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1 INTRODUCTION

SUMMARY

Understanding subsurface fluid distribution in volcanic reservoirs is critical for geother-
mal energy development, critical mineral exploration and forecasting eruptions. Here,
we use traveltime tomography to image the seismic velocity structure beneath Aluto vol-
cano, the first pilot geothermal project in Ethiopia, located in the Main Ethiopian Rift.
Using seismic data recorded from January 2012 to January 2014, we invert for the 3-D
P-wave (V}), S-wave (V;) and V,/V; ratio. To reduce the non-uniqueness in interpreta-
tion, we also compare our results with previously published work on attenuation tomog-
raphy and magnetotelluric images. Elevated V,/V; ratios [at 0 km below sea level (bsl)]
around productive geothermal wells suggest high fluid content and/or elevated tempera-
ture. V,,/V; values above 1.8 are observed along the caldera rims and hydrothermal vents,
indicating fault and fracture systems as primary fluid conduits. High V,/V; below 6 km
bsl likely reflects high-temperature areas or the presence of partial melt. In contrast, low
Vp/Vs (< 1.5), low V,, and average to high V beneath the caldera at around 5 km bsl is
interpreted as a crystallized body with overpressurized gas volume formed during phase
separation and transported upward through fractures and fault systems, accumulating at
shallower levels. These findings highlight fluid pathways through the caldera rims and
faults, with volatile-rich partial melt at greater depth beneath the caldera centre. Travel-
time tomography thus offers a valuable constraints on subsurface fluid distribution and
is valuable tool in geothermal exploration.

Key words: Magnetotellurics; Joint inversion; Body waves; Seismic attenuation; Seismic
tomography; Volcano Seismology.

Sajkowski et al. 2023; T. Yemane et al. 2025). To harness this
potential, we focus on mapping the distribution of subsurface

Understanding the distribution of fluids in subsurface reser-
voirs within volcanic systems is important for geothermal en-
ergy development, critical mineral exploration that supports the
energy transition toward net-zero emissions and for forecasting
volcanic eruption (J. Blundy et al. 2021; B. Sanjuan et al. 2022;
A.P. Jenkins et al. 2023; Gauntlett et al. 2023; T.S. Hudson et al.
2023; T. Yemane et al. 2025; Y. Liu et al. 2025). As the demand
for renewable energy sources surges, the necessity for innova-
tive approaches to energy generation and critical metal extrac-
tion becomes paramount. Geothermal fluids in volcanic systems
can serve as a renewable energy source (T. Reinsch et al. 2017)
and as a source of critical metals (Y.R. Smith et al. 2017; W.T.
Stringfellow & P.F. Dobson 2021; J.M. Weinand et al 2023; L.

fluids using 3-D traveltime tomography at Aluto volcano, as a
key challenge in geothermal drilling is finding exploitable fluid
reservoirs (E. Jolie et al. 2021).

Aluto volcano, which is located in the Main Ethiopian Rift
(MER), is home to Ethiopia’s first pilot geothermal project, situ-
ated within the East African Rift System (EARS) (M.P. Hochstein
et al. 2017). The EARS has significant energy potential for
geothermal power generation (E. Jolie et al. 2019; N.E. Benti
et al. 2023) and also holds potential for critical mineral re-
serves. Aluto is a restless silicic volcano (W. Hutchison et al.
2016b) that evolved with the development of the Wonji Fault
Belt (WFB) (A. Agostini et al. 2011; W. Hutchison et al. 2015; G.
Wadge et al. 2016; M. Wilks et al. 2020) with episodes of surface

© The Author(s) 2026. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access

article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-8391-6836
http://orcid.org/0000-0003-1902-7476
https://orcid.org/0000-0002-1486-3945
http://orcid.org/0000-0001-7263-8925
mailto:tesfahiwet.abraha@sjc.ox.ac.uk
https://creativecommons.org/licenses/by/4.0/

2 T. Yemane et al.

A Seismic stations
Earthquake events
MCR faults

/ Number of events

Figure 1. Seismicity at Aluto caldera from January 2012 to January 2014 used in the traveltime tomography. Events are colour-coded by depth, and
seismic stations are indicated as grey triangles. Faults are indicated by solid black lines. The event distribution by longitude is displayed along the
bottom axis, and the distribution by latitude is shown along the right axis. The majority of events at Aluto are shallow and are located at the centre of
the caldera, and the seismic activity aligns parallel to the existing Artu Jawa Fault Zone (AJFZ).

deformation (J. Biggs et al. 2011; M. Wilks et al. 2017; Y. Birhanu
et al. 2018). It is seismically active, with interconnected mag-
matic and hydrothermal systems (M. Wilks et al. 2020; T. Ye-
mane et al. 2025). At the Aluto geothermal site, ten geothermal
wells have been drilled, some of which are productive (LA-3,
LA-6, LA-7, LA-8, LA-9, LA-10) and some are not (LA-1, LA-2
and LA-5) (M.P. Hochstein et al. 2017). Aluto is characterized by
high-temperature areas with surface manifestations such as hy-
drothermal vents and CO, flux (J.A. Hunt et al. 2017). Detailed
geological, geophysical and geochemical studies have been con-
ducted to characterize the subsurface beneath Aluto volcano (B.
Gizaw 1993; G. Gianelli & L.A. Teklemariam 1993; M. Tekle-
mariam et al. 1996; D.G. Cornwell et al. 2006; K. Mickus et al.
2007; H. Saibi et al. 2012; F. Samrock et al. 2015; W. Hutchison
et al. 2016a, b; M.L. Gleeson et al. 2017; A. Nowacki et al. 2018;
B.A. Cherkose & H. Mizunaga 2018; J. Hiibert et al. 2018; B.D.
Mulugeta et al. 2021; F. Samrock et al. 2021; S. Regenspurg et al.
2022; F. Samrock et al. 2023; M.L.T. Dambly et al. 2023; W. Ni-
gussie et al. 2023; T. Yemane et al. 2025). Recent absorption and
scattering imaging of the volcano has delineated areas of high
temperature and high fluid content, as well as structural features
such as faults and fracture systems, which act as fluid pathways
(T. Yemane et al. 2025).

