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Abstract. Wide-angle seismic data collected during the Kerguelen ocean bottom seismometer
experiment provide the first images of the deep structure of the southern Kerguelen Plateau and
support a new interpretation of the origin of the plateau. Velocity models based on travel time in-
versions and reflectivity synthetic seismograms show a 22-km-thick crust composed of ~1.6 ki
of sedimentary cover, ~5.3 km of upper crust, ~11.0 km of lower crust, and a 4- to 6-km-thick re-
flective zone immediately above Moho. Velocities in the upper crust (from 3.8-4.5 km/s at top to
6.0-6.5 km/s at bottom) are consistent with the basaltic nature of this layer, the top of which was
sampled during the Ocean Drilling Program. Velocities in the lower crust increase continuously
from 6.60 km/s at the top to 6.90 km/s at 19.5 km depth. The reflective zone at the base of the
crust identified by wide-angle reflections is observed only along the NNW-SSE direction. It con-
sists of alternating high- and low-velocity layers with an average velocity of 6.70 km/s in the
NNW-SSE direction and >6.90 km/s in the perpendicular direction. Strong azimuthal anisotropy
is also observed in the upper mantle with velocities of 8.60 and 8.00 km/s, in the NNW-SSE and
E-W directions, respectively. The absence of high velocities at the base of the crust that character-
izes many large-volume mafic provinces, the reflective lower crust, and anisotropy in upper man-
tle suggest that the southern Kerguelen Plateau represents a stretched continental fragment
overlain by basaltic flows isolated from the Antarctic margin during the early opening of the In-

dian Ocean.

Introduction

Episodes of intense magmatism have emplaced large igncous
provinces (LIPs) on continents, along volcanic passive margins,
in areas covered by continental flood basalt, and in ocean basins
where they are represented by oceanic plateaus, submarine
ridges, and seamounts. LIPs are usually not clearly related to
plate tectonics, but they are often interpreted as a consequence of
enhanced melting due to a mantle plume. Continuous plume
activity at or near a spreading axis (e.g., Iceland), as well as start-
ing plumes, produce huge quantities of melt in short periods,
accounting for LIP emplacement [Farnetani and Richards, 1994].
In some cases, LIPs might reflect variations of global earth
dynamics as is suggested by the relation between the Cretaceous
emplacement of major oceanic plateaus and variations in mag-
netic reversal frequency [Coffin and Eldholm, 1994; Larson,
1991]. The study of LIPs is directly related to the understanding
of mantle dynamics‘and associated magmatic processes. Numeri-
cal models of melt generation associated with mantle plume
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allow prediction of melt composition [Farnetani and Richards,
1994; White et al., 1992] and suggest that the seismic structure of
the crust and upper mantle is a good indicator of the magmatic
processes associated with the emplacement of oceanic plateaus.

The submarine Kerguelen Plateau in the Indian Ocean is
known as one of the largest oceanic plateaus in the world, after
the Ontong-Java plateau in the western Pacific, and thus is ideal
for the investigation of LIP formation. Until recently, very little
was known about the deep structure of the southern Kerguelen
Plateau. The few existing multichannel seismic (MCS) lines only
image the sedimentary cover and the uppermost part of the
basement [Coffin et al., 1990; Rotstein et al., 1992; Schaming
and Rotstein, 19901, and four Ocean Drilling Program (ODP)
drillings reach the basaltic basement of the Kerguelen Plateau. In
this paper, we present the deep structure of the southern Ker-
guelen Plateau, inferred from travel time inversion and amplitude
modeling of wide-angle seismic data recorded along two perpen-
dicular profiles.

Geological Setting

The Kerguelen Plateau stretches from 46°S to 64°S in a
NNW-SSE direction in the southern Indian Ocean (Figure 1). It
is surrounded by the following oceanic basins: the Crozet Basin
to the north, the Enderby Basin to the west, and the Australian-
Antarctic Basin to the east. To the south, the 3500-m-deep Prin-
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Figure 1. Bathymetric map of Indian Ocean from ETOPO-5
data [National Geophysical Data Center, 1988]. Only bathy-
metric contours 2000 and 4000 m are drawn. The top of the Ker-
guelen Plateau is shaded. SEIR indicates the southeast Indian
Ridge.

cess Elisabeth Trough separates the Kerguelen Plateau from the
Antarctic continental margin (Figure 1). The Kerguelen Plateau
is usually divided into three major units, based on morphological
differences: the northern, the central, and the southern Kerguelen
Plateau [Coffin et al., 1986; Houtz et al., 1977] (Figure 2).

The southern Kerguelen Plateau, between 54° and 64°S, lies at
an average water depth of 1500 m. A large sedimentary basin, the
Raggatt Basin, lies in the eastern part of the southern Kerguelen
Plateau, whereas the western part is occupied by a large volcanic
structure, the Banzare Bank [Coffin et al., 1990; Rotstein et al.,
1992]. Several N-S, NNW-SSE, and E-W tectonic features,
resulting from extension or strike-slip faulting, affect this domain
[Angoulvant-Coulon and Schlich, 1994; Fritsch, 1992; Konnecke
and Coffin, 1995; Munschy et al., 1993].

The western border of the southern Kerguelen Plateau is
usually a gentle slope toward the deep Enderby oceanic basin. On
the contrary, to the east, south of 48°S, the Kerguelen Plateau is
bounded by a major fault scarp related to the rifting between the
Kerguelen Plateau and Broken Ridge that culminated in breakup
at 43 Ma (anomaly C18) [Royer and Coffin, 1992; Royer and
Sandwell, 1989]. Before 43 Ma the Kerguelen Plateau and Bro-
ken Ridge formed a single LIP, the Cretaceous Kerguelen Pla-
teau. South of 54°S, an area of tilted blocks, the Labuan Basin,
bounds the eastern scarp of the Kerguelen Plateau. It is inter-
preted either as a stretched part of the southern Kerguelen Plateau
or oceanic crust formed during the initial slow spreading at the
eastern Indian Ridge [Munschy et al., 1992; Royer and Coffin,
1992].

Seismic basement of the southern Kerguelen Plateau exhibits
numerous dipping reflectors similar to those observed along vol-
canic passive margins [Coffin et al., 1990; Rotstein et al., 1992;
Schaming and Rotstein, 1990]. The basement, sampled during
ODP Leg 119 at Site 738 and ODP Leg 120 at Sites 747, 749 and
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Figure 2. Bathymetric map of the Kerguelen Plateau after
Schlich et al. [1987] modified using Kerguelen ocean bottom
seismometer experiment (KeOBS) bathymetric data (polar
stereographic projection). Contour interval is 1000 m. Shading
corresponds to the satellite-derived, free-air gravity anomaly
[Sandwell and Smith, 1994]. Tracks of the KeOBS experiment
are indicated (dashed lines) and location of refraction profiles are
marked by solid, thick lines. Stars mark locations of sites of
Ocean Drilling Program (ODP) Legs 119 and 120, where base-
ment was reached [Schlich et al., 1989]. Inset shows detailed
OBS positions along lines 4 and 5 (circles) shot in the Raggatt
Basin.

750 (Figure 2) [Schlich et al., 1989]; consists of tholeiitic basalts,
sometimes erupted in subaerial environment [Salters et al., 1992;
Storey et al., 1992]. Nevertheless, Ramsay et al. [1986] and
Montigny et al. [1993] reported that granitic debris, possibly ice
rafted, was dredged in the southern Kerguelen Plateau and in the
Labuan Basin.

Whole rock datings using the “’Ar/*Ar technique give ages of
~110 to ~114 Ma [Whitechurch et al., 1992] for basalts recovered
at Sites 749 and 750 in the southern Kerguelen Plateau. This is
compatible with the plagioclase K-Ar age of 114 Ma obtained for
basaltic sample dredged just to the north (Figure 2) [Leclaire et
al., 1987]. Basaltic basement at Site 747 as well as the basaltic
flow reached at Site 748, are younger, 85 and 80 Ma, respectively
[Pringle et al., 1994].

Data

Experimental Overview

Seven wide-angle seismic lines were shot at sea in early 1991
on the Kerguelen Plateau and in adjacent oceanic basins during
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the cruise 66 of the M/V Marion Dufresne, Kerguelen ocean
bottom seismometer experiment (MD66/KeOBS). Lines 4 and 5
were shot in the Raggatt Basin, along NNW-SSE and E-W
directions, respectively (Figure 2). More than 960 shots were
recorded along each seismic line with a maximum source-
receiver offset of 165 km and an average spacing between shots
of ~185 m. Five ocean bottom seismometers (OBSs) were evcaly
deployed along each line. The central OBS (OBS 3) is located at
the crossing point of lines 4 and 5 (Figure 2). Wide-angle seismic
lines 4 and 5, were shot along MCS line RS47-24 of the R/V Rig
Seismic and MCS line MD47-5 of the M/V Marion Dufresne,
respectively [Coffin et al., 1990; Fritsch et al., 1992; Rotstein et
al., 1992]. OBS 1 of line 5 was deployed on the shallow drill Site
750 of the ODP Leg 120 [Schlich et al., 1989].

