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Abstract We used seismic P-wave reflections to search for the discontinuity at the top of the D” region
beneath the Indian Ocean. Due to a lack of seismic receiver arrays to target this region, we build source arrays
using earthquakes in Indonesia and taking advantage of the long-running history of GEOSCOPE stations lo-
cated in the western Indian Ocean and Antarctica, as well as three additional stations (Seychelles and Antarc-
tica). Despite restricting the earthquake depth range, source-array stacks were difficult to interpret due to
complications arising from differing earthquake depths, violating the plane wave assumption. Therefore, we
use a source-array scatter imaging method, that does not rely on travel-times calculated for a plane wave.
Using this technique in conjunction with source normalization, we found evidence for a D” P-wave reflector
for several stations with reflector depths varying between 230-160 km above the CMB South of Australia and
190 to 270 km above the CMB beneath the Indian Ocean, where the depth of the reflector in the north of our
study area is consistent with previously imaged D” depths using S-waves and agrees with receiver array data.
We suggest that earlier imaged subducted lithosphere in this region is responsible for our D” reflections.

Non-technical summary When imaging the reflector at the top of the D” region in the Earth's low-
ermost mantle, it is common to use receiver arrays (one source, several receivers). However, some regions
cannot be sampled this way because suitable seismic arrays are scarce. In these cases, it is possible to use
several earthquakes recorded at one station, thereby building a source array. Due to the different depth of
earthquakes, stacking techniques, that rely on pre-calculated travel times for a single event to a number of
stations located at the surface, are difficult to use and the reflections are barely visible. Here, we focus on a
method, which we call sourcemigration, that uses travel times calculated for each earthquake separately be-
fore stacking the data. We show that we are able to detect a seismic reflector in a regionwhere previously, us-
ing tomographic inversions, subducted lithosphere was imaged in the Indian Ocean close to the core-mantle
boundary. Our results show a reflector, likely due to this subducted lithosphere, that thins from the north to
the south. The reflector depth in the northern part of our study region, using P-waves, agrees with previous
results using receiver-array S-wave reflections.

1 Introduction
The lowermost 200 to 300 km of the mantle, also called
the D” region (Bullen, 1950), exhibits seismic structures
with a range of different length scales: small-scale scat-
terers (e.g., Mancinelli et al., 2016; Hedlin and Shearer,
2000; Haddon and Cleary, 1974) and ultra-low velocity
zones (Yu and Garnero, 2018), with length scales of 10s
of kilometers, up to large-scale structures, such as a re-
flector at the top of the D” region (see reviews by Lay,
2015; Cobden et al., 2015; Wysession et al., 1998) and
large low seismic velocity provinces (reviews by Gar-
nero et al., 2016; McNamara, 2019; Koelemeijer, 2021),
with dimensions of hundreds to thousands of kilome-
ters. These structures are related to the interaction of
mantle dynamics and themineralogy of the deep Earth.
Manydifferent approacheshavebeenundertaken to un-
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derstand the nature of these structures, using a variety
ofmethods, and spanning the fields of seismology,min-
eral physics, and geodynamics.

Due to limited station coverage and arrays in ocean
basins and portions of the southern hemisphere (e.g.,
Lay et al., 2002; Simmons et al., 2015; Ringler et al.,
2022), some areas of the lowermost mantle are diffi-
cult to investigate with seismology. One example is
the lowermost mantle beneath the Indian Ocean. Al-
though a recent, global body-wave tomography study
(Simmons et al., 2015) indicates that ancient subducted
lithosphere reached the base of the mantle west of Aus-
tralia, this slab has not been previously observed in re-
flection data. The region is adjacent to a large area
with reduced seismic velocities beneathAfrica (e.g., Rit-
sema et al., 2010), and long-lived volcanism is found in
the Indian Ocean (e.g., La Réunion, Seychelles, Mauri-
tius), which is attributed to a lowermost mantle source
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at the edge of the African LLSVP (e.g., Tsekhmistrenko
et al., 2021). In addition, the largest geoid anomaly on
Earth, located beneath the southern tip of India, may
be caused by the combination of a lower mantle slab
(such as the one imaged by Simmons et al., 2015) and an
upwelling, whose top is currently situated in the mid-
mantle, but which may originate in the lower mantle
(e.g., Reiss et al., 2017; Spasojevic et al., 2010; Greff-
Lefftz et al., 2016). All of these aspects show the com-
plexity of the region and detailed imaging of the low-
ermost mantle beneath the Indian Ocean could provide
a better understanding of the dynamics andmineralogy
in this region. For this, especially observations of P- and
S-wave D” structure as well as anisotropy in D” would
provide useful insights (e.g., Pisconti et al., 2022), but
are currently unavailable for this area.
Here we concentrate on the reflector at the top of the

D” region, which has been identified in many differ-
ent places around the world. Seismic arrivals between
the direct P- (or S-) wave and the core-mantle bound-
ary (CMB) reflection, PcP (or ScS), have been detected in
many regions since the publications by Lay and Helm-
berger (1983) and Wright et al. (1985). Based on the
slowness (move-out) of the PdP arrival (Figure 1a) be-
tween P and PcP (or SdS between S and ScS), the wave
has been identified as a reflection at a seismic disconti-
nuity (D”) a few hundred km above the CMB, which is
often associated with the top of subducted lithosphere
near the CMB (e.g., Lay and Helmberger, 1983; Weber,
1993; Wysession et al., 1998; Cobden et al., 2015; Lay,
2015; Jackson and Thomas, 2021) or the phase transi-
tion to post-perovskite in colder than average regions
(e.g., Lay, 2015; Cobden et al., 2015). As shown in Fig-
ure 1a, the wave we call PdP in the following is a combi-
nation of the D” reflection, PdP (or SdS), and the diving
wave, PDP (or SDS). Since theD” reflection is often small
in amplitude, especially compared to P-waves, seis-
mic array methods (Rost and Thomas, 2002; Schweitzer
et al., 2009) help to enhance the small-amplitude signal
while also allowing the slowness of the waves to be de-
termined, thereby aiding in D” reflector identification
(e.g., Weber, 1993; Cobden et al., 2015).
Previous studies (Young and Lay, 1987; Kendall and

