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Abstract

The Ethiopian rift is a unique natural environment to study the different stages of evolution from initial continental
rifting to embryonic sea-floor spreading. We used transdimensional hierarchical Bayesian seismic ambient noise
tomography to first construct group velocity maps across the Afar, Main Ethiopian Rift and the adjoining plateaus,
and then inverted these for a shear wave velocity model. The uppermost mantle shear wave velocity ranges
between 3.9 and 4.3 km/s, 5 — 15 % lower than the upper mantle velocity in the PREM model. The combined
effect of temperature and partial melt is needed to explain a 15% shear wave velocity reduction in the uppermost
mantle. Tectonic and magmatic activities are not localized to the rift center, but are widespread within the upper
crust beneath the Main Ethiopian Rift and Afar. The Main Ethiopian Rift is dominated by two velocity belts, the
Wonji Fault Belt along the rift axis and the Silti-Debre Zeit Fault Zone on the western side of the Central Main
Ethiopian Rift; the Boru-Toru structural high appears to serve as a transfer zone between them, exhibiting
relatively high crustal velocities (3.6 km/s) at 14 km depth. Low velocities persist in the crust beneath the rift
flanks and border faults, indicating that they are still tectonically and magmatically active. The crust beneath the
western plateau is characterized by a low velocity anomaly, implying that the plateau is also active. Low velocity
linear belts are further imaged beneath the western and eastern plateaus, away from the active rift axes. These off-

axis belts could represent failed or buried rifts.

1. Introduction

The Ethiopian Rift system, the northernmost part of the East African Rift System, is a seismically and volcanically
highly active region, which is stretching and fragmenting Archean-Proterozoic continental lithosphere (Acocella
etal., 2008) (Figure 1). It therefore provides a unique natural environment to study the different stages of evolution
from continental rifting to embryonic sea-floor spreading (Woldegabriel et al., 2000; Yirgu et al., 2006; Keranen
and Klemperer, 2008). The initiation of rifting is thought to have been triggered by the impingement of the Afar
plume at the base of the lithosphere at ~31 Ma. The resultant domal uplift pattern affected the Northwestern
Plateau, Afar and Yemen (White and Mckenzie, 1989). As a result ~900,000 km® of flood basalts were erupted
(Rochette et al., 1998; Sembroni et al., 2016), locally reaching a thickness of up to 2 km and covering a surface
area of about 600,000 km? in total (Mohr, 1983; Mohr and Zanetin, 1988; Rooney et al., 2007). 94% of the total
volume lies in Ethiopia (84% in the western and 10% in the eastern plateaus), with the remaining 6% in Yemen.

Most of the sequences erupted in a space of 1m.y. (Hofmann et al., 1997).



The volcanism in Ethiopia initiated during the Oligocene and continues to the present (Peccerillo et al., 2007;
Merla et al., 1979; Kazmin et al., 1980; Kurkura, 2010;Ayalew, 2011). All eruption cycles were preceded and
followed by episodes of rifting (Mohr, 1970; Kazmin et al., 1980; Mohr and Zanetin, 1988; Peccerillo et al., 2007).
Pre-existing lines of weakness might have played a significant role in defining the position of the rifts. Rift
evolutions and tectonic developments in Afar, Main Ethiopian Rift (MER) and the adjoining plateaus are complex

and different stages of the breakup processes are involved.

Several competing hypotheses have been advanced for the spatio-temporal evolution of rifting. Northward
propagation of rifting has been proposed by Woldegabriel et al., (1990) and Wolfenden et al., (2004). They
suggested that the initial rifting began ~25 Ma in Kenya, followed by extension in the southern MER (SMER)
and central MER (CMER) at ca. 18-15 Ma and finally the formation of the northern MER (NMER) commenced
at ~11 Ma (Ebinger and Casey, 2001; Abbate et al., 2015). On the other hand, Buck (2006) and Rogers (2006)
proposed southward propagation of rifting after initiation in Afar. A compromise is offered by Bonini et al., (2005)
and Keranen and Klemperer (2008) with their hypothesis of the diachronous-in-space-and-time rifting model, in
which rifting began more or less contemporaneously both in Afar (25-20 Ma) and in the SMER (21-20 Ma) with
both rift propagating in the opposite directions. In this hypothesis, rifting propagated into the NMER at ~11 Ma.
The southwest propagation of the NMER was temporarily checked and diverted to take the westward course along
the Yerer-Tullu-Welel Volcano Tectonic Lineament (YTVL) (Keranen and Klemperer, 2008), which represent a
system of EW transversal faults (Abebe et al., 1998). Around 5 Ma (Macgregor, 2015) the extension direction
regained its original trend but with a slight rotation of the stress field to form the CMER (Keranen and Klemperer,
2008). A fourth model proposed by Rooney et al., (2007) considers the MER as the unification place of two rift
systems — the Wonji Fault Belt (WFB) representing the Red Sea- related deformation, which propagates through
Afar into the NMER, and the Silti-Debre Zeit Fault Zone (SDZF) representing the northward propagation of the
East African-related deformation through SMER. The WFB eventually broke through the Boru Toru Structural
High (BTSH) and started interacting with SDZF.

