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Abstract

The East African Rift System provides a rare location in which to observe a wide scope of rifting states. Well-defined active

narrow rifting in the Main Ethiopian Rift (MER) transitions to incipient extension and eventually pre-rifted lithosphere through

the northwestern flank of the Ethiopian Plateau (EP). Although the MER is well studied, the off-axis region has received less

attention. We develop Rayleigh wave phase velocity maps, Ps receiver functions, and H-κ· stack surfaces, and jointly invert

these data using a trans-dimensional, hierarchical Bayesian inversion algorithm to create shear velocity profiles across the MER

and EP. All shear velocities observed are slower than the PREM global average, a reflection of the elevated temperatures that

persist from plume impingement. In the EP, we find a shallow mantle slow shear velocity lineament parallel to the MER axis,

amidst otherwise faster shear velocities. The crust is shallow in the MER, but also in the northwestern EP flank, with thicker

crust found throughout the plateau caused by crustal underplating and flood basalt emplacement. Shear velocities more reduced

than the already low regional average, in concert with surficial volcanic features, geodetic observations, and slow P- and S-wave

anomalies, support off-axis extension in the Ethiopian plateau, requiring reevaluation of the localization of continental breakup

in the narrow MER.
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Key Points:6

• The Ethiopian Plateau’s shear velocity structure is investigated by jointly inverting Rayleigh7

wave phase velocities and receiver functions.8

• Slow off-rift shear velocities indicate elevated lithospheric temperatures in the Ethiopian9

Plateau that may require in situ melt.10

• A slow axis-parallel lineament indicates off-rift extension in the Ethiopian Plateau, with11

increasing maturity towards its northern extent.12
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Abstract13

The East African Rift System provides a rare location in which to observe a wide scope of rift-14

ing states. Well-defined active narrow rifting in the Main Ethiopian Rift (MER) transitions to15

incipient extension and eventually pre-rifted lithosphere through the northwestern flank of the16

Ethiopian Plateau (EP). Although the MER is well studied, the off-axis region has received less17

attention. We develop Rayleigh wave phase velocity maps, Ps receiver functions, and H-κ stack18

surfaces, and jointly invert these data using a trans-dimensional, hierarchical Bayesian inversion19

algorithm to create shear velocity profiles across the MER and EP. All shear velocities observed20

are slower than the PREM global average, a reflection of the elevated temperatures that persist21

from plume impingement. In the EP, we find a shallow mantle slow shear velocity lineament par-22

allel to the MER axis, amidst otherwise faster shear velocities. The crust is shallow in the MER,23

but also in the northwestern EP flank, with thicker crust found throughout the plateau caused24

by crustal underplating and flood basalt emplacement. Shear velocities more reduced than the25

already low regional average, in concert with surficial volcanic features, geodetic observations,26

and slow P- and S-wave anomalies, support off-axis extension in the Ethiopian plateau, requir-27

ing reevaluation of the localization of continental breakup in the narrow MER.28

Plain Language Summary29

Ethiopia is a unique location where a continent is breaking apart, and will eventually evolve30

into a narrow ocean. Whether extension occurs only within narrow magmatic segments, or is broadly31

distributed elsewhere in Ethiopia has yet to be fully determined. To answer this question, we use32

information from earthquake-generated seismic waves to image the lower crust and mantle out-33

side the expected bounds of continental breakup. We find evidence of extension well into the flanks34

of Ethiopia, in a rift-parallel linear band. This lineament shows more evidence of thermal affects35

associated with rifting in the north, suggesting it is more mature, or experiences a greater de-36

gree of rifting there. Elevated temperatures, volcanic features, small magnitude GPS measure-37

ments, and observations of slow material deep beneath the surface all indicate that extension is38

more complex, and more broadly distributed, than previously assumed, and that rifting processes39

are not localized to geographic areas where their surface effects are most visible.40
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Key Words Continental tectonics: Extensional, Africa, Surface waves and free oscillations,41

Tomography, Lithosphere42

1 Introduction and Motivation43

The Main Ethiopian Rift (MER), the northern segment of the East African Rift System44

(EARS), represents an intermediate state between unbroken continental crust and incipient sea-45

floor spreading. Numerous studies have detailed the dynamics and evolution of this unique nat-46

ural laboratory for extensional processes (Bastow et al., 2005; Julià et al., 2005; Dugda et al.,47

2007; Bastow et al., 2008; Keranen & Klemperer, 2008; Keranen et al., 2009; Rooney et al., 2012;48

Rychert et al., 2012; Ferguson et al., 2013; Armitage et al., 2015; Gallacher et al., 2016; Lavayssière49

et al., 2018; Chambers et al., 2019), and they agree on several key points. There exists widely50

distributed melt beneath the MER and nearby portions of the Ethiopian Plateau (EP). Fractional51

melt estimations vary from 0.5% to 10% (Guidarelli et al., 2011; Keranen et al., 2009; Gallacher52

et al., 2016; Chambers et al., 2019), but the presence of melt and elevated temperatures are re-53

quired to achieve low observed velocities and anisotropy (J. O. Hammond, 2014) within the rift.54

Crust in the Northern and Southern MER is thinner than that of the Somalian Plateau or the55

EP (Mackenzie et al., 2005; Stuart et al., 2006; Maguire et al., 2006; Keranen et al., 2009; J. O. Ham-56

mond et al., 2011). Lastly, many agree that a mantle-sourced impetus in the form of a plume was57

necessary to initiate rifting the strong, thick Ethiopian lithosphere (Hayward & Ebinger, 1996;58

C. J. Ebinger & Sleep, 1998; Corti, 2009), which consequently caused widespread thermal per-59

turbations, associated magmatism, crustal underplating, and uplift across Ethiopia. The scope60

of these previous geophysical studies have been primarily constrained to the MER axis, Afar, and61

the near-axis portions of the EP. However, geodetic data suggests that ∼20% - 30% of present-62

day extension may occur outside the magmatic segments of the MER (C. Ebinger & Casey, 2001;63

Birhanu et al., 2016), which begs the questions: where does this off-axis extension occur, and how64

is extension accommodated at depth?65

In order to answer these questions, we interrogate the shear velocity structure of the lower66

crust and upper mantle in the EP and northwestern Ethiopian Plateau flank (NWEP) using a67
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recently deployed broadband seismic array in conjunction with legacy data. We develop Rayleigh68

wave phase velocity maps, Ps receiver functions, and H-κ stack surfaces from teleseisms, and jointly69

invert these complementary data types using a trans-dimensional hierarchical Bayesian inversion70

algorithm (Eilon et al., 2018). We solve for shear velocity profiles beneath the EP, NWEP, and71

within the MER, and use these to support the existence of off-axis extension. We interpret shear72

velocity structure in the context of previous studies (e.g., Dugda et al., 2007; Keranen et al., 2009;73

Chambers et al., 2019) and thermal structure associated with rifting.74

2 Geological and Tectonic Background75

Ethiopia has a complex tectonic and volcanic history that has shaped the evolution of the76

MER. Formed within the Mozambique Belt, Ethiopia preserves the Proterozoic-aged Himalayan77

style collision zone (Shackleton, 1986; Burke & Sengör, 1986) between East and West Gondwana,78

which scarred the basement with numerous sutures (Vail, 1985; Berhe, 1990; Stern et al., 1990),79

and Precambrian aged fractures (Korme et al., 2004). Some of these structures were reactivated80

in the Paleozoic-Mesozoic, creating ultimately aborted rifts (C. Ebinger et al., 2000; Mège & Ko-81

rme, 2004; Corti, 2009), which left lithospheric weaknesses with the potential for exploitation by82

magmatic or extensional forces.83

Within the MER, NW-SE trending strike-slip faults have reactivated to allow extension (Korme84

et al., 1997), demonstrating that existing fault structures control some degree of extension within85

the MER. NW-SE faults in the Ogaden basin and Blue Nile basin, which transect the EP and86

NWEP, reactivated from the early to late Jurassic and have interspersed lithospheric structures87

that may accommodate localized extension.88

Thermal modification from impingement of the Afar plume and associated Tertiary volcanics89

have altered the lithospheric structure of the MER from that of the Mozambique Belt, which is90

believed to represent the pre-rift lithospheric structure of Ethiopia (Keranen et al., 2009). Plume91

related magmatism has exploited pre-existing weaknesses and fabrics in the lithosphere to pro-92

duce a ∼1000 km diameter (Baker et al., 1996; Hofmann et al., 1997; Ukstins et al., 2002), 2 km93

thick region of flood basalts that cap much of the EP (fig. 1b).94
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Flood basalt emplacement began ∼45 Ma (Rooney et al., 2014), but was most prevalent95

between 31 - 29 Ma. Within the EP, shield volcanoes developed at 22 Ma and 10 - 7 Ma (Kieffer96

et al., 2004) (fig. 1b). Between 10 - 12 Ma, volcanoes appeared both within the MER and near97

Lake Tana (Abate et al., 1998; Conticelli et al., 1999; Kieffer et al., 2004). Present day fumaroles98

and thermal springs are active in both regions (fig. 1b). Quaternary volcanism is present in the99

form of Strombolian volcanoes and spatter cones South of Lake Tana (Kieffer et al., 2004), and100

along the Yerrer-Tullu Wellel Volcanotectonic lineament (YTVL), where clusters of volcanoes and101

fractures running E-W from the MER have erupted coevally with Northern MER volcanoes (Abebe102

et al., 1998; Chernet et al., 1998).103

The MER is roughly outlined by Miocene aged border faults, and is trisected into North-104

ern (NMER), Central (CMER), and Southern (SMER) sections. Rift initiation was asynchronous,105

with SMER volcanism beginning in 20 - 18 Ma (C. J. Ebinger et al., 1993; George & Rogers, 2002;106