The seismic source consisted of an untuned array of eight air
guns, 16 L each (1000 in®) fired simultaneously each 100 s (180-
m spacing) at 140 bar of pressure (2000 psi) and opemted by
Groupement pour la Gestion de Navires Océanologiques, Institut
Francais de Recherche pour I’Exploitation de la Mer
(GENAVIR-IFREMER). A hydrophone located 1 m over one of
the air guns was used to trigger an OMEGA clock receiver to
provide shot time log.

The receivers were three-component digital (4.5-Hz geo-
phones) OBSs [Nakamura et al., 1987]. The signal was sampled
at a 10-ms interval with an antialias filter of 30 Hz. Data were
recorded using a 20-s length window shifted with respect to the
ship-receiver distance [Nakamura et al., 1987] Because of
limited data storage capacity, horizontal components were
usually recorded only at short ranges (<25 km), whereas the
vertical component was recorded along the entire profile. The
exact locations of the OBSs on the bottom were computed using
a least squares inversion of water wave travel times [Nakamura
et al., 1987]. A radio-controlled OMEGA clock receiver was
used as a reference on board (accuracy of 5 ms), and each OBS
clock was corrected with respect to this reference.

Ship’s location was recorded every minute using the non
military channel of the Global Positioning System (GPS). Navi-
gation data were plotted, and aberrant positions were removed
and replaced by interpolated positions; navigation data were then
smoothed using a three-point filter to obtain final fixes. The
location of each shot was interpolated from the processed naviga-
tion log.

Processing

The data are band-pass-limited from S to 15 Hz with a domi-
nant frequency of 8 Hz. The data were band-pass filtered using a
zero phase Butterworth filter between 5 and 15 Hz during the
travel time picking. The data were similarly filtered between 5
and 20 Hz for synthetic seismogram modeling. We used a spec-
tral minimum phase deconvolution (whitening) to decrease
source effect and to ensure accurate picking of travel times. Two-
dimensional filtering in the frequency and wave number domains
(FK filter) was used to attenuate water wave multiples from
previous shots recorded at large offsets ("previous shot noise")
and to recover postcritical travel times of reflections from the
lowermost crust and Moho.

To enhance PmP imaging, we applied interspectral matrix
filtering, allowing wave separation. It was performed by
orthogonal projection of the data on the first eigenvector of the
interspectral matrix constituted by the intercorrelation function
between each seismic trace in the frequency domain [Mari and
Glangeaud, 1990].
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Modeling Strategies

The data were modeled using a two-dimensional (2-D) itera-
tive, damped, least squares inversion of travel times [Zelt and
Smith, 1992] and forward modeling of the amplitudes and wave-
forms using reflectivity synthetic seismograms [Fuchs and
Miiller, 1971]. We contoured the gross two-dimensional velodty
model of the structure using travel time inversion and a stripping-
layer approach proceeding from top to bottom of the structure.
We complemented travel time inversion with preliminary
amplitude modeling using zero-order asymptotic ray theory
synthetic seismograms to estimate vertical gradients in the layers.

We estimate the uncertainty of a model parameter using a
perturbation approach [Zelt and Smith, 1992]. The potential
models must satisfy the following requirements: (1) The RMS
misfit must not be significantly higher than the one computed
during the inversion for the final model. (2) The model must
allow rays to be traced to all the observed travel times. (3) Zero-
order asymptotic ray theory amplitude must fit the observed
amplitudes. The maximum perturbation of the parameter that
allows a comparable fit to the observed data provides an estimate
of its absolute uncertainty [Zelt and Smith, 1992].

Then, we computed synthetic seismograms using the reflec-
tivity method to resolve finer details of the structure that could
not be inferred from travel time analysis alone. The full reflec-
tivity algorithm was required to model short-wavelength features
located at the base of the crust. The assumption of one-dimen-
sional (1-D) structure required by the reflectivity method was
validated by computing travel times in the best fitting 1-D model.
The 1-D velocity-depth function, interpolated beneath the OBS
from the 2-D velocity model, was used as a starting model. We
perturbed this velocity—depth function by a classical trial-and-
error method to reach a satisfactory model. To complement
qualitative (visual) comparison between the synthetic and real
seismograms, we matched the maximum amplitude—distance
curve measured by looking at the maximum amplitude in a short,
wide window centered on the arrivals to be modeled.

The synthetic seismograms were computed at the same dis-
tances as the observed seismograms, keeping only one trace out
of two. We applied the same processing (i.e., Butterworth filter-
ing) to the synthetic seismograms and to the data in order to
allow direct comparison of the two sets of seismograms. The
synthetic seismograms were convolved with a minimum phase
wavelet inferred from the spectral deconvolution of a set of traces
centered on the water wave arrival. Vertical velocity gradients
were approximated by a series of thin layers whose thicknesses
were less than a quarter of the smallest wavelength.

Nomenclature

No shear waves were observed along lines 4 and 5. Thus, in
the following, all the waves described refer to P waves.

The principal phases along lines 4 and 5 are (e.g., Figures 3a-
3e): (1) refraction in the upper crust Puc, (2) refraction in the
lower crust Plc, (3) reflection from Moho PmP, (4) refraction in
the upper mantle Pn. Along line 4, two weak, wide-angle reflec-
tions are observed between the phases Plc and PmP. We interpret
these arrivals as reflections from a reflective zone (RZ) located at
the base of the crust between the lower crust (LC) and Moho (see
following section for more details). We labeled Prl the reflection
from top of this reflective zone and Pr a reflection from within
the RZ. Phases identified and the ranges over which they are
observed are summarized in Table 1.
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Figure 3a. (top) Record section from line 4 of ocean bottom seismometer (OBS) 5. (bottom) Travel time curves
computed in the best fitting model (Figure 4) superimposed on the seismic section. Arrows indicate Prreflections
that are not modeled during travel times inversion. See Table 1 for nomenclature.
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Figure 3b. Same as Figure 3a, but for OBS 4.
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Figure 3c. Same as Figure 3a, but for OBS 3.

NNW Distance (km) SSE
0 20 40

T-D/6.5 (s)

Figure 3d. Same as Figure 3a, but for OBS 2. Note that OBS 2
did not record a complete set of data due to technical problems.

Line 4

The final model inferred from travel time inversion for line 4
consists of following eight layers: water, three sedimentary
layers, upper crust, lower crust, the reflective zone, and upper
mantle (Figure 4). These layers were modeled using the-inversion
of the travel times of eight different phases (Table 2). The 2-D
velocity model is complemented by two sets of 1-D velocity
models inferred from reflectivity synthetic seismogram modeling
for the crust down to the top of RZ (Figures 5 and 6) and for RZ,
Moho and the upper mantle (Figures 7 and 8). The sedimentary
cover is 1.0-2.3 km thick with velocities ranging from 1.7 to 3.4
km/s [Operto, 1995].

Upper Crust

During travel time modeling, the upper crust was modeled as
a single layer with a vertical gradient, 4.5 to 6.5 km thick
(Figures 4 and 5). Velocities at the top of the layer range from
5.0 to 5.2 km/s and velocities at the bottom range from 5.8 to 6.2
km/s. Vertical gradients range from 0.13 to 0.23 s, Reflectivity
synthetic seismograms contributed to point out several gradient
discontinuities in the upper crust (Figure 5).

Lower Crust (Down to RZ)

During Plc travel time inversion, the lower crust is parame-
terized with no lateral variation. Both velocity at the top of the
lower crust and vertical gradient (i.e., velocity at bottom of the
lower crust) are involved during the travel time inversion in ad-
dition to the depth of the upper crust-lower crust interface. We
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Figure 3e. Same as Figure 3a, but for OBS 4. Note that OBS 1 did not record a complete set of data for the same
reason as OBS 2.