In this paper, we measure interstation Rayleigh group velocities in the Ethiopian rift region and its flanking
plateaus and invert them for a three-dimensional shear wave model of the crust and upper mantle with a hybrid
approach, which combines transdimensional hierarchical Bayesian group velocity tomography with linearized 1D
inversion. Ambient noise tomography was first applied in Ethiopia by Kim et al., (2012) in the Main Ethiopian
Rift (MER) and by Korostelev et al., (2015) in Afar; these works report the presence of magmatic activity beneath
the MER and rift flank, respectively. More recently, Chambers et al., (2019) included both MER and Afar in their
model and found low uppermost mantle shear velocities compared to the global average. Studies conducted by
Kim et al., (2012) and Korostelev et al., (2015) are limited to specific regions (i.e. on the MER and Afar
respectively) and do not give the general tectono-magmatic picture of the entire region. Chambers et al., (2019)

used the conventional regularization approach.

Here, we combine all open datasets acquired over the region extending from the southern MER (SMER) to the
northern Afar, including parts of the western and eastern plateaus. The Rayleigh wave group velocity maps are
used to derive the 3D shear velocity structure of the crust and the upper mantle; the resulting models show more

detail than previous geophysical studies, resolving anomalies ~50 km wide across nearly all of the study region,



and anomalies as small as 25 km in selected areas with high station density. Our results enabled us to expand our
knowledge of magmatic processes during continental breakup and to explore the extent of crustal modification,

inherent controlling structures and transitional zones within and across the Ethiopian rift.

2. Data and Method

2.1. Ambient noise analysis

We used continuous recordings of noise fields on 180 temporary and permanent broadband seismic stations
operated in Ethiopia between 2000 and 2011 (Figure 1). During 2000-2002 seismic data were collected by the
Ethiopian Broadband Seismic Experiment (EBS) (Nyblade, 2000). The Ethiopia Afar Geoscientific Lithospheric
Experiment (EAGLE) phase | network was deployed between 2001 and 2003 (Maguire and SEIS-UK, 2002) and
EAGLE phase Il from 2002-2003 (Maguire et al., 2003). The Afar Consortium network deployed during 2007-
2009 (Stuart et al., 2011); AFAR0911 seismic stations were operational during 2007-2009 (Keir and Hammond,
2009); the Afar Dense Array deployed from 2009-2011 (Gao, 2009). Additional data were sourced from two

permanent stations: FURI (IRIS/USGS) (USGS, 1988) and DESE (Penn State University, 2004).

The first stage is the pre-processing of single station waveform data. The original continuous data recorded at
each broadband seismic station were cut into 24-hour long data segments. The data were then re-sampled to two
samples per second and the instrumental response, mean and trend were removed. The data were then passed
through a second order butterworth bandpass filter between 0.025 and 1 Hz. Time domain one-bit normalization
was applied to reduce the effects of earthquakes, instrumental irregularities and strong but intermittent noise
sources near the stations, which can otherwise dominate the noise correlation function (Campillo and Paul, 2003;
Shapiro and Campillo, 2004; Dias et al., 2015). Finally, spectral normalization was performed to whiten the

amplitude spectrum to unit value without changing the phase of the signal.

Following single station data processing, daily cross-correlations were computed and stacked for each station pair
to generate the empirical Green’s functions (EGFs). In order to obtain reliable estimates, however, homogenously
distributed noise sources are required. This is approximated by averaging the daily cross-correlations for as long
as possible. In this study EGFs of more than 16,000 pairs were calculated from the 180 broadband stations. Of
these, 2648 pairs were selected for further processing based on their signal to noise ratio and an assessment of the

general appearance of the EGFs, as judged by visual inspection.

The reconstructed EGFs for all station pairs with good signal to noise ratio are shown in Figure 2. Rayleigh waves
emerged with clear moveout. For most pairs, the signal-noise ratio on causal and anti-causal legs differed strongly,
so that we simply selected the better of the two for making the group dispersion measurement. Apart from the
dominant signal of the presumed surface wave, another phase is also detected at small lag times and with a
moveout velocity of ~20 km/s. This phase is strongest in the secondary microcosmic band (0.1-1 Hz) but is also
weakly present at longer periods (Figure 2b,c). Whereas the origin of this phase could not be conclusively

ascertained, it likely arises from the interference of multiple body wave phases (see Pham et al., 2018).



The fundamental mode Rayleigh waves group velocity dispersion curve was measured with the Multiple Filter
Technique (MFT) (Dziewonski et al., 1969; Herrmann, 1973; Levshin et al., 1989). A series of narrow bandpass
Gaussian filters centered at different frequencies ranging from 0.025 to 1 Hz was applied to the Rayleigh waves
extracted from noise field. The arrival-time estimated from the maximum of the wave envelope for each central
frequency is used together with inter-station distance to derive the group velocities for respective frequencies.
Dispersion curve measurements were discarded for periods for which the inter-station distance is less than three
times the wave length (Bensen et al., 2007). At this distance, the presumed fast body wave interference phase
mentioned above is also well separated from the fundamental mode surface waves. Data coverage for periods
from 6 to 30 s is shown in Figure 3 with the maximum number of 2326 data points (group velocity dispersion

picks) obtained at a period of 9 s.

Path-average group velocities across the Ethiopian rift are shown in map view in Figure 4 for all station pairs as
a function of period. Except for some extreme fast or slow velocities, in general consistent and smooth velocity

variations are observed for each period.

