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Factors influencing magmatism during continental breakup:
New insights from a wide-angle seismic experiment across
the conjugate Seychelles-Indian margins
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[1] We present a model of the northern Seychelles continental margin derived from
controlled source, wide-angle seismic traveltime inversion and teleseismic receiver
functions. This margin has been widely cited as a classic example of rifting in
association with a continental flood basalt province, the Deccan Traps. However, we do
not find the typical set of geophysical characteristics reported at other margins linked

to continental flood basalts, such as those of the north Atlantic. The oceanic crust formed
immediately after breakup and throughout the first 3 Ma of seafloor spreading is just 5.2 km
thick, less than half that typically seen at other volcanic margins. The continent-ocean
transition zone is narrow and while two packages of seaward-dipping reflectors are imaged
within this transition they are weakly developed. Beneath the thinned continental crust
there is an approximately 4 km thick layer of high-velocity material (7.5—7.8 km/s) that
we interpret as mafic material intruded and underplating the lower crust. However, we
believe that this underplating most likely happened prior to the breakup. Overall the
observations show that the rifting of India from the Seychelles was characterized by
modest magmatism. The spatial extent of the Deccan flood basalt province is therefore
smaller than previously thought. We speculate that either the lateral flow of Deccan-related
hot material beneath the breakup region was hampered, perhaps as the rifted margins
did not intersect the center of the Deccan source, or there was incomplete melt extraction
from the wide melting region that formed between the rapidly diverging plates. If the
latter explanation is correct, then the rate of plate separation, as indicated by the initial
seafloor-spreading rate, is more important in controlling the volume of magmatism
generated during continental rifting than has been previously recognized.
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intruded and/or underplated the thinned continental crust
and thick early oceanic crust (up to twice the normal ~7 km
thickness for the first ~5 Ma of seafloor spreading). In
contrast, nonvolcanic margins are characterized by 5—20 km
wide, tilted, continental blocks bounded by large seaward-
dipping normal faults, areas of exhumed subcontinental
mantle [Whitmarsh et al., 2001] and/or thin early oceanic
crust. Many volcanic margins were shown to be spatially
and temporally linked to onshore flood basalt provinces and
offshore, to aseismic ridges linking them to present-day hot
spots. On the basis of this association, it was suggested that

1. Introduction

[2] In the 1980s and 1990s, studies of rifted continental
margins established two end-member types depending on
the degree of rift-related magmatism, the so-called volcanic
and nonvolcanic margins [Mutter et al., 1988; White,
1992a]. Volcanic margins are characterized by seaward-
dipping reflectors corresponding to thick subaerial and
shallow marine lava flows, high seismic velocity (>7.2 km/s)
bodies in the lower crust, formed by igneous rocks that
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the excess magmatism could be entirely explained by
decompression melting of passively upwelling hot astheno-
sphere, or mantle plume head, beneath the thinning litho-
sphere [White and McKenzie, 1989]. In the north Atlantic,
the region where many of the current ideas about continental
breakup developed, the application of this passive melting
model to explain the observed melt volumes implies that
the Iceland plume increased mantle temperatures by 150°C
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along a 2000 km length of rift [Barton and White, 1997].
Following breakup, elevated temperatures were maintained
only in the ~200 km wide immediate plume region to form
the Greenland-Iceland-Faeroe Ridge, and elsewhere the
thermal anomaly decayed and the oceanic crust thickness
reached normal values after 5—10 Ma. It has been suggested
that this decay might be explained by the presence at
breakup time of an exhaustible hot layer at the top of the
asthenosphere [Nielsen and Hopper, 2004; Armitage et al.,
2008].

[3] However, not all volcanic margins have conclusive
evidence for the presence of a mantle plume at the time of
rifting, most notably the Australian Cuvier margin [Hopper
et al., 1992] and Eastern United States margins [Holbrook et
al., 1994a, 1994b]. These examples led to a second group of
models in which the excess volcanism was explained by
small-scale convection in the upper mantle generated at
the time of rifting, without the need for a mantle thermal
anomaly at all. Active upwelling increases the throughput of
asthenosphere and hence the volume of melt generated by
decompression partial melting [Mutter et al., 1988; van Wijk
et al., 2001]. The proponents of this model argued that
it better explained the transient nature of the magmatic
anomaly and suggested that the generation of local convec-
tion is encouraged by rapid rifting and a narrow rift zone,
both thought to be characteristics of volcanic as opposed to
nonvolcanic margins. Unfortunately, while there have been
many attempts to generate small-scale convection by numer-
ical simulations, a consensus as to the conditions required to
initiate it has not been reached [Sleep, 2007]. More recently,
other workers have proposed a third scenario, in which de-
compression melting of passively upwelling warm astheno-
sphere and active convection act together to produce the
observed excess magmatism [Kelemen and Holbrook, 1995;
Keen and Boutilier, 2000]. Applying this idea to the case of
the north Atlantic margins, Holbrook et al. [2001] estimated
the mantle temperature was just 100°C hotter than normal
beneath the entire province, but with significant active
upwelling within 300 km of the Iceland plume compared
to only passive upwelling in the more distal regions.

[4] In this paper we present results from a seismic
experiment conducted across the north Seychelles continen-
tal margin carried out as part of a larger study of the
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conjugate north Seychelles-Laxmi Ridge margins (Figure 1a).
The western Indian continental margin, was one of the first
to reveal seaward-dipping reflectors [Hinz, 1981], and the
rifting of the Seychelles from the Indian subcontinent has
been widely linked to the eruption of the Deccan Trap flood
basalt province at 65.5 £ 1 Ma [Courtillot and Renne, 2003].
The origin of the Deccan has been attributed to both a
mantle plume (that later built the Chagos-Laccadive and
Mascarene ridges and today resides below Réunion
[Richards et al., 1989; White and McKenzie, 1989; Duncan
et al., 1990]) and edge-driven convection induced by lateral
variations in lithospheric thickness beneath the Indian
subcontinent and surrounding ocean basins [Anderson,
1994]. The timing of flood basalt emplacement and breakup
are well constrained [Collier et al., 2008] and, irrespective
of the origin of the Deccan traps, our study area is a clear,
undisputed example of associated continental flood basalt
province and continental rifting. The Seychelles-Indian
margins therefore provide an ideal opportunity to test our
current understanding of the factors which influence the
volumes of magma generated during continental breakup
that have been largely developed from observations in the
Atlantic.

2. Study Area

[5] Spectacular exposures of granite led Wegener [1924]
to first propose that the Seychelles Islands and Plateau were
of continental origin. This was confirmed in the late 1950s/
early 1960s when seismic refraction profiles collected with
sonobuoys found a thick crust with a continental-like
velocity profile that was surrounded by oceanic crust on
three sides [Gaskell et al., 1958; Shor and Pollard, 1963;
Davies and Francis, 1964; Francis et al., 1966; Francis and
Shor, 1966] (Figure 1b). No crustal-scale controlled source
seismology has been conducted in the region since this time,
and the crustal affinity of the part of the Mascarene Plateau
that lies to the southeast of the Seychelles Plateau remains
unknown. The Mesozoic sediments on the Seychelles
Plateau itself however were more recently the focus of
hydrocarbon exploration activity that resulted in the collec-
tion of an extensive seismic reflection and magnetic data set
and the drilling of four deep wells [Plummer, 1994].

Figure 1.