Here, we use 3-D traveltime tomography to image the subsur-
face structure of Aluto volcano. Traveltime tomography has been
used at global and local scales in volcanic systems (e.g. S. Hansen
et al. 2004; 1. Molina et al. 2005; C. Chiarabba & M. Moretti
2006; J. M. Lees 2007; I. Koulakov et al. 2013; E.LM. Korger & V.
Schlindwein 2014; G. Lin et al. 2014; T. Greenfield et al. 2016; M.

Wilks et al. 2020; 1. Koulakov et al. 2021; Gauntlett et al. 2023; E.
A.Jiwani-Brown et al. 2024). Different rock properties, including
lithology type, porosity, permeability, the presence of structural
features such as faults, joints and fractures, and temperature af-
fect seismic velocities (E. M. Syracuse et al. 2008; Gauntlett et al.
2023). Mapping the velocity structure, particularly the ratio of
P-wave velocity to S-wave velocity (V,,/V;) can therefore delin-
eate areas of high fluid content, structural features, melt and su-
percritical brines (U. Muksin et al. 2013; M. Wilks et al. 2020).
S-waves do not travel through fluids, and areas of high fluid con-
tent will have high V,/V; ratios. The V,/V; ratio has been used
in different volcanic systems, where elevated values at shallower
depths have been interpreted as melts (I. Koulakov et al. 2009; K.
Jaxybulatov et al. 2011).

Traveltime tomography was previously conducted at Aluto by
M. Wilks et al. (2020), however in this study, we use improved
event locations determined using QuakeMigrate (T.S. Hudson
et al. 2019; J.D. Smith et al. 2020; T. Yemane et al. 2025) and re-
located with NonLinLoc (A. Lomax et al. 2000). We also adopt a
different approach to perform the 3-D traveltime tomography by
using finite-frequency kernels instead of ray paths (P. Bogiatzis
et al. 2025). Ray theory is a high-frequency approximation that
assumes the traveltime of a seismic wave is the line integral of
slowness along the ray path between the source and receiver. In
contrast, Fresnel volumes represent the traveltime as a weighted
volume integral over the Earth’s velocity structure (D. W. Vasco
et al. 1995; J. Zhang et al. 2014). Moreover, the method enables
efficient calculation of the full model resolution matrix, which
is challenging in large inverse problems such as 3-D model
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Figure 2. Initial 1-D velocity model used as the starting model for the 3-D traveltime tomography. The solid and dashed red lines represent the initial
and inverted V, respectively, while the solid and dashed blue lines correspond to the initial and inverted V). The initial model is adapted from Wilks
et al. (2017). We use the inverted V, and V as the initial model for the 3-D traveltime tomography.
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Figure 3. Ray path coverage for P waves (a) and S waves (b). Seismic stations are shown as blue inverted triangles, and earthquake hypocentres are
marked by red circles. Ray paths, represented by black solid lines, connect the hypocentres to the stations.
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Figure 4. P-wave velocity model (V},) from the final inversion iteration, shown at different depth slices [0 km (a) and 5 km (b) bsl] and along north-
south (c) and east-west (d) cross-sections indicated by red dashed lines in (a). Seismic stations are shown as grey inverted triangles. Event locations
are represented by small circles coloured by depth. Productive and non-productive geothermal wells are indicated by white stars and black crosses,
respectively. The horizontal lineations of hypocentres at shallow depth in (c) and (d) reflect projection geometry and event selection, not depth-related

imaging artefacts.

inversions. This calculation is important for evaluating the
quality of the solution and the reliability of the imaged fea-
tures. The 3-D joint inversion of P and S waves, along with
the derived V,/Vy ratio, enhances the ability to resolve key
subsurface features. In particular, mapping the V,/V; distribu-
tion helps identify zones of elevated fluid content and struc-
tural pathways for fluid migration (U. Muksin et al. 2013).
These high-resolution images provide deeper insights into the
magmatic and hydrothermal systems beneath Aluto and can
be used to assess the geothermal potential of the volcano
and to explore next drilling targets. We also compare with
previous studies, including attenuation and magnetotelluric
imaging.

2 DATA AND METHODS

2.1 Earthquake catalogue

A network array of twelve Giiralp CMG-6TD 30 s three-
component broad-band seismometers, recording at a sampling
rate of 100 Hz, was deployed at Aluto from January 2012 to Jan-
uary 2014 (The ARGOS Project 2012). We automatically detect
and locate seismicity using QuakeMigrate (J. Drew et al. 2013;
T.S. Hudson et al. 2019; J.D. Smith et al. 2020) and relocate using
NonLinLoc (A. Lomax et al. 2000), a probabilistic location al-
gorithm. We recorded 3401 events, and 2393 events (T. Yemane
etal. 2025) after relocation, at and around Aluto volcano. For the
local earthquake tomography, we selected events that fall within
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Figure 5. S-wave velocity model (V;) for the last iteration, displayed at two depth slices [0 km (a) and 5 km (b) bsl], as well as along north-south
(c) and east-west (d) cross-sections marked by red dashed lines (a). Grey inverted triangles indicate seismic stations, and earthquake hypocentres are
shown as small circles colour-coded by depth. White stars represent productive geothermal wells, while black crosses indicate non-productive ones. The
horizontal lineations of hypocentres at shallow depth in (c) and (d) reflect projection geometry and event selection, not depth-related imaging artefacts.