2.2. Group Velocity Inversion

The transdimensional hierarchical Bayesian ambient noise tomography (Bodin and Sambridge, (2009) and Bodin
et al. (2012a)) was developed in order to remove the influence of arbitrary choices about model parameterization
and regularization. The transdimensional nature of the method means that the dimension of the model space
(number of cells) is treated as unknown and allowed to vary throughout the course of the inversion in a data-
driven process (Bodin et al., 2012; Young et al., 2013). The hierarchical nature of the algorithm treats the level of
noise in the data set as an unknown parameter in the inversion and let the data infer its own level of uncertainty

without imposing any fixed arbitrary value (Bodin et al., 2012; Dettmer et al., 2015; Galetti et al., 2016).

We applied this method to the inversion of group velocity measurements for periods between 6 and 30 s. The
two-dimensional model space is partitioned into a variable number of Voronoi cells. The number, position and
shape of the Voronoi cells are estimated from the data; thus the uneven spatial distribution of information is taken
into account in a natural way (Young et al., 2013). In transdimensional tomography, the final model is the average
of a large ensemble of independent and uniquely parametrized models that are distributed according to the
posterior probability distribution (Young et al., 2013). In the implementation used here (described by Tilmann et
al., 2020), the Voronoi cells are mapped onto a finer computational grid with a grid spacing of 20 km and straight

ray paths are assumed.

The posterior distribution of model parameters, P(m|d,,;) for a given observed data, d,;,, (travel-times) and the
prior information P (m) is quantified by Bayes’ rule.
P(dops|m)P(m)
P(m|d ) =——————— 1
obs P(dobs)
where here the model m include not only the medium group slowness (inverse of group velocity) for each cell
but also the number of cells and coordinates of nodes defining them, and also the parameters of the data error

distribution. The term P(d,;,) , also referred to as marginal likelihood, is a normalizing constant of the posterior
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distribution, which is usually difficult to calculate explicitly but is not needed for model comparison (Sambridge
et al., 2006; Ray and Key, 2012).

We impose a non-informative prior distribution. The uniform prior distribution on the number of VVoronoi cells is
bounded between 1 and 500. The prior distribution for group slowness is also uniform, with bounds corresponding
to group velocities of 0.3 km/s and 6 km/s. The lower and upper limits are chosen so generously wide such that

they have negligible impact on the estimated model.

The likelihood function P(d,,s|m), is the probability of reproducing the observed data given the model m
(Dettmer et al., 2010, 2014). In addition to the forward model, it depends on the assumed distribution of data
errors. As the measurements appear to be mostly well behaved, but contain a small number of more extreme
values, we assume a mixture model (following Tilmann et al., 2020), with a dominant contribution of uncorrelated
and invariant Gaussian-distributed measurement errors and a minor contribution of outlier measurements
modelled by a uniform distribution. This distribution gives rise to two nuisance parameters, the standard deviation
o and the relative weight of the constituent distributions. Both parameters are adjusted in a data-driven manner

and form part of the posterior model distribution.

The reversible jump Markov chain Monte Carlo (RJ-MCMC) sampling algorithm (Green, 1995) is used to sample
the posterior probability distribution P(m|d,;). This method iteratively samples from the target distribution in
a chain where each model in the chain represents a perturbation of the previous one, and new models are accepted
or rejected based on P(d,;,s|m) and P(m). Generally, the Markov chain is separated into a burn-in phase, which
moves the model to a part of the model space with high posterior probability, and an exploration phase, which is
used to reconstruct P(m|d,,;) by moving the model around the high probability region. Due to the presence of
complex local minima, the convergence of a single chain generally takes an unreasonably long time and is hard
to ascertain in any case. Therefore, many chains are run in parallel, and combined for an estimate of the final
distribution (e.g., Bodin and Sambridge, 2009). A more detailed description of the method is found in Bodin and
Sambridge (2009), Dettmer et al. (2010, 2015) and Bodin et al.(2012).

Here, we consider the average and standard deviation of P(m|d,;,) for further processing. The final average
model was produced using an ensemble of 64,000 models. A total of 2,000,000 steps were run for 64
independent Markov chains for every period between 6 and 30 s, with the first 1,000,000 discarded as burn-in.
Every 1000th model of the post burn-in step is used to form the final average model; this sub-sampling saves
memory and computational effort; due to the interdependence of nearby samples in the Markov chain, the sub-
sampling only has a minor effect on the recovered distribution, as we ascertained with some exploratory tests.

Figure 5 shows the progression of the Markov chains and the data fit achieved.

The average group velocity and corresponding model standard deviation are shown in Figure 6 and Figure 7,
respectively. Poorly recovered areas where the standard deviation exceeds 0. 2 km/s have been trimmed. Synthetic
resolution tests were performed to evaluate the reliability of the tomographic inversion and resolving power of
the data. We tested two different sparse checkerboards with checker sizes (60 km and 80 km) to assess the
sensitivity of our inversion for structures of different scales (Figure 8). Synthetic travel-times were computed

according to the actual paths at each period and then noise with a distribution similar to the observed one was
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added. In practice, the residuals of the data inversion were permuted randomly and then added to the data, such
that any non-Gaussian contribution to the data noise are properly represented. We prefer the use of sparse
checkerboards as test models, as they allow a better visual assessment of smearing effects. Checkerboard
resolution results for periods 6, 16 and 30 s are shown in Figure 8. In general, the pattern of positive and negative
anomalies is recovered well for both sizes in the region with station coverage. Only in selected areas with high

station density, the neutral gaps with zero anomaly are clearly recovered.

