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Abstract: The study describes the use of the Extremum system for simulating near-real-time effects
related to the devastating earthquake that struck Morocco on September 8, 2023, as well as the
consequences of several scenario events for potentially hazardous source zones in the High Atlas
(HA) region. The study’s relevance stems from the need for accurate estimates of potential losses
resulting from recent earthquakes to support response decision-making and potential scenario events
in the most hazardous zones, as well as to create and conduct early action plans to reduce seismic
risk. The calibration of the seismic intensity attenuation models for the Moroccan area using the
Extremum system is the aim of this work, too, to investigate the applicability of seismic intensity
attenuation equations previously established, for near-real-time loss assessment for strong events
and scenario events that could occur in the study area. It is worth pointing out that our work is the
first to analyze these equations. We also look into the impact of regional vulnerability functions on
typical building stock and earthquake loss simulation outcomes. The study presents the results of
a potential source zone identification based on an established catalog. Considering the weighted
value, three distinct procedures are employed to calculate the maximum possible magnitudes for
these zones. In this context, a comparison of the projected effects for the cities of Targua and Adassil,
located in the severely devastated province of Chichaoua, demonstrates a satisfactory match between
the observed and expected damage to the infrastructure.
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1. Introduction

According to statistics from the International Center for the Epidemiology of Disasters
(EMDAT), the number of deaths from earthquakes in 2023 exceeded 60,000, double the
average annual estimates from the period 2003 to 2022. The February 6 earthquakes in
Turkey and Syria, September 8 in Morocco, and October 7, 11, and 15 earthquakes in
Afghanistan were among the ten most severe natural disasters of 2023 in fatalities. All
three catastrophic events took place in the Alpine-Himalayan seismic belt.

The tragic consequences of the 2023 earthquakes demonstrate that despite significant
progress in the study of catastrophic earthquakes worldwide and improvements in reg-
ulations for earthquake-resistant construction, these earthquakes remain unpredictable,
and seismic risk remains high. The issues of ensuring the safety of the population and
territories from seismic disasters and related secondary hazards remain highly relevant.
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The Commission on Data of the International Science Council, CODATA, statement
dated March 1, 2023 (http://www.codata.org/), regarding the tragedy in Turkey and Syria,
notes the importance of scientific efforts in providing timely information for decision-
makers on rescue and other urgent actions, and also for rendering humanitarian assistance.
Global near-real-time systems can provide information for loss assessment, having been
successfully developed over the past 20 years and actively using big data to calibrate
their models. Currently, at least three systems, DGACS, Extremum, and PAGER, provide
information on the possible consequences of strong events in emergency mode.

The Coordination System (GDACS) is designed to monitor the seismic situation in
near real-time and evaluate the estimated number of residents likely living in the affected
area based on population density data (https://gdacs.org/) [De Groeve, 2007; De Groeve
etal., 2008].

The Extremum System [Frolova et al., 2017, 2014; Kagan, 2002b; Larionov and Frolova,
2003] can simulate the distribution of shaking intensity, the damage to various types of
buildings, the number of casualties in damaged and destroyed structures, and, optionally,
identify effective response measures needed in case of an emergency.

Finally, the Prompt Assessment of Global Earthquakes for Response (PAGER) system,
developed by the US Geological Survey, allows for the simulation of expected shaking
intensity and estimating the number of residents in zones of different intensities based on
population density information.

It should be noted that the Global Earthquake Model (GEM), which a public-private
partnership initiated by the Global Science Forum of the Organisation for Economic Co-
operation and Development, is developing a similar system (https://www.globalquakemodel.
org). They developed and actively promote the OpenQuake-engine for seismic hazard
and risk calculations [The OpenQuake-engine User Manual. Global Earthquake Model (GEM)
Open-Quake Manual for Engine version 3.0.0, 2018]. The GEM team has recently presented
Real-Time Loss Tools, based on OpenQuake-engine software, that allow to estimate dam-
age and loss due to earthquake sequences accounting for damage accumulation and the
displacement of the building occupants. In the publication [Nievas et al., 2025] they gave
the example of the retrospective damage and loss due to the 2023 Turkiye-Syria Sequence
events.

In this investigation, the Extremum system is used.

