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SUMMARY

Seismic reflection and refraction data were collected in 2007 and 2012 to reveal the crustal
fabric on a single long composite profile offshore Prydz Bay, East Antarctica. A P-wave
velocity model provides insights on the crustal fabric, and a gravity-constrained density
model is used to describe the crustal and mantle structure. The models show that a 230-km-
wide continent—ocean transition separates stretched continental from oceanic crust along our
profile. While the oceanic crust close to the continent—ocean boundary is just 3.5-5 km thick, its
thickness increases northwards towards the Southern Kerguelen Plateau to 12 km. This change
is accompanied by thickening of a lower crustal layer with high P-wave velocities of up to
7.5 kms™!, marking intrusive rocks emplaced beneath the mid-ocean ridge under increasing
influence of the Kerguelen plume. Joint interpretations of our crustal model, seismic reflection
data and magnetic data sets constrain the age and extent of oceanic crust in the research area.
Oceanic crust is shown to continue to around 160 km farther south than has been interpreted
in previous data, with profound implications for plate kinematic models of the region. Finally,
by combining our findings with a regional magnetic data compilation and regional seismic
reflection data we propose a larger extent of oceanic crust in the Enderby Basin than previously

known.
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1 INTRODUCTION

The geometries and distributions of the present-day southern con-
tinents and oceanic basins are products of the breakup and disper-
sal of Gondwana since the Jurassic. The detachment of continents
from Antarctica (ANT) continued for more than 100 Myrs after
starting between Antarctica and Africa (AFR) about 165 Ma with
the formation of the oceanic Riiser Larsen Sea/Mozambique Basin
(Jokat et al. 2003; Konig & Jokat 2010; Leinweber & Jokat 2012;
Mueller & Jokat 2019). This separation was accompanied by mas-
sive volcanism both onshore Africa—Antarctica as well as in the
newly formed oceanic basins. During the separation of Antarctica
and Africa, India and Madagascar still were parts of the Antarctic
Plate. This plate further fragmented around 133 Ma, leading to the
separation of India—Madagascar from Antarctica to form oceanic
basins in the Bay of Bengal and Enderby Basin.

During the early part of this drift phase, the dispersal was accom-
panied by excess magmatism related to the arrival of the Kerguelen

mantle plume. Remnants of volcanism from this event are known
onshore in the Prydz Bay region, from the western flank of the
Lambert Rift (Coffin et al. 2002; Sushchevskaya et al. 2018), and
from the Rajmahal flood basalts erupted onshore between 112 and
118 Ma in the conjugate parts of India (e.g. Mahoney et al. 1983;
Kent et al. 2002). Offshore, plume-related magmatism formed the
Kerguelen Plateau (KP, Fig. 1), the second-largest large igneous
province (LIP) preserved anywhere on Earth. The KP erupted dur-
ing several magmatic phases from south to north, as documented
by eleven ODP drill sites (Frey et al. 2003). Important for our
study are two results, which played an important role for any recent
kinematic model for the Antarctic—Indian breakup. First, the oldest
basalts drilled at the southern Kerguelen Plateau (SKP) have an age
of 121 Ma, at site 1136 (Jiang et al. 2021) Geochemical analyses
indicate that the SKP basalts from sites 738, 749, 750 and 1137
solidified from melts that contained small components (<5-7 per
cent) of continental lithospheric origin (Fig. 1; Mahoney et al. 1995;
Frey et al. 2000, 2002; Weis et al. 2001; Ingle et al. 2002). Secondly,
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Figure 1. Overview maps. (a) Bathymetric map of the area of interest (GEBCO Bathymetric Compilation Group 2021). Black numbers indicate the OBS
numbers along both profiles. (b) Helicopter borne magnetic data acquired along the profiles. The location of the magnetic profiles has been shifted to the right
to aid visibility of the seismic profile. Panels (c) and (d) show the positions of different COBs, extinct ridges and isochrons. Abbreviations: Ant, Antarctica;
COB, continent—ocean boundary; EB, Elan Bank; PB, Prydz Bay; PET, Princess Elizabeth Trough; NKP, Northern Kerguelen Plateau; SKP, Southern Kerguelen
Plateau.

coring at Site 1137, located to the northwest on Elan Bank (Fig. 1), Antarctica (Frey ef al. 2003). Most of these studies concluded that
returned clasts of garnet-biotite gneiss from a fluvial conglomerate the continental-related volcanism occurred close to the drill sites
intercalated with basalts (Frey et al. 2000). Analyses of the clasts and that Elan Bank and parts of the SKP may therefore be isolated

revealed similarities to gneisses known from eastern India and East microcontinents.
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1.2 Kinematic models

The age information from ODP/IODP expeditions together with re-
gional magnetic data sets along the East Antarctic and East Indian
rifted margins form the basis for a range of plate kinematic models
describing the breakup and subsequent drift of India and Madagas-
car away from Antarctica. The lack of high quality deep seismic data
off East India and East Antarctica as well as widely spaced mag-
netic data along the conjugate continental margins hinder a robust
identification of the structural elements (continent—ocean transition
zone, onset of oceanic crust and spreading anomalies). Because of
these large spatial uncertainties, several different interpretations of
the magnetic chrons exist, causing contrasting kinematic models for
the evolution of the conjugate margins off East India—Antarctica.
Interpretations of the widely spaced and noisy magnetic anomaly
profiles in the Bay of Bengal and Enderby Basin rely heavily on the
locations of their continent—ocean boundaries (COBs), at the onset
of oceanic crust. Identifying the COB unequivocally is, however,
difficult to do in the absence of deep seismic data; existing interpre-
tations for the COB disagree in location by as much as 400 km in
the Enderby Basin, and 430 km in the Bay of Bengal (Eagles ef al.
2015). This sustains multiple interpretations of magnetic reversal
isochrons, particularly in the Enderby Basin, where many studies
require an extinct spreading axis to explain the isolation of micro-
continental blocks beneath the SKP and Elan Bank (Figs 1c and
d).

Broadly, the conflicting sets of interpretations fall into one of two
classes. In the first, the lack of strong correlations between magnetic
profiles is taken to indicate that the ocean crust formed partially or
wholly during the magnetic Cretaceous Normal Superchron (CNS,
120-84 Ma, Royer & Coffin 1992; Banerjee et al. 1995; Jokat et al.
2010). In the second, weak correlations are proposed off east India,
Sri Lanka, and in the Enderby Basin, to be interpretable in terms
of weak M-series isochrons in oceanic crust that formed between
134 and 130 Ma (e.g. Ramana et al. 1994, 2001; Nogi et al. 1996;
Ishihara et al. 1999; Desa et al. 2006; Gaina et al. 2007; Gibbons
etal. 2013).