2.3. Shear Wave Velocity Modeling

The final step involves the inversion of the group velocity dispersion for shear wave velocity as a function of
depth. To this end, the group velocities and their standard deviations were extracted from the group velocity and
group velocity standard deviation maps for each node of a 0.25°x0.25° grid. The extracted dispersion curves were
inverted for 1-D shear velocity structures with an iterative linearized least-square inversion scheme of Herrmann
and Ammon, (2002). The 1-Dmodels were parameterized with 27 layers from the surface down to maximum depth
of 50 km (Figure 9). The first ten layers are 1 km thick, layers from 10 km to 34 km are 2 km thick and from 34
km to 50 km the layer thickness becomes 4 km. Our model is not resolved below 50 km depth, and we assume a
uniform velocity below 50 km depth. The P-wave velocity and density are calculated from Vs with the empirical
formulas reported by Brocher (2005).

Following Ryberg et al. (2016), we base the starting model for the inversion at each grid node on a regional
reference model. First, we derive an average dispersion curve of the study area by averaging all non-masked pixels
of the group velocity maps at every period between 6 and 30 s (Figure 9a). The average dispersion curve was then
inverted for the reference 1-D shear velocity structure using an initial model derived by referring to recent studies
(Dugda et al., 2005; Stuart et al., 2006; Keranen et al., 2009; Kim et al., 2012) (Figure 9b).

The final model of this step was then used as starting model for the inversion of individual dispersion curve at
each node (Figure 9h). The 3-D shear wave velocity model was then simply obtained by assembling the inverted
1-D Vs models for all nodes.

3. Results

3.1. Group Velocity Maps

Afar shows significant velocity heterogeneities at shallow depth as imaged by the 6 s group velocity map (between
2.4 and 2.9 km/s) and less variability at longer periods (e.g., between 3.2 and 3.4 km/s at 24 s) (Figure 6). At about
10°N an almost east-west trending high velocity zone is imaged at short periods (6 s), which marks the transition
between the NMER and Afar rift. The crust beneath the MER is marked by low velocity anomalies at all periods
considered, but the low velocities are very focused and clearly elongated along the rift axis for short periods and
cover a wider area with a less well-defined geometry a longer period. Additionally, a linear ENE low velocity belt
is observed in the southwestern plateau at 6 s periods. A NW linear low velocity belt is also imaged in the

northwestern plateau at periods 10-14 s at 16 s periods. The eastern margin of the rift is generally characterized



by high velocities at intermediate periods (~16 s), with the exception of the Galema range (Sagatu volcanic line),

specifically at 7°- 8° N and 39°E, where low velocities are observed.
3.2. Shear wave velocity Model

Representative 1-D shear velocity models for the different regions are shown in Figure 9b. The highest shear
velocities (4.0-4.3 km/s) are generally observed in Afar in the lower crust and uppermost mantle (20-40 km). On
the other hand, the MER registers the lowest shear wave velocities (3.1-3.3 km/s) in the mid-crust (12-17 km).
The 1-D results obtained are in good agreement with those reported in previous studies (Dugda et al., 2005; Daly
et al., 2008; Keranen et al., 2009; Kim et al., 2012; Chambers et al., 2019). Lithospheric mantle beneath the
northwest plateau is imaged at a depth below 40 km and with a velocity of 4.3 km/s. The mantle below the MER
has a velocity around 4.2 km/s, the lower crust has velocities 3.7-3.9 km/s, and the upper crust has 3.3-3.6 km/s.
The sediments and volcanics are both characterized by a strong gradient, with velocity increasing from 2.5 to 3.3

km/s in the top 5-8 km. These values are similar to those observed by Keranen et al., (2009).

Figure 10 shows depth slices of the 3-D absolute shear velocity model. Low velocities are mapped in the Afar
(3.3 km/s) and MER (3.1 km/s) at a depth of 5 km. Higher velocities (3.4-3.6 km/s) are observed in the western
and eastern plateau.

At 10-20 km depth, high velocities are observed in northern Afar (including Erta” Ale). In the depth range of 20-
30 km the entire Afar, with the exception of its eastern edge, is characterized by high velocities. In contrast, the
entire western plateau and MER show low velocities. The most prominent anomaly at 38 km depth is the strong
negative anomaly (G in Figure 10f) to the west of the Erta’ Ale segment and the strong positive anomaly (H in
Figure 10f) at the southern edge of the Afar.

3.3. Moho Depth

Shear wave velocity derived from surface wave inversion is not an ideal tool to map strong velocity discontinuities
such as the Moho. Surface wave inversion is sensitive to crustal structure but tends to smear over discontinuities
(Acton etal., 2010). Acton et al. (2010) suggest, therefore, to estimate Moho depth from surface wave models by
retrieving the average velocity of the lowermost crust and uppermost mantle and taking the contour of this velocity
as proxy for the Moho. Joint receiver function and surface wave study (Keranen et al., 2009) report 3.75 km/s
lowermost crustal velocity and 4.1 km/s uppermost mantle velocity. The Moho depth is therefore approximately
traced using the Vs=3.92 km/s contour line (Figure 11 and Figure 12). The resulting Moho undulations are in
good agreement with previous studies based on receiver function analysis (Dugda et al., 2005; Stuart et al., 2006),
controlled source seismic experiments (Makris and Ginzburg, 1987; Mackenzie et al., 2005; Maguire et al., 2006;
Keranen et al., 2009) and 3D gravity inversion (Mammo, 2013), validating this approach and choice of velocity
contour, although it has to be acknowledged that this proxy will not always reflect the Moho depth exactly, and

in particular small-scale undulations of ~2-4 km should not be interpreted.

