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Contrasting geophysical and geochemical signatures of
a volcano at the axis of the Wharton fossil ridge

(N-E Indian Ocean)

Hélene Hébert, Benoit Villemant, Christine Deplus!, Michel Diament

Institut de Physique du Globe, Paris, France

Abstract. The Styx volcano is a prominent seamount (20-
30 km diameter, 2500 m high) located at the axis of the
Wharton fossil spreading center (N-E Indian Ocean), where
seafloor spreading stopped 40 Ma ago. Gravity modeling
shows that it was emplaced on a weak lithosphere, in agree-
ment with an on axis origin when seafloor spreading was
active. The rocks dredged at the summit of the volcano are
extreme typical alkaline basalts, indicating a deep enriched
mantle source. We show here that most of this seamount
was emplaced during the final stage of the seafloor spread-
ing in the Wharton Basin. We then discuss how alkaline
magmatism can be emplaced at the summit of the Styx.

1. Introduction and geodynamic setting

This paper discusses the origin of a seamount located at
the axis of the fossil spreading center in the Wharton Basin
(N-E Indian Ocean), through its geophysical and geochemi-
cal characteristics. The seamount was discovered during the
Samudra cruise (R/V L’Atalante, december 1995) [Deplus et
al., 1996] and was named Styx.

Seafloor spreading stopped in the Wharton Basin (figure
1) during the kinematic reorganization which affected the
Indian Ocean at the Eocene [Patriat and Ségoufin, 1988],
followed by the initiation of seafloor spreading at the South-
east Indian Ridge. Few data [Liu et al., 1983] were available
before the Samudra cruise to precisely define the axis of the
Wharton fossil spreading center. The new data collected
during this cruise [Deplus et al., 1998; Hébert, 1998] con-
sist of multibeam bathymetry and back-scatter data, grav-
ity, magnetics, 6-channel seismic, 3.5 kHz profiling, and two
dredges.

Three EW segments of the Wharton fossil ridge have been
identified from the magnetic anomalies and the morphol-
ogy of the basement deduced from bathymetric and seismic
data. The magnetic anomalies show that the half spread-
ing rate rapidly evolved from fast (about 6 cm/y at 50 Ma)
to slow (about 2 cm/y at 40 Ma) values, before cessation
of spreading which is estimated at 38 Ma [Hébert, 1998].
The bathymetric data reveal the presence of two prominent
seamounts (Styx and Hellas, figure 2). Hellas is proposed
to be an inside corner high of the fossil ridge [Hébert, 1998],
with dredged basalts having a typical MORB signature.
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The Styx volcano (at least 2500 m high and a mean di-
ameter of about 20 km) interrupts the axial valley of the
about 100 km long westernmost axial segment (figure 2).
This valley is elsewhere 20 to 30 km wide and about 1000 to
2000 m deep. Thus the volcano height should have reached
more than 3000 m above the floor of the former axial valley
elsewhere covered with thick sediments (500 to 1000 m).

2. Mode of emplacement of the
seamount deduced from gravity data

2:1. Method and data

A successful method to distinguish between the possible
origins of seamounts is to study the flexure of the lithosphere
due to the loading of the volcano, [e.g. Waits et al., 1980;
Menard and McNutt, 1982; Watts and Ribe, 1984]. The
flexure of the lithosphere can be characterized by its equiv-
alent elastic thickness (T.), which is in oceanic domain, at
first order, proportional to the square root of the age of the
lithosphere at the time of loading [Watts et al., 1980]. Since
the elastic model is only an equivalent model and since ther-
mal rejuvenation can occur [Menard and McNutt, 1982], this
method can not be used to determine a precise age. But it
can be used to determine whether the major part of the load
was emplaced on-ridge (lithosphere 0-5 Ma old) or off-ridge
(lithosphere older then 10-15 Ma) [Watts and Ribe, 1984;
Goslin and Diament, 1987].

