o Z
‘-1 remote sensing @J\Py

Article

Joint Inversion of InNSAR and Seismic Data Unveiling the
Dynamic Rupture Process and Seismotectonic Kinematics of the
2023 Mw 6.8 Morocco Earthquake

Nan Fang ‘¥, Zhidan Chen, Lei Zhao, Kai Sun ", Lei Xie © and Wenbin Xu *

check for
updates

Academic Editor: Giuseppe Casula

Received: 6 July 2025
Revised: 22 August 2025
Accepted: 23 August 2025
Published: 27 August 2025

Citation: Fang, N.;Chen, Z.; Zhao, L.;

Sun, K;; Xie, L.; Xu, W. Joint Inversion
of InSAR and Seismic Data Unveiling
the Dynamic Rupture Process and
Seismotectonic Kinematics of the 2023
Mw 6.8 Morocco Earthquake. Remote
Sens. 2025,17,2971. https://doi.org/
10.3390/1s17172971

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

School of Geoscience and Info-Physics, Central South University, Changsha 410083, China;
fangnan@csu.edu.cn (N.E); 22024051@csu.edu.cn (Z.C.); leizhao@csu.edu.cn (L.Z.); kai.sun@csu.edu.cn (K.S.);
leixie_geo@csu.edu.cn (L.X.)

* Correspondence: wenbin.xu@csu.edu.cn

Abstract

On 8 September 2023, an Mw 6.8 earthquake struck the High Atlas Mountains in western
Morocco, where the tectonic regime has been poorly investigated due to its remoteness and
weaker seismicity compared to the northern plate boundary. In this study, we combine the
measurements from the Interferometric Synthetic Aperture Radar images and the seismic
data to invert the coseismic slip model of the 2023 Morocco earthquake. The results show a
predominantly reverse slip motion with a minor left-lateral strike slip. The rupture process
lasts about 15 s and reaches the maximum of its seismic moment release rate at about 5 s.
The coseismic slip is mainly distributed in a depth range of ~20-30 km, with the ~1.4 m
maximum coseismic slip at a depth of ~25 km. The Coulomb stress change suggests a
significant stress loading effect on surrounding faults. The high-angle transpressive rupture
kinematics of the 2023 Morocco earthquake reveal steep oblique-reverse faulting of the Tizi
n’Test fault within the western High Atlas Mountains. The slight left-lateral strike slip and
focal depth anomaly of this event are largely attributed to differential crustal shortening
and the rejuvenation of early rift structures inherited from the Mesozoic complex evolution.

Keywords: Morocco earthquake; Bayesian inversion; kinematic rupture process; Coulomb
stress change; transpressive structure

1. Introduction

On 8 September 2023, a moment magnitude (Mw) 6.8 earthquake with a focal depth
of ~26 km struck the High Atlas Mountains (HAMSs), Al Haouz Province, western Morocco
(Figure 1). The earthquake was followed by several strong aftershocks, including an
Mw 4.9 aftershock 19 min later after the mainshock, and resulted in significant fatalities
and injuries: nearly 3000 people were killed and 320,000 people were exposed to seismic
shocks [1-3]. In the past century, several damaging earthquakes have occurred in Morocco,
and seismicity is primarily located at the northern plate boundary between the African
and Eurasian plates [1,3—6]. The 2023 Al Haouz earthquake, an intraplate event occurring
in southwest Morocco, approximately 500 km south of the northern plate boundary, was
the strongest instrumentally recorded seismic event in Morocco and the deadliest since
the 1960 Mw 5.8 Agadir earthquake [1]. The focal mechanism solutions from the United
States Geological Survey (USGS) and the Global Centroid Moment Tensor (GCMT) indicate
that the Al Haouz earthquake occurred on a steeply transpressive fault dipping to the
northwest or a shallow-angle oblique-reverse fault dipping to the southwest, with nodal
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plane strike/dip 255°/70° or 125° /30° (Figure 1) [2]. However, different studies present
distinct views on the rupture kinematics of the Al Haouz earthquake. Cheloni et al. [1]
attribute the event to a southwest-dipping low-angle slip along the North Atlas Fault,
while other studies argue that a steeply north-dipping fault is more likely the seismogenic
structure [3,7,8]. As a result, the rupture kinematic mechanism of the 2023 Al Haouz
earthquake remains ambiguous and requires further consideration.