Profile I-1' shows the structure along the rift axis from SMER to central Afar (Figure 11). The crustal thickness
changes sharply from 40 km depth below the CMER to 30 km in the NMER and Afar segments, with a gradual
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thinning to 26 km within the Afar. These results are in good agreement with those determined by receiver functions
(Dugda et al., 2005; Stuart et al., 2006) and controlled source experiment (Mackenzie et al., 2005; Maguire et al.,
2006; Keranen and Klemperer, 2008).

Profile II-11" runs parallel to the rift axis but offset by 150 km from the western plateau into the Afar. Crustal
thickness varies between 34 and 44 km below the western plateau. The transition from there into the Afar is
accompanied by an abrupt rise of the Moho to ~26 km and then a more gradual thinning of the crust to as low as

20 km, i.e., less than along the rift axis (Figure 11).

Profile I11-111" runs perpendicular to the rift from the western plateau through the CMER onto the eastern plateau
(Figure 11). The crust thins from around 40 km below the CMER to less than 32 km on the western plateau. On
this cross-section the maximum depth to the Moho in the Eastern Plateau is also approximately 40 km. Such
asymmetric crustal thickness with respect to the Western and Eastern Plateau was also reported in previous studies
(Maguire et al., 2006; Stuart et al., 2006; Chambers et al., 2019).

4. Discussion

4.1. Upper Mantle Shear Wave Velocity Structure

The upper most mantle shear wave velocity in the study area ranges between 3.9 and 4.3 km/s, i.e., 5 — 15% lower
than the upper mantle velocity of 4.5 km/s in the PREM model (Figure 9 and Figure 11). Earlier receiver function,
ambient noise and surface wave studies (Dugda et al., 2007; Chambers etal., 2019; Keranen et al., 2009) reported

similarly low upper mantle velocities between 3.6 and 4.3 km/s.

Possible causes of upper mantle shear wave velocity variations are mineral composition, grain size, fluid content
(melt) and temperature. Compositional variations in the upper mantle cause variation of shear wave velocity by
approximately 1% (Jackson et al., 2014), which is not enough to explain the observed low velocities in our region.
Grain size variation from 1 mm to 10 mm at elevated temperatures can explain up to 3 % shear velocity variation
(Faul and Jackson, 2005), which by itself is again insufficient to explain the observed 5 to 15 % reduction. We
applied Faul and Jackson's model to relate shear wave velocity and upper mantle temperature and inferred a
temperature of ~1150°C for Vs=4.3 km/s and 1450°C for Vs=3.8 km/s. However, a temperature of 1450°C implies
the presence of melt, which must be taken into account when converting velocity to temperature and thus would

imply a somewhat lower temperature for these velocities.

4.2. Crustal Structure of the Main Ethiopian Rift

The entire crust beneath the MER south of 9.5°N is generally underlain by low velocities (Figure 10). The MER
is dominated by two velocity belts, the WFB along the rift axis (A in Figure 10c) and the SDFZ on the western
side of CMER (B in Figure 10c). At 5 km depth, both SDFZ and WFB are characterized by a NE-SW striking
single low velocity belt (3.0-3.2 km/s, Figure 10a). At 14 km depth, the two rifts become disconnected along the
Boru-Toru Structural High (BTSH) at 8.5°N, 39°E (C in Figure 10c) and start following their different courses,
with the WFB propagating along the rift axis and SFDZ taking the SW trend along the Guraghe border fault.



The BTSH is an important structural feature of the MER, whose influence is not yet fully understood. However,
Bonini et al. (2005) affirm that the BTSH connects the western with the eastern plateau margin near Chilalo
Mountain and also serves as transfer zone separating the two different structural and tectonic domains —the NMER
and CMER rift segments. A decrease in crustal thickness is seen from the CMER (~40 km) to the NMER (~33
km) immediately across the BTSH (profile I-1” in Figure 11 and Figure 13).

At mid-crustal depths (14 km) the BTSH is an almost NS trending moderately fast anomaly (Figure 10c), quickly
giving way to a slow anomaly at its southern end where it meets the rift axis of the CMER. This sudden reversal
in velocity perturbation at the rift axis could be interpreted as the result of activity and extensional deformation
expressed as concentration of partial melts and dike intrusions as well as caldera formation in the Gedemsa (G)

and Tullu Moye (T) volcanic centers (Figure 13).

This result appears to favor the model given by Rooney et al., (2007) (Figure 13a) over the models suggested by
Wolfenden et al., (2004) to account for the propagation of extensional deformation in the Main Ethiopian Rift.
The model of Rooney et al., (2007) considers the MER as a place where two rifts join - the WFB representing the
southward extension of the Red Sea Rift and the SDFZ representing the northward propagation of EARS, with
the WFB eventually breaching the BTSH and interacting with SDFZ in CMER (Figure 13b). They also noted that

the two rifts are characterized by different magmatic systems and magmatic activities.

Previous studies show that rifting started along the border faults and progressively migrated towards the center
where deformation is accommodated by magmatic activity and dike intrusion in the rift floor (Bilham et al., 1999;
Ebinger and Casey, 2001; Wolfenden et al., 2004). However, a wide zone of low velocities imaged at shallow
depth (5 km) below both the MER and Afar is not confined to the rift center but extends beyond, indicating that
tectonic and magmatic activities in the MER and Afar are widespread within the upper crust. This observation is
also consistent with the GPS data, which indicate that strain is distributed over wide areas in both Afar and the
MER (Kogan et al., 2012).

