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Key Points:

 First 3-D multi-scale magnetotelluric model images the entire transcrustal tectono-
magmatic system below the Main Ethiopian Rift.

e A lower crustal magma ponding zone feeds a fault controlled magmatic mush system
providing heat for the geothermal system of Aluto volcano.

« Eastern and western volcano-tectonic lineaments share a common lower crustal magma

source with an estimated melt fraction of 7 percent.
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Abstract

The Main Ethiopian Rift is accompanied by extensive volcanism and the formation of
geothermal systems, both having direct impact on lives of millions of local inhabitants.
Although previous studies from the region found evidence that asthenospheric upwelling
and associated decompression melting provide melt to magmatic mush systems that feed
the tectono-volcanic segments in the rift valley, no geophysical model imaged these regional
and local scale transcrustal structures within a single comprehensive 3-D model. To fill this
gap, we combined regional and local magnetotelluric data sets to obtain the first multi-
scale 3-D electrical conductivity model of the central Main Ethiopian Rift. The model
clearly images a magma ponding zone with up to 7vol. % melt at the base of the crust
(30 — 35kmb.s.l.) in the western part of the rift, its connection to Aluto volcano via a
tectonically controlled transcrustal magmatic mush system and how the melt, stored at
shallow crustal depths (> 4kmb.s.l.), supplies heat for Aluto’s geothermal system. Our
model provides evidence that different volcano-tectonic lineaments in the rift valley share a
common melt source, which has been debated in the past. The presented multi-scale model
provides new constraints as well as geologic insights into the melt distribution below the rift
and will facilitate future geothermal developments and volcanic hazard assessments in the

Main Ethiopian Rift.

Plain Language Summary

Continental rifting is a fundamental process of plate tectonics that breaks continents
apart to ultimately form new oceans. The landscape of the Main Ethiopian Rift (MER) is
characterized by abundant volcanism and hot springs, which indicate presence of geothermal
resources formed by magmatic heating of subsurface water. In our study we present a 3-D
subsurface image of the magmatic system and geothermal reservoir beneath Aluto volcano in
the MER. The model shows the electrical conductivity distribution of the subsurface which
allows us to infer the distribution of electrically conductive melt. This is the first model
that provides a high-resolution image of the entire magmatic system below the MER from
the deep magmatic melt source up to the surface. The new model images for the first time
how geothermal reservoirs form as a consequence of rifting related volcanic activity thereby
providing a clear illustration of fundamental geological processes. These results also have a
high societal relevance by providing a basis for volcanic risk assessment and contributing to

a better understanding of how the sustainable green geothermal energy resources form.
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1 Introduction

The East African Rift system (EARS) is a prominent continental rift that shaped the
landscape of East Africa, including the East African Plateau, rift valleys and numerous
volcanoes. Rifting and rift-related volcanism in East Africa played a role in early human
evolution (King & Bailey, 2006) and to this date affect the life of humans due to volcanic
hazards (Biggs et al., 2021), but also by providing rift-associated natural resources (Benti
et al., 2023; Burnside et al., 2021). A large number of studies, especially in the northern
part of the EARS, which includes the Main Ethiopian Rift (MER), have provided a wealth
of information and knowledge on the geodynamic processes that initiated and drive rifting
and associated volcanism in the EARS (e.g. Agostini et al., 2011a; Casey et al., 2006; Corti,
2009; Ebinger, 2005; Kendall et al., 2005; Kendall & Lithgow-Bertelloni, 2016; Keranen &

Klemperer, 2008, and references therein).

One of the main findings of these studies is that neither mechanical stretching nor
magmatic upwelling could be the the major driver of rifting alone, but it is a rather com-
plex interplay between these processes (e.g. Beutel et al., 2010; Buck, 2004; Kendall et
al., 2005). Active magmatism and volcanism in the MER is sustained by asthenospheric
upwelling (e.g. Gallacher et al., 2016; Rychert et al., 2012). The main hypothesis is that
decompression melting occurs in the upper mantle, melt intrudes into the lithosphere, where
it feeds magmatic dykes and sills leading to the formation of volcanic systems in the MER
(Chambers et al., 2022; Gallacher et al., 2016; Kendall et al., 2005). Petrological studies and
geological mapping (e.g. Hunt et al., 2020; Mazzarini et al., 2016; Rooney et al., 2011) from
the central part of the MER (CMER) observed a correlation between the monogenetic vent
distribution and fault systems (Fig.1), which implies that a tectono-magmatic interplay
drives the rifting. Multiple studies proposed that a complex magmatic system with magma
stalling and fractionating at multiple depths within the crust exists below the western Silti
Debre Zeyit Fault Zone (SDFZ) (Iddon & Edmonds, 2020; Mazzarini et al., 2013; Rooney
et al., 2011). The SDFZ displays only minor surface expression of faulting (Agostini et al.,
2011a) and is a largely aseismic area within the study region (Keir et al., 2006). In con-
trast, the eastern Wonji Fault Belt (WFB) has been observed to be seismically more active
than the SDFZ (Seismic data from 2001-2003 presented in Keir et al., 2006, Fig.4), hosting
present-day crustal extension with well-developed magmatic pathways (Corti et al., 2020;
Mazzarini et al., 2016, 2013; Rooney et al., 2011). Magma rises quickly under the WFB

and fractionates at low pressures corresponding to about 5km depth (Gleeson et al., 2017;
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Iddon & Edmonds, 2020; Rooney et al., 2011). Along the WFB, long-lived silicic peralka-
line volcanoes are found with shallow magma chambers that have undergone several phases
of eruption and recharge (Fontijn et al., 2018). Active magmatism and extensional strain
along the WFB created ideal geological conditions for the formation of high-temperature

geothermal resources (e.g. Jolie et al., 2021).