By adding results from scientific drilling of the Kerguelen
Plateau, new plate kinematic models no longer interpreted the east
India and Antarctic margins as conjugate rifted margins. Critical
for these new models were the drilled gneiss conglomerate on Elan
Bank and the continental contaminated volcanic rocks from the SKP.
These constraints led to two different scenarios for the Indian drift.
The first class of interpretations (Royer & Coffin 1992; Banerjee
etal. 1995; Ramana et al. 2001; Jokat ef al. 2010) were used to sup-
port kinematic models in which the boundary between the Indian
and Antarctic plates moved more or less continuously northwards
since its formation close to the start of the CNS. The second class
favoured an earlier initiation at 134 Ma (chron M11, Desa et al.
2006; Gaina et al. 2007), and suggested that whilst the boundary
remained stable in the western Enderby Basin, farther east it jumped
from south of Elan Bank and the SKP to north of them, detaching
both microcontinents from the Indian Plate. An extinct spreading
axis in the northern part of the Enderby Basin was introduced be-
tween the two microcontinents (Elan Bank and the SKP) and their
conjugate continental margin of East Antarctica. According to these
models, the jump saw seafloor spreading terminate in the eastern
Enderby Basin between chrons M2 and M0 and re-establish in the
eastern Bay of Bengal early in the CNS (124—84 Ma, Gaina ef al.
2007). Subsequent models by Gibbons et al. (2013) and Talwani
et al. (2016) modified these ideas (Fig. 1) by incorporating new
interpretations of geophysical data off Antarctica and East India.
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These modifications saw the extinct axis in the Enderby Basin
shifted to the north and dated to 115 Ma, and the prominent
Mac Robertson magnetic anomaly (MCA) reinterpreted as the
M4 spreading isochron just north of a COB that formed during
a westward-propagating continental breakup episode.

Jokat et al. (2010) acquired dense offshore aeromagnetic data
in the western Enderby Basin to test for the presence of M-series
isochrons required by the two-phase models. After finding no corre-
lating reversal magnetic anomalies, they argued that seafloor spread-
ing started forming the western Enderby Basin no earlier than the
CNS (124-84 Ma). Gibbons et al. (2013) could not incorporate
these results into their model without the implication of convergent
plate motions for which there is no geological evidence. Since then,
new seismic and magnetic observations have been made to support
the formation of oceanic crust in two parts of the eastern Enderby
Basin, off Prydz Bay and in the Princess Elizabeth Trough at chron
MOr (Jokat et al. 2021). The authors found no evidence for an ex-
tinct spreading axis in the eastern Enderby Basin, and so concluded
that the separation of India and Sri Lanka from Antarctica took
place without major rift jumps as previously modelled by Royer &
Coffin (1992) and Ramana et al. (2001). However, to accommodate
contrasting spreading velocities in Prydz Bay and the Princess Eliz-
abeth Trough, Jokat et al. (2021) had to introduce intracontinental
movements within the Indian and/or Antarctic plates.

One of the new model constraints from Jokat et al. (2021) was
the location of the COB in Prydz Bay. This COB is determined by
using the deep seismic data that we present here in greater detail and
with coincident gravity modelling and seismic reflection profiles.
With the added confidence of these constraints, we extrapolate (i)
COB identification throughout a regional network of multichannel
seismic reflection profiles and (ii) magnetic isochron identifications
throughout the existing network of magnetic anomaly profiles in
the Enderby Basin. We discuss the implications of the resulting
distribution of oceanic crust to the region’s various previous plate
kinematic models.

2 METHODS AND MODELLING

2.1 Seismic data acquisition

Seismic refraction data were acquired using ocean-bottom seis-
mometers (OBS) and ocean-bottom hydrophones (OBH) along two
seismic lines (Hubberten 2008, Fig. 1) during two expeditions in
2007 and 2012. The two experiments acquired coincident multi-
channel seismic (MCS) data (Figs 2 and 3) along a meridian at
~T72°40'E.

The northern part of the two profiles, AWI-20070100, was ac-
quired in 2007 during a joint expedition of the research ves-
sels Akademik Alexandr Karpinskiy (RV Karspinskiy) and RV Po-
larstern. Difficult seasonal sea ice conditions prevented prolonga-
tion of this 625-km-long profile over the continental shelf in Prydz
Bay to image the COB and the continent-ocean transition (COT)
zone to the south. In total, 22 stations consisting of 3 OBH (stations
101-103) and 19 OBS (stations 104—122) were deployed at spac-
ings ranging between 25 and 30 km for the acquisition of seismic
refraction data. Two different seismic sources were used for seis-
mic refraction data acquisition: on RV Polarstern an array of up to
8 G.Guns™ with a total volume of 68.2 1; on RV Karpinskiy two
airguns with a total volume of 80 1. The shot interval was 60 s.
During repair breaks of the G.Gun™ cluster of RV Polarstern, RV
Karpinskiy provided the seismic source in order to avoid large shot
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Figure 2. Seismic reflection data coincident with the deep seismic sounding line AWI-20120400. The quality of the MCS data along the profile is partly poor.

The position of a half graben is labelled.
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Figure 3. Deep-sea part of the seismic reflection data coincident with the deep seismic sounding line AWI-20070100. The position of the COB, derived from

our P-wave velocity model, is labelled.

gaps. For MCS data acquisition, RV Karpinskiy towed a 4400-m-
long streamer with 352 channels, recording arrivals with a sample
rate of 2 ms and a recording length of 13 s. The seismic source
for the MCS data acquisition consisted of 18 airguns with a total
volume of 46 1.

RV Karpinskiy acquired additional geophysical data in 2012 in
order to prolong the existing profile AWI-20070100 onto the shelf
off Prydz Bay. The prolongation, AWI-20120400, partly overlaps
line AWI-20070100 (Figs l1a and b) and extends a further ~150 km
onto the shelf, with 12 OBS stations deployed at an average distance

of ~19 km. As in 2007, sea ice conditions and problems with
the seismic source interrupted the seismic data acquisition several
times, necessitating two different seismic sources to be used. The
northern part of the refraction profile used an airgun array consisting
of 18 sleeve guns with a volume of 3047 1. Two airguns with
a total volume of 60 1 were operated for the southern part and the
subsequent MCS data acquisition. A shot interval of 60 s was chosen
to acquire the refraction and MCS seismic data. RV Karpinskiy
deployed its 4400-km-long seismic streamer parallel to this line
and recorded MCS data with the same settings as in 2007.
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The sampling frequency was set to 250 Hz for all OBS sys-
tems used in 2007 and 2012. The OBS gain was set to 16 for the
hydrophone channel and to 4 for the seismometer channels. The
gain for the three OBH hydrophone channels was set to 5. The
internal clocks of the recorders were synchronized with GPS time
before deployment of all OBS and OBH systems. After recovery,
the internal clocks were again synchronized to determine their drifts
(skews). The data and log files were archived, processed, demulti-
plexed and finally stored in segy-format. The exact coordinates of
the instrument positions at the seafloor are unknown since the in-
struments drift away from their deployment position while sinking
to the seafloor. As a result, the direct wave in the seismograms
can be asymmetric. To correct for this inaccuracy, the positions of
the instruments were recalculated based on traveltime picks of the
direct wave.

We complemented the MCS data using previously acquired pro-
files from two Russian Antarctic Expeditions (RAE-40, RAE-45,
RAE-46, Gandyukhin et al. 2002; Leitchenkov et al. 2015) west of
our deep seismic line. The Russian seismic data are available via the
Antarctic Seismic Data Library System for Cooperative Research
(SDLS).

