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Abstract Seismic attenuation tomography is used to map fluids and fractures beneath the Aluto volcano
geothermal field of the Main Ethiopian Rift. We present 3D models of peak delay (Δlog10 (Tpd)) and inverse
coda quality factor (Q− 1c ) which are proxies for seismic scattering and absorption. High Q

− 1
c anomalies are

observed near productive geothermal wells with high‐temperature gradients and in areas of hydrothermal
activity. High scattering attenuation anomalies are spatially associated with faults and fractures that serve as
pathways for fluid flow. These variations correlate well with production variations in boreholes across the
geothermal field. Furthermore, a prominent high‐scattering (low‐absorption) anomaly is observed at a depth of
approximately 0–3 km below sea level (bsl) beneath Aluto, which is interpreted as the signature of an intrusive
igneous body. Together, these methods for measuring seismic attenuation serve as valuable tools in geothermal
exploration, offering constraints on fluid distribution, as well as structural and lithological variations.

Plain Language Summary Mapping the distribution of fluids in the subsurface around volcanoes is
important for geothermal fluid exploration and exploitation. When seismic waves propagate through the
subsurface, energy is dissipated by geometrical spreading, absorption, and scattering. Here, we use the
absorption and scattering of seismic waves to map the distribution and pathways of fluids at Aluto volcano, a
geothermal site in Ethiopia. Absorption is effective in detecting fluid reservoirs and high‐temperature areas,
while scattering is sensitive to lithological and structural features such as faults and fracture pathways. We
observe spatial correlations between high absorption anomalies and areas of high fluid content and high
temperature, and high scattering and highly fractured and more permeable wells. These methods can be used to
map areas of high fluid content, thermal gradients, and structural features such as fracturing and faults driving
fluid migration, making them valuable tools in geothermal exploration.

1. Introduction
The key ingredients required for geothermal energy production are heat, abundant water and steam, and high
permeability of host rocks. Therefore, understanding the distribution of fluids in subsurface reservoirs within
volcanic systems is vital for geothermal energy development. Meteoric water can infiltrate from the surface, but
magmatic reservoirs beneath volcanic systems also release hot magmatic fluids from melts at certain depths
(Afanasyev et al., 2018; Edmonds & Wallace, 2017). If the fluids are hot and saline, they can carry valuable
metals (Blundy et al., 2021). Society's pursuit of net‐zero CO2 emissions requires utilizing these subsurface
reservoirs, as they offer a valuable source of geothermal energy (Jolie et al., 2021; Reinsch et al., 2017; Watanabe
et al., 2017) through the injection and extraction of fluids from deep fracture systems. Moreover, recent studies
have highlighted the potential of volcanic brines rich in critical minerals (Blundy et al., 2021; Gauntlett
et al., 2023; Hudson et al., 2023; Jenkins et al., 2023; Sanjuan et al., 2022), such as lithium for batteries, to meet
the growing demand for materials required in renewable energy technologies. Integrating geothermal energy with
the extraction of critical minerals from subsurface reservoirs is an innovative approach to sustainable resource use
(Szanyi et al., 2023). Therefore, geophysical mapping of the location of these reservoirs is crucial in advancing
our exploration and exploitation of geothermal reservoirs. The absorption and scattering of seismic waves can be
used as tools in geothermal imaging, mapping the distribution of fluids, high‐temperature areas, and structural
features that act as pathways for fluid flow.