However, there is still a lack of geophysical subsurface models for the MER that would
constrain the 3-D distribution of melt and image magmatic pathways across the continental
crust. Such geophysical subsurface images are critical for understanding controls on magma
transport, magma emplacement under rift-aligned segments and the formation of numerous
magma-driven geothermal systems in the MER (e.g. Benti et al., 2023; Jolie et al., 2021).
The exploitation of these geothermal resources would be beneficial for the local society
(IRENA, 2020). As a source of clean and renewable baseload energy, these geothermal
resources can satisfy the growing energy demand and sustain the local economic growth.
Numerous countries along the EARS plan to expand exploitation of renewable geothermal
energy resources (IRENA, 2020). Ethiopia is currently aiming at installing 1000 MWe of
its estimated 10.000 MWe geothermal energy potential (Benti et al., 2023; Burnside et al.,
2021).

Our study focuses on the area of Ethiopia’s only producing geothermal power plant,
Aluto-Langano. The power plant is in operation since 1998 and has an installed capacity of
7.3 MWe (Benti et al., 2023). Expansion work to reach 75 MWe is underway, with four new
wells having been drilled in 2022 (capitalethiopia.com, 2022). Our primary goal here is to
investigate the magmatic heat source of Aluto’s geothermal system and how it is connected
to a deeper lower crustal magmatic system. To this end, we will use the magnetotelluric

(MT) method and image the 3-D electrical conductivity structure of the subsurface.

Previous MT and seismic studies from this region have identified electrical conductivity
and shear wave velocity anomalies in the lower crust under the SDFZ (Hiibert et al., 2018;
Kim et al., 2012; Samrock et al., 2015). The lower crustal seismic anomalies have been
interpreted as a lithospheric melt ponding zone. However, the lateral extent of this anomaly
and potential links to Aluto’s magmatic reservoir under the WFB remain poorly constrained.
Further, it remains unclear whether volcanoes along the WFB and the SDFZ are related to
a common melt ponding zone or whether their magmas originate from separated parental

melt sources as suggested by e.g. Fig. 8 in Rooney et al. (2011).
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To address these questions and better constrain the structure below Aluto, we analyzed
a new MT dataset that covers both the rift and the Aluto volcanic complex. Our goal is to
obtain a new multi-scale 3-D electrical conductivity model of this area in the CMER (Fig. 1)
and resolve both regional-scale structures in the lower crust and local structures related to

Aluto’s upper crustal magmatic and geothermal reservoirs.

2 Method and Data

To image the melt distribution across the rift and constrain the structures of Aluto’s
magmatic and geothermal reservoirs, we obtain the subsurface 3-D electrical conductiv-
ity distribution employing the (passive) magnetotelluric (MT) method (Berdichevsky &
Dmitriev, 2008; Chave & Jones, 2012). Broadband MT responses are sensitive to electrical
conductivity structures across a wide range of length scales, providing a unique opportunity
to study the subsurface from the near surface and through the crust and upper mantle. More

details on the MT method are provided in the Supplementary Information (SI) (SI: Text S1).

2.1 Data

We combine data from regional and local MT surveys in the CMER, as is shown in
Fig. 1. The regional dataset, collected within the RiftVolc Project (Hiibert & Whaler, 2020),
consists of 33 MT stations that are distributed across the rift over a distance of 120 km with
average site spacings between 4 km and 13km (SI: Tab. S1). These regional-scale MT survey
was supplemented by a local dataset of ETH Zurich and the Geological Survey of Ethiopia
(GSE) (Samrock et al., 2010), consisting of 165 sites that cover the edifice of the Aluto
volcano (15 x 15km), with an average site spacing of 0.7km. The MT transfer functions
cover a period range of T = 1072 — 103s. For this period range and for the averaged
electrical conductivity distribution in the study area, the penetration depth is calculated
to range between 0.5 and 92.5 km, thereby providing a sufficient range for imaging both

near-surface and crustal structures (SI: Fig. S2).

Maps of phase tensor data displayed as ellipses at MT stations for representative
periods convey a first impression of the subsurface conductivity structure (Fig. 2). In general,
phase tensor ellipses can reveal (i) lateral conductivity contrasts by increased ellipticities,
(ii) the strike of lateral conductivity contrasts by the direction of their principal axis (with

a 90° ambiguity), (iii) increasing conductivities with depth in case their maximum phase
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Figure 1. Maps of the study area within East Africa (upper left) and the Main Ethiopian Rift
(upper right). The lower map presents the study area in the Central Main Ethiopian Rift with
its faults systems (database of faults: Agostini et al., 2011b) and quaternary vents (grouped by
Mazzarini & Isola, 2010). The vents belong to two different volcanic belts that are associated with
the Wonji Fault Belt (WFB) and the Silti Debre Zeyit Fault Zone (SDFZ). Aluto volcano is located
in the center of the study area in between the lakes Ziway and Langano. MT stations are coloured
according to the institutions and projects that performed the measurement (MT-dataset by ETH
Zurich (ETH) and Geological Survey of Ethiopia (GSE): Samrock et al. (2010) and MT-dataset by
the RiftVolc Project: Hiibert and Whaler (2020)). The survey area encompasses all fault systems of
the CMER (WFB, SDFZ and border faults) and crosses the Gademotta caldera rim west of Aluto.

The maximum difference in altitude along the profile is &~ 1000 m.
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value is @4, > 45° and (iiii) dimensionality of the subsurface with 3-D subsurface features
indicated by increased skew-values (8 > 3°) (Booker, 2014; Caldwell et al., 2004). A more

detailed theoretical background on the phase tensor is provided in the SI (SI: Text S1).

Phase tensor ellipse maps (Fig. 2) indicate that the regional structure of the rift valley
is dominated by an increase of electrical conductivity with depth (at T > 5s @0, >
45°). Further, one can observe from ellipticity and skew values that the regional subsurface
structure in the western rift valley appears to have stronger lateral contrasts and is more
complex (3-D) than in the eastern rift valley. The conductivity structure at Aluto is more
complex at shallower depths (e.g. T = 4.97s), with relatively stronger lateral conductivity
contrasts and 3-D structures in the west and center below the volcanic edifice. These strong

local differences of subsurface structure diminish with depth.