The tectonic setting of Morocco is mainly defined by the convergence of African and
Eurasian plates around the Mediterranean region. The Mediterranean region is thus seismi-
cally active due to the northward motion (4-7 mm/yr) of the African plate relative to the
Eurasian plate along a complex plate boundary [4,5,9-13]. Although seismicity in Morocco
is primarily concentrated along the northern plate boundary, the continuous convergence
between plates also transmits compressive stress to the south, impacting the Moroccan
Meseta and the High Atlas and Anti-Atlas Mountains, leading to the generation of several
nearly east-west- and northeast-southwest-trending compressive and transpressive fault
systems [14—-19]. Previously, the HAMs were considered to be a low seismic region due to
their remoteness from the plate boundary and weaker seismic activity. However, the 2023
Al Haouz earthquake indicates that high tectonic stress can accumulate in this region as
well. The GPS data suggest a shortening rate of 1-2 mm/yr in the HAMs [9,12,13], which
is partitioned by regional fold-and-thrust belts (Figure 1). Nevertheless, the seismotectonic
structures and their kinematics within the HAMs have not been well investigated, therefore
leading to inconsistency in the seismogenic structure and triggering mechanism of the Al
Haouz earthquake.

The HAMs are an intracontinental mountain belt, extending 2000 km from Morocco
to Tunisia. This mountain belt was formed during the reactivation of a Mesozoic rift,
and the subsequent plate collision in the Cenozoic compressed the original extensional
structures into a collisional regime [16,20-23]. Currently, the HAMSs are characterized by
thick-skinned thrusting and folding, and are considered as sets of double-vergent thrust
systems (Figure 1) [2,15,17]. Two dominant faults, the North and South Atlas faults, bound
the western HAMs (Figure 1). Within the mountain range, the closest mapped fault near the
epicenter is the Tizi n"Test fault (TTF) (Figure 1). However, there is limited understanding
of its kinematic characteristics. Sebrier et al. [15] suggest that the TTF is a steep-dipping
reverse fault with a left-lateral strike—slip component, whereas others characterize the
TTF by the high-angle faulting with a right-lateral component [13,16,19]. The discrepancy
regarding the fault kinematics of the TTF has an impact on our understanding of the
seismogenic structure and regional deformation pattern. However, the 2023 Al Haouz
earthquake provides a rare opportunity to clarify the kinematic characteristics of the active
structures within the HAMs, which are imperative to constrain the regional deformation
pattern and the triggering mechanism of the 2023 Al Haouz earthquake.

Over the past decades, Interferometric Synthetic Aperture Radar (InSAR) technology
has demonstrated remarkable capabilities in extracting surface deformation associated
with seismic cycles, providing valuable insights into fault geometry and kinematic behav-
ior [24-29]. Bayesian inversion is particularly valuable for earthquakes that do not rupture
the surface because it provides a robust probabilistic framework to address the inherent
uncertainties in constraining subsurface fault geometry and slip distribution. When surface
rupture is absent, direct observations of the fault plane are unavailable, and the resolution
of geodetic (e.g., INSAR) and seismic data diminishes with depth. In this study, we use
the InSAR observation to map the coseismic deformation of the Al Haouz earthquake.
Then, we search the geometry parameters of this blind fault with Bayesian methods. After
that, we combine the INSAR observation and teleseismic data to constrain the dynamic
rupture and coseismic slip model. Further, we calculate the stress disturbance caused by
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this earthquake and discuss the seismic hazard on the surrounding faults. Finally, we
clarify the seismogenic structure of the Al Haouz earthquake based on the derived rupture
kinematics and regional structural analysis.
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Figure 1. Tectonic setting of the Mw 6.8 Al Haouz earthquake, western Morocco. The red stars denote
the earthquake epicenter. The dashed gray lines in the global inset map represent plate boundaries.
The focal mechanism beachballs are derived from the USGS (U.S. Geological Survey) and GCMT
(Global Centroid Moment Tensor Project). The aftershock data are from the Euro-Mediterranean
Seismological Center (https:/ /www.emsc-csem.org/, accessed on 5 July 2025). The black solid lines
are regional active faults, modified from [15,30]. NAF, North Atlas fault; SAF, South Atlas fault; TTF,
Tizi n'Test fault.

