonic cycle. Time evolution is a succession of cycles of 

reheating followed by cooling. Temperature and melt fraction distributions 

are computed numerically step by step, both in space and time.

Next, the modelling results corresponding to two hypotheses proposed for 

the Central Spreading Ridge are discussed. To simúlate the "coid" northern 

segment a half-spreading rate of 50 mm/yr is assumed, which corresponds to 

that calculated at 17°S. A cycle of 200,000 yr reflects the periodicity of 

topographic lows and highs observed off-axis in the N160 and N15 segments 

(see section 7.2.3). For the "hot" segments, a spreading rate of 83 mm/yr 

(calculated at 20°30'S) is used, and a 120,000 yr cycle is considered, which 

corresponds to the periodicity of the off-axis topography along the N-S 

segment (see section 7.2.3).

Ridge thermal structure and partial melting
The results of the two Central Spreading Ridge cases modelled are 

presented in Fig. 9.9, which illustrates the temporal evolution and geometry 

of the thermal structure and the melting rate for the axial zone of the ridge.

The results for the model of the northern part of the Central Spreading 

Ridge show progressive cooling in 40,000 year intervals, and after the whole 

200,000 yr cycle the isotherms are much more separated and deeper at the 

axial zone (Fig. 9.9a). This can be transíated into thermal subsidence and the 

existence of a brittle, coid and thick lithosphere that fails by brittle necking, 
resulting in the formation and development of an axial rift valley. In 

addition, a strong deepening of the partial melting zone is seen, suggesting 

temporal variability in the magmatic regime. This corresponds well with 

the axial morphology observed on the NI60 and N15 axes (Figs. 7.8,7.9 and 

9.7) and with the observed mantle Bouguer anomaly structure (Fig. 7.16).

The model results for the Southern Central Spreading Ridge show that, at 
the end of a 120,000 yr cooling cycle, the isotherms remain grouped cióse to
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Fig. 9.9. Thermal modelling results for a) the northern (beginning and end of a 200,000 yr cycle 
with a spreading rate u= 50 mm/yr ) and, b) the Southern (beginning and end of a 120,000 yr 
cycle with a spreading rate «= 83 mm/yr) parts of the Central Spreading Ridge. The model 
domain, centred at the ridge axis, is 100 km wide and 50 km deep . On the left side of each 
plot the temperature structure is shown, ranging from 0o to 1200°C, with contours at 100°C 
intervals. The right side corresponds to the melt fraction, ranging from 0% (white) to 22% 
(black). Scale in km.
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the surface at the ridge axis (Fig. 9.9b). The partial melting zone is still 
shallow and the magma budget is higher and more uniform in time than in 

the previous case. This thermal structure results in a thin, hot lithosphere 

with a lower ductile crust that acts as a decoupling zone. This situation is 

consistent with a fast East Pacific Rise type spreading centre, resulting in a 

uniform topographic high, as observed along the N-S segment (Fig. 7.9 and 

9.7). In addition, this thermal structure is consistent with off-axis volcanism, 
also present in the N-S segment.

9.4.4. THERMAL PROPAGATTON ALONG THE N-S SEGMENT
The boundaries between the "hot" N-S segment and its "coid" bounding 

segments are the first-order propagating rifts located at 18°10'S and 20°30'S. 
Heat propagation along the N-S segment at the expense of the adjacent and 

colder failing segments may explain the rapid spatial changes in the 

observed morphology and structure between the segments. The hot 

segment is growing at the expense of the adjacent colder segments, as 

indicated by the direction of propagation of the segment boundaries 

(Macdonald et al., 1992a). At the Central Spreading Ridge, the heat 

propagation southwards and northwards of the N-S segment started at least 
1 Ma ago.

