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Introduction

Here, we present the details of the Multiple Lapse Time Window Analysis (MLTWA)

(Text S1) and describe how the inverse coda quality factor, which measures intrinsic

absorption, is performed (Text S2). Additionally, we provide supplementary figures for the

main text that include event locations (Figure S1), temperature profile of the geothermal

wells (Figure S2), the hypocentral (travel time) dependence of peak-delay time (Tpd)

(Figure S3), ray path density maps for peak-delay (Figure S4), the frequency dependence

of the coda quality factor (Figure S5), the ray length dependence of the coda quality factor
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(Q�1
c ) (Figure S6), absorption and scattering maps at higher frequency (Figure S7 and S8),

results from checkerboard and spike tests (Figures S9 to S14) as well as parameter map at

3 Hz (Figure S15) and Q�1
c versus ∆ log10(Tpd) for the geothermal wells at Aluto-Langano

geothermal site (Figure S16).

Text S1: Multiple Lapse Time Window Analysis (MLTWA)

The separation of intrinsic and scattering coefficients is important because they serve

as input parameters for sensitivity kernels in coda wave attenuation mapping. We use

Multiple Lapse Time Window Analysis (MLTWA) to estimate seismic Albedo (B0) and

inverse extinction length (Le�1) which are defined as:

B0 =
ηs

ηi + ηs
=

Q�1
s

Q�1
i +Q�1

s

; L�1
e = ηi + ηs =

2πf

v
(Q�1

i +Q�1
s ), (1)

Where ηi, ηs are intrinsic and scattering coefficients, v is velocity of S wave (3.5 km/s), and

Q�1
i and Q�1

s are intrinsic and scattering inverse quality factors. The MLTWA method

separates the total seismic attenuation into its two fundamental components, intrinsic

attenuation, which arises from anelastic energy loss associated with temperature, fluid

content, and lithology, and scattering attenuation, which results from the redistribution

of seismic energy due to heterogeneities and small-scale structural complexity. This sepa-

ration is achieved by analysing the energy decay in the coda wave field using consecutive

time windows following the direct S-wave arrival. These windows progressively sample

larger volumes of the medium, allowing spatial averaging of scattering effects. Another

window earlier in the coda is used to normalize the energy measurements, thereby mini-

mizing the influence of site amplification and source radiation effects on the attenuation

estimates. The MLTWA method is based on the logarithmic integral of the energy in
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these three windows, starting from the S-wave arrival, along with a fourth normalising

window (Fehler et al., 1992; Del Pezzo & Bianco, 2010a, 2010b; Carcolé & Sato, 2010;

Meirova & Pinsky, 2014; Gabrielli et al., 2020; Akinci et al., 2020; Van Laaten et al., 2022).

The seismogram is divided into four distinct time windows (see Figure 1 in main text).

W1, W2, and W3 begin at the S-wave arrival and follow one another sequentially. These

windows capture the progressive decay and scattering of seismic energy with distance and

lapse time, enabling the separation of intrinsic absorption and scattering contributions to

the total attenuation (see Figure 2 in main text). W4 is a later window that starts 30

seconds after the origin time and serves as a normalisation window to correct for site and

source effects in the observed energy envelope.This is essential for stable estimation of the

seismic albedo and inverse extinction length. The energy density integral for the three

windows is given by:

Ek(r) =

Z tk+∆t

tk

E(r, t) dt, k = 1, . . . , 3, (2)

Where Ek(r) is the time energy integral, k is the number of windows, E(r, t) is the

seismic energy density, tk is the time of S wave arrival and ∆t is 12 seconds here. The

seismograms are filtered at four central frequencies (3, 6, 12 and 18 Hz), and the energy

envelope is calculated using the signal RMS. The three energy windows are corrected for

geometrical spreading by multiplying by 4πr2 and site/source effects by dividing the 12-

second normalising coda window (tcoda), which starts at 30 seconds from the origin time

which is given by:

Eobs
k (r) = log10

 
4πr2

Ek(r)R tcoda+∆t

tcoda
Ek(r, t) dt

!
, (3)
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The energy envelope of a seismogram is given by the approximation of the energy

transport equation (Paasschens, 1997), as follows:
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where F [x] is:

F [x] = ex
r
1 +

2.026

x
. (5)