2.2 Data quality and modelling of wide-angle data

The data quality of the OBS/OBH seismograms ranges from very
good to poor. Examples are shown in Figs 4-9. Most seismometer
components were quite noisy along profile AWI-20070100. De-
pending on the data quality, we used the hydrophone channel (sta-
tions 101-117, 120-121, 403, 409, 411) or the z-component of the
seismometers (stations 118, 122, 401-402, 405-408, 410) for pick-
ing. OBS 404 did not record any useful data and OBS 119 could
not be recovered. The software ZP (developed by Barry Zelt, see
http://www.soest.hawaii.edu/users/bzelt) was used for phase pick-
ing. To enable accurate phase determination, the seismograms were
bandpass filtered at 4-15 Hz for offsets of 20 km and at 4-12 Hz
for longer offsets. Most seismic records of the northern and central
OBS stations (OBS 108-122) are characterized by a high signal
to noise ratio, which allow for the identification of seismic phases
down to the upper crust and partly also the mantle. The higher
noise levels in the records acquired south of station 108 makes the
identification and picking of first arrivals more difficult.

Based on velocities, amplitude and curvature, we distinguished
between refracted and reflected phases and picked the first arrivals.
Refracted phases within the sedimentary layers (Pgeq; t0 Pseqs) Were
identified in almost all seismic records, except at the northern end of
the model where the sediment cover is partly less than 1.5 km thick
(Fig. 4). Landwards, the thickness of the sediments increases, while
the amplitudes especially of refracted arrivals within the lowermost
sedimentary layer (Pgqs) decrease significantly, indicating a small
impedance contrast (Fig. 5). Reflections at the base of sedimentary
layers (Pseq1 P to PgeqsP) and intracrustal reflections (P P to P4P)
are observed in all parts of the model (Figs 4-8), subdividing the
sediments in up to five and the crust into two to four layers. Re-
fracted arrivals within the crustal layers (P, to P.s) could mainly
be identified in the sections seaward of the shelf due to the noisy
data in this area. The crustal refractions are characterized by veloc-
ities of 5.1-7.5 kms™'. Undulations in the traveltimes of refracted
and reflected crustal phases are for example related to half grabens
(Fig. 2) at the landward end of the profile (Fig. 8, P3P) or a rough
basement topography (e.g. Fig. 4, P.; and P.4). The high-amplitude
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phase characterized by a slight curvature which is aligned approxi-
mately horizontal when plotted with a reduction velocity of 8 km s
was identified as reflection (P, P) at the boundary between crust and
mantle (Moho). Refracted arrivals from the upper mantle (P,) with
velocities of approximately 7.9 kms™ have only been observed in
some sections in the central part of the model (OBSs 107-109, 111),
where the crust is fairly thin.

The 2-D velocity—depth model for the 770-km-long composite
profile AWI-20070100/20120400 (Fig. 10) was produced using the
graphical user interface PRay (Fromm 2016) for Zelt & Smith’s
(1992) software rayinvr. The upper part of our P-wave velocity
model is constrained by bathymetry data and sediment and base-
ment layer boundaries identified in the coincident MCS data (Figs 2
and 3). The MCS constraints were mostly excellent, except on the
shelf where a strong water bottom multiple, typical for glaciated
high latitudes shelves, allowed only limited insights into the deeper
structure of the continental shelf. Based on the identified and picked
reflected and refracted phases described above, we subdivided the
model into five sedimentary layers (s1-s5), four crustal layers (c1—
c4), and one mantle layer (Fig. 10).

In our description we refer to along-profile distances using terms
like ‘km 30’ in order to avoid misunderstandings with references to
lengths or separations. Therefore, ‘km 30" should be understood as
‘profile kilometre 30 from the beginning of the line’.

2.3 Uncertainties and errors

In general, the model is very well constrained by refractions and
reflections in its northern and central parts, while the quality of
the data is somewhat poor for the Prydz Bay shelf area (Fig. 10c).
Reasons for the poor quality and ray coverage in some parts of
the profile are noisy data and technical problems during the data
acquisition. Numerous experiments conducted by AWI show that,
in most cases, the use of an airgun array with a total volume of 60 1
is sufficient to generate reasonable seismic signals for investigating
the crustal fabric. However, this seems to be the lower limit of sound
energy needed for such experiments. During the expedition in 2012,
smaller airguns with a volume less than 60 1 were partly used. It
is likely that their volume was insufficient and their frequency not
low enough to illuminate the deeper structures below the shelf. In
addition, the MCS data indicate a complex shallow shelf geology
(Fig. 2; half graben), which might have also contributed to the poor
data quality at several stations by scattering seismic energy.

During the acquisition of profile AWI-20070100, problems with
the seismic source caused several shot gaps (e. g. at km 95-105 and
485-510, Figs 4, 6 and 11). Despite these problems, enough stations
provided sufficient data quality to achieve a reasonable velocity—
depth model covering the COB. The ray coverage (Figs 10c and 12)
is good to very good in the central part of the transect and also
very good in the upper, sedimentary layers of the southern part. In
contrast, the ray coverage south of km 500, especially in the lower
crustal layers, is locally very sparse.

The rayinvr program provides an estimate on the statistical qual-
ity of the seismic velocity models using the normalized x2 method
and the residual time tRMS (Zelt & Smith 1992). tRMS refers to the
root mean square misfit between modelled and observed traveltimes.
Error estimates for the traveltime picks were assigned and increase
with the average depth of each layer, ranging between 0.045 and
0.1 s (Table 1, Fig. 11). Ideally, both the pick uncertainties and the
tRMS misfit should be very small; the final model’s tRMS is 0.059 s
(Table 1). x? weights the misfits between the picked phases in the
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Figure 4. Picked and computed traveltimes of OBS 121 (changed after Jokat ef al. 2021). (a) Seismic record section of the hydrophone (h) component. (b)
Same section, picked phases are shown in dark blue (refractions) and light blue (reflections). The computed traveltimes are shown as black lines, phase names
are labelled. (c) Ray paths of the picked phases shown above (Jokat ef al. 2021). Black lines mark the layer boundaries of the velocity layers. Sedimentary
layers (s1-s3), crustal layers (c2—c4) and the mantle are labelled.

seismograms and the modelled phases of the calculated traveltimes. too low to give a good certainty, therefore the error was overesti-
%2 = 1.0 denotes a perfect fit between the observed and calculated mated. The x? is 0.808 for our model, acceptably close to the ideal
traveltimes (Zelt & Smith 1992). x? > 1.0 indicates that the error value of 1. Thus, picked and computed traveltimes correlate well

is underestimated and x2 < 1.0 that the resolution of the model is (Fig. 11).
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labelled.