(a) Satellite gravity of the northwest Indian Ocean [Sandwell and Smith, 1997] showing location of conjugate

Seychelles-Laxmi Ridge margin survey lines. (b) Bathymetry of the Seychelles Plateau and surrounding areas (1 km
contour interval, ETOPOS, National Geophysical Data Center, 1993). SP, Seychelles Plateau; MP, Mascarene Plateau. The
bold black line marks the Seychelles wide-angle model line presented here and the box marks the area shown in Figure 2.
Numbered dark gray circles and dark gray lines are historical sonobuoy wide-angle seismic surveys that determined
continental crust beneath the Seychelles Plateau and oceanic crust elsewhere [Davies and Francis, 1964; Francis et al.,
1966; Shor and Pollard, 1963; Francis and Shor, 1966]. Numbered light gray triangles are Deep Sea Drilling Program/
Ocean Drilling Program holes, and unnumbered light gray triangles are commercial holes. (c) Plate reconstruction using the
27ny Euler rotation pole of Royer et al. [2002] (latitude 18.83°, longitude 24.86° angle 35.411°). The Seychelles-Mascarene
block is defined by the 1 and 3 km bathymetric contours, and the Indian block is defined by the 200 m bathymetric contour
and coastline and the Laxmi Ridge (LR) block by gravity data [Miles and Roest, 1993]. GR, Gop Rift; CR, Indian
Continental Rise [Malod et al., 1997]. In the reconstruction the Seychelles-Mascarene block is held fixed and the Indian
and Laxmi Ridge continental blocks (maintained in their present-day relative positions) are rotated back toward it. The
Mascarene Plateau is shown dashed as most, if not all, of it may have formed after breakup (as indicated by ages of
recovered volcanics from the holes marked with triangles [Duncan and Hargraves, 1990]). The white star marks the
eruptive center of the Deccan Traps inferred by Hooper [1990], and the dashed circle has a 1000 km radius about this point.
The bold black line marks the conjugate pair of velocity models shown in Figure 8.
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[6] The geographic isolation of the Seychelles resulted
from three phases of rifting: first by the opening of the
Western Somali Basin in the mid-Jurassic (~160 Ma),
second by the opening of the Mascarene Basin in the
mid-Cretaceous (~84 Ma) and finally by the opening of
the Eastern Somali Basin/Arabian Sea at the end of the Late
Cretaceous (~62 Ma [Norton and Sclater, 1979]). At the
time of this final rifting phase, current plate reconstructions
of the north Indian Ocean place the Seychelles Plateau
adjacent to the section of the Indian-Pakistan continental
margin known as the Laxmi Ridge [Todal and Edholm,
1998; Royer et al., 2002] (Figure 1c). The Laxmi Ridge,
with its distinctive 25—50 mGal negative free-air gravity
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anomaly, was first identified by Naini and Talwani [1982]
who proposed that it was also a continental fragment that
rifted from mainland India by the opening of the Gop Rift
prior to rifting from the Seychelles.

[7] Our preferred plate reconstruction [Royer et al.,
2002], which accounts for ridge propagation events at the
Carlsberg ridge and hence seafloor-spreading asymmetry
in the Eastern Somali Basin and Arabian Sea, aligns the
northwestern tips of the Laxmi Ridge and Seychelles
Plateau (Figure lc). This alignment is consistent with the
inferred presence of a major transform plate boundary
between Greater India (India + Seychelles) and the African
plate at this location in the Late Cretaceous [Plummer,
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1996]. The reconstruction also matches three clear segments
of seafloor-spreading anomaly 27n immediately north of
the Seychelles and south of the Laxmi Ridge [Collier et al.,
2008]. We therefore believe this reconstruction to be an
accurate representation of the breakup geometry, and it
places our study area approximately 1000 km from the
eruptive center of the Deccan, as inferred by Hooper [1990].
We estimate that the uncertainty in the position of the
Deccan center is less than 100 km in the direction of
our study area because of the requirement to fit with the
location of the offshore Laccadive Ridge to the south, which
in both plume and nonplume models is considered to have
formed from the Deccan source. Therefore, by analogy with
the margins that border the north Atlantic, we would expect
the Seychelles margin to display distal volcanic margin
characteristics.

[8] Our investigation of the north Seychelles margin was
conducted in three distinct phases: swath/magnetic recon-
naissance in 2001 (RRS Charles Darwin cruise 134b), the
main controlled source seismic experiment in 2003 (RRS
Charles Darwin cruise 144) and passive seismic recording
in 2003-2004 [Hammond et al., 2005]. During the main,
controlled source stage of our study both the Seychelles
margin and the conjugate Laxmi Ridge margin were sur-
veyed. In this paper we present the Seychelles wide-angle
results. Wide-angle results from the Laxmi Ridge margin
are presented by Minshull et al. [2008]. An analysis of
the seismic reflection and magnetic data collected at the
Seychelles margin in 2001 and 2003 is given by Collier et
al. [2008].

3. Data Acquisition and Processing
3.1. Wide-Angle Data

[9] The ship tracks of our 2003 Seychelles experiment are
shown in Figure 2. The main seismic transect (lines 7 and 9)
was sited to avoid offsets in seafloor magnetic anomalies
and a number of small deep water seamounts, and extends
from seaward of magnetic anomaly 27n in the north, up the
bathymetric slope and onto the shallow Seychelles Plateau
in the south. Much of the plateau is uncharted, and so for
navigational safety coupled with environmental reasons it
was necessary to slightly deviate from the optimal line during
shooting (line 7). This deviation was taken into account
during subsequent data analysis, by excluding arrival picks
affected by three-dimensional geometry/structure. The main
transect was complemented by 650 km of additional multi-
channel reflection profiles (lines 10—21, Figure 2).

[10] The wide-angle transect was collected with a
6920 cubic inch, 14 element tuned air gun array designed
to be rich in 5—10 Hz energy, fired at 13,790,000 Pa every
60 s (every 150 m at a nominal ship speed of 4.5 knots)
and towed at 16 m depth. The shots were recorded by
32 Geomar ocean bottom instruments [Flueh and Bialas,
1996], consisting of 11 ocean bottom hydrophones (OBH)
and 21 ocean bottom seismometers (OBS) equipped with a
4.5 or 15 Hz, three-component geophone plus hydrophone
package, positioned 8 km apart. The conjugate Laxmi Ridge
profile was collected first, so the Seychelles OBS/H stations
are numbered 33—64. All deployed instruments were re-
covered, and only one failed to record any data (OBH37).
The data were recorded with a 10 ms sample interval and
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had a correction for clock drift applied. The water column
sound-speed profile was measured with a velocimeter to a
depth of 4.3 km, and supplemented with shallow water
temperature profiles collected by disposable XBTs. Trav-
eltime picks of the direct wave were used to calculate the
seabed instrument positions. These calculations were done
in two dimensions, so any offline drift was not corrected for.
However, the differences between the calculated (relocated)
and logged shipboard drop positions were all less than 100 m,
indicating minimal drift during instrument descent and so
negligible error. The final record sections had a 1-20 Hz
bandpass filter and a linear offset-dependent gain applied to
boost the amplitude of the farthest offset arrivals.

[11] Because of the probability of high surf noise it was
decided not to deploy any seabed instruments on the plateau.
Instead here we used two Sparton Electronics AN/SSQ-57A
disposable sonobuoys (stations SB09 and SB11), and tem-
porary landstations on the Seychelles Islands of Mahé
(stations 01, 04, and 07), Praslin (station 10) and Denis
(station 19). The former two are granitic islands in the middle
of'the plateau, and the latter a coralline cay on the outer shelf.
In order to ensure a common time base between the land-
station and ship’s GPS clocks the two were cross synchro-
nized at the end of the cruise and found to be within 0.01 ms.