We conclude that subsurface electrical conductivity structure is more complex in the
western rift area with a strong lateral conductivity contrast, that is approximately oriented
either rift-parallel or rift-perpendicular. This 90 °-ambiguity is inherent to phase tensor
ellipses and inversion of the data is needed to further constrain subsurface conductivity
structures. More detailed information on the surveys and the collected MT data is provided

in the ST (Text S2).

2.2 3-D Inversion

We used the GoFEM code to perform 3-D forward modelling and inversion (Arndt
et al., 2020; A. V. Grayver, 2015; A. V. Grayver & Kolev, 2015). GoFEM uses locally
refined meshes to facilitate multi-scale model parameterization (SI: Text S4) and accurately
incorporate topography. The code was already used in earlier local-scale MT studies at
Aluto (Samrock et al., 2020) and for multi-scale MT studies of volcanically active regions

in Mongolia (K&ufl et al., 2020).

Since impedance tensors are often affected by galvanic distortions, we first perform
a phase tensor inversion. As the starting model for the phase tensor inversion, we used
a homogeneous model with a resistivity of ﬁigsq = 19.25 Qm, where ﬁ}tgsq is the geomet-
ric mean of all observed apparent resistivities calculated from Z,, (SI: Eq.6-11, see also
Rung-Arunwan et al., 2016). We also tested phase tensor inversion runs using different

homogeneous starting models with arbitrary higher resistivities (p = 25,35,50Qm). The

general observation was that starting models with a higher electrical resistivity led to a
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worse convergence and poorer data fit for phase tensor inversion, proving that choosing a

data-informed starting model with resistivity (ﬁ}lgsq) is an adequate choice.

Although phase tensors are free of galvanic distortions (e.g. Caldwell et al., 2004),
absolute values of electrical conductivity in models constrained solely by phase tensor data
are less constrained, especially when survey layout is sparse (Tietze et al., 2015). To mitigate
this limitation, we ran the impedance tensor inversion and used the best-fitting 3-D phase
tensor model as a starting model. By doing so, the impedance tensor inversion is guided by
the distortion-free phase tensor model and the negative impact of galvanic distortions on
the inversion is reduced. If there were no distortions and both phase and impedance tensors
contained the same information, we would expect the models to be identical. In reality,
the models exhibit some differences, mostly because the impedance tensor inversion need to
compensate for galvanic distortions by introducing some scattered conductivity structures

at shallow depths (Fig.2 Samrock et al., 2018) (SI: Fig. S12).

Technical information on the inversion methodology and the achieved data fit for the
final phase and impedance tensor models is provided in the SI (Text S3 and S4). In what
follows, we will present the final impedance tensor model. The corresponding phase tensor

model is shown for completeness in the SI (Text S4.1).

3 Results

Both models, obtained from phase and impedance tensor inversions, fit the observed
data within the uncertainty (RMS<1), given by the error-floor of 5 % applied row-wise to the
impedance tensor and propagated to the phase tensor (as in Kéufl et al., 2018). Details about
the inversion progress and the achieved fit are provided in Fig. 3. Starting at an initial RMS
of 2.7, the phase tensor inversion converges to an RMS of 0.83 within four iterations. For
the subsequent impedance tensor inversion a relatively low model regularization is chosen,
as the large-scale structure is given by the phase tensor model, which is used as the starting
model for the impedance tensor inversion. Starting at an initial RMS of 5.1, the impedance
tensor inversion converges progressively until a final RMS of 0.81 is achieved (Fig. 3a). The
RMS distribution as a function of the period shows that shorter periods tend to yield lower
misfits than longer periods (Fig.3b), which can be due to lower data quality at longer

periods. The normalized residuals of both obtained final models are uniformly distributed
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Figure 3. (a) RMS misfit during the phase tensor and the subsequent impedance tensor inver-
sions. (b) RMS misfit versus period for the initial and final phase and impedance tensor inversion
runs. (c) Residual distribution of initial and final phase tensor and impedance tensor models. Note

that the final phase tensor model is used as a starting model for the impedance tensor inversion.

and centered around zero, indicating that no systematic bias is present (Fig.3c). More

detailed information about the model fit is provided in the SI (Text S5.2).

3.1 Final model

An approximately NW-SE-oriented profile through the final electrical conductivity
model is shown in Fig.4. The presented profile section crosses the entire rift valley and
traverses through the center of Aluto volcano. Main electrical conductors (C) in the obtained

multi-scale model are described in the following.

The largest conductivity anomaly in the model is the C3 conductor. The maximum
recovered electrical conductivity within C3 is o = 0.18 S/m (Fig.4a). The anomaly occupies
a large volume in the lower crust under the western part of the rift and crosses the Moho
boundary at depths of z =~ 30 —35kmb.s.l. (Fig.5). The lateral extent of C3 is about 50 km

across the rift and 30km along the rift, considering the 0.1 S/m isosurface (we note that

—10—
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Figure 4. Final 3-D electrical conductivity model. (a) NW-SE oriented cross-section, covering
the entire width of the CMER. The Moho boundary (black solid line) is taken from (Stuart et al.,
2006). Pink and red triangles depict WFB and SDFZ vents, respectively (see also Fig. 1). Recovered
structures are interpreted to be: (C1) Aquifer/sediment unit, (C2) magma ascent channel, (R1)
solidified igneous rock and (C3) lower crustal melt ponding zone. The white box marks the area
of the Aluto-Langano geothermal system (b). (b) Enlarged excerpt of the Aluto volcano (proposed
caldera rim in blue). Increased conductivities in the shallow subsurface can be attributed to a clay

cap, formed by argillic alteration (Arg) and higher-temperature propyllitic alteration (Prop).

data coverage along the rift axis is limited). It is evident that no high conductivity zone is
found under the eastern part of the rift. C3 ends abruptly around the central rift axis and
transitions into a continuously upward propagating channel denoted C2. The C2 structure
is characterized by increased bulk electrical conductivities of o = 1.8S/m at depths of
z =6—18kmb.s.l.. This channel terminates at a depth of z = 4kmb.s.l. right below Aluto
volcano (Fig.4b). At shallower depths (down to about z &~ 1.5 km below surface), we recover
an electrically conductive layer (C1) that extends across the entire width of the rift, with
bulk conductivity values of ¢ = 0.1 — 0.5S/m. This continuous layer (C1) is interrupted

only under the edifice of Aluto volcano in the center of the shown cross-section (Fig. 4).

