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Where and how melt is stored in the crust and uppermost mantle is important for understanding the 
dynamics of magmatic plumbing systems and the evolution of rifting. We determine shear velocity 
and radial anisotropy in the magmatically rifting northern East African Rift to determine the locus 
and orientation of melt, both on and off-rift. Love and Rayleigh fundamental modes are extracted from 
ambient noise data from 9-26 s period and then inverted for shear velocity. VSV is 0.15 ± 0.03 km/s lower 
than VSH from 5-30 km depth on average. VSH>VSV across most of the study region suggests the crust 
is inherently horizontally layered, with the largest anisotropy in the upper 5-15 km. Effective medium 
theory suggests thin compositional layering of felsic and mafic intrusions can account for anisotropy up 
to 4%. However, to reconcile the largest observed anisotropy (6.5%), and lowest velocities, we require 
2-4% partial melt oriented in sills. Along the rift, horizontally aligned radial anisotropy gets weaker 
north-eastwards, suggesting sills become less dominant with progressive rifting. The Erta Ale magmatic 
segment is the only location where VSV>VSH, suggesting the crust contains vertical micro-cracks and 
dykes. Overall, the results suggest during early continental breakup when the rift is narrow, sill formation 
is the dominant storage mechanism. As a rift widens, vertical dyke intrusion becomes dominant and is 
likely controlled by variations in crustal thickness and stress state.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

During rifting, the crust is thinned and faulted to accommodate 
extension; however, in magmatic rift systems there may be signif-
icant crustal addition due to intrusive and extrusive magmatism 
(Thybo and Nielsen, 2009). Where and how magma is stored in 
the crust has important implications for its strength, as the pres-
ence of partial melt and heat causes crustal weakening (Daniels 
et al., 2014). The depth of storage is a key factor for magmatic 
evolution, transforming mafic mantle melts to more felsic compo-
sitions. Moreover, the depth of storage, location and geometry of 
partial melt, present another control on mineralization, important 
for economic resources. Yet, in many rifts globally, the depths and 
geometry of magmatic emplacement, both past and present, re-
mains difficult to constrain (Hutchison et al., 2018).

The subaerial northern East African Rift (nEAR) provides a 
unique opportunity to investigate crustal modification during rift-
ing via magmatic emplacement and volcanism (Wolfenden et al., 
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2005). Previous geophysical studies have revealed insights into the 
location of melt and fluids in the crust (e.g. Bastow et al., 2010; 
Chambers et al., 2019; Hammond, 2014; Whaler and Hautot, 2006), 
and volcanoes and their eruptive outputs, provide geologic infor-
mation at the surface. Recent surface geology, geophysical and 
geodetic studies have reported melt beneath the Main Ethiopian 
Rift (MER) at mid-to-lower crustal depths and as shallow magma 
chambers located at ∼5 km depth beneath the magmatic segments 
(Chambers et al., 2019; Whaler and Hautot, 2006). Within Afar, 
high Vp/Vs ratios (>2.1) (Hammond et al., 2011) suggest melt is 
present at crustal depths. InSAR studies provide further evidence 
for the migration and storage of melt in the upper crust (Moore et 
al., 2019). Off-rift beneath the Ethiopian Plateau, melt has been 
imaged within the mid-to-lower crust (Chambers et al., 2019; 
Maguire et al., 2006; Whaler and Hautot, 2006), as far north as 
Lake Tana (Chambers et al., in review; Whaler and Hautot, 2006).

Seismic anisotropy can provide additional insight into the shape 
and structure of magmatic systems, with Shape Preferred Orienta-
tion (SPO) generated by planar features such as faults, sills and 
dykes, with velocities substantially different from the country rock 
(Kendall et al., 2006). Previous studies of anisotropy within the 
nEAR, found evidence for melt beneath the rifts and the Ethiopian 
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Plateau at mantle and crustal depths (Bastow et al., 2010; Ham-
mond et al., 2014; Keir et al., 2011; Kendall et al., 2006). At as-
thenospheric depths, anisotropy is primarily controlled by olivine 
alignment. However, at the base of the mantle lithosphere, ori-
ented melt pockets become increasingly important in controlling 
anisotropy (Bastow et al., 2010; Hammond et al., 2014; Kendall et 
al., 2006). At lower crustal depths, anisotropic H-κ stacking of re-
ceiver functions (Hammond, 2014) and surface waves (Bastow et 
al., 2010), found evidence for melt stored in stacked sills beneath 
Afar, the MER and the off-rift Ethiopian Plateau. Local earthquake 
splitting and H-κ stacking of receiver functions results suggest sills 
in the rift, particularly within Afar, connect to the upper crust 
through a series of dykes and aligned fracture networks (Ham-
mond, 2014; Keir et al., 2011). In contrast, surface wave anisotropy 
found evidence for VSH>VSV consistent with strong layering in the 
upper 10 km of crust in the MER (Bastow et al., 2010). While 
these studies provide insight into melt storage at crustal depths, 
the models focus on small regions with differing methods that 
are not directly comparable, further complicating our knowledge 
on how melt is stored and whether magma reservoir geometry 
changes through rift evolution.

Rifting within the nEAR initiated ∼30 Ma, just after the em-
placement of the Ethiopian flood basalt province (Wolfenden et al., 
2005). The rift is comprised of 3 arms: the Red Sea rift, Gulf of 
Aden rift and the MER. Rifting in Afar, the Gulf of Aden and Red 
Sea initiated 29-26 Ma while the MER started rifting 20 Ma in 
the south, with the central and northern sections rifting 18 and 
11 Ma, respectively (Fig. 1a) (Wolfenden et al., 2005). Within the 
Afar depression, the 16–25 km thick crust is highly intruded com-
pared to the 35–45 km thick crust of the Ethiopian Plateau and 
MER (Hammond et al., 2011; Maguire et al., 2006; Ogden et al., 
2019). Quaternary-recent volcanism has focussed to the magmatic 
segments within the rift, with little evidence for present-day vol-
canism on the Ethiopian Plateau (Wolfenden et al., 2005) while 
Geothermal activity, is present both on and off-rift (Keir et al., 
2009).