[12] Once the record sections for each land and marine
station had been produced, traveltime picks of coherent
phases were made manually approximately every 1.5-3 km
(8—16 traces). For the OBS instruments picking was mostly
done on the hydrophone components as they generally had
better signal-to-noise ratio than the vertical geophones. In
places the first water bottom multiple arrivals have higher
amplitudes than their equivalent primaries, and were used to
guide the picking. Picking of arrivals on the landstation
records was similarly aided by the data recorded during the
shooting of the other seismic lines parallel to the main
transect. On the coincident multichannel seismic profile the
Moho reflection was widely seen as a band of diffuse, high
reflectivity up to 0.3 s TWT thick at about 8 s TWT (Figures 3b
and 9a). Synthetic zero offset picks of both the top basement
and Moho reflections into seabed instruments 33—61 were
calculated from this profile and included with the other
traveltime picks. On some of the instruments, helped by this
zero offset guide, it was also possible to pick the wide-angle
reflection from top basement where it crosscut the direct
wave reverberation. Traveltime uncertainties of up to 250 ms
were assigned to each pick by eye according to phase
continuity and ambient noise levels, and in general increase
with range. The minimum picking error was taken to be 30 ms,
a quarter wavelength of the dominant 7.5 Hz signal. The
average traveltime pick uncertainty (f,,.) for each phase is
given in Table 1. During the modeling process, the traveltime
picks and assigned uncertainties were checked by traveltime
reciprocity to ensure internal consistency [Zelt, 1999]. This
method identifies reversed shot and receiver pairs, and is a
rapid way of highlighting data mispicks and/or inappropriate
uncertainties. This proved particularly helpful for instruments
sited on the relatively steep seafloor immediately north of the
plateau (instruments 62—64), where the seabed is disturbed
by sediment slumps and slides and some irregularities in the
arrival times of short-range events were detected (Figure 3b).
The assigned uncertainties were increased in these areas.
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Figure 2. Bathymetric map of the study area showing locations of shooting tracks and seismic receivers.
The bathymetry is a compilation of hull-mounted EM12 swath data and digitized hand-contoured
unpublished historical data (R. L. Fisher, personal communication, 2003). Numbered bold black lines are
seismic reflection profiles collected during CD144 (lines 7—21), and fine gray lines are commercial seismic
reflection profiles on the plateau. White bars are identified seaward-dipping reflectors from Collier et al.
[2008]. Black stars are ocean bottom instruments, black inverted triangles are disposable sonobuoys, and
white triangles are land seismometer stations. Black dashed lines are the 2-D wide-angle model lines. White
dotted lines are seafloor-spreading anomalies 27n and 28n from Collier et al. [2008].

3.2. Receiver Functions

[13] Following the controlled source part of the experi-
ment, the landstations were reconfigured and left to record
teleseismic events for a further 12 months (February 2003 to
February 2004 [Hammond et al., 2005]). During this period
a total of 34 earthquake events within an epicentral distance
range of 40—90° were recorded. In addition we used 87
events recorded at the permanent station of MSEY on the
main island of Mahé (station 04) between 1995 and 2005.
Receiver functions were computed with an extended time
multitaper method [Helffrich, 2006]. This method uses multi-
taper correlation in the deconvolution step, which prevents
spectral leakage and down weights the noisy parts of the
spectrum, an important consideration at island settings such
as the Seychelles. The shear wave structure beneath each

station to a depth of 200 km was then established by a
combination of H-x stacking [Zhu and Kanamori, 2000]
and forward modeling [Langston, 1979; Randall, 1989].
The H-x stacking indicated a V,/V; ratio of 1.78 for the
crust, and so this value was used to convert the final receiver
function derived S wave velocity models to P wave velocity
models. Further details are given by J. O. S. Hammond et al.
(Crust and upper mantle structure beneath the Seychelles:
Architecture of a microcontinent, submitted to Geophysical
Journal International, 2009).

4. Model Development

[14] A 2-D isotropic P wave velocity model for the crust
and uppermost mantle was developed using a combination
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Figure 3. (a) Migrated stack of part of multichannel seismic line 9 showing seaward-dipping reflectors
(marked with arrows). The data were collected with a 48 channel, 2.4 km long hydrophone streamer
simultaneously with the shooting of the main wide angle. Seabed instruments are marked with numbered
triangles. (b) Migrated stack of the whole of multichannel seismic line 9. The box marks the area of
seaward dipping reflectors shown in detail in Figure 3a. The Moho reflection on a neighboring line can be
seen in greater detail in Figure 9a. (c) Two-dimensional magnetic model of line 9 from Collier et al.
[2008]. Blocks with natural remanent magnetization are shaded white/black according to reversed/normal
polarity with the intensities given in A/m. The continental crust (shaded light gray) was assigned zero
magnetic susceptibility, with all other blocks assigned a susceptibility of 0.04 SI. COB is the continent-
ocean boundary. The two SDRs identified on the coincident reflection profile are modeled as weakly
magnetized normal polarity bodies. Extending the 60 mm/a half spreading rate determined for anomalies
26r and 27n up to the COB implies that most of seafloor-spreading anomaly 27r is present, and so the
SDRs are inferred to have erupted during chron 28n. The seamount at x = 220 km is modeled as a
separate, normally magnetized body because dated samples recovered from a neighboring seamount
(Darwin Hill, Figure 2) show them not to be contemporaneous with the underlying oceanic crust. The
computed ages of the seafloor use the time scale of Gradstein et al. [2005].

South
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of forward modeling and inversion using the ray theoretical
programs FAST and RAYINVR [Zelt and Smith, 1992; Zelt
and Forsyth, 1994; Zelt and Barton, 1998]. The former
program inverts first arrival traveltimes only by ray tracing
through a model with a uniform velocity mesh. The latter
program inverts both first and secondary arrival traveltimes
by ray tracing through a layered model defined at irregular,
discrete depth and velocity nodes. RAYINVR input velocity

models can be converted into FAST format velocity models
to enable a rapid exploration of potential starting models.
[15] Our RAYINVR model has seven layers: water, sedi-
ments, upper crust, middle crust, lower crust, subcrustal
body and mantle. The three crustal layers were included
to enable sufficient vertical velocity gradient variation
across the entire model to fit the data, but care was taken
not to introduce strong velocity contrasts across them as no
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Table 1. Model Results Summary®

2

Phase Code n tunc (8) truvs () X

PcP 2.2 94 0.030 0.013 0.201
Ps 2.1 22 0.073 0.092 2.368
Pgl 3.1 486 0.043 0.050 1.334
Pg2 4.1 313 0.036 0.039 0.629
Pg3 5.1 785 0.041 0.039 0.868
PmP 5.2 207 0.060 0.055 0.845
Pn 6.3 261 0.048 0.028 0.329
Pu 7.1 44 0.088 0.118 2.197
PtP 5.2 39 0.065 0.074 0.711
PbP 6.2 21 0.147 0.222 2.035
All 2272 0.050 0.890

“Numbers of observations (n), average pick uncertainty (f,,), average
root mean square traveltime misfit (rys), and normalized traveltime misfit
(o) for individual phases. If x> = 1, the model is a statistically perfect fit to
the data given the assigned traveltime pick uncertainties. Code refers to the
standard RAYINVR assignments, nm, where n is the deepest layer traversed
by the ray and m is 1 for a turning ray, 2 for a reflection, and 3 for a
refraction. PcP, basement reflection (including artificial zero offset picks
made from the coincident reflection profile); Ps, sediment layer turning ray;
Pgl-3, crustal layer turning rays; PmP, Moho reflection (including
artificial zero offset picks made from the coincident reflection profile);
Pn, mantle refraction; Pu, underplate turning rays; PtP, top underplate
reflection; PbP, bottom underplate reflection.

intracrustal reflections were observed. The water layer
properties were taken from the echo sounder and velocim-
eter probe measurements and were held fixed throughout
the modeling. The initial sediment layer in the deep water
part of the model was constructed from picks of the two-
way time to top basement and semblance velocities from
reflection line 9. We estimate that the sensitivity of the move
out on the 2.4 km streamer data resolved the semblance
velocity to within £0.025 km/s throughout the <1 km thick
sediment column [Sansom, 2006]. On the plateau, the initial
sediment layer was constructed from picks to top basement
from commercial reflection profiles (Figure 2, P. Joseph,
personal communication, 2003).

[16] Owing to the relatively small size of the Seychelles
microcontinent, recording turning waves from its lower
crust presents some difficulties. We overcame this by
supplementing the wide-angle data with landstation receiver
functions and a historical east-west controlled source re-
fraction line (profile 5210, Figure 4). The controlled source
line, which crosses our transect 30 km south of the most
southerly landstation on Mahé, (Figure 2) is unreversed but
was collected with tethered sonobuoys [Davies and Francis,
1964]. The profile was originally interpreted with a line-
intercept graphical method so we remodeled the original
first-arrival traveltime picks using ray tracing. This work
showed that the 5210 line provided good control on the
seismic velocities down to a depth of 20 km from turning
waves (Pg), but the structure of the lower crustal layer is
determined by mantle refraction Pn alone and hence there is
a trade-off between the velocity and thickness of this deep-
est crustal layer, and there is no information on the details
of the lower crustal structure (Figure 4b). Overall the 5210
wide-angle model agrees well with the receiver function-
derived profiles, and shows the Seychelles Plateau to have a
typical continental velocity profile [Christensen and
Mooney, 1995], with relatively high upper crustal velocities
consistent with the exposure of granite on the Islands. The
Mahé and Praslin Island receiver functions also showed
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the base of the crust to have a stepped seismic velocity
structure.