the network coverage, between depths of 1 km above sea level
(asl) to 10 km below sea level (bsl). We further selected events
with RMS less than 0.5 s, events which are recorded by at least
three stations, and have both P and S waves recorded, to ensure
good data quality. The number of events is reduced to 445, with
2176 P- and 1165 S-wave arrivals after the constraints, and this
serves as the initial catalogue for updating the initial 1-D starting
velocity model and for the 3-D local earthquake tomography. We
updated the initial velocity model of M. Wilks et al. (2017) using
the VELEST program (E. Kissling et al. 1994), which simultane-
ously determines the minimum 1-D velocity model (see Fig. 2).

2.2 Tomographic method

Local traveltime tomography is a commonly used method to in-
vestigate the velocity structure in volcanic systems (e.g. M. Wilks
et al. 2020; Gauntlett et al. 2023). Models of V,, V; and V,/V;
are produced by iteratively inverting P and S waves. Velocity
models, particularly V,/V; ratio, can provide information about
the subsurface structure, as it is influenced by lithology, fluid
type, faults and fracture systems, all of which are important in
geothermal systems. We use the tomographic inversion method

of P. Bogiatzis et al. (2022b). The 3-D traveltime tomography al-
gorithm jointly inverts P- and S-wave traveltime data and allows
for the calculation of the model resolution matrix. The mini-
mum 1-D velocity model obtained from the 1-D inversion is used
as the initial velocity model for the 3-D simultaneous inversion.

We use the JIGSAW mesh generator (D. Engwirda 2015, 2016,
2018; D. Engwirda & D. Ivers 2016) to construct an irregular 3-D
grid for the forward problem (P. Bogiatzis et al. 2022b). Grid node
spacing ranges from 80 m in the central part of the volcano to
2200 m at the edges, incorporating fixed points for topography,
seismic sources and receivers. Traveltime fields are computed
using the shortest path method (I. Nakanishi & K. Yamaguchi
1986; P. Bogiatzis et al. 2021, 2025; E. W. Dijkstra 2022). The ge-
ometrical ray path is distributed within the first Fresnel volume
to account for finite-frequency effects (Y. Liu et al. 2009; P. Bo-
giatzis et al. 2022a). The first Fresnel volume refers to the region
surrounding a ray that has the greatest influence on the propaga-
tion of a band-limited wave (J. Spetzler & R. Snieder 2004). This
involves the calculation of traveltime fields from sources to all
grid points, as well as reciprocal fields from receivers (T. Watan-
abe et al. 1999). This reduces the limitations of ray-based forward
solutions in traveltime tomography and is also less influenced by
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Figure 6. V},/V; model for the final iteration, shown at depth slices of 0 km (a) and 5 km (b) bsl, along with north-south (c) and east-west (d) cross-
sections traced by red dashed lines (a). Seismic stations are marked by grey inverted triangles, and earthquake hypocentres are plotted as small circles
colour-coded by depth. White stars denote productive geothermal wells, while black crosses indicate non-productive ones. The horizontal lineations of
hypocentres at shallow depth in (c) and (d) reflect projection geometry and event selection, not depth-related imaging artefacts.

model parametrization compared to ray tomography (S. Husen
& E. Kissling 2001).

We invert for P- and S-velocity structure and source loca-
tions simultaneously in the tomographic inversion. To obtain the
V,/V; ratio, we divided the P-wave model by the S-wave model
of the last iteration. During the inversion, a direct solver is used
to invert the regularized normal equations of a least-squares
problem. It solves for velocity perturbations and source correc-
tions simultaneously using a least-squares method, where the
updated velocity models are used to calculate new ray paths and
traveltime residuals for the next iteration. This approach allows
for the computation of the full model resolution matrix, which is
important for assessing the solution reliability in nonlinear in-
versions. The solver utilizes sparse methods (T. A. Davis 2011)
for computational efficiency. This helps to reduce the computa-
tional resources required for large 3-D tomographic inversions
(P. Bogiatzis et al. 2016, 2019). We parametrized the initial veloc-
ity model by the 3-D grid of nodes, which are dense in the cen-
tre of the model and coarse on the edges, with air nodes above
2335 m elevation fixed at 343 m s~ P-wave speed. To reduce the
outliers, we use the generalized extreme studentized deviate test
to weight the data (P. Bogiatzis et al. 2025).

Damping is used to stabilize the solution (E. Kissling et al.
2001) and reduce overfitting. Spatial smoothing is also used to
ensure continuity across the model. To have physical consis-
tency, cross-gradient constraints are used to ensure structural
similarities between P- and S-velocity models (Gallardo and
Meju 2004; Fregoso and Gallardo 2009; P. Bogiatzis et al. 2022b),
while V,,/V; ratio constraints enhance realistic velocity relation-
ships based on prior geophysical knowledge. The optimal damp-
ing and smoothing constraints were chosen using the trade-off
curve (D. Eberhart-Phillips 1986; R. C. Aster et al. 2018). After
40 iterations, with convergence tracked via residuals, refining
velocity and source parameters progressively, we obtain an im-
provement of around 20 per cent, and the relocated source lo-
cations change by less than 20 m on average from the starting
source locations.