Here, we present a new high resolution radially anisotropic 
shear velocity model for the nEAR crust, from ambient noise cross-
correlation functions. This work builds on Rayleigh wave ambient 
noise tomography studies in Chambers et al. (2019) and Cham-
bers et al. (in review), by incorporating Love waves for radial 
anisotropy. Chambers et al. (2019) found uppermost mantle ve-
locities low enough to contain 1.1-2% melt, while heterogeneous 
velocities beneath the Ethiopian Plateau suggested a complex evo-
lution process. Chambers et al. (in review) added data for the 
Ethiopian Plateau and jointly inverted with teleseismic surface 
waves, finding evidence for ongoing magmatic emplacement be-
neath the Ethiopian Plateau and segmented low velocity bodies in 
the asthenosphere beneath the MER, offset from melt-rich crustal 
regions. Our new model allows us to interpret variations in crustal 
structure from compositional layering, alignment of microcracks 
and the presence of fluids, and use this to infer past and present 
emplacement of melt within the crust of an active rifting system.

2. Methods

2.1. Datasets and pre-processing

We used data recorded by continuous 3-component broadband 
seismometers from 13 temporary networks and 5 permanent sta-
tions present at varying intervals between 1999-2017 (Fig. 1a). 
The stations are the same as Chambers et al. (in review) but in-
clude the north-south, east-west components, in addition to the 
vertical component. We do not use the RiftVolc network due to 
short station separation. Furthermore, networks and stations with 
short deployment durations were not included. The data were 
2

Fig. 1. (a) Seismic Station map of the northern East African Rift. Thick black 
lines show border faults, red polygons magmatic segments, and dashed lines the 
Tendaho-Goba’ad discontinuity (TGD). Stations are triangles coloured to their project 
deployment. Addis Ababa is marked by yellow circle. The Erta Ale Magmatic Seg-
ment (EAMS) in red is indicated with an arrow and YTVL is the Yerer Tullu Wellel 
Volcanotectonic lineament. (b) NCF for transverse–transverse components (red) and 
vertical–vertical components (black). Ray paths for the NCF shown in Fig. 2a. (For 
interpretation of the colours in the figure(s), the reader is referred to the web ver-
sion of this article.)

downsampled to 1 Hz, normalised, and whitened with a 4th or-
der Butterworth bandpass filter of 0.005-0.4 Hz following the 
method of Bensen et al. (2007). 24-hour long waveforms were 
cross-correlated for each concurrent running station pair between 
the vertical components (Czz) and all combinations of correlations 
between the north and east components before rotating into the 
transverse (Ctt) and radial components (Crr) (Lin et al., 2008). The 
cross-correlograms were stacked for each station pair for every day 
to improve the signal to noise ratio (SNR) (Fig. 1b). We tested the 
long-term stack against 30 day stacks and verified that phase ar-
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Fig. 2. Nodal grid with Rayleigh (a-c) and Love (d-f) ray paths at 15, 20 and 25 s period. Stations are overlain as blue triangles. Red lines in (a) show location of NCFs shown 
in Fig. 1.
rival times were consistent, within 1–2 s (Bensen et al., 2007). Sta-
tion pairs with interstation distances less than 3 × wavelength(λ)

or had less than 10 days’ worth of continuous recording were re-
moved, which we considered unstable. We also required SNR >3 
at any given period, resulting in 6716 NCF for Rayleigh (Chambers 
et al., in review) and 2860 for Love. Finally, the fundamental mode 
Rayleigh and Love wave data were windowed using a time vari-
able filter (Landisman et al., 1969), and the Fourier amplitude and 
phase calculated at each frequency of interest via a fast Fourier 
transform.

2.2. Phase velocity

Phase velocity dispersion curves for each station pair were es-
timated using a spatial domain technique. A zero order Bessel 
function of the first kind was fitted to the real part of the NCF in 
the Fourier domain by searching over phase velocities from 2.5–5 
km/s in 0.01 km/s steps for every period of interest with an even 
period distribution. For each stacked NCF the phase was measured 
at each period by unwrapping the phase using the average phase 
velocity curve at the longest periods, to resolve cycle ambiguity 
(Bensen et al., 2007). Phase velocity maps for Rayleigh (vertical-
to-vertical component) and Love waves (transverse-to-transverse) 
were produced by inverting the phase using the Born approxima-
tion 2-D phase sensitivity kernels (Zhou et al., 2004) and an itera-
tive damped least squares approach (Harmon et al., 2007; Tarantola 
and Valette, 1982). We used a regular grid of nodes spaced 0.25◦
× 0.25◦ and averaged the sensitivity kernel between each sta-
tion pair onto the nodes (Harmon and Rychert, 2015; Yang and 
3

Forsyth, 2006) (Fig. 2). The sensitivity kernel was calculated on a 
densely sampled grid (0.1◦ × 0.1◦) and then the Gaussian distance-
weighted average was taken to determine the value at each node 
on the coarser grid with a Gaussian smoothing width (2σ ) of 40 
km. We “undo” the Gaussian weighted average after inverting for 
the average phase velocity to recover a 0.1◦ × 0.1◦ grid by deter-
mining the Gaussian weighted contribution of the nearest nodes to 
each pixel using the same 40 km Gaussian width. This produced 
well resolved phase velocities between 9-26 s varying between 
±0.02–0.07 km/s for both Love and Rayleigh waves (Fig. 3 and 
Fig. 4). An a priori damping parameter of 0.2 km/s was used in 
the phase velocity inversion to stabilise the inversion but not be 
restrictive (Forsyth and Li, 2005).