The cross-section along the rift axis from the southern MER to southern Afar (profile I-1") (Figure 11) shows a 40
km thick crust beneath the CMER. Keranen and Klemperer (2008) and Corti (2009) interpreted this crust as less
magmatically modified and less extended in comparison with that of NMER. However, at upper crustal depth (5-
10 km) the CMER is dominated by very low shear wave velocities, particularly adjacent to the western margin
alongside the SDFZ (Figure 10a). These results are consistent with the high Vp/Vs ratios (>2) in receiver function
studies, which were interpreted as evidence for the presence of partial melt within the crust (Stuart et al., 2006).
Geochemical analysis has also revealed evidence for magma in the crust under the SDFZ (Rooney et al., 2005,
2007). The plumbing model proposed by Rooney et al. (2005) suggested fractionation to have taken place
throughout the crust. An earlier ambient noise tomography study also indicated that the crust beneath the SDFZ

has been substantially modified by mafic intrusions (Kim et al., 2012).

4.3. Crustal Structure of the Afar Depression

The upper crust beneath Afar is characterized by shear wave velocities in between 3.1 and 3.6 km/s (Figure 10).

At 5 km depth low shear velocities (3.2-3.3 km/s) span most of the region underlying Afar. The low velocity in
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central Afar (D in Figure 10a) is correlated with the surface exposure of Pliocene flood basalts. The decrease in

wave speed is interpreted as the effect of elevated temperature and partial melt in the upper crust, which is also

evident from the surface expression of volcanism and thermal activity.

At 14 km depth, low shear velocities (~3.3 km/s) are observed around the Alayta and Dabbahu magmatic segments
(E in Figure 10c). Between 2005 and 2010 these regions have experienced over 14 large dike intrusions (Ebinger
et al., 2010; Ferguson et al., 2013). Seismicity, the structural pattern and modeling of INSAR data indicate that the
September — October 2005 earthquakes were accompanied by emplacement of a 60 km-long basaltic dike
intrusion along the Dabbahu segment with a maximum opening of 8 m (Wright et al., 2006; Yirgu et al., 2006;
Ayele et al., 2007; Keir et al., 2009).

A high velocity perturbation appears beneath Erta’ Ale at depths greater than 14-20 km (>3.7 km/s), extending to
the southeast parallel to the Red Sea Rift (F in Figure 10d). This high velocity perturbation extends from Erta’
Ale to the Alayta-Dabbahu-Manda Hararo magmatic segments where incipient ocean floor is developing. This
suggests that rifting at Erta’ Ale is at an earlier stage and becomes successively younger southward along the
magmatic segments. This interpretation is consistent with the conclusion by Bastow and Keir, (2011) that Erta’

Ale is at a more advanced stage of rifting than Central Afar.

A prominent feature in the deepest part of our model (~38 km) is the very slow (Vs ~3.7 km/s) arcuate structure
at the western Afar margin at 14°N, which extends towards central Afar (G in Figure 10f). This anomaly could
indicate an earlier rift axis in northern Afar, possibly extending further north into the Gulf of Zula through the
Alid graben (around 14.8°N and 39.9°E). This abandoned rift was superseded by a more active rift at its southern
end, along the current axial range. It has been argued that the expansion of the latter rift was facilitated by the
anticlockwise rotation of the Danakil microplate and clockwise rotation of the Ali Sabieh block (Souriot and Brun,
1992; Eagles et al., 2002; Audin et al., 2004).

Relatively high velocities, compared to the rest of the study region, (up to 4.4 km/s) are imaged in southeastern
Afar at a depth of 40 km in the upper mantle (H in Figure 10e). This anomaly is bounded in the east by the Ali-
Sabeh block, in the west by the WFB and in the south by the eastern plateau. This place was earlier occupied by
the Ali-Sabeh microplate before it was torn from the eastern plateau and rotated 90° clockwise to its present
position (Manighetti et al., 2001; Beyene and Abdelsalam, 2005). The velocity anomaly probably arises due to

the fast mafic materials associated with the separation of the microplate.

To summarize, the observed low velocities (< 3.4 km/s) prevalent in the upper crust (<14 km) suggest that the
crust in the whole Afar is highly stretched with pervasive partial melts and that it is thus on the verge of

transitioning to oceanic spreading.
4.4, Western Plateau

Immediately after the eruption of the trap basalts huge shield volcanoes developed on the plateau. Among these
is the 4190 m high Mt. Abune Yosef (J in Figure 10a), situated at the rift shoulder. Beneath this volcano, an almost

circular low velocity anomaly is imaged at 5 km depth (J in Figure 10a). North of 12.5°N, the Precambrian
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basement including the Mekelle outlier (limestone) is characterized by high velocities in the upper crust (Figure
10a). At 10 km depth, however, the central part of the western plateau is instead characterized by a prominent low
velocity anomaly (3.2-3.3 km/s) beneath the shield volcanoes Guguftu, Choke and Guna, which penetrates the
whole crust (with varying strength) down to at least 40 km depth (K in Figure 10). The low velocities imply that

the western plateau is magmatically active.