The velocity resolution shown in Fig. 10(d) illustrates the diag-
onal values of the resolution matrix for the velocity nodes. Nodes
with values >0.5 are considered to be well resolved (Lutter &
Nowack 1990). In general, the sediment layers and large areas

of the crustal layers north of km 470 are well resolved. Regions
with poor resolution often coincide with regions of poor ray cover-
age, for example the crustal layers south of km 470, or wide areas
of the mantle (Figs 10c and d). However, the resolution is highly
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shown in dark blue (refractions) and light blue (reflections). The computed traveltimes are shown as black lines, phase names are labelled. (c) Ray paths of the
picked phases shown above. Black lines mark the layer boundaries of the velocity layers. Sedimentary layers (s1-s5), crustal layers (c2—c4) and the mantle are

labelled.

dependent on the node distribution, since the resolution in the areas
between nodes is always interpolated. Therefore, the good resolu-
tion of the upper mantle down to a depth of 25 km between km 250
and 450 can be explained by a large distance between velocity nodes

and is not the result of a good ray coverage in this area (Fig. 10d).
Indeed, in the upper mantle, ray coverage is sparse and only present
in the upper first kilometer of the mantle between km 300 and 400
(Fig. 12, lower left-hand panel).
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Figure 7. Picked and computed traveltimes of OBS 411. (a) Seismic record section of the hydrophone (h) component. (b) Same section, picked phases are
shown in dark blue (refractions) and light blue (reflections). The computed traveltimes are shown as black lines, phase names are labelled. (c) Ray paths of the
picked phases shown above. Black lines mark the layer boundaries of the velocity layers. Sedimentary layers (s1-s5), crustal layers (c2, ¢3) and the mantle are
labelled.

220z Jequieydeg ¢ uo Jasn yayiolqig Bunyosioisales)) pun -Jejod Jany inysu| Jausbap) peuly Aq Z9/17/99/6G6 /)L £Z/elome/I[B/woo dno oiwepeoe)/:sdny Wwolj pepeojumoq



1968 T. Altenbernd-Lang et al.

AWI-20120400, station 406
Offset (km)

T-X/8 (s)
N

T-X/8 (s)
ESS

Depth (km)
N
[}

mantle

w
o
RETE FEEEE FEEEE R

T
700 720 740

Distance (km)

Figure 8. Picked and computed traveltimes of OBS 406. (a) Seismic record section of the vertical (z) component. (b) Same section, picked phases are shown
in dark blue (refractions) and light blue (reflections). The computed traveltimes are shown as black lines, phase names are labelled. (c) Ray paths of the picked
phases shown above. Black lines mark the layer boundaries of the velocity layers. Sedimentary layers (s1-s2, s4-s5), crustal layers (c1—c4) and the mantle are

labelled.

To estimate model uncertainties, the depths of layer boundaries
and layer velocities were adjusted until the fit of the calculated travel-
times violated the estimated pick error range. The model seismic ve-
locity uncertainties resulting from this procedure are 0.1 km s~ for

sedimentary and upper crustal layers and increase up to 0.2 kms™!
for the lowermost crust and mantle. The depth uncertainties gen-
erally vary between £50 and +500 m for the base of sedimentary
layers and £0.5 and £1 km for the base of crustal layers. The largest
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Figure 10. P-wave velocity model and helicopter borne magnetic data. (a) Observed magnetic data (orange) along our profile. Identified isochrons (partly
taken from Jokat et al. 2021) are numbered. The location of the COB is taken from Jokat et al. (2021). (b) P-wave velocity model. Black circles mark the
positions of OBS on the seafloor. OBS 119, which was lost, is coloured in grey. Numbers above the circles indicate the OBS number. Black lines mark the
boundaries of the different velocity layers. Sedimentary layers (s1—s5) and crustal layers (c1—c4) are labelled. (c) Ray coverage of the P-wave velocity model
shown in (b). Areas without ray coverage are coloured white. Layer boundaries verified by reflections are marked with a thick black line. (d) Resolution of the
P-wave velocity model. Abbreviations: COB, continent—ocean boundary; HVLC, high velocity lower crust; MCA, Mac Robertson magnetic anomaly.

exception is for the Moho depth below the Prydz Bay shelf south of
km 700, where uncertainty increases to =3 km.

2.4 Gravity data

Gravity data were acquired coincident with the seismic lines.
Along AWI-20070100, RV Polarstern’s gravity meter KSS-31 (Bo-
denseewerke) recorded continuously during the entire experiment.

A CHEKAN-AM marine gravimeter installed on RV Karpinskiy
recorded gravity data along AWI-20120400. Processing of the grav-
ity data consisted of the following steps: filtering of the raw data, a
time shift of 235 s, correction of the E6tvos effect using the naviga-
tion data, connection of the harbour gravity value to IGSN71 world
gravity net, and subtraction of the normal gravity (WGS85). The
ISGN ties were achieved using measurements made with a LaCoste
Romberg gravity meter (G-877) at stations in Punta Arenas (Chile),
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Figure 11. Picks and computed traveltimes (changed after Jokat e al. 2021). Black lines mark the computed traveltimes. Traveltime picks for refractions are
dark blue, picks for reflections are light blue. The lengths of the picks represent the assigned uncertainties.

Davis Station (the Australian Antarctic station in Prydz Bay), Port-
aux-Frangais and Drygalsky Station (Kerguelen Islands) and Cape
Town (South Africa).

2.5 Density modelling

Free-air gravity anomalies along the profile range from —9 to +19
mGal in the oceanic crust (Fig. 13). A strong positive gravity
anomaly appears over the Prydz Bay shelf from km 570 onwards,
peaking at 103 mGal over the shelf edge.

To verify our P-wave velocity model, we used the software GM-
SYS™ to generate a density model. The structure and layers of
the P-wave velocity model were used as the starting point for the
2-D gravity modelling. The model was extended 800 km in each
direction to minimize edge effects. For the start model (Fig. 13, red
lines and numbers), boundaries of the velocity layers were taken as
the boundaries of constant-density polygons. The average seismic
velocities were converted to densities based on the velocity—density
relationship of Ludwig et al. (1970). If the P-wave velocity within
a layer changed significantly, the polygons were subdivided further
and the subdivisions were assigned average density values.

The starting model produced large residuals (Fig. 13, red line)
in the shelf/slope area. This is a well-known problem along rifted
margins related to the contrasting thicknesses of oceanic and conti-
nental lithosphere (Breivik ef al. 1999). The mantle was subdivided
into 5 polygons with slightly varying densities (Fig. 13, model 1) to
account for this. The result of this step was a significant improve-
ment in the fit of the observed and calculated anomalies. Smaller

misfits of 10 mGal are present at both ends of the profile and be-
tween km 330 and 370. A large misfit occurs between calculated
and observed gravity at km 620-700 over part of the shelf where
sparse ray coverage of the entire crust leaves the velocity model
poorly constrained (Fig. 12, km 500-680). A second density model
(Fig. 13, model 2) with increased densities in parts of the continen-
tal crust reduced the misfit at the shelf break to a maximum of 20
mGal.