[17] Once the water, sediment, and initial plateau struc-
ture had been defined, the first arrival picks were inverted
with a range of minimum structure, geologically reasonable
starting models with FAST. This provided a rapid means of
determining a suitable starting model for the main modeling
phase. The final model was then developed using RAYINVR,
with a top-downward approach, and a combination of for-
ward modeling and inversion until the normalized traveltime
misfit (y*) for the entire data set fell to 1, and for each
individual phase fell below 3 (Table 1). Throughout the
traveltime inversion the velocity structure was checked for
consistency against the coincident gravity, seismic reflection
and magnetic profile (Figure 3) [Collier et al., 2008]. For
the gravity comparison, a two-dimensional model consisting
of homogeneous density blocks was generated directly from
the seismic velocity model. The shapes of the density blocks
were not dictated by the velocity model layers but were
computed from velocity contours chosen to characterize the
lateral and vertical variation across the model. The predicted
free-air gravity anomaly was then calculated using the two-
dimensional line integral algorithm of Talwani et al. [1959].
A crossover error analysis of the gravity data collected in
2003 with other historical data from the region showed the
likely error in the observed gravity to be +5 mGal. The fit to
the gravity was therefore deemed acceptable if it matched to
within this uncertainty.

[18] The resolution of the final velocity model was
estimated using the method described by Zelt and Smith
[1992] that quantifies the relative ray coverage at model
nodes. A measure of the uncertainty in the final model was
gained by perturbing the velocity and depth nodes and
recomputing the normalized traveltime misfit (y?). Changes
were made to one layer at a time by adding or subtracting a
fixed amount to either all the lower velocity or all the lower
depth nodes. Once a complete set of perturbations had been
made the results were plotted to ensure that the inverted
model did indeed represent a minimum solution. The
perturbed model x? values were then compared to that of
the final model using an F test, and errors assigned to the
layer depths and velocities based on the models that were
statistically different at the 95% confidence level.

5. Crustal Structure

[19] Selected wide-angle record sections and ray dia-
grams are shown in Figure 5, and the final velocity model
in Figure 6. The model shows three distinct provinces:
oceanic crust (model x = 50-255 km), characterized by
thin crust and moderate crustal velocities (4.5—7.2 km/s);
transitional crust (model x = 255-320 km), characterized by
thickening crust and relatively high crustal velocities (5.0—
7.3 km/s); and continental crust (model x = 255-460 km),
characterized by thick crust and relatively low crustal
velocities (5.5—6.8 km/s). The overall y? fit of the model
to 2272 traveltime picks is 0.89, and the RMS misfit just
50 ms (Table 1). The phases that are least well matched are
the sediment turning ray (Ps), a deep subcrustal turning ray
(Pu) and a deep reflection (PbP), all of which have relatively
few total picks and the largest average pick uncertainties.
All other phases have a x> of less than 1.4.
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Figure 4. The Seychelles Plateau crustal structure. (a) Velocity-depth profiles obtained from receiver
functions (RF; Hammond et al., submitted manuscript, 2009) and controlled source seismic refraction line
5210 (see Figure 1 for line location). The gray shading shows the range of extended continental crust
profiles according to the global compilation of Christensen and Mooney [1995]. Of the three Seychelles
receiver functions, the most reliable is that for Mahé (station 04, as it was calculated from the permanent
station with the longest recording window) and the least reliable is that for Denis (station 19, as it is a low-
lying coralline cay island with poorer signal-to-noise ratio than the granitic islands of Mahé or Praslin). This
range of quality is reflected in the level of detail obtained in the velocity profiles. (b) Ray-traced forward
modeling of the Davies and Francis [1964] original first arrival traveltime picks for line 5210. As the data
are unreversed the model is assumed to be one-dimensional.

[20] The velocity structure of the oceanic crust is notably
uniform throughout the length of the profile. The magnetic
modeling showed that its age ranges between 63.1 and
60 Ma (Figure 3c) [Collier et al., 2008]. This part of the
seismic model is particularly well-resolved, with clear first
arrival crustal turning waves (Pg), postcritical reflection
from the Moho (PmP) and mantle refracted arrival (Pn)
picks on each of the 8 km spaced seabed instruments
(Figures 5a—5c). Note that the apparent low model resolu-
tion of the sediment layer (Figure 6b) is due to it having a
close velocity and depth node spacing defined from the
coincident multichannel data (constraints not included in the
RAYINVR model resolution calculation). No sediment-
turning rays (Ps) were identified on the seabed receivers
from this part of the model and the wide-angle reflection
from the basement (PcP) could only be recognized with

confidence on about 25% of the instruments. The least well
resolved crustal layer is the upper crust, as the first crustal
rays to emerge from the direct wave turn just below the top
basement. The resolution of all other parts of the model in
this region is above the acceptable threshold of 0.5 [Zelt,
1999].

[21] The multichannel data show the sediments to thicken
from 0.2 to 1 km from north to south across the oceanic
crust part of the model. As a result of this change, all the
crustal phases arrive later and Pg emerges from the direct
wave with higher phase velocities, and hence turns slightly
deeper in the crust on instruments to the south (e.g., compare
Figure 5a and 5c). Otherwise the only difference in the record
sections from OBS33 to OBSS55 are small variations in the
traveltime curves of Pg which correlate with basement
topography. Velocity-depth profiles from three points along

Figure 5. Selected record sections with (top) picks (dots with error bars marking assigned uncertainty) and predicted
arrivals (lines) overlain and (bottom) ray-traced model. Note that “offset” refers to the separation between the air gun
source and the instrument (positive and negative values referring to shots south and north of the instrument respectively)
and “distance” refers to the location along the wide-angle model. A reduction velocity of 8 km/s is used throughout. See
text for explanation of phase names. The predicted direct arrival curve is included for the seabed sections for reference.
Seabed multiples are labeled m. The seabed record sections are of the hydrophone component, and the land record sections
are of the vertical geophone component. (a) OBS35, (b) OBS48, (c) OBH54, (d) OBHS57, (e) OBH61, (f) OBH64,
(g) landstation 19 (Denis Island), and (h) landstation 4 (Mahé Island).
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the oceanic crust section are show in Figure 6¢. The seismic
velocities increase from about 4.5—7.2 km/s with depth. The
uncertainty analysis conducted on the crustal layers showed
an error of 0.1 km/s in these velocities. The upper and
middle crustal layers have a high velocity gradient of ~1.1/s,
whereas the lower crustal layer (model layer 5) has a much
smaller gradient of just 0.1/s. The seismic velocity structure
obtained is typical of mature oceanic crust but it is signif-
icantly thinner [ White et al., 1992]. While the high velocity
gradient upper crust has a similar thickness to that observed
elsewhere, the lower gradient lower crust is thinner by about
2 km. The total crustal thickness averages just 5.2 £ 0.11 km
along the entire length of this part of the model. Pn is seen
on all the instruments here as a first arrival from about

(continued)

25 km range, and shows the topmost oceanic mantle to have
an average velocity of 8.24 km/s with an uncertainty of just
+0.03 km/s.