2.3. Shear velocity and radial anisotropy

The shear velocity inversion was performed by inverting each 
pixel of the phase velocity maps for a 1-D radially anisotropic 
shear velocity model at every pixel as a function of depth (Fig. 3). 
The combined 1-D shear velocities and anisotropy, at each pixel, 
form the 3-D volumes (Fig. 5). For the anisotropic P and S-velocity 
structure, five elastic parameters are used:

A = ρV2
PH, C = ρV2

PV, L = ρV2
SV, N = ρV2

SH, and F

where VP is compressional velocity and VS is shear velocity (Mon-
tagner and Anderson, 1989). Subscript H and V refer to horizontal 
and vertical respectively. We use an alternative parameterisation 
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Fig. 3. a) Shear velocity structure for βV (blue) and βH (black) with 95% confidence 
regions, and the starting model (red) taken for the average of the full study area af-
ter the initial 1-D inversion. b) Sensitivity kernels for Love (black) and Rayleigh 
(blue) waves at select periods. c) One dimensional phase velocities for Love (black 
circles) and Rayleigh (blue circles) waves, with corresponding predicted phase ve-
locity from the best fit shear velocity model in red lines. For further 1D profiles in 
specific areas see Fig. S1.

for the elastic parameters and use the DISPER80 package to calcu-
late the partial derivatives relating Rayleigh and Love wave phase 
velocities to these elastic parameters (Saito, 1988):

ξ = N

L
(1)

ϕ = C

A
(2)

η = F

A − 2L
(3)

VS V (4)

and

V P H (5)

Usually only VSV and ξ (anisotropy) can be well resolved, so to 
reduce the number of parameters we scale

δ lnϕ = −1.5δ ln δV and (6)

δ lnη = −2.5 ln δV (7)

(Montagner and Anderson, 1989). We fix VPH/VSV= 1.80 which is 
the crustal average from receiver function analyses (e.g. Hammond 
et al., 2011). Variations in VPH/VSV (1.5–2.1, the observed Vp/Vs ra-
tios in this area), and scaling parameters, produce results within 
error and we present the formal error from the inversion in Fig. 3.

For the shear velocity inversion, we parameterised the model 
every 2.5 km vertically, with a 0.1◦ × 0.1◦ pixel size, and used a 
damped least squares approach (Tarantola and Valette, 1982). We 
4

calculated the partial derivatives that relate variations in shear ve-
locity (VSV and VSH) to changes in phase velocity using DISPER80 
(Saito, 1988) and assigned a nominal a priori standard error for 
each model parameter of 0.2 km/s for shear velocity and 0.1 for ξ . 
The resulting 3-D velocity structure is shown from 5-30 km depth 
(Fig. 5). The shear velocity model has been interpolated to 1 km 
depth using a linear interpolation (originally 2.5 km), for presenta-
tion purposes (Fig. 3).

We present our results for anisotropy (δV), as a percentage in 
terms of

δV = 100 ∗
(

VSH

VSV
− 1

)
(8)

where 
√

ξ = V S H
V S V

. Values >0 (VSH>VSV) indicate horizontally 
aligned radial anisotropy, whereas values <0 (VSH<VSV) indi-
cate regions of vertically aligned anisotropy. The depth sensitivity 
for both Rayleigh and Love waves at this frequency range are 
broad, making precise determination of depth difficult. Further-
more, anisotropy is significant from 5-30 km (Fig. 3a). Therefore 
we only interpret anisotropy in this range. We present depth av-
erages of radial anisotropy (5–15 km and 16–30 km depth, Fig. 5), 
where the formal resolution matrix of the linearized damped least 
squares inversion indicates a well resolved average. We acknowl-
edge there may be some trade-off in the absolute depth of the 
anisotropy. Sensitivity tests indicate we can image and interpret 
radial shear velocity from 5-40 km depth (Fig. 3b), however we 
present the shear velocity models similarly to the radial anisotropy 
to allow direct comparison.

2.4. Errors and resolution

Checkerboard tests were produced for both Love and Rayleigh 
phase velocities, with lateral anomaly sizes of 0.64◦ (70 km), 1◦
and 1.5◦ length scales (Fig. 6). For the Rayleigh phase velocities, 
anomalies are well recovered in the rift and off-rift towards Lake 
Tana at 0.64◦ length scale, for all periods used in this study (9-
26 s). Whereas for Love phase velocities, anomalies are reasonably 
well recovered from 9-20 s in the rift, and only at the shortest 
periods off-rift. At 1◦ length scales, Rayleigh phase velocity check-
ers are well resolved for every period. In contrast, 1◦ length scales 
for Love phase velocities are resolved for 21-26 s in the rift, and 
resolved everywhere within the 2σ error contour from the phase 
velocity inversion at 1.5◦ length scales (Fig. 6). Results outside the 
2σ standard error contour, from the linearised phase velocity in-
version, are masked. We present the formal resolution maps in 
Fig. S3 for Love and Rayleigh which are derived from the formal 
resolution matrix. The error is estimated by propagating the er-
ror from the nodal parameterisation using the Gaussian weights 
of each node to each pixel using the full covariance matrix. The 
values are presented from 0-1 with 1 indicating the model is 
fully resolvable with 1 node, and a value of 0.33 would require 
3 adjacent nodes to resolve 1 piece of independent information. 
For the shear velocity model, we propagate the errors from the 
phase velocity though the inversion, and present the formal error 
of the linearized damped least squares inversion at the last itera-
tion.

Synthetic recovery tests were generated by adding a low ve-
locity anomaly of similar magnitude to our output model beneath 
the MER and Ethiopian Plateau (Fig. S2). The results indicate that 
anomalies in the rift are resolvable at all periods within our model, 
however those off-rift are resolvable up to 17 s (Fig. S2). Within 
the Red Sea and Gulf of Aden Rifts, the results suggest there is 
smearing at longer periods.

To assess vertical resolution we performed a spike test, which 
shows the recovery of a spike function input at varying depths 
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Fig. 4. Phase velocity maps for Rayleigh (left panels a–d) and Love (right panels e–h) for 10, 15, 20 and 25 s period. Red indicates lower velocities and blue higher velocities 
with fixed colour bars for Rayleigh and Love respectively. The average velocity for each panel is indicated in the top left corner. Thick black lines indicate border faults, red 
polygons magmatic segments, dashed lines the Tendaho-Goba’ad discontinuity, purple triangles volcanoes, and black stars geothermal activity.
of the formal resolution matrix (Fig. 7). The values are again pre-

sented from 0-1. The kernels suggest shear velocities are resolvable 
up to 50 km depth and vertical resolution decreases with increas-

ing depth. At the shallowest depths (5-22 km) the depth slices are 
averaged over ±10 km and from 23-50 km depth averaged over 
±15 km (Fig. 7).
5

2.5. Effective medium calculations – thin compositional layers

To identify and interpret the dominant causes of radial aniso-
tropy (VSH>VSV) we model the simplest example of horizontal 
anisotropic structure as transversely isotropic layers with a ver-
tical axis of symmetry (Backus, 1962). We explore whether al-
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Fig. 5. Depth averaged vertical shear velocity and radial anisotropy (δV ) for 5-15 km, 16–30 km depth. Thick black lines indicate border faults, purple polygons magmatic 
segments with the Erta Ale Magmatic Segment in Afar shown in pink, dashed lines the Tendaho-Goba’ad discontinuity (TGD), red triangles volcanoes, and black stars 
geothermal activity.