The first version of Extremum was developed in the 1990s and first tested during
the 1995 M, = 7.1 Neftegorsk earthquake on Sakhalin Island, Russia [Frolova et al., 2017].
In the 2000s, under the Council of Europe Partial Agreement on Major Hazards, programs
STRIM and EDRIM fostered a version of the Extremum system to assess global earthquake
losses.

The experience gained from applying Extremum allowed for ranking factors responsi-
ble for earthquake effects. Four factors were identified: a) source, b) macroseismic field,
c) building vulnerability, and d) population vulnerability. The primary contribution to the
uncertainty in near-real-time simulation arises from errors in determining the earthquake’s
location coordinates, source depth, magnitude, and source mechanism, particularly the
orientation of the source rupture and predicted seismic intensity. The results of exten-
sive research and experience, based on processing numerous strong earthquakes globally,
facilitated the development of an efficient procedure for calibrating the macroseismic
field and identifying zones with “quasi-stable” parameters, such as the regional coeffi-
cients of seismic intensity attenuation models, along with the orientation and shape of the
isoseismals.

The primary focus of this study is the M, = 6.8 Moroccan earthquake that occurred
on September 8, 2023. This event calibrates the Extremum and applies it to loss simulation
across various seismogenic zones. Several seismic intensity attenuation models for Morocco
and its surrounding regions were evaluated. The best agreement between the simulated
and observed damages was found for the models developed specifically for the High Atlas
(HA) and Middle Atlas (MA) zone [Cherkaoui, 1991], Algeria, the Atlas Mountains [Benouar,
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1994], and the territory of Turkey [Aliaj, 1982]. A comparison of the simulated impacts
for the municipalities of Adassil and Targua in the heavily affected province of Chichaoua,
Morocco, showed satisfactory alignment between the expected and observed infrastructure
damage. The calibrated Extremum models simulated damages from potential future events
in the High Atlas zone. These results can inform the development and implementation
of preventive measures to reduce the negative impacts of future earthquakes. Although
earthquake-like events in the Atlas region are rare, this is history’s most decisive recorded
event. It has been selected as the focus of our research to calibrate the Extremum system
for northwestern Africa.

2. Seismotectonic Sketch of the Study Region

The seismicity of the African continent has been the subject of several studies, with
the earliest dating back to the beginning of the twentieth century. One of the initial studies
dedicated to the seismicity of the African continent and the identification of seismotectonic
zones was conducted as part of the UNESCO Project [Gorshkov, 1963a,b]. Subsequently,
a project titled “Seismotectonic and Seismic Hazard in Africa” was supported by UNESCO-
Paris (Project 601) and UNESCO-Nairobi from 2011 to 2016 [Meghraoui and the IGBP-601
working group, 2016]. It is important to note that multiple studies have focused on this
topic, including those by [Skobelev et al., 2004], [Craig et al., 2011], and [Letamo et al., 2023].

The area in which the studied earthquake occurred, northern Morocco, is located
at the boundary between the Nubian and Eurasian Plates, and it is a complex region
from a tectonic point of view (Fig. 1). The direct contact among these two plates in this
region, with a convergence rate of approximately 4 mm/year [DeMets et al., 2010], can be
divided into two sectors [Peldez et al., 2018a], a) that situated from the Azores Islands, i.e.,
the Middle Atlantic Ridge, to the Strait of Gibraltar (the so-called the Azores-Gibraltar
transform zone), and b) the Alboran Sea region.
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Figure 1. Simplified tectonic map of Morocco after [Peldez et al., 2007] including the seismogenic
model by [Peldez et al., 2018a,b]. Main tectonic domains are depicted, including plate boundaries
[Hasterok et al., 2022], known convergence rates [Chalouan et al., 2023; DeMets et al., 2010], and com-
puted minimum (SHp,j,) and maximum (SHy,,x) local horizontal stress axes [Peldez et al., 2018a,b].
The USGS provided the focal mechanisms for the 2023 earthquake.
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The Azores-Gibraltar transform zone is well-defined in its western and central sections.
In the eastern section, the continuity of the faults is not well known. All that is currently
known is that they are poorly marked, striking E-W faults. This contributes to establishing
a diffuse plate border [Rosas et al., 2012]. Only the eastern end of this region, the Gulf of
Cadiz, is considered here.