2. Materials and Methods
2.1. Far-Field Body Wave Data

The teleseismic body-wave data used in this study were downloaded from the Data
Management Center of the Incorporated Research Institutions for Seismology (IRIS). To
obtain the precise process of source seismic rupture, it is necessary to improve the azimuth
coverage of the seismic stations. We selected and used 50 vertical components of P-wave
seismic phases with epicenter distances from 30° to 90° (Figure 1). First, the waveform
record of instrument response acquisition speed was removed from the original data [31],
and then the bandpass filtering of 0.01~0.9 Hz and resampling of 5 Hz were performed
on the far-field waveform data, and the data length of 60 s in total was intercepted 10 s
before the arrival of the P-wave. The theoretical Green’s function of far-field body waves
is calculated using the Multitel3 program, which can calculate a more accurate Green'’s
function by considering direct waves and core reflected waves [32]. In the process of calcu-
lating Green’s function, the velocity model uses the crustal structure based on the CRUST
1.0 model [33] and the mantle and core parts of the AK135 reference Earth model [34].
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2.2. InSAR Observation

To obtain the coseismic deformation field of the Al Haouz earthquake, we used
GAMMA software (v20180704) to process differential interferograms on three tracks of
Sentinel-1 InNSAR data (Table 1). The interferograms were multilooked with a ratio of 10:2
(i.e., range:azimuth) to improve the signal-to-noise ratio, and a 30 m resolution digital
elevation model (SRTM DEM) was used to simulate and correct the topographic phase. The
interferograms are filtered by the adaptive filter and unwrapped by the minimum cost flow
method [35,36]. Long-wavelength atmospheric and orbital errors were removed through
polynomial fitting, and we manually masked the near-field unwrapping errors. In order
to improve the computational efficiency of the inversion, we used an improved quadtree
sampling method to downsample the datasets. This method uses the window gradient as
the threshold, which can greatly reduce the amount of data and retain deformation details
as much as possible [37]. The theoretical Green’s function of INSAR coseismic deformation
is calculated by frequency wave number integration [38] and based on the layered wave
velocity model [39].

Table 1. Image information used in this study.

. . Primary Secondary Perpendicular Mean
Satellite Orbit Day/Month/Year Day/Month/Year Baseline (m)  Coherence Pass
Sentinel-1A Ascending 3 September 2023 15 September 2023 92.4 0.78 45
Sentinel-1A Descending 4 September 2023 16 September 2023 28.7 0.77 52
Sentinel-1A Descending 30 August 2023 11 September 2023 46.4 0.75 154

2.3. Fault Model Inversion
2.3.1. Bayesian Estimation for Fault Geometry with InSAR Data

According to the Okada model [40,41], a rectangular fault’s geometry and slip are
characterized by nine parameters: length, width, depth, strike angle, dip angle, X and Y
coordinates of the top-edge center, strike-slip displacement, and dip—slip displacement.
We used the open-source code package provided by COMET (UK Centre for Observation
and Modelling of Earthquake, Volcanoes and Tectonic, https://comet.nerc.ac.uk/gbis/,
accessed on 5 July 2025) to solve this Okada model in a homogeneous, elastic half-space,
assuming a Poisson ratio of 0.25 and a shear modulus of 30 GPa [42]. GBIS uses a Bayesian
approach to invert geodetic data (GNSS, InNSAR) for deformation source parameters. To
efficiently sample the complex posterior probability density function (PDF), it employs a
Markov Chain Monte Carlo (MCMC) method, specifically the Metropolis algorithm [43].
During each sampling step, a new set of parameters was proposed and the posterior
probability was updated:

p(d]m)p(m)
p(mla) = ST )
where p(d|m) denotes the likelihood function determined by residuals and predictions,
p(m) is the prior information of model parameters, which is taken as uniform prior here,
and p(d) is an unknown normalizing constant. If we consider that the data error follows
the Gaussian distribution, the likelihood p(d|m) can be calculated as follows:

p(dm) = 2m) N2 Y 17 xexp —%(d—cm)TZd*(d—cm) @)
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Among them, G represents the forward model with model parameters m. In
Equation (2), N is the number of data points and Yy, expresses the inversed data variance—
covariance matrix, which is used to weight different datasets.