δ is the Dirac’s delta, H is the Heaviside step function, W0 is the source energy, and

v is the seismic velocity (3.5 km/s), B0 and Le�1 are the seismic Albedo and inverse

extinction length respectively. The logarithm of the three normalized coda energy windows

is plotted as a function of hypocentral distance. The best-fitting values of B0 and Le�1, are

obtained by minimizing the total misfit between observed and theoretical energies across

all hypocentral distances and time windows (see Figure 2 in main text), as described by

the following function:

M(L�1
e , B0) =

NX
i=1

3X
k=1

�
Eobs

k (ri)� Etheo
k (ri, L

�1
e , B0)

�2
, (6)

Both B0 and Le�1, which quantify the contributions of intrinsic and scattering attenu-

ation, are used as input parameters in the 3D sensitivity kernels from Del Pezzo et al.

(2018). These kernels are then used in the inversion of the inverse coda quality factor

(Pacheco & Snieder, 2005; Del Pezzo et al., 2018) which is solved by:

K3D
i,j

�
ρ, t, B0, L

�1
e , v

�
=

Z T

0

E3D
�
rsρ, τ, B0, L

�1
e , v

�
� E3D

�
rρr, T � τ, B0, L

�1
e , v

�
dτ, (7)

where ρ is a point in space with coordinates fi, j, zg, rρr and rsρ are point to receiver and

source distance respectively and τ is the integration variable. The kernel functions are

September 24, 2025, 12:49pm



: X - 5

used to construct the rows of the inversion matrix of the grid which is given by:2664
Qc1

Qc2
...

QcN

3775 =

2664
k11 k12 � � � k1M
k21 k22 � � � k2M
...

...
. . .

...
kN1 kN2 � � � kNM

3775
2664
Q1

c

Q2
c
...

QM
c

3775
Here, Kij represents the source-receiver pair, with i = 1, ....N , and j = 1, ....M . QcN

is the Qc measurement for each source-receiver pair and QM
c is Qc associated with each

block of the grid.

Text S2: Measuring and Mapping of inverse coda quality factor (Q�1
c )

The inverse coda quality factor (Q�1
c ) is estimated by analysing the temporal decay

of energy in the S-wave coda, which reflects the cumulative attenuation experienced by

seismic waves as they interact with the medium. Because the coda wave field represents

the superposition of multiple scattered energy, its evolution can be modelled under the

assumption of a diffusive regime. This assumption allows Q�1
c to be interpreted primarily

as a measure of seismic absorption, integrated over the volume sampled by the coda.

The spatial distribution of Q�1
c is obtained through a linear inversion procedure that

utilizes sensitivity kernels derived from the MLTWA estimated parameters B0 and Le�1.

These kernels describe the spatial dependence of coda energy sensitivity to attenuation

and allow us to relate observed energy decay to the underlying attenuation structure.

Importantly, incorporating MLTWA parameters into the inversion framework enables the

attenuation model to resolve not just total absorption, but also to partition it into intrinsic

and scattering components. This capability enhances the physical interpretability of the

resulting maps, linking variations in Q�1
c to specific geological or hydrothermal processes.

Coda wave attenuation measurement depends on the lapse time (t) from the origin

time and the length of the coda window (WL). Following Reiss, De Siena, and Muirhead
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(2022); Havskov et al. (2016), we choose a lapse time that is 1.5 times the peak-delay

time (Tpd) (t = 1.5(Tpd)). The maximum Tpd is 12 seconds and a coda window length of 5

seconds is used here. Additionally, we calculated the Mean Free Time (MFT) to evaluate

the reliability of the lapse time. The MFT depends on the Mean Free Path (MFP) and

velocity (3.5 km/s, here), (MFT = MFP
v

) where MFP = 1
ηs

and ηs is the scattering

coefficient.

The coda wave attenuation measures absorption attenuation in the diffusion region (De

Siena et al., 2017a). To achieve diffusion, equipartition is a necessary condition, where

the measured Q�1
c value remain constant with hypocentral distance. Figure S6 shows the

Q�1
c measurement with hypocentral distance at 3 Hz, and equipartition is fulfilled at 3

Hz and all central frequencies.

