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SUMMARY

Well-constrained earthquake depth estimations are important for seismic hazard determination.
As local networks of the East-African Rift are usually too sparse for reliable depth estimations,
we used detections of pP and sP phase arrivals (the so-called depth phases) at teleseismic
distance to constrain earthquake depths in this region. We rely on a fully automatic Cepstral
analysis approach, first validated at the global scale using the ISC-EHB catalogue, then applied
on the East-African seismicity. We investigated 9575 earthquakes from magnitude 2 since
2005 which allows us to constrain the depth estimation of 584 events with magnitude mainly
above 3.5, complemented by 139 reliable depth estimations from previous studies based on
teleseismic data as well. To ensure a final catalogue as complete as possible, we also identified
from regional catalogues 113 earthquakes assumed to be well constrained, based on network
geometry empirical criteria. Thanks to this study, we finally propose new earthquake depth
distributions for the seismic source zonation defined by Poggi et al., in order to estimate the
seismic hazard of the East African Rift region. Including those new distributions in the source
models leads to significant changes of seismic hazard assessments results.

Key words: Africa; Body waves; Earthquake hazards.

1 INTRODUCTION

The seismicity of the eastern part of Africa is moderate, with earth-
quake magnitude generally below 6, and is mainly due to the pres-
ence of the East African Rift System. Poggi ef al. (2017) estimated
the seismic hazard map for this area, but without an exhaustive
study of earthquake depth distributions. The common practice in
the characterization of seismic hazard is indeed to take into account
the focal depth only indirectly, via the modification it implies on the
source—site distance.

However, it is usually assumed that focal depth should play a more
important role in seismic hazard assessment. For instance, depth es-
timation is known to have an incidence on peak ground acceleration
values (e.g. Douglas 2001; Derras ef al. 2012) and on intensity (e.g.
Stromeyer & Grunthal 2009). Nevertheless, few studies have anal-
ysed the impact of earthquake depth estimation on seismic hazard
characterization, often because the depth parameter is poorly con-
strained during earthquake localisation procedures (Bondar et al.
2004). Furthermore, depth estimation is especially challenging for
regions with sparse networks, as is the case for Africa.

The goal of this study is then to propose more reliable earthquake
depth estimations based on teleseismic data, as originally proposed
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by Craig et al. (2011). These authors used two approaches to deter-
mine 227 well-constrained depth estimations from teleseismic data
only, for the years 1964-2010, encompassing the whole African
continent. For M,, > 6 events, they applied a waveform inversion
procedure to estimate both depth and focal mechanism. For smaller
magnitude events, they relied on P-pP and P-sP delays to constrain
depth estimations. Here, we propose to analyse the more recent
seismicity (2005-2019), relying on the Cepstral analysis proposed
by Letort et al. (2015) to automatically detect and identify depth
phase arrivals among the hundreds of available stations at teleseis-
mic distance for each event.

This Cepstral method, detailed in the following part (2), allows
for the processing of large data amounts from stations all around the
world, and has been validated on various but specific case studies,
(e.g. Mexico, Letort et al. 2015; Nepal, Letort et al. 2016) but never
at the scale of a whole continent. Craig (2019) show that is possible
to process automatically seismic data on large scale area. We hence
first tested the ability of the Cepstral method to deal with large areas,
by an application for worldwide earthquakes belonging to ISC-
EHB catalogue assumed to be well constrained at 5 km (L1-ISC-
EHB events, see Weston et al. 2018). Then, we used our procedure
for depth estimation on all detected earthquakes with magnitude
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above 2 that occurred between 2005 and 2019 on the East African
Rift System.

As teleseismic depth estimation can be limited for shallow events
(Letort et al. 2014), 113 assumed reliable depth estimations are also
extracted from regional localisations after a drastic selection on ISC
bulletin (International Seismological Centre 2020a) from resolution
criteria based on local seismic network geometry and number of de-
tected phases. Indeed, several authors have shown that well-located
events can be identified according to the network geometry used
for the localisation process and have proposed empirical criteria for
depth resolution (Bondar et al. 2004; Husen & Hardebeck 2010;
Bondar & Storchak 2011; Letort et al. 2016; Theunissen et al.
2018). We finally provide a catalogue of 836 earthquakes, mostly
with events constrained at teleseismic distances (723) and supple-
mented by these 113 regional catalogue events. We then discuss
uncertainties and representativeness of the depth distributions for
different areas. We finally re-evaluate the East-African Rift seismic
hazard, through the use of OpenQuake computational tools (Pagani
et al. 2014), taking exactly the same settings as defined by Poggi
et al. (2017), but revising the depth distributions used in the source
model. The impact of source depth distributions on the seismic
hazard is finally debated.