In order to better search for the fault parameters, we conducted a free search for all
parameters, and unlike other studies, we did not constrain the strike angle and dip angle of
the faults, but conducted a global search (0~360° and 0.1~89.9°, respectively). We applied
uniform distribution for the priors, and the bounds for each prior are presented in Table 2.
Finally, we conducted 1 million Bayesian inversions to search the source parameters. The
first 100,000 samples in the final results were removed because source parameters may
not converge in this burn-in period. We extracted the samples that has stabilized after the
burn-in period, and then obtained the posterior PDF of each source parameter.

Table 2. Priors and inversion results for the 2023 Al Haouz earthquake.

Length Width Depth Dip Strike  FaultX! FaultY!  Strike- Dip-Slip

(km) (km) (km) ©) ©) (km) (km) Slip % (m) 3 (m)
Lower 5 1 1 0.1 0 —-30 —-30 -1 -2
Upper 30 50 20 89.9 360 30 30 1 2
Optimal 22.23 38.61 10.77 70.3 250.3 10.73 —15.29 —-0.23 —0.61
2.5%4 18.72 31.68 9.63 66.9 246.9 9.42 —15.93 —0.38 —-0.79
97.5% 4 25.10 47.59 12.21 74.1 254.1 11.73 —14.65 —0.10 —0.50

! Fault X and Fault Y represent the difference between the upper midpoint of the fault edge and reference point.
2 A positive strike-slip value indicates that the fault has a dextral slip component and a negative value indicates a
left-lateral slip component. 3 A positive dip-slip value indicates that the fault has a normal slip component and a
negative value indicates a reverse slip component. * We report the maximum a posteriori probability solution and
the 2.5 and 97.5 percentiles of the posterior probability density function of the fault parameters.

2.3.2. Finite Fault Inversion with Geodetic and Seismic Data

After determining the geometric parameters and location of the fault, we then extend
the fault to 40 km x 40 km in the length and width direction, and discretize the fault plane
into 400 sub-patches with a size of 2 km x 2 km. Then, the multi-time-window linear
inversion strategy is used to jointly invert the kinematic source rupture with the InNSAR
coseismic deformation field and far-field body wave data [44—47]. This method builds on
the representation theorem in [48] and regards the sub-patches as a point source, leading to
the following observational equation:

u(t) = ZZ{ ZZZU ZZS Mif,itw,is T (= Dlyig ) * Gif,is(f) 3)

where 1 < if <nf,1 <itw < ntw,1 <is <ns (ns =2). In Equation (3), U(t) represents
the model function of the velocity waveform, which comprises the smooth ramp function
T(t) and the Green’s function G; £is(t), and Atys expresses the triggering effect of the
first-time window. To stabilize the inversion result, the Laplacian smoothing operation was
applied to the model parameters, and the inversion equation can be expressed as follows:

Gr dr
G d

CE 1)
Ss 0

in which Gt and Gj denote the Green function for teleseismic and InSAR data, respectively,
and A expresses the Laplacian smoothing factor, which was determined using Akaike’s
Bayesian Information Criterion (ABIC) in this study [49]. The weights of the teleseismic data
vector dr and InSAR data vector d; were set according to the data variance, respectively,
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and S; and S are the smoothing operations applied in the temporal and space domain.
Based on the characteristics of this earthquake, which was dominated by reverse slip,
the range of slip direction for each subfault is limited to 90° 4 45°. Then, the finite slip
distribution is determined by employing a Non-negative Least Squares method [50]. In
order to obtain optimal finite slip distribution, we assume the weight of InNSAR as 1, and
the weight of the teleseismic data from 0.1 to 0.9. Then, we invert with different Laplacian
smoothing factor multiple times and choose the optimal model via the ABIC value.

2.4. Coulomb Stress Change

The Coulomb stress on the 2023 Al Haouz earthquake fault plane changed, and its
surrounding fault planes were analyzed using the slip models with the Coulomb 3.3
software from USGS (https://pubs.usgs.gov/of/2011/1060/, accessed on 5 July 2025). The
fundamental equation for calculating the stress change is given by

ACFS = AT + pi Aoy, (5)

where y, represents the effective friction coefficient on the receiver fault, which was set to a
value of 0.4 in this study. At denotes the shear stress change (positive when acting in the
direction of the fault slip), and Aoy, signifies the normal stress change (positive when the
receiver fault is unclamped). The fault geometry and location in this area were modified
from [15]. The fault planes were constructed with variable strike angle and width to 40 km,
and then the fault planes were divided into 5 km x 5 km patches. Given that the NAF
and SAF are reverse faults, we assumed the same dip angle with a rake angle of 90° as the
mainshock. For the TTEF, Ellero et al. [19] found several strike—slip faults in the middle of
the HAMs. Therefore, we set the dip angle of these faults to 90° and the rake angle to 0°.