Table 1. Ranges Over Which Crustal and Mantellic Phases Are Recorded Along Lines 4 And 5

OBS 1 OBS 2 OBS 3 OBS 4 OBS 5
Phases Left Right Left Right Left Right Left Right Left Right
Profile 4
Pse -4t0-8 4108 -4t0-8 4108 -4to-8 4t08 -4t0-6 4t06 -4to0-7 4t07
Puc -20to-5 5t020 -20to -5 Sto15 -30to-5 5t030 -30to-5 5t030 -30to-5 3to 15
Plc 65to 115 -55t0-20 -91t0-30 30080 -130t0-30 30to55 -150to-30
Pre-PmP -55to -40 -65t0-40 50t060 -55t0-35 -65 to -35
Post-PmP 91t0-65 60to81 -130to-55 -145 to -65
Pn 80 to 95 91to-65 60to81 -115to0-55 -120 to -65
Pri -55 to -40 -90 to -40 -130to -55 -135t0 -50
Pr -55 to -40 -90 to -40 -130to -55 -110 to -35
Profile 5
Pse -3to-8 3to8 -4t0-9 4109 -4t0-9 4t09 -3to-6 3t06 -3to-5 3t05
Puc -16t0-3 3t020 -20to0-3 3t027 -30to-5 5t030 -25t0-5 5t025 27t0-5 5t017
Pruc -6t0-12 6to 12 -6to-10 6to 10
Plc 20t0140 -51t0-20 27t0o11lS -90t0o-30 30to75 -127to-25 25t053 -140to-27
Pre-PmP 45 to 65 55t085 -90to-50 50to75 ?to-55 -85t0-55°
Post-PmP 65 to 140 85t0 115 -127t0 ? -140 to -85
Pn 85t0116 -100to -85

Ranges are provided for left side (negative values) and right side (positive values) of each ocean bottom seismometer (OBS)
section (Figures 3 and 11). Pse is refraction in the sedimentary layers; Pruc, reflection from the top of the upper crust; Puc,
refraction in the upper crust; Plc, refraction in the lower crust; pre-PmP, precritical reflection from the Moho; post-PmP, post-
critical reflection from the Moho; Pn, refraction in the upper mantle; Prl, reflection from the top of the reflective zone (RZ); and

Pr, internal reflection from the RZ.
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Figure 4. Best fitting velocity model across line 4 from two-dimensional (2-D) travel time inversion. Dotted curves
are isovelocity contours with annotation (in kilometers per second). Solid curves delineate the main crustal layers
(sedimentary layers, upper crust, lower crust, and reflective zonc).

also tested the inversion by allowing lateral velocity variation
and a reasonable constant vertical gradient of 0.035 s™. We
obtained a similar RMS misfit for the Plc travel times with and
without lateral velocity variation, proving that no lateral velocity
variation is required by the data.

The depth to the top of the lower crust ranges from 8.8 to 9.6
km, the average velocity at the top of the lower crust is 6.64
km/s, and the vertical gradient in the lower crust computed dur-
ing inversion ranges from 0.021 and 0.023 s™ (these variations
are due to geometry of the top of lower crust). On the basis of
travel time analysis, gradients between 0.00 and 0.04 s™ allow
Plc travel time fits (Figure 6a), but amplitude analysis requires a
gradient between 0.020 and 0.035 s (Figure 6¢). For gradients
varying from 0.020 to 0.035 s™, velocities at a reference depth of
25 km in the lower crust vary between 7.00 and 7.20 km/s corre-
sponding to an uncertainty of the lowermost crustal velocity of
10.1 km/s (Figure 6a).

Similar velocity and gradients (6.65 km/s and 0.027s™ respec-
tively) were used during reflectivity synthetic seismogram
modeling and allowed the simultaneous match of the travel times
and amplitude of the Plc wave (Figure 5). The upper crust-lower

crust interface must be modeled as a first-order discontinuity in
order to explain the amplitude high located at 33 km of distance
(Figure 5).

RZ, Moho, and Upper Mantle

The top of the RZ computed from the inversion of travel times
of Prl does not exhibit significant dip and is located at 19.00 and
19.25 km depth for vertical gradients in the lower crust of 0.020
and 0.035 s, respectively (Figure 4). The depth of the lower
crust-RZ interface implies that velocity at the base of the lower
crust is 6.8910.1 km/s.

Internal seismic properties of RZ are not constrained by any
refracted arrivals but only by a set of internal reflections, sug-
gesting layering within the RZ (Figure 3). Consequently, RZ is
parameterized as a homogeneous layer to derive the average
properties of the media from travel time analysis (Table 2). More
accurate parameterization (i.e., vertical and lateral variation) is
not allowed because of (1) limitation of ray theory in the case of
a heterogeneous structure, and (2) the small number of receivers
available.

Table 2. Results of the Travel Time Inversion Along Lines 4 and 5

Phase Layer Ntobs Nz Nvs Nvi 1 RMS: s v

Profile 4

Prse+ Pse Se,(zv)+Se,(2) 240 9 9 0 2 0.060 9.000

Pruc+ Puc UC(zv) 990 11 7 7 3 0.042 4.500

Plc LC(@v) 1641 8 1 1 2 0.032 0.411

Pr1 RZ(z) 632 5 0 0 1 0.047 0.223

PmP+Pn RZ(v)+UM(zv) 1319 5 2 0 2 0.070 0.640

PmP+Pn UM(zv) (WLVZ) 1321 5 1 0 1 0.117 1.156
Profile 5

Prse+Pse Se,(zv)+Se,(2) 334 7 6 0 3 0.057 8.263

Pruc+Puc UC(zv) 1125 13 7 i 2 0.058 8.276

Plc LC(zv) 2547 7 1 1 2 0.054 1.172

Plc+PmP+Pn LC(zv)+RZ(zv)+UM(zv) 3980 12 2 0 1 0.061 0.953

Plc+PmP+Pn LC(zv)+UM(zv) (WLVZ) 4004 13 2 1 2 0.062 0.949

Phase is phase whose travel times are inverted. Detailled nomenclature is defined in Table 1 except Prse, internal reflection
from the sedimentary cover. Layer refers to layers of the model perturbed during the inversion, z indicates that only the depth
nodes are perturbed, v indicates that only the velocity nodes are perturbed and zv indicates that both depth and velocity nodes are
perturbed; Se, is sedimentary layer number i; UC, upper crust; LC, lower crust; RZ, reflective zone; UM, upper mantle, and
wLVZ, no low velocity zone existing at the base of the crust. Ntobs is number of observed travel times used during the inversion,
Nz is number of depth nodes computed during the inversion, Nvs is number of upper velocity nodes computed during the inver-
sion, Nvi is number of lower velocity nodes computed during the inversion, I is number of iterations performed to compute the

best fitting model, RMS is RMS misfit, and % is the corresponding chi-squared value.
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Figure 5. (a) Record section compared to (b) reflectivity synthetic seismogram section for OBS 5 along line 4. (c)
Predicted (dotted curve) and observed (plain curve) maximum amplitude distance curves for the first arrivals.
Amplitude peak labeled A marks the sediment-basement reflection and is generally overestimated from our model-
ing; B marks the upper crust-lower crust reflection. (d) One-dimensional (1-D) model deduced from reflectivity
synthetic seismogram modeling (thin curve) and velocity-depth curve beneath OBS 5 in the best fitting model
deduced from travel time inversion (thick curve) (Figure 4).

The average velocity in the RZ, computed at the same time
with Moho depth and upper mantle velocity from simultaneous
inversion of PmP and Pn travel times, is 6.70 kn/s, with an un-
certainty of 0.1 km/s (Figure 6b). Thus RZ constitutes a low ve-
locity zone at the base of the large-scale crustal velocity structure
(Figure 4).

We also test a model without RZ (i.e., with the lower crust
down to the Moho). Inversion for this model led to a RMS misfit
for PmP and Pn travel times as large as 0.117 s, instead of 0.070
s for the model with RZ (Table 2). This increase of the RMS
misfit for the model without RZ is due to a delay between pre-
dicted and observed postcritical PmP travel times, whereas the
existence of RZ at the base of the crust has little influence on the
Moho depth that is mainly constrained by precritical PmP
[Operto and Charvis, 1995].

Moho does not exhibit significant dip at depths ranging from
23.0 to 24.3 kim, leading to a thickness of ~4-5 km for RZ (Figure
4). A near planar and horizontal Moho agrees well with the fact
that precritical PmP and Pntravel times are comparable for OBS
3, 4, and 5 along line 4 (Figure 3). Nevertheless, the detailed
shape of the Moho cannot be inferred unambiguously from travel
time modeling as we assumed a laterally homogeneous RZ,
whereas it is probably heterogeneous (discussed later). Thus we
cannot discard the possibility of a gentle slope along the profile
(that is, travel time inversion with a laterally heterogeneous RZ
would lead to different Moho depths).

The velocity computed in the upper mantle is 8.60 km/s. This
velocity is very high, but if we set the upper mantle velocity to
8.2 km/s (with a dipping Moho) the RMS misfit of PmP and Pn
travel times is 0.115 s versus 0.070 s for the best fitting model

(Table 2). Moreover, the Moho depth at the intersection between
the two lines is in disagreement with the results obtained along
line 5.

Using reflectivity synthetic seismograms, we tried to resolve
some properties of the internal structure of RZ, at a scale within
reach of the bandpass of the data. Data recorded along the two
perpendicular directions suggest that RZ is a three-dimensional
structure. Nevertheless, two criteria validate the use of a 1-D
reflectivity method: (1) Ray tracing in our best fitting 1-D model
allows us to match PmP and Pn travel times, validating the 1-D
assumption at the scale of our modling. (2) For one OBS, rays
corresponding to the postcritical PmP (observed between 65 and
130 km of distances) reflect over a relatively narrow range of
distances (between ~45 and 75 k). We identify two weak, wide-
angle reflections (Prl and Pr) observed on OBS 2, 3, 4, and 5
sections. These reflections are coherent over ~40 km of distance,
with similar travel times and amplitudes on each section. This
suggests that (1) the lateral extent of the reflectors associated
with the Prl and Prwaves is at least 30 km (roughly estimated
by ray tracing for. Prl wave) and (2) Prl and Pr waves reflect
from significant geological boundaries located on top and near
the base of the RZ, respectively.

