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Key Points:

e The 2023 Adassil earthquake in the High Atlas offered a rare opportunity to study deep crustal seismicity mechanics.
e Analysis of seismic waves and InSAR data revealed a reverse fault mechanism with a centroid depth of approximately 28 km,

exceeding typical seismogenic thickness.

e Geological factors, such as cooler temperatures in the lower crust and the region’s volcanic legacy, contribute to stress accumulation
and seismic rupture, highlighting the need for enhanced research and surveillance in similar geological settings.
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Abstract: The M,, 6.8 Adassil earthquake that occurred in the High Atlas on September 8, 2023, was a catastrophic event that provided a
rare opportunity to study the mechanics of deep crustal seismicity. This research aimed to decipher the rupture characteristics of the
Adassil earthquake by analyzing teleseismic waveform data in conjunction with interferometric synthetic aperture radar (InSAR)
observations from both ascending and descending orbits. Our analysis revealed a reverse fault mechanism with a centroid depth of
approximately 28 km, exceeding the typical range for crustal earthquakes. This result suggests the presence of cooler temperatures in the
lower crust, which facilitates the accumulation of tectonic stress. The earthquake exhibited a steep reverse mechanism, dipping at 70°,
accompanied by minor strike-slip motion. Within the geotectonic framework of the High Atlas, known for its volcanic legacy and resulting
thermal irregularities, we investigated the potential contributions of these factors to the initiation of the Adassil earthquake. Deep
seismicity within the lower crust, away from plate boundaries, calls for extensive research to elucidate its implications for regional seismic
hazard assessment. Our findings highlight the critical importance of studying and preparing for significant seismic events in similar
geological settings, which would provide valuable insights into regional seismic hazard assessments and geodynamic paradigms.
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inversion

1. Introduction

On September 8, 2023, an earthquake of magnitude 6.8 occurred
near the town of Adassil in the High Atlas Mountains, Al Haouz
Province, Morocco, hereafter referred to as the Adassil earth-
quake. The earthquake epicenter was located at 31.058°N and

First author: B. Touati, billeltouati@mail.ustc.edu.cn
Correspondence to: W. W. Gu, guww@apm.ac.cn
*These authors contributed equally to this work.
Received 30 NOV 2023; Accepted 18 FEB 2024.
First Published online 15 MAR 2024.

©2024 by Earth and Planetary Physics.

8.490°W, with a focal depth of 26 km according to the Euro-
Mediterranean Seismological Centre and 27.8 km according to the
Global Centroid Moment Tensor (CMT) Project. The Adassil earth-
quake led to an estimated 3000 fatalities, leaving many victims
unaccounted for and hundreds with varying degrees of physical
injuries. The historic city of Marrakech and various isolated
communities in the Atlas Mountains suffered significant destruc-
tion from the Adassil earthquake (Pelaez, 2023). Considered one
of the most devastating earthquakes in the High Atlas region, the
Adassil earthquake was followed by a series of aftershocks; one
substantial event with a magnitude of Ms 4.9 occurred approxi-
mately 20 min later and was situated approximately 5 km from
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the epicenter of the mainshock (Figure 1). This event occurred in
the proximity of the North Atlas fault zone (Levandowski, 2023),
where the occurrence of moderate to large earthquakes within a
500-km radius has been relatively low, based on U.S. Geological
Survey (USGS) records dating back to 1900 (Yeck et al., 2023).
Because of its substantial intensity and relatively low frequency,
the 2023 Adassil earthquake presents the opportunity for a
unique case study of deep crustal earthquakes.

Along the Atlantic coast of Morocco, the seismicity rate is signifi-
cantly elevated because of the subduction process associated
with the convergence of the African and Eurasian Plates
(Cherkaoui and El Hassani, 2012). In contrast to these subduction-
zone earthquakes, shallow intraplate earthquakes on the Morocco
arc, located far from the trench, are rare, especially for events with
a moment magnitude (M,,) above 5.0 (Figure 1). However, accord-
ing to the USGS catalog, earthquakes in this area exhibit a wide
range of depths. Most earthquakes are confined to depths within
30 km, but some extend beyond 40 km (Cherkaoui and El Hassani,
2012). Gosset (2004) indicated a Moho depth of approximately
30-35 km in this region. This finding implies that some earthquakes
occur within the lower crust or even in the mantle, deviating from
the depths typically associated with tectonic earthquakes.
Furthermore, the lower crust and mantle rocks are characterized
by higher temperatures, rendering brittle deformation less likely.
These data suggest that the tectonic setting of the region remains
enigmatic. Accurate determination of source parameters is crucial
fora comprehensive understanding of the seismotectonic envi-
ronment surrounding the Adassil earthquake and its associated
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hazards. The centroid depth, for example, often correlates with
the primary slip distribution of an earthquake and can provide
insights into the rupture processes and seismogenic context
(Maggi et al., 2000).