3. Results
3.1. Coseismic Deformation

We processed two descending and one ascending interferograms, which sufficiently
covered the coseismic deformation field (Figure 2). The InNSAR deformation maps reveal
asymmetric crustal motion across the fault trace, characterized by significant hanging wall
uplift (up to ~15 cm) in the northern block and footwall subsidence (~5 cm) in the south.
This differential vertical displacement forms a sharp gradient aligned with the fault strike,
consistent across ascending (AT45) and descending (DT52, DT154) satellite tracks. The
three interferograms show the same deformation pattern—an uplift deformation region in
north—indicating that this earthquake was mainly driven by the reverse slip motion. The
maximum line-of-sight displacement of the AT45 is ~0.5 m. The maximum line-of-sight
displacement of the DT52 and DT154 is ~0.4 m, slightly lower than that of AT45. We
derived the east-west and vertical component from three interferograms, as shown in
Figure 2g,h, in which the warm color represents a sliding motion towards the east and
vertically upwards. The vertical component shows thrust slip, which is consistent with the
pattern shown in the three interferograms. The deformation field of track D52 is wider than
track D154, which is mainly caused by the different incidence angle of the two tracks. In
addition, the surface deformation field mapped by INSAR shows notable surface uplift and
subsidence, and the transition zone between uplift and subsidence nearly fits with the fault
traces of the TTF (Figure 2) [15,17].
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Figure 2. InNSAR-derived coseismic deformation fields from the 2023 Al Haouz earthquake. Black
dashed lines represent the projected fault trace of the fault plane. The yellow star represents the
epicenter in this study. (a—c) Wrapped phase map along ascending track 45, descending track 52,
and descending track 154, respectively. (d—f) Unwrapped LOS displacement fields. (gh) East-
west component and vertical component derived from ascending and descending Sentinel-1 tracks.
(i) Displacement profiles along AA’ shown in (d—f,h), with dot colors matching the color of each
profile in (d—f,h): Red—Sentinel-1 ascending track 45, blue—Sentinel-1 descending track 52, green—
Sentinel-1 descending track 154, and purple—vertical component.

3.2. Rupture Process and Slip Distribution

Given the line-of-sight (LOS) displacement data retrieved from three Sentinel-1 inter-
ferograms, we use GBIS to estimate the posterior PDF of the fault parameters. Figure 3
shows the resulting histograms of the 1-D marginal PDF for each parameter and the plots
of the 2-D joint PDF for each parameter pair. From the joint probability density function
distribution of each parameter (Figure 3), it can be seen that each parameter is close to a
normal distribution, and the correlation between two parameters is small, which proves
the stability of the inversion results and the independence of the parameters. The statistical
distribution (Table 2) shows that the length of the fault is ~22.23 km (18.72-25.10, 95%
confidence interval, the same below), the width is ~38.61 km (31.68-47.59), and the strike
and dip are 250.3° (246.9-254.1°) and 70.3° (66.9-74.1°), respectively, and the fault dips
to the northwest. The top depth of the fault is 10.77 km, which indicates that the coseis-
mic rupture did not reach the surface. The slip on the fault surface is mainly the reverse
component, with a small amount of left-lateral slip component.
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Figure 3. 1-D and 2-D marginal posterior PDF plots of a rectangular source for the 2023 Al Haouz
earthquake derived from InSAR data. The red vertical lines in the histograms and the red dot in the
2D correlation maps represent the optimal solution.