Fig. 6. Checkerboard tests for Rayleigh (left 3 panels) and Love (right 3 panels) phase velocities at 0.64◦ × 0.64◦ (70 km) (top row), 1◦ × 1◦ (middle row) and 1.5◦ × 1.5◦
(bottom row). Checkerboards are better resolved for phase velocities from Rayleigh waves. Thick black lines show border faults, red polygons magmatic segments, and dashed 
lines the Tendaho-Goba’ad discontinuity (TGD).
6
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Fig. 7. Spike test for VSV and VSH at depths of 6.25, 8.75, 11.25, 16.25, 21.25, 26.25, 31.25, 36.25, 41.25, 46.25 and 55 km depth. This was carried out on the average of every 
pixel within the dataset. Vertical resolution decreases with increasing depth and ranges from ±10 km at the shallowest depths (7-22 km) and ±15 km from 23-50 km depth.
ternating thin compositional layers can account for the observed 
anisotropy and maximum apparent velocity discontinuity. This is 
done by modelling alternating thin layers, much smaller than a 
seismic wavelength, of low and high seismic velocity parallel to 
the Earth’s surface with a vertical symmetry axis. Under these 
assumptions we use effective medium theory to calculate the ra-
dially anisotropic Christoffel Matrix from the distinct eigenvalues 
VSH and VSV (Backus, 1962) where

L = 1
d1
μ1

+ d2
μ2

and N = μ1d1 + μ2d2 (9)

d1 and d2 are the proportions of each layer (e.g. d1 = d2 = 0.5, for 
layering with 50% granite and 50% rhyolite), and μ1 and μ2 are 
the shear moduli for the 2 alternating layers. Then

V S H =
√

N

ρ
(10)

and

V S V =
√

L

ρ
(11)

as discussed above.
Our models for VSV and VSH can be used to infer the shear 

moduli for the two layers and to assess whether melt is required in 
the crust. Specifically, if the required elastic moduli are too small 
to be explained by crystalline rocks, then melt is likely present. 
We assume the density of the medium is given by the weighted 
average of the respective layer thickness, ρ = ρ1d1 + ρ2d2, where 
for the felsic layer we assigned a density of 2790 kgm−3 (ρ1) and 
3000 kgm−3 for the mafic intrusions (ρ2) from the gravity study of 
Cornwell et al. (2006). Substituting this expression for density and 
our observed VSV and VSH into the effective medium expressions 
for N and L results in the following expressions:

μ2 = ρ

(2 ∗ d2)
∗

((
V2

SH − V2
SV

)
+

(
2 ∗ d2 ∗ V2

SV

)

+
√

(V2
SH − V2

SV) ∗ ((
V2

SH − V2
SV

) + 4 ∗ d2 ∗ d1 ∗ V2
SV

))
(12)

μ1 = (V2
SH ∗ ρ − (d2 ∗ μ2))

d1
(13)
7

which provide expressions for μ1 and μ2 for a given choice of d1
and d2 provided radial anisotropy is positive. We specified μ1 as 
the shear modulus of the felsic continental rock, and μ2 as the 
shear modulus of a solidified mafic intrusion, allowing both to be 
free parameters. For our observed VSH and VSV in Afar, the MER 
and the Ethiopian Plateau, we calculated the required value of μ1
and μ2 at different fractions of d2 from 0-1, where d2 = 1 repre-
sents a crust of 100% mafic intrusions and d1 = 0. This allows us 
to explore possible compositional combinations and whether melt 
is required, by comparing the shear moduli required to expected 
values for solid rocks.

3. Results

3.1. 1-D dispersion curves and shear velocity model

Average phase and shear velocities and shear velocities for the 
region are shown in Fig. 3. The Love phase velocities range from 
3.48-3.87 ± 0.03 km/s, while Rayleigh waves range from 3.21-3.56 
km/s for 9-26 s (Fig. 3c). Phase velocity of Love waves is greater 
than Rayleigh waves at all periods. The subsequent inversion for 
the best fit anisotropic 1-D model (using the isotropic model as 
the starting model) shows that both VSV and VSH (blue and black, 
respectively in Fig. 3a) have a broadly similar shape to the start-
ing model, with VSV ranging from 2.97-4.21 ± 0.02 km/s and VSH
moderately higher, ranging from 3.05-4.22 ± 0.02 km/s from 5-60 
km depth. Deeper than 30 km, VSV is not significantly different 
from VSH. Therefore, radial anisotropy is not required to explain 
the data at these depths (Fig. 3a), which may reflect either real 
earth structure or the decreasing sensitivity of Love waves at >30 
km depth. Between 5 and 30 km depth, VSH>VSV and outside the 
95% confidence limits for the model parameters, requiring a max-
imum δV of 6.5% anisotropy. Furthermore, anisotropy is strongest 
in the upper 15 km and is weaker from 16-30 km depth, which 
are relatively-well resolved depth ranges based on the formal res-
olution matrix of the inversion.

3.2. 2-D phase velocities

The phase velocity maps for Love and Rayleigh waves show 
broadly consistent structures (Fig. 4).