Here, for the first time, we apply these novel techniques at the Aluto volcano, the site of Ethiopia's first
geothermal power plant. Aluto volcano is located in the central region of the Main Ethiopian Rift (MER), which
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lies within the northern segment of the East African Rift System (EARS). The EARS hosts many high‐
temperature geothermal fields, which offer substantial power generation and economic growth potential (Jolie
et al., 2019). Aluto is a silicic peralkaline volcano (Hutchison, Biggs, et al., 2016) and hosts Ethiopia's first
developed geothermal field (Benti et al., 2023). It is seismically active (Birhanu et al., 2018; Wilks et al., 2017,
2020; Yemane et al., 2025), and shows signs of deformation (unrest) (Albino & Biggs, 2021; Biggs et al., 2011).
The Aluto‐Langano geothermal field is an ideal place to map the distribution of fluids, as it is known for its high
enthalpy and salinity levels (Pürschel et al., 2013) and is the most studied prospect for geothermal exploration and
exploitation in the Ethiopian rift (Gebregzabher, 1986; Gianelli & Teklemariam, 1993; Hochstein et al., 2017;
Jolie et al., 2019; Samrock et al., 2015, 2020, 2023; Teklemariam et al., 1996; Valori et al., 1992). Several
geophysical, geochemical, and geological studies have also been conducted in Aluto (Hutchison, Biggs,
et al., 2016; Hutchison, Fusillo, et al., 2016; Hutchison, Pyle, et al., 2016; Hutchison et al., 2015; Braddock
et al., 2017; Cherkose & Mizunaga, 2018; Iddon & Edmonds, 2020; Iddon et al., 2019; McNamara et al., 2018;
Mulugeta et al., 2021; Nigussie et al., 2023; Nowacki et al., 2018; Regenspurg et al., 2022; Saibi et al., 2012;
Samrock et al., 2021; Wilks et al., 2017, 2020; Woldegabriel et al., 1990; Yemane et al., 2025). Despite extensive
studies of Aluto, uncertainties about subsurface fluid distribution and ascent along fault zones, which are crucial
to understanding its geothermal system, persist (Jolie et al., 2019). For example, of the 10 geothermal wells
drilled, only some were productive, highlighting the challenges of locating exploitable fluid reservoirs.

When seismic waves propagate through the subsurface, energy is dissipated by geometrical spreading, absorption,
and scattering, all of which contribute to the total attenuation of the wave (Reiss et al., 2022). Attenuation to-
mography presents an attractive and affordable method for imaging volcanic structures (De Siena, Chiodini,
et al., 2017; De Siena, Thomas, Waite, et al., 2014; De Siena et al., 2010, 2016; Del Pezzo, Bianco, De Siena, &
Zollo, 2006; Guardo et al., 2022; Havskov et al., 2016; Hudson et al., 2023; Lees, 2007; Napolitano et al., 2025;
Prudencio, De Siena, et al., 2015; Prudencio, Ibáñez, et al., 2015; Sato et al., 2012) as it is more sensitive than
velocity tomography to fluid and melt distribution in heterogeneous media (Calvet et al., 2013; García‐Yeguas
et al., 2018; Prudencio, Ibáñez, et al., 2015; Reiss et al., 2022). Unraveling the contribution of scattering and
absorption is very useful but can be difficult (Akinci et al., 1995; Del Pezzo, Bianco, & Zaccarelli, 2006; Del
Pezzo et al., 2001; García‐Yeguas et al., 2018; Giampiccolo et al., 2006; Hoshiba et al., 2001). Absorption is
effective in detecting fluid reservoirs, high‐temperature areas, and melt (De Siena, Amoruso, et al., 2017; Guardo
et al., 2022; Hudson et al., 2023; Reiss et al., 2022), while scattering is sensitive to differences in lithologies and
structural features such as faults and fracture systems (Gabrielli et al., 2023; King et al., 2023; Talone et al., 2023).
Here, we separate and map scattering and absorption in 3D, and interpret the results in the context of previous
geophysical and geological knowledge at Aluto.

2. Data and Methods
2.1. Earthquake Catalog

The seismic data for this study are from a network array of 12 Güralp CMG‐6TD 30 s three‐component seis-
mometers deployed between 8 January 2012, and 31 January 2014, recording at a sample rate of 100 Hz (The
ARGOS Project, 2012). We located 3401 events (Yemane et al., 2025) using QuakeMigrate (Hudson et al., 2019;
Smith et al., 2020) and relocated 2393 events (Yemane et al., 2025) using non‐linear location methods (Lomax
et al., 2000) with the velocity model of Wilks et al. (2017). We used 312 events (2127 waveforms) (see Figure S1
in Supporting Information S1) after selecting the events that fall within the network coverage with depths between
2.5 km above sea level (asl) to 10 km below sea level (bsl). We further select events recorded by at least four
stations, each with both P‐ and S‐wave picks, and a minimum coda‐to‐noise ratio of three or higher, similar to
Reiss et al. (2022).

