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The SS precursor signals are a powerful tool for mapping topography of mantle
discontinuities, which are sensitive to the thermal and compositional structure of the
mantle. The depth of mantle discontinuities is usually estimated using the differential
travel time between the main arrival and its precursor. However, this method ignores
potential travel path deviations that influence the travel time of precursor signals.
Here, we use an approach that considers directivity information as well as travel-time
measurements. Applying seismic array techniques, we measure slowness, back azimuth,
and travel time of the signals, and use this information to backproject to the point of
reflection. In our test dataset, we observe deviations from the predicted values in slowness
and back azimuth in the range of 0.1–2.3 s/° and 1–20°, respectively. These values lead to
reflection locations that can differ considerably from theoretical reflection points
calculated with great circle plane paths as well as depths different from the depth
calculated for in-plane propagation, with differences up to ∼150 km. Our results indicate
that the travel-path deviations should be considered to avoid misinterpretation of
mantle discontinuities and potentially reduce previously observed scatter in discontinuity
depth.

Introduction
Maps of seismic discontinuities in the mantle provide useful

information about its thermal and compositional state. For

instance, the main discontinuities in the mantle transition

zone, that is, the 410 and 660 km discontinuities, are due to

phase transitions in the olivine system, which, in turn, are sen-

sitive to the lateral temperature and chemical variations in the

mantle (e.g., Deuss, 2009). Additional discontinuities have

been detected in the mantle, although they are not necessarily

globally observed, and their origin is less well constrained, such

as the 210 km discontinuity (e.g., Rost and Weber, 2001), the

discontinuity at 520 km depth (e.g., Shearer, 2000), and

increasing evidence of reflectors detected around 1000 km

depth (Jenkins et al., 2017; Waszek et al., 2018). Up to date,

there are still considerable dissimilarities about the depth of

mantle discontinuities, which, in turn, lead to different inter-

pretations in terms of thermal and compositional structure of

the mantle (Houser et al., 2008; Deuss, 2009).

Several methodologies have been used to sample mantle dis-

continuities, such as triplications, receiver functions, and ScS

reverberations (Deuss, 2009, and references therein). Perhaps

the most commonly used method is based on PP and SS pre-

cursors, which are underside reflections (Fig. 1a) from seismic

discontinuities that travel a similar path to the main PP and SS

phase but arrive earlier (e.g., Shearer, 2000; Deuss, 2009). The

measured differential travel time between the main arrival and

its precursor is used to estimate the discontinuity depth, using

a standard Earth model. However, such an approach ignores

potential travel-path deviations that may affect the travel time
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of precursor signals, and thus the calculation of depth and loca-

tion of the reflector.

The previous studies have questioned the accuracy of this

approach, showing, for instance, how the complex structure of

the Fresnel zone of the underside reflections can result in arte-

facts leading to erroneous discontinuity depths (Chaljub and

Tarantola, 1997; Neele et al., 1997; Neele and de Regt,

1999). Other studies focused on the influence of mantle hetero-

geneities on precursor travel time and on the accuracy of the

travel-time corrections for wavespeed anomalies (e.g., Zhao

and Chevrot, 2003). Zheng and Romanowicz (2012) show with

3D waveform modeling that upper mantle heterogeneities near

the receiver side, that is, far away from the reflection point, can

generate artificial precursors (e.g., double S660S precursors)

that are sometimes also observed in real data, and may lead

to misinterpretations as double discontinuities or complex
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Figure 1. (a) Ray paths of an SS wave (reflected at the surface) and the
precursor reflecting off the 660 km mantle discontinuity, halfway
between the source (black star) and the receiver (black triangle).
(b) Locations of sources (red stars) and arrays (black triangles) used in this
study. Great circle paths are shown as gray lines. The numbered insets
refer to the locations of the center of the arrays displayed on the left side:
German Regional Seismic Network (GRSN) and Gräfenberg (GRF) array
(1); and Münster–Morocco and Bristol–Morocco array (2).
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structure in the bounce point region. Koroni and Trampert

(2016), finally, tested the reliability of linearized ray theory

for converting travel times of SS precursors to discontinuity

depths. Their results show that the location of uplifts and

depressions of the discontinuities are correctly identified,

although the amplitude of the topography is considerably

underestimated.

