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Abstract

The assessment of seismic risk in northeastern Algeria is one of the main challenges for the region's development.
Seismic risk evaluation is based on the identification of active structures and the tracing of seismic faults. This
approach faces a number of obstacles, including the complexity of the geological context, the weakness and
imprecision of present geo-cartographic data, the predominance of argillaceous facies and the degradation of
morphological expressions of deformation. Remote sensing is a valuable technique not only for the detection and
cartography of active faults, but also for seismic risk management and the integration of these risks into sustainable
development projects and territorial planning.In this study, we applied two remote sensing techniques: firstly, we
have used optical image correlation. This correlation is performed between two images from the Sentinel 2A
satellite, in descending mode, acquired at different times, before and after the earthquake. Secondly, we have used
interferometric synthetic aperture radar (InSAR) which is based on the phase comparison of two SAR (synthetic
aperture radar) images, used to construct the “Single Look Complex SLC” interferogram, from the Sentinel 1B
satellite which were acquired at different times, but with similar acquisition geometries, covering the same area on
the ground surface. The main objective of this study is to cartography and calculates the co-seismic displacements in
our study region.

Keywords: earthquake, active fault, seismic risk, Interferometric Synthetic Aperture Radar (InSAR), sentinel satellites
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Natural hazards represent a rapidly evolving field of
research that demands multidisciplinary and multi-scalar
approaches. Algeria’s geographical location places it
within a seismically active zone, rendering the country
highly vulnerable to a variety of natural disasters. These
include floods, such as the catastrophic Bab El Oued
flood in 2001, and earthquakes, which have historically
caused significant destruction and loss of life. Notable
seismic events include the El Asnam earthquake (Mw =
7.1) on October 10, 1980, which struck the Wilaya of
Chlef and remains one of the most devastating
earthquakes in Algeria’s history, and the Boumerdes
earthquake (Mw = 6.8) on May 21, 2003, , which had a
significant impact on the Boumerdés and Algiers region,
resulting in numerous fatalities and extensive material
damage (Bourenane et al.,, 2017). The 2003 Zemmouri
earthquake also produced coastal uplift, attributed to
active thrust faulting (Meghraoui et al., 2004).

Among natural disasters, seismic risk is considered
one of the most dangerous and deadliest globally, both
due to its direct effects (e.g., ground shaking, building

human casualties, as well as material and economic
losses, making them a critical area of concern for disaster
risk management. The northern region of Algeria is
particularly exposed to natural hazards due to its unique
geomorphological, geological, climatic, and seismic
characteristics, combined with anthropogenic factors
such as rapid urbanization and high population density.
This combination of natural and human-induced
vulnerabilities  highlights the urgent need for
comprehensive risk assessment, effective mitigation
strategies, and improved preparedness to reduce the
impact of future disasters.

In Algeria, seismicity and active tectonics are
primarily concentrated in the northern part of the
country, particularly in the Eastern Tellian Atlas. This
region experiences  active seismicity, though
predominantly of moderate to low magnitude (Mw < 6.3)
(Harbi et al., 1999). As a result, northeastern Algeria is
considered a region of relatively weak to moderate
seismic activity (Rothé, 1950; Harbi et al., 2003; Harbi et
al., 2011; Ayadi & Bezzeghoud, 2015). Numerous
moderate-intensity seismic events in Algeria have been
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studied and categorized, many of which caused
significant human and economic losses. These include
the Constantine earthquake of October 27, 1985 (Mw =
5.7) (Bounif et al., 1987; Benouar, 1994), the lijeli
earthquake of August 21, 1856 (10 = VIII) (Benhallou,
1971; Mokrane et al., 1994; Harbi et al., 2011), the
Guelma earthquake of February 10, 1937 (Mw = 5.2), and
the Berhoum earthquake of February 12, 1946 (Ms = 5.5)
(Benouar, 1994). The 1999 Ain Temouchent earthquake
(Mw = 5.7) also stands out as a significant event,
involving a blind thrust rupture and active folding
(Belabbes et al.,, 2009). Additionally, the Kherrata
earthquake of February 17, 1949 (Mw = 4.9) (Rothé,
1950; Benouar, 1994; Ayadi & Bezzeghoud, 2015) and the
Mansourah earthquake of November 24, 1973 (Mw =
5.1), which affected the M'’sila region, have been
documented. More recent events include the Beni-
Ourtilane (Sétif) earthquake of November 10, 2000 (Mw
= 5.4) (Slimani et al., 2002; Bouhadad, 2013), the Laalam
(Bejaia) earthquake of March 20, 2006 (Mw = 5.2)
(Bouhadad et al., 2010; Beldjoudi et al., 2009; Abbes et
al,, 2019), and the Beni-llmane (M’sila) earthquake
sequence of May 2010, which included three events: May
14 (Mw = 5.5), May 16 (Mw = 5.1), and May 23 (Mw =
5.2) (Beldjoudi et al., 2016). These events highlight the
persistent seismic activity in Algeria and its impact on
vulnerable regions.

The seismic hazard assessment process typically
begins with the identification and delineation of seismic
faults, a task that presents significant challenges. One of
the primary difficulties lies in the region's complex
geological composition, characterized by intricate
interactions among diverse geological formations and
structures.  Additionally, existing geo-cartographic
databases are often incomplete or inaccurate, hindering
the precise identification and mapping of fault lines.

The predominance of terrigenous facies further
complicates fault identification, as these sedimentary
deposits can obscure or mask fault traces. Moreover,
morphological indicators of deformation, such as fault
scarps or terrain features signaling fault activity, are
prone to rapid degradation due to natural processes like
erosion, alteration, and sedimentation. This degradation
makes their detection and accurate interpretation
particularly challenging.

The present study examines the deformations
associated with several seismic events that occurred in
different regions of northeastern Algeria. Seismic activity
recorded in northern Algeria continues to provide
evidence of active tectonics, as demonstrated by the
moderate 2014 earthquake in the Bay of Algiers, which
revealed the presence of an active thrust fault (Benfedda
et al., 2017). In the Mila region, a seismic sequence took
place between July and August 2020, with the most
significant event being a magnitude 4.9 earthquake that
struck the Hamala zone on August 7, 2020, at 08:12 UTC.
Similarly, the Skikda region experienced seismic activity
at the end of November 2020, marked by a magnitude
5.2 earthquake that affected the El Harrouch commune
on November 22, 2020, at 04:53 UTC. In the Guelma
region, experienced a seismic sequence during the period
from December 2020 to April 2021. The main events
studied from this sequence include the April 1, 2021 (Mw
4.8) earthquake at 15:33 UTC, and its aftershocks: one of
magnitude 3.7 at 17:47 UTC, and another of magnitude
3.1 at 23:45 UTC on the same day. These seismic events
underscore the persistent tectonic activity in the region,
highlighting the importance of detailed geophysical
studies to enhance seismic risk assessment and develop
effective  mitigation strategies. A comprehensive
summary of these events is provided in table 1.

Table 1: Earthquake (seismic main events) studied, linked to the Oued Messilga and Mila fault

Event Time Hour | Magnitude | Latitude | Longitude | Depth Location (Region)
(MW) Lat. (°) Long. (°) (Km)

1° 07/08/2020 | 07h15 | 4.9 MW 36.5497 6.2708 7 2 Km South-East of Hammala, wilaya of Mila.

2° 22/11/2020 | 04h53 | 5,2 Mw 36.6442 6.8625 10 12 km south-west of El Harrouch, wilaya of
Skikda.

3° 17/12/2020 | 10h17 3,8 Mw 36,5125 7,2244 10 10 Km West of Bouhamdane,
Wilaya of Guelma.

4° 01/04/2021 | 15h33 | 4.8 Mw 36.4139 7.1942 10 8 km south-west of Guelma, Wilaya of
Guelma.

Source: USGS (United States Geological Survey); processed by the Author (2024)

Our research focused on studying co-seismic
displacements using an inverse analysis approach to
identify and map active faults responsible for seismic
events in the study area and to determine their
movement directions. To achieve this, we employed
remote  sensing  techniques, specifically radar
interferometry and optical image correlation. Radar
interferometry (INSAR) allowed us to measure seismic

event displacements with high precision by comparing
phase differences between radar signals acquired before
and after an earthquake. We utilized interferometric
synthetic aperture radar (InSAR), which is based on the
phase comparison of two SAR (synthetic aperture radar)
images from the European Space Agency’s Sentinel-1B
satellite. These images, acquired at different times but
with similar acquisition geometries, were used to
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construct "Single Look Complex (SLC)" interferograms.
This technique enabled the detection of even subtle
movements along fault lines, providing critical insights
into fault activity and behavior.

