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We present results derived from a seismic refraction experiment and gravity measurements about the crustal
structure of southern Sri Lanka and the adjacent Indian Ocean. A P-wave velocity model was derived using
forward modelling of the observed travel times along a 509 km long, N-S trending profile at 81°E longitude. Our
results show that the continental crust below southern Sri Lanka is up to 38 km thick. A ~ 65 km wide transition
zone, which thins seawards to ~7 km thickness, divides stretched continental from oceanic crust. The adjacent,
4.7 to 7 km thick normal oceanic crust is covered by up to 4 km thick sediments. The oceanic crust is charac-
terized by intra-crustal reflections and displays P-wave velocity variations, especially in oceanic layer 2, along
our profile. In the central part of the profile, the uppermost mantle layer is characterized by normal P-wave
mantle velocities of 8.0-8.1 km/s. At the southern end of the profile, unusual low upper mantle seismic veloc-
ities, ranging from 7.5 to 7.6 km/s only, characterize the uppermost mantle layer. These low upper mantle
velocities are probably caused by partially serpentinized upper mantle. At even greater depths the upper mantle
layer is characterized by velocities of 8.3 km/s on average. The type of margin along our profile is difficult to

identify, since it is characterized by features typical for different types of margins.

1. Introduction

Sri Lanka, the island southeast of India in the Indian Ocean, is located
at the southernmost part of the Indian subcontinent, which formed a
single continent together with Antarctica in the Cretaceous. To recon-
struct the initial fit of the continental parts and the early drift history,
the knowledge of magnetic spreading anomalies but also the crustal
fabric and distribution of continental and oceanic crust is an important
constraint.

So far it is known that the evolution of the Indian Ocean took place in
several phases (McKenzie and Sclater, 1971; Norton and Sclater, 1979;
Powell et al., 1988; Royer and Coffin, 1992). Oceanic crust formation
started after the break-up of eastern Gondwanaland during the Early
Cretaceous (Curray et al., 1982; Peirce, 1978; Powell et al., 1988). Weak
magnetic anomalies in the Bay of Bengal and the resulting uncertainties
have led to different theories on the exact location and timing of the
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onset of early seafloor spreading between 134 and 118 Ma (Banerjee
et al., 1995; Desa et al., 2006; Gaina et al., 2007; Jokat et al., 2021;
Ramana et al., 1994; Royer and Coffin, 1992). Based on subdued mag-
netic anomalies, Desa et al. (2006) proposed that the oldest identified
magnetic anomaly off the coast of southern Sri Lanka is related to 134
Ma old oceanic crust. In addition, the same authors identified NNW-SSE
and NW-SE trending fracture zones south of Sri Lanka, created during
this first phase of seafloor spreading. Changes in the orientation of these
fracture zones indicate that a major plate reorganization took place in
the Late Cretaceous and the Indian plate moved northwards (Johnson
et al., 1980; Matthews et al., 2012; Miiller et al., 2000). The collision
between India and Eurasia at around 50 Ma led to another change in
spreading direction to NE-SW until present.

Continental break-up is often accompanied by massive onshore
volcanism leading to the formation of flood basalt provinces and in-
trusions within the stretched continental crust of the conjugate margins.
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Not much about onshore volcanism in southern Sri Lanka and its con-
jugate margin in the Enderby Basin has been reported. Thus, from
onshore investigation it seems that the separation of the Antarctica and
Indian/Sri Lanka plates happened without major magmatism. The
question is if this is also true for the present-day submarine part of the
island. The continent-ocean transition zone (COT) is an area which has

65 70° 75 80° 85° 90°

a)

c)

Fig. 1. Bathymetry, gravity and geoid heights in the research area.
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been affected by stretching of continental crust and subsequent in-
trusions. Furthermore, this zone can also host an exhumed and serpen-
tinized mantle (e.g. Eagles et al., 2015; Peron-Pinvidic et al., 2013;
Whitmarsh and Miles, 1995). The width of the COT, the type of margin
and the position of the onset of oceanic crust at the continent-ocean
boundary (COB) are important constraints for any kinematic model of
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a. Bathymetric map (GEBCO_2014 Grid, version 20141103, http://www.gebco.net) with location of profile AWI-20170300 (black line) and AWI-20170400 (brown

line, Altenbernd et al. (2020)).

b. Bathymetric map showing the region of interest. The deployment positions of all OBSs and land stations are marked with black circles and annotated with black
numbers. The black line marks the location of the shot points. The COB according to Jokat et al. (2021) is marked.

c. Satellite derived gravity map (Sandwell and Smith, 2009).

d. Geoid height (Pavlis et al., 2012). The map shows the location of the IOGL in the Indian Ocean.

Abbreviations: SL: Sri Lanka, IOGL: Indian Ocean Geoid Low
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the Indian Ocean. But type, composition and thickness of the crust of
southern Sri Lanka and the adjacent oceanic crust have so far mainly
been investigated based on few seismological studies (Dreiling et al.,
2020; Pathak et al., 2006; Rai et al., 2009), sparse multichannel seismic
(MCS) profiles (e.g. Bull and Scrutton, 1990) and potential field data (e.
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g., Radhakrishna et al., 2010; Rao et al., 2016). Only recently (Jokat
et al., 2021), the COB off southern Sri Lanka was better constrained by
combining a P-wave velocity model (AWI-20170300) and marine
magnetic data along 81°E (Fig. 1). Our contribution uses the same
seismic data set. However, here we analyze the seismic wide-angle and
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Fig. 2. Seismic record section, picks, and calculated ray paths for land station 344.

a. Seismic record section. The horizontal scale is the shot-receiver distance.

b. Same section as shown above, with picked refractions and reflections shown blue and red, respectively. Phase names are explained in Table 1. The height of the
picks depicts the assigned pick uncertainties. The calculated travel times are marked as black line.
c. Calculated raypaths of refracted (red) and reflected (blue) phases within the P-wave velocity model. The horizontal scale is the model distance along the P-wave

velocity model.
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additionally also gravity data to describe more details of the crustal
fabric and uppermost mantle along profile AWI-20170300.