2.2. Measuring and Mapping Peak‐Delay Time

The peak delay time (TPd) is the time delay from the direct S‐wave arrival to the maximum amplitude of the
envelope. It is a proxy for the strength of multiple forward scattering caused by random localized inhomogeneities
along the seismic ray path (Calvet et al., 2013; De Siena et al., 2016; Gabrielli et al., 2023; Takahashi et al., 2007)
and wider heterogeneous regions near receivers (King et al., 2023). The parameter is insensitive to anelastic
attenuation (Takahashi et al., 2008). In heterogeneous media, the logarithm of the theoretical peak delay (TtPd)
increases linearly with the logarithm of the hypocentral distance (Di Martino et al., 2022; Saito et al., 2002) (see
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Figure S3 in Supporting Information S1), and for each frequency band f , the dependence of peak delay on hy-
pocentral distance (R, in km) is given by:

log10 (T
t
pd( f )) = Ar( f ) + Br( f )log10(R), (1)

where Ar( f ) and Br( f ) are the coefficients of a linear fit. The variation in peak delay is calculated as the difference
between the measured peak delay time (TobsPd ) and the theoretical peak delay (T

t
Pd) at the corresponding hypo-

central distance:

Δlog10 (Tpd( f )) = log10 (T
obs
pd ( f )) − log10 (T

t
pd( f )). (2)

The variation in peak delay time is mapped using a regionalization approach, which uses the peak delay time
measurements. We divide the area into horizontal blocks of 3.3 (latitude) × 2.5 (longitude) km and vertical blocks
of 2.05 (depth) km in size, and the weighted average value of peak delay is allocated to each block. Multiple rays
intersect each block, and only those blocks intersected by at least five ray paths are taken into account (see Figure
S4 in Supporting Information S1). A small peak delay time suggests the absence of strong heterogeneities along
the ray path, whereas a large peak delay time indicates the presence of strong inhomogeneities. We use the open‐
access code MuRAT3.0 (Gabrielli et al., 2023; Napolitano et al., 2023, 2025; Reiss et al., 2022) to measure and
map peak delay times.

2.3. Measuring and Inverting for the Inverse Coda Quality Factor (Q− 1
c )

Coda waves are the tail of a seismogram that arrives following the main wave types, such as P, S, and surface
waves (Aki & Chouet, 1975). To measure the inverse coda quality factor (Q− 1c ), we use the energy envelope decay
of coda, described by Aki and Chouet (1975) as a function of lapse time from the event origin time (t) and
frequency ( f ), which is given by:

E(t, f ) = S( f )t− α exp (
− 2πf t
Qc( f )

), (3)

where E(t, f ) is the power spectral energy density, S( f ) includes frequency‐dependent source and/or site term, t is
the lapse‐time from the origin of the event, α is a constant related to geometrical spreading equal to 1.5 when
propagation is restricted to a single layer with an anisotropic multiple scattering regime (Calvet & Mar-
gerin, 2013; Calvet et al., 2013; Paasschens, 1997) and Q− 1c is the frequency‐dependent inverse quality factor of
coda waves. At late lapse time, after the onset of elastic diffusion, Q− 1c measures seismic absorption (Calvet &
Margerin, 2013). Equation 3 can be linearized by taking the logarithm and rearranged so that

ln[E(t, f ) ⋅ tα]
2πf

=
ln[S( f )]
2πf

−
1

Qc ( f )
t. (4)

The inverse coda quality factor for each waveform is obtained at fixed frequency and lapse time by least‐squares
invesion of Equation 4. The inverse coda quality factor are inverted in space using the inversion scheme described
by De Siena, Amoruso, et al. (2017), under the assumption that energy loss occurs entirely within the predefined
grid. This scheme is applied to Q− 1c measurements using multiple‐scattering 3D sensitivity kernels (Del Pezzo
et al., 2018; Pacheco & Snieder, 2005). The seismic albedo (B0) and inverse extinction length (Le− 1), which are
input parameters for the 3D sensitivity kernels, are determined by Multiple Lapse Time Window Analysis
(MLTWA) (Akinci et al., 2020; Carcolé & Sato, 2010; Del Pezzo & Bianco, 2010a, 2010b; Fehler et al., 1992;
Gabrielli et al., 2020; Meirova & Pinsky, 2014; Van Laaten et al., 2022) (see Figure 2, Texts S1 and S2 in
Supporting Information S1 for a full description of the methodology).