2 CEPSTRAL METHOD

The teleseismic approach is well suited for studying African earth-
quakes, as few local networks are generally available (Craig et al.
2011). Teleseismic P-wave data are a mix of the direct P, reflected
pP and sP wave arrivals, but can also have complex coda wave
arrivals, and/or wave arrivals reflected from unconstrained small-
scale heterogeneities in the crust and upper mantle. The identifica-
tion and manual picking of these depth phases can hence be very
challenging.

To overcome this limitation, we can rely on (1) an automatic
picking procedure based on a Cepstral analysis (Letort et al. 2015)
and (2) the validation of these pickings from the redundancy of
coherent information through an important number of teleseismic
stations (Letort ef al. 2018). Moreover, the number of available sta-
tions and arrays in the world has significantly increased over the last
decades, most of them concentrated in the Northern Hemisphere,
providing thousands of stations at teleseismic distance for African
regions and in all ranges of azimuths (Fig. 1).

The automatic Cepstral picking procedure has already proved
its efficiency in several tectonic contexts (Letort ef al. 2014, 2015,
2016). However, it was always at local scale, with a careful selection
of stations and arrays to be used for each studied area. One step
ahead, Letort et al. (2018) proposed to scan all available stations
on the IRIS datacenter to extract automatically the recordings to
be used for depth estimation, from SNR (signal to noise ratio)
criteria and cepstral peaks criteria. It allowed them to blindly identify
approximately 450 stations with clear and coherent pP, sP detections
for the 12 September 2016 event in South Korea, allowing for a more
tightly constrained depth estimation.

This new approach (i.e. scanning automatically thousands of sta-
tions followed by completely blind station selection and depth es-
timation) has never been tested at the scale of a whole continent.
Before applying it to the East African Rift earthquakes, we thus
compare depth localisations of worldwide earthquakes obtained by
Cepstral method to locations from the ISC-EHB catalogue (with
depth phases picked by hand), for Level 1 (L1) events. L1-Event
depths are labelled as well-constrained by the ISC. They have a free

depth solution with a standard depth error less than 5 km and at
least 3 depth phases (Weston et al. 2018) or fixed depth constrained
by depth phases or by the USGS broad-band solution. It makes the
L1-ISC-EHB catalogue an interesting tool to evaluate our indepen-
dent depth estimations. One year of seismicity has been treated: the
year 2012, with 497 events in the L1-ISC-EHB catalogue.

2.1 Cepstral teleseismic depth estimation

For each event, all the available teleseismic short-period data were
downloaded through the IRIS Wilber 3 system (https://ds.iris.edu/wi
Iber3/) or IRIS Web Services (https://service.iris.edu/) web service.
A time window of 100 s is automatically selected 5 s before the
theoretical P-wave arrival, estimated using the ak135 velocity model
(Kennett ef al. 1995) and 95 s after. The data are systematically
bandpass filtered between 0.8 and 2.5 Hz. Following Letort et al.
(2018), an SNR criterion is then defined based on a power spectrum
maxima ratio of two windows before and after the theoretical arrival
time of the direct P wave, allowing to reject noisy recordings. Then,
cepstra functions are estimated, still following Letort et al. (2018).
For each of the M stations (i = 1 to M), the cepstrum C(?) is a
function of time delay between the direct P wave and reflected
waves in the P-coda.

Cepstrum peaks (C; maxima) are mainly due to P-pP, P-sP and
P-PcP interactions (Letort ef al. 2015). P-PcP interactions do not
bring useful information on focal depth and could even bias depth
estimation if P-PcP delays are wrongly interpreted as P-pP delays.
Thus, using the ak135 velocity model (Kennett ef al. 1995), theoret-
ical P-PcP delays (#;_pcp.p_m.o-700 km) are estimated for a wide range
of focal depths (0—700 km). Parts of the cepstra that could be related
to P-PcP interactions are simply put to 0, such as:

Ci(ti_pcp-p_th_0-700km) = 0 (D

Then, we assume that the C; (¢) values indicate a reflected phase
arrival (at the time delay 7 between the P wave and the reflected
wave) when they are above a certain level. This level is empirically
chosen at 0.15 times above the value of the norm of C; (see example
of Cepstral function in Fig. 2b). New Cepstral functions Cr; (¢) are
then defined; null everywhere, except for the time delays between
P and the reflected phases, such as:

Cn; (t) = 1,if C; (t) > 0.15* |C;| = 0 otherwise )

At teleseismic distance, P-pP delays (resp. P-sP delays) depend
only on depth estimation and velocity model. The Cn; cepstra are
first assumed to be due to P-pP delays, they can hence be converted
into an equivalent depth probability function (d_yp ;) using the ak135
velocity model. They are then also converted into another equivalent
depth probability function (d ;) assuming this time they are due
to P-sP delays.