In this context it is important to note that our area of investigation is
situated within the Indian Ocean Gravity Low (IOGL), the most promi-
nent geoid low on earth (Fig. 1d). Its evolution and the origin of one or
more density anomalies causing the IOGL are still debated. Several
theories have been proposed, for example a depression in the core-
mantle boundary (Negi et al., 1987), a hot anomaly in the mantle
transition zone, underlain by cold anomaly (Reiss et al., 2017), or an
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uncompensated depression in the upper mantle (Ihnen and Whitcomb,
1983), just to name a few. Our profile provides no information on deeper
mantle processes but shed new insights into the structure of the upper
mantle in the area of the IOGL.

land station 341

N Offset (km) S

5 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

300 360 380 400

O
~
|

Loaloaligl

Loalolal

QOO NON
1

Nt b bbb

22

Depth (km)

60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460

Distance (km)

Fig. 3. Seismic record section, picks, and calculated ray paths for land station 341.
a) and b) show the seismic record section, c) the calculated raypaths within the model. For additional explanations, see Fig. 2.
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2. Methods
2.1. Acquisition and processing of seismic refraction data

The experiment was carried out onboard RV SONNE in 2017
(Geissler, 2017). Profile AWI-20170300 was acquired along 81°E, using
a total of 45 ocean bottom seismometers (OBS) and land stations
deployed onshore and offshore (Fig. 1). The instrument spacing of the 30
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deployed OBSs on the seafloor was 11.5 km on average. Onshore, 15
land stations were deployed in a distance ranging from 2 to 20 km. Each
land station was equipped with a string of 12 geophones. Their GPS
clock was synchronized every 15 min.

Different OBS types were used during the experiment. 20 OBSs were
equipped with a 3-component broadband seismometer and a hydro-
phone, while 10 OBSs had a three-component geophone and a hydro-
phone. A sampling frequency of 250 Hz was used during acquisition. For

20170300, station 314
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Fig. 4. Seismic record section, picks, and calculated ray paths for OBS station 314.
a) and b) show the seismic record section of the hydrophone channel, c) the calculated raypaths within the model. For additional explanations, see Fig. 2.



T. Altenbernd-Lang et al.

more detailed information on instruments and settings, see Geissler
(2017).

Shooting was only conducted in the seaward part of the profile and
not onshore. An array of 8 G-guns, providing a total volume of 68 1, was
operated at 200 bar. The shooting interval was 60 s. Unfortunately, MCS
data could not be collected in parallel due to a malfunction of the
streamer recording system.

All deployed instruments onshore and offshore along the profile were
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successfully recovered at the end of the experiment. The recorded raw
data were converted to segy format. In addition, the drift of the internal
clock was corrected in the OBS data. Also, the OBS locations on the
seafloor were corrected for their drift from the deployment position
using water-path travel times from the recorded shots. Shot-receiver
offsets were calculated and written into the segy headers.

i

20170300, station 310
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Fig. 5. Seismic record section, picks, and calculated ray paths for OBS station 310.
a) and b) show the seismic record section of the hydrophone channel, c) the calculated raypaths within the model. For additional explanations, see Fig. 2.
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2.2. P-wave velocity modelling

We used the open software zp for picking first arrivals of refracted
and reflected phases (Barry Zelt, http://www.soest.hawaii.edu/use
rs/bzelt/zp/zp.html). The overall data quality was good to excellent.
First arrivals could be observed for more than 400 km distance. How-
ever, four instruments recorded almost no useable arrivals (stations 307,
318, 322, 336). OBS 328 had a malfunction and recorded no data.

20170300,

Offs
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Refracted and reflected arrivals within the seismic records were iden-
tified based on their amplitude, curvature and velocities. Examples are
shown in Figs. 2-8. In the following, refractions through the four sedi-
mentary layers are named Pseq1—Psed4, While reflections at the base of the
sedimentary layers are named Pgeq1P-Pseq4P. Refractions in the upper
and lower crust are labelled P.; and Py, respectively. The reflection at
the base of the upper crustal layer is named P.P. Refractions within the
mantle below the Moho reflection (P,P) are named P,; and Pps.
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Fig. 6. Seismic record section, picks, and calculated ray paths for OBS station 304.
a) and b) show the seismic record section of the hydrophone channel, c) the calcul

ated raypaths within the model. For additional explanations, see Fig. 2.
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Fig. 7. P, multiple identified in the seismic record section of OBS station 305.
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a. Seismic record section of the z-channel showing strong reverberations masking later arrivals.
b. Seismic record section of the hydrophone channel showing a much better signal quality. The horizontal scale is the shot-receiver distance.
c. Same section as shown in b), with picked multiples of the Pn phases (Pn1mult and Pn2mult). The Pn multiples were picked using data of the z-component of the

seismometer (a) and hydrophone channel (b).

Multiples of the P, refractions are named Pp1myit and Ppomyle. The naming
and number of picked first arrivals are shown in Table 1.

Since we had no MCS data available to obtain information on the
sediment and basement geometries along our profile, we applied a
special processing to the OBS data to image subsurface structures on
either side of our OBS stations (Yelisetti et al., 2017). Removing the
move-out of the deep water multiples within the OBS recording with a
water velocity of 1.5 km/s, provides in our case a rough image on the
subsurface along our profile (for details see Yelisetti et al. (2017)). This

information was incorporated into the model setup.

Modelling of the picked first arrivals was conducted with the soft-
ware rayinvr (Zelt and Smith, 1992) and the graphical interface PRay
(Fromm, 2016). Around ~20,000 picks were used for modelling the 509
km long P-wave velocity model by forward and inverse modelling
(Fig. 9) from top to bottom. While refractions in the upper sedimentary
layers are often masked by the direct wave (Py,), the velocities within the
lowermost sedimentary layers, crustal layers, and the upper mantle are
very well constrained by numerous refractions in the central and
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legend, the reader is referred to the web version of this article.)