The second sector, the Alboran Sea, located at the western end of the Mediter-
ranean Sea, features a thinned continental crust between the Rif in Morocco and the
Betic Cordillera in Spain. This thin continental crust results from a less intense opening
process of the Algero-Provencal basin; in fact, the Alboran Sea is the western extension of
this basin. Concurrent with this process is the formation of the Strait of Gibraltar, which
delineates an arc [Lopez Casado et al., 2001] or represents a pure subduction process [Pedrera
etal., 2011].

The effects generated by the convergence of the Nubia and Eurasian Plates are not
limited to the Azores-Gibraltar transform zone and the Alboran Sea. This convergence also
propagates to the south [Chalouan et al., 2023], developing the Rif and Tell Cordilleras along
the northern Moroccan and Algerian coasts, and more to the south, the Atlas Mountains or
Atlas Belt (Middle Atlas to the north and High Atlas to the south and southwest), going
from the northeast to the southwest of Morocco (Fig. 1). The Moroccan Meseta (MM),
formed by Paleozoic rocks between the Rif and the Atlas, is also affected. In the western
section of the High Atlas, where the 2023 event occurred, diverse striking NE-SW faults
[Mridekh, 2002; Sébrier et al., 2006] can be observed. The computed shortening in the
eastern section of the High Atlas [Chalouan et al., 2023], which is also expected to occur in
its western section, suggests the presence of active reverse or strike-slip faults, many of
which remain unidentified today. These faults were active during the Mio-Pliocene and the
Quaternary [Ait Brahim et al., 2002; Sébrier et al., 2006].

A previous study [Peldez et al., 2018a,b] demonstrated the stress pattern computed
for this region based on available focal mechanism solutions. This pattern was derived
using the inversion technique developed by [Delvaux and Sperner, 2003] with the assistance
of Win-Tensor software. Results, consistent with the tectonic framework of the Ibero-
Maghrebian region and the study by [Henares et al., 2003], are presented in Fig. 1. In the
Gulf of Cadiz and Tell, a clear strike-slip compressional NW-SE to NNW-SSE regime is
observed, with 0 and 0, nearly horizontal, combined with a perpendicular extension in the
Rif and northeastern Alboran Sea region, where o and o3 are roughly horizontal [Vizquez
et al., 2022]. In the central section, the Strait of Gibraltar area and the northwestern section
of the Alboran Sea, the prevailing stress is an EW to ESE-WNW extension combined with
a near-vertical compression. The High Atlas, the only southern region with available data,
showed a similar stress pattern to that of the Gulf of Cadiz and Tell regions, a strike-slip
compressional NNW-SSE regime. In a more recent work, [Sparacino et al., 2020] obtained
similar results for the region’s northern part from GNSS data from several local and regional
geodetic networks. A NW-SE shortening of 12 nano strain/year and a NE-SW elongation
of 16 nano strain/year were computed in southern Spain’s eastern Rif, mostly Alboran
Sea, and Betic Cordilleras. In addition, high values were obtained for the seismic coupling
coefficient (percentage of the seismic and geodetic moment-rate ratio) in the Rif and central
and eastern High Atlas zones. No conclusive (poorly constrained) results were obtained for
the western High Atlas zone, where the 2023 earthquake was located.

The largest earthquakes and the most significant seismicity rate in this region are
observed (Fig. 2) along the Azores-Gibraltar transform zone, also including nearby areas,
that is, the Rif in northern Morocco, the Tell in northwestern Algeria, and the Betic
Cordillera in southern Spain [Peldez et al., 2007]. Earthquakes located along the Atlas
are fewer in number, although not unusual. Finally, seismicity in the Moroccan Meseta,
Anti-Atlas and High Plateau is scarce, except for some seismic sequences.

In recent decades, the most significant and damaging earthquakes impacting Morocco
were the Al-Hoceima earthquakes of 1994, 2004, and 2016 [Hamdache et al., 2022], which
occurred both onshore and offshore in the Rif, the most seismically active area in Morocco
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Figure 2. Seismicity from the Spanish IGN seismic catalog, completed with the catalog by Peldez et al.
[2007]. The most significant events are highlighted.

and the western Mediterranean region. Their magnitudes ranged from M,, = 6.0 to 6.4. The
2004 M,, = 6.4 event resulted in over 600 deaths and 15,000 homeless, causing extensive
damage. According to [Kariche et al., 2018], this event occurred on a NE-SW strike-slip
fault, although NW-SE faults with conjugate branches have also been suggested as the
source of this earthquake [van der Woerd et al., 2014].