A large low-conductivity zone (R1) extends across the valley, with o < 0.01S/m. R1
is situated in the crust below the continuous conductive layer (C1) and is pierced by the
conductive channel C2.

3.2 Interpretation

The presented electrical conductivity model is the first 3-D model of the CMER that

images the transcrustal distribution of magma in sufficient detail to interpret it across scales

—11—
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from the lower crust to the surface. In what follows, we provide a geological interpretation
of our 3-D electrical conductivity model (Figs.4,5 and6) taking in consideration earlier

studies.

3.2.1 C38: Lower crustal magma ponding zone

We interpret this high conductivity anomaly to be caused by the presence of electri-
cally conductive basaltic melt. Hence, C3 represents a zone of melt ponding at the base of
the crust. A quantitative melt fraction estimate within C3 is given in Section 3.2.2. The in-
terpretation of C3 as a lower crustal melt ponding zone is supported by seismic observations,
geodynamic modelling studies and petrological models for melt evolution and transport in

the MER. In the following these studies are presented in more detail.

Volcanic vents above C3 within the western SDFZ tectonic segment are evidence for
the presence of a magmatic system in this region (Fig.1). An indication for the current
existence of magma in the area of C3 below the SDFZ is the observed CO2-degassing in the
area (Hunt et al., 2017). That the SDFZ volcanic segment is fed by magma ponding at the
base of the crust has also been predicted by several petrological models (e.g. Rooney et al.,

2011).

The petrologically constraint models for melt distribution are supported by several
geophysical studies. Analysis of seismic S to- P receiver functions has provided evidence
for a thinned lithosphere and upwelling asthenosphere below the rift valley of the northern
MER. Rychert et al. (2012) performed geodynamic modelling showing that melt generated
through decompression melting in the upwelling asthenosphere experiences strong buoyancy
forces causing it to migrate into the lower crust, where it accumulates in a melt ponding

zone above the Moho.

In the CMER, a similar pronounced low seismic velocity anomaly is observed in the
upwelling asthenosphere, which can only be explained by presence of melt that originates
from decompression melting (e.g. Chambers et al., 2022; Kim et al., 2012). This melt
ponding reservoir is spatially coherent with the C3 structure in our model. It has further
been shown that the Moho deepens from west to east in this area (Fig.4), indicating that
asthenospheric upwelling is slightly asymmetric to the rift axis and more pronounced under

the western part of the rift (e.g. Keranen & Klemperer, 2008; Stuart et al., 2006).

—12—
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Figure 5. Vertical slice through the final model, approximately along the northern profile line
of the MT sites (see Fig.1). The Moho, as in Fig. 4, is colored by the electrical conductivities at
the corresponding depth. The o = 0.1 S/m-isosurface illustrates the extent of the magmatic ascent
channel (C2) and the lower crustal melt ponding zone (C3). The magma ascent channel (C2) is
situated exactly beneath Aluto and its dipping angle aligns at shallow depths with the dip angle
of the WFB faults (65°: Corti (2009)). The dipping of faults intersecting Aluto is indicated as a
dashed white line. The melt ponding zone (C3) is confined to the area west of the rift-axis and
WSW of Aluto volcano. Its lower bound roughly coincides with the Moho. Vents at the WFB and
SDFZ are represented as red and pink triangles, respectively. The Gademotta (Gad) caldera rim is

shown as a blue line, faults as black lines.

The observation that melt is asymmetrically distributed across the rift has also been
made by Hiibert et al. (2018), who performed a 2-D inversion of the regional RiftVole
MT dataset used in this study (Fig.1, see SI: Tab.1). Further comparison between the
models is provided in the discussion (section4). This asymmetric crustal structure appears
comparable to the northern MER, where a regional MT study, approximately 110 km north
of our study area imaged high electrical conductivities west of the rift-axis at a depth of

about 25 km (Whaler & Hautot, 2006).

Possible reasons for the rift-asymmetry of asthenospheric upwelling and the tran-
scrustal magmatic structure in the general context of different tectonic settings around

the world are discussed in Section 4.

Our electrical conductivity model suggests that the melt is not distributed uniformly

along the imaged lower crustal segment of the SDFZ, but that melt is focused in a region
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Figure 6. Horizontal slices at several depths from z = 0.5 — 30kmb.s.l. through the final
impedance tensor model. It is evident from the figure that maximum electrical conductivities occur
locally confined to the WSW of Aluto. Pink and red triangles depict WFB and SDFZ vents,
respectively, black lines are faults and white lines are the western Gademotta caldera rim and the

proposed Aluto caldera rim. Black dots on the 30km b.s.l. depth slice indicate MT site locations.

spatially confined to the WSW of Aluto ( Fig. 5,Fig.6). To the best of our knowledge, such
detailed variations of along-rift melt distributions have not been resolved in the existing
regional seismic models (e.g. Chambers et al., 2022; Kim et al., 2012). Our model indicates
that lower crustal melt emplacement is much more punctuated and localized than previous
geophysical models have shown and than tectonic analogue models have suggested (Corti,

2009, and references therein).