The final depth probability function is simply the sum of all
depth-converted cepstra (Fig. 2):

d=3" (dpps +dipr) 3

2.2 Validation of the Cepstral approach and comparison
with ISC-EHB L1 events and extraction of depth
resolution criteria

We then compare depth localisation between Cepstral method and
location from the ISC-EHB catalogue, for L1-events. To be sure
that an event depth is well constrained by Cepstral estimation, the
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Figure 1. Teleseismic stations with clear depth phase detections identified from Cepstral analysis for the Tanzania earthquake, with magnitude 4.7, on 20

September 2011.
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Figure 2. (a) All teleseismic recordings for one event (2012.03.30-04:38), re-aligned on the direct P-wave arrival (at 0 s), where pP and sP arrivals have been
detected automatically with SNR > 2 and with a Cepstral peak >0.15. (b) Cepstra for all investigated recordings. (c) Final cepstra assuming pP detections only

(blue), sP detections (red) and the combination of both kind of detections (black).

final depth probability function d (eq. 3) gives a first interesting
clue of the number of coherent detected depth phases, but it is not
a sufficient criterion. The azimuthal coverage of the detections and
the uniqueness of a main Cepstral peaks are two others strong clues
of the success of the method.

Criteria for depth resolution have then been defined as follows:
An event is assumed to have constrained depth estimation if, and

only if all the following conditions are respected:

(i) More than 20 coherent depth phases are detected.
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(i1) These depth phases have an azimuthal gap lower than 290°.

(iii) The maximum of the final depth probability function d has
to reach 10 times the value of its median (meaning d shows a
strong dominant peaks). The resolution threshold is then defined as
median(d)/max(d) < 0.1.

The first criterion is straightforward: the number of pP/sP de-
tected phases. The second criterion, based on the azimuthal coverage
is introduced to give more confidence to the depth phase detections,
to assure that coherent secondary arrivals are well observed on a
large azimuthal range. A last, introducing the criterion on the value
of the final depth probability function, allow to keep only events
where the final Cepstrum function show a strong dominant peak.
It allows to take account possible non-coherent detections which
are not depth phases (reflected waves on 3-D structures, due to
the propagation.). Hence, if the detected secondary phases are not
coherently pointing to same depth estimation the final Cepstrum
function will not have a strong peak. Then, even if a high number of
secondary phases are detected in a wide range of azimuth, we will
not retain this event as well constrained. To validate these criteria
and choose the thresholds (20 phases—gap 290—C < 0.1), we have
empirically tested different configurations of these criteria, until
finding the combination that better satisfy the L1-ISC-EHB depth
estimations (assumed to be the reference depth). With these three
resolution criteria, 231 events from the 497 investigated events are
assumed to be well constrained.

These Cepstral depth estimations are compared with the EHB-
L1 depth estimations: it shows a very small average difference
(0.6 km) with a standard deviation of 8.5 km (Fig. 3a). This re-
maining quite large standard deviation is controlled by few deep
events with important depth variations according to the two meth-
ods (Fig. 3b). These events have strongly coherent phase detections,
but these phases are interpreted differently in terms of pP/sP, with-
out any clues to know which solution is the best. This illustrates
the burning issue of the pP/sP interpretation, for all teleseismic
approaches, which can lead to consequent bias in the depth estima-
tions. However, note that for shallower crustal events, the difference
between depth estimation derived from pP and sP became smaller.
Hence, for the East-African Rift target, even with a misinterpre-
tation of pP/sP depth phase arrival, the approach should be able
to distinguish an event at a depth of 1012 km from another at
15-18 km.

For this study, we rely on an unique 1-D velocity model (ak135).
The choice of this approach is driven by (1) a lack of knowledge
about exhaustive and more complex velocity models covering the
whole area, (2) to keep a coherent depth estimation that could be
compared with other teleseismic studies (Craig et al. 2011, ISC-
EHB-L1 catalogue) and (3) to provide an homogeneous catalogue
for the area. When available, using local velocity models instead
would improve the depth estimation as shown by Jerkins ez al. (2020)
and Gibbons et al. (2016). Letort et al. (2014), have also showed
that a depth difference of 3—5 km could arise when using different
models extracted the CRUST2.0 (Bassin et al. 2000) instead of
using ak135 velocity model. Notes that uncertainties coming from
the velocity model in the mantle and on the crust below the focal
depth, are less important, as P and pP follow approximately the
same path and will be affected in the same way by a local velocity
anomaly. But, the presence of shallow low-velocity sediment layers
could affect greatly the depth estimation. The knowledge of the
crustal structure above the source remains a key point to constrain
the depth.