Assuming that the lithospheric flexure is parallel to the
crust-mantle boundary, we determine the elastic thickness
by modeling the gravity data with various Moho geometries
(constrained by various Te). The free air anomaly contains
the gravity effects of the water/sediment, sediment/crust
and crust/mantle interfaces. As the lateral thermal varia-
tions due to mantle upwellings beneath the axis have dis-
appeared at a fossil spreading center 40 Ma old, the corre-
sponding gravity effect need not be taken into account. But
we must account for the preexisting axial depression. The
preexisting valley is modeled with a flat 6500 m deep bot-
tom and bounded by a rectangular shape inferred from the
seismic and magnetic data (dashed line in figure 2). The
preexisting Moho is defined as parallel to the valley, by as-
suming a 6 km thick crust. All computations are made in
the spectral domain {Parker, 1972] in 3 dimensions. We dis-
cuss results for two profiles, one along and one across the
axis (location on figure 2).

2.2. Results

For both profiles (figure 3) and for any crustal density
between 2600 and 2900 kg.m ™2, the free air anomaly is best
fit (RMS < 2 mGal) with a low equivalent elastic thickness
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Figure 1. Sketch of the geodynamic setting of the Whar-
ton Basin, which is bounded by the 90E Ridge to the west
and the Sumatra trench to the east. The location of the
three westernmost segments of the fossil spreading ridge is
deduced from the interpretation of magnetic anomalies iden-
tified with the data of the Samudra cruise. The Styx volcano
is located on the westernmost segment and is shown with the
grey star.

(Te < 4 km). For a crustal density of 2700 kg.m ™%, the best
model is obtained for Te = 1 km. This result suggests that
the volcano was formed on-axis. Indeed to reconcile a very
low rigidity with a lithosphere older than 10-20 Ma, a ther-
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mal rejuvenation hypothesis seems unsuitable for the Whar-
ton Basin. On the other hand, the presence of the fossil nor-
mal faults bounding the axial valley might have decreased
the rigidity of the lithosphere. We modeled the deflection of
a faulted lithosphere in response to the topographic load of
the Styx volcano, with various equivalent elastic thicknesses
by using the 3D analytical method developped by Wessel
[1996]. All attempts to reproduce a significant flexure with
a rigidity higher than with Te = 5 km failed. It is thus un-
likely that the volcano formed on a plate older than 10 Ma.
In addition, basalts dredged at the summit are sometimes
well vesiculated, indicating an eruption under a low water
column (that is < 1000 m). The subsidence laws [Stein and
Stein, 1992] predict that the sea-bottom deepens by about
2500 m after 40 Ma, corresponding to the present depth of
the summit of the volcano. Based on all these results we
suggest that the volcano was emplaced about 40 Ma ago
during the final activity of the Wharton ridge.

3. Geochemical results

The dredge performed close to the summit of the Styx
volcano collected large quantities of carbonate rocks and
few volcanic rock fragments which consist of altered basaltic
lavas. No radiometric data are available because of sample
alteration, but this alteration and the presence of a thick
sedimentary cover suggest that the volcano was not recently
active. All volcanic products have been analysed by XRF
for major elements and INAA for trace elements.

Surprisingly all volcanic fragments are typical alkali ba-
salts (SiO2 ~ 45%) with high Ti and alkali contents (TiOz ~
2.4% and Na2O + K20 ~ 5.4%). Their composition pattern
normalized to N-MORB (figure 4a) displays a characteristic
enrichment in incompatible elements (50 times MORB con-
centrations for Rb, Ba and Th) with no negative Ta and Ti
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Figure 2. Bathymetric map compiled from multibeam data gathered during the Samudra cruise (isobaths 150 m). The
location of the axis (squares) and of chron 18 (C18 - 40.1 Ma, circles) are deduced from magnetic anomalies along NS
tracks. Limits of the preexisting axial valley (dashed line) are inferred from seismic data and magnetic anomalies. The
two profiles modeled in figure 3 are represented with solid black lines. The black stars indicate the approximate locations

of the dredged basalts.
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Figure 3. Crustal models for two profiles across the
Styx volcano (a and b, location on figure 2): upper mantle
(black), crust (grey) and sediments (light grey). For both
profiles, the free air anomaly (dashed lines) is well fitted
by the model with T = 1 km (solid line) and p. = 2700
kg.m~3. RMS values (mGal) obtained when varying T. and
the crustal density p. are plotted in the insets.