Average Love wave phase velocities range from 3.35-4.05 ±
0.03 km/s at 10-25 s, while Rayleigh waves range from 2.95-3.78 
± 0.03 km/s for the same period range. A low velocity anomaly 
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is observed within the MER and beneath the eastern part of the 
Ethiopian Plateau, in both the Rayleigh and Love wave maps. The 
low velocity beneath the rift is centred west of the rift axis strad-
dling the rift flank at periods longer than 20 s, for both Love 
and Rayleigh phase velocities (3.10-3.45 ± 0.03 km/s Rayleigh and 
3.45-3.80 ± 0.03 km/s Love phase velocities). Furthermore, there 
is a low velocity anomaly visible in the Rayleigh phase velocities 
that extends along the MER from 6-8◦N, whereas Love waves have 
relatively high velocities at 15-20 s at 38◦E 8◦N (Love phase ve-
locity 3.70-3.85 ± 0.04 km/s vs. Rayleigh phase velocity 3.45-3.70 
± 0.03 km/s) (Fig. 4). Although this 1◦ high velocity anomaly is at 
the limit of our lateral resolution at 20 s. The Love waves show low 
velocities beneath Lake Tana (3.45 ± 0.05 km/s) which move pro-
gressively southeast with increasing period, in contrast to Rayleigh 
waves which stay focussed southeast of Lake Tana. Beneath the 
Erta Ale magmatic segment (EAMS), velocities are high for Rayleigh 
waves (3.60 ± 0.03 km/s for all periods) but are low for Love 
waves where velocities are 3.75-3.85 ± 0.03 km/s at periods longer 
than 20 s. The velocities beneath the EAMS are offset to the south-
west which is likely due to limited station coverage in the north, 
with velocities averaged from the EAMS to Eritrea, in contrast to 
the south, where stations distribution is more concentrated. We 
speculate that with additional station coverage northeast of the 
EAMS, the low Love wave velocities could extend beneath the seg-
ment.

3.3. Shear velocity (VSV)

The vertically polarised shear velocity maps are laterally hetero-
geneous, with velocities varying from 3.05-4.10 ± 0.03 km/s from 
5-30 km depth (Fig. 5). The lowest velocities are beneath the MER 
and the eastern part of the Ethiopian Plateau (southeast of Lake 
Tana and west of the border fault), with minimum velocities of 
3.15-3.60 ± 0.04 km/s (Fig. 5a-b). From 5-15 km depth the low ve-
locities beneath the MER and Ethiopian Plateau are disparate and 
isolated (Fig. 5a), whereas from 16-30 km depth, the low velocities 
are continuous and broadly connected at the scale of our resolu-
tion (Fig. 5b). The highest velocities are beneath northern Afar at 
the EAMS from 5-30 km depth (minimum velocities of 3.53-3.90 
± 0.03 km/s) (Fig. 5a-b). We also observe high velocities beneath 
the western part of the Ethiopian Plateau (west of 37◦E) at 5-30 
km (velocities of 3.50-4.10 ± 0.05 km/s) (Fig. 5a-b). Velocities are 
higher along the rift going northwards from the MER to Afar, with 
velocities at the Tendaho Goba-ad Discontinuity (dashed line Fig. 5, 
location where the MER transitions to Afar) ranging from 3.40 ±
0.03 km/s at 5-15 km depth, increasing to 3.70 ± 0.03 km/s at 
16-30 km depth.

3.4. Radial anisotropy

Radial anisotropy (δV), varies from −1 to 6.5 ± 0.5% (Fig. 5c-d). 
The radial anisotropy is strongest in the upper crust (∼2.5 ± 0.5% 
at 5-15 km depth), becoming weaker at lower crustal depths (∼1.5 
± 0.5% 16-30 km depth), suggesting VSH>VSV for most of the re-
gion (Fig. 5c-d). The main areas of horizontally aligned anisotropy 
are located where we observe the lowest shear velocity within the 
MER (2.5 to 6.0 ± 0.5%) and off-rift beneath the Ethiopian Plateau, 
and along the western border fault (39.5◦E Longitude, 10.5-12.5◦N 
Latitude) (2.5 to 6.5 ± 0.5%). The strength of radial anisotropy 
decreases towards areas at more advanced rifting, dropping from 
values larger than 4.0 ± 0.5% in the MER to 2.5 ± 0.5% in Afar at 
5-15 km depth. Within Afar there are areas where VSV>VSH, with 
the most significant (and above our threshold of ±0.5%) near the 
EAMS. Radial anisotropy in the EAMS is observed as −1.0 ± 0.5% 
from 5-30 km depth.
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Table 1
Table for parameters used for the effective medium calculations with columns 1 and 
2 extracted from Fig. 5 and the Intrusion percentage for Afar are from Eagles et al. 
(2002); Hammond et al. (2011) and Maguire et al. (2006), the MER, Daniels et al. 
(2014), the Ethiopian Plateau, Daniels et al. (2014).

Observed Velocity VSV Observed Anisotropy δV Intrusion
(km/s) (%) (%)

Afar 3.43 1.98 50
MER 3.21 4.94 25
Plateau 3.29 5.94 20

3.5. Effective medium calculations – thin compositional layers

We present further investigations of constraints on anisotropy 
by comparing the previously described effective medium predic-
tions with our results at 3 locations: Central Afar, the MER and 
the Ethiopian Plateau. We took an average value for VSV and δV
for each area, from 5-15 km depth (Fig. 5 and Table 1). These 
values were used to determine the shear moduli of the effective 
medium layers, μ1 and μ2 using equations (12) and (13) for the 
range of layer proportions. We then plotted the expected ranges 
for a granitic felsic crust (27.4-40 GPa) and a gabbroic mafic intru-
sion (40-60 GPa) (Hacker and Abers, 2004; Ji et al., 2010) (Fig. 8). 
Furthermore, we plot geologically inferred proportions of mafic in-
trusions in the crust as dashed coloured lines for each area, and 
use these as guidance to whether the proportion of our layers map 
within the bounds of the expected mafic intrusions. The geologi-
cally inferred proportions were calculated in other studies from 
the discrepancy between observed crustal thickness and predicted 
crustal thickness from rift stretching factor. For Afar, the proportion 
of intrusions is estimated as 50% (Eagles et al., 2002; Hammond et 
al., 2011; Maguire et al., 2006), 25% in the MER (Daniels et al., 
2014), and 20% for the Ethiopian Plateau (Daniels et al., 2014). Er-
ror bounds are based on the maximum errors in our choice of VSV
and δV and we propagate these to get lower and upper bounds on 
our result. In places where the curve for μ1 is within the bounds 
for felsic rock, such as Afar (red), this suggests solidified intru-
sions can account for the observed anisotropy. In the MER and 
Ethiopian Plateau (blue and green respectively), where anisotropy 
is stronger than the background of 2%, we observe μ1 is lower 
than the range for felsic rocks at the geologically inferred propor-
tions. This suggests either the calculated proportions of mafic vs 
felsic rock are incorrect and/or we require a component of partial 
melt, with more melt required in the MER (Fig. 8). Extreme and 
unphysical μ would be required for small d values (upper white 
portion of the plot), i.e., outside the predicted ranges for compo-
sition (shaded areas), in order to satisfy the imposed anisotropy 
from our observations.