Previous studies have outlined the complex faulting mechanisms
of the Adassil earthquake and the challenges in attributing seismic
activity to known structures in the region (Levandowski, 2023;
Yeck et al., 2023). These studies have highlighted regional crustal
stress and slip potential, emphasizing north-south shortening
with various fault orientations. The anomalously hot lower crust in
the Western High Atlas influences fault stability. Yeck et al. (2023)
integrated seismic and geodetic data, which revealed oblique-
reverse faulting in the lower crust with a compact source and a
centroid depth challenging conventional estimates. Typically, the
temperature gradually increases with depth in the Earth’s crust.
However, it is important to highlight that specific regions demon-
strate relatively lower temperatures within the crust. This unique
thermal condition can contribute to the occurrence of moderately
intense seismic activities in the lower crust. Noteworthy instances
illustrating this phenomenon include the M,, 7.7 Bhuj earthquake
in 2021 (Mandal et al., 2004), the M,, 5.2 Chifeng earthquake in
2009 (Wei SJ et al., 2009), and the M,, 6.6 Hokkaido earthquake in
2018 (Zang C et al., 2019). In light of the significant magnitude of
the Adassil earthquake, which caused noticeable surface deforma-
tion, as recorded by ascending and descending orbiting satellites,
we use interferometric synthetic aperture radar (InSAR) data to
constrain the 2023 earthquake fault. To gain insights into the
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Figure 1. The seismotectonic setting of the 2023 Adassil earthquake. The earthquake epicenter, situated in the High Atlas region, is marked by a
red star, accompanied by some aftershocks. The beachball diagram, featuring various colors, illustrates the seismic mechanism based on data
from the USGS and the Global CMT (GCMT) catalog. The yellow dots represent earthquake depths less than 30 km, whereas the orange dots
indicate depths greater than 30 km. The extent of the Sentinel-1 image is outlined by a black rectangle. The blue triangles denote teleseismic
stations (30°-90°) utilized in the inversion process. Active faults are highlighted by a red line.
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broader implications of deep-seated earthquakes for surface
deformation, it is pertinent to reference notable instances such as
the strong M,, 8.0 earthquake in Peru in 2019, recognized as the
deepest seismic event analyzed with InSAR (Vallée et al., 2023).
Additionally, the M,, 6.4 Taiwan Meinong earthquake in 2016
(Huang MH et al, 2016; Yang YH et al, 2021) and the M,, 7.3
Sarpol-e Zahab (Iran) earthquake in 2017 (Vajedian et al., 2018)
underscore the impact of seismic occurrences originating from
substantial depths across diverse tectonic settings. The study of
these cases has contributed to a holistic comprehension of seis-
micity, emphasizing the imperative nature of investigating deep
crustal earthquakes.

In addition to the depth of the source, the focal mechanism is a
critical parameter for analyzing earthquake initiation mechanisms
(Chu RS and Sheng MH, 2023). Focal mechanism solutions from
the USGS and Global CMT indicate that the earthquake occurred
on a southeast-dipping reverse fault and a southwest-dipping
high-angle reverse fault, respectively. The focal mechanism alone
cannot distinguish between the causative fault and its auxiliary.
Therefore, further determination of the causative fault for this
earthquake requires the integration of additional methods, such
as surface rupture field surveys (Xu XW et al., 2008), the spatial
distribution of aftershocks (Zhang HJ and Thurber, 2003; Yang HF
et al,, 2009; Zheng Y et al., 2009; Fang LH et al,, 2013; Long et al.,
2019), analysis of the variation characteristics of the source spec-
trum with azimuth based on dense network observations (Tan Y
and Helmberger, 2010; He XH and Ni SD, 2018; Xu YY and Wen LX,
2019), and geodetic methods based on InSAR data (Feng WP et al.,
2013; Xu WB et al,, 2015; Shan XJ et al,, 2017; Jiang GY et al., 2018;
Sun JB et al., 2018; Xu GY et al,, 2019). Considering the significant
magnitude of this earthquake, which caused noticeable deforma-
tion at the surface and was recorded by ascending and descending
orbiting satellites, we use InSAR data to constrain the rupture fault
responsible for this earthquake.