2.3 Resolution analysis

The data coverage is assessed using the derivative weight sum
(DWS) from the Jacobian matrix. DWS helps to quantify ray path
density and sensitivity, offering a first-order estimate of data cov-
erage (C. B. Biryol et al. 2013; M. Rezaeifar et al. 2016). However,
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it lacks details about the ray path linear dependencies, limiting
its ability to show true resolution. To address this, the full model
resolution matrix, computed directly via the solver, provides a
detailed reliability evaluation. It shows how the velocity is well-
constrained at each node, which also indicates the number of
ray paths that pass through each node (C.H. Thurber 1981). We
calculate the model resolution matrix for the last iteration. Diag-
onal elements show the degree of independent parameter reso-
lution, with values close to one indicating a well-resolved region
(W. Menke 2018). A node is considered well-resolved when its
corresponding row in the resolution matrix has a peak on the
diagonal, with minimal influence from off-diagonal elements.

The size and pattern of the off-diagonal elements show the
smearing effect of each parameter within a volume encompass-
ing the node (D. Eberhart-Phillips 1986; D. Eberhart-Phillips &
A. J. Michael 1998). This helps to determine the smallest fea-
ture that can be resolved, referred to as the resolution length.
We perform this analysis at different depth slices and in differ-
ent regions of interest (see Figs 13, 14 and 15).

3 RESULTS

We located 2393 seismic events over the two-year period (T. Ye-
mane et al. 2025) and selected 445 events for local earthquake
tomography. The spatial distribution of the selected events is
shown in Fig. 1, with hypocentral depths extending down to
10 km bsl. Majority of the events are clustered near the centre of

the caldera, where most are shallow. Fig. 2 shows the updated
initial 1-D velocity model used as the starting model for the 3-
D inversion. The model uses M. Wilks et al. (2017) as the start-
ing velocity model, which was originally developed by combin-
ing well-log data from the upper 2-3 km with a regional tomo-
graphic model (B. Gizaw 1993; G. Gianelli & L.A. Teklemariam
1993; E. Daly et al. 2008). There are slight differences between
the initial and updated models. Fig. 3 illustrates the ray paths for
both P and S waves. We observe dense ray coverage around the
caldera, particularly for P waves. The station distribution and ray
density ensure sufficient ray crossings, which improve the reso-
lution of local subsurface features. This coverage contributes to
a more accurate reconstruction of the velocity structure, thereby
enhancing the characterization of the geothermal system.

Figs 4 and 5 show the V, and V; models obtained from the final
iteration of the inversion, shown at two depth slices [0 and 5 km
bsl, (a) and (b)] and along cross-sections extracted at selected lat-
itude and longitude profiles (c and d). The cross-sections pass ap-
proximately through the centre of the caldera. At 0 km bsl [Figs 4
and 5(a)], we observe elevated V}, and V values at the caldera
centre and around productive geothermal wells, whereas lower
velocities are observed along the caldera rims. This pattern is
more clearly resolved in the cross-sections [Figs 4 and 5, (¢) and
(d)], where both V, and V; are high directly beneath the caldera
centre at shallow depths (& 0 km bsl). At 5 km bsl (Fig. 4b),
V, generally decreases, particularly beneath the caldera centre
and geothermal wells, while V; remains near background levels.
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This trend is also evident in the cross-sections, where V, (Figs 4c
and d) begins to decrease below ~ 1 km bsl beneath the caldera
centre, but remains relatively higher across the caldera rims. V;
(Figs 5c and d), in contrast, begins to decrease gradually between
~ 1 km and 3 km bsl, but increases again below 4 km bsl, coin-
ciding with areas of low V,.

Fig. 6 presents the V,/V; model, derived by dividing the V,
and V; velocity models, shown at two depth slices [0 and 5 km
bsl (a) and (b)] and along the same cross-sections used for the
V, and V; models. At 0 km bsl, high V,,/V; values are observed
around the central stations, extending to their north and south.
In contrast, V,/V; beneath the central stations (caldera cen-
tre) decreases at 5 km bsl. The productive geothermal wells,
indicated by white stars in Figs 6(a) and (b), are located at or
slightly north of the central stations, and high V,,/V; values are
evident beneath these wells. Previous studies by T. Yemane et al.
(2025) have reported high seismic attenuation and scattering
beneath the productive geothermal wells. High conductivity is
also observed near productive geothermal wells. Additionally,
we observe low V,/V; anomaly beneath the centre of the caldera
at around 5 km bsl, while elevated V,/V; values characterize
the area below 6 km bsl and the caldera rims, where active
hydrothermal vents are present.

There appear to be horizontal lineations of hypocentres at
shallow depth in Figs 4, 5 and 6(c) and (d). These lineations
are not associated with positive velocity gradients in either the
initial or inverted 1-D velocity models. Because events are lo-
cated independently prior to tomography, they do not reflect any

depth control imposed by the 1-D model. Instead, the apparent
horizontal structure results from event selection and projection
geometry: events are restricted to a limited depth range and dis-
played in narrow cross-sections. The lineations are not system-
atic and do not persist in alternative cross-sections or in map/3-
D views. Event quality control, together with iterative removal
of poorly constrained events during inversion based on residu-
als, further ensures that the final velocity models are controlled
by well-resolved hypocentres. Finally, resolution analyses con-
firm that the velocity features discussed lie within well-resolved
regions and are not artefacts of event distribution or 1-D model
dependence.