This kind of propagation has been proposed in other ridge environments. 
The dramatic change in axial morphology in the Pacific-Antarctic Ridge may 

be due to a propagation of the "hot" asthenosphere from a zone north of the 

Udintsev Fracture Zone towards a relatively "colder" province to the south 

(Géli et al., 1994; Sahabi et al., in press). Another example is the Reykjanes 

Ridge, where an important V-shaped ridge structure has been interpreted as 

an indication of heat-propagation originated at the Iceland hot-spot towards 

the south (Laughton et al., 1979; Searle and Laughton, 1981).
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9.5. Models of backarc oceanic accretion

The observations made on the two backarc basins studied suggest that the 

superficial morphologic segmentation is also accompanied by a deep 

segmentation of the gravity structure, as has been pointed out for mid-ocean 

ridges (e.g. Lin and Phipps Morgan, 1992) (see Chapter 2). From the 

interpretation of the whole geological and geophysical data set we suggest 
the following two end-members of backarc crustal accretion and mantle 

upwelling: focused-type (Fig. 9.10a), and continuous-type accretion (Fig. 
9.10b).

9.5.1. FOCUSED-TYPE ACCRETION
The ideal focused-type of accretion (Fig. 9.10a) would be characterized by 

an extremely contrasted morphology and deep structure along the segments. 
A focused upwelling of mantle material in the middle of the segment would 

produce a locally thick crust and point source volcanism. That would be 

characterized by large amplitude and high gradient circular negative mantle 

Bouguer anomalies ("bull's eyes") at the centre of the segment. In surface, 
this would be expressed by large axial volcanoes fed by shallow dykes and 

with basaltic lavas outcropping. In contrast, the areas not affected by the 

upwelling would be completely amagmatic with gabbroic and ultramafic 

rocks exposed at the seafloor surface and related with positive mantle 

Bouguer gravity anomalies.

The Central Bransfield Basin, the Tripartite Ridge, and the South Pandora 

Ridge may be characterized by accretionary processes that have trends 

similar to the focused-type. The point-source volcanism may be installed 

following sets of orthogonal faults, like edifice C in the Central Bransfield 

Basin. It is typically located in the central part of the segments as SPR3b (Fig. 
9.11a), and the three Cakabau Seamounts. As extensión continúes, the point 
source volcanoes split according to an orthogonal extensional trend, like 

edifices A or D in the Central Bransfield Basin and SPRO, and the NW 

Cakabau Seamount in the South Pandora and Tripartite Ridges, respectively. 
This morphologic and structural variability is also correlated to the gravity 

structure. Large "bull's eye" mantle Bouguer anomalies are obtained centred 

on the axial seamounts SPR3b and NW Cakabau (TR3), and over the more 

robust segments of the South Pandora Ridge (as SPR1).
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directions (inspired frorn draws of Sinton and Detrick, 1992; Lin and Phipps Morgan, 1992; 
Perfit et al., 1994).



9. DISCUSSION

Large point source volcanism, and focused-type accretion may be a 

common feature reflecting the incipient and young phases of seafloor 

spreading, as the Bransfield Basin and Tripartite Ridge, respectively. Other 

young basins also present similar focused volcanism, such as the Red Sea 

(Bonatti, 1985), the Okinawa Trough (Sibuet et al., 1987), and the Northern 

Mariana Basin (Martínez et al., 1995), independently of the nature of their 

crust. However, in mature backarc spreading ridges, as the South Pandora 

Ridge, focused accretion can result from low, discontínuous, and discrete 

magma supply beneath the ridge axis, probably related to an ultra-slow 

spreading rate (less than 20 mm/yr). The Southwest Indian Ridge, that 

separates Africa from the Antarctic Píate extends from the Bouvet to the 

Rodríguez triple junctíons, and shows similar morphology and gravity 

anomaly patterns as the South Pandora Ridge. The axial morphology of the 

Southwest Indian Ridge is characterized by deep rift valleys with large axial 
seamounts outcropping in the middle correlated with high amplitude large 

negative gravity anomalies (Rommevaux et al., 1994b). Along the whole 

length of the ridge (more than 7200 km) the full spreading rate is ultra-slow 

spreading rate varying only from 13 to 15 mm/yr (Langmuir, 1995)

9.5.2. CONTINUOUS-TYPE ACCRETION
The ideal continuous type of accretion (Fig. 9.10b) would be homogeneous 

and uninterrupted along the whole length of the ridge. A steady-state 

magma chamber would produce along-axis permanent upwelling of mantle 

material and constant crustal thickness. That would be characterized by no 

significant variations of the along-axis mantle Bouguer anomalies. In 

surface, that would be expressed by a continuous elevated axial high with 

extrusive flows and pillow basalts outcropping all along, as result of volcanic 

construction. The robustness of the axial magmatism would also allow the 

production of off-axis volcanism (Fig. 9.10b).