2.6 Magnetics

Helicopter magnetic data were collected with a Scintrex caesium
vapor magnetometer during the expedition in 2007. The bird carry-
ing the magnetometer was towed 30 m below a helicopter. Several
lines were acquired parallel to the seismic profile (Fig. 1b), result-
ing in a 20-30 km wide swath centred on AWI-20070100. The data
were processed using standard procedures, but without diurnal cor-
rections since no base station data were available. Over the oceanic
crust, the data show good correlations of magnetic anomalies be-
tween the dense flight lines. Jokat ef al. (2021) interpreted these
anomalies in terms of magnetic reversal isochrons.

3 RESULTS AND INTERPRETATION

The composite profile AWI-20070100 and AWI-20120400 depicts
the crustal structure of the shelf off Prydz Bay (PB, East Antarctica)
and the Enderby Basin (EB) to the north (Fig. 10). We briefly
describe our results for the different segments of the line, directly
followed by our interpretations of them.
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Figure 12. Ray coverage (changed after Jokat e al. 2021). Black lines mark the boundaries of different velocity layers. Refractions are marked in dark blue,
reflected rays are coloured light blue. The corresponding phase names are displayed in each panel.
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Table 1. Number of picks, tRMS, x 2 and uncertainties for different velocity
layers.

Number of tRMS Assigned pick

Phase picks (s) %2 uncertainties (s)
Py 4559 0.045 0.979 0.045
Peedi 181 0.046 0.834 0.050
Pgea1 P 259 0.045 0.812 0.050
Pgedn 551 0.043 0.738 0.050
Psear P 399 0.077 1.642 0.060
Pgea3 873 0.041 0.479 0.060
Psea3sP 330 0.058 0.951 0.060
Poeqs 556 0.047 0.609 0.060
PgeaaP 1398 0.059 0.971 0.060
Pgeds 967 0.056 0.887 0.060
PgedsP 367 0.086 1.504 0.070
Py 340 0.070 0.996 0.070
PP 126 0.063 0.829 0.070
P 693 0.065 0.667 0.080
PoP 756 0.072 0.817 0.080
P 194 0.038 0.221 0.080
P3P, PnP 343 0.088 0.969 0.090
Py 1618 0.051 0.324 0.090
PnP 2012 0.079 0.619 0.100
Py 71 0.067 0.450 0.100
All 16593 0.059 0.808 -

The final velocity—depth model consists of eleven layers in total.
Velocities in the five sedimentary layers (s1-s5, Fig. 10) increase
from 1.7kms™" (s1)to 5.1 kms™' (s5). The highest P-wave velocities
modelled in the uppermost sedimentary layers (s1 and s2, 3.0 and
3.5 kms™) appear in the shelf area (Fig. 10). Layer s3 velocities
are well constrained by refractions (Pgqg;) in the central part of
the model and range between 2.9 and 3.9 kms™'. Layer s3 ranges
in thickness from ~1.5 km in the central part of the profile to
less than 400 m in the north. The apparent pinch-out of s3 at km
565 is a technical, rather than geological, feature, since rayinvr
does not allow two velocity layers to be combined into one. Layer
s4 velocities (3.1-4.0 kms™) are well constrained by numerous
refracted arrivals (Pseqq) in the shelf area, but fewer in the central
part of the model. The layer s4 is up to 2.5 km thick. The thickness
of the lowermost sedimentary layer, s5, decreases from a maximum
of 6.3 km beneath the shelf area to zero in the deep sea. Its P-wave
velocities range between 4.0 and 5.1 kms™'. While the boundary
between the sedimentary layers and basement is clearly visible in
the seismic refraction and MCS data in the northern and central
parts of the profile (Figs 3 and 12), it is only confirmed by a handful
of reflections within the graben structure at the southernmost end
of profile AWI-20120400 (Figs 2 and 12).

The crystalline crust is modelled with up to four layers (c1—c4,
Fig. 10). The total crustal thickness varies greatly, from ~3.5 km in
the central part of the profile, to 36.5 km at its southern end. We sub-
divide the crust into continental, transitional and oceanic domains
along the profile, based on its velocity distribution, layer thicknesses
and observational constraints from the coincident seismic reflection
lines.

3.1 Transitional and continental crust (km 470-774)

The uppermost crystalline crustal layer c1, with a thickness of up
to 5.2 km, is limited to the southern end of the model (Fig. 10, km
720-774). P-wave velocities in c1 range between 5.7 and 6.1 km s™!
and might be related to synrift, sediment-filled half grabens partly

Distribution of oceanic crust in Enderby Basin 1973

imaged by the MCS data on the shelf (Fig. 2). Outside of this
range, the underlying layer, c2, represents the uppermost acoustic
basement. Its thickness strongly varies between ~3.5 and ~5 km
(Fig. 10). Because of the lack of refracted arrivals, velocities of
5.8-6.3 kms™' in the upper parts of ¢2 and 6.1-6.5 kms™' near
its base were calculated based on reflected arrivals only. The mid
crystalline crustal layer, ¢3 (Fig. 10, km 465-774), has a rather
homogenous P -wave velocity distribution of 6.5-6.8 kms ~! and
its thickness varies between 4 and 11 km. The lowermost crust
below the shelf area (c4) was modelled with P -wave velocities of
6.8-7.0 kms ' resulting in a maximum thickness of 17 km. The
total crystalline crustal thickness below the Prydz Bay shelf sums
to 36 km. We found no evidence for magmatic underplating, which
would be characterized by seismic velocities above 7.0 kms 7' | in
this segment. Increased densities in the crystalline crust between
km 620 and 690 (2.93 gcm ~*, Fig. 13) could be an indication for
mafic rocks and intrusions in this part of the profile.

We compare five velocity—depth profiles taken between kms 500
and 750 to representative profiles for extended continental and av-
erage continental crust worldwide (Figs 14b and c). The crustal
velocity profiles south of km 650 match profiles for extended and
average continental crust (Figs 14b and c, red profiles). The ve-
locity distribution, velocity gradients and thickness of the crust
seawards, between km 500 and 650, differ from the typical ranges
for continental or oceanic crust (Figs 14c, d and e, orange pro-
files). Consequently, we interpret this part of the profile to image
the continent—ocean transition (COT).

Following Whitmarsh & Miles (1995), the COT can be defined
as the region between thinned continental crust, which is typically
characterized by tilted fault blocks, and the first occurrence of linear
magnetic reversal anomalies formed by seafloor spreading. The
seaward termination of the COT is at km 470, where the first seafloor
spreading anomalies were identified (Jokat et al. 2021). We place
the southern limit of the COT at km 700, where we see a significant
shallowing of the Moho and tilted fault blocks below the continental
shelf. Thus, the minimum width of the COT in the Prydz Bay region
is 230 km.

3.2 Oceanic crust (km 0-470)

An abrupt step-like southwards rise in the Moho, from ~16.5 to
~14 km depth, occurs between OBS 105 and 106 (Fig. 10, km 460—
480), close to the southernmost, oldest, magnetic seafloor spread-
ing anomalies (Jokat et al. 2021). The step marks a relatively sharp
northwards increase in crustal P-wave velocities in the lowermost
crustal layer. It is well constrained by reflections (Fig. 6). North-
wards, numerous refracted phases constrain the crustal velocities
and their gradients (Fig. 12), as well as the Moho, all the way to
km 0. The ray coverage constraining the velocity distribution within
the different crystalline crustal layers is good to excellent. It gener-
ally reveals the presence of two layers, a typical feature of normal
oceanic crust worldwide, except between km 0 and ~128 where we
can distinguish another, ~1.5-km-thick crustal layer (c3, Fig. 10).
P-wave velocities in all these layers lie in typical ranges for oceanic
crust worldwide (Figs 14d—f). Like Jokat et al. (2021), we interpret
the step at km 470 to mark the COB, or onset of oceanic crust,
which continues northwards to the end of the profile at km 0.