In this study, we first utilize the generalized Cut-and-Paste (gCAP)
method (Zhu LP and Helmberger, 1996; Zhu LP and Helmberger,
2013; Sheng MH et al., 2020; Chu RS and Sheng MH, 2023) to initiate
the source parameters of the Adassil earthquake through seismic
waveform modeling. Following this, we utilize INSAR data tracking
coseismic deformation to refine the earthquake source parameters
by considering constraints derived from the seismic findings. The
Multiple-peak Particle Swarm Optimization (MPSO) algorithm
(Feng WP et al., 2013; Xu GY et al., 2019) is used to evaluate these
crucial parameters. Additionally, in this study, we combine seismic
and InSAR data to determine the source parameters. We explore
different inversion strategies for seismic waveform and InSAR
data, specifically focusing on determining the centroid depth
during joint inversion. The results allow us to identify the seismo-
genic fault of the 2023 M,, 6.8 Adassil earthquake. Taking into
account the occurrence of relatively deep earthquakes in the High
Atlas and nearby volcanic activity, we infer the causative mecha-
nism of this earthquake based on these tectonic activities.

2. Seismotectonic Setting
The High Atlas Mountain Range stretches 650 km along a west-
southwest to east-northeast axis, comprising the Western, Central,

and Eastern High Atlas sections. Notably, elevations in the Central
High Atlas reach 3.5 to 4.0 km. This area exhibits geological diver-
sity, with prominent volcanic activity and Mesozoic basalt struc-
tures emerging from ancient tectonic rifting. The Middle Atlas and
the southern margin of the Western High Atlas have experienced
significant alkaline basalt eruptions from the Paleogene to the
Quaternary periods, reflecting a broader pattern of volcanism that
was widespread throughout northwestern Africa and southern
Spain from the Jurassic to the Neogene-Pleistocene epochs.
Some studies (Mattei et al., 2014; Casalini et al., 2022) have docu-
mented that the most recent volcanic activities have synchronized
with the orogenic evolution of the High Atlas, suggesting a litho-
sphere influenced by crustal compression (Laffitte, 1939; Ghan-
driche, 1991; Khomsi et al., 2004). During the more tranquil
Oligocene-Miocene period, a considerable sedimentary sequence
of siliciclastic and marine deposits formed in this region. A meticu-
lous scrutiny of regional age data, as delineated in Figure 2b,
demonstrates a northeastward migration of volcanic activity from
the Middle Atlas. This shift signals that the topographical traits of
the area might have a relatively younger geological provenance.
Missenard et al. (2006) elucidated the timeline of tectonic and
magmatic phases in Morocco, noting the inception of alkaline
volcanism within the Atlas domain, which then spread southward
to the Anti-Atlas, encompassing the Siroua and Sahro volcanoes
and northward to the Rif, overtaking the previous calc-alkaline
volcanism associated with subduction processes. According to
Seber et al. (1996), the lithosphere of the High Atlas is relatively
thin and shows significant thermal sensitivity, as supported by P-
wave travel time data. These data are further supported by the
receiver function analysis, suggesting an average lithospheric
thickness of approximately 100 km, with variations ranging from
70 to 90 km, as proposed by the thermal and density models
(Zeyen et al., 2005).

Global positioning system (GPS) datasets interpreted by Fadil
et al. (2006) and Serpelloni et al. (2007) indicated a convergence
rate of approximately 1-2 mm per annum in the High Atlas.
Further geomorphological investigations (Lanari et al., 2020) indi-
cated that tectonic activity plays a crucial role in shaping the High
Atlas, with a noticeable decrement in transpressional forces
observed toward the eastern extent of the range. Within the
broader tectonic framework of Northwest Africa, the High Atlas is
affected by a prominent right-lateral shear zone, primarily origi-
nating from oblique tectonic movements, as supported by the
research of Soumaya et al. (2018) and Dewey et al. (1989). The
complex transpressional tectonics of the High Atlas have become
focal points in geological research. During the Cenozoic era, pre-
existing Triassic—Jurassic structures in the High Atlas were reacti-
vated, leading to strain partitioning and the development of
oblique-slip faults within the range and thrust-related folds at its
edges (Ellero et al,, 2012; Lanari et al., 2020). Consequently, the
tectonic architecture of the Central High Atlas is predominantly
characterized by fold-and-thrust faulting mechanisms rather than
by oblique-slip fault dynamics (Teixell et al., 2003; Calvin et al,,
2018). This complex style of orogenic deformation significantly
influences the variable magnitudes of crustal shortening observed
across different transects. For example, the NNW-SSE-oriented
sections exhibit shortening estimates ranging from approximately
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Figure 2. (a) Schematic evolution model of the High and Anti-Atlas for four different time intervals: Miocene-present post-mantle impingement
(after Lanari et al., 2023). LAB, lithosphere-asthenosphere boundary. (b) Chronology of tectonic phases and magmatic activity in Morocco. This
illustration depicts the sequence of tectonic phases and magmatic events in Morocco. Notably, alkaline volcanism initiated in the Atlas region,
then spread both southward into the Anti-Atlas (manifesting in the Siroua and Sahro volcanoes) and northward into the Rif (where it replaced the
calc-alkaline subduction-related volcanism). The well-documented uplift of the Guercif Basin, as highlighted by Krijgsman et al. (1999), aligns
notably with the volcanic activity in the region. The ages of volcanic rocks are sourced from El Azzouzi et al. (1999) and De Beer et al. (2000) (after

Missenard et al., 2006).