Table 1
Description of picked phases, number of picks, RMS misfit between picked and
calculated travel times Trms, and chi-squared values.

Phase description No. of Trms 12
picks (s)
P,, (direct wave) 4705 0.039 0.285
Pseq1 (sediment refractions) 26 0.076 1.108
Pseq1P (sediment reflections) 102 0.047 0.450
Pgedz (sediment refractions) 18 0.054 0.918
Pgeq2P (sediment reflections) 20 0.066 0.467
Pseqs (sediment refractions) 738 0.043 0.391
PgeasP (sediment reflections) 381 0.049 0.265
Pgeqq (sediment refractions) 1480 0.043 0.340
PseqsP (reflection base sediments) 640 0.075 0.699
P (refraction oceanic layer 2 and upper 1429 0.074 0.894
continental crust)
PP (reflection base upper crustal layer) 935 0.137 2.896
P, (refraction oceanic layer 3 and lower 3826 0.086 0.894
continental crust)

PP (Moho reflection) 2724 0.101 1.180
P (refraction in upper mantle I) 624 0.069 0.637
P,P (reflection, base serpent. Upper mantle) 24 0.027 0.086
Phimuie (multiple refraction upper mantle I) 369 0.057 0.413
P2 (refraction in upper mantle II) 2477 0.077 0.672
Phomurt (multiple refraction upper mantle II) 131 0.030 0.100
All 20,649 0.075 0.756

southern part of the profile (Fig. 10). Reflections within the crustal
layers and some sedimentary layers have been recorded by many sta-
tions. The upper crust of the island itself is less well imaged, because of
the large initial offsets between the recording station and the first airgun
shot at ~114 km model distance (Fig. 9). This results in a very reduced
ray coverage for the northern part of the profile. In contrast, the depth of
the Moho below the southern part of the island and the COT is very well
constrained by a large number of reflections. Especially some of the land
stations recorded upper mantle arrivals at very long offsets. Examples
are shown in Figs. 2 and 3.

Our P-wave model consists of nine velocity layers (Fig. 9), which
were identified based on their P-wave velocities, changes in velocity
gradients and reflections at the top and base of layers if present. Up to
four layers were needed to model the sedimentary units. Two layers
were used to model the continental and oceanic crust along the profile.
The crust below Sri Lanka landward of 114 km model distance is poorly
constrained due to the experimental setup. Southwards, the velocities of
the upper part of the lower crustal layer are constrained by refractions
(Fig. 10). We used similar velocities to model the upper crust north of km
114. The velocities of the lower crust in the northern part of the model
are constrained by refractions and Moho reflections. These average P-
wave velocities of this crustal layer (6.6 km/s) are also in good agree-
ment with tomographic-based results on the crustal structure of Dreiling
et al.(2020), who calculated average crustal P-wave velocities of
6.3-6.7 km/s for the Sri Lanka crust. The upper mantle was split into two
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velocity layers in order to account for the observed high mantle veloc-
ities on several recording stations.

2.3. Error analysis and uncertainty of the model

Table 1 summarizes the error analysis for individual phases and
layers. The normalized chi-squared for the P-wave velocity model is
0.756, which is lower but still close to the optimum value of 1. A
normalized chi-squared of 1 means that the fit of the calculated travel
times is fully within the assigned pick uncertainties. Therefore, the
calculated and observed travel times are in good agreement in our model
(Fig. 11). Our estimated pick uncertainties vary between 40 and 100 ms
and assigned based on the signal-to-noise ratio. In Figs. 2 to 8, the pick
uncertainties are indicated by the height of the bars. The average RMS
(root-mean-square) misfit between calculated and picked travel times is
75 ms. The low average RMS misfit shows that the model is well
constrained.

Larger errors and uncertainties are to be expected in the northern
part of the profile. Because of the experimental setup, only refracted rays
covering the upper 16 km of the crust could be detected below Sri Lanka
(Fig. 10). Also, no reversed ray coverage is present north of 114 km
model distance. The ray coverage in the northern part of the model is
reduced since the last shot point is located close to the coast at ~114 km
model distance (Fig. 9). As a result, the velocities in this area of our P-
wave velocity model are mainly based on crustal refractions in the upper
part of the lower crustal layer and the fit of reflections at the Moho. Due
to the lack of onshore shots, the crustal structure and P-wave velocities
north of 114 km model distance are subject to much greater un-
certainties than in the marine area of the profile.

10

Absolute errors of the model were determined by changing single
depth- and velocity nodes of our model and examination of the effects on
the calculated travel times. For this we vertically shifted depth nodes or
changed the value of velocity nodes until the calculated travel times
were outside the range of the pick uncertainty. The following error
estimation apply to the range between 40 and 470 km model distance, as
no or only sparse ray coverage is present at both ends of the profile.
Velocities within sediments, crust and upper mantle are accurate to
within £0.1 km/s south and + 0.2 km/s north of 170 km model dis-
tance. The depth uncertainties for sedimentary and crustal layers in-
crease with depths from 0.1 to 0.4 km south of 170 km model distance.
North of 170 km model distance, the depth uncertainties of sedimentary
and crustal layers are much greater due to the sparse ray coverage and
range between +0.6 and + 1.5 km. The uncertainty for the Moho depth
is £1.2 km from 0 to 150 km model distance and + 0.6 km seawards of
150 km model distance.