Shearer, 1994) using S-wave reflections from the top of
the D” layer have examined the northern part of the
Indian Ocean, and Young and Lay (1987) found evi-
dence for an S-wave velocity increase of 2.7% approx-
imately 280 km above the CMB. However, their study
did not use P-wave reflections, and it did not extend
further south where the tomographic inversion of Sim-
mons et al. (2015) showed evidence for subducted litho-
sphere residing at the CMB. Wright and Kuo (2007), on
the other hand, used P-waves with large epicentral dis-
tances to map the western part of the Indian Ocean and
they found evidence for a discontinuity around 210 km
above the CMB with a small velocity contrast. Here, we
aim to use P-waves and illuminate regions further south
compared to those imaged by Young and Lay (1987), and
further east, compared with Wright and Kuo (2007). We
investigate the deepmantle close to the areawhere Sim-
mons et al. (2015) imaged high velocities in the lower-
most mantle. Other tomographic images (compare e.g.,

models provided in Submachine, Hosseini et al., 2018)
show a varied picture of fast and slow velocity anoma-
lies in the lower mantle beneath this region, possibly
due to a lack of seismic data, or because a number of dif-
ferent structures with different seismic velocities that
are found close to each other. A confirmation of a re-
flector with a velocity increase at the top of D” near the
CMB in this region would therefore help to confirm the
presence of deep subducted lithosphere.
In the past, seismic observations recorded by net-

works or small-aperture seismic arrays have been used
to identify the D” reflection, making use of its differ-
ent move-out or slowness (and therefore its different
incidence angle at the array) compared to the main
phases and the CMB reflections (Figure 1). As some re-
gions lack suitable source-receiver array combinations,
the concept of source arrays has been developed (e.g.,
Krüger et al., 1995), which relies on a number of sources
in a given area recorded at a single station (Figure 1b).
However, this method has mostly been used in combi-
nation with receiver arrays for double-array stacks, or
double beam-forming, in regions with large data avail-
ability (e.g., Krüger et al., 1995; Scherbaum et al., 1997;
Yamada andNakanishi, 1996; Reasoner andRevenaugh,
1999; Kito and Krüger, 2001; Kito et al., 2004; Thomas
et al., 2002), and this approach is therefore still lim-
ited to areas where receiver array data can be obtained.
Source arrays alone havemostly been usedwith nuclear
explosions (e.g., Krüger et al., 1995) and we build upon
this approach here, but we use source arrays (Figure 1b)
with real earthquakes and stations from the GEOSCOPE
network (e.g., Romanowicz et al., 1984; Roult et al.,
2010; Douet et al., 2016) that provide the unique oppor-
tunity to sample areas of the deep mantle beneath the
IndianOcean. Wecomplement ourdatasetwith stations
located in Antarctica and on the Seychelles that have
been recording for a long time period. We aim to test
whether source arrays could potentially be used to im-
age the D” beneath this region, if the events are limited
in focal depth range and have longer periods (2-5s) as
opposed to short period (1Hz) nuclear explosion data
(Krüger et al., 1995), and short-period filtered P-wave
reflections off the top of D” (e.g., Weber, 1993; Thomas
and Weber, 1997). However, since events within the
source arrays are likely to have different focal mecha-
nisms andwaveforms, the seismic traces have to be cor-
rected for their respective source time function before
stacking. In this study, we test a range of source normal-
izationmethods to assess whether different approaches
can improve waveform stacks. We also extend our ap-
proach to include a scatter imaging method: a simpli-
fied time migration method, that potentially allows us
to find the depth of structures in the lowermost mantle
(e.g., Thomas et al., 2004a,b).

2 Data set and source arrays
Since we are interested in mapping the D” layer in a re-
gion that is difficult to sample with receiver arrays, we
focus on source arrays (Figure 1b), using single stations
in the Indian Ocean (namely, stations RER, PAF, AIS,
CRZF, MSEY and FOMA) as well as stations DRV, MAW
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Figure 1 a) Cartoon showing the seismic waves used in our study (P, PcP and PdP). PdP, as it is used in the text, includes
the reflection from the top of D”, and thewave that travels through the layer (labelled PdP and PDP, as indicated in the inset),
since at the distances used here, they cannot be separated as single arrivals. The star indicates an earthquake source, and
the triangle denotes the receiver. Similar paths would be generated for S, SdS, and ScS. b) Schematic view of a receiver array
and a source array.

and CASY in Antarctica. Figure 2 shows the locations of
the stations we are using in this study, locations are also
provided in Table S1.
Waveforms of events that occurred between 1990 and