Using the optimal geometric parameters, we extended the fault along the strike and
dip strike direction and then jointly inverted the slip distribution using seismic data and
geodetic data. In order to determine the appropriate data weight between the INSAR data
and seismic data, we conducted multiple inversions using different weights and smoothing
factors. As shown in Figure 4, the ABIC value obtained from the inversion of the teleseismic
data with a weight of 0.1 is significantly lower than that of the other weights. Among these
inversions with a weight of 0.1 for teleseismic data, the inversion result with a smoothing
factor of 0.001 has the lowest ABIC value. However, a low smoothing factor may result
in an uneven sliding distribution. Considering that the ABIC values of these inversion
results with a weight of 0.1 are very low, we selected the set of inversion results with a
smoothing factor of 0.004 as our optimal result. This can ensure both low ABIC values and
smooth sliding distribution on the fault plane. In this set of inversion results, we obtained
a Variance Reduction (VR) of 90.1. The optimal slip distribution inverted by the InNSAR
data and seismic data is shown in Figure 5, where the coseismic slip is mainly distributed
in the depth range of 25-30 km with a maximum slip of ~1.4 m. The average rake is ~70°,
indicating that the coseismic slip is mainly released by reverse slip motion, with minor
left-lateral strike—slip motion. The coseismic slip is primarily distributed under 10 km
and does not rupture to the surface. The moment tensor released by this earthquake is
~2.34 x 10 N-m, corresponding to an Mw 6.84 earthquake, which is consistent with the
Mw 6.8 reported by the USGS and Mw 6.9 by the GCMT (Table 3).
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Figure 5. (a) Snapshots of the source rupture process derived from the joint inversion. The contour
interval is 0.3 m, and the yellow star indicates the rupture starting point. (b) Cumulative seismic
moment releasing rate function of the optimal fault model. (c) Coseismic slip model. The slip contour

is 0.3 m, and the yellow star indicates the rupture starting point.

The source rupture sub-process is shown in Figure 5. The focal model shows that the
rupture of the Morocco earthquake is a disk rupture mode with a total duration of nearly
16 s. The rupture began at a depth of 23 km from the fault plane and then broke in all
directions. The energy release process consists of two stages. The first stage, starting from
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the rupture initiation point, produces a large convex body, whose rupture lasts about 10 s,
reaches the maximum of its seismic moment release rate at about 5 s, and releases most
of the seismic energy. After that, the rate of seismic moment release begins to decline and
then rises again in 12 s and continued to decline after reaching the second peak. The second
stage is a minor slip in the lower right corner of the fault plane, which corresponds to the
last 4 s of the entire fracture process.

Table 3. The fault parameters of 2023 Mw6.8 Al Haouz earthquake.

Source Lon (°) Lat (°) Depth (km)  Strike (°) Dip (°) Rake Mw

255 69 69
USGS —8.385 31.058 19 122 29 132 6.8

257 70 73
GCMT —8.31 30.94 23.8 118 % 128 6.9
Cheloni et al. [1] / / / 106 22 125 6.8
Yeck et al. [3] —8.332 30.978 25 251 69 75 6.84
Huang et al. [7] —8.33 30.97 26 251 72 / 6.82
Touati [8] -84 31.2 29.1 250 70 74 6.82
This study —8.294 30.935 28.9 249.5 70.3 70 6.84

The inversion result shows that the data from most teleseismic stations can fit the
data well, and only the initial motion part of the P-wave data from a few teleseismic
stations cannot fit well (Figure 6). For example, the synthetic maximum amplitude (red
line) of station MBAR is about half of the observed waveforms, which may lead to the
underestimation of the slip on the fault plane. The initial part of the synthetic waveform of
station KONO does not fit the data well, which may lead to small differences in inversion.
Figure 7 shows the simulated coseismic deformation fields of three orbits. The simulated
data fits well with the observation, with the largest residuals mainly appearing near faults,
which may reflect the complex geometric relationships of faults in the shallow parts of the
faults or be related to inelastic deformation. The residual root mean square error (RMSE)
values obtained by the joint model inversion of the INSAR data are 0.95 cm, 1.22 cm, and
1.39 cm, respectively, indicating the reasonability of our coseismic slip model (Figure 7).
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Figure 6. Comparison between the synthetic waveforms and the observed teleseismic P-wave records
(displacement). The maximum amplitude of the observed (black font) and synthetic waveform (red
font) is shown to the right of each waveform, in micrometers. The azimuth and distance in degrees
are shown at the beginning of each record with the azimuth on top.
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Figure 7. (a—c) Unwrapped displacement images of the observed, modeled, and residual of the coseis-
mic deformation acquired by Sentinel-1 track 52’s descending orbit. (d—f) Unwrapped displacement
images of the observed, modeled, and residual of the coseismic deformation acquired by Sentinel-1
track 154’s descending orbit. (g—i) Unwrapped displacement images of the observed, modeled, and
residual of the coseismic deformation field acquired by Sentinel-1 track 45’s ascending orbit. The
dashed purple rectangles represent the fault plane of the 2023 Al Haouz earthquake and the solid
line represents the projection of the fault plane on the ground.