3.2.2 Melt fraction estimates

The model obtained from this study allows us to use electrical conductivity as an in-

dependent constraint to quantify the amount of basaltic melt present in the lower crust.
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Until now, such estimates in the CMER relied mainly on seismic studies, of which some are
summarized in the SI (Tab.S2). Adding electrical conductivity as an additional constraint
reduces uncertainty of melt estimates and adds previously lacking knowledge on the spatial
extent of the melt reservoir. To estimate the melt content, we used the experiment-calibrated
model by Ni et al. (2011) (SI: Text S6), which parameterizes the electrical conductivity of
basaltic melt in terms of temperature and dissolved water content. The estimated tem-
perature range for the primary basaltic melt within our interpreted source region (C3) is
T = 1300 — 1400 °C (SI: Tab.S2). Thermodynamic modelling of melt evolution constrains
the dissolved water content within the parental basaltic melt of samples erupted at Aluto
(Gleeson et al., 2017) to 5 <= 1wt%. This amount is well below the maximum water
melt

solubility of ¢}j55 = 6.7wt% for identical magma storage conditions, which we calculated

using MagmaSat by Ghiorso and Gualda (2015).

Under the relevant conditions (see SI: Tab. S2), the electrical conductivity of a basaltic
melt is approximately o.,er = 2.9 — 8.4S/m (SI: Fig.S14). Based on the basaltic melt
conductivity and the observed range of opy = 0.1 — 0.18 S/m in the magma ponding
zone (C3), we calculate the melt fraction, using a modified Archie’s law (SI: Eq. 17 Glover,
2015). The melt fraction is estimated for high melt-connectivities, reflected by a cementation
exponent of m = 1.15, corresponding to the upper Hashin-Shtrikman bound, and lower
connectivities, reflected by m = 1.5, which correspond to interstitial melt storage in a
matrix of closely packed, perfect spheres (e.g. Glover, 2015). With these constraints, the
melt fraction within the C3 conductor is 1.8—7.1 vol.% and 4.5—14.7 vol.% for maximum and
minimum basaltic melt conductivities, respectively. Seismic studies estimated 2 — 7 vol.%
of vertically aligned melt, based on modelling seismic velocities and seismic anisotropies in
the uppermost mantle (J. O. Hammond & Kendall, 2016, SI: Tab. S2), fitting well into the
range of our estimates. However, given the estimates from seismic studies, our maximum
estimated melt fraction of 14.7 vol.% appears high. It should be noted, that a melt fraction
of 14.7vol.% would be higher than what has been estimated from a MT study in the Afar
region (Desissa et al., 2013, SI: Tab.S2). In Afar rifting is far more advanced (Bonini
et al., 2005), the crust is thinner (Fig. 3,4 in Keranen & Klemperer, 2008, and references
therein) and in general higher melt fractions than in the CMER are expected in the upper
mantle (J. O. Hammond & Kendall, 2016). Hence, we consider the maximum estimate of
14.7vol.%, and the underlying connectivity model, to be unrealistic, suggesting that higher

temperatures, higher water contents and better melt connectivities are the conditions that

—15—



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

better describe the in situ setting. In this case, our maximum estimated melt fraction is
7vol.%. These estimated melt fractions are in agreement with independent estimates that
are based on seismic velocities (see SI: Tab.S2) and support the interpretation of the C3

conductor to be a lower crustal magma ponding zone.

3.2.3 C2: Transcrustal magma ascent channel

We interpret the upward rising conductor C2 to be the magma ascent channel in which
melt migrates from the deeper melt ponding zone (C3) to the shallow magmatic system be-
neath Aluto (Fig.6,5). The enhanced conductivity within C2 requires that melt is present
in the channel up to shallow depths of about 3kmb.s.l.. Hence, the upper part of C2 also
represents the magmatic heat source of Aluto’s geothermal reservoir (Fig.4b). The inter-
pretation of C2 as a mature magmatic ascent channel is supported by petrological studies,
which predict that magma under the WFB rises quickly towards the surface, where it either
stalls and fractionates to eventually erupt as rhyolite, or the melt erupts quickly as basalt
(Mazzarini et al., 2013; Rooney et al., 2011). Another evidence for melt fractions within C2
beneath Aluto is the observed aseismic zone in roughly the same area that was interpreted
as hot ductile crust (Wilks et al., 2020). The shallower part of channel C2 has already been
described by Samrock et al. (2020, 2021), who noted that the dip of the channel (~ 65 °) is
coherent with the dominant fault plane of faults intersecting Aluto volcano. A strong link
between magmatic pathways and tectonically weak zones has been described by numerous
studies investigating magma-assisted continental rifting (e.g. Casey et al., 2006). The close
coupling between active tectonic structures and magma pathways in the CMER is directly
observable from the distribution of vents (Fig. 1), which shows that magma preferentially
rises along fault zones, where the crust has been weakened (e.g. Mazzarini et al., 2016;
Kendall et al., 2005). The spatial conjunction of tectonic and magmatic features further
supports the concept of ”self-sustained” magmatic segments, where strain is preferentially
localized in magmatic segments, which promote intrusions (Beutel et al., 2010; Corti, 2009;

Kendall et al., 2005).

3.2.4 R1: Solidified igneous rock

The most striking feature of this electrical resistor is that it is clearly bounded to
the west by the Gademotta caldera rim (Fig.6). The spatial correlation between R1 and

the Caldera rim leads us to the most plausible interpretation that R1 constitutes cooled
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intrusive rock, as has already been previously suggested (Hiibert et al., 2018; Samrock et
al., 2020). Its formation is likely related to the formation of the Gademotta caldera, where

volcanism ceased 1 Ma ago (Hutchison et al., 2016).

3.2.5 C1: Aquifer/sediment unit

In agreement with the conceptual hydrogeological model of the study area by Ghiglieri
et al. (2020), the conductor C1 images a shallow layer of pyroclastics and lavas that has been
classified as a fissured aquifer. Considering reported groundwater electrical conductivities
in the area (Burnside et al., 2021), the most widely distributed observed bulk conductivities
within C1 (¢ = 0.1 — 0.2S/m) would require an unreasonably large fluid fraction within
C1 (see SI: TextS6.2). It is thus likely that enhanced conductivities in C1 are attributed
to a superposition of ionic conduction in porous rocks and sediments as well as electrical
conduction through conductive compounds such as clays, which also form through rock
weathering processes and are commonly found in soils around the study area (Fritzsche et

al., 2007).