2024 were acquired from the European Integrated Data
Archive (EIDA) and Incorporated Research Institutions
for Seismology (IRIS), which is now part of the Earth-
Scope Consortium. The events have epicentral dis-
tances between 60 and 80 degrees to the stations DRV
and RER, magnitudes between 5.5 and 7.0 and a depth
range of 80 to 200 km. Further constraining the depth
range, and using other depth intervals, resulted in too
few traces (<7) to stack. The specified distance range
is best for detecting P-wave reflections from the D” re-
flector (e.g., Weber, 1993; Cobden et al., 2015), and we
focused on events with short, impulsive, high signal-to-
noise ratio P-waves. Earthquakeswithmagnitude larger
than 7 often have complicated, long-duration sources;
hence, we restricted our magnitude range below this
threshold.
34 events from the southern cluster (s.c., Fig. 2) met

our criteria for the Indian Ocean stations, while the
northern cluster (n.c. in Fig. 2) yielded 45 events for
the IndianOcean stations. However, after closer inspec-
tion between 11 and 15 events were kept for most of
the IndianOcean stations for the southern cluster, while
only 2-5 events were usable from the northern cluster,
which is too few events for a stack. The only exception
is station MSEY, for which 21 events from the southern

cluster and 9 events from the northern cluster could be
used. For the Antarctic stations CASY,MAWandDRVwe
found 50 possible events from the northern and south-
ern cluster. After closer inspection, only 27 (s.c.) and
9 events (n.c.) were retained for station DRV, 23 (n.c.)
and 16 (s.c.) events for CASY, and 12 events from the
southern cluster for MAW. The other events were dis-
missed because they either had noisy records or com-
plicated source mechanisms. While there are poten-
tially more stations available around the Indian Ocean,
stations on Madagascar were too far from the sources,
and the stations of the RHUM-RUM experiment and
other stations on La Réunion and Mauritius did not
yield enough events for stacking, which left us with the
source-receiver combinations mentioned above. Simi-
larly, the search for S-waves yielded very feweventswith
clean, impulsive S-waveforms, and we therefore do not
incorporate S-waves into the current analysis. Event pa-
rameters are shown in Table S2.
Figure 3 shows traces of the selected events for sta-

tions RER and CRZF. Both record sections include the
sameevents, and clear differences in thewaveforms can
be seen. While the CRZF recordings have higher signal-
to-noise ratios, those from RER show high-frequency
signals superimposed on the longer-period signals vis-
ible for CRZF. Given this, it is necessary to filter the
events. We tested 2nd order Butterworth bandpass fil-
ters of 0.3-3 s, 0.5-5 s, 1-10 s, 2-12 s and 3-25 s, and 5-50
s. While the source signals are fairly similar, they differ
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Figure 2 Receivers and sources. Stations are indicated by triangles, and earthquakes are denoted with stars and marked
by s.c. for the southern cluster and n.c. for the northern cluster. Black circles show the reflection point of PdP for a model
with a 300km thick D” region.

in the length and energy build-up within the waveform
(i.e., the largest amplitude follows later in the source
wavelet, e.g., 2012DEC10 or 2021DEC29 in Figure 3a and
b). This may lead to artifacts in the analysis; there-
fore, we excluded some of these very complicatedwave-
forms, asmentioned above. Example traces for stations
FOMA, AIS, PAF, and DRV are shown in Figure S1. It is
difficult to detect PdP waves in the single-trace seismo-
grams, and even a PcP wave is difficult to distinguish,
but this is common for P-waves at these distances, par-
ticular with noisy recordings.

3 Source Normalization Methods

A problem with stacking multiple events, especially
when using natural earthquakes instead of nuclear
tests, is their difference in focal mechanisms as men-
tioned above. While events in a given area often have
similar sourcemechanisms, the emittedwaveforms can
differ significantly (compare Figures 3 and S1), and it is
important to deconvolve the source before stacking in
order to produce coherent D” reflections (e.g., Krüger

et al., 1995, 1996; Reasoner and Revenaugh, 1999; Rost
and Thomas, 2002). To overcome the problems associ-
ated with incoherent waveforms, we tested three differ-
ent source-normalization methods: spiking deconvolu-
tion (SD), deconvolutionwith aHilbert transform (HIL),
and a cross-correlation (CORR) technique. Iterative de-
convolution (ID, Ligorría and Ammon, 1999) was also
considered, but did not produce reliable results. As a
comparison, we also used events with similar direct P-
waveforms without using a source normalization. We
provide more details about each of the methods in the
supplementary material.

Figure S2 shows examples of the original traces, the
filtered but un-deconvolved traces (no normalization),
and three source normalization methods (SD, CORR,
and HIL) for events recorded by station PAF. As can be
seen, each of the methods results in a different wave-
form. We find that the deconvolution window length
(i.e., the time window used to identify the P-wavelet),
impacts the obtainedwaveformaswell as the coherence
of the signals across the array. In addition, the deconvo-
lution window length can cause a small time shift in the
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Figure 3 Distance-dependent seismogram sections of array events recorded at stations RER (a) and CRZF (b). The seis-
mograms are neither filtered nor processed. Several events are the same for both source arrays. Traces are aligned on the
P-wave arrival, and the theoretical arrival time for PcP is indicated, based on the distance and depth of the reference event
(1995DEC25).

deconvolved trace relative to the original trace, depend-
ing on the chosen method and whether the deconvolu-
tion window starts before or at the actual P-wave on-
set. Unfortunately, in our data, the source-normalized
traces still do not allow a clear PcP or PdP wave to be
identified in single seismograms.