2.4. Gravity data acquisition and modelling

Our area of investigation is located within the IOGL (Indian Ocean
Geoid Low), the world's most prominent geoid low, situated south of
India in the Indian Ocean (Fig. 1d). The relative gravity along our profile
was recorded from 113 to 494 km model distance with a Bodenseewerke
KSS32-M gravity meter. Tie point measurements were conducted in
Colombo before and after the cruise, and the instrumental drift of 5.63
mGal over 86 days was corrected. Also, an Eotvos correction was applied
using the ship's GPS positioning records. Measured free-air gravity
values along AWI-20170300 range between a maximum of —1 mGal at
113 km model distance to a minimum of —85 mGal at 182 km model
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figure legend, the reader is referred to the web version of this article.)

distance (Fig. 12a). accordingly. Depth and thickness of the individual layers remained
We performed 2D gravity modelling (Fig. 12) with the software GM- unchanged. The gravity response of our start model in comparison with
Sys to verify the P-wave velocity model for consistency with the the measured shipborne gravity anomalies is shown in Fig. 12.
measured free-air gravity data. For our initial density model (start Large misfits between observed and calculated gravity occur south of
model), average P-wave velocities of the layers were converted to den- the shelf in the starting model. Unfortunately, the northern part of our
sities based on the generic relationships of Ludwig et al. (1970). The model is partly poorly constrained due to a sparse ray coverage (Fig. 10),
mantle was modelled with a density of 3.3 g/cm?, except for the upper, which can result in a larger error than in other parts of the model.
presumably serpentinized mantle at the southern end of the model, Therefore, we divided the thick continental crust north of 120 km model
where a density of 3.25 g/cm® was used. If the velocities within a layer distance in two parts and reduced its density from 2.9 g/cm? to 2.85 g/

changed significantly, the layer was divided into different blocks cm® and 2.88 g/cm®. By this, a good fit between the measured and
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Fig. 11. Fit of picked and calculated travel times.

The height of the picked reflections (red), refractions (blue), and refracted P, multiples (green) indicates the assigned uncertainties (see also Table 1). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

calculated gravity values is obtained (Fig. 12).
3. Results and interpretation

3.1. Crustal structure and position of the continent ocean boundary and
continent ocean transition

The sedimentary cover off southern Sri Lanka is up to 4 km thick in
our model (Fig. 9). The velocities of the two uppermost sediment layers
are only constrained by very few arrivals and were set to 1.6-1.9 km/s
and 1.9-2.8 km/s, respectively. In contrast, the velocities of the lower-
most two sedimentary layers are well constrained and range between 2.4
and 3.9 km/s. The crust of Sri Lanka along our profile is up to 38 km
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thick and thins towards the southern continental margin. The upper
crustal layer has a thickness of 2 to 4.5 km, the lower layer has a
maximum thickness of 34 km. In this part of the model, velocities lie in
the range of 5.0-5.6 km/s in the upper and 6.3-7.0 km/s in the lower
part of the crust. Seawards of 175 km model distance, the crust is be-
tween 4.7 and 7 km thick. Velocities of the uppermost, 2.2-3 km thick
layer range between 4.9 and 5.6 km/s at its top and 5.3 and 6.2 km/s at
its base. The underlying, 2.5-5.3 km thick lowermost crustal layer is
characterized by velocities of 6.3 to 6.7 km/s at its top and 6.8 to 7.2
km/s at its base. In the lowermost crustal layer, velocities between 330
and 450 km model distance are lower (6.2 to 6.9 km/s) than in the
adjacent areas.

To determine the extent and onset of different crustal types
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Fig. 12. 2D density model.

a. Measured (black) and calculated free-air anomalies for the start (blue) and end model (purple).
b. Density model derived from the P-wave velocity model. Density values are given in g/cm®. Values in brackets are densities that were used in the start model and

had to be adjusted for the end model.

(continental, oceanic, transitional) along our profile, we calculated
velocity-depth functions at various positions (Fig. 13a). Then, we
compared these velocity-depth functions with those of normal Atlantic
and Pacific oceanic crust (White et al., 1992) (Fig. 13b), with oceanic
crust identified in the Indian Ocean along the nearby located profile
AWI-20170400 (Altenbernd et al., 2020) (Fig. 13c), and with average
and extended continental crust (Christensen and Mooney, 1995)
(Fig. 13d,e). Transitional crust within the COT does not have a typical
velocity-depth function, in contrast to oceanic and continental crust. The
characteristics, P-wave velocities and thicknesses within the COT can
vary greatly, as for example serpentinized upper mantle and/or
stretched and highly intruded continental crust can be present within
the COT.

So far, mainly Atlantic rifted margins, e.g. the Iberian-Newfoundland
conjugate margins (e.g. Crosby et al., 2008; Lau et al., 2006) or East
Greenland-Norway conjugate margins (e.g. Mjelde et al., 2005; Peron-
Pinvidic et al., 2012; Voss and Jokat, 2007), have been investigated in
greater detail. As a consequence, characteristics and composition of
COTs along rifted margins in many regions of the world are poorly
constrained due to a lack of drilling and seismic data. Therefore, we
classify transitional crust to be present where the velocity structure or
crustal thickness differs significantly from that of typical oceanic or
continental crust.

The crust is oceanic between 180 and 500 km model distance. The
crustal thickness, velocity gradients and velocity distribution are in good
agreement with the crustal structure of Atlantic, Pacific and Indian
Ocean oceanic crust. The velocity gradients of oceanic layer 2 (Fig. 13b,
blue profiles) are smaller when compared with Atlantic and Pacific
oceanic crust, but coincide with those along the closely located profile
AWI-20170400 (Fig. 1, Fig. 13c). In comparison with oceanic crust
along AWI-20170400, the oceanic crust in our model is in places ~1 km
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thicker and has lower velocities of 5.0 km/s at the top of oceanic layer 2
in some areas. The oceanic crust shows some velocity variations. Be-
tween 300 and 450 km modelling distance, velocities of the oceanic
layers 2 and 3 are partly lower than in the adjacent areas, especially in
oceanic layer 2 (up to 0.8 km/s) (Fig. 9).