The N-S segment of the Central Spreading Ridge of the North Fiji Basin 

may be characterized by an accretion similar to the continuous type. Along 

this segment, the axial morphology shows an 8-10 km wide, 70 km long and 

200-300 m high axial dome (Fig. 9.11b). Several near-axis volcanic chains are 

also present. The mantle Bouguer anomalies are almost constant along the 

N-S segment with anomalies of very small amplitude. The NI 60 segment of 

the Central Spreading Ridge although it shows in surface a continuous axial 
morphology in rift valley, it shows large "bull's eye" mantle Bouguer
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9.5. Models of backarc oceanic accretion

anomalies in the segment centre. This suggests a more focused-like accretion 

for this segment, which is mainly dominated by tectonic processes.

This backarc accretion type is homogeneous and continuous in time and 

space. Continuous accretion (Fig. 9.11b), resulting in uniform morphologic 

features, may be characteristic of mature backarc spreading centres, such as 

the N-S segment of the Central Spreading Ridge in the North Fiji Basin, the 

Central Woodlark (Hill et al., 1984), and Central Lau Basin spreading ridges 

(Parson et al., 1990). These intermedíate to fast rate spreading centres are 

related to a continuous magma supply along a persistent magma chamber, 
similar to what is observed along the East Pacific Rise (Madsen et al., 1990).

9.5.3. WHAT CONTROLS THE TYPE OF ACCRETION?
The two models presented above are end-members, and there are many 

gradual variations between them. The essential point is to try to understand 

what factors control the accretion in backarc spreading centres. Why in some 

areas do we have focused-like accretion while in others accretion is similar 

to the continuous-type? We suggest several factors, grouped into internal 
and external, that may exert control on accretion.

Inter nal factors
The intemal factors are those intrinsically related to the spreading centre 

and, in consequence, are fundamental to the evolution of the backarc 

spreading ridge. Some of them are:

• The history and temporal evolution of the spreading centres. As 

discussed in section 9.1 original rifting of the volcanic are may 

determine the compartmentation of the basin and the future ridge 

segmentation.

• The spreading rate and its along-axis variability. As a general rule, it 

seems that ultra-slow and slow spreading rates favour a focused-type 

accretion, whereas intermedíate and fast spreading rates support a 

continuous-type accretion.

• The thermal regime of the ridge and along-axis magmatic budget. 
This is directly related to the continuity of the magma chamber, which 

may produce changes in crustal thickness and variations in axial
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topography. This is so even if other factors, like the spreading rate, 
remain constant.

External factors
The external factors are not directly related to the spreading ridge itself, 

but their presence or proximity may affect and change the evolution of the 

ridge. Some of these factors are:

• The age, nature, and structure of the surrounding lithosphere where 

the backarc spreading centre is installed and propagates. One or other 

accretion type may be favoured depending if the basin is formed by 

young oceanic crust, pre-existing oceanic crust, or extended and thinned 

are or continental crust.

• The proximity of hot-mantle plumes. This exerts a deep influence in 

the spreading centre and may play a role in changing the type of 

accretion. Thus, when slow ridges are located near hot-spots, the 

focused accretion type would be blurred and diluted by a more 

continuous accretion. The opposite case may occur when a fast 
spreading ridge is located near a "coid" area.

• The proximity of the subduction zone, velocity and dip angle of the 

subducting slab may also influence the basin opening rate and the type 

of accretion.
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Chapter 10

CONCLUSIONS

This chapter is subdivided into three sections dealing with local 
conclusions (one for each of the three areas studied) and a last section 

including general conclusions. In the local conclusión sections, only the 

most relevant and new ideas are presented. Apparent unhomogeneity 

between these sections reflects the marked differences between the areas as 

well as the stage in our knowledge about them.