14 km, constituting 17%-20% shortening (Doménech et al., 2016;
Fekkak et al., 2018). In the Western High Atlas, shortening is quan-
tified at approximately 12-15 km, corresponding to 15%-21%
(Teixell et al., 2003; Doménech et al., 2016). Conversely, in the axial
zones of the Central High Atlas, deformation results in a more
significant crustal shortening of 30-34 km, reflecting a 30% short-
ening (Beauchamp et al., 1999; Teixell et al., 2003). The 2023 Adassil
earthquake sequence acts as an indicator of the tectonic activity
within the High Atlas region. The convergence rates, thrust fault
dynamics, and resultant morphological features provide valuable

insights into the profound geodynamic forces sculpting the
topography of the area.

Lanari et al. (2023) has revealed the significant role of geodynamic
processes in shaping the unique topographical features of the
High Atlas region (Figure 2a). The distinctive surface topography
and magmatism observed in the Atlas region are attributed to
mantle upwellings associated with the Canary Plume, lithospheric
thinning, or a combination of both (Ramdani, 1998; Zeyen et al.,
2005; Civiero et al.,, 2018). Lanari et al. (2023) further suggested
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that lithospheric weakening may enhance crustal deformation
even at slow convergence rates. Numerical simulations indicate
that erosion caused by mantle upwelling could be a key factor in
lithospheric thinning, potentially eliminating the necessity of
delamination. Volcanic deposits within the rift strata suggest
crustal thinning mechanisms similar to pure shear or related rift
processes, along with thermal erosion from conductive heating.
The presence of sharply defined lithospheric edges might indicate
lithospheric removal via advective processes, such as delamination
or vigorous drip-like convection (Carbonell et al, 2015). This
understanding is further refined by recognizing the feedback
between plume-induced lithospheric weakening and strain local-
ization, a dynamic that is also observed in other convergent
terrains where deep mantle processes trigger volcanism amid
nappe stacking, similar to the cases of the Caucasus and Alborz
belts. These findings shed light on the potential for mantle plume
activity and associated volcanism to weaken the lithosphere
beneath the Atlas, resulting in concentrated crustal shortening
along pre-existing tectonic frameworks during plate convergence.
This pattern could represent a widespread mechanism influencing
continental plates across supercontinental cycles. The hypotheses
supported by Lanari et al. (2023) suggested an increase in crustal
deformation and exhumation during the middle to late Miocene,
coinciding with the onset of volcanism, and indicate a likely deep
mantle origin for the volcanism. That dynamic mantle upwelling
plays a crucial role in maintaining the elevated topography of the
Atlas.

3. Seismic Wave Inversion

We collected waveform data from the Incorporated Research
Institutes for Seismology (IRIS) Data Management Center (DMC) to
conduct focal mechanism inversion for this earthquake. Initially,
we selected waveforms from teleseismic stations with epicentral
distances ranging from 30° to 90°. The stations within this epicen-
tral distance range exhibit a uniform distribution in terms of
azimuth angles. Furthermore, these stations display relatively
simple waveforms, which are suitable for accurately determining
source parameters through waveform modeling. After performing
preprocessing on the waveform data, including removing the
mean value, linear trend, and instrument response, a manual
inspection was conducted to eliminate data with a low signal-to-
noise ratio (SNR). As a result, we obtained waveforms from 26
stations with high SNRs and well-distributed azimuth angles. The
three-component velocity seismograms were then rotated to
radial, tangential, and vertical (RTZ) components. At present,
several techniques are available for inverting earthquake source
parameters by using teleseismic data (Zhu LP and Hemlberger,

1996; Duputel et al.,, 2012; Ekstrom et al., 2012; Zang C et al., 2019;
Jia Z et al., 2020). In this study, we used the gCAP approach, as
described by Zang C et al. (2019), to perform inversion and deter-
mine the focal mechanism, moment magnitude, and centroid
depth using teleseismic data. The algorithm uses vertical-compo-
nent P waves and tangential-component SH waves to estimate
source parameters. Additionally, independent time shifts were
allowed for waveform segments to accommodate an inaccurate
velocity model and imprecise event location. The time windows
for P and SH waves were selected as 100 s and 150 s, respectively.
The band-pass filters utilized for P and SH waves had frequency
ranges of 0.02-0.1 Hz and 0.02-0.05 Hz, respectively. These
frequency bands were specifically chosen to mitigate the influence
of small-scale structures and reduce low-frequency noise across
multiple stations. Green’s functions were calculated using the
propagation matrix method (Kikuchi and Kanamori, 1982; Chu RS
et al, 2014), in conjunction with the CRUST1.0 velocity model
(Laske et al., 2013).