In Fig. 13d and e, we compare the velocity-depth profiles taken be-
tween 50 and 170 km model distance with extended and (global-)
average continental crust, respectively. From 50 to 100 km model dis-
tance, the velocities and velocity gradients lie within the range of
average continental crust, and at 125 km and 140 km model distance
also for extended continental crust.

While the thickness of the continental crust at 0-80 km model dis-
tance remains constant, the crustal thickness decreases seawards,
especially south of 110 km model distance. Therefore, we set the onset of
the COT at 110 km model distance. Between 150 and 170 km model
distance, both the crustal thickness of up to 14 km and the velocity
gradient in the upper crustal layer lie outside the typical range of
oceanic crust or continental crust (Fig. 13b-e, dark green profiles).
However, the velocities in this area in the upper crust are comparable
with the adjacent, stretched continental crust, while velocities and ve-
locity gradients in the lower crust are higher. Those higher velocities
could be attributed to mafic intrusions at the base of a stretched conti-
nental block. Taking these results into account, we place the continent-
ocean boundary (COB) marking the onset of oceanic crust in our model
at 175 km model distance.

3.2. Velocities in the upper mantle

The uppermost mantle layer in our model between 150 and 509 km
model distance is 2.5 km thick on average. This P-wave velocity layer
was modelled with typical uppermost mantle velocities of 8.0 to 8.15
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km/s and is constrained by refracted arrivals (P,;) identified in several
seismic sections (Figs. 4, 10) and some P;; multiples (Ppimult) (Figs. 7,
8). An exception is the area south of 400 km model distance. Here,
mantle velocities below the Moho are significantly lower, ranging from
7.5to 7.8 km/s (Figs. 6, 9). We attribute those low velocities in this part
of the mantle to a low degree of serpentinization (<12%) (Christensen,
1966; Horen et al., 1996). In contrast, mantle velocities of up to 8.4 km/s
have been recorded by almost all land stations (Figs. 2, 3 and 10).
Additionally, multiples of refracted arrivals with normal and higher-
than-normal upper mantle velocities were identified in some OBS
datasets (Figs. 7, 8). Since the crustal thickness, structure and depth of
the Moho is well documented in the oceanic part of the model, we rule
out that the observed high mantle P-wave velocities are caused by the
Moho dip or topography of the oceanic crust. Hence, a second mantle
layer with velocities of 8.25 km/s at its top and 8.45 km/s at its base (70
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km depth) was used in our P-wave velocity model to fit the observed
upper mantle travel times. The P, velocities of 8.3 km/s are notably
higher than the global average of 8.09 km/s below continents (Chris-
tensen and Mooney, 1995). The observed high velocities can be a result
of seismic anisotropy, caused by the orientation of olivine crystals in the
upper mantle.

4. Discussion
4.1. Crustal structure

Previous studies investigating the Moho depth below Sri Lanka were
conducted by receiver function analyses. The determined crustal thick-
ness of southern Sri Lanka ranges between 34 km (Pathak et al., 2006)
and 38 km (Rai et al., 2009). Dreiling et al. (2020) studied the crustal
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structure of Sri Lanka based on a joint inversion of surface wave
dispersion and receiver functions derived from a temporarily installed
seismic network consisting of 30 stations. Their results show a Moho
depth of 37 to 39 km below southern Sri Lanka. These results agree well
with the maximum Moho depth of ~37 km along our profile.

In the past, the presence of oceanic crust and the position of the COB
south of Sri Lanka was mainly estimated from potential field data (e.g.,
Desa et al., 2006). Nevertheless, the new position of the COB (Fig. 1b;
Jokat et al., 2021) is close to the gravity-based COB of Desa et al. (2006).
Their gravity model predicts the onset of oceanic crust at 145 km model
distance (Fig. 14). In our velocity-depth model, it is only located 30 km
farther south at ~175 km model distance.

Wide-angle seismic studies investigating the structure of Indian
Ocean oceanic crust are sparse (Altenbernd et al., 2020; Kopp et al.,
2000; Louden, 1995). Along our profile, the oceanic crust is between 4.7
and 7 km thick. Velocities of the uppermost, 2.2-3 km thick layer range
between 4.9 and 6.2 km/s. The underlying lowermost crustal layer was
modelled with velocities of 6.3 to 7.2 km/s and has a thickness of 2.5 to
5.3 km. The oceanic crust of the nearby located profile AWI-20170400,
acquired with the same acquisition parameters, is between 4 and 7 km
thick and partly highly affected by faulting (Altenbernd et al., 2020). As
shown in Fig. 13c, the characteristics of the oceanic crust along both
profiles (AWI-20170400 and AWI-20170300) are very similar. Howev-
er, the minimum thickness of oceanic crust in both mentioned profiles is
below the (global-) average crustal thickness of 7.1 km (White et al.,
1992) or 6.2 km (Christeson et al., 2019) for oceanic crust. The partly
lower-than-normal thickness of the oceanic crust is also in good

Distance (km)
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agreement with the characteristics of the oceanic crust in the Central
Indian Ocean, where seismic refraction measurements imaged an area of
highly deformed crust (Louden, 1995). A total crustal thickness of only
5.4-6.2 km was calculated, with P-wave velocities of 4.5-6.8 km/s in the
upper oceanic crustal layer and 6.4-7.4 km/s in the lower oceanic
crustal layer (Louden, 1995). In contrast to our profile, the crust is
highly deformed and the lower crustal layer is partly characterized by
low velocity zones (6.5-7.8 km/s) beneath basement ridge crests.