3. Results

We separate and map the spatial variations of Δlog10 (Tpd) and Q− 1c , which measure the scattering and absorption
attenuation, respectively, at the Aluto volcano. The MLTWA technique provides a minimum misfit between the
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observed and theoretical energy for all waveforms in the three energy windows. The corresponding seismic al-
bedo (B0) and inverse extinction length (Le− 1) in Figure 2 are used as input parameters to calculate the 3D coda
sensitivity kernels for the selected lapse times (see Text S1 in Supporting Information S1). Figure 2 also shows
separate estimates of intrinsic and scattering coefficients, along with corresponding scattering and intrinsic
quality factors, which increase with frequency. We observe higher B0 and Le− 1 at low frequencies, which
decrease with increasing frequency, as seen at other volcanoes (Gabrielli et al., 2020). Additionally, we observe a
higher scattering of energy observations in the first energy window, which decreases in the second and third
energy windows.

Figure 3 shows the spatial distribution of seismic absorption Q− 1c at a central frequency of 3 Hz across different
depth slices. The frequency dependence of the quality factor is illustrated in Figure S5 in Supporting Informa-
tion S1. Q− 1c as a function of ray length (in km) is constant (Figure S6 in Supporting Information S1), which tests
equipartition or lack of coherent or multiple scattered waves in the late‐time coda (Calvet & Margerin, 2013;
Napolitano et al., 2023). We also use checkerboard and spike tests for resolution analysis (Figures S9–S14 in
Supporting Information S1). We observe significant spatial variations in absorption throughout the area. High
absorption is generally observed along the rift axis and increases with depth, but decreases directly beneath Aluto
volcano. High absorption is also observed near the productive geothermal wells, which were drilled based on
temperature gradient measurements, resistivity mapping, and trends along faults and hydrothermal vents.

We observed continuous high absorption from deeper depths toward the surface at the site of borehole LA‐3 and
other productive wells, which exhibit a high‐temperature gradient approaching 320°C (see Figure S2 in Sup-
porting Information S1). High absorption volumes are mainly collocated with low‐resistivity volumes (see Figure
8 of Hochstein et al. (2017)), and this spatial correlation is particularly evident west of Aluto, showing higher
absorption and lower resistivity compared to the east, a finding supported by previous magnetotelluric studies
(Dambly et al., 2023; Hübert et al., 2018; Samrock et al., 2015).

Figure 1. An event recorded by one of the stations (A01E) along with its signal envelope computed using a Hilbert transform
at different central frequencies (cf) (3, 6, 12, and 18 Hz), where nf is the moving window parameter used for envelope
smoothing. The vertical orange, green, red, and pink solid lines mark the origin time, P‐wave arrival, S‐wave arrival, and
maximum amplitude of the envelope, respectively. Tpd represents the peak delay, which is the time lag of the maximum
amplitude of the envelope from the direct S‐wave arrival. W1, W2, W3, and W4, separated by vertical black dashed lines,
represent the three windows used in MLTWA (W1,W2, andW3), withW4 serving as the normalizing window. Lapse time is the
time from the origin time to the analysis window, and the coda window is the length used in measuring and mapping the inverse
coda quality factor. The figure is intended for illustrative purposes only; the lapse times and window lengths shown are not
scaled to the actual values used in the analysis.
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Figure 2. A plot of the logarithm of the normalized energy integral of smoothed data, corrected for geometrical spreading and
source/site effects, versus hypocentral distance (in km) at central frequencies of 3 Hz (a), 6 Hz (b), 12 Hz (c), and 18 Hz (d).
Green, blue, and red circles represent the first (W1), second (W2), and third (W3) windows as shown in Figure 1, respectively.
The continuous lines represent the best fit derived from the approximation of the energy transport equation. The bottom sections
(e–h) show the best fit for seismic albedo (B0) and inverse extinction length (Le− 1) at the same hypocentral distances, along with
the Gaussian error distributions associated with MLTWA estimates at confidence intervals of 68% (light red), 95% (light
yellow), and 99% (sky blue) for each central frequency. Scattering and intrinsic coefficients, as well as total, intrinsic, and
scattering quality factors, are also indicated by ns, ni, Qt , Qi, and Qs, respectively.
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The spatial variation of peak delay (Δlog10 (Tpd)) at a central frequency of 3 Hz across different depth slices is
shown in Figure 4. The travel‐time dependence of peak delay at four central frequencies and the ray path density
for a central frequency of 3 Hz are shown in Figures S3 and S4 in Supporting Information S1. Areas with low