For the update of the seismic hazard estimation for the East
African Rift, the goal is to be able to sort one event into one of

the 4 depth range groups (0-10 km, 10-20 km, 20-30 km, 30—
40 km, see part 3.5). The use of a global 1-D velocity model such as
ak135 should allow a reasonable sort into these 4 groups, even with
large uncertainties of few kilometres. However we expect higher
uncertainties for events in the Mozambique Channel: the difference
of pP traveltime predictions between the ak135 velocity model and
a more realistic local velocity model can be important in such an
offshore context, as seen by Jerkins ef al. (2020) for shallow North
Sea events. We will discuss in part 3.4, this issue of depth estimation
on this area.

Note also that well constrained events are seen for almost all loca-
tions on earth (Fig. 3c). No systematic bias according to earthquake
location have been noted, which gives confidence on the success
of the application for the East-African Rift System, that will be
described now.

3 DEPTH ESTIMATION FOR THE
EAST-AFRICAN RIFT EARTHQUAKES

3.1 Data and selected events

The 9575 East African Rift System events, reported in the ISC
catalogue (International Seismological Centre 2020a), between 1st
January 2005 and 1st January 2019, are all used. The exact same
Cepstral analysis described in the previous paragraph is applied
for depth estimation, on the teleseismic short-period data from the
FDSN web service. The only change is a decrease of the time
window length (80 s instead of 100 s), as we expect to have only
earthquakes with focal depth largely smaller than 100 km and it is
not worth keeping a long time window. The same resolution criteria
are applied, except for the number of detected depth phases, which
has been relaxed to 10 arrivals because of a more restricted depth
range and tectonic context, a more stable azimuthal coverage and a
more stable number of scanned stations on the study area. Moreover,
a manual check of the data is systematically processed, allowing us
to reject few false detections due to multiple arrivals from regional
events that mask the teleseismic arrivals. Finally, 584 earthquakes
have assumed constrained depth estimation with magnitude gen-
erally above 4, and even 14 events reaching weaker magnitudes,
around 3.5 (these magnitudes have to be taken with care, as they
have been extracted from the ISC (International Seismological Cen-
tre 2020a) website, mixing different kind of magnitude, M, , my, M
and even My).

To ensure building the most exhaustive catalogue of constrained
depth estimation for seismic hazard analysis, teleseismic depth es-
timations coming from published studies are used:

(1) 71 depth estimations from Craig et al. (2011) between 2005
and 2010 in our area.

(i1) 68 from the L1-ISC-EHB catalogue, that is events of the
ISC-EHB catalogue with the L1 quality criterion, that ensures the
highest constraint on depth estimation (Weston ef al. 2018).

(ii1) 189 from the pP-ISC catalogue, that is events of the ISC
bulletin (International Seismological Centre 2020a) for which a
‘pP-depth’ parameter is available. This pP-depth is computed from
the depth-phase stacking method introduced by Murphy & Barker
(2006) and detailed in Bondar & Storchak (2011).

Events can have depth estimation with several of this three
teleseismic methods, as well as with the Cepstral analysis. A total
of 82 events have been estimated both from Cepstral analysis and
at least one these teleseismic approach, which will provide some
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Figure 3. (a) Difference between Cepstral and EHB depths for earthquakes from the 2012 EHB-L1 catalogue. In blue, the difference is for all the 497
investigated events. The mean difference is -1.3km with a significant standard deviation of 17 km. Class 2 events (In red) are only the 231 events having an
azimuthal gap below 290, at least 20 depth phases and a minimum resolution threshold of 0.1. The mean depth difference is —0.6 km and the standard deviation
is 8.5 km. The Class 1 events (orange) are the 44 events with 20 depth phases, a resolution threshold of 0.3 and an azimuthal gap below 180° (see main text).
The mean difference between cepstral and EHB depth is —0.3 km and the standard deviation is reduced to 5.5 km. (b) For the second class of events (Class 2,
red in (a), resolution >0.1), comparison of Cepstral and EHB depths. The dots in blue are for earthquakes with mainly pP detections from Cepstral analysis,
in red for mainly sP detections. (c) Localisation of investigated events (blue, unfilled) and constrained events with a resolution threshold of 0.1 and at least 20

depth phase detections (black, filled).

Table 1. Resolution criteria used to select seismic events with well constrained depth estimation from catalogue

(Min.) Minimum.