Additionally, optical image correlation was applied by
comparing high-resolution satellite images before and
after seismic events. This technique was developed using
the Micmac open-source correlator-developed by IGN—
cross-referenced with available seismological data.
Specifically, the correlation was performed between two
Sentinel-2A satellite images in descending mode,
acquired at different times (before and after the
earthquake). This approach helped identify changes in
surface features at the level of active faults, allowing us
to deduce the location and extent of fault displacement.

The combined application of radar interferometry and
optical image correlation has enabled our study to
provide a comprehensive understanding of co-seismic
displacements, fault activity, and their implications for
seismic hazard assessment in the region. These remote
sensing techniques have provided detailed assessments
of fault activity, significantly contributing to seismic risk
assessment and disaster preparedness efforts.

To further enhance our analysis, additional seismicity
data from reputable sources such as the C.R.AA.G
(Centre de Recherche en Astronomie, Astrophysique et
Géophysique), IGN (Institut National de I'Information
Géographique et Forestiere), ISC (International
Seismological Centre), and USGS/NEIC (United States
Geological Survey/National Earthquake Information
Center) were also utilized. This comprehensive approach
has enabled a more robust understanding of seismic
events and their associated risks.

Geological and Morpho-Geological setting

The Tell Atlas is situated on the southern margin of
the Mediterranean Basin, as shown in figure 1 (Wildi,
1983), and has undergone significant tectonic
deformation since the early Cenozoic. This deformation is
primarily driven by NNW-SSE compressional forces,
resulting in extensive folding and faulting across the
region. The Tell Atlas is characterized by a series of
intermountain Neogene post-nappes basins, which
exhibit E-W elongation and are marked by compressional
deformation during the Quaternary period (Harbi et al.,
1999).

The region's neo-tectonic features include several
seismogenic zones, which are associated with E-W to
NE-SW striking folds and reverse faults. These structures
have played a significant role in shaping the landscape
and have actively deformed young Quaternary deposits,
as illustrated in figure 1, (Harbi et al., 1999; Benabbas,
2006).

In terms of seismotectonics, the Tellian Eastern Atlas
of Algeria is characterized by a complex neo-tectonic
system, including reverse faulting, right-lateral and left-
lateral strike-slips, and even normal faulting, as illustrated

in figure 2C. The seismotectonic sketch shows several
active and/or Quaternary faults identified through
various geological and seismotectonic studies (Vila, 1980;
Bounif et al., 1987; Benabbas, 2006; Ayadi & Bezzeghoud,
2015; Beldjoudi et al., 2016; Abbes et al., 2019).

Several active and/or Quaternary faults, as indicated
by the seismotectonic sketch in figure 2C, have been
identified through extensive geological and
seismotectonic studies conducted in eastern Algeria (Vila,
1980; Bounif et al., 1987; Meghraoui, 1988; Aris et al.,
1998; Harbi et al.,, 1999; Benhammouche et al., 2013;
Beldjoudi et al., 2016; Abbes et al., 2019).

The seismotectonic sketch in figure 2C reveals a
complex network of faults in northeastern Algeria,
identified through detailed geological mapping and
seismic studies. This research focuses on the main active
and Quaternary faults in the region, specifically the Mila
faults, the Roknia fault, and the Oued Messilga fault.

These faults are critically important as they are
sources of recent seismic activity and have the potential
to trigger future earthquakes. Understanding their
location, movements, and characteristics is essential for
seismic risk assessment and the development of risk
mitigation strategies in the region.

Northern Algeria is part of the Maghrebides Alpine
chain, a major geological feature extending from
Gibraltar to the Calabria region in southern ltaly, which
includes volcanic regions (Raymond, 1977).

This region is geologically diverse and can be divided
into several distinct domains from north to south:

- Internal Zones (Kabylian Basement)

Greater and Lesser Kabylies (GK and LK): These zones
are composed primarily of granitic, gneissic, and
metamorphic rocks, including schists and Ordovician
series. The basement rocks range in age from Jurassic-
Cretaceous to Lower Cenozoic and are characterized by
Pan-African and Variscan radiometric age. The central
Maghrebides, particularly in Great Kabylia, exhibit post-
collisional palaeostress fields reflecting significant
tectonic reorganization following the Alpine collision
phase (Aite & Gélard, 1997).

- Post nappe deposits

Neogene deposits, these sediments were deposited
after the principal movements of the nappe and provide
insights into the more recent geological history and
tectonic activity of the region, as demonstrated in figure 2.

- Pliocene-Quaternary deposits

These are the youngest geological formations in the
region, dating from the Pliocene to the Quaternary. They
include a variety of sediments that record the most
recent geological events, as shown in figure 2. The
basement blocks are bounded to the south by the
Djurdjura Range and the Dorsale Calcaire, which are
characterized by Quaternary and Plio-Quaternary
deposits.
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Figure 1: Geological and Geographical Context of the Study Area.(A): Global geographical location of the study
area.(B): Position of the study area within Algeria.(C): General geological setting of the of the Tellian Atlas

Source: After Meghraoui (1988), modified from Harbi et al. (1999), and processed by the Author (2024)

These formations represent the former southern
margin of the European Tethys Ocean. To the north, the
Kabylian basement is overlain by the Oligo-Miocene
Kabyle (OMK) unit, consisting of unconfirmed Oligo-
Miocene conglomeratic clastics of fluvial origin, and
further capped by Plio-Quaternary deposits, figure 2.

The southern limit of the region is defined by the
djurdjura range and the limestone dorsale. these
geological features are composed of quaternary deposits,
which include a variety of sedimentary layers that reflect
recent geological history. the plio-quaternary deposits
within these formations indicate significant
sedimentation events that occurred between the
pliocene and quaternary periods, underscoring the
dynamic tectonic and sedimentary processes that have
shaped the area

The northern limit of the Kabyle basement is defined
by the Oligo-Miocene unit (OMK), which consists of
conglomeratic clastic sediments of fluvial origin. Although
unconfirmed, these deposits suggest significant sediment

transport and deposition during the Oligo-Miocene period.
The OMK unit provides valuable insights into the
paleoenvironment and tectonic conditions of this era.

The OMK unit is overlain by Plio-Quaternary
deposits, which include a siliceous lithostratigraphic
marker at the summit composed of chert. This marker
has been dated to approximately 19 + 1 million years,
highlighting its significance as a chronological marker in
the stratigraphic record.

The region is characterized by volcanic activity and
anticlinal formations, as illustrated in figure 2, which
highlights their geographical relationship with the Kabyle
basement and the overlying sedimentary units. Further
to the north, the superjacent structures include the
Numidian flysch and Tellian series, as shown in figure 2.

These nappes (Numidian Flysch  Nappes),
characterized by flysch deposits, are represented in figure
1C and frequently contain olistostromes—chaotic
sedimentary deposits resulting from underwater
landslides. The emplacement of these nappes over the
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OMK unit underscores the dynamic tectonic processes
that shaped the region, as depicted in figure 2. Gravity-
driven sliding events, which transported these nappes,
also played a crucial role in the region's geological
evolution.

The Tellian series, commonly thrusted, overlies the
Numidian flysch nappes. This series consists of various
sedimentary rocks that have been subjected to significant
tectonic forces, resulting in thrust faulting. The structural
complexity of the Tellian series reflects the intense
tectonic activity in the region, as illustrated in figure 1.

A deposit of Middle Miocene molasse, covers the
Tellian series. This molasse represents sedimentary
deposits that accumulated in a foreland basin formed
during the collision between the Kabylides and the
African plate. The deposition of the Middle Miocene
molasse marks a period of significant tectonic
convergence and basin development.

In addition to the molasse deposits, there are Plio-
Quaternary deposits that record the most recent
sedimentation events in the region. These deposits
provide valuable insights into the region's geological
evolution and tectonic activity, as shown in figure 2.

Is in an out-thrust position relative to the external
zones. This implies the presence of Tellian flysch nappes

and para-autochthonous underlying units, which are
derived from the ancient African passive margin. The
structural features of this block include reverse faults,
strike-slip faults, and normal faults, as depicted in Figure 2.

Out-Thrust Position, the Lesser Kabylies (LK) block is
characterized by its out-thrust position, indicating that it
has been pushed outward relative to the surrounding
geological units. This structural configuration highlights
the region's complex tectonic history.

Tellian Flysch Nappes, these nappes consist of
sedimentary sequences that were transported and
emplaced onto the para-autochthonous units by tectonic
forces. The Tellian flysch nappes are a significant
component of the regional geology and provide evidence
of large-scale tectonic processes.

Para-autochthonous units, originally part of the
ancient African passive margin, representing relatively
stable geological formations that were later influenced by
tectonic forces.