The February 1960 M,, = 5.9 Agadir earthquake [AISE, 1962] remains vivid in the
memory of the Moroccan people. It was situated on the boundary between the western
High Atlas and the Anti-Atlas (AA) (Fig. 2). This event had a precedent in the same region,
with the 1731 earthquake, which had a similar or greater magnitude based on the felt
intensity [Peldez et al., 2007]. In the Agadir earthquake, between 12,000 and 15,000 people
lost their lives, representing one-third of Agadir’s population, necessitating the city to be
almost wholly rebuilt afterward. To the south of Morocco, in the eastern section of the
High Atlas, near the town of Talsint, an earthquake with intensity VIII was recorded in
June 1941.

Other significant earthquakes took place in the historical period. For instance, the
1709 earthquake, felt with intensity IX (M, = 6.6 macroseismic magnitude), and the
January 1909 earthquake (m; = 5.8 in [Cherkaoui, 1988] and m; = 6.2 in the CNRST
catalogue), both located in the Rif. Also, the 1045 and 1624 earthquakes are located in Fez,
in the Rif and the Moroccan Meseta boundary, with felt Intensities equal to VIII and IX-X,
respectively.

Some significant earthquakes have also occurred in the Gulf of Cadiz area. However,
given the distance to Moroccan territory, they are not the main contributors to the Moroccan
seismic hazard and risk, although they were felt. During the instrumental epoch, 1915,
1969, and 2007 events stand out. The July 1915 M, = 6.2 event, recorded by the Spanish
IGN network, was felt with intensity V' along the Portuguese coast, but no data on Morocco
is provided. The February 1969 M,, = 7.8 earthquake was the largest event recorded in this
region, with an intensity of VII felt along the Portuguese coast and intensity VI extensively
along the Moroccan coast [Mezcua, 1982]. Finally, in February 2007, a M, = 6.1 earthquake
was recorded at a depth of 65 km and felt with intensity IV along the Spanish Gulf of Cadiz
coast, with no data available for the Portuguese and Moroccan coasts.
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Using a specifically developed declustered catalog, [Hamdache et al., 2016] computed
various seismicity parameters in this region. The Atlas, considered as a whole, and the
Moroccan Meseta demonstrate nearly identical values for the Gutenberg—Richter [Gutenberg
and Richter, 1949] scaling b-value, but exhibit significantly different activity rates.

The Gutenberg—Richter recurrence relationship is defined by the equation

log, N (>m)=a—-bm Mpy,>m>m,

being N (> m) the cumulative number of events with magnitude larger than or equal to m,
and a and b positive parameters; a-value measures the seismicity activity level, i.e., the
activity rate of the region.

The scaling b-value reflects the relationship between large and small magnitude
earthquakes, a parameter used in seismic hazard assessments. The computed b-values for
these two tectonic regions are 1.04 and 0.93, respectively, with activity rates for earthquakes
above M, = 4.0 (normalized to a 10-year interval and a square cell with a 100-km side) of
0.73 for the Atlas and 0.43 for the Moroccan Meseta areas, clearly indicating a difference
in their seismic activities. Regarding the Rif, when considered as a whole, a somewhat
lower b-value of 0.87 is obtained; however, it has a greater mean activity rate of 1.91.
This suggests that the Rif is expected to experience stronger seismic activity and a higher
proportion of large and small events in the Moroccan region.

In [Peldez et al., 2018a,b] proposed a seismogenic model (Fig. 1) focused on seismic
hazard assessments for the studied region. The zoning model was delineated by adjusting
the seismogenic zones to the boundaries of the main tectonic domains, considering both
the established characteristics of the tectonic structures and the recorded seismicity.

The delineation of the proposed model is then based mainly on the seismic activity
distribution, the tectonics and the stress pattern. To do this, the predominant focal mecha-
nism solution was initially computed for each zone using a stress field inversion approach.
The proposed model include the zone T1, corresponding to the Tell seismogenic zone, the
Rif seismogenic zone, divided into three parts (R1a, R1b and R2), as displayed on the Fig. 1,
the Atlas seismogenic source zones, denoted as HA-MA, HA-AA and HA, the Moroccan
Meseta and High-Plateaus (HP) seismogenic source zones, denoted in the current study by
MM and MA-HP, the north Alboran seismogenic zones, named ALB1 and ALB2, and the
Atlantic region seismogenic sources, named GC, GB and ATL. Since seismic hazards and
risk scales with the zone’s maximum possible earthquake magnitude, seismic threats can
be assessed based on this parameter. Its estimation and various procedures are discussed
in detail in a later section.