Here, we use an approach that considers not only travel

times but also directivity parameters, that is, back azimuth

and slowness, which provide information on the horizontal

angle measured clockwise from north and the inclination of

the wavefront approaching the array, respectively. We then

use this information to backtrace the detected signals to their

location of reflection.

This methodology has previously been used for detecting

out-of-plane signals to map the presence of reflectors and scat-

terers in the lower mantle (e.g., Schumacher and Thomas, 2016;

Rochira et al., 2022), and investigating other phenomena often

associated with back-azimuth deviations, for example, multi-

pathing and diffraction at velocity gradient boundaries (e.g.,

Ward et al., 2020). Here, we extend the methodology to SS pre-

cursors that are commonly thought to travel on the great circle

path. Because path deviations generate travel-time deviations,

we test how much such path deviations contribute to variations

in estimated reflection point locations and depths.

Processing and Observations
To investigate the mantle beneath Eurasia, we search for SS

waves and precursors (Fig. 1a) that originate from a discontinu-

ity at depth d, that is, SdS waves (e.g., Rost andWeber, 2001). For

this, we use events with focal depths shallower than 75 km and

epicentral distance between 100° and 140° to avoid precursor

depth phases and topside reflections that interfere with the pre-

cursory wavefield (Schmerr and Garnero, 2006; Schmerr and

Thomas, 2011). Because this study is presenting a proof of con-

cept, we are not analyzing all possible events but show the effects

of path deviations on reflection locations on three selected

events chosen for their high quality and visibility of precursors.

The great circle paths for these three different events are shown

in Figure 1b. Events 1 and 2 are events from Indonesia, recorded

at the German Regional Seismic Network (GRSN), whereas

event 3 is occurred in Indonesia recorded at the temporary

Münster–Morocco and Bristol–Morocco arrays presented in

Figure 1b (see Tables S1, S2, available in the supplemental

material to this article, for details about sources and receivers).

The complete dataset will be analyzed in a follow-up study.

The SdS precursor arrivals are difficult to identify on single

seismic recordings due to their weak amplitude, which is only a

few percent of the main SS amplitude (e.g., Deuss, 2009;

Lessing et al., 2015). We, therefore, use seismic array tech-

niques (Rost and Thomas, 2002, and references therein) to

detect potential precursor signals. In array methods, the seis-

mic traces are shifted and summed according to the “delay and

sum” method that amplifies coherent phases with the appro-

priate slowness, and suppresses phases with different slowness

or incoherent noise. After applying a second-order butterworth

band-pass filter with corner periods of 15 and 75 s to the data,

we calculate fourth-root vespagrams (Rost and Thomas, 2002,

and references therein) to identify precursors based on their

slowness and travel time, using the theoretical back azimuth

of the reference station. Figure 2a,c,e shows the vespagrams

for each of the events displayed in Figure 1b. In particular

for event 1, two potential precursor signals are detected, labeled

(1) and (2) in Figure 2a, but their slowness and travel time do

not match the predicted slowness and travel time of the S1000S

or S660S phases. When using the observed travel time and the

ak135 model (Kennett et al., 1995), the depths of the reflection

points are estimated to be at 872 km (1) and 722 km (2),

respectively, without taking slowness and back azimuth into

account. Furthermore, the time window matching the travel

time for the S410S shows no coherent signal in the vespagram.

Conversely, the vespagram for event 2 shows a precursor signal

arriving in the time window matching the travel time of the

S1000S, but again no coherent signals with the appropriate

travel time and slowness of the predicted S660S and S410S arrival

(Fig. 2c). Finally, the vespagram for event 3 shows four poten-

tial precursor signals whose travel times approximately match

the predicted travel times of the S1000S, S660S, S520S, and S210S

(Fig. 2e). Similar to events 1 and 2, the time window around the

travel time for S410S shows no coherent signal.