Fault mechanisms

Reverse faults in the region indicate compressive
forces, where the overhanging wall is displaced upwards
relative to the lower wall. This type of fault is consistent
with the tectonic context of the Petites Kabylies block,
where significant compressive stresses are present.
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Figure 2: Tectonic map of the Tellian Eastern Atlas of Algeria

Source: Modified from Maouche et al. (2013); processed by the author (2024)
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The strike-slip faults imply lateral movement, where
the blocks slide one on top of the other horizontally. The
presence of strike-slip faults suggests the influence of
shearing forces in addition to compressive stresses.

Normal faults are characterized by the descending
movement of the hanging wall relative to the footwall,
indicating extensional forces. Their presence in the region
reflects a complex interplay of tectonic stresses, including
periods of extension. The Tell Atlas of Algeria experienced
significant tectonic activity during the Neogene period
(Maouche et al.,, 2013). Neotectonics features in the
region include E-W to NE-SW. Trending folds and reverse
faults that affect Quaternary deposits, as well as seismic
faults identified in this study, as illustrated in figure 2.

Along the folded mountains, intermountain Neogene
post-nappe basins are characterized by the presence of
Miocene and Plio-Quaternary sediments. Examples
include the Soummam, Hodna, Constantine, Mila, and
Guelma pull-apart basins, which are associated with
seismic faults identified in this study, as shown in figure 2
(Coiffait, 1992; Maouche et al., 2013).

The studies and research related to this theme,
covering several decades, have contributed to our
current understanding of the seismotectonic framework
and the geological context in northeastern Algeria.
Studies by Vila (1980), Bounif et al. (1987), and
Meghraoui (1988), among others, have provided
fundamental background on the tectonic processes
shaping northeastern Algeria. The more recent work of
Benhammouche et al. (2013), Beldjoudi et al. (2016), and
Abbes et al. (2019) has been based on this knowledge,
using advanced techniques such as remote sensing and
geophysical surveys to refine fault cartography and
activity assessments.

The integration of geological and seismotectonic data
from these studies has enabled the identification and
understanding of active fault systems in northeastern
Algeria. This knowledge not only advances the scientific
study of the region's tectonics but also plays a crucial role
in developing effective earthquake preparedness and
mitigation strategies. Such efforts contribute to
improving the safety and resilience of communities in
this seismically active region.

Seismicity and focal mechanisms in the Eastern
Tellian Atlas. Tectonic perspectives and hazard
implications

The regional seismotectonic and geodynamic context
of northern Algeria is shaped by the north-westward
movement of the African tectonic plate (Nocquet &
Calais, 2004; Frizon et al., 2006: Abacha, 2015; Bougrine
et al, 2019). This movement results from the
convergence between the African and Eurasian plates,
generating significant compressional forces. These forces
are manifested through moderate earthquakes that
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frequently occur in northeastern Algeria (Mokrane et al.,
1994; Kariche et al., 2018; Maouche et al., 2019).

The eastern Tellian Atlas, located in northern Algeria,
is an area of notable seismic activity, despite being
characterized primarily by moderate to low-magnitude
earthquakes. Historical and recent studies have enhanced
our understanding of the region's seismicity and active
tectonics. Seismicity in this region is predominantly of
moderate to low magnitude, with the most significant
recorded events reaching Mw = 6.3 (Harbi et al., 1999).
The region's seismicity has consistently been classified as
relatively low to moderate by researchers (Rothé, 1950;
Harbi et al., 2003; Ayadi & Bezzeghoud, 2015), a
classification supported by both historical records and
modern seismic monitoring data.

Seismic activity in the eastern Tellian Atlas is
concentrated in several zones, particularly near major
urban centers and fault structures. Notable seismic zones
include the areas around Algiers, Constantine, and the
Chelif basin. These regions have experienced numerous
moderate seismic events, contributing to the region's
seismic hazard profile. Historical earthquakes in eastern
Tellian Atlas are well-documented, with significant events
providing valuable insights into regional seismic activity.

One of the most notable historical earthquakes is the
1980 ElI Asnam earthquake (Mw 7.3), which, although
located outside the Eastern Tellian atlas, underscores the
potential for significant seismic events in northern
Algeria. Other important events include the Constantine
earthquake of October 27th, 1985 (Mw = 5.7) (Bounif et
al., 1987; Benouar, 1993), the Jijeli earthquake of August
21st, 1856 (I0 = VIIl) (Benhallou, 1971; Mokrane et al.,
1994; Harbi et al., 2011), and the Guelma earthquake of
February 10th, 1937 (Mw 5.2). Additional events
include the Berhoum earthquake of February 12th, 1946
(Mw = 5.5) (Benouar, 1994), the Kherrata earthquake of
February 17th, 1949 (Mw = 4.9) (Rothé, 1950; Benouar,
1994; Ayadi & Bezzeghoud, 2015), and the Mansourah
earthquake of November 24th, 1973 (Mw = 5.1) in the
M’sila region. More recent events include the
Beniourtilane (Sétif) earthquake of November 10th, 2000
(Mw = 5.4) (Slimani et al.,, 2002; Bouhadad, 2013), the
Beni-llmane (M'Sila) earthquakes of May 14th (Mw
5.5), May 16th (Mw = 5.1), and May 23rd (Mw = 5.2) in
2010 (Beldjoudi et al., 2016), and the Laalam (Bejaia)
earthquake of March 20th, 2006 (Mw = 5.2) (Bouhadad
et al., 2010; Beldjoudi et al., 2009; Abbes et al., 2019).

These events highlight the importance of continuous
seismic monitoring and risk assessment in the region, as
well as the need for effective preparedness and
mitigation strategies to reduce the impact of future
earthquakes.

The seismicity map of northeastern Algeria (1857-
2022), presented in figure 3, shows a concentration of
earthquake epicenters around regions such as Mila,
Guelma, and Skikda. These areas exhibit significant
seismic activity, making them critical case studies for
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understanding tectonic behavior and seismic hazards in
northeastern Algeria. From east to west, the map reveals
significant seismic clusters in Mila, Guelma, and Skikda,
characterized by persistent micro-seismicity over the
years, as depicted in figure 3. Additionally, many
epicenters are located near the coast, potentially linked
to the offshore continuation of onshore features or
submarine faults (Harbi et al., 1999).

The Mila region exhibits significant seismic activity,
with several recorded events contributing to the general
seismicity profile of the Eastern Tellian Atlas. Similarly,

the Skikda region demonstrates continuous seismic
activity, further highlighting the tectonic complexity of
the area. Guelma is another seismically active region,
known for its history of moderate earthquakes, including
the notable event of February 10th, 1937 (Mw = 5.2).

Understanding the seismicity and focal mechanisms in
this region is crucial for effective seismic hazard
reduction and disaster prevention Continuous research
and monitoring efforts continue to enhance our
knowledge of the region's seismic behavior, contributing
to the safety and resilience of local communities.
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Figure 3: Distribution of Earthquake Epicenters in Northeastern Algeria (1850-2022)

Source: CRAAG (2022), USGS/NEIC (2022), and IGN (2022); spatial data from OpenStreetMap (2022)

Material and Methods

Study area and data

Seismic activity is a direct manifestation of
neotectonics deformation in a region. Earthquakes,
generated by the sudden release of energy accumulated
through stress in rocks, typically occur as a result of
ruptures along pre-existing faults. Understanding these
ruptures and the associated displacements is essential
for identifying active faults and determining their
movement directions. Co-seismic displacements refer to
ground surface movements that occur during
earthquakes. The study of these displacements employs
inverse analysis techniques to identify the active faults
responsible for seismic events and to determine their
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movement directions. Recent advancements in satellite
technology, particularly the availability of free, high-
resolution Sentinel satellite images from the European
Space Agency, have significantly enhanced the
practicality of measuring co-seismic displacements.