anomaly. In addition, the Styx basalts display the most en-
riched character ever encountered for Indian Ocean basalts
(figure 4b). Thus the volcanic rocks dredged at the Styx
seamount are produced from a pure enriched mantle source.
On the contrary the volcanic samples dredged at the Hellas
volcano are typical N-MORB (figure 4).

4. Discussion

The geophysical results indicate that most of the Styx
volcano was emplaced on-ridge. How such an edifice can
be built on the axial valley? Volcanoes as huge as the
Styx seamount are not observed in the axial valleys of slow
spreading ridges despite the important bathymetric cover-
age available. But a few high reliefs have been observed
at the ultra slow Southwest Indian Ridge, interrupting the
axial valley [Patriat et al., 1997] and displaying gravity sig-
natures [Rommevauz-Jestin et al., 1997] similar to that of
the Styx volcano. They have been interpreted as resulting
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Figure 4. Trace element composition patterns.of basalts
dredged in the Wharton fossil spreading center, compared
to basalts from the Indian Ocean. a: Composition of basalts
normalized to N-MORB. b: Ce/Y vs Zr/Nb diagram. Cir-
cles: basalts from the Styx volcano exhibiting an extreme
alkaline signature. Squares: basalts from the Hellas volcano
showing a typical N-MORB signature (C/Cn_morp =1).
Data sources from LeRoez et al. [1983], Class et al. [1996],
Frey and Weis [1996] and references therein.

from the focusing of magmatic activity at very low spread-
ing rate [Cannat et al., 1997]). Similarly, the Styx volcano
could have been emplaced during the terminal activity of the
Wharton Ridge, when the magmatic production decreased
before stopping.

The geochemical analysis does not display any MORB
component in the basalts dredged on the Styx. This implies
the presence of a pure enriched mantle source (i.e. a plume)
beneath the ridge. Data collected during the Samudra cruise
show no evidence of any plume activity around the Styx vol-
cano, thus this plume should have been of limited extent in
time and space. Was this plume active during the terminal
activity of the Wharton ridge, or long after? Since no dat-
ing is available for the basalts dredged, we discuss the two
possiblities.

In the first case, as observed for the SEIR, the 90E Ridge,
the interaction between a plume and an active ridge pro-
duces intermediate magma compositions (figure 4), and by
no way such an extreme alkaline signature. How can we
explain the lack of evidence for mixing of the sources? We
may suppose that in the particular case of the Wharton
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dying ridge, the upper mantle contribution was drastically
reduced. It may have allowed the migration of pure alkaline
basalts from the plume, without any mixing with the upper
convective mantle. Basalts have been dredged close to the
summit of the Styx volcano, and this does not exclude that
the bottom of the Styx may contain basalts with a more
transitional character.

We can also propose a two-step emplacement for the Styx
volcano. The major part of the edifice was formed during
the terminal activity of the Wharton ridge. Then, additional
volcanism involving a pure enriched mantle source occurred
on the preexisting volcano. Such multiphased emplacements
have already been proposed for oceanic features of the In-
dian Ocean and for South Pacific seamount chains [Diament
and Baudry, 1987; Goslin and Diament, 1987; McNutt et al.,
1997].

To conclude, we note that a large zone of the Wharton
basin is covered by numerous seamounts (the emerged part
of two of them are the Cocos and Christmas islands), but
that the origin of this intraplate volcanism is not well un-
derstood. A detailed rock sampling with radiometric mea-
surements of the Styx volcano and of these other seamounts
would be necessary to determine their origin and mode of
emplacement, and thus would contribute to the understand-
ing of intraplate volcanism and plume/ridge interactions.
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