As already mentioned, the intra-crustal reflections at the boundary
between oceanic layer 2 and oceanic layer 3 are not a typical charac-
teristic of oceanic crust. However, there are other examples of these
unusual reflections occurring within the crust from the Indian Ocean. In
the Mozambique Basin, the oceanic crust is 5.5-7 km thick, with ve-
locities of 5.6-5.8 km/s in layer 2 and 6.5-7.0 km/s in layer 3 (Mueller
etal., 2016), and intracrustal reflections occur almost everywhere at the
base of oceanic layer 2. The existence of oceanic crust in the
Mozambique Basin is well constrained by magnetic spreading anomalies
(e.g. Simpson et al., 1979; Leinweber and Jokat, 2012; Mueller and
Jokat, 2019). It is therefore unlikely that the crustal structure in the P-
wave velocity model was misinterpreted. In contrast to the Mozambique
Basin, no clear magnetic spreading anomalies have been identified south
of Sri Lanka in our research area. Based on magnetic data collected in
2017, Jokat et al. (2021) identified field-intensity fluctuations Q2 (108
Ma) at 310 km model distance (Fig. 9) and Q1 (92 Ma) south of our
profile. Only some hundred km southeast of our profile, intra-crustal
reflections have also been identified in the oceanic crust underlying
AWI-20170400 (Altenbernd et al., 2020) (Fig. 1).

Fig. 14. Interpretation of the seismic re-
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Normal oceanic crust specifically in the deep abyssal plains is rarely
investigated, as seismic refraction measurements are mainly carried out
across continental margins, LIPs or mid-ocean ridges. The quality of the
data has also increased significantly in recent decades due to improved
technology. Therefore, in our opinion, it is entirely possible that intra-
crustal reflections at the layer 2/3 boundary occur much more
frequently than previously thought, or that the oceanic crust in the In-
dian Ocean differs in this respect from the Atlantic and Pacific crust
structure. Finally, since the velocity-depth profile of the oceanic crust
along AWI-20170400 shows many similarities with the crust south of
175 km model distance along our profile, we are confident that this crust
is, despite its intra-crustal reflections, oceanic.

4.2. Variations in the oceanic crustal velocities

The oceanic crust, especially oceanic layer 2, is characterized by
velocity variations (Fig. 9). Between 250 and 350 km model distance,
velocities of oceanic layer 2 are lower than to the south and north.
Variations of oceanic crustal velocities have been reported from other
regions. Along the Western Barent Sea margin, Libak et al. (2012)
identified strong velocity variations in oceanic layer 2, while velocities
in oceanic layer 3 remain relatively constant. Variations in the crustal
velocities of oceanic crust may be caused by variations in lithology, age
or alteration. For example, crustal accretion and the structure and
thickness of oceanic crust often depends on the spreading rate and
magma supply (Christeson et al., 2019; Dick et al., 2003; White et al.,
1992). Klingelhoefer et al. (2009) identified oceanic crust with high
lower crustal velocities (“high velocity oceanic crust”) west of the
southern Moroccan continental margin. After Klingelhoefer et al.
(2009), a possible explanation might be that the oceanic crust contains
high amount of serpentinite formed as a result of slow spreading rates.

Suckro et al. (2012) report a high variability of oceanic layer 2 ve-
locities in the oceanic crust of southern Baffin Bay. Based on these ve-
locities, Suckro et al. (2012) divided the upper crust into basalts
(4.2-5.7 km/s) and underlying dykes (5.5-6.4 km/s). The thickness of
the basalts and dykes varies significantly, which also results in a high
variability of the P-wave velocities. Funck et al. (2012) divided oceanic
layer 2 in the southern Baffin Bay into segments with different velocities
(5.5-6.0 km/s and 6.1-6.5 km/s) and thicknesses. These segments are
probably separated by fracture zones and were formed at different ages
(Funck et al., 2012). Our profile was acquired in a 45° angle to the
spreading direction (Figs. 1, 14). It is therefore likely that our profile
crosses more than the one fracture zone shown in Fig. 14 and that the
variations in crustal velocities can be explained by segmented litho-
sphere formed at different ages and different conditions. Differences in
the degree of alteration can also be responsible for the velocity varia-
tions. However, a more detailed interpretation of the observed velocity
variations cannot be provided by a single regional profile.

4.3. Type of margin

The experimental setup, the lack of onshore shots, and missing MCS
data make it difficult to determine the type of margin (magma-poor,
magma-rich, transform) along our profile. Additionally, our profile is
also not oriented perpendicular to the spreading direction and crosses
the fracture zones south of Sri Lanka at an angle of ~45° (Fig. 14b),
which makes identification of the type of margin even more difficult.

The COT in our model is characterized by rifted and extended con-
tinental crust and is in general considerably thinner (7-30 km) than the
adjacent, ~38 km thick continental crust. The resulting stretching factor
of max. ~5 is typical for a magma-poor rifted margin (Mjelde et al.,
2007). Rotated fault blocks might be present between 110 and 175 km
model distance (Fig. 9), which is another characteristic for this type of
margin. However, clear indications for serpentinized upper mantle,
often observed within the COT on magma-poor margins (Chian et al.,
1999; Mjelde et al., 2007), are missing in the COT of our model. Wide
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zones of exhumed upper mantle, which separate the extremely thinned
continental crust from oceanic crust, (e.g. Dean et al., 2000; Reston,
2009; Whitmarsh et al., 2001), are also missing along our profile. Since
the upper mantle in the COT of magma-poor margins is often completely
serpentinized, the P-wave velocities increase gradually from the base-
ment to the upper mantle. Moho reflections are weak or missing (Dean
et al., 2000), therefore, no abrupt increase of the P-wave velocity at the
Moho is likely.