To verify the detected signals and to gain information on

the travel path, we perform a sliding window slowness–back-

azimuth analysis (Rost and Weber, 2001; Rost and Thomas,

2002, 2009) using a time window of 20 s, starting 60 s before

the first arrival (Sdiff ) up to 60 s after the predicted SS arrival

time. The analysis window is shifted across the trace every 5 s,

and slowness and back azimuth are measured simultaneously

using a slowness range of 6–18 s/° (with a step of 0.1 s/°), and a

back-azimuth range of ±50° (with a step of 1°) from the direc-

tion of the great circle path. Examples of slowness–back-

azimuth diagrams are shown in Figure 2b,d,f for the events 1,

2, and 3, respectively. Because slowness and back azimuth are
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Figure 2. (a,c,e) Fourth-root vespagrams computedwith the theoretical back
azimuth for events 1, 2, and 3, respectively. The crosses mark the theo-
retical slowness and travel times of the labeled phases assuming the ak135
velocity model, except for the phases labeled S1000S and S520S for which a
modified ak135 model is used. Data are filtered with a second-order
butterworth band-pass filter and corner periods of 15 and 75 s. The
pink areas in the vespagrams indicate the time window of 20 s for

slowness–back-azimuth analysis shown on the right side. (b,d,f) Slowness–
back-azimuth diagrams for the time windows labeled 1, 2, 3, 4 in (a,c,e).
The color bar indicates the fourth-root beamform energy. Horizontal and
vertical white dashed lines correspond to the theoretical back azimuth and
slowness, respectively. White circles mark the observed slowness and back
azimuth for each arrival. Note that the amplitudes in the vespagrams are
amplified by a factor of (a,c) 50 and (e) 100.
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interconnected, a change in back azimuth likely generates a

change in slowness as well; therefore, we search also for arrivals

whose slowness is different from theoretical predictions.

Carrying out the analysis, we observe deviations in slowness

and back azimuth compared to predicted values for our

detected precursors. On average we find deviations in slowness

of 0.9 s/° and 8° in back azimuth. Moreover, with the slowness–

back-azimuth analysis we are able to detect signals that travel

out of plane and thus are invisible when using the theoretical

back azimuth in the stacking processing (see also Rost and

Thomas, 2002; Schumacher and Thomas, 2016). For example,

S410S signals for events 1 and 2, labeled (4) in Figure 2a–d are

detected, which were not visible in the vespagrams (Fig. 2a,c).

No arrivals other than the ones shown in Figure 2 had slow-

ness–back-azimuth values similar to predicted SS precursors.

Some had very different values such as arrival (3) in

Figure 2d, and they are likely not precursor arrivals, because

their slowness is too low for an S-to-S reflection.

If a signal is clearly visible in the slowness–back-azimuth

diagram, we measure the absolute travel time of the arrival

in the fourth-root beam trace for the measured slowness using

the observed back azimuth and also confirm it in linear stacks.

A backtracing algorithm is then used to locate the reflection

point for each of the detected precursor arrival. A grid search

is implemented to find the location of reflector that best fits the

observed travel time, given the measured directivity parame-

ters (see also Schumacher and Thomas, 2016 for more infor-

mation). Because errors in slowness, back azimuth, and travel

time present uncertainties in relocating the reflectors, we fol-

low Schumacher and Thomas (2016) and Rochira et al. (2022),

and calculate the standard deviation for slowness and back azi-

muth using the amplitude values deviating less than 10% from

the maximum amplitude of the observed signal in the slow-

ness–back-azimuth analysis (white circle in Fig. 2b,d,f). We

also estimate an uncertainty in travel-time picking of 10 s, con-

sidering the dominant period of our signals and the time win-

dow used for the slowness–back-azimuth analysis. The errors

differ between events due to the array design and aperture.

Calculated Reflection Points
For all precursor signals detected in the three events, we

observe deviations in slowness of 0.1–2.3 s/° and in back azi-

muth of 1°–20° (Fig. 2). Differently to the previous studies rely-

ing on travel time alone when estimating the depth of mantle

discontinuities and assuming that the waves travel along the

great circle path direction, we take the information on the

observed slowness and back azimuth of the detected signals,

as well as the measured travel time into account. Using the

backtracing algorithm we find locations and depths as dis-

played in Figure 3a,c,e, Figure S1, and given in Table 1.