Figs 7 and 8 show cross-sections of V,, Vs, V,/V; ratio, absorp-
tion attenuation, scattering attenuation and electrical conductiv-
ity along longitude at a latitude of 7.798 °N and along latitude at
a longitude of 38.78 °E, respectively. The different methods con-
sistently agree, identifying regions with similar physical prop-
erties. These regions are marked with capital letters for easier
interpretation. They correspond to partial melt (M), supercrit-
ical fluids (S), hypersaline liquid or brine (H), fluid-filled frac-
tures (F) and gas or steam in crystallized silicic volcanics (C). Ta-
ble 1 summarizes their detailed characteristics. For example, the
partial melt region (M) features relatively high V,,, intermediate
Vs, elevated absorption, strong scattering, high conductivity and
moderate seismicity. The conductivity cross-section particularly
highlight the presence of partial melt. Areas with high scattering
below the caldera centre show fluids migrating upward from this
region toward shallower levels of the caldera, especially across
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Figure 9. Derivative Weight Sum (DWS), representing the total ray path length and used to quantify ray path density for P waves, shown at different
depth slices (0, 2, 4 and 6 km bsl). Deep red indicates regions of high ray density, while deep blue corresponds to areas of low ray density.

the Artu Jawa Fault Zone (AJFZ). This combination of seismic
and magnetotelluric imaging (M.L.T. Dambly et al. 2023) pro-
vides a clear picture of melt and fluid distribution beneath the
Aluto volcanic system.

Figs 9 and 10 display the data-weighted seismic ray coverage
(DWS) for the final iteration of both P and S waves at differ-
ent depth slices (0, 2, 4 and 6 km bsl). Overall, we observe good
ray coverage across the depth slices, particularly for P waves, al-
though sensitivity diminishes with increasing depth. The cover-
age for S waves is generally lower than that of P waves, especially
below 6 km bsl. Regions of the model located farther from the
station array are less well sampled, particularly at greater depths.

The full resolution matrix is computed at the final iteration,
with the diagonal elements (RDE) shown in Figs 11 and 12 for
the P- and S-wave models, respectively. To highlight regions of
the model that can be independently resolved, we saturate the
colour scale of the RDE due to the influence of strong damping.
Although the RDE values are relatively low, primarily because
of the applied damping and model parametrization, they still

provide a reliable assessment of model resolution. Resolution is
generally high in the central part of the caldera. Consistent with
the DWS results, the P-wave model shows higher resolution than
the S-wave model particularly at greater depth, mainly due to a
greater number of P-wave rays.

To assess potential smearing effects, we examine the off-
diagonal elements of the resolution matrix, which indicate
how model parameters may be correlated or smeared. Figs 13
and 14 show horizontal sections of the off-diagonal elements
at different depths. Fig. 13 illustrates smearing at the same
node location across multiple depths, while Fig. 14 presents
smearing at the same depth across different lateral positions.
Similar smearing effects are observed in the vertical sections.
Fig. 15 shows the vertical smearing effect at different depths.
These patterns are also influenced by the applied damping and
model parametrization. The similarity between the 0 and 6 km
slices in Fig. 13 indicates that smearing is limited and behaves
consistently at these depths, reflecting stable and well-resolved
regions rather than a lack of depth sensitivity. Although the
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Figure 10. Derivative Weight Sum (DWS) for S waves, shown at different depth slices (0, 2, 4 and 6 km bsl), represent the total ray path length and
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overall patterns may appear similar, they correspond to different
model parameters and depths.

Fig. 16 shows a cross-section through the centre of the caldera.
It combines the geophysical anomalies from Figs 7 and 8 with ge-
ological interpretation. The labelled areas match the features in
Table 1, and the diagram highlights their arrangement and inter-
actions. Specifically, the partial melt zone at depth serves as the
main source of fluids and gases. The fluids move upward along
structural pathways like the AJFZ. The shift from areas domi-
nated by melt to zones rich in fluids shows how magmatic gases
and fluids evolve and move toward the shallow hydrothermal
system.

4 DISCUSSION

4.1 Solution quality

In traveltime tomography, the inversion process can introduce
artefacts that do not reflect the true subsurface structure. To

ensure the reliability of the velocity models, it is essential to
evaluate the resolution quality. Model resolution is primarily
influenced by ray path coverage, which can be assessed using
various techniques (S. Husen et al. 2003), such as RDE. Both the
RDE, which assesses solution quality, and the DWS values de-
crease with depth and beyond the bounds of the station array
(Figs 11 and 12). This reduction is primarily due to limited ray
coverage at greater depths and the sparse distribution of sources
outside the network geometry. Ray coverage also decreases in re-
gions with lower seismicity rates. Although the RDE values ap-
pear small (Figs 11 and 12), they still reflect a reliable solution,
as their absolute magnitude is influenced by both damping and
model parametrization. High damping suppresses model pertur-
bations, and lowers RDE values (S. Husen et al. 2003). The ex-
amination of the off-diagonal elements of the resolution matrix
does not reveal any significant smearing effect both horizontally
and vertically (see Figs 13 and 14). Smearing effects are more
significant in the vertical direction than in the horizontal.

We interpret the velocity models only in regions that are
clearly well resolved, based on the derivative weight sum and the


art/ggag018_f10.eps

Seismic tomography of Aluto volcano 11
0.0010 0.0010
7.90 7.90
0.0008 0.0008
7.85 7.85
& 180 0.0006 £ & 7.80 0.0006 £
3 P E
E775 2ETT 2
= 0.0004 2 & 0.0004 &
— —
7.70 7.70
0.0002 0.0002
7.65 7.65
7.60 0.0000 7.60 0.0000
38.65 3870 3875 3880 3885 38.90 38.65 3870 3875 3880 3885 38.90
Longitude (°E) Longitude (°E)
0.0010 0.0010
7.90 7.90
0.0008 0.0008
7.85 7.85
& 180 0.0006 £ & 7.80 0.0006 £
< EpS E
E775 2ETT5 2
2 0.0004 o= £ 0.0004 =
= =
7.70 7.70
0.0002 0.0002
7.65 7.65
7.60 0.0000 7.60 0.0000
38.65 3870 3875 3880 3885 38.90 38.65 3870 3875 3880 3885 38.90
Longitude (°E) Longitude (°E)
I #
| [
-8 —6 —4 -2 0