Pik et al., 2008) and rifting following soon after at ∼18 Ma (C. J. Ebinger et al., 1993). The NMER107

then initiated ∼10 - 11 Ma (Chernet et al., 1998; Wolfenden et al., 2004), with accompanied vol-108

canism. The CMER initiated last and exhibits a less evolved stage of rifting than the SMER and109

NMER, but its exact age is contested: between 5 and 9.8 Ma based on K/Ar dating (Woldegabriel110

et al., 1990; Bonini et al., 2005). Surface expressions of contemporary extension are largely lo-111

calized to magmatic centers within the MER (C. Ebinger & Casey, 2001; Wolfenden et al., 2004),112

having shifted from strike-slip faults perpendicular to the rift axis that accommodated Quater-113

nary extension (Korme et al., 1997). Composition of magmatic and basaltic samples indicate that114

the mantle beneath the MER and the nearby EP is hotter than the global average by 100◦ - 170◦115

(Rooney et al., 2012; Armitage et al., 2015), and slow seismic velocities resolved here (Bastow116

et al., 2005; Benoit et al., 2006; Bastow et al., 2008; Keranen et al., 2009; Rooney et al., 2012;117

Rychert et al., 2012; Ferguson et al., 2013; Armitage et al., 2015; Gallacher et al., 2016; Lavayssière118

et al., 2018; Chambers et al., 2019) reflect this elevated temperature, and the consequent pres-119

ence of melt.120
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Figure 1: a) A map of all seismic stations used to develop phase velocity maps (triangles). Sta-

tions used to develop receiver functions, and that are inverted to develop shear velocity profiles

are plotted in blue, green, and red, depending on their shear velocity group (see discussion). Sta-

tions plotted in white were used only for phase velocity measurements. Black arrows are GPS

data from Birhanu et al. (2016). b) A map of relevant geology in the study area, colored by ele-

vation (in m), showing flood basalt extent, geologically and currently active major faults, and a

variety of volcanic and hydrothermal features.
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3 Data and Methods121

3.1 Phase Velocity Maps122

Using the Automated Surface Wave phase velocity Measuring Systems (ASWMS) (Jin &123

Gaherty, 2015), we developed phase velocity maps from 25 s to 100 s using Rayleigh waves from124

teleseismic earthquakes. ASWMS autonomously estimates Rayleigh wave phase delays between125

nearby seismic stations using inter-station, frequency dependent cross-correlograms on a per-event126

basis. We used 5741 high quality earthquakes occurring between 2000-03-10 and 2017-10-03, of127

Mw ≥5.5, with a maximum depth of 250 km, at a distance of 30◦ - 160◦ from from the center128

of our study area (12◦N 39.5◦E). We processed vertical seismograms for all stations between 4◦N129

and 20◦N latitude, and 34◦E to 45◦E longitude (fig. 1a). Our data comprises 415 stations, and130

17 public networks, a list of which and DOI’s hosted by IRIS DMC are provided at the end of131

this manuscript.132

We briefly explain the ASWMS methodology and quality controls used. For the full pro-133

cedure, see Jin and Gaherty (2015). For each earthquake, vertical cross-correlograms, C(t), were134

computed in the time domain for each possible station pair according to:135

C(t) = S1 ? WSS2 (1)

where S1 and S2 are the de-trended, windowed, vertical seismograms of the two stations with136

instrument response removed, and ? denotes cross-correlation. WS is a 300 s windowing func-137

tion, with a 75 s Hanning taper. C(t) contains lag and coherency information about the Rayleigh138

wave energy travelling between the two stations. The dominant energy of the waveform was iso-139

lated using another windowing function, Wc(t), and then filtered using a series of Gaussian nar-140

row band filters. By fitting the filtered, windowed cross-correlogram function, Fi∗(WcC(t)) us-141

ing a 5-parameter gaussian wavelet we extracted frequency-dependent phase delays, tp, for this142

station pair (Jin & Gaherty, 2015).143

Station pairs with inter-station distance (in km) less than 5, or greater than 3.55× the pe-144

riod (in seconds), were discarded to reduce the possibility of cycle skipping or spurious measure-145

ments. Station pairs with cross-coherency γ2 ≤ 0.6 were discarded to prevent measurement on146
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poorly correlated cross-correlograms. tp were then inverted using the Eikonal equation to develop147

inter-station phase travel time surfaces at each period (Lin et al., 2009).148

ASWMS was initially designed for the large, evenly spaced US Transportable Array (Jin149

& Gaherty, 2015), use of this method for smaller arrays is feasible (Pratt et al., 2017; Jin et al.,150

2015; Orfanos et al., 2016) but requires careful quality control. As such, events for which more151

station pairs were discarded than not were also discarded from the stacks. We also culled regions152

within earthquake phase velocity maps that had apparent velocities below 3.25 km/s or above153

4.6 km/s, as velocities outside these bounds are unrealistic for continental crust between 25 to154

100 s (Oliver, 1962). We pieced together temporally and spatially isolated regions by stacking155

individual pixels from events. Pixels were included in the final stack if the number of rays cross-156

ing those pixels from all event maps exceeded 66 (providing on average one ray entering each pixel157

per km of circumference). Pixels in the same location between different events were assigned a158

weight, Wg, where Wg = # of rays in event
total rays such that events with a greater number of observa-159

tions contributed more to the final stack phase velocity. Pixels with phase velocities more than160

two standard deviations from the stack mean were also excluded from the final stack. Maps were161

smoothed using a linear function with a lengthscale of 0.4 times the wavelength. The horizon-162

tal resolution of our phase velocity maps is approximately 2× the station spacing (∼70 km) (Lin163

& Ritzwoller, 2011), in our case giving a maximum resolvable wavelength of 140 km.164

3.2 Ps Receiver Functions165

Receiver functions (RFs) were calculated from all Mw ≥5.5 earthquakes recorded on three-166

component broadband stations 30◦ to 90◦ from the approximate center of the study region (12◦N,167

39.5◦E) between 2000-03-10 and 2017-10-03. 28 of these stations (fig. 1a) are used in further anal-168

ysis, and can be found via station DOI’s hosted by IRIS DMC at the end of this manuscript. Each169

200 s seismogram trace spanned ±100 s from the predicted P -wave arrival. Traces were de-meaned170

and bandpass filtered from 0.01 Hz - 0.25 Hz using a 2 pole Butterworth filter. We also culled171

events with a signal-to-noise (SNR) below 1.5, where signal and noise were computed as the max-172

ima of envelope functions based on 8 s and 26 s smoothing of the whole trace, respectively. Wave-173
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forms were rotated into ZRT orientation and then migrated to the median ray parameter of the174

earthquake. We used the iterative time domain deconvolution technique (Ligorŕıa & Ammon, 1999)175

to calculate receiver functions.176

3.2.1 Receiver function quality control177

On the basis of an a priori assumption that first-order crustal structure is one-dimensional,178

we assume that if a station has a family of highly similar RFs and another family of disparate179

RFs, the former is a faithful reflection of true crustal impedance structure, and the latter rep-180

resent data anomalies that can be culled from the results. While strongly anisotropic crust or181

dipping layers may produce receiver functions with bimodal phase arrival times or strong back-182

azimuthal variations, we did not encounter this in our data.183

We used a multi-stage process to select a family of receiver functions with similar waveforms,184

relying partly on the Density Based Spatial Clustering of Applications with Noise (DBSCAN)185

algorithm (Ester et al., 1996). DBSCAN is a path-specific hierarchical algorithm that uses two186

parameters to define clusters. The first is a distance metric, ε, which defines the maximum tol-187

erable difference between two RF traces within the same cluster. The second is the minimum num-188

ber of data to form a cluster, which we set as 30% of the number of RFs for a given earthquake.189

Our quality control procedure comprised six steps: (i): We calculated the L1 norm of the190

differences between all receiver functions for a given station (fig. 2a), and used those values as191

distances subject to ε. (ii) We used DBSCAN with a high ε (lenient) culling step on the RFs win-192

dowed narrowly around the expected P arrival, from T = 0 to T = 1.5s. This discriminated a193

cluster of RFs with “normal” P -wave arrivals from those with abnormal arrivals, which were dis-194

carded (fig. 2b). (iii) We culled receiver functions with amplitudes less than 0.5× the mean am-195

plitude at T = 0. (iv) RFs that passed these culling steps were again processed using DBSCAN,196

this time with a time window from T = 2s to T = 15s, which included the Ps and PpPs arrival197

phases for most receiver functions. We excluded the PpSs + PsPs phases in this clustering step198

as they generally had lower amplitude arrivals. Within this step, we changed ε until a cluster of199

RFs were found that displayed the Ps arrival phase, and were stable when varying ε. (v) After200
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a cluster of RFs were found, we culled traces with crustal multiple phase amplitudes greater than201

30% of the trace’s P arrival amplitude. (vi) Finally we visually assessed each station’s RFs, and202

culled RFs that deviated substantially from the others (fig. 2c). The stacked receiver function203

(fig. 2d) used in the joint inversion algorithm was the linear mean of the ‘cleaned’ receiver func-204

tions that passed the above quality controls. 5 stations of original 33 within the study region were205

removed by visual flagging and not inverted in the joint inversion process.206

3.3 H-κ Stacks207

Receiver functions that passed the “cleaning” process were used in a standard H-κ stack-208

ing procedure (Zhu & Kanamori, 2000) to estimate crustal thickness and V p/V s ratio. We used209

a V p of 6.3 km/s, and phase weights of 0.7, 0.2, and 0.1 for the Ps, PpPs, and PpSs+PsPs210

phases, respectively. The resultant H-κ stack for each station was used to constrain crustal thick-211

ness during joint inversion (Section 3.4). H-κ stacks for each station are provided as a zipped sup-212

plementary file. Because κ values are consistently less well resolved than crustal thickness, we213

place little weight on them in our results discussion.214
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Figure 2: A graphical representation of the steps in our quality control process at station KIRE.

a) The 104 raw receiver functions. b) The results of stages (i) and (ii) of the quality controls.