4. Discussion

Typically velocity variations in the VSV maps from 5-30 km 
depth (Fig. 5a-b), can be attributed to changes in crustal thick-
ness (e.g. Hammond et al., 2011; Ogden et al., 2019). In Afar and 
the northernmost MER, average velocities are higher due to thin-
ning crust and higher velocity mantle contributing to the image 
(Chambers et al., in review). The VSV maps show several low veloc-
ity regions associated with the Ethiopian Plateau, MER and central 
Afar. As has been discussed in greater detail in previous work (e.g. 
Chambers et al., 2019; Kim et al., 2012; Chambers et al., in re-
view), velocities are lower than expected for crystalline crust and 
likely require some amount of partial melt likely associated with 
ongoing melt emplacement both on and off-rift. Low velocities are 
observed to increase northwards along the rift and focus to the 
magmatic segments, suggesting melt focussing to the rift axis oc-
curs with progressive rifting (Chambers et al., 2019). Beneath the 
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Fig. 8. Modelling of Backus anisotropy for thin compositional layering of felsic country rock and mafic intrusions. VS V and anisotropy (δV) were taken from the shear velocity 
and anisotropic models. For the felsic layer we assigned a density of 2790 kgm−3 and 3000 kgm−3 for the mafic intrusions (Cornwell et al., 2006). We specified μ1 to be 
the shear modulus of the felsic continental rock and μ2 to be the shear modulus of a solidified mafic intrusion, allowing both to be free parameters. We then calculated the 
required value of μ1 and μ2 at different fractions of μ2 from 0-1, where 1 represents a crust of 100% mafic intrusions. We did this for central Afar, the MER and Ethiopian 
Plateau and compared the results to expected values of μ1 and μ2 given a granitic crust (27.4-40 GPa) and a gabbroic intrusion (40-60 GPa) (Hacker and Abers, 2004; Ji 
et al., 2010). Upper curves with squares are the values for μ2 with more felsic dominant compositions on the left (lower proportion of μ2) and more mafic compositions 
(higher proportion of μ2) on the right. The lower curves annotated with crosses are the calculated μ1 values for Afar (red), the MER (blue) and the Plateau (green). We also 
plot the expected proportion of mafic intrusions in the crust as dashed lines for Afar, the MER and Ethiopian Plateau as dashed vertical straight lines. Errors are thin dashed 
lines respective to each area and same colour based on the error in VS V and anisotropy (δV ).
Danakil depression, shear velocities are high which has previously 
been interpreted as more mafic rock compositions coupled with 
thinner crust (e.g. Chambers et al., 2019; Chambers et al., in re-
view).

We can explain that, on average, VSH>VSV is due to inter-
layering of felsic and mafic rock types as we demonstrated 
through the effective medium theory calculations. The dominant 
VSH>VSV anisotropy suggests an inherently horizontally layered 
crustal structure within the nEAR. SPO of planar structures with 
contrasting elastic moduli can effectively create radial anisotropy, 
as demonstrated by Backus (1962). In extensional environments, 
crustal stretching can lead to horizontal layering and fabric de-
velopment, in addition to fault systems, sedimentary deposition, 
magmatic intrusion/extrusion, and pre-existing layering of the con-
tinental crust can give rise to this type of anisotropy (Feng and 
Ritzwoller, 2019). Furthermore, although not relevant to our case, 
azimuthal anisotropy can be generated by crustal stretching caus-
ing Lattice Preferred Orientation, oriented parallel to the extension 
direction (Moschetti et al., 2007). Extension could account for some 
of the radial anisotropy, as has been observed in the Basin and 
Range where extension preferentially aligns seismically anisotropic 
crustal minerals (e.g. Moschetti et al., 2010), however we observe 
weaker radial anisotropy in areas of greater extension such as 
Afar when compared to the MER. Furthermore, while extension 
has been observed on the Ethiopian Plateau (Birhanu et al., 2016), 
these regions do not overlap with the areas of largest anisotropy. 
Given the limited relationship for extension with anisotropy and 
the presence of significant melt in this region, it is likely intru-
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sions are the dominant form of anisotropy, though we cannot 
rule out some influence from mineral alignment. In the upper-
most crust, alternating layers of basalt flows and sediment have 
been observed (Bastow et al., 2010). However, below 5 km sedi-
ments are unlikely to be present and therefore not contribute to 
the anisotropy (Chorowicz, 2005). Similarly, alternating layers of 
continental crust or sedimentary layers within continental crust, 
do not have the density and shear modulus contrast to produce the 
largest observed variations in anisotropy (Kirkwood and Crampin, 
1981). Magmatic intrusion within continental crust is an effective 
way to generate SPO anisotropy within the magmatically active 
rift (Kendall et al., 2006; Obrebski et al., 2010). Therefore, we in-
terpret the background average VSH>VSV of 2.5 ± 0.5% (5-15 km 
depth) as indicating a layered felsic/mafic crustal structure reflect-
ing widespread magmatic modification of the crust in the past 
30 My, and also possibly from older fabric. In other words, the 
entire region is not a simple 2 layer felsic upper crust overlying 
a mafic lower crust (Rudnick and Fountain, 1995), but likely has 
widespread sill-like intrusions in the upper crust.