4 Source array vespagrams

Since the seismic traces both with and without source
normalization do not show any clear reflections (Fig-
ures 3, S1, and S2), we use stacking methods to help im-
prove the signal-to-noise ratio, thereby allowing us to
identify arrivals by their slowness (Rost and Thomas,
2002). Small-amplitude P-wave arrivals, such as D” re-
flections, are not usually clearly visible in the time win-
dow between P and PcP in single traces given their
small reflection coefficient (see also examples in Cob-
den et al., 2015; Jackson and Thomas, 2021). Fur-
thermore, reported P-wave velocity contrasts are often
smaller than S-wave velocity contrasts, based on obser-
vations of PdP and SdS and reflection coefficient mod-
elling (e.g., Wysession et al., 1998; Cobden et al., 2015),
making PdP signals more difficult to see than SdS.
For most array stacking techniques, the traces are

shifted with relative time delays according to a plane
wave arriving with slowness and backazimuth within
a pre-determined range, and subsequently stacked
(Schweitzer et al., 2009; Rost and Thomas, 2002). While
this is straight forward for receiver arrays, when using
source array, the depths of all earthquakes should be
the same in order to calculate delay times for a plane
wave. This, however, is usually not possible, either be-
cause the events are distributed over a relatively large
depth range or because the error in their depths is up to
several tens of kilometers. Therefore, originally, source
arrays were designed to be used with sources for which
location and depth of the explosions were known pre-
cisely (Krüger et al., 1995), which is the case for nuclear
explosions but not for earthquakes. If the events have

different depths, the relative travel-times for the P, PdP,
and PcP phases will also vary in addition to travel-time
variations from differences in distance.
Despite the known potential difficulties, we decided

to test source vespagrams (e.g., Krüger et al., 1995), a
fast and simple approach to stack traces after source
normalization. The source-vespagram analysis is car-
ried out using the calculated delay times for a range of
slowness values, relative to the center event, and using
the backazimuth of the central event (in the case of Fig-
ure 3, event 1995Dec25). In our study, we limit the depth
range of the earthquakes from 80 to 200 km, and we
filter the signals with lower frequencies (mostly below
0.5Hz) before applying the stacking techniques, hoping
that small shifts in arrival time have due to event depths
have a small influence on the stack.
Figure 4a shows the source vespagram for station

CRZF, with a possible PdP marked. The Moho multi-
ple (M) is enhanced in the source vespagrams, as de-
scribed by Thomas et al. (2002), and it may be super-
imposed on the PcP or PdP arrivals, which may affect
the stack (Lessing et al., 2015). The source vespagram
for station FOMA (Figure 4b) shows a possible PcP ar-
rival at a time expected for theCMB reflection, aswell as
theMohomultiple, but no clear PdP arrival is observed.
This may possibly be due to the epicentral distances
of the corresponding events (77-82 degrees), where P
and PdP start to overlap. Figures 4c and 4d indicate a
PdP arrival at station RER, whether source normaliza-
tion was applied or not. As explained above and visible
in Figure 4c and 4d, the source normalization changes
the waveform. While the possible PdP phase is sepa-
rate from other waves in panel 4d, the correlation re-
moved part of the P-wave coda,making theMohomulti-
ple more obvious. It should also be noted that PcP does
not necessarily stack coherently in these vespagrams,
likely due to time shifts between P and PcP given the dif-
ferent event depths, as explained above. As a test, we
show a vespagram with initial alignment on the theo-
retical arrival times of PcP wave instead of the P-wave
in Figure S3, where now the PcP wave is clearly visible,
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but the P-wave arrival is less convincing.
Our results show that the different source depths still

preclude the clear detection and picking of the PdP re-
flections in vespagrams. Consequently, slowness and
timemeasurements taken from this analysis may be er-
roneous, and we do not rely on vespagram results. We
carried out this exercisemainly to seewhether a limited
depth range and longer period signals would allow the
detection of PdP waves, but find that our depth range is
likely still too large.

5 Source arraymigration
Since the source vespagrams do not provide reliable
PdP signals for D” interpretation, we extend our anal-
ysis to use a more complex seismic scattering imaging
method, which is also called a simplified time migra-
tion (Thomas et al., 2004a,b). Therefore, this technique
will be referred to as migration method throughout the
remaining paper. Our aim here is to see whether the
source-array migration method allows the detection of
reflectors in the lowermostmantle, despite using events
of different depth. The migration method does not rely
on the plane-wave approximation (e.g., Thomas et al.,
1999, 2004a), because the travel-times from a scatter
point in the lowermost mantle (i.e., a point within a
grid placed between 2400 and 2900 km depth, Figure 5)
to the station (solid line in Figure 5) and to each event
(dashed lines in Figure 5) are calculated separately us-
ing a 1D ray tracer and 1Dvelocitymodel ak135 (Kennett
et al., 1995). These individually calculated travel times
potentially make this approach more robust for source
arrays. For each grid point, the traces are shifted with
the calculated delay times relative to the center event
and then stacked. The maximum amplitude in the time
window (width of 3-5s) around the theoretical arrival
time of the reflection for the center event is then mea-
sured and assigned to the respective scatter point in the
grid. The large stacked amplitudes of a potential reflec-
tion will spread out along an isochrone, whose size de-
creases with increasing depth (i.e., when coming closer
to the point of reflection, Figure S4). We pick the reflec-
tion depth (for either the D” reflection or the CMB re-
flection) where the large amplitude focuses (Figures 5, 6
and S5). The stacked amplitude at the theoretical reflec-
tion point is also displayed in an amplitude-depth pro-
file (Figures 5, 6, 7, 8, S4, S5, S6 and S7), which further
aids the identification of the reflections. More details
about thismethod canalso be found inRost andThomas
(2002, 2009) as well as in Thomas et al. (1999, 2004a,b).
To verify that our approach produces reliable results,