Thin red lines are receiver functions culled by DBSCAN, thin blue lines are receiver functions

passing quality controls, and the thick blue line is the mean of the clustered receiver functions.

c) The manual visualization and cull step (vi) after clustering. Traces with colored red and blue

fills, signifying positive and negative phases, were used for the final stack, others were manually

removed. d) The final stacked receiver function from the 38 receiver functions that passed quality

control, normalized to the parent phase amplitude.

Ogden et al. (2019) found that many H-κ derived crustal thickness and V p/V s ratio esti-215

mates were unreliable within the EP. Using an automatic method to perturb input parameters216

for H-κ stacking, they found that stations within flood basalts produced unreliable H-κ stacks217

with high standard deviation, low SNR, and broad, low amplitude arrival phases. Such H-κ stacks218

failed to resolve a high energy maximum for the Moho and κ due to a gradational Moho, com-219

plex crust, or sediments and basalts. We performed a modified version of Ogden et al. (2019)’s220

random input perturbation procedure on several stations in the region using receiver functions221
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from before the quality control process and those that passed the quality control process. An ex-222

ample of this test may be found in fig. S11. From our results, we believe coherency between re-223

ceiver functions is a good indicator of simple subsurface structure, and receiver functions that224

were culled exhibited receiver-side signal-generated noise. We found that a distinct high energy225

maximum was able to be well resolved after quality control for most stations (26 of 28), and be226

moderately resolved for the rest. We note that strong anisotropy may impact the H-κ process,227

or might cause the quality control algorithm to reject back-azimuthal swaths. However, while our228

earthquake arrivals are not uniformly distributed, we do not find evidence of systemic back az-229

imuthal patterns or automatic rejections.230

3.4 Joint Inversion Algorithm231

In order to create shear velocity profiles that resolve lower crustal and mantle structure,232

we used a trans-dimensional, hierarchical, Bayesian inversion algorithm (Eilon et al., 2018). This233

algorithm uses Bayesian statistics and Monte Carlo Markov Chains to explore the model space,234

developing ensembles of shear velocity models that closely predict observed Rayleigh wave phase235

velocities and receiver functions. To ensure we adequately explored the parameter space, we ran236

6 parallel Markov Chains for 21,000 iterations, approximately 16× the number of iterations re-237

quired for a given chain to achieve stationarity (the “burn-in”). Proposed model updates were238

made by drawing from local Gaussian distributions for single parameters in each iteration. Model239

perturbations were accepted or rejected using a Metropolis-Hastings acceptance criterion (Metropolis240

et al., 1953; Hastings, 1970), and were confined by a priori distributions of seismological param-241

eters. We adapted the method of Eilon et al. (2018) to incorporate H-κ surfaces as an additional242

data type. To some extent, this step simply increases the power of the RF data within the joint243

inversion. However by implicitly migrating crustal multiples in a more self-consistent manner than244

in a synthetic RF stack, it sharpens the inversion’s constraints on crustal V p/V s ratio, for es-245

sentially zero increased computational expense.246

We assumed that errors between different data types are uncorrelated (Khan et al., 2011;247

Drilleau et al., 2013; Shen et al., 2013; Bodin et al., 2016; Calò et al., 2016; Roy & Romanow-248
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icz, 2017), so the overall model likelihood function is computed as the product of likelihoods for249

each individual data type:250

p (d |m) =
∏
i

p (di |m) =
∏
i

1(
σi
√

2π
)ni

exp

(
− Φi

2σ2
i

)
(2)

where σi is the data error for data type di, ni are the degrees of freedom, m is the proposed model,251

and Φi are misfit functions for body waves, surface waves, and H-κ surfaces, respectively, as fol-252

lows:253

ΦBW(m) = ‖zp(t, m) ∗R(t)− rp(t, m) ∗ Z(t)‖2 (3)
254

ΦSW(m) = ‖C(f)− cp(f,m)‖2 (4)
255

ΦHκ(m) =
ηmax

η(Hp, κp)
(5)

where R(t) and Z(t) are the radial and vertical observed time series of stacked receiver func-256

tions, rp and zp are corresponding predicted time series, and ∗ is the convolution operator. Note257

that this “cross-convolution” body wave misfit equation does not require synthetics to match the258

true source time function (Menke & Levin, 2003; Bodin et al., 2014). C and cp are the phase ve-259

locity observations and predictions at frequency f . η is the amplitude of the H-κ surface, and260

Hp, κp, are the proposed model Moho thickness and V p/V s ratio.261

Body wave data were forward modeled using a propagator matrix code (Keith & Crampin,262

1977c, 1977a, 1977b) which creates synthetic Z,R,T waveforms from a 1-D layered input veloc-263

ity model. We used a 1-s gaussian synthetic source time function and a ray parameter averaged264

from the RFs in the station stack. Only the first 10 seconds of RFs were used, which contain the265

P and Ps arrival phases. Surface wave phase velocities were forward modeled using MINEOS266

from CIG (Computational Infrastructure for Geodynamics) (Masters et al., 2007). MINEOS is267

computationally expensive, so data prediction relied on perturbation kernels calculated infrequently268

(and updated per Eilon et al. (2018) using MINEOS whenever the current accepted model de-269

parted substantially from the most recent kernel basis model). Because MINEOS requires a whole270

Earth model, our models linearly graded into the PREM global model (Dziewonski & Anderson,271

1981) between 200 km and 300 km, and basal knots were prevented below 160 km to ensure no272

unrealistic sharp velocity gradients were involved in grading into the global velocity average.273
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Figure 3: An example of the joint inversion data types at station GUBA, including final data

fit. a) Stacked P-wave radial receiver function (black). The predicted receiver function computed

from the mean posterior shear velocity profile following inversion is shown in red . b) Rayleigh

wave dispersion curve at this station (black), together with MINEOS-predicted phase velocities

from the mean posterior shear velocity profile (red). c) H-κ amplitude surface (η), with the corre-

sponding values from the entire posterior model ensemble (light grey dots), and the mean of this

posterior (red dot).

3.5 Shear Velocity Aggregate Groups274

On the basis of the observed shear velocity profiles (Section 4.3), we determined that sta-275

tions could be assimilated into three characteristic groups. We started off with three random group-276

ings of stations. For 1000 iterations, we randomly moved a single station to a different random277

group. We then calculated the summed absolute misfit between individual profiles and their group278

mean VS(z), and added the total misfit across all the groups. If this misfit decreased from the279

previous iteration, indicating overall more similar intra-group velocities, we accepted the new group280

assignment. In this way we established three groups of stations. Station AMME (8.3031◦N, 39.0934◦E)281
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was manually placed into group 3 because of its location in the MER instead of group 2, to which282

the shear velocity structure more closely matches. For this analysis, we ignored station DAQU283

(13.1448◦N, 37.8976◦E) which had a shear velocity structure that does not closely match any groups,284

despite the inversion yielding a good data fit. Finally, we calculated mean shear velocity profiles285

and 37%, 67% percentiles for all three groups.286

4 Results287

4.1 Phase Velocity Maps288

Phase velocities in the NMER and SMER are slow from 25 - 80 s (fig. 4a), and follow the289

surficial border faults of the MER to 32 s. The CMER is up to 0.1 km/s faster than the SMER290

and NMER from 32 - 60 s, but remains slower than the EP and Somalian Plateaus. Slow veloc-291

ities in the MER asymmetrically broaden into the EP with increasing period, extending less into292

the Somalian Plateau. By 80 s, the MER, the Somalian Plateau, and eastern EP homogenize to293

phase velocities of 3.75 - 3.8 km/s, which remain reduced compared to the western EP.294

Slow phase velocities extend in a lineament east-southeast from Lake Tana at periods of295

25 - 60 s (fig. 4a - e). This lineament roughly follows the trend of late Paleozoic-Mesozoic aged296

rifts (Mège & Korme, 2004), Quaternary volcanoes, and spatter cones (Kieffer et al., 2004). Phase297

velocities here are ∼0.1 km/s faster than the MER at 25 s (∼3.5 km/s, vs. 3.4 km/s). In the north,298

this structure links to slow phase velocities at the western boundary of Afar from 25 - 32 s. This299

structure grades into less reduced, but still slow, phase velocities to the southwest between Lake300

Tana between 25 - 50 s. This slow phase velocity lineament does not broaden with period, and301

homogenizes to the fast background NWEP phase velocity by 80 seconds.302

A pronounced ∼200 km E-W, ∼160 km N-S, fast phase velocity region in the central EP303

at 32 s separates the slower phase velocities in the MER and EP lineament (fig. 4b). Velocities304

here are ∼4.0 km/s, ∼8% faster than the ∼3.7 km/s area average at 32 s. This appears to re-305

sult from a shallow feature: the phase velocities in this location are not noticeably slower than306

the regional average beyond ∼50 s, although at longer periods most of the EP and flank are ∼0.1307
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km/s faster than the study region average. Fast phase velocities also exist in the Somalian Plateau308

from 25 - 50 s (∼3.7 - 3.9 km/s). At periods >60s, the phase velocities on either side of the MER309

are roughly symmetrical and the rift-proximate part of the Somalian plateau that we image is310

clearly slower than the rift-distal NWEP.311

4.2 Receiver Functions312

The number of total receiver functions at each station varied between 9 - 165, and averaged313