These images provide detailed insights into ground
movements associated with seismic events, enabling
researchers to analyze faults with unprecedented
precision. The present work focuses on studying
deformations linked to several seismic events listed in
table 2, located in different regions as shown in figure 4.
By analyzing co-seismic displacements using Sentinel
satellite imagery, the study aims to trace the probable
active faults responsible for the seismic events studied
and determine the directions of displacement along
these active faults during earthquakes.
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Mila event

The main events examined in this seismic sequence
include the July 17, 2020 earthquake (Mw 4.6) at 08:12
UTC, the mainshock on August 7, 2020 (Mw 4.8) at 06:16
UTC, and a subsequent aftershock later that day at 11:13
UTC (Mw 4.4), along with several additional felt
aftershocks, particularly following the August 7 main
event. The most significant of these is the El-Kherba
landslide, which spans an area of 1.42 km?, with a length
of 9,625 meters and a width of 2,259 meters. On the
other hand, different types of active faults can produce
varying patterns of ground motion, which is a critical
factor in the triggering of landslides (Keefer, 1984; Keefer,
2000 Owen et al, 2008). Key factors influencing
earthquake-induced landslides include local geology,
slope angle, earthquake magnitude, and the distribution
of ground motion (Khazai & Sitar, 2003; Harp & Crone,
2006; Collins et al., 2012; Delgado et al., 2020). The
province (wilaya) of Mila, located in northeastern Algeria i
between latitude 36°27°01” N and longitude 6°15'51" E, lies g
approximately 73 km from the Mediterranean Sea. It covers
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Table 2: Earthquake and aftershocks studied, linked to the Oued Messilga fault, and Mila fault

Event Time Hour Magnitude Location (Region)
1° 01/08/2020 13:38 3.3 Mw 5 Km North-east of Grarem
07/08/2020 07:15 4.9 Mw 2 Km South-East of Hammala
07/08/2020 12:13 4.5 Mw 3 Km South of Hammala
10/08/2020 11:31 3.2 Mw 2 Km North-East of Grarem
11/08/2020 14 :50 3,5 Mw 5 Km North-west of Grarem
23/08/2020 15:24 3.3 Mw 3 Km Oust de Grarem
23/08/2020 18:14 3.3 Mw 2 Km South of Hammala
31/08/2020 14 :09 3.3 MW 2 Km North-west of Grarem
01/09/2020 21:57 3 Mw 9 Km Oust de Grarem
2° 02/11/2019 11:40 3 MW 2 km east of Hammam Debagh W. Guelma
3° 22/11/2020 04 :53 5,2 MW 12 km South-West of El Harrouch W. Skikda
22/11/2020 06:17 3,9 MW 12 km South-West of El Harrouch W. Skikda
22/11/2020 12:10 3,9 MW 12 km South-West of El Harrouch W. Skikda
23/11/2020 11:55 3,4 MW 12 km South-West of El Harrouch W. Skikda
24/11/2020 10:14 3 MW 12 km South-West of El Harrouch W. Skikda
4° 17/12/2020 10:17 3,8 MW 10 Km West of Bouhamdane W. Guelma
01/04/2021 15:33 4.8 MW 8 km south-west of Guelma
01/04/2021 17 :47 3.7 MW 6 km south-west of Guelma
01/04/2021 20:22 2.9 MW 7 km south-west of Guelma
01/04/2021 23:45 3.1 MW 7 km south-west of Guelma
01/08/2020 13:38 3.3 Mw 5 Km North-east of Grarem

Source: USGS/NEIC, C.R.A.A.G, and IGN; processed by the Author (2024)

Established as an administrative division in 1984, the
wilaya of Mila comprises 13 dairas (districts) and 32
communes. The Mila commune, the study area, is
located in eastern Algeria, approximately 391 km
northeast of Algiers, 80 km south of lJijel, and 40 km
northwest of Constantine, within the Tellian region (Mila
basin), as shown in figure 5. Mila city has served as the
capital of the wilaya since 1984.

The municipality of Mila includes several historic
sectors and has a population of around 63,000 residents
in 2013. Since 1984, the city has undergone substantial
demographic expansion, with annual growth rates
frequently exceeding national averages. The accelerated
pace of urban expansion has led to the proliferation of
unauthorized construction in multiple districts. Among
them, El-Kherba was developed on the city's high
grounds specifically EI Kherba hill an area geologically
prone to mass movements.

Skikda Event

The province (wilaya) of Skikda is located in
northeastern Algeria as illustrated in figure A7, covering
a total area of 4,137.68 km?, with a population of
804,697. It lies between 36°05' and 36°15' north
latitude and 7°15' and 7°30' east longitude, situated
between the Tellian Atlas and the Mediterranean coast.
Skikda is bordered by the wilayas of Annaba, Guelma,
Constantine, Mila, and Jijel. The El Harrouch commune,
the study area, is geographically located in the northeast
of Algeria and to the south of the Skikda wilaya. It covers
an area of 101.80 km? and has a population of 48,994
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inhabitants. The study area is bordered by several
neighboring communes, as shown in figure 6.
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The Skikda region experienced a seismic sequence at
the end of November 2020, marked by a moderate
earthquake of magnitude 5.2. The epicenter was
located 12 km southwest of El Harrouch in the Skikda
Wilaya, but the earthquake was felt up to a hundred
kilometers away, as reported by the Euro-
Mediterranean Seismological Centre (EMSC-CSEM). This
earthquake was followed by several aftershocks, four of
which exceeded magnitude 3 by November 24th, 2020.
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The Guelma region experienced a seismic sequence,
with the main events studied including the April 1, 2021
(Mw 4.8) earthquake at 15:33 UTC, as mentioned
previously. The mainshock caused significant damage,
such as the collapse of walls and part of the Hammam
Meskhoutine cascade,it also led to the appearance of
fissures in individual and collective residences in certain
communes. For instance, the wall of a house on electric

cables in the "40 Logements" neighborhood was Legend
affected, as illustrated in figures 9. Despite the extensive i
damage, no human losses were reported. The — s i

g& P DCommunalLimits
earthquake, which was also felt by residents of the DEM (1)
wilayas of Annaba, Skikda, and Constantine, caused panic Vil
among inhabitants of several communes in Guelma, o High : 602 Belkhir
particularly those near the epicenter. The epicenter was - _— 4 8
located approximately 8 km southwest of Guelma, L —
between the capital and the communes of Ben Djerrah, 724

Khezara, Houari Boumediene, and Hammam Debagh.

Figure 7: Geographical location of the commune of
Guelma

Figure 8: Damage caused by the 22/11/2020 earthquake (El Harrouche seismic event)

Source: Civil Protection of Skikda (2020); processed by the Author (2024)
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Figure 9: Damage Caused by the April 1, 2021 Earthquake (Guelma Seismic Event)

Source: Civil Protection of Guelma (2021); processed by the Author (2024)

The province (wilaya) of Guelma is located in
northeastern Algeria (Fig. A10), within the Tellian region
(Guelma basin), between 7°01' E and 8°05' E and 36°01'
N and 36°37' N. It covers an area of 3,686.84 km? and
has a population of 494,079 inhabitants, with 25%
concentrated in the wilaya's administrative center.

The population density averages 132 inhabitants per
km2. Established in 1974, the wilaya of Guelma
comprises 10 districts (dairas) and 34 communes.

The Guelma commune, is located 60 km southwest
of Annaba, 150 km from the border with Tunisia, and
537 km from the capital, Algiers as illustrated in figure
9. The city covers an area of 45 km2.According to recent
statistics (national office of statistics,2008), Guelma has
a population of 120,841, with a density of 2,000
inhabitants per km?2.

El Kherba Landslide Triggered by the August 7th,
2020 Earthquake

The earthquake of August 7th, 2020, and its
aftershock, with magnitudes of 4.9 and 4.5 respectively,
occurred at 07:15 UTC and 12:13 UTC (USGS). These
events, considered moderate at the national level,
triggered a significant landslide in the commune of El
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Kherba (El Kherba hill), located in the Wilaya of Mila, as
shown in Figure 10. Landslides in this region have
previously been investigated using geophysical methods
(Kessasra, 2015).

Despite  their moderate magnitudes, these
earthquakes are among the most powerful recorded in
the Mila basin. The assessment of the impact helped
identify that the epicenter was located in Hamala as
shown in figure 10. Initial evaluations indicated minimal
damage at the epicenter and in the sector on the right
bank of the Rhumel River. However, several areas in the
region experienced significant induced effects.
Numerous buildings and structures within this
perimeter were either damaged as present in figure 11
or remain at risk of future landslides. Notably, in the
northeast zone of Mila, a visible alignment of fissures
appeared over a distance exceeding 550 meters, with
some fissures measuring over 1.50 meters in width, as
shown in figure 12A.

Aerial views captured by the National Laboratory of
Habitat and Construction (LNHC) illustrate the extensive
impact of the landslide on a residential area, as shown
in figures 12, close-up of the road reveals a large 2-
meter-high escarpment cutting through it as present in,
highlighting the landslide's direct impact on
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infrastructure. This damage has created hazardous
conditions and disrupted mobility in the area. The aerial
photographs in figure 12 were taken by the LNHC, which
is responsible for studying the landslide and surveying
the damaged sites using a civilian drone. As a
comparative example, similar phenomena have been
observed in the city of Rome, where subsidence
induced by urbanization was detected using advanced
INSAR techniques combined with detailed geotechnical
investigations (Stramondo et al., 2008), demonstrating
the value of integrating satellite-based observations
with field studies to better understand ground
deformation processes.