Information we can infer from modeling of our data depends
on the heterogeneity of the RZ and the band pass of the data.
Levander and Holliger [1992] showed that in the case of a highly
heterogeneous medium, the dynamic properties of the wave ficld
are dominated by the small-scale variations of the physical
properties as a result of strong scattering. The homogenization of
the transmitted wave field through the heterogeneous medium
(i.e., PmP wave) is illustrated by amplitude versus offset be-
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20 km depth, corresponding approximately to the top of the RZ. Arrow indicates the best fitting vertical velocity
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havior of the PmP characterized by lower amplitudes and a
smoother pattern than the curve obtained for a homogeneous
crust [Levander and Holliger, 1992, Figure 5]. This homogeni-
zation of the wave field implies that the large-scale velocity
structure cannot be inferred unambiguously on the basis of seis-
mic data in the case of a very heterogeneous lower crust. The
amplitude versus offset curve of the PmP recorded by OBS 5 for
line 4 suggests that the RZ is not heterogeneous enough to
generate this homogenization, as a high critical amplitude of the
PmP is observed (Figure 7a). On the contrary, RZ cannot be a
homogeneous medium (or a layer with a constant vertical gra-
dient) because this kind of structure would generate neither the
wide-angle reflections from within the lower crust (Figure 8c)
nor the sharp attenuation of the PmP postcritical amplitudes
observed for OBS 5 of line 4 (Figure 7c).

Detailed modeling of the seismic properties of a layered
media (i.e., thickness, number and impedance contrast between
high- and low-velocity layers, extreme bounds of velocity in the
layered structure, anelastic behavior of the lamellae) requires a
broadband seismic record to study the low-pass-filtering effect of
the layered media [Paul and Nicollin, 1989]. The spectral content
of our data is mainly band-pass limited between 4 and 15 Hz.
This lack of high frequency in the data spectrum is mainly related
to the use of an untuned array of large air guns and precludes
detailed modeling of the RZ seismic properties. Nevertheless,
Operto [1995] noted that frequencies higher than 8 Hz seem to be
attenuated between ranges of 50 and 70 km, where the wave field
is dominated by PmP amplitudes. This may indicate frequency-
selective attenuation of the transmitted wave field through RZ,
with the lower limit of the attenuated frequency band equal to 8
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Figure 8. (a) OBS 5 record section (line 4) compared to (b)-(h) reflectivity synthetic sections computed for models

shown in Figure 7b-7h.

Hz, whereas the upper limit of the attenuated frequency band is
not recorded due to the lack of high frequencies. This lower-limit
frequency constrains the lower bound of layer velocities, the
upper bound of thickness distribution, and mainly, the impedance
contrasts between layers [Paul and Nicollin, 1989].

‘Thus the objective of our modeling is not to infer the detailed
internal structure of RZ but, rather, to give a rough estimate of
the scale of the layering into RZ and to delineate some significant
discontinuities into the RZ. We focus on modeling of a section
recorded by OBS 5, and we will address more qualitative
interpretation concerning the lateral variability of RZ along line
4.

Models with no low-velocity zone at the base of the crust are
precluded because travel times and amplitude of the postcritical

PmP do not fit the data (Figures 7c, 7d, 8c, and 8d). A model
with a homogeneous RZ that encompasses the 500-m thick high-
velocity (7.1 km/s) and low-velocity (6.3 kin/s) lamellae (Figure
7e) produces a better fit between predicted and observed sections,
although the postcritical PmP branch does not exhibit the
discontinuous pattern of the observed section (Figure 8¢) and has
a higher amplitude (Figure 7e). With eight 500-m thick lamellae
(Figure 7f), predicted and observed PmP look very similar (e.g.,
the discontinuous character of postcritical PmP is well
mimicked) (Figure 7f and 8f), but amplitudes of Pr waves at pre-
critical distances are too high on the synthetic section (Figures
8f). A model with thinner layering (~120-m-thick layers) (Figure
7¢g) is also precluded because amplitude does not match PmP
(Figure 8g).
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Our best fitting model, inspired by Deichmann and Ansorge
[1983] (Figure 7b), consists of 600-m-thick lamellae with
increasing impedance contrasts and decreasing vertical velocity
gradients with depth. According to previous 2-D modeling, ths
average velocity in RZ is 6.70 kim/s. We subdivided RZ into two
main units: in the upper part of RZ, between depths of 19.5 and
23.3 km, velocities range between 6.40 and 7.00 km/s for the
high-velocity layers and between 6.20 and 6.60 km/s for the low-
velocity layers. Weak impedance contrasts between high- and
low-velocity layers (between 0.030 and 0.056 km/s) allow
generation of the weak amplitude of the reflections from the
upper part of the RZ (Figure 8b). At 23.3 km depth, we delineate
a more pronounced velocity step in RZ between 6.60 and 7.30
km/s that marks the top of the second unit in RZ (Figure 7b) and
explain the higher amplitude of the identified Pr wave (Figure
8b). In the second unit of RZ, impedance contrasts between high-
and low-velocity layers (0.080 km/s) are significantly higher
compared with the upper part of the RZ. This increase of im-
pedance contrast toward the base of RZ was required to generate
enough attenuation of the PmP dominant frequency at postcritical
distances related to short-path multiples in the lamellae (Figure
7b). Velocities range between 7.30 and 7.40 km/s for the high-
velocity layers and between 6.70 and 6.80 km/s for the low-
velocity layers. The absolute amplitude of PmP (Figure 7b) at
critical distance is generated by a sharp first-order discontinuity
at Moho between 6.80 and 8.60 km/s, although the presence of a
layered Moho (Figure 7g) or a ~1-km-thick crust-mantle transi-
tion are not precluded (Figure 7d). We note also that travel times
of intrabed multiples reflected from the top of the RZ and from
the velocity step that delineates the two units in the RZ fit two
wide angle reflections recorded after PmP (Figure 9).

We believe that the reflectivity of the RZ probably increase
from north to south (from OBS 5 to OBS 1). The wave train of
the PmP is clearly broader for OBS 4 than for OBS 5 (Figures
10a and 10b), and the maximum amplitude versus offset curve is
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more homogeneous for OBS 4 than for OBS 5 (Figure 10c). We
interpret this as the result of increase scattering associated with a
more heterogeneous (e.g., layered) RZ.

The distance at which Plc and Pn arrivals cross is smaller on
OBS 1 (90 km) than on OBS 4 (92 km) and OBS 5 (98 km) sec-
tions, whereas upper and lower crustal travel times, as well as the
apparent velocity of the Pn wave, are similar. This can be related
to (1) a lower average velocity in the RZ southward, (2) a Moho
dipping northward, or (3) a higher upper mantle velocity south-
ward. The second and third hypotheses are unlikely because the
apparent Pn velocity is similar on both sections and because
these hypotheses would lead to an upper mantle velocity higher
than 8.60 km/s. On the contrary, there may be a connection
between the decrease of the average velocity in RZ from north to
south and the increase of the heterogeneity of RZ from north to
south. This connection would result from a longer ray path
related to propagation in a more heterogeneous media [Ojo and
Mereu, 1986]. Neverthdess, the variation of reflectivity from
north to south remains highly speculative owing to the small
number of receivers available.

Line 5

The final 2-D velocity model for line 5, based on the travel
time inversion of seven different phases (Figures 11a-11e and
Table 2), consists of eight layers (Figure 12) corresponding to the
layers described along line 4. One-dimensional velocity models
of the crust were inferred from reflectivity synthetic seismogram
modeling.

Upper Crust

On the basis of travel time inversion, thickness of upper crust
varies between 4.6 and 6.1 km and velocity varies between 4.80-
5.00 km/s at the top and 5.50-6.20 km/s at the bottom of the
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Figure 9. Detail of record section from OBS 5 for profile 4 centered on the PmP with superimposed travel time
curves computed using 1-D ray tracing in the model of Figure 7b. Inset shows schematic ray path for the different

interpreted arrivals.
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layer. Synthetic seismogram modeling of theOBS 1 record sec-
tion required a velocity of 3.80 km/s at the top of the layer
(Figure 13), near the basement high located along the flank of the
basin. Beneath OBS 3, synthetic seismogram modeling reveals a
local low velocity zone into the upper crust (Figure 14). Vertical
velocity gradients are from 0.170 and 0.430's™.