we generated synthetic data using the 1D reflectivity
method (Müller, 1985), using a modified version of the
ak135 velocity model that includes a 300 km thick D''
region (based on model PWDK from Weber and Davis,
1990). The velocity contrast across the D” reflector was
set to vary between 1% and 3%. Figure 6 shows an ex-
ample for station PAF and a range of events with differ-
ent depths (but all with a similar source wavelet, which
allows to use the data without source normalization).
Noise taken from real traces before the first P-wave ar-
rival was added to the synthetics, and we chose the

signal-to-noise ratio of the P-wave to be between 20 and
50%. As before, the signal traces and the source vespa-
gram show only the P-wave as clear signal, but no PdP-
or PcP-wave arrivals are visible (Figure 6 a, b). After ap-
plying the migration method (Figure 6c, d, e), the PdP
arrival can still be resolved in the presence of noise,
if the velocity contrast is larger than 1% (see also Kito
et al., 2007).
The amplitude of the PdP wave in the amplitude-

depth profile (Figure 6d) is reduced by the presence of
noise, and also by the smaller velocity contrast. The test
with synthetic data confirms that we can pick the PdP
reflection despite noisy traces, and using events with
different source depths. We also show that the thick-
ness of the D” layer is recovered (within approx. 30 km).
The example in Figure 6 also indicates that a velocity
increase across the D” reflector (which we included in
the 1D model in this example) generates a signal in the
amplitude-depthprofile, that has the same shape as PcP.
This indicates that the polarity is the same as PcP, as we
would expect. In the following, we also use this result
to test the polarity of PdP waves in real data.
In the source-array migration, PcP sometimes fo-

cusses shallower in the mantle than at the CMB (Fig-
ure 7). This results from faster velocities within D”
(Reasoner and Revenaugh, 1999), time shifts introduced
by the source normalization, travel-time changes due
to velocity variations in the mantle, and/or erroneous
travel-time calculations caused by source location er-
rors. Such time-shift variations would be visible as an
apparent shift in the reflector depth within the migra-
tion results. Figure 7 shows the results of source-array
migration using synthetic data and applying different
source normalizations for station PAF.We tested differ-
ent scenarios with D” velocity contrasts between -3%
and +3%, which covers the range of suggested P- and
S-wave velocity contrasts from previous studies (Wyses-
sion et al., 1998; Cobden et al., 2015), although we note
that 3% contrasts are more common for S-waves than
for P-waves. While a large P-wave velocity contrast in
our study is unlikely, such contrasts may vary laterally
and hence may affect the observed time-shifts relative
to the reference model. In our synthetic data (Figures 6
and 7), we do observe shifts in apparent reflector depths
(by up to 20-30 km), but theD'' thickness of 300 km is still
recovered in Figures 6 and 7, since PcP also shifts by a
similar amount. However, possible velocity variations
within the D” layer may cause variations in the PcP ar-
rival times, and therefore lead to an apparent thickness
change of the D” layer. Based on our synthetic tests, we
assign an average error of 30 km to the recovered thick-
ness of the D” layer. In addition, we note that the source
normalization does not change the polarity of the D” re-
flection relative to the direct P-wave.
Based on these tests, we donot use the depth of the re-

flector directly as determined by themigrationmethod,
but instead we use the amplitude-depth profiles tomea-
sure the thickness of the D” layer. We note that we
did not apply a tomography correction since earthquake
depths often have errors of several kilometers and are
therefore already contributing to any time shifts in the
data. Also, as detailed by Koroni and Trampert (2015),
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Figure4 Source-array vespagrams for stations a) CRZF (central epicentral distance: 76degrees), b) FOMA (central epicentral
distance: 79.5 degrees), and c)-d) RER (central epicentral distance: 72 degrees). All vespagrams are aligned on the P-wave
arrivals; PcP and a possible PdP are marked by dashed ellipses. In panels a) and b), a Butterworth bandpass filter of 0.5 to
5 s has been applied, while in panels c) and d), a Butterworth filter of 3 to 25 s has been used. Panels a) - c) were all source
normalized with the CORR method, but no normalization was applied in panel d). The arrival at ~10s after the P-wave in
panels a) - c) is likely the Moho multiple (M), which is enhanced in the source stack. Note that it is not clear whether PdP is
present in panel b), likely due to the large event distances, which may cause superposition of the P and PdP waves.

travel-time corrections based on tomographic models
can introduce additional errors, and P-wave tomogra-
phy models for this region are quite variable (e.g., to-
mography models provided in Submachine, Hosseini
et al., 2018, see also Figure S6). Our synthetic test also
confirm that velocity variations in themantle, without a
D” reflector, do not generate arrivals between P and PcP
(Figure S7).
After analyzing source-array migrations for the In-

dian Ocean stations, we found that station AIS could
not be used since, unfortunately, the events recorded
at this station fell into two separate clusters, 10 degrees
apart from one another. There were too few events per
cluster (Figure S1), which resulted in very noisy stacks
with low slowness resolution. For station FOMA (Figure
S1) and other stations on Madagascar, the events have
long epicentral distances (~80 deg), so the P and PcP ar-
rivals were very close together as shown on the corre-
sponding vespagrams (Figure 4). The migration could
not separate the arrivals; therefore, we had to exclude
this station as well. Source stack and migration results