10.1. Local conclusions

10.1.1. Central and eastern bransfield basins

♦ The opening in the Bransfield Basin involves a combination of rifting of 

the pre-existing crust as well as intrusions and volcanism. The timing of 

rifting is still a point of debate, with two main tendencies: less than 4 Ma 

and 26-22 Ma. We suggest that an intermediate valué between these age 

models may better agree with the observed structures and the very slow 

subduction. The exact amount of thinning and extensión still remains to be 

solved. The Eastern and Central Bransfield Basins are dominated by a NW- 

SE trending extensión, although a strike-slip motion related to the left- 

lateral South Scotia Ridge would also occur in the Eastern Bransfield Basin.

♦ A progressive opening and volcanic propagation towards the northeast is 

suggested, with incipient seafloor spreading in the Central Basin and pre- 

spreading backarc rifting in the Eastern Bransfield Basin. Seafloor spreading 

occurs only discontinuously along the Central Bransfield Basin and is still 
not well organized. Inferred from magnetic anomalies, the máximum age of 

spreading in the Central Bransfield Basin would be 0.71 Ma and the 

resulting máximum spreading rate, 0.83 mm/yr.

♦ The different morphologies of the largest edifices observed in the Central 
Bransfield Basin may Alústrate three successive volcano-tectonic stages:
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formation of circular point-source volcanoes at the intersection of two main 

sets of faults, extensión and along-axis propagation of volcanism. This 

morphologic evolution correlates well with an along-axis variation in 

seamount basalt chemistry and age.

10.1.2. Central spreading ridge

♦ Two axial morphologies are observed along the mature (3.5 Ma oíd) 

Central Spreading Ridge: Mid-Atlantic Ridge type for the N160 segment, 
and East Pacific Rise type for the N-S segment. In addition, the deep crustal 
structure, inferred from the mantle Bouguer anomalies, also shows strong 

differences between the northern and Southern parts of the ridge. The 

spreading rates have intermedíate valúes decreasing northwards only from 

83 to 50 mm/yr. This variation in axial morphology and gravity structure 

can be explained not only by differences in spreading rate and crustal 
thickness, but also by the thermal regime between segments.

♦ A distinction between a "coid" and a "hot" spreading type is proposed. 
The "coid" spreading centre corresponds to the northern part of the Central 
Spreading Ridge (comprising the N160 and N15 segments), and is 

characterized by weak magmatism related to a low thermal budget, similar 

to slow-spreading ridges. The "hot" spreading ridge corresponds to the 

Southern part of the Central Spreading Ridge (N-S segment) where a high 

thermal supply related to a more vigorous volcanic stage is suggested.

♦ The non steady-state thermal model of Tisseau and Tonnerre (1995) is 

proposed to test the hypothesis of "hot" and "coid" spreading centres. For 

the "colder" Central Spreading Ridge we have adopted a spreading rate of 50 

mm/yr, and a cooling cyde of 200,000 yr. For the "hotter" Central Spreading 

Ridge the spreading rate is 83 mm/yr and the cooling cycle is 120,000 yr. The 

thermal and melting structures resulting from the model are consistent 
with the observed variations along the Central Spreading Ridge. A thermal 
boundary between the N-S and neighbouring colder segments, and heat 
propagation along the N-S axis may explain the rapid changes in the axial 
morphologies and structure in depth between the segments.
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10.1.3. South Pandora and tripartite ridges

♦ The South Pandora Ridge is a mature spreading centre that has been 

expanding continuously since 7 Ma ago with a N-S trending extensión. The 

calculated spreading rate (16 mm/yr) classifies the ridge as an ultra-slow 

spreading centre. The Tripartite Ridge is a young spreading centre formed at 
least 0.7 Ma ago that propagates towards the southeast, as suggested by the V- 

shaped magnetic and structural patterns.

♦ The South Pandora Ridge is characterized for both axial and off-axis 

seamounts. The axial topography of the South Pandora Ridge is 

characterized by a strong contrast between segments formed by large 

seamounts and rift-valleys. The axial seamounts seem to be formed by point 
source volcanism that propagates along the main structural trends. Two 

types of off-axis seamounts are observed: large seamounts and small cones.