Figure 3. Spatial variations of the absorption proxy (Q− 1c ) at a central frequency of 3 Hz for depth slices at 0 km bsl (a), 2.5 km
bsl (b), 5 km bsl (c) and 7.5 km bsl (d). Latitude versus depth cross‐section at a longitude of 38.78°E (e) and longitude versus
depth cross‐section at a latitude of 7.798°N (f) are also shown (marked by red dashed lines in (a)). The red triangle represents
Aluto volcano, which is the center of the caldera. The three white circular markers represent geothermal wells drilled at
Aluto, where LA‐1 and LA‐2 were not productive. Instead, LA‐3 is a productive well, and its temperature profile is shown in
Figure S2 in Supporting Information S1. The black dashed line in (e, f) shows the profile of LA‐3, and the other productive
wells are nearby. AJFZ, the Artu Jawa Fault Zone, is indicated by black dashed lines in (a–d). Earthquake events used to
estimate absorption are represented by dots, colored by depth, ranging from gray to white. Areas with red color on the map
show high absorption (high attenuation), while dark blue colors represent low absorption (low attenuation).
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Δlog10 (Tpd), representing low scattering (low heterogeneity), are indicated by blue‐violet, while areas of high
scattering (high heterogeneity) are shown in yellow‐green. There is no clear correlation between Δlog10 (Tpd)
maps and the rift axis. However, the cross‐sections (e) and (f) highlight distinct areas of high and low scattering.
High scattering is observed below the site of LA‐3 (e), other productive wells, and Aluto volcano. We also
observed a very‐high scattering and absorption anomaly at approximately 4 km bsl.

The correlation between Q− 1c , Δlog10 (Tpd), both at 3 Hz, and temperature at 0 m bsl, flow rate, and production
variations of geothermal wells at Aluto is shown in Figure 5 (see also Figures S15 and S16 in Supporting In-
formation S1). Productive exploration wells, which are characterized by high temperatures and enthalpy, have
highQ− 1c and Δlog10 (Tpd). These areas also show surface manifestations of hydrothermal vents and CO2 flux, and
their electrical resistivity is also very low (Hochstein et al., 2017). Lower temperatures, low Q− 1c and low
Δlog10 (Tpd) instead characterized non‐productive wells. LA‐3 and LA‐6 are the hottest wells, with maximum
measured temperatures of 340°C and 360°C, respectively, (Gizaw, 1993) and maximum Q− 1c . The upflow zone,
characterized by boiling, lies along the AJFZ and includes these wells. While LA‐4 is permeable, LA‐7 is more so,
with high circulation loss during drilling and a relatively high mass flow rate and maximum Δlog10 (Tpd). In
contrast, LA‐1 and LA‐2 are non‐productive and did not encounter permeable zones (Gizaw, 1993) and have
minimum Q− 1c and Δlog10 (Tpd).

4. Discussion
We use MLTWA to estimate the contribution of intrinsic and scattering factors. The error estimates for B0 and
Le− 1 at different central frequencies associated with MLTWA across various confidence intervals are large,
especially for Le− 1. However, the effect of Le− 1 on the coda sensitivity kernels is minimal (Del Pezzo et al., 2016).
The scattering observed in the energy of the first window compared to the second and third energy windows (see
Figure 2) can be attributed to differences in source radiation patterns between the events (Hoshiba, 1993; Mayeda
et al., 1992; Meirova & Pinsky, 2014).

4.1. High Q− 1
c Anomalies: Correlation With Fluid Content, High‐Temperature Areas, Hydrothermal

Vents, and Rift Axis

We present Q− 1c values at low frequency (3 Hz) (Figure 3), as tectonic structures are more clearly mapped at low
frequencies (Calvet & Margerin, 2013; De Siena, Amoruso, et al., 2017) (see Figure S7 in Supporting Informa-
tion S1 for high‐frequencymaps).We clearly observe highQ− 1c anomalies generally across the rift axis and in areas
of high CO2 flux (Figure 3). We also observe high absorption around the site of productive geothermal wells and
hydrothermal vents located along the rims of the caldera and the rift axis, particularly along the Arti Jawa Fault
Zone (AJFZ), which crosses the Aluto caldera trending NE‐SW (Figure 3). The high Q− 1c anomalies are further
characterized by low resistivity values ranging from 1 to 6 Ω ⋅m (Hochstein et al., 2017). This suggests that the
observed highQ− 1c anomalies are caused by high fluid content and elevated temperatures, as they are not influenced
by rock‐type composition, given the similarity in geology. We suggest that fluid migration occurs across fault and
fracture systems (Nowacki et al., 2018), with partial rock saturation leading to strong absorption of seismic energy.
Similar attenuation and absorption patterns have been observed at other volcanoes, where high absorption is
associated with areas of high fluid content, temperature, and fluid pathways (Di Martino et al., 2022; De Siena,
Amoruso, et al., 2017; Guardo et al., 2022; Hudson et al., 2023). This strong correlation between high‐temperature
geothermalwells that have high enthalpy andQ− 1c (see Figure 5) support thatQ− 1c is a reliable indicator formapping
high‐temperature areas and high fluid content (a proxy for high porosity) in geothermal regions.