for nearby station RER are shown in Figures 4c, 4d, and
5, and they indicate a weak reflector with a velocity in-
crease at ~250 km above the CMB. Further south, sta-
tion CRZF shows a reflector at ~270 km above the CMB
(Figure S5a)with very small amplitude in the amplitude-
depth profile, while the result for station PAF indicates
a possible PdP signal consistent with a reflector 220 km
above theCMB (Figure S5b). The polarities of PdPwaves
for those two stations are the same as for PcP, and there-
fore would indicate a velocity increase across D”. The
scatter images from the migration for station PAF are
not as clear as for station RER, but the synthetic exam-
ple in Figure 6 shows that stacked amplitudes in the
amplitude-depth profile are expected to be small for
PAF, due to the short epicentral distance of around 63
degrees. Furthermore, possible reflections differed be-
tween the source normalization results for PAF and the
PcPwave is not clearly identified in the amplitude-depth
profiles. We are therefore cautious with the interpreta-
tion of a potential reflectors for stations PAF and CRZF.
Station MSEY located in the Seychelles (Figure S6b) im-
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Figure5 Cartoon illustrating theappliedmigration technique (leftpanel), togetherwith anamplitude-depthprofile (middle
panel) and stacked amplitudes for two depths for station RER with source normalization CORR applied (right panel). The
seismic traces of RER were filtered with a Butterworth bandpass filter from 3 to 25s. Ray paths from each earthquake to the
grid are shown by dashed lines, and the ray paths from the grid point to the station is indicated by the solid line. For each
layer, the maximum amplitude at the theoretical reflection point for the central event is used to construct the amplitude-
depth profiles (middle panel). Two depth layers (2610 and 2860 km) showing the corresponding amplitude distribution at
each grid point, determined at the arrival time for a predicted reflection (right panel).

ages the lowermostmantle further north than our other
source array-event combinations and for this stationwe
found a thickness of 200 km for the D” layer.
In addition to the Indian Ocean stations, we also ex-

amined stationsMAW, CASYandDRV in Antarctica (Fig-
ures 8, S6). Station DRVhad the largest number of avail-
able events from both clusters, resulting in better noise
suppression and cleaner stacks especially for the south-
ern cluster, but the distribution of the events (Figure
S1) is not well suited to resolve the slowness of different
seismic phases in the vespagram (the large amplitudes
are spread over a larger slowness range) even though
it still allows us to detect arrivals (Figure 8, top). We
did identify an arrival in the source vespagram at a time
consistent with a reflector close to the CMB which is in
agreement with the amplitude-depth profile that indi-
cates a D” reflector 190 km above the CMB. The polar-
ity of the PdP wave is the same as PcP and therefore in-
dicates a velocity increase across D”. Amplitude depth
profiles for CASY and MAW are shown in Figure S6 and
confirm the results from DRVwith the presence of a re-
flector between 160 and 230 km above the CMB.

6 Discussion

For investigating the D” region beneath the Indian
Ocean, we used source arrays and tested several source

normalization methods prior to stacking. Previous
work has usually relied only on the SD technique. Based
on our synthetic tests, we mostly relied on CORR re-
sults, but we tried to confirm our findings with other
source normalizations, too, thereby helping us to de-
cide whether a signal in the source-array stack was a
processing artifact or a real feature.

Despite using different source normalizations, we
were not able to detect clear PdP- or PcP waves in the
source vespagrams, likely due to the different event
depths. Even limiting the focal depth range and focus-
ing on longer periods (greater than 2 s) did not provide
reliable results, but other regions that havemore events
in an even smaller depth range could prove more suit-
able. The double-array stacking techniques (or double-
beam methods) employed in previous D” studies (e.g.,
Kito et al., 2004; Lay et al., 2004; Hutko et al., 2009;
Scherbaum et al., 1997; Yamada and Nakanishi, 1996,
1998) are likelymore powerful than those only based on
source arrays since the combined source- and receiver-
arrays allow for better noise suppression and clearer D”
reflections. It would be useful to compare our source
arrays to receiver stacks or combine source arrays and
receiver arrays (e.g., Kito et al., 2004) to further examine
the lowermantle beneath the IndianOcean, but thedata
availability is limited at themoment. OBS data from the
RHUM-RUM experiment near La Réunion (Barruol and
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Figure 6 a) Synthetic seismic traces calculated for a dominant period of 3s for 15 events, using a modified ak135 model
with D” reflector (dvp +3%), 300km above the CMB. We used distances corresponding to the events recorded by station PAF.
Real noise, taken from recordings without earthquake signal, and scaled to 50% of the P-amplitude has been added to the
traces. Traces are aligned on the P-wave arrival, and the predicted arrival of the PcP-wave for the center event is indicated. b)
Source-array vespagram as in Figure 4 for the traces in a). The predicted arrival times of the P- and PcP-wave are indicated.
c) Migration (as in Figure 5) for the traces in a), showing the focusing of energy of the PdP arrival (top) and the PcP arrival
(bottom) with respective depths. Color scale denotes amplitude. d) Amplitude-depth profiles for three migrations, with the
red line showing the results for dvp +1%, 20%noise, the blue line shows the result for dvp +3%, 20%noise, and the black line
gives the result for dvp +3%, 50% noise (corresponding to panel c)). The depth for PdP and PcP are indicated by the dashed
line. e) Same as in panel c) but for dvp 1% and 20% noise (corresponding to the red line in panel d)).