[22] South of OBS56, the seismic sections change char-
acter, with the maximum range of Pg increasing rapidly
from 40 to more than 100 km, and both the mantle
refraction (Pn) and Moho reflection (PmP), that are widely
seen on instruments to the north, disappear. OBHS57 is a good
illustration of this change, with markedly different —north
and —south record sections (Figure 5d). The change in the
seismic records corresponds to the position of the outer
seaward-dipping reflectors (SDRs) that are imaged on both
the coincident reflection profile (Figure 3a) and on five of
the six other parallel, normal incidence, seismic profiles
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(Figure 2). Work at other margins has shown that the outer
SDRs usually coincide with the continent-ocean transition
[Planke et al., 2000]. This correlation appears to hold at the
Seychelles margin also, and is consistent with our magnetic
modeling which showed that a 200 nT positive anomaly
could be best explained by the relatively abrupt juxtaposition
of nonmagnetic continental crust and oceanic crust at this
point (Figure 3c) [Collier et al., 2008]. On several of the
seismic profiles there is a clear basement high between the
outer and inner SDRs. Similar features at other margins are

(continued)

usually referred to as the outer high and interpreted as due to
the build up of hyaloclastic flows during explosive shallow
water volcanism prior to the establishment of full seafloor
spreading [Planke et al., 2000]. Inner SDRs are usually
interpreted as subaerial flows. This interpretation is sup-
ported here by geochemical results from a seamount that lies
within the mapped inner SDRs (immediately west of line 12
and south of line 11 at 56° 12'E, 3° 34’S, water depth 3400 m,
Figure 2). This seamount, which we interpret as a likely
feeder to the surrounding SDRs, has a rare earth element
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Figure 6. (a) Final P wave velocity model with model layer boundaries. Instrument positions are

indicated with numbered triangles. The Mahé (station 04), Praslin (station 10), and Denis (station 19)
receiver function velocity profiles and remodeled east-west controlled source profile 5210 are marked for
reference. (b) Diagonal of the resolution matrix for the model velocity nodes shown as a contour plot. A
value of 1 indicates full resolution, but for real data a value above 0.5 is considered acceptable [Zelt,
1999]. Note that there is a trade off between resolution and node spacing, which accounts for the apparent
low resolution of the sediment layer which has dense node spacing defined from the seismic reflection
data (and hence not taken into account in the calculation of the resolution). Also shown are the raypaths
for the top (PtP) and bottom (PbP) underplate reflections from the transitional and continental parts of the
model. (¢) Velocity-depth profiles at various points across the model. The vertical scale is depth below
top basement. The oceanic profiles (x = 800, 160, and 240 km) are compared to the envelope of values for
29—140 Ma old Pacific Ocean crust from White et al. [1992] (gray shading).

pattern which is consistent with subaerial eruption [Collier
et al., 2008]. On the basis of the seismic and magnetic
analysis we therefore place the ocean-continent boundary
at model x = 255 km, and refer to the model south of this
point as the transition zone.

[23] The Pg first arrival times in the transition zone are
strongly influenced by the rapidly shallowing seafloor that
prevents the direct interpretation of their phase velocities.

The traveltime inversion however shows that the velocities
of the uppermost crust increase to above 5 km/s and the
lowermost crust increase slightly to ~7.3 km/s in this region
(Figure 6¢). There appears to be a small velocity inversion
at about 5 km below top basement. We interpret this
velocity structure as due to the presence of the basaltic
flows that form the SDRs and basaltic intrusions within
the upper continental crust here. The semblance velocities
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within the overlying sediments also increase to around
3.5 km/s in this region, and there are several particularly
strong reflectors in the lower section that we interpret as
basaltic sills. The largest offset wide-angle arrivals recorded
in this region (Pu, Figures 5d, 5f, and 5g) indicate a seismic
velocity of 7.6—7.8 km/s, significantly higher than expected
for lower continental crust and significantly lower than the
8.24 km/s mantle velocity detected to the north. The most
likely interpretation of this material, given its seismic
properties and location is that it is mafic material intruded
into and underplating the thinned lower continental crust.
We model this material as a separate layer, which for ease of
reference we have named underplate.

[24] South of OBS60, the record sections once again show
wide-angle reflections from the lower crust (Figures 5e and
5f). Some of the record sections showed two wide-angle
reflections, both with similar phase velocities but with a
~0.75 s difference in reduced traveltime (Figure Se). Exam-
ination of the horizontal geophone components and forward
ray tracing showed neither to be converted shear waves or
multiples. We model these events as wide-angle reflections
from the top (PtP) and bottom (PbP) of the intruded and
underplated material detected by turning event Pu. Assuming
the layer velocity to be between 7.6 and 7.8 km/s as indicated
by Pu above 15 km depth, the underplate layer needs to be
~4 km thick to explain the observed reflection time differ-
ence between PtP and PbP. Further support for the extension
of this underplate layer southward beneath the plateau
comes from the Seychelles Island receiver functions. De-
spite the underplate being a somewhat subtle seismic feature
(being relatively thin and with an intermediate seismic
velocity between lower continental crust and mantle) its
presence was detected beneath Praslin (station 10, 10 km
thick) and Mahé (station 04, 1 km thick, Figure 4). Note that
we do not think it significant that the underplate layer was
not detected beneath Denis Island (station 19) as this
receiver function had the poorest quality of those obtained
and it also failed to resolve upper crustal structure seen on
the other two stations.

[25] The offset and reduced time of PtP and PbP varies
markedly across adjacent receivers indicating a rapid change
in crustal thickness. The reflection traveltimes were reasonably
well matched by an approximately linear interface dipping
at 24° between model x = 270 and 320 km. Figure 6b shows
the modeled PtP and PbP ray coverage and bounce points.
The lack of deep turning rays resulted in the underplate
layer being the least well resolved feature in the model, with
a velocity uncertainty of +0.3/—0.35 km/s and thickness
uncertainty of +0.7/—0.5 km. The overall shape of the crust
however was independently supported by the need to match
a prominent 120 mGal positive free air gravity anomaly on
the outer Seychelles shelf (Figure 7). Systematic perturbations
of the gravity model showed a tolerance of +3 km in the
depth of the lower continental crust layer (density 3.04 g/cm®).
The predicted gravity is not sensitive to the underplate layer
itself (density 3.10 g/cm?), for example removing it entirely
changed the predicted gravity by less 5 mGal (the observa-
tional uncertainty). As a further external constraint on the
shape of the lower crust, the receiver function recorded at
Denis Island (x = 330 km) showed the crust to be 30 km
thick, which is consistent with the PtP reflection seen on the
most southerly OBH (Figure 5f). These observations indicate

COLLIER ET AL.: MAGMATISM AND CONTINENTAL BREAKUP

B03101

that the lateral distance from the ocean-continent boundary to
full thickness continental crust is just 65 km.

[26] On the Seychelles Plateau itself, the wide-angle data
further define the upper crustal structure, and show several
1-2 km thick, small sedimentary basins directly overlying
>5.5 km/s basement. The velocity below top basement
increases with a gentle gradient of just 0.05/s with depth.