3. Simulation of the September 8, 2023, Earthquake

As mentioned above, the Extremum system has been used to evaluate the possible
consequences of the 2023 Moroccan event. Generally, the system can model the impact of
an earthquake in the first minutes after establishing the earthquake parameters and assist
in making decisions regarding rescue and other emergency measures operations.

The Extremum system’s mathematical models facilitate the determination of key
parameters related to earthquake-induced losses [Frolova et al., 2017; Larionov and Frolova,
2003; Larionov et al., 2003; Methodology. .., 2000]. These parameters include: the number
of buildings and structures classified according to the MMSK-86 scale [Shebalin et al.,
1986] that have endured varying levels of damage during earthquakes of intensity I; the
number of fatalities and injuries with different levels of impact, provided that the buildings
involved have sustained a specific level of damage; and the resultant number of homeless
individuals. The system’s models can also be employed to estimate debris volume and its
characteristics, the extent of damage to population centers, the areas where buildings have
experienced different states of damage, the length of blocked roads, and the number of
fires and incidents triggered along lifeline systems, among other factors. The mathematical
expectation of social losses M(N;) that are sustained in the buildings of type j, taking into
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account that the migration of residents during the daytime and night can be found for
a population center via

M(N)ZZ////Pc].(I)-f(x,y,I)-\Ifj(x,y)-e(t)dldtdxdy, (1)

where I, and [, are the maximum and minimum possible earthquake intensities; S, is
the area of the population center; # is the number of building types under consideration
according to the MMSK-86 scale [Shebalin et al., 1986]; PC],(I) is the probability of fatalities
and injuries, given that an earthquake with intensity has caused damage to buildings
of type j; W;(x,y) is the density of population distribution within the area of interest in
buildings of type j; f(x,v,I) is the density function of earthquake intensity probabilities
within unit area with coordinates x, y; 6(¢) is a function derived from a statistical analysis
of data on population migration during 24 hours. In the case that the statistical data for any
country or city is not available, the following average 6 values are used for computations:

. From 11:00 PM to 7:00 AM, 6(t) = 1.0,
e From 7:00 AM to 9:00 AM, 6(t) = 0.6,
. From 9:00 AM to 6:00 PM, 6(t) = 0.7,
e From 6:00 PM to 8:00 PM, 6(¢t) = 0.65,
e From 8:00 PM to 11:00 PM, 6(¢t) = 0.9.

The probability of residents being affected by an earthquake with intensity I, Pc;(I) is
estimated by the relation

Pe.(I) =

]

Py(I)- P(CilBy),

o

i=1

where P, (I) is the probability of residents to be affected by an earthquake with intensity I;
Pg,(I) is the probability of definite i damage state of buildings that would suffice to produce
a given earthquake intensity; P(C;/B;) is the probability of people to survive j level of
impact, provided the building involved has survived damage state i. The computations are
carried out for the various types of buildings and structures as classified according to the
MMSK-86 scale [Shebalin et al., 1986]: building types A (constructed from local materials);
building types B (bricks, hewn stone, or concrete blocks); building types C (reinforced
concrete, frame, large-panel, and log houses); building types E7, E8, E9 (earthquake-
resistant buildings designed and constructed to endure earthquakes with intensities of 7, 8,
and 9).

The system’s databases and mathematical models are regularly updated to simulate
shaking intensity, damage to buildings and structures, and the number of fatalities and
injuries. The outputs of the system after applying the databases include the distribution of
damage states for various types of buildings, classified according to the improved version
of the Medvedev-Sponheuer—Karnik scale (MSK-64) [Medvedev et al., 1964], currently
known as the MMSK-86 scale [Shebalin et al., 1986], for the entire affected area as well
as individually for each settlement. Specifically, the expected numbers of fatalities and
injuries (at different rates or levels) for the overall region and each population center,
the estimated number of triggered secondary technological accidents at fire and chemical
hazard sites in the affected area, along with the characteristics of highway blockages and
the total length of blocked roadways.