Through a grid search, we obtained the optimal parameters. The
inversion results are summarized in Table 1. The moment magni-
tude is M,, 6.86, and the source duration is 10 s. The two nodal
planes were determined as 100°/25°/120° (NP1) and 247°/68°/76°
(NP2), with an optimal centroid depth of 23 km (Figure 3). The
analysis of waveform fitting revealed that a majority of waveforms
exhibited a high degree of compatibility, with cross-correlation
coefficients exceeding 90%. Nodal Plane 1 shows a notable devia-
tion from the strike angles observed in Global CMT and USGS data
(approximately 20°), whereas the disparities in other angular
parameters do not exceed 12°. Moreover, the discrepancies in
magnitude remain within a range of 0.1. These findings suggest a
relatively high level of agreement among the results obtained by
various institutes. The centroid depth determined by the gCAP
method is approximately 23 km, which deviates significantly from
the depth from Global CMT, approximately 5 km.

4. InSAR Inversion

Interferometric synthetic aperture radar has emerged as a trans-
formative technology in Earth observation and geophysics in
recent decades (Sun JB et al.,, 2011; Xu XH et al., 2020; Beldjoudi
and Delouis 2022; Han BQ et al., 2022). It leverages the capabilities
of radar imaging satellites to monitor ground deformations with
exceptional precision and spatial coverage. One of the remarkable
platforms that has enabled groundbreaking InSAR applications is
the European Space Agency’s Sentinel-1 satellite constellation.
Comprising two polar-orbiting satellites, Sentinel-1A and Sentinel-
1B, this mission has revolutionized our ability to monitor changes
in the Earth’s surface, making it an invaluable tool for a wide range

Table 1. Source parameters of the Adassil earthquake from different institutes.

(Strike®/dip°®/rake®)

Source Magnitude Centroid
NP1 NP2 (Mw) depth (km)
Global CMT 119/23/132 255/73/74 6.90 27.8
USGS (W-phase) 122/29/132 255/69/69 6.85 30.5
gCAP 100/25/120 247/68/76 6.87 23.0
InSAR — 250/70/74 6.82 29.1
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Figure 3. Point-source inversion results for the Adassil event. (a) The gCAP inversion results in the waveform residual versus source duration and
centroid depth, with beach balls colored according to the source time functions. The numbers above and beneath the focal mechanism plot are
the moment magnitude and centroid depth. The black and red traces indicate the observations and synthetics, respectively. The labels and
numbers to the left side of the waveforms are the station code, azimuth, and epicenter distance. The upper and lower numbers close to the left of
seismograms are cross-correlation coefficients (in percentages) and time shifts (in seconds), respectively.

of applications, including environmental monitoring, disaster
management, and geophysical research. The frequent revisit
times and all-weather imaging capabilities of Sentinel-1 make it
suitable for monitoring dynamic and rapidly changing landscapes,
including those affected by geological phenomena such as earth-
quakes and volcanic activity. In this context, Sentinel-1 has played
a pivotal role in advancing our understanding of tectonic
processes, seismic hazard assessment, and disaster response. Its
ability to capture detailed deformation patterns before and after
earthquakes has proven invaluable for studying earthquake
source mechanisms and assessing associated risks. By providing
high-quality InSAR data, Sentinel-1 empowers scientists and
researchers to investigate the Earth’s surface dynamics with
unprecedented accuracy and timeliness.

Three image scenes covering the epicentral area of the Adassil
earthquake were captured by the Sentinel-1 satellite. These
images were captured during both descending and ascending
orbits and were designated as T045A, T052D, and T154D. We
adopted two coseismic line-of-sight displacements, in an ascend-
ing orbit (T0O45A) and a descending orbit (T154D), for earthquake
source parameter inversion. Before implementing interferometry
processing, the pre- and post-earthquake images underwent a

registration process. To enhance the SNR of the image, a multi-
look ratio of 10:2 was applied in the range and azimuth directions.
We utilized the GAMMA software for conducting differential inter-
ferometry processing to derive the coseismic deformation (Wang
S et al, 2022). We utilized SRTM (Shuttle Radar Topography
Mission) 30-m DEM (digital elevation model) data to mitigate the
influence of terrain effects, as demonstrated by Farr et al. (2007).
The interferogram was subjected to adaptive filtering by using the
method proposed by Goldstein and Werner (1998). Subsequently,
the interferogram was unwrapped by using the minimum cost
flow method (Chen CW and Zebker, 2000). Finally, the geocoding
process transformed the interferogram into the geographical
coordinate system. We successfully derived the coseismic defor-
mation field from the Adassil earthquake after converting the
phase diagram into a deformation diagram.