The map illustrates the geographical relationship
between the El Kherba landslide and the epicenter of
the August 7, 2020, earthquake in Mila, Algeria. The
epicenter, marked by a red star near Hamala, highlights
the origin of the seismic event, while the El Kherba
landslide area, outlined in red, indicates the zone
affected by ground failure. A color-coded elevation
scale, ranging from 950-1150 m to below 250 m,

reveals significant topographical variations that likely
contributed to slope instability.

Hydrological features, such as the Beni Haroun Dam,
are also depicted, emphasizing the potential influence
of water on soil stability. A black dashed line, possibly
representing a fault, suggests a tectonic origin for the
earthquake, and the WGS 1984 georeferencing system
ensures accurate spatial representation. El Kherba
Landslide as shown in figure 11 provides further context
for the landslide-induced damages, showing how the
earthquake triggered significant ground movement,
leading to structural damage and widespread fissures in
the red-outlined landslide zone. Such cases have also
been documented in tectonically active zones (Havenith
et al., 2015). This analysis confirms a strong correlation
between seismic activity and landslide occurrence,
demonstrating how ground shaking triggered instability
in the region. Global warming also has a direct impact
on the stability of natural slopes by altering hydrological
regimes and increasing the frequency of extreme
events, thereby contributing to landslide activity (Bo et
al., 2008).
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Figure 5: Geographical Location of the El Kherba Landslide Triggered by the August 7, 2020 Earthquake
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Figure 6: Examples of Affected Constructions in the El Kherba Landslide Area

Source: Civil Protection of Mila (2020); processed by the Author (2024)

Figure 7: Field photographs of the El Kherba landslide triggered by the August 7, 2020 (Mw 4.8) earthquake
Source: Aerial photographs by LNHC (2020), processed by the Author (2024)
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Materials and Methodology

1 Methods: Correlation of optical image

The use of multispectral imaging in geology and
mineralogy has revolutionized the process of identifying
and analyzing rocks and minerals. This technique exploits
the unique spectral signatures of different materials,
permitting detailed and precise characterization of
geological formations. Multispectral imaging has a large
diversity of applications in geology, remote sensing, etc.
The table below summarizes the main applications,
(table3).

Mineralization of rock:

Minerals reflect and absorb electromagnetic radiation
in distinct ways. For instance, iron minerals exhibit
unique spectral characteristics in the visible and near-
infrared ranges. Unstable soils in Mila show mineralogical
and geomechanical characteristics linked to ground
movements (Chettah, 2009).

Chemical composition:

Variations in the chemical composition of minerals,
such as changes in silica content or other components,
can significantly alter their spectral signatures.

Thickness of rock:

The thickness of rock layers influences the amount of
radiation they absorb and reflect, affecting their spectral
response.

Surface roughness:

The roughness of a rock's surface impacts light
diffusion, thereby influencing its overall spectral
response.

Geometry of rocks:

The orientation of rock surfaces relative to the
radiation source, as well as the angles of incidence and
observation, can affect the intensity and characteristics
of the reflected signal. The physical shape and size of
rocks or mineral grains can influence their spectral
properties. Additionally, rock alteration processes, such
as erosion, hydration, and metamorphism, play a
significant role in modifying spectral characteristics.

Rock alteration:

Alteration and erosion: Erosion and Alteration:
Surface composition changes due to weathering or
chemical alteration can affect spectral responses.

Hydration: The presence of water or hydroxyl groups,
often resulting from alteration, can create additional
absorption bands in the infrared range.

Metamorphism:  Structural and compositional
changes in minerals caused by metamorphic processes
can generate new spectral features or modify existing
ones. In multispectral images, each object exhibits a
unique spectral signature, reflecting its specific response
to radiation. For rocks, these spectra vary based on
factors such as mineralization, layer thickness, geometry,
and alteration, which collectively control their reflective
behavior.

Table 3: Examples of the Application of Multispectral Imagery in Remote Sensing, Geology, and Related Fields

Application

Description

Example

Structural Geology

history.

Analysis of rock structures, faults, and
fracture lines to understand geological

Study of geological formations,
cartography of fault lines.

Remote Sensing

Use of satellite and aerial imagery to
collect spectral data over large areas.

Regional geological studies, monitoring
changes and displacements caused by
earthquakes.

Mineral Exploitation and
Exploration

Locate and evaluate mineral resources to
guide mining processes.

Identify areas rich in specific minerals,
survey mining sites.

Environmental Monitoring

impacts.

Observation of changes in geological
formations and detection of environmental

Erosion monitoring, effects of
pollution, and soil degradation.

Source: Adapted from Author (2024)

To analyze ground displacements and fault dynamics,
we performed an unsupervised (automatic) classification
of Sentinel-2 satellite images for the Mila and Hammam
Debagh regions. Using the "Iso Cluster Unsupervised
Classification" algorithm in the SNAP software provided
by the European Space Agency, the images were
classified into seven spectral response classes. High-
resolution optical satellite imagery is a powerful tool for

monitoring and analyzing ground displacements near
faults. By correlating satellite images captured before and
after a seismic event, advanced algorithms match pixels
between the two images to measure and detect these
displacements. This approach allows researchers to
precisely quantify displacements and gain valuable
insights into fault dynamics. Despite challenges such as
managing temporal baselines and accounting for
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environmental factors, ongoing advancements in
satellite technology and image processing continue to
enhance the effectiveness of this method. The work of
Schaff et al. (2004) on waveform cross-correlation
underscores the potential of this technique for high-
precision seismic analysis.

Sentinel 2 images

The Sentinel-2 mission, part of the European Space
Agency's (ESA) Copernicus program, provides high-
resolution multispectral images essential for applications
such as environmental monitoring, land use classification,
and risk management. The mission comprises two
satellites, Sentinel-2A (launched June 2015) and Sentinel-
2B (launched March 2017), operating in a sun-
synchronous orbit to ensure consistent lighting
conditions for imaging. Together, these satellites offer a
revisit time of approximately 5 days at the equator,
enabling frequent monitoring of the same area, while

Table 4: Characteristics of the Sentinel-2 spectral bands

each satellite alone achieves a revisit time of around 10
days.

The two Sentinel-2 satellites operate in a sun-
synchronous orbit with a 108° phase shift relative to each
other, completing an orbit every 18:38 (UTC). They scan
the Earth's surface with a swath width of 290 km,
providing a revisit frequency of 5 days.

Sentinel-2 satellites deliver images with spatial
resolutions of 10 meters (visible and near-infrared), 20
meters (red edge and medium infrared), and 60 meters
(cloud detection), depending on altitude. Each satellite is
equipped with a multispectral imager (MSI) capable of
capturing data in 13 spectral bands, ranging from the
visible to short-wave infrared. These bands cover the
visible (VIS), near-infrared (NIR), and short-wave infrared
(SWIR) parts of the electromagnetic spectrum, enabling
detailed analysis of various terrestrial and aquatic
features, as summarized in table 4.

Spectral bands

Band 1 (Coastal, Aerosol)
Band 2 (Blue, water and
vegetation)

Band 3 (Green, vegetation)

Band 4 (Red vegetation and
chlorophyll absorption)

Band 5 (Red Edge vegetation)

Band 6 (Red Edge vegetation)

Band 7 (Red Edge vegetation)

Band 8 (NIR) (Near-infrared,
Biomass estimation)

Band 8A (NIR) (Red Edge
Narrow, vegetation)

Band 9 (Water vapor)

Band 10 (DCC) (Detection of
cirrus clouds)

Band 11 (SWIR) (Short-wave
infrared, for water stress and
burns)

Band 12 (SWIR) (SWIR, for
water stress and burns)

Wave Band Spatial
lengths width |[resolution
(nm) (nm) (m)
443 20 60
490 65 10
560 35 10
665 30 10
705 15 20
740 15 20
783 20 20
842 115 10
865 20 20
945 20 60
1375 30 60
1610 90 20
2190 180 20

Source: European Space Agency's (ESA) Copernicus program;

MicMac software

MicMac is an open-source photogrammetry software
developed by the French National Institute for
Geographic and Forestry Information (IGN) and the
National School of Geographic Sciences (ENSG) since
2003. Initially designed for cartographic production, it
has evolved to include modules for various geospatial
applications, including earthquake quantification. The
software is organized into several modules accessible via
a common mm3d command, offering two key
advantages:
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processed by the Author (2024)

- It allows developers to integrate new
developments while maintaining compact binary files.

It provides users with immediate access to all
modules through a single command interface.

Unlike other software such as Cosi-Corr and MEDISIS,
MicMac is entirely free and open-source, offering greater
configurability. This flexibility enables researchers to
adjust parameters to meet specific study requirements,
making it a valuable tool for analyzing ground
displacements and fault dynamics using Sentinel-2
imagery in this study.
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MM2DPosSism Module:

The module used to calculate deformations due to
seismic events.