Lower Crust

The depth of the top of the lower crust ranges from 6.4 to 9.3
km. At the crossing point of lines 4 and 5, the mismatch (<0.2
km) is lower than the a priori uncertainty assigned to the depth
parameter for this interface. The average velocity at the top of
lower crust is 6.62 km/s, and the vertical gradient is between
0.024 and 0.029 s, showing a good agreement with line 4. On
the basis of synthetic seismogram modeling, the upper crust-
lower crust interface constitutes a first-order discontinuity

required to match the amplitude high at 23 and 31 km of distance-

for OBS 1 and 3, respectively (phase labeled Pruclc, Figures 13
and 14).

Vertical velocity gradients of 0.00 to 0.05 s™ are consistent
with the travel time analysis (Figure 15a), whereas amplitude
analysis suggests that the gradient must be in the range of 0.02 to
0.04 s (Figures 15b and 15c). These gradients yield velocities
varying between 7.00 and 7.30 km/s at 25 km depth in the lower
crust, corresponding to an uncertainty of the lowermost crustal
velocity of +0.15 km/s.

RZ, Moho, and Upper Mantle

Along profile 5, there is no evidence of RZ at the base of the
crust, as no reflection Pr is observed, and the postcritical PmP
travel time curve becomes asymptotic to the Plc travel time curve
beyond 110 km. Nevertheless, we tested whether a model with a
RZ at the base of the crust can account for the travel times
observed along line 5 (Figure 12). The starting model had a RZ
of a similar thickness in the middle of the basin (kept fixed dur-
ing inversion) to that computed along line 4, and the Moho depth
was kept fixed at 24.2 km in the middle of the basin during this
tentative inversion. The fits between observed and computed
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travel times and the ray coverage are similar for models with and
without RZ (Table 2). The average velocity in the RZ is 6.90
km/s and thus is similar to the velocity at the base of the lower
crust (which is in agreement with the asymptotic relation
between the Plc and postcritical PmP along line 5). Moho depth
ranges from 22.8 to 24.2 km. The velocity of 8.00 km/s, com-
puted at the top of the upper mantle, is constrained by the Pn
travel times visible on OBS 2 and OBS 5 in reversed locations.
Zero-order asymptotic ray theory seismograms were computed in
the 2-D velocity model to-check the location of the critical dis-
tance between PmP and Pn On the sections where no Pn is
observed (i.e., OBS 1), we assume that the critical distance is

West OBS 5 OBS 4

OBS 3

located approximately at the location of the maximum amplitude
of the PmP. This assumption is plausible, as the wave field seems
not to be affected by the heterogeneous lower crust. Synthetic
sections computed for OBS 5 (Figure 16) and OBS 1 (Figure 17)
show that this feature is correctly modeled.

Integrated Model of Southern Kerguelen Plateau

The crust beneath the southern Kerguelen Plateau is 22 km
thick, on average, with Moho lying at 23-24 km depth. Velocity
models along lines 4 and 5 are similar down to ~19 km depth

OBS 2 OBS 1 East

Profile 5

7.93

T T

0 20 40 60 80

100 120 140 160 180

Figure 12. Best fitting velocity model across line 5 from 2-D travel time inversion. Dotted curves are isovelocity
contours with annotation (in kilometers per second). Solid curves delineate the main crustal layers (sedimentary

layers, upper crust, lower crust, and reflective zone).
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(i.e., down to the base of the LC), although sediment-upper crust
and upper crust-lower crust interfaces have more relief along line
5, roughly perpendicular to the trend of the plateau. Gradient dis-
continuities and low-velocity layers in the upper crust are clearly
not correlated from one OBS to another, suggesting that they
constitute isolated and local features (compare 1-D velocity
model of Figures 5, 13, and 14).

The base of the crust (i.e., RZ), the Moho, and the velocity in
the upper mantle show striking differences along lines 4 and 5.
Along line 4, the average velocity in RZ (inferred from travel
time inversion of postcritical PmP) is 6.70 kin/s, whereas it is at
least 6.90 km/s along line 5. Layering of RZ along line 4 is iden-
tified by several wide angle reflections and the discontinuous
pattern of the wave field at PmP postcritical distances. Along line
5, these features are not observed and RZ is seismically
transparent. The azimuthal velocity anisotropy in RZ is probably
connected with the difference in reflectivity in the two perpen-

dicular directions (see interpretation in the following section).
Velocities at the top of the upper mantle are 8.60 km/s along line
4 and 8.00 km/s along line 5, indicating a 8% azimuthal aniso-
tropy with the fast direction close to the axis of the plateau.

Discussion

The lithospheric structure (down to the top of the upper man-
tle) of the southern Kerguelen Plateau shows unusual features for
an oceanic plateau. High velocities at the base of the crust,
related to magnesium-rich gabbros, that characterized thickened
oceanic crust are not observed beneath the southern Kerguelen
Plateau. Moreover, the reflectivity and the anisotropy of the
lowermost crust described in the previous section are not typical
of an oceanic crust that exhibits usually a more simple seismic
pattern. For these reasons, we propose that the Raggatt Basin
may consist of a fragment of continental crust, stretched in the
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NNW-SSE direction and overlain and possibly intruded by
magmatic material. The velocities of the lower crust, including
layers LC and RZ, are in good agreement with the velocities
observed in the lower continental crust beneath rifts and/or con-
tinental margins. The extension of the continental crust can
explain the reflectivity of the base of the crust, as well as the ani-
sotropy observed in the reflective lower crust and upper mantle.
Before we develop the arguments for a continental origin, we
review the arguments against an oceanic origin for the southern
Kerguelen Plateau.

Is the Southern Kerguelen Plateau an Oceanic Platcau?

Most of the previous geophysical, geological, and geochemi-
cal studies on the southern Kerguelen Plateau suggest that it
could be a pure oceanic plateau emplaced either in a setting
similar to Iceland today [Schaming and Rotstein, 1990] or in an

intraplate setting [Coffin and Gahagan, 1995]. In the following,
we will first collate our results with these hypotheses on the ori-
gin of the southern Kerguelen Plateau.

Crustal thickness and subdivisions. The total thickness of
the igneous crust (i.e., including upper crust, lower crust and the
basal reflecting zone) beneath the Raggatt Basin is 20-22 km.
This is consistent with a thickened oceanic crust formed above a
mantle plume [White et al., 1992] and is approximately 3.5 times
the thickness of standard oceanic crust. Crustal structure of
thickened oceanic crust formed at a seafloor spreading center is
dominated by layer 3 thickening [Mutter and Mutter, 1993]. The
crustal thickening beneath the Raggatt Basin is dominated by the
thickening of the lower crust. The ratio of the thickness of upper
crust to lower crust is, on average, 0.35 for the Raggatt Basin
crust, whereas it is ~0.60 for a standard oceanic crust [Mutter and
Mutter, 1993]. If we assume an oceanic origin for the Raggatt
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Figure 17. Same as figure 16, but for OBS 1.

Basin, this may indicate an emplacement at an active seafloor
spreading center (like Iceland) rather than in an intraplate
location (like Hawaii).

Upper crust. Velocities found in the upper crust of the Rag-
gatt Basin are consistent with velocities found in oceanic layer 2,
ranging from 2.5 to 6.6 km/s [White et al., 1992], but its thick-
ness is roughly 2.6 times the average thickness of layer 2 in nor-
mal oceanic crust. Basalts were drilled in the upper 50 m of the
basement in the Raggatt Basin at Site 750 (Figure 2) [Schlich et
al., 1989], and multichannel profiles show dipping reflectors in
the basement, characteristic of subaerial basaltic flows [Coffin et
al., 1990; Schaming and Rotstein, 1990].

Seismic velocities in the basement inferred from our data
(from 3.80 km/s at the top to 6.50 km/s at the bottom) agree with
a basaltic composition for the whole upper crust. The intracrustal
reflectors identified in the upper crust can be interpreted in term
of a transition between extrusives (metabasalts or pillows lavas)
and intrusives (dyke complexes), between porous and nonporous

rocks, or as a boundary where hydrothermal circulation stops
[Minshull et al., 1991} Local low-velocity zones in the upper
crust, with velocities (poorly constrained by the data) ranging
between 5.0 and 6.0 kim/s, can be due to alteration, changes in
composition between different volcanic flows, or interlayered
sediments between basalt flows.

The upper crust-lower crust interface is marked by a velocity
discontinuity between 6.00-6.50 km/s (at the bottom of the upper
crust) and 6.60-6.65 km/s (at the top of the lower crust) and a
sharp decrease of the vertical velocity gradient (from ~0.200 to
~0.025 s™). This gradient discontinuity is commonly observed in
standard oceanic crust, but it is often associated with a gradual
transition zone between layer 2 and layer 3. The interface
between the upper and lower crust was unambiguously identified
on each OBS record section; the upper crust (i.e., the basaltic
layer with dipping reflectors) clearly does not extend deeper than
9.80 km, and velocities did not exceed 6.50 km/s at the bottom of
the upper crust.
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Lower crust. We assume that there is no thermal anomaly in
the southern Kerguelen Plateau, and consequently, the average
geotherm in the lower crust is 20°C/km. This assumption is rea-
sonable as the southern Kerguelen Plateau is Cretaceous (~110
Ma), no evidence of recent volcanic activity has been recorded in
the Raggatt Basin [Ramsay et al., 1986), and kinematic recon-
structions suggest that the Kerguelen hot spot is located beneath
the northernmost part of the Kerguelen Plateau [Royer et al.,
1991]. At 20 km depth (pressure 6 kbar), we can expect a tem-
perature of 400°C. In this pressure-temperature condition, the
compressional velocity of a gabbro should be around 7.40 km/s
[Christensen, 1979]," which is significantly higher than the
velocity estimated in the Raggatt Basin (6.90 kin/s).