Reference of the criteria

Criteria

Theunissen et al. (2018)
Letort et al. (2016)
This study

Min. 1 station < 15 km and Azimutal gap < 180°

Min. 1 station < 50 km and 6 P/S phase pairs and Azimutal gap < 300°

(Min. 1 station < 30 km and 4 P/S phase pairs)
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Depth distribution estimated with Cepstral method
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Figure 4. Depth distribution estimated with different approaches for the Eastern African Rift System: (a) Cepstral method, (b) other teleseismic approaches

(Craig, pP-ISC and L1-ISC-EHB) and (c) regional network geometry criteria.

insight on depth estimation uncertainty and on the best ap-
proaches to constrain the depth estimation (see later, paragraph
11.3). Moreover, 139 events were depth constrained by at least one
of these teleseismic method, and were not in the previous cata-
logue obtained by Cepstral analysis. They were added to the list
to obtain a catalogue of depth constrained event containing 723
events.

3.2 Limitation of teleseismic depth estimation for shallow
events: adding events constrained by regional data

These previous teleseismic approaches (Cepstral analysis and the
other three teleseismic depth estimation) all use teleseismic data and
could thus be limited for shallow event depth estimation (<5 km) be-
cause the time delay between P waves and depth phases is too short
to be detected automatically (less than 2-3 s). A teleseismic cata-
logue could thus be biased, lacking shallower events, which would

play a huge role on seismic hazard characterisation. In order to deal
with this burning issue, an exhaustive study of depth resolution from
regional localisations has been carried out, allowing us to extract
from the ISC bulletin 121 seismic events assumed to be well con-
strained at depth, as explained below. Among them, 8 were already
in the previous list, which allowed comparisons with other methods
and 113 events were not in the previous list, and were added to it
to obtain a final catalogue of 836 events. The ISC bulletin has been
scanned and events with supposedly reliable depth estimation have
been selected according to empirical criteria based on the num-
ber, the kind (P, S) and the repartition (distance, azimuth) of the
phases used for the localisation procedure. Indeed, several authors
have proposed that the network geometry can control the quality of
the depth estimation (Bondar & Storchak 2011; Letort et al. 2016;
Theunissen ef al. 2018). Here, three different sets of criteria are
used (Table 1) to extract events with constrained regional depth
estimations. For each event fulfilling one of these three criteria, we
used the depth indicated by the prime location of the ISC bulletin
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Table 2. Difference in depth estimation for events with multiple depth estimates compared to the depth estimated with the Cepstral method. Craig ez al. (2011)
(A): full waveform inversion method. Craig et al. (2011) (B): P-depth phases delay.

pP ISC L1-ISC-EHB  Craigetal. (2011) Craigetal. (2011) Letort et al. (2016) Theunissen et al.  This Study
Approaches (teleseismic)  (teleseismic) (A) (teleseismic)  (B) (teleseismic) (regional) (2018) (regional)  (regional)
Number of events 73 24 7 17 5 2 6
Mean (km) -1.8 0.7 4.9 1.7 33 —0.5 3.0
Standard deviation (km) 6.6 6.9 2.3 3.8 - - 8.2

(i.e. the most reliable location according to ISC analysts), except if
this depth is indicated as a fixed depth, in which case the event is
discarded.

To summarize, well-constrained events are selected by three dif-
ferent classes of approaches: (i) from the Cepstral analysis, (ii)
from other published teleseismic approaches (Craig, pP-ISC and
L1-ISC-EHB) and (iii) from regional bulletins and catalogues, and
according to empirical network geometry criteria. The complete
depth distributions for the Eastern African Rift System obtained
from those three approaches are shown in Fig. 4. As expected, a
clear difference is observed on the percentage of shallow events
(<5 km), according to the teleseismic or regional datasets used.
Teleseismic depth estimations are indeed not appropriate for shal-
low events. The deep-earthquake parts of the depth distributions
(>5 km) look similar for the Cepstral method and for the other
teleseismic approaches.

3.3 Depth estimation uncertainties

Combining the three methods provides different depth estimations
for a same event, allowing for the evaluation of epistemic uncertain-
ties in the depth estimation and identifying which approach/method
should prevail to define the best focal depth estimation.

The comparison of the 82 events having both a Cepstral and
another teleseismic depth estimation shows an important standard
deviation of 6.4 km (Fig. 5a). It illustrates the significant remain-
ing uncertainties in the final catalogue. Similar observations can be
made comparing Cepstral and regional depth estimation (Fig. 5b)
even if only 6 events are common, with an average difference
of 3.1 km and standard deviation of 8.2 km. Going into more detail,
it appears that the Cepstral analysis presents the best agreement with
the study of Craig et al. (2011) and with the L1-ISC-EHB catalogue
(Table 2). It is on average in good agreement with L1-ISC-EHB,
even with a still quite large standard deviation (6.9 km), and shows a
small systematic shift (1.7 km) with the depth estimations
of Craig et al. (2011) with a very small standard deviation
(3.8 km).