Input data: Two co-registered, ortho-rectified satellite
images, one acquired before the seismic event, the other
after.

Output: Produces two raster images, Px1 and Px2,
representing east-west and north-south deformations in
pixels respectively.

Calculation of Horizontal Displacements Using
MicMac

Data processing

- Ortho-rectified and Co-registered Images: High-
resolution satellite images, ortho-rectified and co-
registered, are acquired—one before and one after the
seismic event.

- Image Registration: The images are precisely
aligned to ensure accurate comparison and calculation of
displacements.

- MM2DPosSism module: To generate displacement
maps using MicMac, the MM2DPosSism module is
employed to process two co-registered satellite images—
one acquired before and one after the seismic event. This
module produces two raster images: Px1, which
represents east-west displacements in pixels, and Px2,
which represents north-south displacements in pixels.

Displacement map interpretation

Evaluate Px1 and Px2 images to identify zones of
displacement. Active fault lines will appear as lines where
displacements on either side are in opposite directions,
or in the same direction but with differential movement.
to obtain an east-west and north-south map. So, we
Identify fault lines as continuous linear features where
displacement vectors show significant changes. Combine
maps Px1 and Px2 to produce a complete horizontal
displacement map. This involves the vectorial addition of
displacements in both directions to obtain the global
horizontal displacement at each point.

2 Methods: Radar Interferometry (InSAR) and
Displacement Measurement

Radar interferometry (InSAR)

InSAR (Interferometric Synthetic Aperture Radar) is
based on comparing the phases of two SAR (Synthetic
Aperture Radar) images, where ¢, and ¢, represent the
phases of the two images, and R, and R, are the radar-
target paths for each image. SAR images are acquired at
different times but with similar acquisition geometries,
covering the same area on the ground in either ascending
or descending mode.
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SAR satellites observe obliquely downward, not
directly below. In ascending orbit (northward), the
satellite observes from the west, while in descending
orbit (southward), it observes from the east. When the
ground moves westward, it moves closer to the satellite
in ascending orbit and farther in descending orbit. This
technique uses the phase difference between two
Sentinel-1 SAR images to detect subtle changes in
topography or surface displacements (Figure 13).

Hypothesis and Target Stability

For effective interferometry, acquisition parameters
must remain consistent to ensure the intrinsic phase (¢_
proper) of each pixel remains constant. This allows the
intrinsic phase to be subtracted from the two SAR
images, isolating changes caused by displacement or
topographic alterations.

This method assumes that the elemental targets
remain stable between acquisitions. However, areas with
dense vegetation or water surfaces (rivers, lakes, oceans)
often exhibit high instability, making it challenging or
impossible to use the data effectively.

Expression of the interferometric phase

Supposing that the intrinsic phases (¢_proper) of the
pixels remain unchanged between acquisitions, the
interferometric phase (¢_int) can be simplified. It is
expressed in terms of the geometric phase (¢_geo) and is
directly related to the radar-target trajectory difference
(AR) between acquisition dates:

dint = 1 — @2
= (@proper,1 + @geo, 1)
— (@pproper,2 + @pgeo, 2)

Since the intrinsic phases are assumed to be constant
(dproper,1=dproper,2), the equation simplifies to:

4
dint = pgeo,1 — pgeo,2 = - (R1—R2
4

=—A4R
A

Here, A represents the wavelength of the radar signal,
and AR is the difference in the radar-target paths (Rs and
Rz) between the two acquisitions.

Creating an interferogram:

The pixel-by-pixel phase difference between two SAR
(Synthetic Aperture Radar) images creates a third image
called an interferogram. In this image, each pixel at
coordinates (x, y) has a value of ¢_int, representing the
interferometric phase. Since the phase measurement is
known modulo 2kmt (where k is an integer), the
interferogram is a wrapped phase image. It displays
interference fringes, each corresponding to a phase
rotation of 2m radians, which are visible as a complete
color cycle in the interferogram.
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Figure 8: InSAR Results Expressing Ground Deformation Through Color Changes

Source: Adapted from Masayuki, 2012

Image recording

In practice, SAR images are not acquired with
identical geometries. The difference in distance between
two satellite passes over the same area is called the
baseline. Before calculating the interferogram, precise
registration of one image relative to the other is required.
The reference image is called the master image (typically
the older acquisition), and the second image is referred
to as the slave image (figure 14). This registration process
ensures accurate alignment for phase comparison.
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Figure 9: Geometric Configuration of an Interferometric
Couple. InSAR detects crustal deformation by
comparing images of the same area taken at
different times

Source: Adapted from Champenois, 2011
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This crucial phase consists of defining the
transformation function that aligns the slave image with
the geometry of the master image, to an accuracy of one
tenth to one hundredth of a pixel. Only then can the
interferogram be generated by calculating the conjugate
product of the two complex images.

Differential Radar Interferometry DinSAR and
Displacement Measurement

As discussed earlier, when the imaged land area
undergoes surface deformations between two SAR
acquisitions—without affecting the internal structure of
pixels and having a spatial extent greater than the pixel
size—it is possible to extract the deformation term from
the interferometric phase. To achieve this, it is necessary
to eliminate from the raw interferogram the phase
components related to topography, orbital configuration,
and atmosphere.

Orbital Component Subtraction:

The perpendicular baseline is calculated to remove
most of the orbital contribution. However, a residual
contribution (¢_res, orb) remains in the interferogram.

Topographic Component Removal:

Subtracting two interferograms calculated over the
same area eliminates topographic fringes, retaining only
those related to ground displacements. Alternatively, the
topographic contribution can be simulated using a Digital
Elevation Model (DEM) and subtracted from the
interferogram.
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Atmospheric Contribution

Atmospheric effects pose a significant challenge and
limit the accuracy of displacement measurements using
differential radar interferometry.

The equation for the raw interferometric phase (¢) is
expressed as:
¢ = ¢res,orb + Ppres, topo + patmo + ¢pdep
+ ¢noise

Here, ¢_dep represents the displacement term to be
extracted, while the other terms are considered noise
that can interfere with displacement measurements.
Orbital residuals within an interferogram can
represent up to 4 fringes, often parallel to the
satellite's azimuth direction. Subtracting an orbital

ramp calculated from a polynomial phase model
adaptation yields excellent results.

Topographic residuals are related to the
perpendicular baseline (B_perp) and can be
estimated when multiple interferometric pairs are
available.

Atmospheric contribution remains a major
challenge and limitation in differential radar
interferometry for displacement measurement.

The process of differential radar interferometry
involves several essential steps, including the generation
of the phase interferogram and the final extraction of the
displacement phase, as illustrated in figure 15.

Process of differential radar interferometry DinSAR with the associated equations

Data Acquisition
(Two SAR Radar Images)

v

Interferogram
Formation (¢_int)

I

v

v

Remove Orbital
Component
(b_res,orb)

Remove Topographic
Component
(b_res,topo)

Remove Atmospheric
Component
(¢_atmo)

'

:

|

' Phase Interferogram
i (¢ = d_res,orb + ¢_res,topo + ¢_atmo + ¢_dep + ¢_noise)

Displacement Extraction
(d_dep =& - ($_res,orb + ¢_res,topo + ¢_atmo + ¢_noise))

Author: Souici Imane 2024

Figure 10: Process of Differential Radar Interferometry (DinSAR)

Source: Adapted from Authors (2024)

Application of Radar Interferometry: Co-Seismic
Displacement Calculations

This section provides a comprehensive approach to
using Sentinel-1B "SLC" satellite data to measure seismic
deformation through the InSAR (Interferometric
Synthetic Aperture Radar) technique. The focus is on a
specific case study in the Mila, Skikda, and Guelma
regions of northeastern Algeria, covering the entire
process from raw data processing to the visualization of
georeferenced results.

This study focuses on three seismic events in
northeastern Algeria: the first occurred on August 7,
2020, in the wilaya of Mila; the second in El Harrouche, in
the wilaya of Skikda; and the third on April 1, 2021, in the
wilaya of Guelma. Each event is analyzed in terms of
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magnitude, impact, and associated aftershocks.
Northeastern Algeria is characterized by frequent seismic
activity, making it a critical region for studying fault
dynamics and co-seismic deformations.