If emplacement of the southern Kerguelen Plateau is related to
Kerguelen mantle plume, the model of White and McKenzie
[1989] predicts a thermal anomaly of ~150°C in the mantle to
generate a 20-km thick igneous crust [White and McKenzie,
1989, Figure 3]. Such a thermal anomaly produces an enrichment
in MgO from 11% for normal oceanic crust formed with a mantle
potential temperature of 1280°C to 17% with a mantle potential
temperature of 1480°C [McKenzie and Bickle, 1988]. Resulting
magnesian-rich gabbros will have, at a given depth, a higher
velocity than gabbros found in normal-thickness oceanic crust
[White and McKenzie, 1989]. Results of these theoretical
calculations agree with the conclusions, based on the compilation
of a large set of wide-angle seismic studies of the oceanic crust,
showing that seismic velocity in layer 3 increases when the
crustal thickness increases [Mutter and Mutter, 1993]. This is
also in good agreement with the observation of high seismic
velocities (> 7.2 km/s) at the base crust of most oceanic plateaus
(e.g., Madagascar Ridge [Sinha et al., 1981], Alpha Ridge
[Forsyth et al., 1986], Madeira-Tore Rise [Peirce and Barton,
1991], northern Kerguelen Plateau [Charvis et al., 1995], and
Marquesas Islands [Caress et al., 1995]). The alternative plume
head model also generates melt enriched with MgO, with con-
centration ranging from 16 to 19%. The concentrations are higher
for younger oceanic lithosphere and higher excess temperatures
in the plume head [Farnetani and Richards, 1994]. Oceanic
mafic granulites recovered as xenoliths in volcanic rocks of the
Tertiary Kerguelen Archipelago are interpreted to represent
samples of underplated mafic material located at the base of the
crust and characterized by velocities of 7.2-7.5 kin/s [Grégoire et
al., 1994; Recq et al., 1990]. The lack of high velocities at the
base of the crust of Raggatt Basin emphasized by our data set is
not consistent with an oceanic origin of the southern Kerguelen
Plateau.

Reflective zone and upper mantle. The reflective lower
crust (RZ) described beneath the Raggatt Basin is very atypical in
oceanic crust settings. The crust-mantle transition in the oceanic
crust is known to be constituted by the intercalation of mafic and
ultramafic material [e.g., Christensen and Salisbury, 1975;
Karson et al., 1984]. Nevertheless, the scale of this lamination is
often too fine (< 0.3 km) to be detected by the seismic signal we
used during the KeOBS experiment (1-km wavelength at lower
crustal depths). Furthermore, the average velocities expected for
a mafic-ultramafic intercalation (7.30 kim/s) is much higher than
the velocity estimated in-the reflective lower crust of the Raggatt
Basin (i.e., 6.70 kmn/s). The reflective zone is, on average, a low-
velocity zone at the base of the crust. In the oceanic domain, low-
velocity zones at the base of the crust have sometimes been
reported [Collins et al., 1989; Lewis and Snydsman, 1979; Mithal
and Mutter, 1989], but they are usually located at the base of the
crust, are less than 10 km deep, and are interpreted as serpen-
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tinized peridotites of the upper mantle. This interpretation is not
suitable in the case of the Raggatt Basin owing to the depth at
which this low-velocity zone is observed (19-25 km).

Comparison with Iceland. The Kerguelen Plateau is often
interpreted as the Cretaceous equivalent of Iceland. Iceland
results from the interaction of the Mid-Atlantic Ridge with the
Iceland hot spot over the past ~16 Myr. Recent seismic studies
pointed out a 20- to 24-km-thick crust, with a velocity-depth
function consistent with thickened oceanic crust [Bjarnason et
al., 1993].

Although Iceland is an active structure with a high geothermal
gradient, its velocity-depth function can be compared with that
determined beneath the southern Kerguelen Plateau, as it is suffi-
ciently cold to consist of unmelted rocks [Bjarnason et al., 1993].
Nevertheless, the high geothermal gradient in the Icelandic crust
probably leads, at a given depth and for a similar composition, to
lower seismic velocities than in the Kerguelen Plateau crust.

The crustal velocity-depth function down to 20 km depth in
the Raggatt Basin is comparable with that of Iceland (Figure 18);
the whole crustal thickness, as well as thicknesses of layers 2 and
3, are similar. Nevertheless, the velocity at 15 km depth
(maximum depth at which velocities are well constrained)
beneath Iceland is often higher than the velocity beneath Raggatt
Basin and reaches ~7.2 km/s at the base of the Icelandic crust.
Higher velocities in the lower crust of Iceland compared with
Raggatt Basin, despite the very high geothermal gradient beneath
Iceland, suggest that these two features cannot share a simiiar
origin.

Comparison with northern Kerguelen Plateau and
Enderby Basin. Velocities in the lower crust of the Raggatt
Basin are significantly lower than those of surrounding oceanic
areas (Figure 18). On the basis of kinematic reconstructions,
formation of the Enderby Basin is assumed to have been syn-
chronous with the formation of the Perth and Cuvier Basins
(anomalies MO to M10, west of Australia) and with the
emplacement of the Kerguelen Plateau, although no magnetic
anomalies in thc Enderby Basin confirmed this interpretation
[Royer and Sandwell, 1989]. The crust of the. Enderby Basin is
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Figure 18. Comparison of our average velocity function in the
Raggatt Basin (left) with the envelope of velocity depth functions
across Iceland [Bjarnason et al., 1993], with the average velocity
function in the northern Kerguelen Plateau (NKP) [Charvis et al.,
1995], with the average velocity function in the Enderby oceanic
Basin [Operto, 1995], and (right) with expanded spread profiles
(ESP) A and B shot along the Hatton Bank [Fowler et al., 1989;
Morgan et al., 1989; Spence et al., 1989].
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10-13 km thick and thins gently away from the plateau [Operto,
1995]. It is slightly thicker than the standard oceanic crust (7.08
+ 0.78) but is similar to the mean thickness of the oceanic crust
surrounding the Iceland mantle plume, 10.3 + 1.7 km [White et
al., 1992]. Velocities in layer 3 are 6.90-7.00 km/s at the top (at
~8 km depth) and 7.40-7.50 km/s at the base of the crust (at ~16
km depth). The high velocities, higher than in a normal oceanic
crust, agree with olivine-rich gabbros and corroborate, as well as
the thickening of the crust, a hot spot influence during the for-
mation of oceanic crust [Operto, 1995; Operto et al., 1994} The
velocities reached at a given depth in the Enderby Basin are
significantly greater than in the Raggatt Basin (Figure 18), and
the expected positive correlation between crustal thickness and
average velocity in layer 3 [Mutter and Mutter, 1993] is clearly
not observed.

Igneous crust beneath the northern Kerguelen Plateau consists
of three layers, with a total thickness ranging from 19 to 21 km.
The upper one, 1.2-2.3 km thick with velocities ranging from 3.8
to 4.9 km/s, could be either composed of low-density lava flows
or volcanic material interlayered with sediments [Munschy and
Schlich, 1987; Charvis et al., 1993, 1995]. The second layer is
2.3-3.3 km thick and has velocities ranging downward from 4.7
to 6.7 km/s. Velocities and thicknesses are comparable in these
two layers to those observed in the upper crust of the Raggatt
Basin, but the transition to the lower crust is gradual in the
northern Kerguelen Plateau [Charvis et al., 1995; Operto, 1995],
whereas it is a sharp, first-order discontinuity beneath the Raggatt
Basin. In the lower crust of the northern Kerguelen Plateau,
velocities increase from 6.60 km/s at ~8.0 ki depth (near the top
of the layer) to 7.40 km/s at the base of the crust. The value
reached at the base of the crust; which agrees with the model of
White and McKenzie [1989], is significantly higher that the one
observed in the Raggatt Basin (Figure 18).