3.2.6 Geothermal system

The shallow cap-like conductor (¢ = 0.1 — 0.3S/m), shown in Fig.4b under Aluto
volcano down to depths of 1.5 km below surface, and the underlying zone of decreased elec-
trical conductivities (o = 0.02S/m) between the cap and the upper part of the magma
ascent channel C2 are typical features of volcano-hosted, high-temperature geothermal sys-
tems (e.g. Bertrand et al., 2012; Omollo et al., 2022; Yamaya et al., 2022). The electrically
conductive cap represents the argillic alteration zone, where electrically conductive clays are
formed along the flow paths of circulating hot fluids on top of the convective hydrothermal
reservoir (e.g. Pellerin et al., 1992). These conductive clay minerals dominate at tempera-
tures of T & 80 —220°C. An electrically more resistive region under the clay cap represents
the propylitic alteration zone, where less electrically conductive alteration minerals, such
as chlorite and epidote, form at higher temperatures of 7 > 250°C (Arnason et al., 2000;
Flévenz et al., 2012; Kristmannsdottir, 1979; Lévy et al., 2018). The C2 structure is the
heat source that drives hydrothermal convection (Fig.4b). A more detailed description of
the geothermal system can be found in previous local MT studies of the Aluto-Langano

geothermal field (Cherkose & Mizunaga, 2018; Samrock et al., 2015, 2020).
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4 Discussion

The electrical conductivity structure, revealed by our 3-D multi-scale model, is in
agreement with the concept and models of magma-assisted continental rifting. A unique
feature of our new 3-D model is that it images both the distribution of melt throughout the
crust and the geothermal system. Based on this model and previous studies, we present an

updated conceptual model of the CMER in Fig. 7 and discuss it below.

Asthenospheric upwelling in the CMER is clearly asymmetric with respect to the rift
axis and focused to the western rift valley beneath the SDFZ. The clear focusing of magmatic
melt ponding below the SDFZ is surprising, considering that the eastern rift valley is much
more active in terms of volcano-tectonic activity along the WFB and eastern border faults

(e.g. Corti et al., 2020; Keir et al., 2006; Mazzarini et al., 2013).

A plausible explanation for this asymmetry of asthenospheric upwelling can be an
initial inhomogeneity in the lower crust. Modelling has shown, that an area of maximum
vertical thickness within a weakened part of the lower crust focuses thinning. Thinning
is focused where the crust is thicker, as in this area stronger lithospheric mantle material
has been replaced by weaker crust and the deeper Moho is consequently hotter. Hence, an
area of initially increased Moho-depth focuses asthenospheric upwelling, decompression melt
generation and rifting (e.g. Corti & Manetti, 2006). Such initial crustal inhomogeneities are
likely to exist along the MER valley, as it developed within a suture zone of the Mozambique
belt, which is a proterozoic continental collision zone (e.g. Fig.4 in Corti, 2009; Keranen &
Klemperer, 2008). However, as magma is not preferentially rising vertically upwards below
the SDFZ where the lithosphere is thinnest but moving at an angle towards the eastern
WFB (C2) (Fig.5) one has to assume that other structural controls play a role as well. Two
possible mechanisms causing transcrustal magmatic melt migration from the western to the
eastern rift valley can be considered: (i) during the early stage of orthogonal rifting lateral
squeezing of melt towards border faults (see Fig. 29 in Corti et al., 2003) could have moved
magma from the western asthenospheric upwelling zone (C3) to the east (Maccaferri et al.,
2014) and (ii) obliquity of the CMER (e.g. Agostini et al., 2011a) leads to extension in the
WEFB en-échelon structure which facilitates magma supply towards the surface in the WFB

during the current rifting stage (Corti, 2009, and references therein).

With respect to magma distribution throughout the crust, the presented multi-scale

model reconciles with the concept of transcrustal magmatic mush systems, where magma
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storage happens at multiple interconnected levels, rather than in isolated voluminous magma
chambers (e.g. Cashman et al., 2017; Hill et al., 2022). Indeed, in our model, magma ac-
cumulates in the lower crust (C3), where high temperatures maintain melt-hosting regions,
even if the magma concentration is low. Segregated magma migrates upwards, below en-
échelon systems that weakened the crust, to shallower crustal levels (C2), where melt is
stored in a smaller upper crustal reservoir (Fig.4b), which represents only a small, upper-
most part of a much larger magmatic system (Cashman et al., 2017). Hence the WFB and
the magma ascent channel (C2) form a well-developed tectono-magmatic system that allows

melt to rise quickly (e.g. Mazzarini et al., 2013; Rooney et al., 2011).

Magmatic melt fractions throughout the crust are estimated to be 7vol% within the
lower crust (C3) and ~ 10 — 15vol% in Aluto’s shallow magmatic system (C2) with a
magmatic volatile phase of > 5vol% (Samrock et al., 2021). Hence, the shallow magmatic
mush below Aluto is in a highly crystalline degassing state (Samrock et al., 2021) in which
it can be considered to be non-eruptible (e.g. Cashman et al., 2017). This study shows that
the lower crustal magma ponding zone (C3) can recharge the shallower system with melt
and trigger an eruption. However, as the melt fraction in the magma ponding zone is low

(7vol%) no fast significant recharge is to be expected.