65. The fraction of receiver functions culled by our automatic quality controls averaged 51%, and314

ranged between 26 - 82% of recorded traces. On average, manual culling removed a further ∼16%315

of traces. The number of RFs that passed quality controls to develop the final stacked RF var-316

ied from 2 - 73, with a mean of 23. The quality control process summarized in fig. 2 may be found317

for each inverted station in a zipped supplementary file.318

All receiver functions show a distinct Ps phase arrival ∼5 s after the parent phase (fig. 2d),319

and 25 show a clear PpPs phase arrival (fig. 2d, ∼16 s). 21 stations displayed a PpSs + PsPs320

arrival phase (fig. 2d, ∼21 s), which was often broader and lower amplitude than preceding phases,321

potentially caused by stacking across moveout, or more local issues outlined in Ogden et al. (2019),322

including non-simple crustal structure, gradational Mohos, or flood basalts overlaying sediments.323

A negative phase following the Ps arrival is observed at 16 stations (e.g., fig. 2d, ∼6 s). All324

group 1 station RFs record this phase, but it does not arrive at a consistent time. It is absent325

from all group 3 stations except AMME, where it immediately follows the Ps phase, and has a326

large negative amplitude. More rigorous investigation of these negative velocity gradients, which327

may link to intra-lithospheric layering (Abt et al., 2010), will be the subject of future work. Be-328

cause of the time window used for RFs in joint inversion, these phases must also be accounted329

for in the body wave forward modelling.330
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4.3 Joint inversion331

We inverted for shear velocity models at 28 station locations within the EP, NWEP, and332

MER. Stations in the CMER and SMER serve as points of comparison between our results and333

previous studies. We define data fit as the root mean square (RMS) data misfit, normalized by334

the RMS of the observed data. If the predicted data are identical to the observed, the misfit is335

zero, and data fit is 100%. If the predicted data are unrelated to the observed data, the data fit336

is 0%. Our mean data fit for phase velocities and RFs is 99.5% and 71.0%, respectively. This in-337

dicates that the inversion was able to more closely fit the smooth phase velocity curves than RFs.338

4.3.1 Crustal Thickness339

We report the median and 1σ (actually the ±37th percentile of the posterior ensemble about340

the median) crustal thicknesses at inverted stations (fig. 5a). Crustal thicknesses are similar to341

those found from the H-κ stacking method (SI fig. 1), but notable divergences appear at two sta-342

tions in the central EP, indicating that phase velocities are not straightforwardly compatible with343

the receiver function constraints here.344

The crust is thickest northeast of the central EP, and near Lake Tana, varying from 35 -345

40 km. Stations in the CMER and Somalian plateau also exhibit thick crust of ∼37.5 km and346

∼36.5 km, respectively. Crust at stations in the SMER is thinner, at ∼29 - 31 km. Trending north-347

west of the SMER axis to the central EP are three stations of similar thickness, ∼31 km, amongst348

∼34 - 36 km thick crust.349

Crustal thickness is bimodal along the slow phase velocity lineament, split between ∼29 -350

30 km and ∼33 - 34 km. Crust in the NWEP is between 28.5 - 31 km. We find that our crustal351

thicknesses are more similar to those of Keranen et al. (2009) than Dugda et al. (2007) and Stuart352

et al. (2006), perhaps due to parameterization differences, but are not strongly inconsistent with353

the latter studies. A list of crustal thicknesses with associated standard deviation may be found354

in the supplement (T1).355
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4.3.2 Shear Velocities356

We obtain a median shear velocity profile at each station from the posterior model ensem-357

ble. We focus on the velocities from 30 and 140 km depth due to the period range of our phase358

velocities. We display depth slices at 30, 50, 70 and 110 km (fig. 5b-e), and note that at 30 km359

the observed shear velocities represent crustal structure at most stations (fig. 5a). The 1σ shear360

velocity uncertainties between 60 and 120 km are approximately ±0.05 km/s across all inverted361

stations. We compare stations’ shear velocity profiles to a regional average and also to PREM362

(Dziewonski & Anderson, 1981), since we find that the entire region is substantially slower than363

a global average.364

Shear velocities closely mirror the trends seen in phase velocities (fig. 4). Slow shear ve-365

locities exist in the CMER, SMER, and near-rift EP stations, but also near Lake Tana, and south-366

east of it along the EP. Fast velocities are resolved within the central EP, Somalian Plateau, and367

NWEP.368

In the group 1 velocity aggregate (see section 3.5, figs. 5a, 1a), which spans the central EP,369

Somalian Plateau, and NWEP, we find shear velocities that are faster than the regional average370

at all depths. Group 1 shear velocities are 3.0 - 4.3% (0.13 - 0.19 km/s) slower than PREM from371

60 - 120 km (fig. 6a, d), the range of depths most representative of shallow mantle structure that372

are most consistently resolved in our inversion (measured by similarity of shear velocity profiles373

within each group; fig. 6).374

Four of six northwestern-most NWEP stations are faster than the regional average at 50375

km by 1.2 - 4.8% (4.3 - 4.45 km/s). At 70 km depth and below, all six northwestern stations are376

0.5 - 5% faster (4.27 - 4.46 km/s) than regional average (fig. 5d, e). Stations within the central377

EP manifest heterogeneous mean shear velocities between 30 and 50 km, but this region is 0 -378

4% faster (4.25 - 4.42 km/s) than the regional average deeper than 50 km. The Somalian Plateau379

is faster than the regional average between 50 - 100 km by 1 - 3.5% (4.3 - 4.4 km/s).380

At depths greater than ∼80 km, the group 1 shear velocity decreases gradually with depth381

(∼0.0012 km/s per kilometer) instead of increasing, as is usually the case at this depth within382
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the continents (e.g., French & Romanowicz, 2014). This negative velocity gradient appears to383

represent a gradual base of the plate beneath a fast lithospheric lid.384

Group 2 shear velocities, which include Lake Tana and EP stations to the southwest of it,385

display slower velocities than those found in group 1. Shear velocities are 4.6 - 6.2% (0.21 - 0.28386

km/s) slower than PREM from 60 - 120 km (fig. 6b, d). Unlike group 1, group 2 velocity pro-387

files seem to have a thin or absent lid, and actually get faster monotonically with depth; at depths388

greater than ∼100 km, they are statistically indistinguishable from group 1.389

By 50 km, shear velocities in the southwestern EP and near Lake are moderately slower than390

the regional average by 0 - 2% (4.17 - 4.25 km/s), and remain so at 70 km (fig. 5c, d). By 110391

km, only the southwestern EP shows reduced shear velocities slower than the regional average392

by 0 - 1% (4.2 - 4.25 km/s), while other stations throughout the EP are homogeneously faster393

than the regional average by 0.5 - 1.5% (4.27 - 4.31 km/s).394

Group 3 shear velocities, which include the MER and the near-rift EPL, are the most re-395

duced compared to PREM; 7.7 - 8.7% (0.34 - 0.39 km/s) slower from 60 - 120 km (fig. 6c, d).396

Between 50 and 110 km depth, these stations are slower than the regional average by 2 - 6% (4.00397

- 4.17 km/s), with SMER stations displaying the slowest velocities. Station MERT displays an398

increase in shear velocity between ∼40 - 50 km, and then decreases between ∼50 - 60 km. This399

may be evidence of a thin fast lithospheric lid, which is not displayed by other stations in group400

3.401
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Figure 5: a) Post-inversion crustal thickness. Yellower colors indicate thinner crust, redder colors

indicate thicker crust. Symbol size is scaled by 1/σ of the Moho depth from the posterior. Symbol

type indicates velocity group, where group 1 = inverted triangle, group 2 = triangle, group 3 =

diamond. Station DAQU is not grouped, and marked as a square. Flood basalt bounds are plot-

ted in light red. b) - e) Median shear velocity from posterior ensembles of inverted stations at 30

(b), 50 (c), 70 (d) and 110 (e) km depth. Color signifies shear velocity scaled roughly by deviation

from the mean velocity at each depth ± 6%. Velocities at 50, 70, and 110 km share the same color

scaling, seen beneath subplot (c). On all subplots, the rough bounds of the MER rift valley are

dashed in thick dark red, and Lake Tana in black.
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5 Discussion402