Because the detected signals deviate from the great circle

path, the estimated locations of the bounce points (displayed

as ellipses in Fig. 3a,c,e) also differ compared with the predicted

locations halfway between source and receiver on the great circle

path (black crosses in Fig. 3a,c,e). Differences in distances

between the backtraced and predicted bounce points are in

the range of ∼8°–21° (Table 1). Even considering the horizontal

uncertainties in locating reflectors (size of ellipses in Fig. 3a,c,e),

due to errors in measuring back azimuth (on average ± 3.7°) and

slowness (on average ± 0.67 s/°), the locations of reflectors do

not match the predicted locations of the bounce points. For

comparison of the effect of using directional information and

travel time, we have calculated the depth of the reflectors,

assuming that the waves travel in plane, that is, using the pre-

dicted slowness and back azimuth and the observed travel time

of the precursor signals. The results are displayed in the maps in

Figure 3b,d,f, and details for each bounce point are provided in

Table 1. In addition, the locations vary slightly in the great circle

plane due to varying travel time.

The maps (Fig. 3) show that, in addition to affecting the loca-

tion of reflectors, travel-path deviations also influence the calcu-

lated depth of reflectors. The SS waves are minimum-maximum

phases (Neele et al., 1997), and any deviations from themidpoint

between source and receiver will lead to travel-time variations.

Using the backtracer, we determine the reflection depth and find

that there are strong differences in depths between the twometh-

ods in the range of ∼28 km up to 157 km (Table 1).

As noted earlier, precursor signals for S410S are not detected

in our events when using vespagrams alone but when perform-

ing slowness–back-azimuth analyses, events 1 and 2 show sig-

nals with a different back azimuth whose travel time matches

that of an S410S phase and which can be backprojected with an

S-to-S reflection. Their reflection depths, however, are much

deeper and shallower than 410 km, respectively. For event

3, we do not find a coherent signal in the time window of

the S410S signal. Interestingly, most of the detected precursors

in our dataset do not match the depths of the mantle disconti-

nuities at 410, 520, and 660 km depth, suggesting that they

could be reflected at other structures in the mantle

(Schumacher and Thomas, 2016; Rochira et al., 2022). Finally,

arrival (3) for event 2 cannot be backprojected with an S-to-S

wave due to its very low slowness.
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To evaluate the influence of deviations for each measured

parameter (back azimuth, slowness, and time) on the estimated

depth and location of the bounce points we conduct a synthetic

test: starting from the values of slowness, back azimuth, and

travel time for the SdS phase for event 1, computed for a

1D Earth model (Kennett et al., 1995), we determine locations

and depths of the bounce points, using the backtracing algo-

rithm and vary only one of the three input parameters at a

time. In particular, we change the back-azimuth values in

the range of ±2°–10° using steps of 2°, slowness values vary

from ±0.2 to ±1 s/° using steps of 0.2 s/°, and travel time varies

between ±2 and 10 s with steps of 2 s. Figure S2 shows the

results for the S1000S phase, and similar results are found for

the S410S and S660S phases. Small deviations in back azimuth

(up to 4°) yield differences in latitude and longitude of up to

∼2° with respect to the predicted values, whereas bigger back-

azimuth deviations (up to 10°) generate differences in geo-

graphical coordinates of up to ∼7°. Differences in depths

are on the order of 2–10 km for small back-azimuth deviations

and up to ∼60 km for bigger deviations. A similar trend is

observed for small deviations in slowness (up to 0.4 s/°) with

discrepancies in latitude and longitude of up to ∼3° and up to

∼10 km in depth. On the other hand, bigger slowness devia-

tions (up to 1 s/°) determine differences in geographical coor-

dinates of up to ∼9° and up to ∼70 km in depth. Travel-time

deviations produce the smallest deviations in latitude and lon-

gitude with less than 1°, while primarily affecting the depth of

the reflection point, with differences from ∼10 to ∼60 km.

Discussion
Contrary to the common approach of mapping depths of mantle

discontinuities using differential travel-time measurements

between the main phase and its precursor (e.g., Shearer,

2000; Schmerr and Garnero, 2006; Deuss, 2009), we adopt a

strategy that also considers directivity information to infer depth

and location of the detected reflectors. Our results show that

there can be a marked difference between the estimated reflec-

tion points in both location and depth between the twomethods;

but the difference is small when the precursors travel on the

great circle path. Several previous studies tested for path devia-

tions before using the precursor travel times (e.g., Saki et al.,

2015) and if in-plane waves are used, then estimated depths will

be more reliable. There may still be errors in depth estimation

due to various reasons such as the influence of the tomography

model used to correct for travel times (Schmerr and Garnero,

2006; Koroni and Trampert, 2016), additional mantle hetero-

geneities (Zheng and Romanowicz, 2012), the influence of

the complicated Fresnel zone of the SS waves (Chaljub and

Tarantola, 1997; Neele et al., 1997), noise, and array configura-

tion or plane wavefront assumption (Ward et al., 2021).