For this analysis, C-band SAR data from the Sentinel-
1B satellite were utilized. The Sentinel-1 mission,
consisting of twin satellites (Sentinel-1A and Sentinel-1B),
operates in the same orbit but phased at 180° relative to
each other. Sentinel-1B, an active sensor operating in the
C-band (5.405 GHz), provides high-resolution data
essential for interferometric processing. Key features
include a Single Look Complex (SLC) imaging capability,
an active phased array antenna for fast scanning in
elevation and azimuth, and a short revisit cycle of six
days (four days at the equator), enabling frequent
monitoring of the study areas
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.Table 5: Acquisition Modes and Products

Acquisition Mode Product
Stripmap (SM) Level-0 Raw
Interferometric Wide Level-1 SLC (Single Look
Swath (IW) Complex)

Extra-Wide Swath (EW) Level-1 GRD (Ground

Range Detected)

Wave Mode (Wv) Level-2 OCN (Ocean)

Source: Adapted from Authors (2024)

The Sentinel-1 satellite operates in four different
acquisition modes, each with distinct imaging swaths and
resolutions (table 5). These modes are associated with
four specific products tailored to various applications. For
this study, the interferometric wide swath (IW) mode is
primarily used due to its optimal balance between swath
width and resolution, making it ideal for detecting
ground deformation caused by seismic events.

Interferometric Processing, Synthetic Aperture
Radar (SAR) interferometry

We utilized two Sentinel-1A SAR "SLC" (Single Look
Complex) images acquired in ascending mode over the
same area with identical orbit and geometry. The process
of creating an interferogram involves calculating the phase
difference between these two images to detect ground
deformation. The interferometric phase is represented by
fringes, where one color cycle = 2 (-3.14 to + 3.14)
corresponds to a phase shift ranging from -3.14 to +3.14
radians. The Sentinel-1 mission has demonstrated high
performance in SAR interferometry for ground
deformation monitoring (Geudtner et al., 2016).

Discussion of Coherence

Coherence measures the degree of correlation
between each pixel in the slave image and the
corresponding pixel in the master image. The phase
values, represented in color, range between -3.14 and
+3.14 and are processed parametrically to fill the phase
information. Coherence values, which range from 0 to 1,
indicate the correlation between corresponding pixels in
the SAR slave and master images. A value closer to 1
signifies higher correlation and better coherence, while a
value closer to 0 indicates lower correlation. This metric
is essential for assessing the reliability of interferometric
results and identifying areas of significant ground
displacement as shown in figure 16.

Unwrapping Phase

In this phase we converted the SAR units into
absolute length units, providing the displacement along
the line of sight.

Once we have created our interferogram and applied
all the necessary steps, we can finally unpack the face,
which means that we convert the SAR units into units of

absolute length in order to obtain the displacement along
the line of sight between the Mila fault and the Oued
Messilga fault (the fault corresponding to our study
area). To illustrate the process of forming an
interferogram, and obtain the products final of
measuring the displacement of seismic events in our
study areas (figure 17).
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Results
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Due to favorable atmospheric conditions during this
period, the correlation was performed between two
Sentinel-2A satellite images acquired in descending
mode. The first image was captured on August 2, 2020, at
10:20 UTC, five days before the earthquake, and the
second on August 20, 2020, at 10:24 UTC, thirteen days
after the earthquake. These images were selected to
minimize the correlation time interval, as shown in figure
18. There are clear movements were identified along the
northeast faults south of Mila, particularly along the fault
trace responsible for the Mila seismic event.

These deformations are more evident in the north-
south displacement map, as shown in figure 18. The
seismic event of August 7, 2020, confirmed the active
tectonic nature of the Mila fault.
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after the earthquake. Despite the low magnitude of the ' ' s
earthquake and the extended time interval between the
two satellite scenes used for correlation, the
displacement maps (figure 19) reveal distinct lineaments
where significant changes in the sign or amplitude of
displacement occur on either side (east-west and north-
south). These lineaments correspond to strike-slip faults,
as illustrated in figures 20 and 21.

The displacement maps show a clear contrast in
deformation along the east-west fault south of Djebel
Debagh, as well as a less pronounced contrast along the
northeast-southwest fault extending from Oued Messilga
to the north of Roknia. These findings are further
supported by the horizontal displacement map as
illustrated in figure 22. Even though the magnitude of the
earthquake was low (weak), and there was a long
duration between the two satellite scenes exploited for
correlation, in addition to the diffuse movements on the
displacement maps, we note the existence of theoretical
lines where there is a clear and significant change in the
sign or amplitude of displacement on either side (East-
West) (North-south) of these lineaments. These
lineaments correspond to fault strike-slip.

The displacement maps demonstrate a contrast in
deformation along the East-West fault south of Djebel
Debagh, and a less significant contrast along the north-
east-south-west fault from Oued Messilga to the north of
Roknia as despite in the map of Horizontal
displacements.
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Skikda 22/11/2020 seismic event , v %
Due to atmospheric conditions, two Sentinel-2B . : 4*’ .
satellite images acquired in descending mode were H rg
selected for correlation. The first image was captured
on November 2, 2020, at 10:21 UTC, 20 days before the § t

earthquake, and the second on January 1, 2021, at
10:24 UTC, 40 days after the earthquake and 16 days
after the November 17, 2020 seismic event. Although
the seismic rupture was triggered by the El Kantour
fault east of Hammam Meskhoutine, clear movements
were identified along the east-west faults south of
Djebel Debagh, particularly along the Oued Messilga
fault trace, as shown in figure 23.

The north-south deformation map as illustrated in
figure 24 reveals the most distinct contrast in
deformations, consistent with the strike-slip behavior in
the meridional direction that characterizes the
movement of the mapped seismic faults. These
deformations are more evident in the north-south
displacement map. The seismic event of November 22,
2020, confirmed the active tectonic nature of the Oued
Messilga fault, as further illustrated in the horizontal
displacement map (figure 25).

25

4040000
T
4040000

0,74 Px

4035000
T
4035000

des Dyt

2,08 Px

T v v v v v v v
320000 325000 330000 135000 340000 345000 350000 355000

Figure 20: Horizontal displacements between
02/11/2020 and 01/01/2021

Radar Interferometry (InSAR): Vertical
Deformations from the 02/11/2019 Seismic Event

The interferogram of the "Single Look Complex (SLC)"
type was constructed using two Sentinel-1B satellite
images acquired in descending mode. The first image was
captured on October 26, 2019, at 05:37 UTC, seven days
before the earthquake, and the second on November 7,
2019, at 05:37 UTC, six days after the earthquake.
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The analysis revealed a moderate phase disturbance
south of Djebel Debagh and a narrowing of topographic
fringes approximately 20 km southeast of Djebel
Debagh, as shown in figure 26.

Due to the low magnitude of the earthquake, the
observed displacements were weak and diffuse, as
shown in figure 27. These displacements are distributed
along the active east-west fault south of Djebel Debagh,
highlighting the fault's role in the seismic event.
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Figure 21: Phase of the 02/11/2019 earthquake
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Vertical Deformations from the 07/08/2020
Seismic Event

The interferogram of the "Single Look Complex (SLC)"
type was constructed using two Sentinel-1B satellite
images acquired in descending mode. The first image was
captured on July 31, 2020, at 05:37 UTC, seven days
before the earthquake, and the second on August 7,
2020, at 05:37 UTC, six days after the earthquake. The

Vertical deformations from the 22/11/2020 seismic
event

The "Single Look Complex (SLC)" type interferogram
was produced using two Sentinel-1B satellite images

26

analysis revealed a high phase disturbance south of Mila,
as shown in figure 28. This significant loss of coherence
affects the phase along the east-south lineaments
passing south of Mila. Additionally, the co-seismic
displacement map as shown in figure 29 demonstrates
that the vertical component is also notable, with clearly
defined differential uplift visible on either side of the
fault sections activated during this seismic event. The
results of radar interferometry align perfectly with the
measurements of horizontal deformations obtained
through the correlation of optical images, confirming the
accuracy and reliability of both methods in detecting
ground displacement. These findings are consistent with
those of Benfedda et al. (2021), particularly in terms of
the spatial distribution of landslides and their alignment
with the NE-SW-oriented seismic corridor associated
with the 2020 Mila earthquake sequence.
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Figure 23: Phase of the 07/08/2020 earthquake
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Figure 24: Vertical displacements of the 07/08/2020
seismic event

acquired in descending mode. The first image was
captured on November 13, 2020, at 05:37 UTC, 10 days
before the earthquake, and the second on November 25,
2020, at 05:37 UTC, 3 days after the main tremor and a
few hours after the last magnitude 3 aftershock.
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A significant loss of coherence was observed along
two major lineaments: a northeast-southwest fault
passing south of El Harrouch and an east-west fault also
passing south of El Harrouch. The earthquake's epicenter
is located at the intersection of these two faults.
Additionally, a northeast-southwest lineament north of
Roknia, corresponding to the Oued Messilga fault, shows
a clear phase disturbance in figure 30.