For a more detailed interpretation, Figs 14(d) and (e) compare
velocity—depth functions taken every 50 km between km 50 and
600 to global compilations of oceanic crust. Between km 250 and
450, velocity gradients and the thickness of the crust are within the
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Figure 13. Density model. The upper panel shows the observed (black) and calculated (red, blue, and green) free-air anomalies. The lower panel shows the
density model derived from our P-wave velocity model. Density values are given in gcm™. Red numbers indicate the densities used in the starting model.
Where the density values used for model 1 (blue numbers) and our final model 2 (green numbers) differ from the ones used for the start model, they are written

below the red values.

range of Atlantic and Pacific oceanic crust (White ef al. 1992). We
also compared velocity—depth functions to the newest global com-
pilation of oceanic crust by Christeson ef al. (2019), who grouped
velocity—depth functions based on spreading rates (slow to inter-
mediate spreading and fast to superfast spreading) and age of the
oceanic crust (younger or older than 7.5 Ma). Spreading rates for
the up to 133 Ma year old oceanic crust along our model range
from slow to superfast (20-220 mmyr ', Jokat e al. 2021). In our
model, velocities in oceanic layer 3 are hlgher than in the compi-
lation of Christeson e al. (2019), while velocities and thickness
of oceanic layer 2 are within the range of typical oceanic crust,
However, high velocities are not uncommon in the region. The
thinnest (~3.5-5 km) parts of our oceanic crust, at km 350-450,
resemble the 4.5-7-km-thick oceanic crust observed in the Indian
Ocean south of Sri Lanka (Altenbernd et al. 2020, Fig. 14f). The

velocities and gradients at km 50, 100, 150 and 200 match very
well with Indian Ocean oceanic crust (Fig. 14f). North of km 350,
the oceanic crust significantly thickens towards the end of the line
on the southern rim of the Kerguelen Plateau by which point the
crust is considerably thicker (up to 13 km in total) than the global
average for oceanic crust (6.15 km; Christeson et al. 2019). Here,
P-wave velocities increase to 7.0 kms™ at the top and 7.5 kms™
at the base of c4, the lower crustal layer 2. Velocities in this range
are not typical of normal oceanic lower crust, but diagnostic of
the so-called high-velocity lower crustal (HVLC) layers commonly
observed in oceanic LIPs (e.g. Coffin & Eldholm 1994; Ridley &
Richards 2010; Hochmuth et al. 2014). The velocity—depth func-
tions and thickness of the lowermost crustal layer north of km 200
also match well with the oceanic crustal structure in the Enderby
Basin along line 7 (Charvis & Operto 1999, Fig. 14f).
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Figure 14. Comparison of velocity—depth profiles along our profile with
results of other crustal studies. (a) Positions of the velocity depth profiles
taken along our model are indicated by coloured lines. (b) Comparison of
velocity—depth profiles taken between km 500-750 with profiles on ex-
tended continental crust (Christensen & Mooney 1995). (¢) Comparison
of velocity—depth profiles taken between km 500 and 750 with profiles on
average continental crust (Christensen & Mooney 1995). (d) Comparison
of velocity—depth profiles taken between km 50 and 450 with profiles on
59-127 Ma old Atlantic and 29-140 Ma old Pacific oceanic crust (White
et al. 1992). (e) Comparison of velocity—depth profiles taken between km
50 and 450 with profiles on >7.5 Ma old oceanic crust generated at slow to
intermediate and fast to superfast spreading rates (Christeson et al. 2019).
(f) Comparison of velocity—depth profiles taken between km 50 and 350
with profiles on Indian Ocean oceanic crust (Altenbernd ez al. 2020) and on
line 7 (Charvis & Operto 1999) in the Enderby Basin. (g) Comparison of
velocity—depth profiles taken between km 50 and 350 with profiles on the
lines 1, P1-87 and P2-87 (Charvis ef al. 1995), and profiles located on line
4 and line 5 at the SKP (Operto & Charvis 1995, 1996).

4 DISCUSSION

Estimated locations for the onset of oceanic crust along rifted mar-
gins, the COB, are widely used as constraints in plate kinematic
reconstructions. The most reliable estimates can be made using a
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combination of wide-angle and magnetic data, which show the dis-
tributions of relatively high crustal velocities and magnetic reversal
anomalies that are characteristic of most oceanic crust. Previous
studies in the Enderby Basin, in the absence of wide-angle data,
proposed a wide range of contrasting COB locations based on seis-
mic reflection, magnetic and gravity data (Figs 1c and d). While
the first studies (Powell et al. 1988; Ishihara et al. 1999) proposed
a COB close to the present-day shelf break, later ones (Gaina et al.
2003; Stagg et al. 2004; Gaina et al. 2007) shifted it much farther
north (400 km) to a position near 65°S over the abyssal plain. These
interpretations relied on interpretations of gravity, magnetic and
seismic reflection data and imply the presence of an extremely wide
COT off Prydz Bay (Gaina et al. 2007).

Here, we merge several geophysical data sets to provide an en-
hanced estimate for the distribution of oceanic crust in the Enderby
Basin. To do this, we interpret a previously-published compilation
of magnetic data (Golynsky et al. 2018) together with observational
insights from several Russian and Australian MCS profiles (Fig. 15)
to extrapolate the COB and newly published identifications of mag-
netic reversal isochrons (Jokat ef al. 2021) into the Enderby Basin
westwards (Fig. 16) of our deep seismic line.

First, we describe some previous interpretations of the basin’s
geophysical characteristics in greater detail. Stagg et al. (2004)
used magnetic, gravity and seismic reflection and refraction data to
locate the COB in our area of interest. Their COB correlates with an
oceanward step-up in the basement of 500-1000 m (Fig. 15d). This
step is in wide parts marked by a pronounced magnetic anomaly,
the Mac Robertson Coast Anomaly (MCA, Fig. 16). The MCA is
a strong linear positive magnetic anomaly that runs continuously
across the Enderby Basin from east to west. Using magnetic and
MCS data, Gaina et al. (2007) also interpreted the MCA to mark
the COB (Fig. 16). Beginning north of this prominent anomaly,
they identified conjugate sets of seafloor spreading isochrons in a
sequence starting with M9 (Fig. 1) flanking an extinct spreading
centre marked by either isochron M2 or M0. Gibbons et al. (2013)
proposed alterations to this scheme, keeping an extinct ridge crest in
a similar location, but suggesting a younger age for it in an attempt
to account for the results of a dense aeromagnetic survey close
to Gunnerus Ridge forming the western boundary of the Enderby
Basin at ~33°E (Jokat et al. 2010). The extinct ridge exists in both
schemes because of the interpretation of microcontinents beneath
Elan Bank and the SKP, which requires a two-phase model to sepa-
rate them first from Antarctica and later from India by a northward
jump of the Indian—Antarctic Plate boundary.