Event Depth (km)

Figure 11. Diagonal elements of the resolution matrix (RDE) for P waves, shown at different depth slices (0, 2, 4 and 6 km bsl), calculated at the
final inversion iteration. Seismic stations are indicated by grey inverted triangles, and event locations are shown as small circles coloured by depth.
The resolution is shown exclusively by the colour scale of the diagonal elements of the resolution matrix, while the event depth colouring is included
only to provide spatial context relative to the resolved regions. Deep yellow indicates areas of high resolution, while deep blue represents areas of low
resolution. Overall, higher resolution is observed in regions with a greater density of earthquakes.

full model resolution matrix. The main velocity features shown
in Figs 4, 5, 6 and the interpretation in 16 and summarized in
Table 1 are located in areas of high ray coverage and good reso-
lution, with limited smearing indicated by the off-diagonal ele-
ments. Instead of using extra synthetic recovery tests, we rely
directly on the resolution information to guide our interpre-
tation. These features are also supported by consistency with
independent geophysical observations, including attenuation
and magnetotelluric results.

4.2 Subsurface structure of the Aluto Caldera

Mapping the velocity structure beneath volcanoes helps to
identify regions of high fluid content, partial melt and over

pressurized gas which are important parameters for geother-
mal exploration, volcanic hazard assessment and understand-
ing volcanic unrest (M. Wilks et al. 2020; Gauntlett et al. 2023).
By combining V,,, Vi, V,,/V, and other geophysical parameters,
such as conductivity, absorption and scattering attenuation, and
lithology, we identify distinct regions with unique geophysical
signatures beneath the Aluto volcanic system. These regions
are marked with capital letters in Figs 7 and 8. We describe
and summarize the features of these regions in Table 1 and
Fig. 16. A region of partial melt is interpreted at a depth of about
6 km (region M) from which supercritical fluids and gas mi-
grate upward towards shallower levels of the caldera (S, H, F
and C regions) through faults and fracture systems which act as
pathways.
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higher resolution is observed in regions with a greater density of earthquakes.

At depths greater than 6 km bsl, high V,/V; anomalies are
observed beneath the caldera, particularly along the caldera
rims which we interpret as indicative of high temperatures and
the possible presence of partial melt or melt pockets (region
M) which is also characterized by high absorption, scattering
and conductivity (Figs 7 and 8d, e and f). High V,/V ratios
are commonly associated with volcanic systems and are often
attributed to zones of partial melt (G. Lin et al. 2014; T. Green-
field et al. 2016; M. Wilks et al. 2020; Gauntlett et al. 2023). This
interpretation is supported by previous tomographic studies
of volcanoes (e.g. L. De Siena et al. 2014; S. J. Ohlendorf et al.
2014). The effect of fluids on seismic velocities further sup-
ports this inference, while shear waves (S-waves) are strongly
attenuated in the presence of fluids, particularly due to the

zero shear modulus, P waves are affected primarily by fluid
compressibility (T. Greenfield et al. 2016; M. Wilks et al. 2020;
Gauntlett et al. 2023). In the presence of gas, P-wave velocities
decrease, leading to lower V,/V;, whereas in the absence of gas,
high V,/V; values may persist due to minimal P-wave attenua-
tion (T. Vanorio et al. 2005). This distinction suggests that the
high V,/V;, conductivity, absorption and scattering attenua-
tion observed may correspond to high temperature, melt-rich
zones. Moreover, between 6 and 10 km depth, the observed
seismic velocity anomalies are unlikely to be controlled solely
by fracture networks, which are less prevalent at these depths.
Instead, the anomalies are more plausibly attributed to elevated
temperatures or the presence of partial melt.
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Figure 13. Off-diagonal elements of the resolution matrix (resolution length) at the final inversion iteration. Horizontal slices at different depths (0, 2, 4
and 6 km bsl) correspond to different model parameters. Red crosshair symbols indicate the locations of individual parameters. The similarity between
the slices indicates limited smearing and stable, well-resolved structure, with similar patterns reflecting different parameters and depths rather than

poor depth sensitivity.

Although earthquake activity decreases with depth, seismic-
ity persists below the current imaging range (T. Yemane et al.
2025), indicating that the deeper crust does not have a large,
laterally connected magma reservoir. Instead, it is more consis-
tent with a high-temperature region containing localized melt
pockets within a partially crystallized mush. Our analysis is re-
stricted to the upper 10 km, where resolution is highest, but
earthquakes extending below this depth (T. Yemane et al. 2025)
demonstrate that the lower crust beneath Aluto is not entirely
ductile. This interpretation is supported by previous geophysi-
cal studies including gravity, resistivity and magnetotelluric sur-
veys, which show a dense, resistive body at shallow depth be-
neath the volcano, likely representing a solidified or partially so-
lidified intrusive complex (K. Mickus et al. 2007; F. Samrock et al.
2015; B.A. Cherkose & H. Mizunaga 2018; J. Hiibert et al. 2018;
F. Samrock et al. 2021, 2023; M.L.T. Dambly et al. 2023). This in-
terpretation is similar with earlier work by M. Wilks et al. (2017,
2020) who inferred a magmatic mush beneath Aluto, although
they reported no deep seismicity.