In the Extremum system, data regarding event source parameters (magnitude, location,
and focal depth) are input for the computation of probable macroseismic intensity, consid-
ering possible orientation and shape of the isoseismals, considered elliptical. The obtained
values of macroseismic intensity are used to simulate damage for various building types
classified according to the MMSK-86 scale: type A buildings (made from local materials),
type B buildings (made of brick, hewn stone, or concrete blocks), type C buildings (made
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of reinforced concrete, frame, large panels, and wood), and types E7, E8, E9 (designed and
constructed to withstand earthquakes with macroseismic intensities of 7, 8, and 9).

To ensure comparability of vulnerability functions/damage matrices obtained from
different samples, the classification of building types given in the MMSK-86 scale is
correlated with the types of buildings of the European Macroseismic Scale [European. ..,
1998] (Table 1).

Table 1. Correlation of building types and vulnerability classes of the MMSK-86 and EMS-98 scales
[Frolova et al., 2014]

Vulnerability class
Description of building types according to EMS-98

EMS-98 MMSK-86

Rubble stone, field stone A A
Adobe (earth brick) A

Simple stone B A
Massive stone C B
Unreinforced (bricks/concrete blocks) B B
Unreinforced (brick) with RC floors C B
Reinforced or confined D C
Reinforced without earthquake-resistant design (ERD) C C
Reinforced with a minimum level of ERD D E7
Reinforced with an average level of ERD E E8
Reinforced with a high level of ERD F E9
Timber structures D C-E7

The reliability of near real-time loss simulation significantly depends on the uncer-
tainty in determining earthquake parameters by seismological agencies, as well as on
regional peculiarities of the seismic intensity model and vulnerability functions for various
elements at risk.

3.1. Input Data for Simulation

In our simulation, we used the parameters provided by the USGS. According to this
agency, the coordinates of the epicenter were ¢ = 31.058°N; A = 8.385°W. The discrepancy
in the event location compared to other seismological agencies ranges from a minimum
of 1.4km to an average of 14km (Fig. 3). Such values spread is comparable in area to
such large cities as Fez or Marrakech. As a result of an incorrectly selected epicenter, the
intensity value and, consequently, the estimation of damages for urbanized territories may
be estimated incorrectly. Such discrepancies show the importance of selecting the proper
epicenter, providing a more reliable estimation of damages.

Based on the understanding of the event’s focal mechanism, we assumed that the
isoseisms are ellipse-shaped with an azimuth of 255°, and an ellipse compression factor
(the ratio of the major b and minor a axes of elliptical isoseismals of the highest intensity
grades), k = 1.5. Again, according to the information provided by the USGS, we assumed
that the earthquake’s depth was 26 km.

To increase the accuracy of the loss simulation, the data on Morocco’s building inven-
tory was updated to include the default information in the Extremum system databases.
According to [El Hammoumi et al., 2015], in the settlements of Morocco, buildings are
divided into 5 categories. These are a) villas, b) multi-story buildings with reinforced
concrete structures, c) traditional 1-2-story Moroccan rubble stone buildings, d) modern
Moroccan 2-story stone on cement mortar buildings, and d) illegal buildings built without
applying building codes and, thus, are somewhat vulnerable. This information about
building stock distribution was used to estimate the proportions of different building types
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Figure 3. The September 8, 2023 epicenter according to the preliminary determination by:

1 -GS RAS, 2 - USGS, 3 - GDACS, 4 - EMSC, 5 — BGS, 6 - GEOPHON, 7 - INGV, 8 - NORSAR,
9 — Geoscience Australia, 10 — Seis. Survey Serbia, 11 - IRIS.

classified according to the seismic intensity scale MMSK-86 [Shebalin et al., 1986]. Finally,
two vulnerability functions/damage matrices according to [Chavez et al., 1998] and those
based on empirical data of the seismic intensity scale EMS-98 [European..., 1998] were
used for damage assessment with the Extremum system application.

We used global and regional intensity prediction equations (IPEs) to simulate the
macroseismic intensity. We initially applied the global IPEs [New..., 1982; Shebalin et al.,
1986] and [Allen et al., 2012] proposed.