Indications for a magma-rich margin are signs for massive volcanic
activity during its formation. A typical structural element for magma-
rich rifted margins are Seaward Dipping Reflectors (e.g., Eldholm
etal., 1987; Gladczenko et al., 1998; Hinz, 1981). Due to the lack of MCS
data along our profile, we cannot say whether Seaward Dipping Re-
flectors (SDRs) or massive intrusions are present along the margin.
Another characteristic of a magma-rich margin are high-velocity lower
crustal bodies (P-wave velocities of 7.2-7.7 km/s) underneath the
transitional crust (Geoffroy, 2005; Holbrook et al., 2001; Kelemen and
Holbrook, 1995; White et al., 1987). High seismic velocities of up to 7.2
km/s (+1 km/s) are present between 140 and 250 km model distance.
But these high velocities in the lower crust are close to the lower limit of
P-wave velocities typical for high-velocity crustal bodies. Looking at the
determined uncertainties of ~0.1 km/s, the velocities can also be too
low to indicate underplating. Massive intrusions within the stretched
continental crust of the transition zone, identified along other magma-
rich margins (e.g. Abdelmalak et al., 2015; Mutter et al., 1984), are
also not visible in our data.

The third possible margin type is the transform margin, which nor-
mally displays a sharp continent to ocean transition (e.g. Sage et al.,
2000). Such a sharp transition can be discerned by adjacent crustal
sections characterized by different velocities and thicknesses. In contrast
to that, we identified a transition zone along our profile between 110
and 175 m model distance (Fig. 9). While some transform margins are
characterized by steep Moho slopes (higher than 10°), others are char-
acterized by a gentle slope (Mercier de Lépinay et al., 2016). The con-
tinental Moho slope between 110 and 150 km model distance is highly
variable and partly very steep (up to 20°). Compared to divergent
margins, transform margins have a narrow necking zone (50-100 km) in
the zone of stretched continental crust (Mercier de Lépinay et al., 2016).
The necking zone in our model is within the range typical for transform
margins. A marginal ridge at the edge of the continental slope is some-
times present at transform margin (Berndt et al., 2001; Dgssing et al.,
2010; Mercier de Lépinay et al., 2016). The two basement steps between
120 and 140 km model distance, and 150 and 170 km model distance
(Fig. 9) could be interpreted as such, but could also display structures
related to extension, like fault blocks.

In summary, it is not possible to unequivocally assign the continental
margin of our profile to one type of continental margin, since some, but
never all, of the characteristics are met. This is not surprising given the
orientation of the profile and history of Sri Lanka's separation from the
conjugate continental margin in Antarctica. The conjugate margin of
southern Sri Lanka is located in the Liitzow-Holm Bay area (Gaina et al.,
2007; Jokat et al., 2021). In the first phase of the separation, slow
oblique continental extension in the Liitzow-Holm Bay area took place
(Jokat et al., 2021). After a phase of counterclockwise rotation of Sri
Lanka, the first oceanic crust adjacent to southern Sri Lanka was formed
around 112 Ma (Jokat et al., 2021). The evolution of the margin is
therefore complicated, and the margin type can best be described as an
oblique rifted, divergent margin which was affected by strike-slip mo-
tion in its early formation.

4.4. Serpentinized upper mantle

We attribute low velocities in the upper mantle south of 400 km
model distance at a depth of 8-12 km below the seafloor to serpentini-
zation (Fig. 9). South of 470 km model distance, the ray coverage of the
“serpentinized” mantle is sparse or absent (Fig. 10, lower left and top
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right). Therefore, the southern extent of the serpentinized section might
be smaller than indicated in our model. However, the gravity model
(Fig. 12) indicates that also the area south of 470 km model distance is
underlain by material with lower densities.

Delescluse and Chamot-Rooke (2008) interpret bright reflectors in
MCS data at a Moho depth level (8-15 km below the seafloor) as ser-
pentinization fronts in the Central Indian Basin. Deep faults cut through
the entire oceanic crust and offset the Moho leading to sea water infil-
tration into the uppermost mantle and an exothermic serpentinization
reaction. Due to the lack of seismic reflection data parallel to our wide-
angle profile, we do not have any direct evidence that the crust and
Moho are highly faulted. The thickness of the crust overlaying the ser-
pentinized upper mantle derived from the seismic refraction data is in
parts significantly thinner (~5 km at 435 km model distance, Fig. 9)
than in other areas of the profile. A further indicator for faulting in that
area is the position of a fracture zone, which crosses our profile at its
southern end (Fig. 14), in an area probably underlain by serpentinized
upper mantle. The fracture zone can explain how pathways for sea water
evolved, leading to serpentinization of the very upper mantle material in
its vicinity.

4.5. Possible reasons for high velocities in the upper mantle

The high velocities in the upper mantle are the most surprising result
of our experiment and can be a result of seismic anisotropy. P-wave
anisotropy in the upper mantle is known from refraction experiments
both on continents and in the oceans. It is often a result of shearing due
to mantle flow. Shear caused by convective mantle flow can result in
lattice-preferred orientation (LPO) of olivine crystals (e.g., Hess, 1964;
Jung and Karato, 2001; McKenzie, 1979; Tanimoto and Anderson,
1984), leading to seismic anisotropy beneath continents (e.g., Heintz
et al., 2009; Pavlenkova, 1996) and oceans (e.g., Gaherty et al., 2004;
Hess, 1964; Shearer and Orcutt, 1985).

High mantle velocities are often observed in areas affected by mantle
plumes or hotspot tracks (e.g. Grevemeyer et al., 2001; Stern et al.,
2020). A high velocity layer within the upper mantle has been found
below the Ninetyeast Ridge in the Indian Ocean (Grevemeyer et al.,
2001). Here, velocities of 8.4 to 8.6 km/s characterize an anisotropic
layer below an upper mantle with normal mantle velocities. Grevemeyer
et al. (2001) explain this anisotropic layer with alignment of olivine
crystals due to the flow of the plume material which formed the ridge.
High P-wave velocities of 8.6 to 9.0 km/s in the upper mantle below the
Ontong-Java-Manihiki-Hikurangi Plateau have been explained by LPO
orientation related to gravitational spreading (Stern et al., 2020). These
authors state that late-stage collapse and spreading of large mantle
plumes leads to a radial anisotropy. High water content and stress can
also lead to a fast direction orthogonal to the direction of mantle flow
(Jung and Karato, 2001). Mantle velocities of ~8.3 km/s have been
identified along a line crossing the Louisville Hotspot chain and oriented
approximately orthogonal to the spreading center (Contreras-Reyes
et al., 2010). In contrast to most of these studies our research area is far
away from any known hotspot- or plume track and no indications that
the crust was affected by massive volcanism or magmatism have been
identified. Thus, it is highly unlikely that a possible anisotropy in the
upper mantle is caused by a plume- or hotspot track.