5.1 Regional Shear Velocity Trends403

We find that mantle shear velocities are slower than PREM for all stations and velocity ag-404

gregate groups, even the “fast” group 1 (fig. 6d). These reduced shear velocities point to sys-405

tematically elevated temperature from a regionally pervasive source (Dugda et al., 2007), a more406

silicic mantle composition, grain size reduction, the presence of melt and other fluids, or a com-407

bination of these factors (Faul & Jackson, 2005).408

In the Central EP, Somalian Plateau, and NWEP (group 1), we find a fast velocity litho-409

spheric lid between ∼40 - 80 km depth. In our mean shear velocity profiles, constrained primar-410

ily by phase velocities, this feature appears to grade gradually with depth into lower velocities,411

implying a gradual lithosphere-asthenosphere boundary. However, at some of the stations in this412

region RFs also record a negative shear velocity gradient, seen in others’ work (Lavayssière et413

al., 2018).414

A fast lithospheric lid is also present in the Mozambique Belt (Weeraratne et al., 2003) be-415

tween the Moho and ∼60 - 80 km depth. We argue that the Mozambique Belt represents an in-416

formative reference structure because of the belt’s continuous nature along Eastern Africa (Keranen417

et al., 2009; Meert & Lieberman, 2008), with subsequent velocity differences being a result of plume418

impingement and associated volcanism.419

The similarity in shear velocity structure, but uniformly slower velocities of group 1 com-420

pared to the Mozambique Belt, suggest holistic velocity perturbations from the original litho-421

spheric structure far off-rift (fig. 6a, d). At ∼45 km depth, the group 1 profile is ∼0.25 km/s slower422

than the Mozambique Belt. Velocities in the two regions gradually become more similar with depth,423

and are barely distinguishable by ∼165 km. The fact that these regions seem to differ particu-424

larly in shallow mantle structure suggests that reduced shear velocities in the Ethiopian plateau425

extend well up into the lithosphere.426

Middling shear velocities in group 2 are distinct from group 1 and 3, with stations in this427

region lacking a fast velocity lid, but also failing to display a negative concave velocity structure428
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between 40 - 140 km (fig. 6b, d). Shear velocities are maximally ∼3.5%, or 0.13 km/s slower than429

group 1, but faster than group 3 by a maximum of ∼3.8%, or 0.15 km/s. We interpret this re-430

gion as manifesting an intermediate rifting state between two end-members (the far flank and431

the MER). We do note that shear velocities within group 2 are more heterogeneous than groups432

1 and 3, a reflection of complex crustal structure. Dugda et al. (2007) observed a lack of a fast433

velocity lid in the MER and Afar, and concluded that advanced thermal erosion of the lithosphere434

had already taken place within the rift [cf. Rychert et al. (2012)]. We similarly propose that435

the lack of a fast velocity lid within the EP slow velocity lineament is indicative of substantial436

rift-associated thermal lithospheric erosion surprisingly far from the rift axis (see section 5.3).437

Slow shear velocities in the MER and nearby EP support extensive upper mantle modifi-438

cation, consistent with the tectonic and thermal effects of rifting. For reference, we compare group439

3 to the mean global shear velocity structure of 0 - 25 Ma oceanic crust from the compilation of440

French et al. (2013) and find VS(z) is slower than this reference by 3.6 - 4.3% (fig. 6c, d). The441

fact that these values are even slower than the young oceans likely reflects unusually high man-442

tle potential temperatures and/or less mature melt percolation network beneath still-extant con-443

tinental crust, as well as perhaps a high-biasing of the oceanic regional average by cooler off-ridge444

structure. Taken at face value, and ignoring temperature differences, the ∼4% offset reflects an445

excess of between 0.5% and 4% in situ melt compared to the young oceans depending on the cho-446

sen scaling (MELT Seismic Team, 1998; Faul et al., 1994; W. C. Hammond & Humphreys, 2000).447

The similarity in velocity profile shape is evidence that the maturation of the rifted asthenosphere448

significantly precedes crustal breakup here (Keranen et al., 2009; Eilon et al., 2015).449

5.2 Physical Interpretation of Low Velocities450

We observe low velocities throughout the EP, NWEP, and Somalian Plateau. Compositional451

variance between pyrolite, piclogite, and harzburgite can account for only ∼1% δV s (Cammarano452

et al., 2003), and grain size reduction from 1 cm to 1 mm at 1200 ◦C reduces velocities a max-453

imum of 0.1 km/s (Hirth & Kohlstedf, 2003), or ∼2% δV s (Keranen et al., 2009). Our data there-454

fore strongly support the presence of elevated mantle temperatures and/or in situ melt fraction455
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throughout this focus region. Dugda et al. (2007) reconciled slow MER shear velocities with the456

∼0.3 km/s faster Mozambique Belt by invoking instantaneous thinning of the lithosphere from457

impingement of the Afar plume ∼30 Ma, with an associated ∼250 ◦C temperature increase. Other458

tomographic studies posit even hotter temperatures, up to 550 ◦C more than normal mantle tem-459

peratures (Chambers et al., 2019), to explain observed velocities.460

We attempt to quantitatively connect our shear velocity observations to mantle conditions461

in two ways. First, by generating a suite of geotherms and forward-modelling shear velocity pro-462

files, seeking a best fit to the average Vs(z) of each group. Candidate geotherms are constructed463

by grid searching over a range of mantle potential temperatures (Tp), surface heat flows (q0), and464

radiogenic crustal heat production values (A0) (figs. S5 - S7). We use the formulation of Takei465

(2017) to compute VS(T, z, d) at 1 Hz. We assume a grain size, d, of 1 mm, obtain anharmonic466

shear moduli from the tool of (Abers & Hacker, 2016) assuming a pyrolitic composition, and cal-467

culating self-consistent pressure profiles. Continental geotherms cannot fully predict observed shear468

velocities between 30 and 60 km (figs. S2-S4) using existing scaling relationships (Dalton & Faul,469

2010), so we choose to minimize predicted misfit between 60 and 120 km, the range where our470

phase velocities are most sensitive, and the majority of melt is expected to reside.471

We augment our velocity forward calculation to account for the velocity reduction effects472

of partial melt. We use super-solidus temperature excess to predict a melt fraction, assuming 0.0995%473

melt is generated per degree Celsius above the dry peridotite solidus (fig. 7a), which was calcu-474

lated from a pMELTS algorithm curve (Ghiorso et al., 2002) using a LOSIMG composition peri-475

dotite (Hart & Zindler, 1986), at 3 GPa with no melt escape. We translate this melt fraction into476

a velocity reduction beyond the melt-free case using the relationship from Faul et al. (1994), whereby477

1% partial melt slows shear velocities by 3.3%. We account for melt percolation effects by con-478

volving the instantaneous melt curve with an exponential function to smooth melt upwards with479

decay lengthscale of 20 km. We also apply a compaction function downwards at the Moho with480

a lengthscale of 5 km to mimic the effect of neutral buoyancy of the mafic melt in the crust while481

ensuring total melt percentage is preserved. This procedure is admittedly ad hoc, and acts to dis-482

tribute the effect of any melt across a broader depth range, in keeping with our lack of observed483
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sharp low velocity layers. A second caveat is that we are combining a melt-free anelastic scal-484

ing law with a nominally anharmonic constitutive relationship for the effect of melt on velocity.485

However, given the absence of a more self-consistent approach and the other uncertainties in this486

forward modelling approach, we argue that this is a good approximation to balancing the effects487

of temperature and melt on velocity.488

Second, we take a simpler approach, positing that independent effects of excess tempera-489

ture (dT ) and in situ melt fraction (φ) can explain slowness compared to PREM (δVS), at some490

representative depth. We assume that δVS = ∂VS

∂T δT+∂VS

∂φ δφ, using derivatives of -0.0012 km/s/K491

(Dugda et al., 2007; Faul & Jackson, 2005; Jackson et al., 2002) and -0.047 km/s/% (Faul et al.,492

1994), respectively. Note that we prefer this model to W. C. Hammond and Humphreys (2000)493

as it provides an upper bound for melt percentage. Consistent with method 1, we use average494

the V s between 60 - 120 km for each group (4.33 ± 0.053 km/s for group 1, 4.25 ± 0.048 km/s495

for group 2, and 4.11 ± 0.063 km/s for group 3) to yield contours of relative slowness for each496

group in reference to PREM (4.47 km/s Voigt average) (fig. 7b). We assume that PREM rep-497

resents a melt-free mantle with a potential temperature of 1300 ◦C, and account for a 0.4 K/km498

adiabat when extending to 90 km depth. Naively, this approach is limited to establishing the lin-499

ear trade-off between thermal and melt perturbations. However, these parameters are themselves500

of course linked. We therefore use the pMELTS calculation described above to compute the peri-501

dotite melting curve (fig. 7b) at 3 GPa (∼90 km depth). Theoretically, the intersection between502

this curve and the groups’ slowness contours constrains mantle conditions.503

Using method 1, group 1 is best fit by a geotherm with parameters: 45 km Moho, Q0 =504

75 mW/m2, Tp = 1425◦C, A0 = 0.99e−7 W/m3. This estimate agrees with independent xenolith-505

based estimates of local mantle temperatures in the range 1350 - 1450 ◦C (Rooney et al., 2012;506

Armitage et al., 2015) within the MER and Afar. This geotherm does not intersect the solidus507

of dry peridotite - high temperatures alone are sufficient to explain these velocities (fig. 7a). Sim-508

ilarly, the PREM-comparison method 2 suggests an upper mantle temperature ∼100◦C above509

average. According to our assumptions, this curve does not intersect the pMELTS melting curve510

(fig. 7b); the models do not seem to require in situ melt here.511
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This is in agreement with an absence of volcanism in the NWEP. While some thermal springs512

exist near the central EP, no recent volcanism exists in any location aggregated into group 1. Group513

1 stations sit atop the coolest mantle in the region, apparently ∼1450◦. ∼30 Ma xenolith geother-514

mobarometry near Injabara (Ferrando et al., 2008) (fig. 7a) and potential temperature estimates515

of 1410◦C from primitive magmas 10 - 40 Ma (Rooney et al., 2012) imply that in the past am-516

bient mantle temperatures were lower than those recorded today for group 1. Thus, even in the517

distal flank of the rift, there seems to be a warming trend over time.518

Group 2 is best fit by a geotherm with parameters: 30 km Moho, Q0 = 75 mW/m2, Tp =519