Reflections from the base of the crust as well as the strong and
long wave train PmP described in the Raggatt Basin contrast with
the seismic transparency of the lowermost crust and Moho in the
northern Kerguelen Plateau and a more simple seismic pattern in
the oceanic Enderby Basin [Charvis et al., 1995; Operto, 1995].
In the northern domain, the base of the crust is seismically
transparent (that is, no internal reflections are observed on the
record sections), and the lower crust extends down to Moho
without a reflective transition zone between the base of the lower
crust and the Moho. In addition, weak PmP and the lack of Pn
(except on one OBS record section) suggest that the Moho is a
gradual transition zone and a shallow velocity gradient in the
upper mantle [Charvis et al., 1995; Operto, 1995} In the
Enderby Basin, data show the classical simple pattern observed
in the oceanic crust, including the refraction in the layer 3, a
sharp reflection from Moho, and a refraction in the upper mantle,
but do not show evidence of a reflective lower crust at the base of
the crust.

Is the Southern Kerguelen Plateau a Volcanic Passive
Margin?

The emplacement of the Cretaceous Kerguelen Plateau
(including Broken Ridge) was nearly complete at ~110 Ma in the
nascent Indian Ocean [Leclaire et al., 1987; Royer and Coffin,
1992; Whitechurch et al., 1992]. The southern Kerguelen Plateau
area is presently separated from the Antarctic continental margin
(approximately 500 km southward) by the Princess Elisabeth
Trough. During the rifting between India and Antarctica (~130
Ma [Royer and Coffin, 1992]), continental fragments may have
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been detached and isolated for the main continental masses by a
jump of the rifting zone. Thus the alternative hypothesis for the
origin of the Raggatt Basin is that it consists of a fragment of
continental crust.

Upper crust. Velocities we computed in the upper crust are
consistent with those observed in oceanic layer 2, and we know
from previous studies that the basement of the southern Ker-
guelen Plateau is basaltic. Nevertheless, within the lower part of
the upper crust, velocities are also consistent with those found in
the upper continental crust (5.95+0.73 km/s at 5 km depth)
[Christensen and Mooney, 1995]. Furthermore, along volcanic
passive margins, the limit between the basaltic layer
(characterized by dipping reflectors) and the upper continental
crust is not underlined by a sharp velocity contrast [e.g., Mutter
et al., 1984; Spence et al., 1989]. Thus, a thin upper continental
crust cannot be precluded from seismic structure beneath the
Raggatt Basin.

Lower crust. Velocities within the lower crust of Raggatt
Basin and the average velocity in the RZ are consistent with the
range of velocities observed in the lower continental crust. The
histogram of velocities found in the lower continental crust
located in rift zones shows a maximum for velocities of ~6.70
km/s, and velocities between 6.90 and 7.10 km/s are commonly
observed at the base of the rifted continental crust [Christensen
and Fountain, 1975; Christensen and Mooney, 1995; Holbrook et
al., 1992].

Reflective zone and upper mantle. The reflectivity at the
base of the crust and the azimuthal anisotropy at the base of the
crust and in the upper mantle may be the result of extension of
the continental crust. The reflectivity of the lower crust has been
extensively imaged using wide-angle seismic data in continental
areas affected by extension and/or magmatism. Two main causes
are classically invoked to explain the reflectivity of the lower
continental crust [Holbrook et al., 1991]: (1) mafic intrusions or
igneous cumulate layering in relation to magmatism, and (2)
ductile strain fabrics in relation to extension.

We believe that these two mechanisms could play a role in the
reflectivity at the base of the crust of the Raggatt Basin. Never-
theless, ductile shearing is probably the mechanism which domi-
nates. This would explain the low average velocity in the RZ as
well as the anisotropy in the RZ (magmatic intrusions alone
would not generate anisotropy in the RZ).

The low reflection coefficients pointed out in the upper part of
the RZ (0.030-0.056), as well as the velocities, are consistent
with ductile shear zones into a mafic, homogeneous, lower crust
[Holbrook et al., 1991], and velocities (between 6.20 and 6.60
km/s in the low velocity layers and between 6.40 and 7.00 km/s
in the high velocity layers) are consistent with mafic mylonites
[Jones and Nur, 1982]. These structures would have resulted
from the extension of the crust.

The lower part of the reflective zone is characterized by
higher reflection coefficients (0.080) and velocities ranging from
6.70 to 6.80 km/s in the low velocity layers and from 7.30 to 7.40
km/s in the high velocity layers. Holbrook et al. [1991] estimated
reflection coefficients of 0.04-0.06 for mafic intrusions into the
mafic lower crust, but note that these values can be doubled by
constructive interference. The higher reflection coefficients, as
well as the velocities in the high-velocity layers, are consistent
with mafic rocks intruding surrounding country rock.

Ductile shearing favors seismic azimuthal anisotropy at dif-
ferent scales. In the Basin and Range, anisotropy results from
elongated ductile shears in the direction of the extension
[Carbonell and Smithson, 1991} In the Raggatt Basin, internal



OPERTO AND CHARVIS: DEEP STRUCTURE OF THE KERGUELEN PLATEAU

reflections from the reflective zone are only observed in the
NNW-SSE direction, and this might indicate a large-scale ani-
sotropy related to extension of continental crust approximately in
this direction. Magmatic intrusion contributions, which affects
the structure in a similar way in the two directions, may be too
weak to affect significantly the wave field recorded along line 5
(although some events can be observed for OBS 3 and 2 along
line 5; see Figures 11c and 11d). The lower average velocity
determined in the reflective zone in the NNW-SSE direction
compared to that in the E-W direction might be related to under-
estimation of the seismic velocity along line 4 in relation to an
apparent, more heterogeneous RZ. Thus azimuthal anisotropy in
the reflective lower crust has probably a tectonic origin and is
consistent with the extension of the crust in the NNW-SSE
direction.

The 8% anisotropy in the upper mantle, with the fast direction
in the NNW-SSE direction, is also consistent with the NW-SE
direction of extension inferred from anisotropy in the reflective
zone. Indeed, anisotropy in the upper mantle is usually inter-
preted to result from preferential alignment of olivine crystals in
the direction of extension [Christensen and Salisbury, 1979].

Reflectivity across continental margins is known to be well
developed beneath moderately stretched continental shelves and
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to decrease toward the ocean-continent transition [Hutchinson et
al., 1992]. So the decrease of the reflectivity of the lowermmost
crust, from south to north, suggested along the NNW-SSE line 4
is consistent with the southern Kerguelen Platcau being a frag-
ment of the Antarctic continental margin.

Interpretative Model

The thickness of the possibly continental crust beneath the
Raggatt Basin, excluding the sediments and the basaltic part of
the upper crust, varies between 15-17 km and ~20 km, depending
on whether we consider that the whole upper crust is basaltic or
not. This fragment mostly consists of lower continental crust, as
the upper continental crust is very thin or absent. We believe that
a model of extension based on differential stretching between the
upper and lower crust may explain the seismic structure of the
Raggatt Basin (Figure 19). This model was used to explain the
structure of the Basin and Range- Colorado Plateau transition
[McCarthy and Parsons, 1994] and the structure of the Rockall
Trough [Hauser et al., 1995]. The model of extension involves
simple shear deformation in the upper crust along low-angle
faults and pure shear deformation in the lower crust [McCarthy
and Parsons, 1994]. Denudation of the lower crust, resulting in
the simple shear deformation, would explain that the upper crust