4. Discussion
4.1. Coulomb Stress Change and Earthquake Risk

The seismic stress triggering theory shows that the regional stress accumulated by
tectonic movement is released during an earthquake [51-53]. The accumulated stresses
do not disappear immediately and are redistributed through stress transfer processes,
potentially causing subsequent seismic activity. In regions where Coulomb Failure Stress
(CFS) change is positive, seismic activity is enhanced, while in regions where it is negative,
seismic activity is reduced [51-53]. To investigate potential changes in regional seismic
activity resulting from the 2023 Al Haouz earthquake, we used the Coulomb 3.3 software
to calculate the coseismic Coulomb stress change on the major active faults in this region,
assuming a friction coefficient of 0.4 [54]. The calculated Coulomb stress changes on the
surrounding fault are shown in Figure 8. The positive stresses that are larger than 0.1 Bar
are mainly concentrated on the lower part of the fault planes, especially on the NAF and
SAF. On the middle part of the SAF, there are negative stress values on the top of the plane,
which represents Coulomb stress release near the epicenter. Overall, the results indicate
that the Coulomb stress changes are mainly concentrated near the epicenter, primarily
manifesting as stress loading, and reaching the triggering threshold of 0.1 Bar. Therefore,
the earthquake hazard on the surrounding faults deserves further attention.
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Figure 8. Distributions of the coseismic CFS changes in surrounding active faults induced by the
Morocco earthquake with an effective coefficient of 0.4. Yellow star represents the epicenter of the
2023 Al Haouz earthquake.

4.2. Seismogenic Structure of the Al Haouz Earthquake and Implications for Regional Tectonics

The determined seismogenic fault plane of the 2023 Al Haouz earthquake in this
study is consistent with the USGS finite model and the primary structural alignment
(NEE-SWW) in the western HAMs. The NW-SE crustal shortening in the HAMs induces a
series of compressional fold-and-thrust belts extending along the ENE-WSW orientation
(Figure 9a) [17,19,21]. The two mountain-bounding thrust faults, the North and South Atlas
faults, can explain the compressive mechanism of the Al Haouz earthquake, but the focal
depths inferred from these two faults are not consistent with the kinematic parameters
of the Al Haouz earthquake. This event occurred ~20 km south of the south-dipping
North Atlas fault and ~30 km north of the north-dipping South Atlas fault. Projecting
the trace of the North Atlas fault 20 km southward at 30° dip reaches only ~12 km depth
beneath the epicenter; projecting the South Atlas fault 30 km northward at 70° dip exceeds
82 km in depth beneath the epicenter [2]. Hence, both focal depths constrained by the
mountain-bounding faults deviate significantly from the simulated values based on seismic
and geodetic data, indicating that the causative fault may be another fault.
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The fault geometry of the TTF within the HAMSs appears to be in close agreement with
the kinematic parameters of the 2023 Al Haouz earthquake. The TTF is ~10 km away from
the epicenter, and its constrained focal depth is roughly 27 km [15], consistent with the
main rupture depths of the Al Haouz earthquake derived in this study. Previously, the fault
geometry and kinematic characteristics of the TTF were suspicious [15,16,19]. However, the
Al Haouz earthquake can precisely provide effective constraints on the kinematic features
of the TTF. Both the structural geometry and the surface traces of the TTF correspond closely
with the rupture kinematics and deformation fields derived by InNSAR observations and
seismic wave inversions. Therefore, we suggest that the high-angle transpressive faulting
of the TTF is responsible for the coseismic rupture of the 2023 Al Haouz earthquake.