These two kinds of methods are assumed to be the trust worthiest.
The L1-ISC-EHB catalogue is assumed to contain events with focal
depth well constrained at 5 km (Weston et al. 2018) and Craig
et al. (2011) have conducted a specific and exhaustive study of
depth estimation for African earthquakes, aiming to identify the
best estimated focal depth. The consistency between Cepstral depth
estimation and these two approaches is therefore an indication of the
efficiency of the Cepstral depth estimation of these two catalogues.
The pP ISC catalogue, estimated from the combination of manual
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pickings from different institutes, and without a systematic check of
the depth phase’s identifications, is assumed to be less constrained
than the Cepstral, L1-ISC-EHB and Craig’s catalogues.

Among the regional approaches, the resolution criteria proposed
by Letort et al. (2016) and Theunissen et al. (2018) are more re-
strictive than the ones proposed in this study. The regional depth
estimations are assumed to be less reliable than those obtained from
teleseismic approaches. This hypothesis could be debated, but it al-
lows to have a final catalogue with a majority of events constrained
by teleseismic data for the whole area, keeping it homogeneous and
less dependent on local network geometry (see next paragraph).

Under these hypotheses/observations, a ranking of depth estima-
tion accuracy is proposed among all these approaches:

(1) The Cepstral depth estimation method.

(2) Craig et al. (2011) using its full waveform inversion method.

(3) Craig et al. (2011) from P-pP delays.

(4) The L1-ISC-EHB method.

(5) The pP ISC approach.

(6) From the regional location, if the Theunissen et al. (2018)
resolution criteria are satisfied.

(7) From the regional location, if the Letort e al. (2016) resolu-
tion criteria are satisfied.

(8) From the regional location, if the ‘Study’ resolution criteria
are satisfied.

For each of the 836 events of the catalogue, a unique depth
estimation was selected: the one with the highest accuracy according
to this ranking. This results in the definition of three subgroup in
the catalogue: 584 events for which the final depth estimation were
obtained by Cepstral analysis, 139 events for which it was obtained
by teleseismic approaches and 113 for which the final depth has
been obtained by regional approach.

3.4 Final depth distribution of the East African Rift
system: validation/comparison through consistency with
regional tectonic features

To assess the seismic hazard of the East African Rift, Poggi et al.
(2017) defined six zones (Fig. 6a) having a common mechanical
behaviour and a similar rheological profile. In the present study,
the same zones will be used. The Fig. 6(b) shows the depth dis-
tribution of our 836 events of the final catalogue inside the 6
zones. We saw previously that the three classes of depth estima-
tion methods (A. Cepstral, B. other teleseismic, C. regional) rely
on different approaches and show different kinds of limitations. It
is therefore interesting to note that they do not constrain the same
earthquakes and/or areas (example for group 4 in Fig. 7). For in-
stance, the regional approach allows for the identification of a family
of shallow earthquakes for the group 4 (in green on Figs 7¢ and f,
right-hand panel). There lies one of the most active volcanoes in
Africa, the Nyiragongo, close to Lake Kivu (Pouclet ef al. 2016;
Oth et al. 2017). However, this clustering of shallow earthquakes
is not visible using the teleseismic approaches, which perfectly
illustrates the complementarity of the different methods and the
possible bias of teleseismic approaches in dealing with shallow
events.

Since they do not depend on the spatial coverage of regional
networks, teleseismic approaches logically cover a much larger area
(Fig. 7). The Cepstral approach shows a clustering of the seismicity
along a deep structure, not seen by the other approaches (Fig. 7d,
blue). This seismicity is distributed along a fault system near Lake

Edward between the Democratic Republic of Congo and Uganda
(Chorowicz 2005; Ebinger 1989; Skobelev et al. 2004; Craig et al.
2011). These coherent depth variations thus provide evidence of the
efficiency of the Cepstral analysis for this area and, once again, the
complementarity between all approaches, sensitive to different kind
of structures/depth/areas.

Note a vertical alignment (pink on Figs 7a and d and Figs 7b and
e), which represents aftershocks of a magnitude 7 earthquake that
occurred in Mozambique in February 2006 (Yang & Chen 2008).
Another concentration of earthquakes (in black, Figs 7a and d) is
related to a seismic swarm in Malawi in December 2009 (Biggs
et al. 2010).

The source zonation covers a part of the Mozambique Channel,
between Africa and Madagascar island, where an open debate exists
about the location of the crustal oceanic/continental transition zone
(Leinweber et al. 2013; Franke et al. 2015; Klimke et al. 2018).
As expected, no events can be constrained by regional networks
in this oceanic context (Fig. 8). Significant differences are also
observed between the different teleseismic approaches (Figs 8a and
b). Especially, some events are located deep in the mantle by the
non-Cepstral approaches, when taking as reference the Moho depth
(around 16 km) from the CRUST 1.0 model (Laske et al. 2013).
This deep seismicity could imply the presence of mantle seismicity
or an indication of a Moho discontinuity deeper than reported.