6. Conjugate Margin Structure

[27] The conjugate Seychelles-Laxmi Ridge margin ve-
locity models are shown together in Figure 8. The two
profiles match well, and share a number of common features
despite showing overall asymmetry, with the wide, complex
Laxmi Ridge margin strongly contrasting with the much
simpler and narrower Seychelles margin. Note that the
940 m vertical offset in the depth to basement on the
northern margin can be entirely explained by an isostatic
response to the load from the thick layer of Indus Fan
sediment. We interpret the Laxmi Ridge itself as heavily
intruded, thinned continental crust based on its seismic
structure and magnetic properties [Minshull et al., 2008;
Collier et al., 2008]. A set of seaward-dipping reflectors
of comparable dimensions to those seen on the Seychelles
side are imaged on its southern margin [Collier et al., 2008].
Seaward of these SDRs, there is 5 km thick oceanic crust of
chron 27r, which matches the age of that determined on the
Seychelles side. The small (200 m) difference from the
mean Seychelles oceanic crustal thickness is probably due
to limitations of the velocity model in the north, where the
velocity gradient at the top of the oceanic crust is poorly
constrained because turning arrivals from this layer are
obscured by earlier sedimentary arrivals. To the north of
the Laxmi Ridge, the Gop Rift is interpreted as a failed rift
underlain by oceanic crust. This interpretation is based on
its seismic structure, presence of SDRs on its northern
margin, and occurrence of strong magnetic anomalies sym-
metrically about a prominent basement ridge in the center of
the rift that we interpret as an extinct spreading axis. Given
that the Carlsberg Ridge has generated an unbroken set of
magnetic anomalies from 27r to the present-day, the Gop
Rift must have opened before the Seychelles rifted. Unfor-
tunately, the Gop Rift is narrow and the magnetic anomaly
sequence is too short to identify it uniquely [Collier et al.,
2008]. The mean thickness of the oceanic crust in the Gop
Rift is 9 km, significantly thicker than that formed by the
young Carlsberg ridge between the Laxmi Ridge and
Seychelles. At the northern end of the profile, the crust is
interpreted as continental crust marking the tapered edge of
the Indian continental crust [Malod et al., 1997]. The crust
here is underlain by a high velocity subcrustal body which,
like that beneath the Seychelles, is constrained by wide-
angle reflections from its top and base. The body, which
because of the imaging geometry is better resolved than in
the Seychelles model, reaches a maximum thickness of
~12 km and has a velocity of 7.4 km/s. A second region
with similar properties and hence also interpreted as under-
plate is imaged beneath the Laxmi Ridge itself, where it
is constrained by both wide-angle reflections and turning
waves. The robust detection of these underplate bodies
beneath the northern conjugate margin lends support to
our interpretation of PtP and PbP on the Seychelles side.
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Figure 7. (bottom) Gravity model (densities in g/cm®) and (top) calculated response. Crossover error
analysis with historical ship tracks suggests an error of +5 mGal on the observed free-air gravity anomaly.
The model layer boundaries are defined directly from velocity contours of the final velocity model
(Figure 6) without any adjustment. The sediments were defined by two blocks, with densities assigned
according to their mean seismic velocity and the empirical velocity-density relationship of Ludwig et al.
[1970]. The crust was defined by three blocks, with the densities assigned using the relationship p =
0.989 + 0.289V,, from the linear solution to a global compilation of igneous and metamorphic rocks by
Christensen and Mooney [1995]. The mantle was defined by a single block. We found that in order to
model the long-wavelength (>200 km) gravity anomaly we needed to assign a relatively low density of
3.15 kg/m® to the mantle layer. We did not attempt to model the mantle structure in greater detail because
of unknown contributions to the observed gravity deeper or outside the region constrained by the wide-
angle data, but note that a low density in the lithospheric mantle beneath the plateau was predicted from
the Mahé receiver function which showed it to have a P wave velocity of just 7.7 km/s (Figure 4a). Note
that as the model is two-dimensional, short-wavelength (<50 km) features such as seamounts in deep
water and sedimentary basins on the plateau will be overestimated if they are crossed by the profile and

underestimated if they lie off-line.

The geometry of the underplate bodies suggest that they
were formed when the Gop Rift opened. If they had formed
during the Seychelles-Laxmi Ridge rift event they would be
expected to be continuous across the Gop Rift [Minshull et
al., 2008]. Instead normal mantle velocities below normal
lower oceanic crustal velocities were found in the Gop Rift.
Significant underplating is also more consistent with the
generation of thickened oceanic crust within the Gop Rift
than the thin oceanic crust at the north Seychelles/south
Laxmi Ridge margins.

7. Discussion
7.1. Comparison With Other Margins

7.1.1. Subaerial Volcanism

[28] Some of the first seaward-dipping reflectors were
identified along the Indian Margin [Hinz, 1981] but since
this early discovery the presence of extensive SDRs there
has not been confirmed [Gaedicke et al., 2002; Krishna et
al., 2006; Minshull et al., 2008]. At the north Seychelles
margin although SDRs were imaged on most of our multi-
channel seismic lines (see Figure 2 for their mapped distri-

bution), they are not well expressed. Two sets of SDRs are
present, an outer (oceanward) and inner (landward), the
latter set being more widely and robustly imaged in our data
set. Each set of SDRs is imaged for about 10 km along track
with individual reflectors being traced laterally for up to 6 km
(Figures 3a and 9a). The best-imaged set of reflectors is on
line 13, where they reach a total thickness of 0.75 s TWT.
In comparison, at the Edoras Bank margin of the North
Atlantic, which at ~1100 km from the Iceland plume should
be comparable with the Seychelles margin, the SDRs extend
laterally for 70 km and are 2 s TWT thick (Figure 9) [Barton
and White, 1997]. Although the sediments are thicker at the
Seychelles than at the Edoras margin, given the widespread
imaging of Moho beneath the SDRs in our data, we do not
consider that this difference is a result of poor seismic energy
penetration. While care needs to be taken when drawing
conclusions from SDRs as it has been shown that seaward-
dipping lava formations may exist without having a seismic
expression [Eldholm et al., 1986; Planke and Eldholm,
1994; Planke et al., 2000], the poor development of SDRs
at the Seychelles margin is consistent with modest subaerial/
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Figure 8. (bottom) Seismic structure of the conjugate Seychelles-Laxmi Ridge margins, with (top)
magnetic model for the Laxmi Ridge margin [Collier et al., 2008]. Both margins were surveyed during
a single cruise using the same experimental techniques. The Laxmi Ridge margin data were modeled

independently but using the same methods as described here [Lane, 2006; Minshull et al., 2008].

shallow marine volcanism that would be expected to pre-
cede the generation of 5.2 km thick oceanic crust.

[20] It is also significant that we found no evidence for
a thick flood basalt sequence on top of the northern
Seychelles Plateau. In western India the upper continental
crust is characterized by a velocity inversion with an up to
3 km layer of 4.8—5.1 km/s basalts overlying 1-2 km of
Mesozoic sediments with velocities of 3.1-3.2 km/s
[Reddy, 2005]. While we have evidence for a small velocity
inversion on the slope, there is no evidence for one on the
plateau itself. Instead, on the plateau, a number of isolated,
1-2 km thick, small sedimentary basins with velocities
of 2.5-3.5 km/s directly overly >5.5 km/s basement. The
upper continental crustal structure is particularly well re-
solved in our model, and so a thick basaltic layer is certainly
missing. This observation is important as the entire northern
Mascarene Plateau from the Saya de Malha Bank up to and
including most or all of the Seychelles Plateau (the region
between the labels “MP” and “SP” in Figure 1c, an area of
2.5 x 10° km?) has been previously included as part of the
Deccan province by both White and McKenzie [1989] and

Coffin and Eldholm [1994]. We consider it unlikely that
a significant part of the northern Mascarene Ridge south of
the Seychelles continental block could have been formed
during the main phase of Deccan activity without signifi-
cantly more offshore magmatism being produced during
continental breakup. The spatial extent of the Deccan flood
basalt province is therefore smaller than previously thought.
7.1.2. Initial Oceanic Crustal and Margin Width

[30] In order to investigate the significance of the initial
oceanic crustal thickness generated at the Seychelles margin
we made a compilation of observations at other margins
(Table 2). We restricted our analysis to studies in which
the crustal structure was constrained by modern wide-angle
seismic methods, except in the South Atlantic where in order
to achieve a reasonable geographical coverage we included
one study that relied on gravity modeling of multichannel
seismic data [Mohriak et al., 1998] and one that relied on
sonobuoys [Chang et al., 1992]. For areas such as offshore
Norway, where there were many suitable surveys, only one
representative survey per region was chosen. We included
the Gulf of California margins in the compilation but we
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Figure 9. (a) Multichannel seismic line 13 and line drawing showing the best-imaged seaward-dipping

reflector package from the north Seychelles margin. (b) Line drawing of SDRs at the north Atlantic
Edoras Bank margin from Barton and White [1997]. Note the different plot scales and much more
extensive SDR development at the distal North Atlantic margin.

note that these three profiles show unusually rapid along
strike changes in structure, which have been attributed to the
local setting [Lizarralde et al., 2007]. The geographic
distribution of our selected profiles is shown in Figure 10.
The thickness of earliest oceanic crust was measured from
the original published velocity models at the point imme-
diately seaward of the outer SDRs in the case of volcanic
margins or immediately seaward of serpentinized mantle in
the case of nonvolcanic margins. For profiles where neither

of these features was present, the thickness was measured
on the oldest unequivocal oceanic crust as indicated by the
seismic velocity structure, reflective nature of the top base-
ment and magnetics. Care was taken to ensure as consistent a
set of measurement points as possible, which required some
reinterpretation of crustal type compared to that given by the
original authors in a few cases. In the case of the North and
South Atlantic profiles, we then computed their distance from
the Iceland and Tristan da Cunha hot spots respectively at
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Figure 10. Locations of selected previous passive margin seismic experiments detailed in Table 2.
Individual seismic profiles are marked with black lines, with reference numbers in brackets indicating
margins defined in Table 2 as “nonvolcanic” or “intermediate.”” The stars mark the Seychelles-Laxmi
Ridge study areas. Large igneous provinces from Coffin and Eldholm [1994] are shaded black and hot
spots linked with continental breakup and plume tail offshore ridges discussed in the text are labeled IC,
Iceland; TC, Tristan da Cunha; RE, Réunion. The yellow circles with black centers mark the assumed
positions of the Iceland and Tristan da Cunha hot spots at the time of continental breakup used to
calculate the plume offset distances in Table 2. Seafloor-spreading rates are from Muller et al. [2008].

the time of continental breakup inferred from the positions
of their associated aseismic ridges (Figure 10). We chose to
exclude the nonvolcanic Labrador Sea margins [Chian and
Louden, 1994; Chian et al., 1995] from the North Atlantic
province as it is commonly argued that they rifted before
the Iceland hot spot initiated [White and McKenzie, 1989].
However, we note that the age of the oldest oceanic crust
here is disputed, and other authors consider that the margins
formed within ~700 km of the starting Iceland plume
[Nielsen et al., 2002].