We also observe a higherQ− 1c on thewestern side ofAluto compared to the eastern side (Figure 3). This parameter is
a strongmarker of melt sills andmigration paths, especially if coinciding with high scattering (Guardo et al., 2022;
Reiss et al., 2022). Our results support the existence of melt pockets on the western side of Aluto (Hübert
et al., 2018; Samrock et al., 2015; Yemane et al., 2025), resulting in the release of CO2 flux mainly across the
western side of the volcano (Hunt et al., 2020). LowQ− 1c anomalies instead characterize the area beneath and most
of the eastern parts of Aluto caldera. At lower depths beneath Aluto (≈ 3 km), the low value ofQ− 1c (Figures 3e and
3f) supports the low Vp/Vs ratio reported by Wilks et al. (2020), which could indicate an intrusive body.
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Figure 4. The spatial distribution of peak‐delay (Δlog10 (Tpd)) at a central frequency of 3 Hz across depth slices at 0 km bsl (a),
2.5 km bsl (b), 5 km bsl (c), and 7.5 km bsl (d) is presented. Additionally, a latitude‐depth cross‐section at a longitude of
38.78°E (e) and a longitude‐depth cross‐section at a latitude of 7.798°N (f) are also displayed (marked by red dashed lines in
(a)). The yellow‐green color on the map shows areas of high scattering, while the blue‐violet color shows areas of low
scattering. Areas of high or low scattering indicate variations in lithology or structural features such as faults and fracture
systems. Earthquake events used for measuring and mapping peak delay are shown as dots, colored according to depth, from
gray to white. The red triangle marks the location of Aluto volcano. The three white circles indicate geothermal wells at
Aluto, with LA‐1 and LA‐2 being non‐productive, while LA‐3 is a productive well, and its temperature profile is shown in
Figure S2 in Supporting Information S1. The black dashed line in (e, f) shows the profile of LA‐3, and the other productive
wells are nearby. AJFZ, the Artu Jawa Fault Zone, is indicated by black dashed‐dot lines in (a–d).
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4.2. High and Low Δlog10 (Tpd) Anomalies: Correlation With Variations in Lithology and Structural
Features

Peak‐delay variations (Figure 4; Figure S8 in Supporting Information S1 for high‐frequency) are primarily caused
by structural and lithological changes (Calvet et al., 2013; Gabrielli et al., 2023; Reiss et al., 2022). In contrast to
the Q− 1c results, we observe a heterogeneous scattering pattern at Aluto caldera and its surroundings, likely due to
extended fracturing; however, scattering is relatively higher around and beneath productive geothermal wells,
especially LA‐7 (Figure 4e). Here, we observe a continuous high‐scattering pattern from 10 km to very shallow
depths near the surface. We suggest this marks a fault and fracture network that drives fluid migration from the
hydrothermal system to fumaroles. The preferred pathways for fluids and CO2 flux are thus along the NE‐SW
trending fault and fracture systems. Similar observations have been reported in other volcanic and geothermal
systems, such as Solfatara in Italy (Di Martino et al., 2022). We also observed a strong correlation between mass
flow rate and the circulation loss of productive wells and Δlog10 (Tpd) . The LA‐4 and LA‐7 geothermal wells are
the most permeable with high circulation loss (Gizaw, 1993) and have a high Δlog10 (Tpd) (see Figure 5d), which
could indicate a highly fractured system resulting in high permeability. The high permeability in the LA‐4 and
LA‐7 geothermal wells, which allowed cold water to flow, is the reason for the temperature inversion observed in
these wells (Gizaw, 1993) (see Figure 5b). This indicates that scattering is a good indicator for mapping fault and
fracture networks, which are proxies for permeability and help in mapping geothermal fluids.