There are several strong VSH>VSV with significantly low VSV

anomalies across the region that cannot be explained by SPO of in-
terlayered mafic and felsic rocks, but instead likely require melt. In 
particular, the strongest horizontally polarised anisotropy is found 
beneath the eastern part of the Ethiopian Plateau (δV of 2.5 to 6.5 
± 0.5%) close to the western border fault where there are steeply 
dipping faults at the surface. We expect VSV>VSH in the vicinity of 
the faults, but this is not observed. We suggest surface wave ra-
dial anisotropy may not resolve small scale vertical features, the 
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features do not contain large amounts of fluid, or that the vertical 
extent of these faults is limited to <5 km (Holtzman and Kendall, 
2010). Beneath the Ethiopian Plateau, we interpret the strong ra-
dial anisotropy as layered horizontal sills in the crust. The high 
values of radial anisotropy (δV up to 6.5 ± 0.5% Fig. 5c-d) are diffi-
cult to produce from solidified mafic/felsic rocks (Fig. 8), especially 
at the previously interpreted proportions of felsic/mafic material 
in the crust. However, for a small amount of partial melt (up to 
2.7%) and a reasonable μ for country rock, we can match our VSV
and VSH (Fig. 8). Anisotropy is stronger in the 5-15 km depth slice 
suggesting melt is preferentially stored as sills in the mid-to-upper 
crust. Recent geophysical studies find highly conductive (Whaler 
and Hautot, 2006) and low velocity anomalies (Chambers et al., 
2019) at mid crustal depths, as far north as Lake Tana, provid-
ing support for this interpretation. Geochemistry studies also find 
evidence for melt in sills beneath the Ethiopian Plateau (Rooney, 
2017), which combined with significant geothermal activity (Keir 
et al., 2009) and high Vp/Vs ratios (>1.8) (Hammond et al., 2011) 
support melt.

The MER has significant radial anisotropy (δV of 2.5 to 6 ±
0.5%) present beneath the full rift width, and effective medium 
calculations suggest this area requires partial melt. Anisotropy is 
stronger in the upper 5-15 km and weaker at 16-30 km depth, but 
shear velocity is low enough to require melt at all depths (3.55-
3.75 ± 0.03 km/s). We suggest melt is present at mid-to-lower 
crustal depths and is either more heterogeneous in shape and ori-
entation or stored as a combination of dykes and sills, at a resolu-
tion too small for this study to determine. The strongest VSH>VSV
radial anisotropy is consistently in the 5-15 km depth slice, sug-
gesting either the density structure of the crust or the state of 
stress is amenable to sill formation at present. Previous magne-
totelluric studies find evidence for mid-to-upper crustal melt zones 
beneath volcanoes in the rift (Whaler and Hautot, 2006). However, 
seismic reflection studies find strong layered lower crustal reflec-
tors (Maguire et al., 2006). The discrepancy potentially arises due 
to variations in imaging solidified sills as lower crustal intrusions 
vs. molten active intrusion in the surface waves (Kendall et al., 
2006).

Beneath the EAMS, we observe VSV>VSH (δV down to −1.0 ±
0.5%), indicating vertically oriented planar features which could be 
explained by dyke intrusion. The signal is clearly visible in the 
phase velocity maps (Fig. 4), where this is the only strong low ve-
locity region in the Love wave phase velocity maps, but is within 
the background velocity in the Rayleigh wave maps at periods 
>20 s. Rayleigh waves, due to their sensitivity to VSV, are less sen-
sitive to melt in near vertical dykes, as the polarization is in the 
plane of the structure, resulting in higher observed velocities in 
areas of highly intruded mafic crust (Hammond, 2014). Our obser-
vations suggest aligned dykes and associated fractures extend to 
15 km depth or more, as the anisotropic signature is visible in our 
16-30 km depth average. The crust here is thinner ∼16 km (Ham-
mond et al., 2011) so our depth averaging likely includes crust 
and mantle material in the shallowest average slice, making pre-
cise interpretation of whether it is due to intrusion through the 
crust or mantle difficult. Geodetic observations of northern Afar 
also show this region has experienced recent upper crustal dyking 
events (Moore et al., 2019).

Anisotropy becomes weaker along rift from 6 ± 0.5% in the 
southern MER to 2 ± 0.5% in the northern MER and −1 ± 0.5% in 
the EAMS. We also observe anisotropy beneath the full rift width 
in the south, which localises to the magmatic segments in the 
north. These observations can be interpreted either as a change 
from dominantly sill emplacement in the narrow MER to dyke em-
placement in Afar, or a reduction in the volume of melt towards 
later stage rifting.
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The surface waves presented here and previous shear-wave 
splitting studies find differences within the MER, with fast di-
rection in shear-wave splitting studies consistent with vertically 
aligned fluid filled cracks observed at mid-to-upper crustal depths 
(Keir et al., 2011; Kendall et al., 2006), which are not imaged by 
surface waves (e.g. Bastow et al., 2010; Kendall et al., 2006). This 
is likely due to the varying sensitivities of the two methods. Given 
the relatively broad lateral sensitivity (∼100 km) of the surface 
waves used here, we expect our method will struggle to resolve lo-
calised anisotropy over <50 km lateral scales observed in the shear 
wave splitting (Kendall et al., 2006). Furthermore, local shear wave 
splitting results may be most sensitive to structure <5 km deep, 
where our result is poorly resolved. We suggest melt is stored both 
as stacked sills and oriented melt pockets with a higher concentra-
tion of dykes in Afar, and more sills in the MER.

Our observations are in good agreement with geochemical stud-
ies which suggest melt has a primarily mantle origin and prop-
agates as dykes in Afar, whereas more crustal assimilation and 
evolved magmas are observed in the MER where melt is thought 
to be stored as sills (Hutchison et al., 2018). In northern Afar, 
anisotropy studies find similar results that suggest dykes are the 
most efficient melt transport mechanism (Hammond, 2014; Ham-
mond et al., 2014; Keir et al., 2011). At mantle depths beneath 
the EAMS, we observe little anisotropy suggesting melt retains no 
preferential alignment, in agreement with Hammond et al. (2014). 
Active source profiles beneath the Ethiopian Plateau and the MER 
find evidence for horizontal layering and lower crustal intrusions 
which decrease towards Afar (Maguire et al., 2006). Our results 
suggest layering resulting in anisotropy extends to 30 km, but no 
deeper, perhaps indicating either a lower volume of lower crustal 
intrusions observed at >30 km depth or the layers have no domi-
nant orientation.