♦ The axial seamounts along the Tripartite Ridge may also illustrate 

evolutionary volcano-tectonic stages, as observed along the Central 
Bransfield Basin. The size and volume of the Tripartite Ridge axial 
seamounts seems to decrease towards the southeast according to the 

direction of propagation.
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10.2. General conclusions

1. The three areas studied have been classified in terms of backarc evolutive 

stages. The Central and Eastern Bransfield Basin illustrate the incipient 
and pre-spreading rifting stages respectively, whereas the areas studied in 

the North Fiji Basin are representative of well organized seafloor 

spreading, from young (Tripartite Ridge) to mature spreading (Central 
Spreading Ridge and South Pandora Ridge).

2. The present-day opening seems to be related to the rollback of the 

subduction hinge in the Bransfield Basin, whereas it does not seem to be 

related to any subduction in the North Fiji Basin. We suggest that the 

current opening in the North Fiji Basin is linked to a regional thermal 
anomaly, responsible for a higher rate of mantle convection that induces 

rapid crustal production, together with the transcurrent motion between 

the Pacific and Indo-Australian Piafes.

3. The study of backarc rifting areas, like the Eastern Bransfield Basin, shows 

that initial rifting of the are may pre-determine the future segmentation 

of the basin. The constant distance between each eruptive centre observed 

in incipient spreading areas, like the Central Bransfield Basin, suggests a 

regular spacing of the upwellings forming linear proto-segments. 
Moreover, the study of mature backarc Systems as in the North Fiji Basin, 
shows that the fundamental accretionary processes are similar in backarc 

and mid-ocean ridges. However, some differences between them have 

been observed, especially concerning ridge segmentation and axial 
discontinuities. First-order backarc segmentation is short-lived and about 
half the length of that in mid-ocean ridges. Axial discontinuities along 

the Central Spreading Ridge and South Pandora-Tripartite Ridges are 

analogous to those described in mid-ocean ridges. However, the 

fundamental difference is the lack of large fracture zones and transform 

faults separating the backarc segments.

4. Large seamount volcanism may play a fundamental role in backarc axial 
construction, and may be a common characteristic of slow and ultra-slow 

mature spreading ridges and incipient spreading centres, as observed 

along the South Pandora-Tripartite Ridges and the Central Bransfield
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Basin, respectively. Different evolutionary volcano-tectonic stages of 

these seamounts are defined. In contrast, the axis of the intermedíate 

spreading Central Spreading Ridge is devoid of large seamounts. Only 

near-axis seamount chains are concentrated there, and probably 

associated with the upwelling system beneath the ridge.

5. Variability of the axial morphology and gravity structure is observed 

along the Central Spreading Ridge, and cannot be explained only in terms 

of differences in spreading rate and crustal thickness. We suggest 
differences in thermal regime between the segments, and we apply a non- 

steady State thermal model to test this hypothesis. The results obtained 

are consistent with the variations observed. The limits between the "hot" 

N-S segment and the "coid" segments are propagating rifts, which may be 

interpreted as thermal boundaries between segments.

6. Two paradigmatic end-member models of backarc crustal accretion and 

mantle upwelling are presented, based on the interpretation of the whole 

geological and geophysical data set: focused-type and continuous-type 

accretion. The focused-type would be characterized by an extremely 

contrasted morphology and deep structure along the segments, with 

punctiform upwellings. Incipient and young phases of seafloor spreading 

(e.g. Central Bransfield Basin and Tripartite Ridge, respectively) as well as 

ultra-slow spreading ridges (e.g. South Pandora Ridge) may have trends 

in common with this accretion type. The continuous-type accretion 

would be homogeneous and uninterrupted along the ridge, with a 

persistent magma chamber. Intermedíate (e.g. Central Spreading 

Ridge/N-S segment) and fast spreading mature ridges show processes 

similar to the continuous accretion. Internal (history and evolution of 

the ridges, spreading rate, thermal regime) and external factors (age and 

nature of the surrounding lithosphere, proximity of mantle plumes, and 

subduction zones) may control the type of accretion.
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