We used a quadtree sampling method (Jonsson et al., 2002) to
downsample the ascending and descending orbit images. After
that, the ascending orbit image retained 570 deformation points,
whereas the descending orbit image retained 626 points. During
the inversion process, all data points were assigned equal weight.
We used the MPSO algorithm (Feng WP et al., 2013; Xu GY et al,,
2019) to search for nine parameters: fault top depth, fault bottom
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depth, strike, dip, slip angle, slip amount, fault length, and epicen-
ter location. The elastic half-space rectangular dislocation model
(Okada, 1985) was adopted to calculate displacement based on
source parameters. Initially, without considering the fault mecha-
nism published by the seismic agency, we conducted a global
search for the angle parameters, and other parameters had wide
search ranges to avoid boundary effects. After 100 iterations, the
results were distributed around the two fault plane solutions
published by the seismic agency. The error on the north-dipping
fault plane was 11.3 mm, whereas the error on the south-dipping
fault plane was 11.4 mm. Despite the similar errors on both fault
planes, the slip amount on the south-dipping fault plane was 5 m,
reaching the upper limit set during the search. According to the
relationship between the scale of most earthquake faults and slip
amounts (Funning, 2005; Biggs et al., 2006; Gu WW et al., 2023),
the north-dipping fault plane better conformed to this relation-
ship. From our analysis of the interferograms (Figure 4) and down-
sampled deformation maps (Figure 5), we observed that the
deformation is predominantly distributed on the northern side,
mainly characterized by uplift. However, deformation is also
present on the southern side, characterized by subsidence. The
deformation gradient gradually decreases as we move northward,

suggesting that the hanging wall of the fault is on the northern
side, indicating a north-dipping fault. From the evidence above,
we considered the fault plane with a strike of 250° (north-dipping
fault plane) as the causative fault. Subsequently, we narrowed the
search range for the parameters and performed another 100 itera-
tions to obtain the optimal parameters, as shown in Table 1.

Using the optimal inversion results, we simulated the ascending
and descending orbit deformation maps (Figure 3), as well as
surface displacement maps (Figure 4),and obtained the corre-
sponding residual maps. The forward model successfully recon-
structed the deformation field. The residual diagram did not
exhibit any discernible indications of deformation. The model
residual was approximately 11.3 mm, indicating the reliability of
our inversion results. The focal mechanism parameters derived
from InSAR data exhibited a notable similarity to those from
academic institutes using seismic data. The disparity between
these results was limited to a maximum of 5° whereas the
discrepancy in magnitude remained within a range of 0.1. The
centroid depth determined through InSAR was 29.1 km, which
closely aligns with the results of the Global CMT and USGS analy-
ses. However, it deviates from the results obtained through gCAP,
which estimated a centroid depth of approximately 23.0 km.
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Figure 4. Coseismic displacement and model prediction of the 2023 M,, 6.8 Adassil earthquake are illustrated in wrapped Sentinel-1 data for
both ascending (a) and descending (d) orbits. In the images, each fringe corresponds to half a wavelength of line-of-sight (LOS) displacement. The
predicted InSAR data, displayed in panels (d) and (e), include the surface projection of the estimated fault plane denoted by a black dashed
rectangle and the extrapolation of the fault plane to the surface represented by a black line. Residual phase information between the observed
and predicted interferograms is depicted in panels (c) and (f), corresponding to the ascending (a) and descending (d) data sets.
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Figure 5. Downsampled InSAR and inversion results. Panels (a) and (d) in the first column show the observed interferograms. Panels (b) and (e)
in the second column show the model prediction results. Panels (c) and (f) in the last column show the residuals between the observed
interferograms and the model. Positive values indicate the ground moving toward the Setinel-1 satellite in the line-of-sight (LOS) direction. The
surface projection of the estimated fault plane is denoted by a black dashed rectangle, and the extrapolation of the fault plane to the surface is

represented by a black line.

5. JointInversion

We conducted separate inversions of the source parameters for
the Adassil earthquake by using seismic and InSAR data, as
discussed in the sections above. The strike/dip/rake parameters
showed relatively consistent results, with differences within 5°,
whereas significant variation was observed in the inferred depth
of approximately 6 km. We utilized a joint inversion method to
determine the source depth of the earthquake to address this
discrepancy. In the individual inversion of InSAR data, we
assumed a uniform sliding fault and searched for the upper and
lower boundaries of the fault separately. We tested the sensitivity
of InSAR data to these boundary depths (Figure 6a). First, while
keeping the lower boundary fixed, we searched for different
upper boundary depths in the range of 1-43 km, resulting in error
curves for various depths (Figure 6a). Second, while keeping the
upper boundary depth constant, we searched for the lower
boundary depth within the range of 15-55 km, generating depth
error curves as well (Figure 5a). The results indicated that InSAR
data were more sensitive to the upper boundary of the fault and
had a lower resolution for the lower boundary. This observation is
consistent with that by Aki and Richards (2002), who suggested
that surface displacements caused by earthquakes decrease