In contrast to the crustal structure below the WFB, our model does not show en-
hanced upper crustal conductivities below the monogenetic vents in the western SDFZ
region (Figs. 4,5,6). Such anomalies could have been expected since C3 is the most obvious
source of magma for magmatic vents in the SDFZ. The absence of a significant electrical
conductivity anomaly under the SDFZ can be explained by the fact that ancient magma
channels of the monogenetic vents are ephemeral and cooled quickly. If small amounts of
melt are still present, melt is probably stored in the form of a highly crystalline and poorly
interconnected mush and is therefore more difficult to image, given the rather sparse dis-
tribution of MT stations in this region. This is supported by petrological studies, which
suggest that melt rises in a complex dike system and is stored at multiple levels under the
SDFZ, where it cools (e.g. Mazzarini et al., 2013; Rooney et al., 2011). The absence of
significant amounts of melt in the upper crust under the SDFZ is also in agreement with the
observed relatively low seismic activity beneath this area (Keir et al., 2006), which possibly
hints at much fewer or no ongoing intrusions in that region. It seems, that the SDFZ ac-
commodates only a subordinate fraction of strain in the CMER, which is consistent with a

relatively weak surface expression of faults in the SDFZ compared to the WFB and border
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Central Main Ethiopian Rift

Figure 7. Conceptual model of the CMER. Asthenospheric upwelling leads to decompression
melting. Buoyancy effects lead to upward migration of melt and melt ponding in the lower crust.
Magma from the lower crustal ponding zone is fed into transcrustal magmatic mush systems that
form along structural damage zones. The transcrustal magmatic system below the WFB is well
developed. Here, magma rises quickly and fractionates in shallow magma reservoirs beneath silicic
volcanoes, such as Aluto. The transcrustal magmatic system below the SDFZ is less mature and is
not clearly imaged in this study. This might be caused by a lack of significant amounts of electrically
conductive melt below the SDFZ, combined with a sparser MT site spacing in this area. Areas in

the conceptual model that are less constrained by data are indicated by a question mark.

faults (Agostini et al., 2011a). The lack of magmatic modification in combination with a
relatively low extension activity in the SDFZ support the concept that tectono-magmatic
processes in the CMER maintain each other and that the lack of one leads to lower activity

of the other (Beutel et al., 2010; Corti, 2009).

However, we note again that the 5 — 10 km site spacing in the SDFZ is much larger
than at Aluto and smaller-scale variations under the SDFZ might remain undetected in
our model. Despite the absence of significant conductivity anomalies in the upper crust
under the SDFZ, it is important to point out that volcanic activity in the SDFZ most
likely originates from the imaged deeper magmatic ponding zone (C3). Thus, our model
suggests that magmas, erupted at the SDFZ and at Aluto within the WFB, may come from
a common magma source, which would be the lower crustal magma ponding zone (C3) in
our nomenclature. Although some geochemical studies have suggested spatially separated
lower crustal melt ponding zones for the volcanoes located along the fault zones of the SDFZ
and the WFB (e.g. Rooney et al., 2011), recent studies show that compositional variations
can be explained solely by different rates of magma ascent rather than by the existence of

distinct melt reservoirs (Nicotra et al., 2021).
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Our 3-D model differs in parts from the 2-D model by Hiibert et al. (2018), who per-
formed a 2-D inversion of the 120 km long MT profile crossing Aluto (Fig. 1, see SI: Tab. 1).
Hibert et al. (2018) imaged a strong conductivity anomaly below the SDFZ, situated at
much shallower depths than the lower magma ponding zone (C3) in our model. Further-
more, the 2-D model of Hiibert et al. (2018) did not image a magma ascent channel between
the deeper source and the Aluto volcano. There can be several reasons for the observed
differences between the models. First, a large portion of the data exhibit 3-D effects (see
SI: Fig.S4) and, indeed, we observe significant conductivity variations along the rift (Fig.
6), which demand and justify a 3-D modelling approach. Additionally, the density of MT
sites in our new study is significantly higher around Aluto, which can further contribute to

the observed differences.

To complete the discussion we first put our conceptual model of the CMER (Fig.7)
into the regional context of rifting in the MER and then consider it in a more general
context of transcrustal magmatic mush systems throughout different tectonic settings. The
CMER as imaged in this study is in an advanced asymmetric rifting stage transitioning
between early continental rifiting and incipient continental rupture (e.g. Agostini et al.,
2011a). Asymmetric asthenospheric upwelling is considered to be a remnant fingerprint of
inherited crustal structures influencing first phases of rifting (Corti & Manetti, 2006) and
focused tectono-magmatic activity in the WEB en-échelon structure can be attributed to a

more recent second phase rifting stage (e.g. Corti et al., 2003).

A systematic comparison of transcrustal structures throughout the different rifting
stages of the MER is difficult since models of the transcrustal magmatic melt distribution
comparable to this study are lacking for the northern MER (NMER). However, it is known
that the NMER is in a more advanced rifting stage of incipient continental rupture (e.g.
Agostini et al., 2011a; Keranen & Klemperer, 2008). The continental crust of the NMER
is more symmetric across the rift and thinner than in the CMER (e.g. Stuart et al., 2006).
Furthermore, strain is clearly focused in the en-échelon segments (Corti et al., 2018). Hence,
the magma-tectonic setting in the NMER suggests that here lower crustal melt ponding is
more rift-axis centered and beneath the WFB. This is supported by seismic tomography,
which imaged cooled magmatic intrusions directly below the WFB at mid-crustal depth
(10km) (Keranen et al., 2004). However, to the best of our knowledge, the symmetry of the
Moho is the only clear indication for more symmetric and probably more rift-centered lower

crustal magma ponding in the NMER. Models of rift-wide shear wave velocities, indicative of
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melting, are not usually detailed enough to reveal significant difference of cross-rift magma

distribution at 20 — 40 km depth in the CMER and NMER (Fig. 8 in Chambers et al., 2022).

In the context of different tectonic systems worldwide, magmatic underplating and
ponding in stacked sills at the base of the crust, as is seen in our model (C3), is a widely
adopted concept, but detailed imaging of such zones has been rare (e.g. Cashman et al.,
2017; Thybo & Artemieva, 2013). However, there is an increasing number of geophysical MT
studies that image such vertically extensive trans-crustal magmatic systems (Bedrosian et
al., 2018; Comeau et al., 2016, 2021; Hill et al., 2009, 2022; K&aufl et al., 2020; Wannamaker
et al., 2008).