[31] Our compilation showed that the 5.2 km thick
oceanic crust formed at the north Seychelles margin is
indisputably thin. Indeed, somewhat surprisingly given the
tectonic setting of the Seychelles margin, the oceanic crust
here is even thinner than many of the nonvolcanic margins
listed in Table 2, that have an average of 5.8 + 1.0 km
(excluding the Moroccan margin where oceanic crust may have
been thickened by later volcanism [Contrucci et al., 2004al).
Next, we plotted selected margin parameters in order to test
relationships predicted by current rift-magmatism models. The
first relationship we investigated was oceanic crustal thick-
ness versus distance from hot spot center (Figure 11a). The
North Atlantic margins, which have been particularly well
studied with many high-quality profiles, show a clear, ap-
proximately linear reduction in the thickness of the earliest-

formed oceanic crust with distance from the center of
the Greenland-Iceland-Faeroe Ridge. This pattern has been
previously interpreted by Barton and White [1997] as
being due to a reduction in the mantle thermal anomaly
with distance away from the Iceland plume at the time of
rifting. At distances away from the Iceland plume similar to
those of our Seychelles profile from the Deccan hot spot,
the oceanic crustal thickness found along the North Atlantic
margins is more than twice as thick. The relationship between
distance from hot spot center and thickness of the first formed
oceanic crust in the South Atlantic is less clear, perhaps in part
due to the smaller number and poorer quality of observations.
However, here too there appears to be an approximately
linear relationship, and the oceanic crust at similar distances
to the Seychelles study area is one and a half times thicker.

[32] The second relationship we investigated was oceanic
crustal thickness versus margin width (Figure 11b). We define
margin width as the distance from the point at which we
measured the initial oceanic crustal thickness to the position
of full thickness continental crust (itself defined as a thickness
of more than 25 km unless the crustal model suggested
a smaller value was acceptable). While there is considerable
scatter in the data, our new compilation confirms the
tendency for the thickness of the first-formed oceanic crust
to reduce with increasing margin width, as previously noted
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Table 2. (continued)

Earliest
Oceanic

Onset Seafloor

Distance to

Half Spreading
Rate

Crust Margin
Width®

Thickness

Hot Spot
Center

Reference

(mm/a)

(km)

(km)
10.0

Longitude Latitude (km)

c

Typ

Data®

Wide-Angle Profile

Reference
Hopper et al. [1992]
Mutter and Larson [1989]

Margin Name

Number

Province

232

65

n/a

—22.2
—18.7
27.4

111.6
111.7
—111.6
—109.0
—109.1

ESP
ESP
OBS
OBS
OBS
ESP

Line 670

Cuvier
Exmouth Plateau

16a

16b

West Australia

34.8

200
150
300

6.0
8.0

6.8

n/a

n/a

473

493

n/a

22.8
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5.0 100 46.3
5.5 300

n/a

24.0

36.9

18.6 n/a

118.6

B=ER= = |

Line 652
Segment G

Lizarralde et al. [2007]

Lizarralde et al. [2007]

Lizarralde et al. [2007]
Nissen et al. [1995]

Gulf of California
Gulf of California

17a

17b

West America

Segment A

Segment C

Gulf of California

17¢
18a

Eastern

China

SE Asia

“Compilation of results from other studies of continental rifted margins. See Figure 10 for survey locations. The margins are classified according to features within the continent-ocean transition: v, volcanic if they

display thick SDRs and underplate; nv, nonvolcanic if they display tilted fault blocks and serpentinized mantle; int, intermediate if they do not readily fall into the other two categories. The distance to hot spot center in

the North Atlantic and South Atlantic are measured from the point on the profile of the first oceanic crust to the center of the oldest parts of the Greenland-Iceland-Faeroe Ridge, Rio Grande Rise, and Walvis Ridge (as
marked with the yellow circles in Figure 10). Where full thickness continental crust was not achieved on the wide-angle profile, the measured margin width is marked with a > symbol. The onset seafloor-spreading rate
was extracted from the digital grid of Muller et al. [2008] (Figure 10). In a few cases we needed to use a rate from up to 20 km oceanward of our actual oceanic crust thickness measurement point. We rejected some

seismic

profiles from our compilation at this stage (for example around Antarctica) if an associated seafloor-spreading rate was not available.

ESP, expanding spread profile; MCS, multichannel seismic.
°A > symbol means that full thickness continental crust is not achieved on the profile (defined as a thickness of more than 25 km unless data suggests a smaller value was acceptable) and so the measured width is a

minimum bound estimate.

b

IThis, overprinted with late Cenozoic volcanism and the original oceanic crust, may have been thinner.
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by the authors of the small-scale convection models [Mutter
et al., 1988]. However, as can be seen from the compilation
the Seychelles margin is relatively narrow and therefore these
models would predict it to have thickened oceanic crust,
although possibly active convection was damped by the wide
Laxmi conjugate margin. In addition to crustal thickness, the
seismic velocity of the oceanic crust formed along continental
margins may also be diagnostic of the rift dynamics [Kelemen
and Holbrook, 1995; Holbrook et al., 2001]. According to
these workers, active convection is expected to generate
oceanic crust with a lower seismic velocity than that gener-
ated by passive melting under elevated mantle temperature
because melting occurs shallower and so produces melts
poorer in MgO and richer in SiO,. Following the approach
detailed by Holbrook et al. [2001], we calculate a mean
oceanic crustal velocity of 6.93 + 0.02 km/s for the north
Seychelles margin. According to their model (Figure 11c),
this seismic velocity coupled with a mean thickness of 5.2 +
0.1 km, indicates that the crust formed by passive upwelling
only (i.e., no small-scale convection) with a mantle potential
temperature of 1275°C (i.e., slightly cooler than “normal”
1300°C mantle). Results for the distal Greenland margins
(dots labeled 4b and 4c, Figure 11c) also indicate a lack of
active upwelling but the predicted mantle temperatures are
100°C hotter. We note that the fast spreading (65 mm/a)
Seychelles oceanic crust has very similar properties to the
fast spreading East Pacific Rise at 17°S (diamond labeled
epr, Figure 11c). On the basis of this result we will not
discuss active upwelling models further.