1475◦C, A0 = 1.32e−6 W/m3. This is hotter than the 1350 - 1450 ◦C ambient mantle temper-520

atures estimated for the MER and Afar (Rooney et al., 2012; Armitage et al., 2015). Group 2521

velocity averages are low enough to require the presence of upper mantle partial melt. A max-522

imum of 0.46% partial melt is found at 70 km depth (fig. 7a) using method 1, while the range523

in δV s of 4.6% (0.21 km/s) and 5.8% (0.26 km/s) correspond to 0.6 - 0.74% melt using the sec-524

ond method. The second method predicts a mantle temperature of 1500 ◦C, and 0.1% melt (fig.525

7b). This 0.1 - 0.74% partial melt component is slightly lower than the 1.1% melt component526

required by Chambers et al. (2019) to the east of Lake Tana, possibly because here we group the527

slower northern and less slow southern stations in the off-axis lineament.528

Xenolith data from Conticelli et al. (1999); Ferrando et al. (2008) at Injibara, a region just529

south of Lake Tana, contain signatures of hydrous enrichment. Xenoliths indicate the mantle here530

is primarily depleted peridotite (Conticelli et al., 1999; Rooney et al., 2012) which may require531

hydration for substantial melt absent very high temperatures (Asimow et al., 2004). Quaternary532

volcanoes and thermal springs clustered south of Lake Tana lie within a region of reduced phase533

and shear velocities, while thermal springs trending east of Lake Tana follow surficial border faults534

and have been linked to shallow velocity reduction (Korostelev et al., 2015; Chambers et al., 2019).535

These features support hydration and melt near Lake Tana. These surface features extend south-536

west from Lake Tana as far as 11◦N. Our results provide evidence for elevated temperature and537

likely melt that extend even further southwest, to 10◦N or even further south; if this slow lin-538
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eament represents southward migration of extension then the shallow expression of off-rift tec-539

tonism seems to be lagging the imaged perturbation at depth.540

Group 3 is best fit by a geotherm with parameters: 30 km Moho, Q0 = 75 mW/m2, Tp =541

1525 ◦C, A0 = 1.65e−6 W/m3. This is hotter than the proposed 1350 - 1450 ◦C mantle temper-542

ature from geochemical constraints (Rooney et al., 2012; Armitage et al., 2015) by 75 - 175 ◦C,543

requiring a melt component. A maximum of 1% partial melt at 80 km (fig. 7a) is expected us-544

ing the first method. δV s of 7.2% (0.32 km/s) and 8.8% (0.40 km/s) correspond to 0.9 - 1.1%545

melt between 60 and 120 km using the first method. The second method predicts a mantle tem-546

perature of 1515 ◦C, and 0.95% melt (fig. 7b). These methods closely agree on a partial melt per-547

centage ∼1%, which aligns with recent estimates within the MER between 0.5 - 10% (Keranen548

et al., 2009; Guidarelli et al., 2011; Gallacher et al., 2016; Chambers et al., 2019). The presence549

of abundant melt at depth associated with the MER is consistent with abundant surface volcan-550

ism and previous work (White & McKenzie, 1995; Armitage et al., 2010; J. O. Hammond, 2014).551

It is interesting to note that while volcanoes are confined mostly to the narrow rift valley (fig.552

1b), our phase velocities are slow in a relatively broad swath extending 100 km beyond the bor-553

der faults even at 32 - 40 s. This contrast may stem partly from resolution issues, but likely also554

reflects the nature of melt channelization and focusing within the rift [cf. (Holtzman & Kendall,555

2010)].556
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Figure 7: a) Best fit geotherms for group 1 (blue), group 2 (green), and group 3 (red) using

method 1 to fit shear velocity between 60-120 km depth (Section 5.2), with temperatures indi-

cated by the lower x-axis. The dry peridotite solidus from Asimow et al. (2004) is plotted in black

dots. Xenolith pressure - temperature equilibration conditions from Conticelli et al. (1999) and

Ferrando et al. (2008) are shown in orange circles and triangles, respectively. Partial melt percent

(upper x-axis) calculated using the super-solidus forward modeling method is shown for groups

2 and 3 (dashed, colored as above) to the left. b) The slowness domain, showing linear tradeoff

between melt and mantle temperature excess, contoured in increments of -2% δV s. Mean ±1σ

slowness compared to PREM between depths of 60-120 km is shown for each velocity group (col-

ors as above). The melting curve of a LOSIMG composition peridotite (Hart & Zindler, 1986) at 3

Gpa is plotted in solid purple.

5.3 Crustal Thickness Variations557

The Moho depths we observe in the center of the Ethiopian Plateau are qualitatively con-558

sistent with crustal thickening following the impingement of the Afar Plume ∼30 Ma (Mackenzie559

et al., 2005; Stuart et al., 2006). This event is thought to have thickened the crust in two ways:560
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up 2 km of flood basalt emplacement at the surface (Baker et al., 1996; Hofmann et al., 1997;561

Ukstins et al., 2002), accompanied by up to 10 km of underplating, yielding a total crustal thick-562

ness up to ∼45 km. This is best observed from wide-angle seismic reflection/refraction data (Mackenzie563

et al., 2005), but that study only imaged the deepest crust ∼100 km on either side of the rift val-564

ley. Some degree of thickening by igneous intrusion is also well recorded by gravity surveys (Cornwell565

et al., 2006), and increased V p/V s ratios signifying a more mafic crustal composition (Ogden et566

al., 2019). Xenolith data collected along the YTVL also support underplated material beneath567

the near-rift EP (Abebe et al., 1998; Adhana, 2014; Rooney et al., 2017), and melt emplacement568

well outside the rift axis is supported by abundant silicic and basaltic dikes (Mège & Korme, 2004)569

west of Lake Tana, where magmatism exploited zones of pre-existing weakness.570

We do not observe crust as thick as 45 km in our field region. The average crustal thick-571

ness of stations in our inversion within the EP is 34 km, and the thickest crust we see is 39 km572

at SERE, just north of Lake Tana. Ignoring erosion, 12 km of thickening would suggest a pre-573

plume thickness of 22 km in the plateau, which we argue is unrealistically thin for continental574

crust. In order to estimate an appropriate baseline, we propose that stations that lie outside the575

bounds of flood basalt emplacement (fig. 1b) in the NW of our field region exemplify pre-rift/plume576

lithospheric structure and crustal thickness: ∼30 - 32 km (fig. 5). One caveat is that four of six577

of these stations lie within the erosional basin of the Blue Nile Gorge, which has incised a mean578

of 0.37 km of rock within the basin since 29 Ma (Gani et al., 2007). As another regional com-579

parison, ∼35 km crust is observed further west in Sudan (El Tahir et al., 2013; Mohamed et al.,580

2001), which similarly lacks flood basalts or underplating.581

With this baseline of ∼31 km, the crustal thicknesses of 31-39 km we see in the EP to Lake582

Tana imply igneous addition on the order of 0 - 8 km, distributed non-uniformly across the re-583

gion. This disparity in estimated underplating compared to previous studies may simply be ge-584

ographical - there was more igneous thickening in the region of the MER than on the flank. Al-585

ternatively, it might be methodological; our receiver functions might be sensing the substantial586

velocity boundary between pre-existing crust and igneous underplate, and not the (perhaps more587

gradational) underplate-mantle boundary (Stuart et al., 2006) to which wide-angle reflection/refraction588
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is more suited. Nonetheless, since our method attempts to fit the full receiver function waveform,589

and since we do not see an abundance of double-peaked Pxs phases, we estimate that the crustal590

thickness patterns we see are real.591

Two observations stand out in the EP slow velocity lineament: Firstly the thickest crust592

in our field region is around Lake Tana and coincides with some of the lowest off-rift shear/phase593

velocities. Secondly, we see a modest trend of thinning to the southwest (fig. 5a). This taper-594

ing has several possible explanations. It may be that more erosion has occurred in the south-central595

plateau than previously thought, or alternatively that plume emplaced more igneous material596

to the north. Finally, it may be that the pre-plume, pre-extension thickness increased from north597

to south; N-S trending sutures are more concentrated near Lake Tana (fig. 1b) perhaps connot-598

ing more compressional strain in that area in the geologic past. This region is further discussed599

in Section 5.4.600

Although we only include three stations from within the rift axis in this study, they show601

evidence for thin crust within the SMER (<31 km), and thicker crust (∼38 km) within the CMER,602

consistent with previous work (Keranen et al., 2009; Stuart et al., 2006; Dugda et al., 2007). Al-603

though simple models of pure shear rifting would predict the thinnest crust in the region within604

the well defined rift valley (Buck, 1991), thicker crust in the CMER supports complex, diachronous605

rift evolution of the MER (Wolfenden et al., 2004; Bonini et al., 2005; Keranen & Klemperer, 2008).606

5.4 Off - Axis Extension607

Reduced shear velocities along a rift-parallel lineament extending south west from Lake Tana608

are the strongest evidence to date of off-axis extension within the study region. The northern609

portion of the slow lineament coincides with Quaternary volcanoes, spatter cones, fumaroles, and610

thermal springs (fig. 1b) (Abebe et al., 1998; Kieffer et al., 2004; Keir et al., 2009). These are611

concentrated near Lake Tana, where we find the slowest velocities, and where calculations (Sec-612

tion 5.2) seem to require 0.1 - 0.74% partial melt in the upper mantle to fit group 2 V s obser-613

vations. This region is also observed to have regionally pervasive slow P and S-wave arrivals (Bastow614

et al., 2005, 2008; Keir et al., 2009; Boyce et al., 2021) and small amounts (< 1mm/yr) of con-615
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temporary surface extension as determined by GPS measurements(Birhanu et al., 2016). We at-616

tribute this collection of evidence to localised, shallow extension >450 km from the rift axis.617