A localized low shear velocity (3.2 km/s) is imaged between the Alayta magmatic segment and the western flank
of the rift around 10 km depth (L in Figure 10b). In addition, a low velocity perturbation is observed beneath the
Ankober border fault (M in Figure 10d). This suggests that magmatism on the flank is still active, leading to a
concentration of partial melts in reservoirs or dike intrusions. Similarly low velocities also arise in the ambient
noise tomography of Korostelev et al., 2015). In addition, the frequent earthquakes occurring along the border
faults (Asfaw, 1992; Keir et al., 2006) confirm that the border faults are still active.

Therefore, the border faults and the rift axes both shape the tectonic evolution of rifting in the MER and in Afar.
The kinematic model of Muluneh et al. (2014) and Muluneh et al. (2018) relates the orientation of the rift to the

relative motions of the Nubian and Somalian plates in Hotspot Reference Frame.
4.5. The Off Axis Low Velocity Belts

Low velocity belts have been imaged beneath the western and eastern plateaus away from the active rift axes.
These belts might represent failed or buried rifts filled with sediments or low velocity clastic rocks. If this
interpretation is correct, the traces of the old rift can be used to reconstruct the evolution of the rift system (Kearey
and Vine, 2004).

4.5.1. The ENE trending low velocity belt

From the YTVL-MER junction a prominent low velocity belt (~3.2 km/s) extends southwest ward across the SW
plateau between 36.5°-39°E and 7.5°-9°N in the shallow crust; a ENE trending anomaly is strongest in the 5 km
depth slice but it still visible at 10 km depth (O in Figure 10a). This structure probably represents an ancient rift
buried beneath the volcanic series. Zanettin and Justin-Visentin, (1974, 1975), Zanettin et al., (1974, 1980),
Piccirillo et al., (1979) and Zanettin, (1993) already suggested the existence of the so-called Ashangi rift at this
location, based on evidence for Pre-Oligocene volcanism. Moreover, Zanettin et al., (1974) also suggested that
due to the slow but continuous uplift of its western margin, the rift progressively shifted towards the east, each
abandoned rift being replaced by a younger one to the east until the current rift formed. If this proves to be correct
then there is a possibility that it could serve as an alternative model to account for the formation and development
of the MER.

Until now no evidence has been able to confirm the existence of the buried Ashangi rift. The low velocity belt in

our model may be the fossil trace of the Ashangi rift.
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4.5.2. The NNE trending low velocity belt

The NNE trending off axis ~80 km long and 7 km wide km Galema range (Segatu) is situated at 39.4°E and 7°-
8°N in the eastern shoulder of the MER, where it is superimposed on the eastern plateau (P in Figure 10c,f). The
range is about 80 km away from WFB and 40 km east of the Asela-Sire Border fault and its Pliocene age fissure
system represents an area of focused magmatic activity, with its core comprising complex dike swarms, lavas and
cinder cones (Mohr and Potter, 1976; Mohr et al., 1980; Woldegabriel et al., 1990; Chiasera et al., 2018). Its

evolution is probably controlled by pre-existing structural weakness (Corti et al., 2018).

The shear velocity model indicates the presence of a low velocity anomaly at depths of 10 to 18 km and at deeper
depths of 32 to 38 km with intermediate velocities in between (P in Figure 10c,f ). Chiasera et al., (2018) used
whole-rock thermodynamic modeling and thermobarometric calculations on mineral-liquid pairs to infer two
fractionation depths. The presence of two distinct magmatic reservoirs provides a natural explanation for the two

zones of very low velocities mentioned above.

5. Conclusions

We presented new Rayleigh wave group velocity maps of the crust and uppermost mantle over most of the tectono-
magmatically active parts of Ethiopia using hierarchical Bayesian ambient seismic noise tomography. A shear
wave velocity model of the crust was then produced for the entire region based on the point-wise linearized
inversion of the dispersion curves extracted from the group velocity maps. The shear velocities inferred for the
study region range between 2.6 — 4.3 km/s. Both crust and mantle are characterized by unusually low velocities,
up to 15% less than the PREM model in the uppermost mantle. The combined effect of temperature and melt is
needed to explain such a large shear wave velocity reduction. Although surface wave inversion has low sensitivity
to discontinuities, we obtained a coarse estimate of the Moho depth from the 3.92 km/s contour. The maximum
Moho depth in the study region is found beneath the western plateau. The Moho is imaged at a depth of ~38 km
in the CMER, at 31-33 km in the NMER and at <20 km in northern Afar.

The main findings extracted from our velocity model are: (1) Off-axis low shear wave velocity belts are imaged
beneath both the eastern and western plateaus, which are interpreted to be failed or buried rifts. (2) The rift flanks
and border faults are still active both tectonically and magmatically. (3) Tectonic and magmatic activities are not
localized to the rift center, but widespread in the upper crust within both the MER and Afar. (4) The MER is
dominated by two velocity belts, the WFB along the rift axis and the SDFZ on the western side of the CMER; the
BTSH appears to serve as a transfer zone between them. (5) The crust beneath the western plateau is characterized

by a low velocity anomaly, implying that the plateau is also tectonically and magmatically active.
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Figure 1 a) Topographic map of the Ethiopian rift and adjacent plateaus. Major quaternary volcano centers
are shown by the red asterisk and lakes and ocean are indicated by the blue polygons. CMER: central main
Ethiopian rift; NMER: northern main Ethiopian rift; SMER: southern main Ethiopian rift; G-T: Gedemsa-Tullu
Moye magmatic segment; B-K: Boset-Kone magmatic segment; F-D: Fentale-Dofan magmatic segment; SDFZ:
Silti-Debre Zeit Fault Zone; TGD: Tendaho-Goba’ad discontinuity; YTVL: Yerer Tullu Welel Volcano Tectonic
Lineaments; BTSH: Boru-Toru Structural High; WFB: Wonji Fault Belt; EARS: East African Rift System. The