Since the deviations in slowness and back azimuth also

change the location of the reflection points, as shown in
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Figure 3, Figure S1, and Table 1, mapping depths to the theo-

retical reflection point may also lead to erroneous estimates of

topography, and subsequently misleading interpretation of

mantle temperature and mineralogy, because topography of

mantle discontinuities is influenced by these. Previous works

showed a large scatter for the seismic reflector at 1000 km depth

(e.g., Waszek et al., 2018) and also for other discontinuities (e.g.,

Chambers et al., 2005; Deuss et al., 2006; Thomas and Billen,

2009). Contribution of compositional variations in aluminum

or iron, and the presence of water or melt have been proposed

to explain the discrepancies in topography of the mantle discon-

tinuities observed in several previous studies (e.g., Chambers

et al., 2005; Deuss et al., 2006; Thomas and Billen, 2009).

Our results show that using directional information instead

of relying only on travel-time measurements can provide an

alternative explanation for such discrepancies.

Moreover, it is usually assumed that the differential travel

time between the main phase SS and its precursor is only sen-

sitive to the structure between the discontinuity depth and the

surface (e.g., Deuss, 2009). This implies that the potential

heterogeneities, such as structure or topography beneath the

station, or structures in the source region should deviate paths

of both the waves in the same way. In contrast, we observe

smaller deviations for SS waves than for precursors (Fig. S3)

with maximum deviations in slowness and back azimuth for

the SS waves of 0.4 s/° and 4°, respectively. This suggests that

either the same heterogeneities deviate the paths of the main

phase and its precursor differently, which is unlikely, given the

almost same paths and frequency of the waves, or other struc-

turers are responsible for the bigger deviations observed for

mantle discontinuity reflected precursors. Should topography

be present at a reflector, following Snell’s law, the reflection of a

seismic wave at the nonhorizontal parts of the reflector likely

happens outside the great circle path, whereas the surface

reflected SS wave would likely not be affected much (e.g.,

Lessing et al., 2015), which can explain the difference.

In addition, our analysis shows that, when using slowness–

back-azimuth analysis, we are able to detect precursor signals

that travel out of plane but are not visible when using the theo-

retical back azimuth in the stacking process (e.g., S410S in

Fig. 2). Therefore, if topography is present at the discontinuity,

this might contribute to the lack of detection of precursors

observed in the previous studies, which was also attributed

to several mechanisms such as a reduced velocity contrast

at the discontinuity, interference with other seismic arrivals,

or local lateral variations in mineralogy (Lessing et al., 2015,

and references therein). A systematic search for arrivals could

help to detect more underside reflections off mantle disconti-

nuities, especially in the presence of discontinuity topography

and perhaps help to distinguish effects from topography from

those of other discontinuity properties. Finally, this approach

might be also useful for detecting precursors to other seismic

phases (e.g., PP and P′P′) or investigating other phenomena

such as multipathing and diffraction (Ward et al., 2021).

Conclusion
We use array methods to detect SS precursors, and measure their

direction (slowness and back azimuth) and travel time. We

observe deviations in slowness and back azimuth for the precur-

sor signals compared with the predicted values that are in the

range between 0.1–2.3 s/° and 1°–20°, respectively. Backtracing,

using slowness, back azimuth, and travel time, to the position

and depth of the reflector, we find that the location of the bounce

points differs considerably compared with the predicted location.

When backprojecting with directional information and travel

times, the depths of the reflector differ compared with depths

estimated using only travel time. The results show that some

of the observed scatter of discontinuity depth could be due to

path effects, and the approach may help to better understand

properties of mantle reflectors, such as topography. Furthermore,

an incorrect estimation of the depth and location of reflectors

may contribute to a misleading interpretation of mantle discon-

tinuities. Therefore, we suggest that the travel-path deviations

should be considered in future work to better constrain the geo-

graphical position and the depth of mantle reflectors.
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