Direction and polarity of extension

w Line 5 E
Water
Sediments
Basajtj P —— ippi
~~~~~ € extrusives ———= /?;le;ES

Lower crust

Rz

MOHO

I
> . =

iy A 3

I ! <

! z 'V !Ductile shears \\\ R
|— ielongated in the direction of extension \\ <

I
N

Figure 19. Schematic interpretative model of formation of Raggatt Basin (not to scale). Continental crust overlain
by basalt flows is stretched in the NNW-SSE direction. Basalt extrusives represent widespread flood basalts in rela-
tion to the Kerguelen mantle plume. Thin upper continental crust may be present below basalts even if this bound-
ary is seismically transparent. Extension caused decoupling between the upper crust and the lower crust along a
primary rheological (brittle/ductile) detachment surface (indicated by arrows along the upper crust-lower crust
interface). Simple shear in the brittle upper crust caused its severe thinning as pure shear mechanism maintained the
lower crust thickness across the whole basin. Top of the reflective lower crust (RZ) is composed of ductile shears
elongated in the direction of extension. The scale of these features increases from south to north in relation to the
amount of extension. Magmatic intrusions are confined to the base of the reflective lower crust.
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is absent or very thin. On the contrary, a pure shear deformation
would explain that the lower crust is still thick in relation to a
small extension and its thickness remains almost constant over a
broad distance. Moderate extension would also explains that the
RZ (i.e., the reflectivity in connection with ductile shearing) is
confined at deep levels between 19 and 23-24 km depth. With
such a mechanism, McCarthy and Parsons [1994] note that the
top of the lower crust in the Basin and Range, once at 20 km
depth, was elevated to ~11 km depth which is approximately the
depth of the upper crust-lower crust interface in the Raggatt
Basin.

In the plume-related large igneous provinces (e.g., northern
North Atlantic Volcanic Province), extrusive basalts extended on
the adjacent continents without associated contiguous under-
plating [White and McKenzie, 1989]. The extrusive basalts on top
of the crust of Raggatt Basin may be the result of a similar
widespread basaltic volcanism extended away from the central
plume. Contiguous underplating is confined over a much more
narrow area along the margin (e.g., 70 kmm perpendicularly to the
margin in the North Atlantic [Fowler et al., 1989]) in relation to
the rapid thinning of the crust as the plume head impinges at the
base of the lithosphere. Obviously, it is not possible from our
data to locate the continent-ocean boundary.

The mantle plume-lithosphere rifting model of White and
McKenzie [1989] postulates that volcanism may spread across a
2000-km-wide area in relation to abnormally hot asthenosphere.
This agrees with the fact that the Kerguelen hot spot was proba-
bly responsible for the formation of a much larger igneous
province than the Kerguelen Plateau alone, beginning at 120-130
Ma with the eruption of the Naturalist Plateau and Bunbury
basalts west of Australia. The Rajmahal Trapps along the north-
eastern margin of India erupted at ~117 Ma, while lamprophyres
of Prince Charles Mountains were emplaced at ~110 Ma near the
Antarctic continental margin [Davies et al., 1989; Mahoney et
al., 1995; Storey et al., 1992].

The direction of extension (NNW-SSE) inferred from the ani-
sotropy in the reflective lower crust and in the upper mantle is
consistent with the direction of seafloor spreading between
Indian and Australian-Antarctic plates at ~110 Ma [Royer and
Sandwell, 1989]. In addition, the polarity of the extension from
south to north, inferred from the variability of the reflectivity in
the NNW-SSE direction, agrees with the oceanic origin of the
northern Kerguelen Plateau [Charvis et al., 1993, 1995; Operto,
1995] and suggests that the southern Kerguelen Plateau might
represent a fragment of the Australian-Antarctic margin (Figure
19).

Comparison Between the Kerguelen Volcanic Province and
the North Atlantic Volcanic Province

On the basis of deep structure and relative location of main
geological features, we compare a south-north profile across the
Kerguelen Cretaceous Volcanic Province with an east-west pro-
file across the North Atlantic Volcanic Province. From the conti-
nent toward the hot spot we observed : (1) the continental margin
(Antarctic and Irish margins) affected by volcanic activity con-
temporaneous with the rifting phase, (2) a 200-300 km wide,
2500-3500 m deep trough separating the margin from a subma-
rine plateau (Princess Elisabeth and Rockall troughs), (3) a con-
tinental plateau overlain by basaltic flows (southern Kerguelen
Plateau and Rockall Plateau), (4) the main volcanic plateau asso-
ciated with the activity of the hot spot (northern Kerguelen Pla-
teau and Iceland), and (5) the neighboring oceanic basin only

OPERTO AND CHARVIS: DEEP STRUCTURE OF THE KERGUELEN PLATEAU

slightly affected by the vicinity of the hot spot (Enderby Basin or
Iceland Basin).

The ~400-km-wide Rockall plateau is covered by widespread
extrusive basaltic volcanism in relation to the Iceland mantle
plume [White and McKenzie, 1989]. Contiguous underplating is
confined into a narrow area along the margin and is absent
beneath most of the Rockall plateau [Fowler et al., 1989; Morgan
et al., 1989]. Crustal thickness (~22 km) and velocities in the
lower crust ranging from 6.6 at 9 km depth to 7.1 kin/s at the
base of the crust are similar to those determined beneath the
Raggatt Basin (Figure 18).

Cinematic, Geochemical, and Geological Arguments

Poor constraints on the opening of the Indian Ocean when the
plateau formed are partly due to the lack of datable magnetic
anomalies in the Enderby Basin, the scarcity of basement sam-
ples, the various geochemical anomalies described [Mahoney et
al., 1995; Storey et al., 1992], and the lack of deep seismic
sounding. This allows many speculative hypotheses for the pla-
teau's emplacement. Hypotheses range from long-lived hot-spot
tracks [Miiller et al., 1993], to catastrophic volcanic phase asso-
ciated with the incipient activity of the Kerguelen Plume [Coffin
and Eldholm, 1994; Coffin and Gahagan, 1995] in a purely
oceanic area or with the possible implication of continental
fragments [Operto and Charvis, 1995; Ramsay et al., 1986].

The argument that the Kerguelen Plateau is a rifted subsided
continental lithosphere [Dietz and Holden, 1970; Schlich et al.,
1971] is not supported by most of the plate reconstructions which
place the east side of India against Antarctica and which provide
a reasonable predrift fit of the continents without the need to
incorporate the plateau [Norton and Sclater, 1979; Powell et al.,
1988]. Nevertheless, owing to the poor constraints on the recon-
structions and the fact that the extension of continental litho-
sphere along margins is not taken into account for most
reconstructions, we believe that cinematic reconstruction cannot
preclude the presence of a continental fragment beneath the
southern Kerguelen Plateau.

The type of emplacement of the Cretaceous Kerguelen Pla-
teau, supported by trace element and isotope geochemistry, is
that the plateau resulted from excess volcanism linked to a man-
tle plume in an extensional or spreading zone in a scheme similar
to present-day Iceland [Storey et al., 1989, 1992]. Isotopic com-
positions of most Kerguelen Plateau basalts suggest that they
have the same source as the hot spot basalts from Kerguelen and
Heard Islands.

Nevertheless, low **Pb/"*Pb ratios and high La/Nb ratios
suggest that the source of the Kerguelen Plateau basalts was
contaminated by the Gondwana continental lithosphere [Storey et
al., 1992]. An extreme expression of this signature is outlined by
tholeiitic basalts recovered at Site 738 on the southernmost part
of the Kerguelen Plateau (Figure 2). These lavas show anomalous
Sr, Nd, and Pb isotopic composition compared with other lava of
the Kerguelen Archipelago and the Kerguelen Plateau,
suggesting that they originate from the Gondwana subcontinental
lithosphere and that possibly they were contaminated by an
overlying continental crust, although this latter hypothesis is dif-
ficult to ascertain from geochemical analyses [Alibert, 1991].
Furthermore, the estimated degree of melting for the Kerguelen
Plateau basalts is similar (or even less) than required for mid-
ocean ridge basalt genesis [Salters et al., 1992] This appears to
exclude thickening of the igneous crust by an increased degree of
melting in the mantle [Salters et al., 1992].
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Conclusions

The detailed modeling of two wide-angle seismic lines shot in
the Raggatt Basin, on top of the southern Kerguelen Plateau, led
to the following conclusions concerning the deep structure and
the origin of this part of the plateau.

1. the crust beneath the Raggatt Basin is 22-23 km thick. It
consists of (1) a 5.3 km thick upper crust (velocities from 3.80-
4.50 km/s at top to 6.00-6.50 km/s at bottom); (2) a 9- to 10-km
thick lower crust with velocities increasing linearly with depth
from 6.63 km/s at 9 km depth to 6.90 km/s at 19 km depth; (3) in
the NNW-SSE direction, a reflective lower crust observed
between 19 km down to Moho. The reflective lower crust is
modeled as interlayered high- and low-velocity layers with an
average velocity of 6.70 km/s, and it is not identifiable in the
perpendicular direction, where average velocity above Moho
reaches at least 6.90 km/s. Velocity at the top of upper mantle is
8.6 km/s in the NNW-SSE direction and 8.0 kin/s in the perpen-
dicular direction leading to a 8% anisotropy.

2. The crust of Raggatt Basin is interpreted as a stretched
continental crust overlain by extrusive basalts. The upper crust
may be composed either of extrusive basalts down to the top of
lower crust or of a thin upper continental crust overlain with
extrusive basalts. The reflectivity and the anisotropy of the lower
crust are interpreted as the result of extension (i.e., related to
ductile shears elongated in the direction of extension). Magmatic
intrusions could be confined to the base of the reflective lower
crust.

3. The very low thickness ratio between upper and lower con-
tinental crust is interpreted as related to differential stretching
between the upper crust and the lower crust. Simple shear
deformation of the upper crust caused its severe thinning and
possible denudation of lower crust, while pure shear deformation
allowed a thick lower crust over the whole basin. Extrusive
basalts are interpreted as flood basalts extruded onshore from the
central Kerguelen mantle plume.

4. The Cretaceous Kerguelen Volcanic Province can be com-
pared to the North Atlantic Large Igneous Province. The deep
structure of Raggatt Basin is consistent with that of the conti-
nental Rockall Basin, and the structure of the northern Kerguelen
Plateau is similar to that of Iceland.

These results are consistent with isotopic studies of the basal-
tic basement and with samples of continental rocks dredged on
the top of the southern Kerguelen Plateau and in the Labuan
Basin, if they are not ice rafted. Unfortunately, relation of the
southern Kerguelen Plateau to the Antarctic margin, to the Natu-
raliste Plateau, and to the Australian margin are unknown, mainly
owing to the scarce data.
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