Regions S and H, characterized by high conductivity, absorp-
tion and scattering, as well as medium to high V,/V; ratios,
may represent supercritical and hypersaline fluids ascending
from region M through fault and fracture systems that serve as
pathways for fluids and/or gases. Region H is more conduc-
tive than Region S indicating the presence of brine solutions.
Supercritical fluids can be compressed and behave like gases.
Small pressure changes near their critical point lead to signif-
icant changes in density. This behaviour reduces the effective
bulk modulus of saturated rocks. As a result, V, decreases more
than V; (H. Ito et al. 1979). V; mainly depends on the shear mod-
ulus of the rock, which remains unchanged since the fluid has
zero shear strength. Consequently, V,/V; ratios drop below the
normal range of region M (about 1.9 to 1.8), reaching around
1.7 or lower in region S, but remaining slightly higher in region
H as brine concentrates when the fluid leaves its supercritical
state. These ratios suggest the presence of supercritical fluids in
volcanic or geothermal reservoirs.
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Figure 14. Off-diagonal elements of the resolution matrix (resolution length) at the final inversion iteration. Horizontal slices are shown at the same
depth (2 km bsl) but correspond to different locations representing individual model parameters. Red crosshair symbols indicate the positions of these

parameters.

A pronounced low V,/V; anomaly (1.5-1.7), unlabelled on
the sides of region S, is observed beneath the centre of
the caldera at around 5 km bsl in both the latitude and
longitude sections (Figs 6¢ and d), characterized by low P-wave
velocities (Fig. 4) and relatively high S-wave velocities (Fig. 5).
We interpret this feature as overpressurized gas volume formed
during phase separation from hypersaline fluid (brine) at the
upper boundary of region S, although silica enrichment has an
effect (Y. Zheng & T. Lay 2006). The gas is likely transported
upward through fractures and fault systems, accumulating at
shallower levels. The low V,,/V; ratio (<1.5) observed at ~ 5 km
depth, particularly evident in Fig. 6 (d), is characterized with low
conductivity, medium seismic absorption and scattering (Fig. 7,
Figs 8d and e) (T. Yemane et al. 2025), which indicate the pres-
ence of gas content as gas bubbles are characterized by high ab-
sorption and scattering (T. Yemane et al. 2025).

In volcanic settings, elevated P-wave velocities are commonly
associated with crystalline intrusive bodies (J. M. Lees 2007;
Gauntlett et al. 2023), and gabbroic compositions that typically
exhibit V,/V; ratios above 1.8. The significantly lower V,/V;

in this region suggests a reduction in P-wave velocity due to
the presence of pressurized gas, as previously demonstrated
in experimental studies (M. N. Tokso6z et al. 1976; N. 1. Chris-
tensen 1996; L. Caricchi et al. 2008). P-wave velocities are higher
in water-saturated rocks, while S-wave velocities are generally
higher in dry or gas-saturated rocks (M. N. Tokso6z et al. 1976).
The elevated S-wave velocities may reflect a rigid, solidified or
crystallized magmatic intrusion, which supports efficient shear
wave propagation (M. N. Toksoz et al. 1976). In contrast, the
anomalously low P-wave velocities are consistent with a reduced
bulk modulus caused by gas saturation, especially in regions un-
dergoing fluid phase transitions (J. M. Lees & H. Wu 2000), for
example, where liquid water transforms into steam in geother-
mal environments (H. Ito et al. 1979). This gas related P-wave
reduction lowers the V,,/V; ratio and serves as a diagnostic in-
dicator of pressurized gas accumulation within the intrusive
body (C. Chiarabba & M. Moretti 2006). Surface CO, emissions
at Aluto exhibit a magmatic signature (J.A. Hunt et al. 2017),
further supporting the presence of magmatic gas. Similar V,,/V;
anomalies linked to gas-bearing intrusions have been reported
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Figure 15. Vertical sections of the off-diagonal elements of the resolution matrix (resolution length) from the final inversion iteration, shown at depths
of 0, 2, 4 and 6 km below sea level. Each slice corresponds to a different model parameter. Red crosshair symbols mark the locations of the evaluated

parameters.

at other volcanic systems worldwide (e.g. C. Chiarabba & M.
Moretti 2006; T. Greenfield et al. 2016; Gauntlett et al. 2023).
Regions of high V,,/V; observed along the caldera rims (region
F in Figs 7, 8 and 16), especially in the depth versus latitude
and longitude sections (Figs 6¢c and d) are interpreted as zones
of high fluid content (mainly liquid water) and/or temperature.
These high V,,/V; anomalies coincide with areas of high conduc-
tivity, seismic absorption and scattering (Figs 7 and 8d and e) (T.
Yemane et al. 2025), where high absorption is typically associ-
ated with high fluid content and temperature, while enhanced
scattering is attributed to heterogeneities or structural features
such as faults or fracture systems. Moreover, hydrothermal and
magmatic systems are likely interconnected through these fault
and fracture networks, facilitating upward fluid and gas trans-
port from regions of M to S, H, F and C in Figs 7 and 8. Addition-
ally, high b-values (1.97) reported in Aluto volcano further sup-
port the presence of fluids, though elevated temperatures may
also contribute (T. Yemane et al. 2025). We infer that faults that
cross the caldera like the AJFZ and ring faults serve as primary
fluid pathways, supported by observations of high scattering,

CO; flux and hydrothermal activity along the caldera margins
(J.A. Hunt et al. 2017) and high conductivity (see Figs 7 and 8f).
The circulation of meteoric fluids in the upper few kilometres
also increases the V,/V; ratio (I. Koulakov et al. 2020). The fluid
source is likely a combination of meteoric and magmatic origins
(region M), as previously reported, the CO, emissions have mag-
matic signature (W. Hutchison et al. 2016a) and the presence of
exsolved fluids derived from magma (F. Samrock et al. 2021).