This observed large depth variation can also be explained by a
different interpretation of the detected depth phases: pwP phases
(phases reflected on the top of the water layer) are preferentially
chosen instead of pP arrivals by the Cepstral approach in oceanic
context when the water column is greater than 1500 m. This results
in event depths shallower than under the assumption of pP arrivals
(see for instance Letort et al. 2014). Discrimination between pP/pwP
arrivals is challenging, which gives three possible scenarios:

(1) Deeper events in the Mozambique Channel do exist, which
could imply that the crust is thicker than reported in CRUST1.0
for the central part of the Channel (around 15-20 km). This could
hence support the hypothesis that the central Mozambique Channel
is composed mainly of continental crust as proposed by Franke et al.
(2015) and Lort et al. (1979). Alternatively, this deep seismicity
could also be seated in the upper mantle.

(2) The events are all located between 5 and 20 km depth in the
centre of the Channel, with pwP detections. Then, the seismicity is
likely to be confined in the crust, above the Moho transition zone.

(3) Real velocities are in fact much lower than in ak135 model
and thus our depth estimations are overestimated (Jerkins ez al.
2020).

Teleseismic data could hence provide useful information by con-
straining the seismicity depth for such geographically remote areas.
However, the uncertainty on the depth estimation remains large due
to the pP/pwP indeterminacy and choice of relevant velocity mod-
els. Resolving this indeterminacy would allow better understanding
of the tectonic processes at work here.

3.5 Final depth distribution for each source zone

In the previous paragraphs, an exhaustive selection of the best depth
estimations for the East-African Rift seismicity for the years 2005—
2019 allows us to complete the previous catalogue provided by
Craig et al. (2011) for the years 1964-2010. This catalogue is a
mix of different approaches, dominated by teleseismic Cepstral
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Figure 6. (a)Zonation of the Eastern Africa Rift System by Poggi et al. (2017). (b)Zonation of the Eastern Africa Rift System by Poggi et al. (2017) with our
depth distribution of our final catalogue.
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Figure 7. Maps and cross sections for depth estimation of Group 4 events. Colour represents the depth estimation. (a) Maps for depth estimate with Cepstral
method. (b) Maps for depth estimate with other teleseismic approaches. (c) Maps for depth estimate with regional approach. (d) Cross section for depth estimate
with Cepstral method. () Cross section for depth estimate with other teleseismic approaches. (f) Cross section for depth estimate with regional approach.
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by Poggi et al. (2017).

depth estimations. Despite the possible remaining depth uncertain-
ties highlighted by the comparison between methods (see previous
paragraph, 3.3), the consistency of earthquakes location with the
tectonic features is a strong indication of the robustness of the final

catalogue provided in supplementary material. This in turn allows
us to define more precise source model for the six zones of Poggi
et al. (2017) and to refine the seismic hazard assessment. Final
depth distributions are significantly different from those proposed
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Figure 10. Maps of seismic hazard obtained with new depth estimation. g: acceleration due to gravity. PGA: peak ground acceleration for a 10 per cent
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by Poggi et al. (2017) (Fig. 9). The depth distribution differences
are especially important for the proportion of shallow (<5 km) ver-
sus deeper events (except for groups 3 and 5). Group 3 shows a
higher proportion of deeper events (>20 km), consistently with
intraplate tectonic context, with thicker crustal structures.

Despite different depth constraints and different sources of un-
certainties, the depth distributions deeper than 5km show the same
pattern for the three approaches (Fig. 4). This gives great confidence
on the picture of the seismicity distribution in this depth range in the
Eastern Africa Rift System. The shallower part of the distribution
(<5 km) is different according to the chosen approach, is mainly
constrained by events estimated through the regional approach (113
events) and could thus be a biased version of the real seismicity
distribution. Favouring the teleseismic approaches could lead to an
underestimation of the number of shallow events. Thus, the higher
proportion of shallower events observed for 4 groups compared to
Poggi et al. (2017) could be more drastic.

4 IMPLICATION OF NEW DEPTH
DISTRIBUTIONS FOR SEISMIC
HAZARD ASSESSMENT

We re-evaluated the East-African Rift seismic hazard, through the
use of Openquake (Global Earthquake Model, GEM) computational
tools. OpenQuake software uses a logic tree implementation, with 4
GMPEs (ground motion prediction equations) and different source
models. We have taken exactly the same source model and ground
motion logic tree configuration as used by Poggi et al. (2017), except
for the source depth distributions, which are now defined from the
new improved depth catalogue (Fig. 9). The resulting PGA (peak
ground acceleration) for a 10 per cent probability of exceedance in
50 yr, using a mesh of 79 109 sites spaced at approximately 10 km
(see Poggi et al. 2017) is shown in Fig. 10. Largest accelerations
(0.21-0.27 g) are found close to Lake Kivu (Group 4) near several
active volcanoes like Nyiragongo volcano, and in the Eastern Rift
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System (Group 6). Moderate PGA values (0.15-0.21) are found in
the region of the Afar triple point.