Shear velocities and surficial features agree that the northern portion of the slow velocity618

lineament is more mature than the southern, which is also supported by a higher degree of mag-619

matism and larger magnitude GPS velocity measurements near the south of Lake Tana (fig. 1a).620

N-S trending sutures, that accommodated the crustal shortening from East and West Gondwana621

colliding (Shackleton, 1986) and were later deformed by E-W shortening and transpressive shear622

(Johnson et al., 2004), may remain active zones of weakness, accommodating extension in the623

West Ethiopian Shield too shallow to be observed by our methods, or sparse geodetic coverage.624

As noted above, it is interesting that notably thick crust near Lake Tana (∼36 - 39 km) co-625

incides with some of the slowest upper mantle velocities (Figure 5). Moreover, stations in group626

2 which correspond to the low velocity lineament, have average – or deeper than average – Moho627

depths. The combination of both low shear velocities and only moderate crustal thickening within628

EP is, at face value, paradoxical. We propose two potential explanations in the context of off-629

axis extension. One possibility is that >10 km of magmatically driven thickening (Mackenzie et630

al., 2005) associated with plume impingement has taken place, following which high (>40%) strain631

pure shear extension in the plateau - evidenced by slow shear velocities - has re-thinned the crust632

by up to 9 km to present day values (∼30 - 39 km). Alternatively, extension off axis has reduced633

velocities due to lithospheric degradation (Havlin et al., 2013) and melt percolation, but is still634

too immature to have initiated much crustal thinning. In this case, our results would seem to635

be inconsistent with >5km of magmatic thickening. It may be that underplating of the Ethiopian636

plateau tapers substantially away from the - now rifted - center. The more parsimonious expla-637

nation would seem to be the latter; melt and thermal effects of incipient rifting well precede crustal638

breakup, at least within Ethiopia.639

P- and S-wave delay time observations and tomography of the Ethiopian plateau have pre-640

viously hinted at slow upper mantle extending well beyond the MER valley (Bastow et al., 2005,641

2008; Keir et al., 2009). Absolute P-wave delay times of up to 1 second imply δVp of as more than642

-2% off axis, with these low velocities asymmetrically observed to the north west of the rift (Boyce643
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et al., 2021). These results agree qualitatively with our data, which reveal upper mantle veloc-644

ities 4.3% (0.19 km/s) slower than PREM in the group 2 region. Clearly, there is substantial ther-645

mal perturbation and -our calculations imply- in situ melt beneath large swaths of the Ethiopian646

plateau, with particular apparent concentration in the slow velocity lineament.647

Geodetic data suggest that while the majority of extension in the northern EARS is local-648

ized within the MER and Afar, up to ∼20%, or 1 - 2 mm/yr, of extension may be distributed649

across the EP (Birhanu et al., 2016). Keranen et al. (2009) have interpreted crustal thickness maps650

as implying broad distribution of strain beyond the MER. Small magnitude GPS measurements651

in the EP of <1 mm/yr are of similar magnitude to those in the near-MER EP (fig. 1a) (Birhanu652

et al., 2016), suggesting extensional accommodation is present in both locales.653

6 Conclusions654

We have investigated the northwestern EP flank of the East African Rift and Ethiopian Plateau655

using Rayleigh wave phase velocity measurements and Ps receiver functions to interrogate the656

deep crustal and shallow mantle structure. We jointly inverted these data for shear velocity pro-657

files using a trans-dimensional, hierarchical Bayesian inversion algorithm, incorporating H-κ re-658

ceiver function stacks to constrain crustal thickness.659

Throughout the study region we found slow phase and shear velocities, reflecting mantle660

temperatures significantly elevated compared to a stable continent. We showed that high tem-661

peratures and in situ mantle melt content extend out to the flanks of the rift. The central Ethiopian662

plateau has a fast lid above a gradual negative velocity gradient. Within and near the SMER,663

we found maximally thinned crust and extremely low upper mantle velocities - the effects of rift-664

ing are clear. Similarly thin crust within the NWEP flank, on the other hand, is paired with fast665

upper mantle velocities. These flank stations appear to be the best local representatives of pre-666

rift and pre-plume lithosphere, relatively unaffected by either process.667

In the NWEP, we observed a lineament sub-parallel to the rift axis with slow shallow up-668

per mantle velocities. This lineament coincides with GPS-observed divergence, pervasively de-669
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layed teleseismic arrivals, and Quaternary aged volcanism, fumaroles, and thermal springs near670

Lake Tana. These observations support the presence of localized off-axis extension, hundreds of671

kilometers from the MER. Plume-derived underplating and flood basalts cause ambiguity in de-672

termining the extensional maturity of the slow velocity lineament. If igneous addition has off-673

set crustal thinning this region may already be heavily extended. Alternatively, there may be in-674

sufficient off-axis extension to have allowed much crustal thinning at all, but melt percolation675

and lithospheric degradation have already begun to substantially reduce shear velocity. In either676

case, it is apparent that some amount of that off-rift extension occurs well away from the MER,677

and that continental breakup in Ethiopia is more complex than simple narrow rifting.678
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Introduction Below we present several figures to support observations and conclusions

we develop in the main document. All data are developed from the same two data sets

presented in the main document, and figures presented show interim steps that may clarify

decisions made during interpretation. Figure S1 shows the raw H-κ derived Moho and

V p/V s results. Figures S2 - S7 seek to show inherent difficulty and error in forward
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modelling geotherms into shear velocities. S8 - S10 display results used for interpretation,

that were not included in the main document due to size constraints. Figure S11 displays

a test modified from the methodology of Ogden, Bastow, Gilligan, and Rondenay (2019),

comparing the results of H-κ stacking before and after quality controls. Zipped files

contain results seen in S8 - S10, and S11 for each station inverted for shear velocity.

Receiver Function Derived Crustal Thickness and V p/V s Ratios S1. Crustal

thickness and V p/V s ratios are taken as the maximum of the normalized H-κ surface

at each station. A V p of 6.3 is used, and phase weights of 0.7, 0.2, 0.1 are used in

the H-κ stacking process. Crustal thickness results are similar to those of the inverted

results, and trends discussed in the inverted crustal thickness section are relevant here as

well. Our V p/V s ratios are similar to those of (Hammond et al., 2011) in the western

Ethiopian Plateau (1.7 - 1.9). There is broader uncertainty with the V p/V s ratio than

the crustal thickness, even for well constrained H-κ stack surfaces, as can be seen below

in the inversion data fit subsection.

Geotherm Gridsearch Considerations S2.

It is difficult to forward model shear velocities from a continental geotherm that can

closely predict shear velocities using existing scaling relationships (Dalton & Faul, 2010).

Cammarano, Goes, Deuss, and Giardini (2005); Cammarano and Romanowicz (2007)

discuss the difficulties in matching velocity models from geophysical observations and

compositional, thermal, and anisotropic effects in the Earth. Calculating a shear velocity

profile from geotherms cannot, as far as we currently understand it, perfectly predict

shear velocity structures. Using different forward modeling methods, with the same input

geotherm, can produce shear velocities at the same depth as different as ∼0.4 km/s. To
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calculate shear velocities, we use calculations from (Takei, 2017; Jackson & Faul, 2010;

Faul & Jackson, 2005; Priestley & McKenzie, 2013) and an anharmonic calculation to

show variance between these methods.

Deviation between observed and modeled V s are most apparent between 30 and 60 km,

where the geotherms change slope to an adiabatic gradient. Determining how to better

forward model shear velocities from a geotherm is beyond the scope of this research, so

we instead use a geotherm gridsearch, minimizing misfit between predicted and observed

V s between 60 and 120 km, the depths our phase velocity data are most sensitive.

Geotherm Parameter Gridsearch S3. Because of the inherent difficulty in perfectly

matching shear velocity observations forward modeled from a geotherm, we gridsearch

crustal thickness, mantle potential temperature (Tm), surface heat flow (Q0), and radio-

genic heat production (A0). This determines a range of parameters that produce well-fit

shear velocity models by minimizing the misfit between the forward modeled geotherm

and the observed shear velocity of each group. Because of the notable spread in shear

velocity estimates seen above, we chose to use a single method during gridsearching, Takei

(2017), as this method generally provided better fits to the observed shear velocities. Note

that we do not show the results of crustal thickness, as we found our geotherms insensitive

to it.

Inversion Data Fit and H-κ stacks S4. For each station we jointly inverted,

we have included three images similar to figure 4 in the manuscript. The naming

scheme is as follows, where STATION NAME refers to the inverted station. STATION

NAME data pred.jpg : The fit of the mean surface wave, receiver function, and H-κ

model. STATION NAME HK fit.jpg : The same as the previous image, but with ev-

September 22, 2021, 5:40pm



X - 4 PETRUSKA J. EILON Z.: ETHIOPIAN OFF-AXIS EXTENSION

ery H-κ solution from shear velocity models plotted in the gridsearch area. STATION

NAME vs prof.jpg : The inverted shear velocity profile. The red line indicates the mean

model, the grey patch is the 1σ, and white patch bounded in light grey is the 2σ. The

posterior distribution of Moho solutions is plotted as a red histogram, and the best fit

Moho depth and standard deviation are denoted by the horizontal dashed black line. An

example of the three images is shown below for clarification.