The presence of stacked sills in the crust of a narrow rift, and 
dykes at a wider rift, are observed in other rifting/mid-ocean ridge 
regions and volcanic regions. At mid-ocean ridges evidence for hor-
izontal layering consistent with low-to-mid crustal sill emplace-
ment is observed in the NoMelt experiment (Russell et al., 2019) 
and significant lower crustal intrusions as stacked sills in the Baikal 
rift (Thybo and Nielsen, 2009). At some mid-ocean ridges, purely 
laminar structures are proposed (e.g. Shito et al., 2015), however, 
these results require strong radial but weak azimuthal anisotropy, 
in contrast to the nEAR. In regions of upwelling (e.g. East Pacific 
Rise), VSV>VSH is observed (Toomey et al., 2007) and interpreted 
as vertical flow of melt, similarly to what we observe within the 
EAMS. Strong crustal radial anisotropy has been observed beneath 
large calderas in arc settings, continental hotspots (e.g. Yellow-
stone) and the basin and range, interpreted as the locus of volu-
minous silicic magmatism forming large sill complexes, supporting 
the concept of long-term incremental evolution of magma bodies 
(Jiang et al., 2018). Similarly, in magmatic regions with thickened 
continental crust, strong lower crustal radial anisotropy has been 
interpreted as deep sills that occur in thickened regions which may 
accelerate the processing of primary basalts to continental compo-
sitions (Harmon and Rychert, 2015). Away from the caldera and 
along hot spot trends, anisotropy weakens suggesting seismic con-
trasts fade with crystallisation (Jiang et al., 2018).

Melt ascends due to variations in buoyancy between melt and 
the crust. Melt will stop when it reaches neutral buoyancy in the 
crust or where the elastic and tectonic stresses prevent melt from 
rising further (Roberts, 1970). In the EAR, we expect the density 
structure and stress regime to change as the relatively thick conti-
nental crust and narrow rift in the MER transitions to the thinner 
crust and broader rift zone of Afar, based on numerical models of 
rift evolution (Maccaferri et al., 2014). Specifically, in a narrow rift, 
stress changes caused by topography and crustal thickness varia-
tions favour sill intrusion. As the rift widens, stress changes are 
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Fig. 9. Schematic of the magmatic plumbing system beneath the northern East African Rift. Within the upper crust horizontal layering is pervasive and interpreted as 
alternating continental crust and mafic intrusions. Sills (red horizontal discs) are then located in the mid and upper crustal layers both on rift and off-rift. At lower crustal 
depths melt is stored in sills and as heterogeneous structures (red circles) reflective of the reduced anisotropy with low velocity. As rifting progresses melt storage rotates 
from horizontal sills to vertical dykes (vertical red discs) beneath the Erta Ale magmatic segment, which are likely interspersed with vertical cracks that extend from the base 
of the crust to the surface. At uppermost mantle depths a low velocity melt zone is likely present beneath the full system though its thickness is unknown (orange layer). 
Features visible at the surface are more transparent at deeper depths. We also show the structure in the Lithospheric mantle and upper asthenosphere based on Chambers 
et al. (in review) where segmented melt zones (large orange/brown spheres) at asthenospheric depths are located beneath the rift axis with melt infiltrating the lithosphere 
(red arrows) and obscuring the lithosphere asthenosphere boundary at 60-80 km depth (dashed line with ? at ∼80 km depth).
less important, favouring dyking (Maccaferri et al., 2014). Stacked 
sill complexes in narrow rifts are consistent with more recent con-
ceptual models of incremental magma reservoirs (Cashman and 
Giordano, 2014) and variations in the geochemistry of erupted 
rocks (Hutchison et al., 2018). We summarise our interpretation of 
anisotropy and melt storage in the crust in Fig. 9. The new knowl-
edge of the structure and depth of melt storage is important for 
our understanding of the evolution of rifting in regions with vari-
able crustal thickness and topography.

5. Conclusions

We determine radial anisotropy in the nEAR using surface 
waves from Love and Rayleigh waves from 9-26 s period, find-
ing on average Love waves 0.40 ± 0.03 km/s higher than Rayleigh 
waves. In the crust we require an anisotropic model from 5-30 
km. Deeper than 30 km radial anisotropy is not required. We ob-
serve VSH>VSV across most of our study, suggesting an inherently 
layered crust. Effective medium calculations indicate thin compo-
sitional layering of felsic crust and mafic intrusions can account 
for up to 4% of the horizontally polarised anisotropy, including in 
Afar. However, to reconcile larger anisotropy, where we observe the 
lowest velocities and largest anisotropy (up to 6.5 ± 0.5%), par-
tial melt is required, stored as stacked sills. Our model suggests 
the largest anisotropy and lowest velocities beneath both the MER 
and Ethiopian Plateau can be interpreted as stacked sills in the 
upper to mid crust, both on and off-rift. In the southern MER ra-
dial anisotropy is horizontally aligned, getting progressively weaker 
towards areas at more advanced rifting, suggesting stacked sills 
in the upper-to-mid crust become less dominant with progres-
sive rifting. Similarly, anisotropy is weaker at lower crustal depths 
(16-30 km) but velocities are low enough to require melt, sug-
gesting melt is stored as a combination of sills and isotropic bod-
ies. As the rift widens and crust thins, anisotropy reduces which 
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could indicate a change in melt storage from dominantly horizon-
tally aligned (sills), to vertical (dykes) and unaligned melt. Beneath 
the EAMS we observe VSV>VSH, which we interpret as vertically 
aligned micro-cracks and dykes, providing conduits for vertical 
flow of melt to feed recent eruptions. Our results suggest rift width 
and crustal thickness provide controls on how melt is stored in 
the crust. Narrower rifts with thicker crust favour sill formation 
both on and off-rift, while in more advanced broader rift regions 
with thinner crust, magma driven extension at the rift axis occurs 
mainly by dyking.
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