inversely with the square of the depth, which explains the greater
sensitivity of INSAR observations to the upper boundary of the
fault. In the joint inversion, we fixed the upper boundary depth
and searched for the error distribution corresponding to different
depths by varying the lower boundary depth. Considering the
unit differences of the seismic and InSAR data, we applied normal-
ization to both types of data during the inversion process. The
specific normalization process can be depicted as follows:
___horm (di—¢) )
max [norm (d; - ¢;)]’
where d; represents the data that have been observed, ¢; corre-
sponds to the synthetic data, and i denotes the index that is asso-
ciated with a specific set of inversions. The term norm is used to
denote the L, norm, which quantifies the magnitude of a vector.
On the other hand, the term max signifies the maximum value
within a given set. After normalizing the errors, we assigned differ-
ent weights to the two types of data. The sum of weighted errors
is as follows:

misfit = AjLy + A,L,, (2)

where misfit denotes the error function used in joint inversion,
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and the variables A, and A, are utilized as weighting factors to
assign significance to seismic waveform and InSAR data, respec-
tively. Additionally, L; and L, represent the squared errors of the
normalized seismic waveform and InSAR data. We varied the
InSAR weights from 0 to 10 with a step size of 0.01. By calculating
the joint inversion error distribution for different weights (Figure
6b), we observed that as the INSAR weight increased, the centroid
depth gradually rose from 23 to 29 km. The InSAR weight in the
range of 3-6 yielded a stable centroid depth, indicating reliable
results. The determined centroid depth of the Adassil earthquake
was 28 km.

6. Discussion

The source parameters of the Adassil earthquake were determined
by using seismic waves and InSAR data. The results indicate that
the earthquake predominantly exhibited reverse motion, charac-
terized by a steep dip angle with a strike direction of approximately
250°. The joint inversion analysis revealed that the centroid depth
of the earthquake was approximately 28 km, which is beyond the
typical depth range of 5-15 km for general tectonic earthquakes.
When the depth of the seismic activity is less than 5 km, the struc-
ture in this region may exhibit a relatively low level of hardness,
making it challenging to accumulate sufficient stress for the
occurrence of moderate and strong earthquakes. On the other
hand, when the depth of the earthquake exceeds 15 km, the rock
undergoes changes in its physical properties resulting from
temperature and pressure influences, leading to a transition from
brittle deformation to plastic deformation. However, it is important
to note that plastic deformation alone cannot accumulate the
stress required for fault rupture.

In general, the temperature increases gradually as the depth
increases. Nonetheless, it is worth noting that certain regions
exhibit comparatively lower temperatures within the crust,
thereby facilitating the occurrence of moderately intense seismic
activity in the lower crust. Notable examples include the M,, 7.7
Bhuj earthquake in 2001 (Mandal et al., 2004), the M, 5.2 Chifeng

earthquake in 2009 (Wei SJ et al., 2009), and the M,, 6.6 Hokkaido
earthquake in 2018 (Zang C et al, 2019). Although differences
exist in the mechanisms of these earthquakes, such as the
predominantly strike-slip nature of the Chifeng earthquake and
the predominantly thrust nature of the Bhuj and Hokkaido earth-
quakes, the hypocenters of these earthquakes are all relatively
deep, with the epicenters of both the Chifeng earthquake and the
Hokkaido earthquake situated at relatively lower temperatures.
Gosset (2004) found that the crustal thickness in the source region
of the Adassil earthquake is approximately 30-35 km. On the basis
of the centroid depth of this earthquake, it can be inferred that
the lower crustal rocks in the High Atlas area have relatively low
temperatures. This lower temperature facilitates the accumulation
of significant stress, leading to subsequent rupture and the occur-
rence of earthquakes.

According to the teleseismic waveform inversion results, two
distinct nodal planes of the Adassil earthquake are derived. One
exhibits a low dip angle, whereas the other demonstrates a high
dip angle. In both cases, the predominant mechanism is a reverse
fault, accompanied by a minor contribution of strike-slip motion.
The seismogenic fault of this earthquake was identified as a high-
dip reverse fault based on InSAR inversion results. The results of
various institutes align with the seismic wave inversion results
presented in this article, supporting the reliability of the approxi-
mately 70° dip angle obtained in this study. In general, high-dip
reverse faults are difficult to rupture (Sibson, 1985). The fulfillment
of the Mohr-Coulomb rupture criterion for the activation of high-
dip reverse faults can occur in the presence of high-pressure fluid
on the fault. The 2018 Hokkaido earthquake was classified as a
high-dip reverse event (Zang C et al., 2019) that occurred within
the lower crust. Zang C et al. (2019) demonstrated the coexistence
of a cold fore-arc and a hot volcanic arc nearby. The presence of a
cold fore-arc region creates favorable stress conditions for the
occurrence of earthquakes.