We interpret the very high Δlog10 (Tpd) (low Q− 1c ) anomaly below the Aluto caldera (≈ 0 − 3 km) (see Figures 3e,
4e, and 4f) as a crystallized rock formed after the last volcanic eruption, which is younger, compact, and dense
compared to the surrounding country rocks, resulting in higher scattering and low absorption. This interpretation
is consistent with the high‐density material reported beneath Aluto by gravity surveys (Mickus et al., 2007) and
low‐conductivity material identified by magnetotelluric surveys (Dambly et al., 2023; Hübert et al., 2018;
Samrock et al., 2015). At higher depth (≈ 4 − 8 km), this body shows a mixed absorption signature, lower than the
volumes under the productive wells, likely because of its low fluid permeation and progressive thermal release.
West of Aluto caldera (Figures 4c and 4f), we observe high scattering that extends across the horizontal and depth
profile. This coincides with a NE‐SW‐striking fault passing through LA‐2 (well‐2), which is exposed to the south
of well‐2. Well‐2 was initially drilled based on the assumption of the extension of this fault trend (Hochstein
et al., 2017).

The very high scattering and absorption anomalies at approximately 4 km bsl could be due to superheated steam
with gas bubbles. Gas bubbles are characterized by high scattering and absorption (De Siena, Amoruso,
et al., 2017; Jaya et al., 2010; Tisato et al., 2015). The nearly constant temperature of the hottest wells, the
predominantly deep origin of the fluid, and the presence of garnet and biotite indicate high temperature and
upflow zones (Gianelli & Teklemariam, 1993). However, the presence of melt at this depth requires a high
temperature above the solidus. This fluid could also be hypersaline fluid (brines), as this zone is highly conductive
according to magnetotelluric studies (Samrock et al., 2023), and the fluid from the hottest wells, particularly well
four, is saline (Gianelli & Teklemariam, 1993).

5. Conclusion
We present 3D absorption and scattering attenuation models at Aluto volcano in the MER for the first time. We
also use the MLTWA technique to determine and set the input parameters B0 and Le− 1 necessary for defining
sensitivity kernels, which are used in the inversion modeling for absorption. High absorption marks portions of
the rift axis in areas with manifestations of hydrothermal vents, high CO2 flux, and around productive geothermal
wells with high‐temperature gradients, high enthalpy, and high mass flow rates, which serve as proxies for
porosity. These anomalies mark areas with high fluid content and elevated temperatures, enabling us to map
regions of high fluid saturation and geothermal gradient.

We also observe high scattering attenuation beneath productive geothermal wells with high‐temperature gradients
and along NE‐SW trending faults and fracture systems, which are proxies for permeability. This sensitivity to
structural features such as faults and fracture systems improves the detection of fluid‐migration pathways. High
scattering (low absorption) is observed directly beneath Aluto volcano, and coincides with the location of an
intrusive body inferred from earlier geophysical studies. Both absorption and scattering attenuation results are
consistent with our knowledge about the caldera. Porosity, permeability, and heat are all key ingredients in

Geophysical Research Letters 10.1029/2025GL115364

YEMANE ET AL. 9 of 14

 19448007, 2025, 19, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
115364 by C

ochraneItalia, W
iley O

nline L
ibrary on [27/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



geothermal systems, and both methods can be used to map areas of high fluid content, elevated temperatures, and
structural features. In geothermal settings, both methods apparently provide better constraints on fluid distribution
and structural and lithological features than velocity tomography alone. High absorption and scattering areas are
ideal for geothermal exploration, as they indicate the presence of hot fluids in fractured permeable rock. We
recommend that the exploration geothermal wells in Aluto be drilled NNE of LA‐6 (Gizaw, 1993). We observe

Figure 5. Geothermal well locations at Aluto volcano (a), where productive and non‐productive wells are indicated by blue
stars and red crosses, respectively. (b) Shows the temperature profile of all geothermal exploration wells at Aluto, where
high‐temperature gradients characterize all productive wells. The temperature of the wells versus approximateQ− 1c at 0 m bsl
(the blue dashed line in (b)) is shown in (c). (d) Shows the temperature of the geothermal wells versus approximate Δlog10 (Tpd)
at the same depth. The enthalpy of productive exploration wells versus Q− 1c is shown in (e), where the hottest wells exhibit high
enthalpy and Q− 1c . (f) Illustrates the relationship between mass flow rate and Δlog10 (Tpd), showing that permeable wells tend to
have high Δlog10 (Tpd).
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that both LA‐1 and LA‐2 are located outside of high Q− 1c areas, suggesting that the best location might have been
missed.
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