Although the focal mechanism, as reported by the
USGS, is a frontal strike-slip, the co-seismic displacement
map as shown in figure 31 reveals a significant vertical
component, with clearly defined differential uplift on
either side of the fault.
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Figure 26: Vertical displacements of the 22/11/2020
seismic event

The seismic rupture caused by the El Kantour fault
triggered the earthquake, but induced movements along
the east-west and Oued Messilga faults, on the order of
centimeters, were also pronounced. The seismic event of
November 22, 2020, confirmed the active tectonic nature
of the Oued Messilga fault, as shown in figure 32.

The results of radar interferometry align perfectly
with the measurements of horizontal deformations
obtained through the correlation of optical images,
confirming the accuracy and reliability of both methods
in detecting ground displacement.
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Figure 27: Location of activated faults from the

22/11/2020 earthquake on DEM

Vertical deformations from the 17/12/2020
seismic event

The interferogram is based on two Sentinel-1A "SLC"
(Single Look Complex) scenes acquired in ascending
mode. These images were captured on December 7,
2020, at 17:29 UTC (11 days before the earthquake) and
on December 19, 2020, at 17:29 UTC (2 days after the
earthquake).
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Figure 28: Phase of the 17/12/2020 seismic event

This seismic event occurred less than a month after
the November 22, 2020, seismic crisis, with epicenters
located very close to each other, suggesting it could be an
aftershock of the earlier event. However, the phase
analysis as shown in figure 33

indicates that the earthquake primarily remobilized
the active east-west fault, where the cohesion loss in the
phase is maximal. This suggests that the earthquake was
likely induced by the November 22, 2020, event. As
observed in the previous earthquake, differential uplift
occurred on either side of the activated section of the
east-west fault (figure 34).
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Seismic Event

Vertical deformations from the 01/04/2021
seismic event

Unfavorable meteorological conditions limited the
availability of reliable optical satellite images for mapping
co-seismic movements for this event. However, the
interferogram produced from "Single Look Complex
(SLC)" type images from the Sentinel-1A satellite,
acquired in descending mode, clearly revealed these
movements as shown in figure 35.
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Figure 30: Phase of the 01/04/2021 seismic event

The images were captured on March 26, 2021, at
05:29 UTC, six days before the seismic event, and on April
7, 2021, at 05:29 UTC, six days after the earthquake.

The phase disturbance as illustrated in figure 36
corresponded to centimetric deformations in the
epicenter zone, particularly around the Hammam
Meskhoutine source and east of Djebel Debagh. The
Hammam Debagh fault was identified as responsible for
this earthquake. According to Maouche et al. (2013) and
Bendjama et al. (2021), this fault exhibits a dextral strike-
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slip mechanism with a significant normal component, as
observed during the 2017 earthquake.

The results of radar interferometry align perfectly
with the horizontal deformation measurements obtained
through optical image correlation, validating the findings.
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Figure 31: Vertical displacements of the 01/04/2021

Discussion

The earthquake of August 7, 2020, in the Mila region
demonstrated that even moderate-magnitude events can
cause significant damage, particularly in geologically
sensitive areas. The epicenter in Hamala, located near
the Bni Haroune dam, exacerbated the seismic impact, as
the hydraulic infrastructure increased the region's
vulnerability to seismic risk. This earthquake, with a
magnitude of 4.9, and its aftershock of magnitude 4.5,
induced significant landslides, resulting in considerable
damage to local infrastructure and houses, especially in
the El Kherba area. Despite their moderate magnitudes,
these events were among the most powerful recorded in
the Mila basin. The seismic event caused noticeable
ground surface deformation, with fault lines indicating
the direction and nature of the movement. Displacement
models are consistent with active faults, particularly the
fault near Mila, which shows substantial displacement on
both sides, characteristic of a strike-slip fault, as
illustrated in figure 37.

The map illustrates the displacement field and the
location of activated faults resulting from the August 7,
2020, seismic event in the Mila region, using data derived
from Interferometric  Synthetic  Aperture  Radar
(InSAR).The color scale at the bottom indicates
displacement in centimeters, ranging from -0.026 cm to
0.018 cm (Figure 38), with blue representing subsidence
(negative displacement) and red representing uplift
(positive displacement), as outlined in the theory (Figure
38). A lineament (fault), represented by black lines, is
identified as a segment of the probable active North-
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East/North-West fault, which may amplify seismic waves
on the El Kherba hillside.

With a focal depth of 7 km (USGS), the earthquake's
effects were more detectable at the surface, resulting in
the observed displacements. The magnitude of 4.9
indicates a moderate earthquake capable of causing
notable surface ground movements but not typically
associated with significant destruction.
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The Guelma region experienced a seismic sequence
between December 2020 and April 2021. The main
events recorded in this sequence include the April 1,
2021 (Mw 4.8) earthquake at 15:33 UTC and its
aftershocks.

This study highlights the complexity of the region's
tectonic dynamics, involving several major faults in the
seismic event analyzed. The results (Fig. 38) also
emphasize the importance of integrating multiple
monitoring techniques to gain a comprehensive
understanding of these earthquakes and their impacts on
the affected areas.

The map illustrates the displacement field and the
location of activated faults associated with the main
seismic events of November 22, 2020, December 17,
2020, and April 1, 2021, in the Skikda and Guelma
regions. This analysis is based on data obtained from
Interferometric  Synthetic Aperture Radar (InSAR),
focusing on the areas affected by these earthquakes and
their aftershocks.

The main features shown on the map include a color
scale at the bottom, which indicates displacement in
centimeters, ranging from -0.018 cm to 0.023 cm (Fig.38).
Different colors represent varying levels of displacement:
blue indicates subsidence (negative displacement), while
red indicates uplift (positive displacement).

The major lineaments, oriented in the North-East—
South-West and East-West directions, along with other
identified probable faults represented by black lines.
exhibit significant deformation. The earthquake's
epicenter is located at the intersection of these faults,
suggesting their involvement in these seismic events.
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Figure 38: Location of activated faults from the
earthquakes on 22/11/2020, 17/12/2020, and
01/04/2021

The seismic events of 22/11/2020 and 01/04/2021 in
the Skikda and Guelma regions confirm the active
tectonic nature of the Oued Messilga and El Roknia
faults.The results of radar interferometry align perfectly
with the measurements of horizontal deformations
obtained through optical image correlation. These maps
provide a detailed visualization of ground displacement
caused by the earthquakes. The integration of InSAR
data, optical image correlation, fault line mapping, and
population distribution enhances our understanding of
the extent and impact of these seismic events.

This information is essential for seismic risk
assessment, urban planning, and developing strategies to
mitigate the effects of future earthquakes in the region.
The use of deformation maps is particularly valuable for
geologists, urban planners, and disaster management
authorities in minimizing risks and planning sustainable
development and safety measures.

Those maps provide a detailed visualization of the
ground displacement caused by those earthquakes. The
combination of InSAR data, correlation of optical images,
fault lines and population centers, allow us to understand
the extension and impact of those seismic events.

This information is crucial for seismic risk assessment,
urban planning and the development of strategies to
mitigate the effects of future earthquakes in the region.

Indeed, those deformation maps approach is crucial
for geologists, urban planners and disaster management
authorities to minimize risk and plan appropriately for
sustainable development and safety measures.

Conclusions

The complexity of the Tellian domain results from
several interconnected factors. Firstly, it is composed of
multiple geological units superimposed through
successive tectonic events. This stratification reflects a
history of polyphase tectonics, marked by repeated
thrusting and faulting. Secondly, the diversity of
geological nomenclature used by various researchers has
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contributed to inconsistencies in classification, leading to
a lack of a unified synthesis of observations.

The analysis of co-seismic displacements caused by
recent earthquakes in the region was conducted using
remote sensing techniques, including optical satellite
image correlation and radar interferometry. These
advanced methods have enabled the precise mapping of
seismic faults, confirming the activity of known structures
such as the Debagh-Mcid Aicha fault (East-West), as well
as identifying other active faults, including those of
Roknia, Oued Messilga, and Mila.

The integration of photogrammetry and radar
interferometry has significantly enhanced the accuracy of
fault mapping. Photogrammetry, using high-resolution
optical satellite images, detects even minor surface
displacements, while radar interferometry provides a
broader spatial and temporal perspective on ground
deformation. Together, these methods offer a
comprehensive view of fault dynamics and seismic
activity in the region.

In summary, the application of these remote sensing
techniques has not only validated existing fault structures
but also uncovered additional active faults, improving our
understanding of regional seismicity. This detailed fault
mapping is essential for assessing seismic risk, guiding
infrastructure development, and enhancing disaster
preparedness. The combination of photogrammetry and
radar interferometry represents a major advancement in
earthquake research, offering crucial insights for future
seismic hazard assessment and risk mitigation strategies.
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