In contrast, the interaction between the hot volcanic arc and the
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Figure 7. (a) Composite plot illustrating the notable impedance locations in the velocity and structural models. Detailed model characteristics
can be found in other references (Bezada et al., 2013; Palomeras et al., 2014; Thurner et al., 2014). The image provided depicts a cartographic
representation of diverse lithospheric characteristics, notably highlighting the shallow rheological properties of the boundary between the
lithosphere and asthenosphere (commonly referred to as the LAB). Furthermore, it serves to indicate the geographic positions of surface volcanic
fields (after Carbonell et al., 2015). (b, c) Schematic cross-sections that depict the tectonic evolution of the Atlas Rift system. The final uplift and
inversion phase demonstrates the process of uplifting and inverting the Atlas Rift system, ultimately leading to the creation of the contemporary
Atlas Mountains. The inversion observed can be attributed to the convergence of the African and Iberian plates, which occurred during the
Tertiary period, specifically within the Miocene to Oligocene epochs. The process entailed the application of forces in opposing directions along
the boundaries of the rift, occurring at depths within the Earth’s crust that are relatively shallow. These forces were exerted over relatively limited
distances, estimated to be between 10 and 14 km. Significantly, a notable reduction in compression was observed within the interior of the
mountain range, indicating that most of the contraction occurred at depths within the middle to lower crust. The postrift phase is characterized
by the subsidence from the Late Jurassic to Tertiary periods. Panel (b) represents the structure of the green line in panel (a). Panel (c) represents
the structure of the red line in panel (a). The red line in panel (c) indicates the seismogenic fault of the Adassil earthquake (after Beauchamp et al.,
1999).
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cold fore-arc can generate an environment abundant in fluids.
Contemporary research indicates that the High Atlas region expe-
riences thermal anomalies and crustal shortening, resulting in an
elevation of approximately 4 km. Figure 7a demonstrates that
volcanic activity originates from the High Atlas Mountains and
subsequently extends northward, encompassing the Middle Atlas
region, and southward, specifically affecting the Anti-Atlas area,
which includes the Siroua and Sahro volcanoes. Roughly 10
million years ago, the region experienced a significant occurrence
of volcanic activity, which appears to correlate with the thinning
of the lithosphere in this area. Over time, these rocks underwent a
gradual cooling process, resulting in a geological setting rich in
fluids within the crust. The temperature of these rocks decreased
to a relatively low level, and the M,, 6.8 Adassil earthquake
occurred under these circumstances.

Nevertheless, it is worth noting that volcanic activity in the High
Atlas region lasts for a relatively longer duration, causing the rocks
in the Siroua area to undergo a slower cooling process and result-
ing in lower temperatures. The Siroua area, where the earthquake
occurred, differs from the High Atlas region in its geological char-
acteristics, specifically with a cold, fluid-rich environment. The
geological composition of the region is highly complex, requiring
careful consideration of the associated seismic hazard. Addition-
ally, the temporal patterns of volcanic activity in the Middle Atlas
region are similar to those observed in the Siroua region. More-
over, because of the infrequent seismic events in this region and
its considerable distance from the plate boundary, further
research is needed in this area. Therefore, additional studies are
required to support the findings presented in this article.

7. Conclusions

We present a study on the kinematic source parameters of the
2023 Adassil earthquake by using seismic waves and InSAR data.
The results of point-source inversion revealed that the event is a
reverse earthquake. The causative fault exhibits a high dip angle
and a strike direction of approximately 250° with a centroid depth
of approximately 28 km. This unusual depth, exceeding the typical
seismogenic thickness, suggests that lower crustal rocks in the
High Atlas region may have cooler temperatures, which can facili-
tate stress accumulation and seismic rupture. This finding is
consistent with observations in similar tectonic settings, where
fluid-rich environments and thermal anomalies within the crust
promote the occurrence of earthquakes. The geological complexity
of the Siroua area and its cold and fluid-rich composition
demands an enhanced understanding of the seismic hazard it
poses. Despite the sparse seismic activity and its significant
distance from plate boundaries, further research is crucial to
deepen our understanding of the seismotectonic behavior in this
region. Additionally, future research should focus on the propaga-
tion of volcanic activity toward the Middle Atlas. Our study
contributes to understanding deep crustal earthquakes, and we
emphasize the importance of continuous surveillance and further
investigation, particularly in regions with atypical earthquakes.
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