H-κ Reliability Test S5. Ogden et al. (2019) found that many H-κ derived estimates

were unreliable within the EPL. Using an automatic method to perturb input parameters

for H-κ stacking, they found that stations within flood basalts produced unreliable H-κ

stacks with high standard deviation, low SNR, and broad low amplitude arrival phases.

Such H-κ stacks failed to resolve a high energy maximum for the Moho and κ due to a

gradational Moho, complex crust, or sediments and basalts.

To test the reliability our H-κ stack results, we modified Ogden et al. (2019)’s random

input perturbation procedure on several stations in the region using receiver functions from

before the DBSCAN process (raw) and those that passed the DBSCA process (cleaned).

We randomly perturbed the V p from [6.2: 0.1: 6.8], the maximum filter frequency from

[0.1: 0.1: 2.0] Hz before calculating the receiver function, the weight of the Ps phase

from [0.4: 0.05: 0.9], the PpPs phase from [0.1: 0.05: 0.6], and the PpSs + PsPs phase

from [0.0: 0.05: 0.5] (with total phase weights required to sum to 1.0). These random

perturbations were run 5000 times for the raw and cleaned receiver functions. A robust

result was expected to display a distinct high energy maximum in the H-κ surface, closely

clustered mean model solutions between different input parameters, a similar mean and

mode H-κ for all 5000 models, and an H and κ that were not capped at the edges of the

September 22, 2021, 5:40pm



PETRUSKA J. EILON Z.: ETHIOPIAN OFF-AXIS EXTENSION X - 5

grid search surface. An example of this process is shown in fig. S11. Raw H-κ stack

surfaces (fig. S11a) generally fail to find a high energy maximum - the summation of all

H-κ surfaces finds five high energy maxima in which input parameter variability solved to

different maxima despite using the same data. The mean H-κ value of the 5000 iterations

(40.81, 1.81) is dissimilar to the absolute maximum of the surface (39.9, 1.6). The surface

maximum is also capped by the bounds of the κ values. Contrarily, the cleaned H-κ stack

surface (fig. S11b) finds a well defined maximum in the H-κ stack surface (37.4, 1.68),

which is similar to the mean (37.52, 1.67) of the 5000 best fit H-κ iterations. We note that

the difference between raw and cleaned H-κ stack surfaces are not consistently different

across all stations, but quality controls still improved the H-κ energy surface. T1. Moho

Depth Table

Station Moho (km) Std (km) Lat Lon
ABMD 29.25 1.52 11.832 35.583
AMME 37.80 1.41 8.303 39.093
ARBA 28.06 1.76 6.067 37.556
ASOS 33.06 2.10 10.091 34.564
BAHI 35.30 1.70 11.574 37.393
CHEF 31.29 1.44 6.161 38.210
CHGE 34.04 2.86 10.961 36.518
DAQU 32.79 1.24 13.145 37.898
DEBR 27.98 1.52 10.635 35.662
DLMN 36.86 3.22 6.424 39.856
GIDA 34.02 2.42 8.980 34.610
GORE 34.34 1.87 8.150 35.533
GUBA 28.52 1.32 11.271 35.289
GUBL 32.58 1.20 11.179 36.005
HARO 32.00 1.28 9.847 36.310
HDBU 34.55 0.84 9.376 35.651
JAWI 31.48 1.28 11.571 36.491
JIMA 30.88 3.65 7.684 36.831
KIRE 37.23 1.63 9.957 36.869
MELA 28.37 1.44 12.396 35.960

continued on next page
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MEND 31.81 0.96 9.787 35.111
MERT 36.59 1.71 10.876 38.266
MGNA 28.80 1.77 12.786 36.404
MUKA 31.89 1.02 12.064 36.374
NEKE 31.22 1.03 9.089 36.523
SERE 38.96 1.89 12.513 37.028
SHAW 33.99 2.13 11.930 36.870
SHER 31.28 1.01 10.594 34.786

Table S1: ds12. A list of Moho thicknesses and stan-
dard deviation, in km, from post-inversion shear velocity
models.

S1. Moho and V p/V s ratio

S2. - S4. Forward modeled V s from Geotherms

S5. Geotherm Gridsearch Misfits for Group 1

S6. Geotherm Gridsearch Misfits for Group 2

S7. Geotherm Gridsearch Misfits for Group 3

S8. Predicted and Observed Data fit

S9. Predicted and Observed Data fit, H-κ Models

S10. Shear Velocity Model and Moho Distribution

S11. H-κ Stack Testing
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Figure S1. ds01.a) The crustal thicknesses for each station taken as the maximum

energy region in the H-κ surface. Warmer colors indicate shallower crust. ds01.b) The

V p/V s ratio from the same H-κ surface, at each station. Warmer colors indicate a lower

V p/V s ratio.
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Figure S2. ds02.) The range

of modeled V s by varied methods, of

the geotherm best fit to group 1. The

group 1 velocity aggregate is plotted in

solid dark blue, surrounded by its 1σ

(dark blue patch) and 2σ (light blue

patch). The anharmonic calculation

is also plotted in solid dark blue, but

is always faster than the velocity pro-

file. Calculated V s from (?, ?) are in

dashed blue, (Jackson & Faul, 2010) in

thin solid blue, (Priestley & McKenzie,

2013) in blue dash-hatches, and (Faul

& Jackson, 2005) in blue dots.

Figure S3. ds03.) The

range of modeled V s by varied meth-

ods, of the geotherm best fit to group

2. The group 2 velocity aggregate

is plotted in solid dark green, sur-

rounded by its 1σ (dark green patch)

and 2σ (light green patch). The an-

harmonic calculation is also plotted in

solid dark green, but is always faster

than the velocity profile. Calculated

V s from (?, ?) are in dashed green,

(Jackson & Faul, 2010) in thin solid

green, (Priestley & McKenzie, 2013) in

green dash-hatches, and (Faul & Jack-

son, 2005) in green dots.

Figure S4. ds04.) The range

of modeled V s by varied methods, of

the geotherm best fit to group 3. The

group 3 velocity aggregate is plotted

in solid dark red, surrounded by its

1σ (dark red patch) and 2σ (light red

patch). The anharmonic calculation

is also plotted in solid dark red, but

is always faster than the velocity pro-

file. Calculated V s from (?, ?) are in

dashed red, (Jackson & Faul, 2010) in

thin solid red, (Priestley & McKenzie,

2013) in red dash-hatches, and (Faul

& Jackson, 2005) in red dots.
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Figure S5. ds05. Misfit surface for Group 1, comparing mantle potential temperatures

(Tm), surface heat flow (Q0) and crustal radiogenic heat production (A0). Cooler colors

indicate lower misfit, warmer colors indicate higher misfit. The shear velocity profile of

group 1 (black) is shown in the upper right corner, with the best fit velocity profile before

percolation and compaction (grey), and after (dashed blue). PREM is dashed in black,

and the depth range used to minimize misfit is highlighted in red on the grou V s profile.
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Figure S6. ds06. Misfit surface for Group 2 comparing mantle potential temperatures

(Tm), surface heat flow (Q0) and crustal radiogenic heat production (A0). Cooler colors

indicate lower misfit, warmer colors indicate higher misfit. The shear velocity profile of

group 2 (black) is shown in the upper right corner, with the best fit velocity profile before

percolation and compaction (grey), and after (dashed blue). PREM is dashed in black,

and the depth range used to minimize misfit is highlighted in red on the grou V s profile.
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Figure S7. ds07. Misfit surface for Group 3 comparing mantle potential temperatures

(Tm), surface heat flow (Q0) and crustal radiogenic heat production (A0). Cooler colors

indicate lower misfit, warmer colors indicate higher misfit. The shear velocity profile of

group 3 (black) is shown in the upper right corner, with the best fit velocity profile before

percolation and compaction (grey), and after (dashed blue). PREM is dashed in black,

and the depth range used to minimize misfit is highlighted in red on the grou V s profile.
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Figure S8. ds08. a) The predicted and observed receiver function data for station

ABMD. The observed receiver function is shown in black, the mean of the ensemble of

well-fit models is shown in red. b) The observed surface waves (black) and predicted (red)

surface waves. c) The H-κ surface after normalization. Warmer colors indicate higher

amplitudes. The H-κ result of the mean model is plotted in red.
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Figure S9. ds09. The same figure as above, but c) now contains the H-κ of all fit

models developed during inversion. Light grey circles denote a single model.
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Figure S10. ds10. The shear velocity model of station ABMD. The mean velocity

model is plotted in red, the 1σ patched in grey, and the 2σ patched in white bounded by

light grey. The histogram of Moho depths is shown in the bottom left. The maximum of

the Moho distribution and distribution standard deviation are labelled and displayed as

a dashed horizontal black line.
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Figure S11. ds11. The results of the cleaned vs raw H-κ stacking procedure. a) shows

the results of 5000 H-κ model iterations with randomly perturbed parameters. The red

crosses are the best fit H-κ value for a single model iteration. The black diamond is the

mean of those models, with corresponding κ and Moho values labelled in black. The red

diamond (at the left edge of the surface) is the maximum of the error surface, with the

corresponding κ and Moho values labelled in grey. b) shows the results of 5000 H-κ model

iterations with randomly perturbed parameters after the DBSCAN process. The black

diamond is the mean of those models, with the corresponding κ and Moho values labelled

in black. The red diamond is the maximum of the error surface, with the corresponding κ

and Moho values labelled in grey. The summed H-κ surfaces are shown in the background

for both the raw and cleaned stacks, color coded by the same normalized amplitude scale.
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