A direct comparison of our model from the CMER with the magmatic system volcano
Mt. Erebus in the Terror rift of Antarctica imaged by MT reveals similar interdependen-
cies of tectono-magmatic processes. At Mt. Erebus the transcrustal magma distribution
has an overall comparable vertically oblique geometry and similar lower crustal melt frac-
tions (10vol%) comparable to the the CMER (7vol%) (Hill et al., 2022). However, the
two magmatic systems are quite different with respect to their dissolved water content at
shallow depth, as CO5 streaming dehydrates magma at Mt. Erebus (Aluto: HoO:~ 4.7 wt%
(Samrock et al., 2021), Mt. Erebus: HyO:~ 0.1wt% (Oppenheimer et al., 2011)). Hill et
al. (2022) suggest that the dry magma allows for storage at very shallow depth (< 1km)

below Mt. Erebus, which is apparently not the case for Aluto (C2: > 4km).

The overall transcrustal magma distribution in the CMER, consisting of a broader zone
of melt in the lower crust and a magma ascent channel, reconciles also well with subduction
arc magmatism (e.g. Comeau et al., 2016; Hill et al., 2009). At Mount St. Helens the
estimated lower crustal melt fraction (Hill et al., 2009, 2-12vol%) is similar to the one of

the CMER (7 vol%).

Existing studies throughout different tectonic settings highlighted the significance of
the interplay between mantle dynamics and stress and strain distribution within the crust,
which controls transcrustal magma distribution. On a global scale processes initiating mag-
matic supply can be categorized to be either (i) bottom-up controlled through active mantle
upwelling and the influence of hot buoyant mantle plumes or (ii) top-down controlled through
tectonic processes initiating convection and thus passive magmatic upwelling (e.g. Li et al.,
2022). Several 3-D electrical conductivity models so far have imaged lithospheric structures

of top-down controlled transcrustal magmatic systems (e.g. Bedrosian et al., 2018; Comeau
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et al., 2016; Hill et al., 2009; K&ufl et al., 2020). However, comparing the results of these
studies shows that on a local scale either magmatic or tectonic processes might exercise
greater control on the lithosphere. E.g. in a convergent intraplate setting induced astheno-
spheric upwelling and the subsequent passive magmatism dominate the crustal structure by
initiating topographic uplift and volcanism (Comeau et al., 2021; Kaufl et al., 2020). In
contrast, in subduction systems it has been shown that inhomogeneities in the crust like
e.g. variation of lithological units clearly focus magmatism (Bedrosian et al., 2018; Comeau
et al., 2016; Hill et al., 2009)), whereas in a ceasing active rifting regime no dominant

mechanism could be identified (Wannamaker et al., 2008).

The CMER as imaged in this study is a good example for a system in which both
bottom-up and top-down processes did control rifting in the past. It is commonly assumed
that rifting in the MER initiated under the influence of a plume (e.g. Corti, 2009, and
references therein) (bottom-up control), whereas later asthenospheric upwelling might have
been controlled by crustal inhomogeneities (top-down control) (Corti & Manetti, 2006). To-
day rifting appears to be driven by self-sustaining tectono-magmatic systems, where magma

supply and strain focusing enforce each other (Beutel et al., 2010; Corti, 2009).

5 Conclusions and Outlook

Our model provides a 3-D subsurface image of the Aluto volcano region in the MER
and reveals regional geological structures across the rift and a local geothermal system under
Aluto. The main contributions of this study concern the understanding of rifting processes
in the CMER and its tectono-magmatic and geothermal systems, namely: (i) imaging the
lower crustal magmatic ponding zone with MT and thereby adding another geophysical
constraint (electrical conductivity) to its characterization and (ii) imaging, for the first
time, the entire volcano-hydrothermal system under Aluto, along with its connection to the

deep-seated lower crustal magma source.

The number of geophysical models imaging transcrustal magmatic mush systems at
this scale (e.g. Cashman et al., 2017) is still limited (e.g. Bedrosian et al., 2018; Comeau et
al., 2016, 2021; Hill et al., 2009; Huang et al., 2015; K&ufl et al., 2020), especially when the
setting of actively evolving continental rifts (e.g. Hill et al., 2022; Wannamaker et al., 2008)
is considered. Our detailed study provides previously missing geophysical evidence for the

hypothesized (e.g. Rooney et al., 2011) conceptual model of the CMER, (Fig. 7).

—23—



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

These observations, and the subsequent geological interpretation, were enabled by
combining regional and local MT datasets and by using a modern multi-scale magnetotelluric
imaging approach. Future regional-scale MT studies along the rift valley are required to
provide further insights into along-rift variations of the lower crustal magma ponding zone
(C3) and its connection to the volcanic geothermal centers of Tulu Moye and Corbetti,
where high-resolution MT surveys, comparable to Aluto, have been conducted (Gislason et

al., 2015; Samrock et al., 2018).

Data availability

The MT data collected at Aluto by ETH Zurich are available from Samrock et al.
(2010) via the IRIS EMTF Database: http://ds.iris.edu/spud/emtf under the Project
entry ”Ethiopia”, and the survey name ” Aluto-Langano Geothermal” . The MT-dataset by
project RiftVolc is available from Hiibert and Whaler (2020) by DOI: 10.5285/2fb02ed4
-5f50-4cl14-aeec-27eel3aafc38. The MT data by the Geological Survey of Ethiopia are
available for academic purposes on request from the Geological Survey of Ethiopia, as was
the case for this study. The model is available for download in the ETH research collection
(www.research-collection.ethz.ch) under Dambly et al. (2022) (DOI: 10.3929/ethz-b

-000576313) in form of a Visualization Toolkit (VTK) data file for ParaView.
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