The inversion approach described by De Siena et al. (2017a) is used to map Q�1
c ,

assuming all the energy is lost in the predefined grid. Spatially, at each grid node, Q�1
c is

determined by the linear inversion problem given by:

d = Gm, (8)

where d is the data vector, m is the model parameter vector, and G is a matrix defined by

the kernel. We determined the Q�1
c values at each grid node using an iterative inversion,

and a cost function was used to minimize the solution norm. The publicly available

regularization framework, IRTools (Gazzola et al., 2019), was used in the minimization

process. The damping parameters for each frequency were determined from the cost

functions.
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The resolution is tested using checkerboard and spike tests at different grid node spac-

ings. The recovered resolution at lower frequencies (3 and 6 Hz) is poor compared to the

higher frequencies (12 and 18 Hz), which could be attributed to the contamination of coda

wavefields by coherent and resonant surface waves in a heterogenous medium (Gabrielli et

al., 2020). The spike tests (11 × 11 × 6) and checkerboard tests (6 × 6 × 4 and 11 × 11

× 6) in latitude, longitude, and depth, at 3 and 18 Hz, together with the corresponding

depth slices and cross-sections (depth versus latitude and depth versus longitude), are

shown in Figures S9–S14. All absorption and scattering results correspond to the 11 ×

11 × 6 grid node spacing.
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Figure S1. Seismic activity at Aluto from 2012 to 2014 that are used for peak-delay and coda

wave attenuation. Events are colour-coded by depth, and a total of 312 events were used in this

study. Seismic stations are represented by black inverted triangles. Hydrothermal features are

shown as diamond shapes, colour-coded by temperature with geothermal wells shown as circular

markers similarly colour-coded. Active hydrothermal vents are common along the caldera rims

and the Wonji Fault Belt particularly along the Arti Jawa Fault Zone, which trends NE-SW

and passes through the caldera centre. Black solid lines indicate active faults within the Main

Ethiopian Rift (MER).
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Figure S2. The temperature profile of the geothermal wells at Aluto volcano (see Figure S1),

where the temperature of the productive wells approaches approximately 3200C. Aluto is the

site of Ethiopia’s first pilot geothermal project, where a total of ten geothermal wells have been

drilled. Some of these wells have proven productive, including LA-3 (well 3), LA-4, LA-6, LA-7,

LA-8, LA-9 and LA-10 while some of them were not (like LA-1, LA-2 and LA-5). Productive

wells, such as well 3, will serve as reference points. For instance, if our attenuation tomography

is accurate, we expect to observe higher absorption near well-3 or other productive geothermal

wells.
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Figure S3. Logarithmic plot of peak-delay (in seconds) as a function of travel time (in seconds).

Gray dots represent the peak-delay measurement and the red line is a regression line. A and B

are coefficients of the regression line with a 95% confidence interval. Peak-delay measurements

above the red line show high scattering, and those below the red line show low scattering. This

reflects the power-law dependence of scattering effects on travel path length. Thus, the fitted

line provides a theoretical baseline peak delay time against which observed deviations can be

quantified to infer local heterogeneities.
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Figure S4. Ray path density map for peak-delay at 0 km below sea level (bsl) at 3 Hz,

showing the number of rays crossing each grid block. Only blocks intersected by five or more

rays were included in the regionalization-based peak-delay mapping. While the central region

appears more densely covered (with over 200 rays in some blocks), most peripheral areas also

meet the five-ray threshold. We note that interpretations in the main text are limited to the

central region, where ray coverage is strongest and resolution is highest.

September 24, 2025, 12:49pm



: X - 13

Figure S5. Frequency dependence of the coda quality factor (Qc). Qc values estimated

at different frequencies are shown in blue circles with uncertainty. The coda quality factor is

measured at four central frequencies (3, 6, 12, and 18 Hz) using the coda wave energy decay (see

section 2.3, Equations 3 and 4).

Figure S6. Coda wave attenuation (Q�1
c ) at 3 Hz (a). The red line represents the average

coda quality factor (Qc). The lapse time is 1.5 times the maximum peak-delay time (12 seconds)

and the coda window length is 5 seconds. The result of Picard condition is depicted in (b).
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Figure S7. Spatial variations of intrinsic attenuation (absorption) (Q�1
c ) at a central frequency

of 18 Hz at depth slices of 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 38.780 E (e) and longitude versus depth cross-section

at a latitude of 7.798 0 N (f) are also shown.
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