LPO under oceanic crust can also be linked to seafloor spreading. The
P, velocity is highly depending on the azimuth (Hess, 1964), and the
maximum Py, velocity correlates with the direction of seafloor spreading
(Raitt et al., 1971). Examples of P, anisotropy related to seafloor
spreading and mantle flow direction are known from the Atlantic and
Pacific Ocean (e.g. Gaherty et al., 2004; Shearer and Orcutt, 1985;
Shinohara et al., 2008). It is known that spreading rates can have an
effect on the magnitude of lithospheric P-wave anisotropy, with
anisotropy created by slow spreading having a smaller magnitude than
in areas with fast spreading rates. Gaherty et al. (2004) reported a P-
wave anisotropy of 3.4% along a seismic refraction profile in the western
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Atlantic and investigated why the magnitude is smaller than in the Pa-
cific. According to them, the LPO of olivines is less organized in regions
with slow seafloor spreading, resulting in a smaller anisotropy. Oikawa
et al. (2010) reported mantle velocities of up to 8.7 km/s below an up to
3 km thick layer with normal P, velocities of 8.0 km/s in the Pacific.
Since their profile is aligned parallel to the spreading direction in the
Northwest Pacific Basin, the high P, velocities indicate a velocity
anisotropy of 7-10% of the upper mantle. Our profile is aligned at an
angle of ~45° to the paleo-spreading direction of the Cretaceous oceanic
crust, as documented by fracture zones (Fig. 14b). If the anisotropy is a
result of seafloor spreading, P, velocities along the close by profile AWI-
20170400, which is nearly aligned parallel to the spreading direction,
should be much higher in the upper mantle than along our profile, which
is not the case. However, it has to be kept in mind that P, first arrivals
associated with high velocities of up to 8.4 km/s were mostly recorded
by the land stations along our profile. These P, arrivals cover and resolve
a deeper and wider area than the Pony¢ arrivals imaged by the OBSs.
The AWI-20170400 data set in the southeast (Figs. 1, 14b) indicates that
the upper mantle is underlain by mantle with normal velocities of 8.0
km/s. But an anisotropic area is probably located deeper than the area
imaged by the OBSs along the profile. A spreading-related origin of the
high mantle velocities can therefore not be ruled out.

When discussing the origin of the high mantle velocities and a
possible mantle anisotropy one has to keep in mind that our research
area is situated within the Indian Ocean Geoid Low (IOGL) (Fig. 1d).
Different theories for its formation have been discussed in the last de-
cades, such as a depression of the core-mantle boundary (Negi et al.,
1987), a subducted slab of the Indian plate (Mishra, 2014), or an
isostatically uncompensated depression (Ilhnen and Whitcomb, 1983).
After Reiss et al. (2017) and Rao et al. (2020) it is the result of a com-
bination of hot material in the mid mantle underlain by cold material of
an old slab. After Ghosh et al. (2017), the geoid low is the result of an
elongated, low-density anomaly at 300-900 km depth caused by hot
material of a low-density plume, migrating from the African large low
shear velocity province (LLSVP) to the Northeast.

Our data base is not sufficient to add new knowledge to the above
theories. However, the high upper mantle velocities close to the island
might indicate that the processes causing the IOGL could also affect
shallow upper mantle structures. Currently, not enough is known about
flow directions causing LPO in the shallow upper mantle. The origin or
composition of the density anomalies causing the IOGL are not well
constrained to judge if the high P, velocities along our profile are related
to the IOGL. It is therefore quite conceivable that our observation is
related to processes causing the IOGL.

5. Conclusion

We present the first seismic refraction profile constraining the tran-
sition from continental to oceanic crust south of Sri Lanka. Our findings
show that the crust along profile AWI-20170300 can be divided into
continental, transitional and oceanic crust with average thicknesses of
38, 20 and 6 km, respectively. The thickness of the oceanic crust is ~1
km less than that of (global) average oceanic crust. Intra-crustal re-
flections at the oceanic layer 2/3 boundary are present along our profile.
Since this observation has already been made along another nearby
profile, it is possible that the Indian Ocean oceanic crust differs in this
respect from oceanic crust of other areas. Velocity variations in the
oceanic crust along our profile, which can be observed especially in the
upper oceanic crustal layer, can be a result of crustal segments of
different ages, separated by fracture zones.

The COT has a width of ~65 km along our profile and is character-
ized by stretched continental crust. The type of margin is difficult to
identify due to the orientation of the profile and missing MCS data. The
margin along our profile shows characteristics typical for different
margin types and can best be described as oblique rifted, divergent
margin which was also affected by strike-slip motion during its
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formation.

Serpentinized upper mantle with low velocities of 7.5 to 7.8 km/s is
present in an area affected by a fracture zone at the southern end of our
model. North of the fracture zone, the upper mantle velocities directly
below the Moho are normal (8.0 km/s). Just 2.5 km below the base of
the oceanic crust, the upper mantle is characterized by high P-wave
velocities of ~8.3 km/s. The oceanic crust is underlain by upper mantle
characterized by velocities of 8.0-8.1 km/s in the upper kilometers. One
explanation for the unusual high mantle velocities could be seismically
anisotropic upper mantle. The relevant process causing the anisotropy
cannot be determined with a single profile and remains speculative. The
possible anisotropy could be a result of LPO orientation of olivine
crystals, which evolved during the formation of the oceanic crust.
Alternatively, LPO orientation along our profile could somehow be
related to the processes causing the large negative Geoid anomaly.
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