Sigloch, 2013) are deployed in a similar region as the
GEOSCOPE stations we used; however, the number and
the data quality of events recordedby theseOBS stations
was not sufficient to use them as receiver array or in
double-array (or double-beam) stacks. We could, how-
ever, find four suitable source-receiver combinations,
using arrays at the eastern African coast and Madagas-
car and an array in Australia, but found only events that
reflect further north than the RER reflection point, i.e.,

in a similar region, where Young and Lay (1987) find a
D” layer with a thickness of 280 km. The two events
in Figure S8 show PdP arrivals as well as SdS arrivals,
with a thickness of D” in this region of 280-290 km, in
agreement with Young and Lay (1987). A reverse path
(Indian Ocean events to Australia) provided a thickness
measurement of around 300 to 320 km for the D” layer.
Our velocity contrast is, however, likely smaller than
2.8%, since the amplitudes of PdP in all these cases are
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Figure 7 Results from source-array migration using syn-
thetic data with dominant period of 3s for station PAF. The
D” velocity variations and the applied source-normalization
approach are indicated in each panel, and the depths of im-
aged reflectors are indicated by dashed lines. The lower
dashed line indicates the depth of the PcP reflection. Small
shifts in estimated reflector depths are caused by the de-
convolutionprocess and the chosendeconvolutionwindow
length for the P-wavelet.

smaller than expected for an almost 3% velocity con-
trast (see e.g., Cobden et al., 2015).
The migration method we used here provides more

reliable results for lowermost mantle reflectors for
source arrays since it does not rely on the assumption
of a plane wave. Source-array stacks (Krüger et al.,
1995, 1996) and double-array stacks created with a tech-
nique similar to our migration method have been ap-
plied to investigate the D” reflector in previous stud-
ies (Kito and Krüger, 2001; Kito et al., 2004; Scherbaum
et al., 1997). The large number of sources and receivers
used in these investigations sometimes even permitted
more than one discontinuity in the D” layer (or perhaps
even large-scale scatterers) to be detected.
Our results for the D” reflections are summarized

in Figure 9, superimposed on the vote map (Shephard
et al., 2017) for high-velocities in P-wave tomographic
models (as provided in Submachine, Hosseini et al.,

Figure 8 Source vespagram (top panel) and amplitude-
depth profile (bottom left panel) from themigration for sta-
tion DRV (filter 10-50 s, CORR). The P, PdP, and PcP waves
are indicated in the vespagram, and thePdPandPcPdepths
from the migration are indicated by dashed lines in the
amplitude-depth profile. The bottom right panel shows the
amplitude distributions for PcP and PdP as in Figure 5.

2018) for a depth of 2600 km, as theD” reflector has been
associated with subducted lithosphere in the past (e.g.,
Lay, 2015). The reflection points for PAF and CRZF are
inferred to be located in an average-velocity portion of
the lowermost mantle, while only the reflection points
for stationMSEY,RER, CASY,MAWandDRVarewithin a
high-velocity area. We note, however, that tomographic
models for this region differ significantly as suggested
by the low number of models agreeing on high veloci-
ties in the vote maps in Figure 9 (in contrast to the low
velocities further west, as shown in Figure S9 that are
likely due to the LLSVP beneath Africa).
We mark the deep slab near Indonesia (Simmons

et al., 2015), in the region where our reflection points
are located (S+15 in Figure 9). The imaged high-velocity
region in the Simmons et al. (2015) model is shown at
2371 km depth, but we note in their work that this high
velocity anomaly also extends to deeper depths and lat-
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Figure 9 Mapof D” reflection locations. Sources are denotedby stars, and receivers are denotedby triangles. The thickness
of the reflector was estimated for several stations (black triangles) and are given next to each reflection point. As discussed
in the text, the reflector for station PAF and CRZF have higher uncertainty. The stations marked by grey triangles were either
too far (FOMA), or had too few traces to generate a robust stack (AIS). We also show with grey diamonds two reflection point
in the north, where receiver arrays in Madagascar (grey triangle with black outline) and Ethiopia show a reflection in P and
S-waves (Fig S6, Table S3). A reverse path (grey stars with black outline in the Indian Ocean to an array in Australia (grey
triangle with black outline) and their thickness estimate are also given. The region where Young and Lay (1987) imaged D”
with S-waves is shown by the blue-grey shaded area labelled YL87, and their estimated depth and S-velocity contrast are
also listed. The location of the subducted slab at 2371 km depth indicated by Simmons et al. (2015) is shown by the green
shaded area, labelled S+15. The underlying vote map for high-velocities is generated for the depth of 2600 km, and using
P-wave tomographymodels provided in Submachine (Hosseini et al., 2018). For comparison, the votemap for low velocities
is shown in Figure S9.

erally covers a portion of the CMB. Since several of
our reflection points are found within this high veloc-
ity region, we suggest that our imaged reflections are
detecting the top of this subducted lithosphere. Our
amplitude-depth profiles suggest a small signal for PdP
with a polarity that is the same as that for the PcP
(Figures 5, 8, and S5), which indicates the presence of
a small velocity increase across the reflector, further
agreeing with the interpretation of the reflections re-

sulting from a remnant piece of cold subducted litho-
sphere. The polarities of PdP in Figures 5 and 8 and
their interpretation of faster than average material in
D” can also explain the travel-times for the CMB reflec-
tion, which focus PcP in the migration above the CMB.
The inferred positive velocity contrast, however, sug-
gests that MgSiO3 ppv is likely not present in this area
since it would be associated with a negative P-wave ve-
locity contrast (Wookey et al., 2005; Cobden et al., 2015,
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Thomas et al. 2022). That said, alignment of ppv min-
eral grains (i.e., anisotropy) could lead to different re-
sults (Pisconti et al., 2019, 2022) and still permit for post-
perovskite to be present.
Our results for station RER agree with results by