Both Gaina et al.’s (2007) and Gibbons et al.’s (2013) sets of
conjugate isochron identifications were made with variable-vintage
data collected near and over the southern flank of the KP. However,
there is a strong possibility that the magnetic anomalies represent
the products of shallow eruptions responsible for the formation of
the large igneous province rather than a record of geomagnetic
polarity reversals in oceanic crust. The distribution of continental
and oceanic crust in those studies thus mainly relied on the in-
terpretation of low-quality and/or noisy magnetic data. Magnetic
data south of the MCA in particular showed only weak anoma-
lies and were difficult to interpret, such that deep seismic data
were required to test Gaina et al.’s (2007) idea of the MCA as
representing the COB/onset of seafloor spreading in the Enderby
Basin.

A recent study (Jokat e al. 2021) provided the necessary deep
seismic profile, AWI-20070100/AWI-20120400, and used it as part
of an extensive study of the Enderby Basin to challenge the two-
phase model. As shown in Fig. 10, it is clear that the MCA (M4)
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Figure 15. (a)—(d) Seismic reflection and magnetic data along Russian and Australian profiles. Locations of the profiles are shown in Fig. 16. The MCS profiles
show the basement variations in the area where the onset of oceanic crust is proposed. Two critical magnetic chrons picked from the ADMAP grid (Golynsky
et al. 2018) as well as the area of the COB are labelled as done for the other seismic reflection lines. However, we do not consider its location as reliable.
Chron M4 is the most prominent magnetic anomaly in the Enderby Basin, which in older studies was interpreted as COB (Stagg et al. 2004; Gaina et al. 2007;
Gibbons ef al. 2013). (d) Only along this line the COB of Stagg et al. (2004) does not coincide with the position of M4 and is labelled. White numbers within
the basement are sonobuoy velocities in kms™! (Stagg et al. 2004). Since our seismic refraction profile is parallel to the Australian profile GA229-30 (Fig. 16),
the yellow numbers indicate the velocities we have determined in the same region along our profile.
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does not mark the COB, but instead expresses part of the basin’s
oceanic crustal floor. Jokat et al. (2021) used dense helicopter-
borne magnetic data (Figs 1 and 16) acquired along and parallel to
the profile to interpret the MCA as the prominent magnetic reversal
isochron M4, which lies ~160 km north of the COB (Figs 10 and 16).
Between the new COB and M4, they interpreted a weakly developed
sequence of magnetic seafloor spreading anomalies starting with
MOr (133 Ma) north of the seismically defined COB. The M-series
anomaly sequence continues north of the MCA/M4 with M3 and M1
over the SKP. Neither the magnetic nor the seismic data provided
any evidence for the presence of an extinct spreading axis (Jokat
etal. 2021).

this study
—

4500 5000
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5500 6000 6500 7000 7500 8000 8500

We extrapolate Jokat er al.’s (2021) new magnetic isochron
identifications around line AWI-20070100/AWI1-20120400 into the
wider Enderby Basin (Fig. 16) using ADMAP2, the most recent
Antarctic magnetic data compilation (Golynsky et al. 2018). The
randomly oriented magnetic data of the ADMAP2 grid do not re-
solve the low amplitude anomalies south of MCA/M4 well on their
own, but can be picked using the helicopter magnetic data as a
starting reference. As a result, Fig. 16 shows isochron M9 running
parallel to and south of chron M4, into the region west of the profile.
North of MCA/M4, the ADMAP2 grid is very noisy, perhaps owing
to complex volcanic and intrusive structures near the southern edge
of the Kerguelen Plateau. Based on this, we consider any isochron
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Figure 16. Interpretation. (a) Geological interpretation of our profile. The proposed COB positions/extinct spreading ridge of other authors are marked. (b)
Magnetic anomalies (Golynsky ef al. 2018) in the Enderby Basin and Prydz Bay region. Grey and yellow solid lines show the positions of Australian (Stagg
et al. 2004) and Russian MCS data (Gandyukhin et al. 2002; Leitchenkov et al. 2015; Antarctic Seismic Data Library System SDLS). The dashed line marks
the location of the magnetic chrons M4/MCA and M9. The M4/MCA is identical with the picks of Gaina ez al. (2007). Blue and red wiggles at 72°E are
dense helicopter borne magnetic data acquired in a corridor around the seismic refraction profiles AWI120120400/AWI-20070100. The yellow seismic lines are
underlain by magnetic wiggles extracted from the ADMAP grid (Golynsky et al. 2018). (c) Comparison of the position of our COB with the COBs proposed
by other authors. Abbreviations: Ant, Antarctica; COB, continent ocean boundary; COT, continent—ocean transition; HVLC, high-velocity lower crust; MCA,
Mac Robertson magnetic anomaly; PB, Prydz Bay; SKP, Southern Kerguelen Plateau.

identifications close to the edge of the KP (over and north of the
northern part of our seismic line) as highly questionable.

To test our tentative extrapolation of isochrons M9 and M4, we
plotted our magnetic picks together with Russian and Australian
MCS data acquired during the RAE-40, RAE-46, RAE-47 GA228
and GA229 expeditions (Gandyukhin ez al. 2002; Stagg et al. 2004;
Leitchenkov ef al. 2015, Fig. 15). This reveals two interesting cor-
relations.

First, chron M9, which lies immediately north of the COB
on the deep seismic profile, often coincides in the MCS data

with locations where acoustic basement ceases to dip seawards
and becomes horizontal (Figs 15a and b). Similar observations are
reported from the African—Antarctic spreading sector (Mueller &
Jokat 2019) and especially from the East Greenland margin (Voss &
Jokat 2007), where strong Cenozoic seafloor spreading anomalies
correlate well with the above described basement geometry. An ex-
ception can be observed on line 4604 (Fig. 15¢), where the basement
continues to dip seawards across M9 to the north of the proposed
COB. An explanation for this observation is not immediately appar-
ent but could be related to its location at the boundary/edge of two
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different spreading systems (Jokat e al. 2021). Another exception
can be observed on line GA229-30 (Fig. 15d), where the basement
reflector south of shotpoint 7500 is not easy to identify.

Second, starting around isochron A4 (130 Ma) the oceanic base-
ment continuously shallows northwards towards the edge of the
Kerguelen Plateau on four profiles (Figs 3 and 15). In a ‘normal’
oceanic deep abyssal plain we would expect that the oceanic base-
ment remains more or less at the same depth level. While continental
crust generally exhibits velocities less than 7.0 km s !, the influence
of a hotspot can lead to intense intrusions into existing crust or
the formation of new entirely igneous crust with velocities well
above 7.0 kms™ (e.g. 90° East Ridge (Grevemeyer et al. 2001),
the Walvis Ridge (Fromm et al. 2015) or the Manihiki Plateau
(Hochmuth et al. 2014)). Similar velocities are encountered along
our profile, together with the thickening of'its oceanic layer 3 to form
the so-called HVLC that starts around km 360. Jokat et al. (2021)
attribute the shallowing of the oceanic basement and thickening
of the oceanic crust to the arrival and influence of the Kerguelen
plume.