inset shows the wider context of the study area. b) Distribution of seismic stations.
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Figure 2 Vertical component Empirical Green’s functions for all station pairs with good signal to noise ratio,
sorted as a function of interstation distance. (a) The time series have been filtered between 0.1 and 0.025 Hz. The
dominant signal is corresponding to Rayleigh waves of velocity 3.3 - 3.5 km/s. (b) The same as (a), but bandpass
filtered between 0.4 and 0.1 Hz. Apart from the dominant signal of the presumed surface wave, there is a clearly
identifiable signal with much smaller move-out, traveling with ~20 km/s (see text for discussion).

4 2400
a) o** e b
. ‘e )
~ * * .
é ., 1800 1e ‘.
< Py 5 ‘.
= PR 2 . £ *
‘S POE N ¢ L2 E *
23 N R R 7 1200 *,
2 Py L 2 .
- .0’ 2 *
: s *
O 600 LN
*
* *
2 0
6 12 18 24 30 6 12 18 24 30
Period (s) Period (s)

Figure 3 Group velocity extracted from cross correlation functions. a) Gray dots show individual dispersion

points. Black dots indicate average dispersion curve. b) Total number of group velocity measurements satisfying
the far field criterion and with good signal-to-noise ratio, as a function of period.
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root mean square is indicated in title of each of the three panels.
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Figure 6 Average group velocity maps for periods 6, 16 and 24 s. Group velocities are perturbations in percent
relative to the mean velocity indicated on each map. Yellow diamonds, stars and hexagons show the location of
thermal springs, fumaroles and thermal wells, respectively (adapted from Keir et al., (2009)). Selected volcanic
centers are indicated with green squares. BTSH: Boru-Toru Structural High, ENE-LVB: East north east-trending
low velocity belt.
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Figure 7 Rayleigh group velocity posterior standard deviation maps (km/s) for periods 6, 16 and 24 s. Stations

(white triangles), border faults and magmatic segments are the same as in Figure 1.
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Figure 8 Checkerboard resolution test for periods 6, 16 and 24 s. Two input models of checker size 60 km and

80 km size are used. Stations (black triangles), border faults and magmatic segments are the same as in Figure

1. Note that the grid spacing of the computational grid (see text) was set to the size of the input checkers.
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Figure 9 (a) Observed (from group velocity tomography) and predicted dispersion curves from representative
locations in various tectonic regimes (A, G and K for MER, Afar and the western plateau, respectively (see
FIGURE 10b for locations). The black line represents the average dispersion curve for the study area. (b) The 1-

D shear wave velocity structures corresponding to the dispersion curves shown in a.
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Figure 10 Maps of shear velocity at selected depths. In (a), dotted lines are 2-D profiles along which cross
sections of shear velocity structures are plotted and reported in Figure 11. Note that color scales have been
adjusted based on the reference model velocity at each depth, but that the range of velocities covered is identical
for all color scales. Black labels mark high and low velocity anomalies for use in the Discussion. As in Fig. 1,
continuous black lines designate border faults, and dotted black curves show magmatic centers. Continuous white

lines show shorelines of major lakes and the Red Sea. Yellow line represents political boundary.

19



150 200 250 300 350 400 450 500 550 600
Distance (Km)

= YTVT Western Plateau Border,Fault Afar I
E
E 3000 w.f‘«:‘_’,k“JM *-\_.‘,,_\A' /‘ﬂ\\vw s "u’“m"\r"""LKKF
_ | T T —— e
w g ) VS (km/s)
4.2
10 4.0
— 38
] - S -
= 3.6
gl 34
3.2
40 _______________________
3.0
50 2.8
50 100 150 200 250 300 350 400 450 500 550 600 650
Distance (Km)
—_ I|l Western Plateau CMER E. Plateau ||l
g 3000~ e _‘fi_ — —f“\jfp? P‘\\!\G . —E—_’_/_R_Hh‘l/
= — I
2 1 i
w g Vs (km/s)
4.2
10 4.0
:E; o, . el N 38
E 3.6
Saal
2 30 3.4
32
40
3.0
50 28

150 200
Distance (Km)

Figure 11 Cross-sections through the shear velocity model. Locations of cross sections are shown in Fig. 10a.

Elevation, major tectonic and geological features are indicated on top of each cross-section. Black dots express
an estimate of the Moho depth based on the 3.92 km/s contour (see text). Red stars and hexagons show depth of
Moho from receiver functions (Dugda et al., 2005; Stuart et al., 2006) and controlled source studies (Makris and

Ginzburg, 1987), respectively.
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Figure 12 Depth to Moho, estimated as 3.92 km/s contour of the final velocity model.

3.4

Vg'jmmfss'aat zﬁa& l-:r%'a e

Eleva%%%(}( m)

FIGURE 13 Main Ethiopian Rift: (a) topography with the location of Boru-Toru Structural High (BTSH)
highlighted, volcanic centers G: Gedemsa, T: Tullu Moye .(b) Shear wave velocity model at depth of 14 km
showing a high velocity perturbation under the BTSH and low shear velocities beneath the Silti-Debre Zeit Fault

zone and Wonji Fault Belt.
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