Young and Lay (1987) (indicated in Figure 9 as YL87).
While themapped region ofYL87 only extends to the re-
flection point of RER, several of our other stations pro-
videD” discontinuity detections further to the south, in-
dicating that the structure at the top of the D” region
continues. Results for MSEY show a slightly thinner D”
layer (190-200kmwith error of 30km) further north than
RER while our receiver array results again agree with
those of YL87. West of our reflection points, Wright and
Kuo (2007) found evidence for a discontinuity around
210 km above the CMB and Kendall and Shearer (1994,
1995) investigated a similar region with S-waves as used
in our study and found inconclusive evidence for a D”
reflector in their small number of source-receiver com-
binations. In addition, Weber and Körnig (1992) used
ISC data to investigate the deep mantle structure in this
region, but found only low-quality, inconclusive results.
The small velocity jump found byWright andKuo (2007)
agrees with the small amplitudes of PdP waves in our
amplitude depth profiles. Since the results by YL87
showamuch stronger S-wave contrast of 2.7% this could
eithermean that the velocity contrast decreases towards
the south and west or that the P-wave contrast is much
smaller than the S-wave contrast.
The estimated D” thickness seems to decrease to the

south, indicating a thinning of the subducted litho-
sphere, if reflections are indeed due to mapping the top
of a subducted slab. Considering the results of Wright
and Kuo (2007) the thickness decreases also to theWest
of our reflection points. To further evaluate this struc-
ture, it would be instructive to examine crossing ray
paths that could confirm the D” reflections and test for
D” anisotropy (e.g., Pisconti et al., 2022), but we could
not find a sufficient number of source-receiver combi-
nations crossing the Indian Ocean in different direc-
tions to facilitate such a study. In a compilation of
anisotropy in the lowermost mantle, Wolf et al. (2023)
also show little evidence for D” anisotropy beneath the
Indian Ocean with some studies showing inconclusive
ornoanisotropy (Creasy et al., 2017; Rao et al., 2017). On
the other hand, near our reflection points for stations
DRV, MAW, and CASY, Usui et al. (2008) find evidence
for anisotropy in S-waves. Their SH-velocity model has
a discontinuity with velocity increase at 2550 km depth,
while their SV-velocity profile has a positive gradient to
the CMB, starting at 2741 km depth. Our P-wave re-
sults suggest a discontinuity 160-230 kmabove the CMB.
Analyses of source arrays using S-waves could also help
to further establish the source of the D” reflector in the
region of the Indian Ocean; however, our data were not
of high enough quality to collect a sufficient number of
S-wave traces.
Understanding the structures, and therefore themin-

eralogy, at the CMB could also help us to understand
how lowermost mantle velocity anomalies influence
core convection, as suggested for the high-latitudemag-
netic flux patches beneath Siberia and Canada (e.g.,

Gubbins et al., 2007). In these areas, the lowermost
mantle seems to be associated with an anomalous ther-
mal boundary above the outer core that could influence
core flow. Away from the high latitude regions, the ge-
omagnetic field map gufm1 (Jackson et al., 2000) shows
high magnetic flux patches that move from the south-
ern hemisphere northwards to the west of Indonesia,
before changing direction andmovingwestwards in the
time-frame of several centuries. Since the regionwhere
this change in direction occurs is close to our study re-
gion, the likely colder, deep subducted slab imaged by
our reflection points and by Simmons et al. (2015) could
affect the core convection in a similar way to the results
by Gubbins et al. (2007).
Finally, since the source-arraymigrationmethodonly

requires one seismometer, it could be suitable for seis-
mology on other planets, such as Mars. Recently, Stäh-
ler et al. (2021) detected a reflection in the seismic
recordings of the InSight seismometer, which they in-
terpreted as a core-reflected ScS wave. The migra-
tion method relies on knowing the velocities inside the
planet, but after constraining the velocity structure of
the Martian mantle, a source stack or source-array mi-
gration could further help to constrain or confirm the
depth of the Martian core.

7 Conclusion
In this study, our aimwas to test whether source arrays,
and particularly a source-array migration method, can
be used to study the D” region, by applying the method
to the previously sparsely sampled D” reflector beneath
the Indian Ocean. Since there are very few land sta-
tions at appropriate epicentral distances and only one
OBS experiment available to generate receiver-array or
double-array stacks, we used source arrays and stacked
events that are in a relatively narrow depth range (80-
200 km) for each of the stations, assuming that a limited
depth range would provide more reliable source stacks.
However, we found that our depth range was likely still
too large for source-array vespagrams. Noise in the
data and the plane-wave approximations also limit the
resolution of source-array stacks. Source-array migra-
tion works better and is a useful method that circum-
vents the plane-wave assumption for calculating delay
times between traces that was required for the vespa-
gram analysis. Given the different event depths, the
ability to calculate individual travel-times for each point
within a lower mantle grid leads to more robust results.
Even though the reflections are weak in some cases, our
results suggest a D” layer thickness south of Australia of
160-230 km, whereas beneath the central Indian Ocean,
north and west of Australia, we find a thicker D” layer
whose upper boundary is at 250-270 km and up to 320
km using a receiver array and agreeing with previously
mapped D” thickness. While tomographicmodels show
a range of velocity variations beneath the Indian Ocean,
our D” reflection points agree with ancient subducted
lithosphere in this region (Simmons et al., 2015).
Our results show that source-array migration allows

to image theD” reflector, despite a lownumberof events
per station. Future work, using other event locations
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and focal depth ranges, could help us to gain a more
complete picture. In addition, a source-depth reloca-
tion (Florez and Prieto, 2017) prior to the migration
could help to improve the results. It was useful to inves-
tigate the effects of source normalization on the travel-
times, since signal detections in the stacks could be ver-
ified by using multiple source-normalization methods.
In addition, the source-array migration results could
also be tested against receiver-array migration result, if
suitable arrays become available. Thesemay contribute
crossing ray paths that would allow anisotropy in D” to
be constrained (e.g., Thomas et al., 2011; Pisconti et al.,
2019, 2022).
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