Introducing the new depth distributions lead to an increase of
the PGA values for some areas of the group 6 and a decrease for
the groups 3 and 5 (see Figs 11a and 6). These local variations can
be easily explained by the increase of the proportion of shallow
events (<10 km) for group 6 and by a decrease of shallow events
for groups 3 and 5. Indeed, the sources are associated mostly with
GMPEs that are dependent on distance to the rupture. This means

that when the seismicity gets shallower the hazard increases as the
net source-to-site distance is reduced.

For the group 2, the observed trend could seem counter intuitive:
the source depths are shallower, however the hazard decreases. This
decrease can be explained by the predominant role of the Chiou &
Youngs (2014) [CY14] GMPE in the logic tree for this area. This
particular GMPE has a rupture depth scaling term that produces an
increase in short-period acceleration for deeper events. This increase
in PGA due to the higher stress drop from the deep events will be
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more important than the decrease in PGA due to the increase in
source-to-site distance for deeper events (Fig. 12). Then, at close
source to site distances, the deeper earthquakes actually produce
higher ground shaking than the shallower ones.

This illustrates well the crucial importance of the choice of the
GMPEs and how they take the source depth into account. The
balance between the difference distance metrics and the possibility
of depth-dependent short period ground motion increases predicted
by the GMPEs, are what influence the change in hazard with source
depth.

As adding the constrained focal depths coming from the regional
approach tend to increase the proportion of shallow events in the
distributions, we estimate also the seismic hazard removing those
events (Fig. 11b), which bring only one major change in the PGA
values: a clear decrease in the western Rift System for 2 volcanic
areas (Fig. 11c¢).

Finally, the focal depth is taken into account indirectly in three of
the GMPEs used by Poggi et al. (2017) by a modification of the dis-
tance to rupture parameter. Hence, the role of the depth distribution,
proven to be non-negligible here, could even be underestimated in
the final PGA values estimation.

5 CONCLUSIONS AND DISCUSSIONS

We constrained the teleseismic depth estimations of 584 events with
magnitude mainly above 3.5, completed by 139 reliable depth esti-
mations from previous studies based on teleseismic data as well. We
also identified from regional catalogues 113 earthquakes assumed to
be well-constrained, based on network geometry empirical criteria.

Compiling different type of data (teleseismic and regional) and
using several independent methods for depth estimation (Cepstral
approach, use of manual teleseismic pP, sP picks, regional local-
izations), allows an estimation of the depth epistemic uncertainties.
These uncertainties remain large, with standard deviation mostly
around 7-8km (Table 2). Cepstral depth estimations are shown to
be coherent with both the L1-ISC-EHB catalogue and the Craig et al.
(2011) catalogue, as well as with geologic and tectonic features.

The final depth catalogue is built after a drastic selection of
constrained events and a sorting of the different depth candidates
according to the different approaches, favouring the Cepstral depth
estimation. It is hence composed of mainly teleseismic depth es-
timation and completed with few regional depth estimations, and
assumed to be the most reliable and exhaustive catalogue suited
for seismic hazard characterisation. The catalogue is assumed to
be well representative of the earthquakes depth distributions of the
different zones of the East-African Rift system, even if the exact
proportion of shallows earthquakes (<5 km) is less constrained.

The use of teleseismic approach brings important information
to better understand the seismicity on poorly instrumented areas,
and especially for remote transition zones between continental and
oceanic crust.

Finally, the use of OpenQuake with the new improved depth
distributions highlights significant differences in the PGA values,
up to 10 per cent, compared to Poggi et al. (2017). Even if the
earthquake-resistant building standard would not be affected in this
specific case, this study illustrates that source depth distribution
could play a non-negligible role on the seismic hazard characteri-
zation. Indeed, a 10 per cent change of the PGA value is obtained
after introducing a moderate change in the source depth distribu-
tion function. Moreover, this study shows the crucial importance
of the choice of the GMPEs and how they are taking into account
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the effect of the source depths on the ground motions. This study
pushes forward the interest of characterizing more precisely the
depth parameter influence on seismic hazard studies including the
focal depth as a direct GMPE parameter and/or studying more the
relationship between stress drop and depth according to different
tectonic features. More generally, this study motivates more exhaus-
tive theoretical analyses of the role of the source depth distribution
in the seismic hazard characterisation.
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