In 2001 and 2002, Australian institutions acquired deep seismic,
gravity, and magnetic data in our research area. One of these seis-
mic reflection profiles, line GA229-30, is located parallel to our
seismic refraction profile (Fig. 16). Because our profile is so close
and parallel to the GA profile, we can easily compare our crustal
velocities and the position of our COB with the findings of Stagg
et al. (2004).

Since the basement reflector at the southern end of profile GA229-
30 is not visible, the typical basement geometry we identified on
various lines in the region (Figs 15a and b) could not be used to
locate the COB. Therefore, we have extrapolated the COB from
our seismic refraction profile to line GA229-30. Notably, our deter-
mined COB is located farther south than those of Stagg et al. (2004).
Stagg et al. (2004) also determined crustal velocity profiles based
on sonobuoy data for different parts of the profile (Fig. 15d, white
numbers). Yellow numbers indicate corresponding average veloci-
ties determined along our profile. In comparison, our measured and
modelled velocities of the upper oceanic layers are lower than the
ones modelled by Stagg ef al. (2004). In the middle of the profile
GA229-30 (SP4200), the difference is largest (4.8 kms™' versus
5.9 kms™'). However, it is notable that a velocity of 4.8 kms™' was
also measured along our profile, but in the sediments covering the
oceanic crust (Fig. 10b, layer s5). Nevertheless, the velocity differ-
ences are quite high. One explanation might be that, in contrast to
our velocity model, the sonobuoy data were modelled with fixed in-
terval velocities (Stagg et al. 2004), and not, like in our model, with
velocity gradients. Also, data from a OBSs located on the seafloor
are usually much more accurate and of better quality than data from
sonobuoys that drift in the water.

How do our findings compare with results of other regional deep
seismic profiles? While the thickness and velocities of the oceanic
layer 2 (Fig. 10) along our profile are typical for oceanic crust,
velocities of up to 7.5 kms™' in the HVLC are significantly higher
than reported from the lower crust of lines 4 and 5 at the SKP
(Raggatt Basin) farther east (Operto & Charvis 1996) or line 6 at
Elan Bank (Borissova et al. 2003, Figs 1 and 14g). Operto & Charvis
(1995, 1996) interpreted the crustal structure of the Raggatt Basin
along lines 4 and 5 as stretched continental crust overlain by basalt
flows. Along both lines, the maximum velocity of the lower crust
is 6.9-7.0 kms™'. At line 4, a reflective lower crust with average
velocities of 6.7 kms™! is observed. Additionally, the crust is much
thicker (up to 22 km) than along our profile (Fig. 14g). As in the
Raggatt Basin (lines 4 and 5), no HVLC was identified below the

Distribution of oceanic crust in Enderby Basin 1979

Elan Bank on line 6 (Fig. 1), where the lowermost part of the up-to
17 km-thick crust is characterized by velocities of around 6.6 km s,
revealing a crustal structure similar to that of the Raggatt Basin at
the SKP (Borissova et al. 2003). A ~40-km-wide high velocity body
(~7.0 kms™!) in the eastern part of line 6 is interpreted by Borissova
et al. (2003) as a high-density plutonic body caused by extensive
magmatism. While the crustal structure identified along our transect
partly differs from these more northern parts of the SKP, it is in close
agreement with that reported from the NKP, where HVLC layers
have been reported (e.g. line 1, Figs 1 and 14g, Charvis et al. 1995).
Along line 1, the lower crust is twice as thick as in our profile, with
velocities ranging between 6.5 and 7.5 kms™!. Another HVLC has
been identified below the Kerguelen archipelago, where a 2.5-km-
thick layer with velocities of 7.2-7.5 kms™' is described as marking
a transition zone between the crust and mantle, underlying a 3—7-
km-thick oceanic layer 3 with velocities of 6.65-6.9 kms™ (e.g.
Recq et al. 1990; Charvis et al. 1995). Differences in the crustal
thickness and velocity distribution, as depicted in Fig. 14(g), show
the heterogeneity of the crustal structure of the KP, which is probably
related to differences in the magmatic activity of the Kerguelen
hotspot through time.

Our joint interpretation of deep seismic sounding data and dense
magnetic data shows that the initial breakup that occurred around
magnetic chron M9r (km 470, Fig. 10) was followed by the for-
mation of thin oceanic crust. Hence, breakup occurred in a magma
poor environment, suggesting that the Kerguelen mantle plume was
either not generating voluminous melts at 133 Ma, or its melt was
not being transported to the Enderby Basin off Prydz Bay. The for-
mer interpretation is supported by the absence of large amounts of
volcanic material onshore Antarctica and India at that time. The
first availability of more significant melt dates to around chron
M6n times, with the first appearance of normal thickness (~7 km)
oceanic crust on our profile (km 360 to km 200, Fig. 10). Unusually-
high (>7 kms™) seismic velocities in the lower part of this oceanic
crust indicates the presence of a HVLC, which can be attributed
to a plume origin for the melt. Towards the north, a further in-
crease in crustal and HVLC thickness is encountered at km 200
(Fig. 10). Here the oceanic crust is approx. 128 Myr old (chron
M3n; Jokat e al. 2021). In addition, our density model (Fig. 13)
shows that the density of the upper mantle decreases towards the
SKP. This can be an effect of low-density material, derived from the
Kerguelen plume, in the upper mantle. Therefore, the mantle and
crustal structure revealed along our profile have been influenced by
a long period of increasing activity related to the early phase of the
Kerguelen hotspot.

5 CONCLUSION

Interpretation of our P-wave velocity profile reveals details of the
crustal structure off Prydz Bay. Extended continental crust is identi-
fiable south of km 670. The COT along our profile is at least 230 km
wide with the onset of oceanic crust located at ~km 470. While the
oceanic crust north of the COB is initially very thin, at only 3.5 km,
it thickens northwards of km 360 and with increasing proximity to
the SKP.

During the first phase of seafloor spreading, thin oceanic crust
was formed between chrons A9 and M7 in a magma-poor regime.
During chrons M6 and M4, the magma supplies increased due to the
onset of the Kerguelen mantle plume’s influence. As a consequence,
thickened oceanic crust containing a HVLC was formed.
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Based on newly compiled magnetic data, we were able to extrap-
olate magnetic chron identifications (chrons M9 and M4) south of
chron M4 into the region west of our deep seismic line. Seismic
reflection data show correlatable basement features that can be un-
derstood to support this extrapolation. Specifically, we interpret the
area where the general basement topography becomes horizontal to
be indicative of the COB. A shallowing of the oceanic basement
further north around chron M4 is interpreted to be caused by ex-
tra melt delivered by the strengthening Kerguelen mantle plume.
These results allow a tighter fit of India and Antarctica and dismiss
a two-phase opening model for both plates.
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