Furthermore, the rupture kinematics of the 2023 Al Haouz earthquake reveal a minor
left-lateral strike—slip component of the TTF, which is in disagreement with the right-lateral
strike—slip feature described in several geological and geodetic studies [13,16,19]. The
slight right-lateral slip along the HAMs is attributed to the northeastward movement of the
southern Atlas region relative to the Eurasian plate [11-13,16,55,56]. As a result, there is a
slight right-lateral slip along the mountain bounding faults in the HAMs, which has been
confirmed by relevant geological surveys [16,19]. However, the 2023 Al Haouz earthquake
occurred in a tectonic distortion zone between the western and eastern HAMs (Figure 9a).
Divided by this transition zone, the main tectonic alignment changes eastward from W-E
directed in the western HAMs to SW-NE in the central HAMs (Figure 9a) [16]. Meanwhile,
the crustal shortening decreases from east to west along the HAMs as well [14]. Lanari
et al. [16] estimated ~12 km of the Cenozoic shortening in the western HAMs along the
NNW-SSE orientation, less than half of the amount of shortening of the central and eastern
HAMs (approximately 30-34 km) [16,20,21]. The GPS velocity field also indicates that the
rate of crustal shortening in the western HAM s is significantly smaller than that in the
central and eastern HAMs (Figure 9a) [12,13,16,55]. The differential crustal shortening
between the western and eastern HAM s is largely responsible for the localized left-lateral
slip of the TTF in the transition zone (Figure 9b), which contributed the minor strike—slip
component as observed in the 2023 Al Haouz earthquake.

The joint inversion analysis shows that the coseismic slip of the 2023 Al Haouz earth-
quake was primarily distributed in the depth range of 25-30 km, which is far beyond the
typical depth of 5-15 km for general tectonic earthquakes in the compressive orogenic
belts [8]. The source depth anomaly may be related to the early structural evolution of
the HAMs. From the Triassic to the late Jurassic, the north African plate had undergone a
long period of rifting due to the opening of the central Atlantic Ocean [16,19-23,57]. Subse-
quently, the convergence of the African and European plates during the Cenozoic led to the
replacement of tectonic regimes from the rift system to collisional orogeny. Tectonic inver-
sion affects the architecture of compressional structures, which preserves the high-angle
fault geometry inherited from pre-existing extensional faults [16,17,19,20]. In addition, the
maximum compressive stress transmitted from the northern plate boundary is oblique to
the pre-existing fabric, and, thus, the resulting deformation is dominated by a transpressive
regime, and strain is mainly partitioned by oblique-reverse slip [16,23]. The HAMs are
a typical reactivated compressive orogen that develops preferentially along zones of pre-
existing weakness [16], resulting from the rejuvenation of Mesozoic rift structures inherited
from the pre-Alpine complex evolution [16,19,20].
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Figure 9. Seismogenic fault and deformation model of the 2023 Morocco earthquake. (a) Morocco’s
active structures and GPS velocity field with respect to a Eurasian-fixed reference frame. The GPS
data are modified from [56,58]. The inset map shows the satellite image of the seismogenic fault
(Tizi n'Test fault, TTF) of the 2023 Morocco earthquake. (b) Conceptual cartoon illustrating the
seismotectonic environment of the 2023 Morocco earthquake.

5. Conclusions

The 2023 Mw 6.8 Morocco earthquake in the High Atlas Mountains provides critical
insights into the region’s poorly understood tectonic regime. Using the joint inversion of
InSAR and seismic data, this study delineates the 2023 Mw 6.8 Morocco earthquake as a
high-angle transpressive rupture on the Tizi n'Test Fault (TTF), characterized by dominant
reverse slip (peak slip: ~1.4 m at 25-30 km depth) with a minor left-lateral component.
The rupture propagated radially over ~16 s, releasing peak moment at ~5 s. The fault
geometry (strike 250.3° £ 3.6°, dip 70.3° & 3.6°) and deep slip distribution confirm the
TTF—a structure reactivated under ongoing NW-SE crustal shortening—as the seismogenic
fault. The localized anomalous left-lateral slip of the TTF reflects differential shortening
across the HAMs, while the deep rupture locus stems from the reactivation of Mesozoic rift
structures. Significant Coulomb stress loading on adjacent faults underscores persistent
seismic risk in the region. The assumption of a planar fault geometry may oversimplify
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the true fault structure, which could be non-planar or listric. In the future, we can try to
conduct physics-based dynamic rupture simulations to test the rupture propagation in the
lower crust. Overall, this study resolves kinematic ambiguities of the TTF within the HAMSs
and calls for reevaluating seismic hazard risks on the bounding faults of the HAMs.
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