Fluid migration along these structures (faults and fracture sys-
tems) leads to partial rock saturation, consistent with the obser-
vations of the Aluto-Langano geothermal field as being water-
dominated (B. Gizaw 1993; G. Gianelli & L.A. Teklemariam
1993; Genetu 2025) geothermal site. The fractured nature of the
area promotes fluid permeability and saturation, as increased
crack density, high pore fluid pressure and water-saturated rocks
are known to elevate V,,/V; ratios (X. Q. Wang et al. 2012).

The deepest geothermal wells at Aluto reach depths of ap-
proximately 0 km bsl. In the V,/V; depth slice at this level
(Fig. 6a), high V,/V; [high V, (Fig. 4) and moderate to low V;
(Fig. 5)] ratios are observed around the productive geothermal
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Table 1. Geophysical interpretation of the different regions beneath the Aluto volcanic system.

Regions V), Vs Vp/Vs  Absorption Scattering Conductivity Seismicity Lithology Interpretations

C Low High Low Medium  High Medium High Silicic Volcanics Gas in fractured volcanics

F Low Low High High High High High Silicic Volcanics Fluid-filled fractured volcanics
H High Low High High High High Medium  Tuffs and lavas, Bofa Basalt Hypersaline fluids (Brines)

S Medium Medium Medium High High Medium High Bofa Basalt, Ignimbrite Supercritial fluids

M High Medium High High High High Medium Ignimbrite Partial melt

wells, marked by white stars, and are interpreted as indicative
of high fluid content and elevated temperature. High conduc-
tivity is also observed near productive geothermal wells, align-
ing with the conceptual model of a high-enthalpy geothermal
reservoir. Zoning takes on a mushroom-like geometry, with an
upflow zone overlain by a conductive clay cap that generally
develops at temperatures below 200°C and becomes thinnest
above the most productive wells (e.g. LA-3 and LA-6) (F. Sam-
rock et al. 2015). In contrast, low V,,/V [high V), (Fig. 4) and high
to moderate V; (Fig. 5)] ratios near non-productive wells which
are indicated by white cross markers, likely reflect the absence of
significant fluid saturation, consistent with earlier studies iden-
tifying these wells as impermeable (B. Gizaw 1993). Similar pat-
terns have been reported in previous 3-D absorption and scatter-
ing imaging of the volcano (T. Yemane et al. 2025).

The shallow and narrow low V,/V; (high V; but low V)
anomaly near sea level beneath the caldera centre (region C in
Figs 7 and 8) is interpreted as a gas reservoir that supplies CO,
and other gas emissions at Aluto. Fluids exsolved from the par-
tial melt (region M) likely evolve beyond the solvus and undergo
phase separation into a hypersaline liquid (brine) and a vapour
phase. Region S in Figs 7 and 8 is interpreted as a supercritical
fluid zone that contains both brine and exsolved gases derived
from region M. This region is characterized by high conductivity,
scattering and absorption, consistent with the transport of fluids
along a permeable conduit. Phase separation may occur near the
upper boundary of region S, resulting in a brine-dominated zone
(region H) and a shallow gas reservoir (region C).

Using the 3-D traveltime tomography and additional geo-
physical methods we are able to map the fluid distribution be-
neath the Aluto volcano. Geophysical signatures shows a zone
with high V,/V, elevated conductivity and strong scattering and
absorption (region M). We interpret this as a partial melt body
located at about 7 km bsl. This reservoir likely supplies fluids
and volatiles to shallower areas, including the supercritical fluid
zone (region S), the hypersaline brine zone (region H), the fluid-
rich fracture network (region F) and the shallow gas reservoir
(region C). Fluid and gas migration happens along fault and frac-
ture systems that serve as permeable pathways, as shown by high
scattering in the cross-sections. Similar features have been ob-
served at other volcanic systems, such as Uturuncu (Y. Liu et al.
2025).

5 CONCLUSION

We present 3-D traveltime tomography images of Aluto vol-
cano, the first pilot geothermal project located in, Ethiopia in the
MER. We jointly invert P- and S-wave traveltime data and com-
pute the full model resolution matrix to assess the quality of the
solution. The DWS is used to evaluate data coverage, helping to
quantify ray path density and sensitivity. We observe good cov-
erage across different depth slices. The RDE, which provides a
reliable measure of model resolution, also indicates high reso-
lution, demonstrating the stability of the solution. Examination
of the off-diagonal elements of the resolution matrix does not
reveal any significant smearing effect.
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Our results show elevated V,/V; ratios around productive
geothermal wells at 0 km bsl, consistent with previous ab-
sorption and scattering studies (T. Yemane et al. 2025), which
have been interpreted as indicative of high fluid content and/or
elevated temperatures. V,/V; values exceeding 1.8 are observed
around the caldera rims and hydrothermal vents, highlighting
fault and fracture systems as primary conduits for fluid flow.
In addition, high V,,/V; ratios are detected below 6 km bsl, sug-
gesting elevated temperatures or the possible presence of partial
melt. Above this region we observe areas of supercritical fluids,
brines and gas reservoir at shallow depth.

Alow V,/V; ratio (<1.5) is observed beneath the caldera cen-
tre. This zone is also characterized by low P-wave velocity and
relatively normal S-wave velocity. We interpret this feature as
a crystallized body containing an overpressurized gas volume.
The 3-D traveltime tomography results enable us to delineate
regions of both high and low V,,/V; ratios, providing an effec-
tive means to identify zones of elevated fluid content, high tem-
perature and potential supercritical fluids. These findings are in
good agreement with independent attenuation maps and offer
valuable guidance for the future exploration of geothermal well
targets.
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