7.2. Factors Influencing Magmatism During
Continental Breakup

[33] Our observations at the Seychelles margin are at
odds with the predictions of the plume head model of melt
generation during continental breakup. In this model the
voluminous magmatism observed at volcanic continental
margins is due to the transient high temperatures and flow
rates generated as a new plume impacts the base of the
lithosphere [White and McKenzie, 1989; White, 1992b].
Several workers have noted that the 2000—2500 km extent
of the volcanic margins that border the north Atlantic is
comparable with the theoretical predictions of a diameter of
a flattened circular plume head, and cited this observation as
support for this model [Campbell, 2007]. If this scenario is
correct, then we would need to invoke a smaller/colder
plume head in the Deccan case to match our new seismic
observations. However, we note that the volume of the
onshore Deccan is estimated to be very similar to that of
both the onshore North Atlantic Tertiary Volcanic and the
South American Parana provinces (extrusive components
1.5 x 10° km®, 1.8 x 10° km’, and >1.5 x 10° km’,
respectively [Coffin and Eldholm, 1994; White and McKenzie,
1995]), and so it seems more reasonable to infer that they
originated from mantle plumes of similar sizes and temper-
atures. Indeed, theoretical work shows that mantle plume size
and temperature is largely dictated by the height of ascent,
so if the Iceland, Tristan de Cunha and Reunion plumes all
formed from the same depth (be it the base of the mantle or
base of the upper mantle) they should have had similar
properties [Campbell, 2007]. We conclude that the symmetrical
flattened plume head model is not compatible with our
observations at the north Seychelles margin.
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[34] Several workers have previously emphasized that the
lateral flow of plume material beneath the lithosphere may
not be a simple radial process, such that the distribution of
hot material beneath a region experiencing plume impact is
case specific. If this is correct then it would not be
appropriate to directly compare the extent of volcanic rifted
margins to the dimensions of the flattened, circular plume
head [Sleep, 1997]. Lateral flow could also be important for
non-plume sources for the flood basalt generation, such as
edge-driven convection, where a central zone of upwelling
mantle flows laterally beneath the surrounding lithosphere.
In the plume case, the variation in the spatial distribution of
the thermal anomaly might be exacerbated if, rather than
having an axisymmetric (“mushroom head”) geometry, the
arriving plume head had a more complicated shape, such as
an initial three-armed form, as has been predicted in some
numerical models [e.g., Houseman, 1990] and it does not
have a long incubation period beneath the lithosphere in
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which to thermally equilibrate prior to rifting. Hence it may
not be appropriate to expect all margins formed at similar
lateral distances from the center of a similarly sized plume
to display common magmatic characteristics. Nielsen et al.
[2002] applied this idea to explain the formation of the
nonvolcanic margins of the Labrador Sea (which they
believe formed within the North Atlantic province) as being
due to the flow of Iceland plume material being blocked by
the thick Greenland craton. This idea, however, is not so
readily applied in the Seychelles case, as it could be argued
that the plume material would be expected to have flowed
upslope from the Indian craton toward the Seychelles, given
that the lithosphere here was probably already thinned when
Greater India split from Madagascar ~20 Ma earlier.
Perhaps when the Gop Rift opened it exhausted the hot
asthenospheric layer bought by the plume. Alternatively, in
the Iceland case hot material could have been preferentially
fed into the North Atlantic margins because the developing
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rift intersected the central stem of the new plume. In the
case of the Seychelles, the margin is offset from the Deccan
center and the “plume tail” Chagos-Laccadive Ridge is not
orthogonal to the continental margins (Figure 1a). It has also
been suggested that the South Atlantic margins did not
intersect the plume axis either [Peate et al., 1990; Harry
and Sawyer, 1992], and so perhaps this is also the expla-
nation for the lower degree of magmatism observed along
these margins compared to those in the North Atlantic.

[35] An intriguing alternative possibility is that the dif-
ference in the structure of the Seychelles and distal Atlantic
margins is related to differences in efficiency of melt
extraction at varying plate divergence rates. In order to
investigate this idea, we plotted the thickness of the initial
oceanic crust against initial seafloor-spreading rate for each
of our compiled continental margins together with other
measurements of oceanic crust thickness made away from
continental margins (Figure 11d). In this diagram, the rela-
tively high initial seafloor-spreading rate of the Seychelles
margin is highlighted. It may be significant that the Eastern
Somali Basin/Arabian Sea opened more than three times
faster than the North Atlantic and twice as fast as the South
Atlantic. Current pure passive melting models do not predict
any change in oceanic crustal thickness with spreading rate,
except at ultra slow seafloor-spreading rates [Bown and
White, 1994]. Rather, as the spreading rate increases the
flux of mantle across the solidus increases and a constant
thickness oceanic crust results [Niu and Hekinian, 1997].
However, such models assume 100% melt extraction, and
perhaps as the width of the melting region increases this is
not achieved in reality. In support of this idea we note that
the current catalog of steady state “normal’ oceanic thick-
ness (those measured away from continental margins and
marked with inverted triangles in Figure 11d) trend toward
<6 km crustal thickness for spreading rates above 55 mm/a.
It is possible that even if there was a modest thermal anomaly
at the Seychelles margin at the time of rifting, because of the
rapid plate divergence all the melt generated from the wide
melting zone could not be extracted and thickened oceanic
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crust and other features associated with excess magmatism
such as extensive SDRs were not produced.

8. Conclusions

[36] The crustal structure determined at the north Seychelles
margin (and its conjugate) is characterized by thin oceanic
crust, weak expression of seaward-dipping reflectors, and an
earlier, prerift underplate of uncertain age. The plateau itself
is underlain by 32 km thick continental crust, without any
seismic evidence for a thick layer of extruded basalt on its
surface. A significant inference from our work is therefore
that the two most commonly cited estimates of the spatial
extent of the Deccan onshore-offshore province, those of
White and McKenzie [1989] and Coffin and Eldholm [1994],
are too large. The Deccan mantle source cannot have had
the ~2500 km diameter, axisymmetric shape commonly
depicted in the literature.

[37] The pattern of magmatism observed at the north
Seychelles continental margin is very different to that
observed at previously studied margins that rifted shortly
after the eruption of a near-by onshore flood basalt prov-
ince. In particular the oceanic crust north of the Seychelles
is just 5.2 + 0.1 km thick, and this remained more or less
constant for the first 3 Ma of seafloor spreading. In con-
trast equivalent margins in the North and South Atlantic
have initial oceanic crust that is two and one and a half
times thicker, respectively, with normal thickness oceanic
crust not being produced until 5—10 Ma after rifting. We
conclude that our current understanding of the factors
influencing the degree of magmatism during continental
breakup is incomplete. We speculate that either the lateral
flow of hot material beneath the region was hampered in
the Seychelles case, perhaps as the rifted margins did not
intersect the center of the Deccan mantle source, or there
was incomplete melt extraction from the wide melting
region that formed between the rapidly diverging plates. If
the latter is correct then the rate of plate separation, as
indicated by the initial seafloor-spreading rate, is more
important in controlling the volume of magmatism gener-

Figure 11.

(a) Relationship between thickness of the earliest formed oceanic crust with plume distance for the selected

volcanic margins of the North (closed circles) and South (open circles) Atlantic. The margin reference numbers refer to
those given in Table 2. Best-fitting straight lines for the two regions are shown together with their R correlation
coefficients. Note how the oceanic crustal thickness formed at the north Seychelles margin is significantly thinner than all
other volcanic margins formed at similar distances to the Iceland and Tristan da Cunha plumes. (b) Relationship between
thickness of the earliest formed oceanic crust and margin width. Again, the margin reference numbers refer to those given in
Table 2. North Atlantic margins are shown with closed circles, South Atlantic margins are shown with open circles, and all
other margins are shown with diamonds. Only profiles for which full continental crust thickness was achieved on the profile
are plotted. The best-fitting straight line is shown, but note the low R* correlation coefficient. (c) Predicted average oceanic
crustal velocity versus thickness according to the model of Holbrook et al. [2001]. Two scenarios are shown: passive
upwelling alone (x = 1, parameterized according to the melting models of McKenzie and Bickle [1988] and Langmuir et al.
[1992]) and active upwelling (with active to passive upwelling ratios x of 2 and 4). Dashed lines are mantle potential
temperature for the McKenzie and Bickle [1988] melting model. According to this model, the Seychelles oceanic crust was
formed by passive upwelling only of a nonhot mantle. Results for the distal SE Greenland margins (numbered as per Table 2)
and East Pacific Rise at 17°S from Holbrook et al. [2001] are shown for comparison. (d) Relationship between initial
oceanic crustal thickness and seafloor-spreading rate. Margin symbols as in Figure 11b. For clarity only the non-Atlantic
margins are numbered according to the listing in Table 2. The inverted triangles mark a global compilation of the thickness
of “normal” oceanic crust (i.e., measured away from the immediate passive margin zone, plume traces, and fracture zones)
by Bown and White [1994] as updated by White et al. [2001] and Minshull et al. [2001]. The dashed lines show the
predicted steady state oceanic crustal thickness according to the passive melting model of Bown and White [1994].
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ated during continental rifting than has been previously
recognized.
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