The global IPE by [New. .., 1982; Shebalin et al., 1986] is the following

1=1.5M-3.5log VA2 + h2 +3 (2)

being M the magnitude, I the seismic intensity at a distance A (km) from the epicenter,
and h (km) the focal depth.
The relationship by Allen [Allen and Wald, 2009; Allen et al., 2012] is the following:

I(M,Rpyp) = co+ ;M +¢51n, /Rﬁyp +R%,+S, for Ryy, <50km  (3a)

[2 2 Rpyp
I(M,Rhyp):Co-l-ClM-l-Czln Rhyp+RM+C41n W +S, fOI' Rhyp SSOkm (3b)

Being Rpyp, = VA2 +h2, Ry = my + mpe™M=5), ¢ = 2,085, ¢; = 1.428, ¢, = —1.402,
cqy = 0.078, m; = —-0.209, and m, = 2.042. S is the site factor introduced by equations in
[Equations 4 and 5 in Allen et al., 2012].

The used regional IPEs were those proposed by [Benouar, 1994] for Algeria and
the Algerian Atlas Mountains, and [Cherkaoui, 1991] for the Moroccan Atlas Mountains.
[Cherkaoui, 1991] relationship is as follows:

I=1.4M-13In(VAZ+h?)-0.0013(VAZ+h2)+0.99In(k) - 0.0013h+0.29.  (4)

Russ. J. Earth. Sci. 2025, 25, ES6024, EDN: ZOKFVP, https://doi.org/10.2205/2025es001069 9 of 26


https://elibrary.ru/ZOKFVP
https://doi.org/10.2205/2025es001069

EARTHQUAKE Loss SIMULATION UsSING THE “EXTREMUM” SYSTEM. .. FroLOVA ET AL.

The relationship by [Benouar, 1994] for Algeria is the following:
I=1.43M - 2.281n( VA2 + h2) - 0.0004( VA2 + h2) +6.29. (5)

The relationship by [Benouar, 1994] for the Algerian Atlas Mountains is as follows:

I=1.48M - 2.05In( VA2 + h?) - 0.00074( VA2 + h?) + 5.16. (6)

The parameters are those used in Eq. (2).

Considering that the areas in question are part of the same tectonic zone — the Alpine
folding zone [Gorshkov, 1963b; Meghraoui and the IGBP-601 working group, 2016] — previous
studies by [Benouar, 1994] and [Ambraseys, 1985] were used to test other IPEs for this zone.
These include the [Aliaj, 1982] relationship for the Turkey territory:

[=212M-1.38In(A+7)-2.72 (7)
and the [Shebalin et al., 1998] relationship for southeastern Europe
I=15M-45lgVA2+h2 +45, (8)
The parameters are those used in Eq. (2).

3.2. Results of the Morocco 2023 Earthquake Consequences Simulation

The results of the intensity simulation using global IPEs were compared with the
observed intensity values from GDACS data (https://www.gdacs.org). Figs. 4 and 5 display
the residuals for IPEs, Eqs. (2) and (3), against distance. The residuals are binned in
20-kilometre intervals, with the median residual plotted as grey points. The solid gray line
represents the average value, while the dashed lines indicate the standard deviation of the

residuals.
2 2
1 1 { I
L1 LA L5
0 0 u
¥ ¥
1 T T T T T
: F—— 7111 :
I

2 2
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

A, km A, km

Figure 4. Residuals for calculated intensity ac-  Figure 5. Residuals for calculated intensity ac-
cording to IPE (Eq. (2)) against observed inten-  cording to IPE (Eq. (3)) against observed inten-
sity values according to GDACS. sity values according to GDACS.

The [New. .., 1982; Shebalin, 1968] global IPE appears to overestimate the calculated
intensities against the observed ones for all epicentral distances (Fig. 4). Nevertheless, the
Eq. (2) could be used in the nearest zone, for A < 20km. The [Allen et al., 2012] global IPE
fits the data at a distance range of 40km < A <120 km; on average, the residuals are less
than 0.5 (Fig. 5).

Fig. 6 shows the simulation results with the application of IPEs from Egs. (4) to (6)
compared with observed values according to GDACS data.

The [Cherkaoui, 1991] relationship, IPE (Eq. (4)), for the High and Middle Atlas zones
at a depth of 9.7 km, as determined by the author, performs well (Fig. 6a). When the
[Cherkaoui, 1991] relationship is applied at a depth of 26 km (as provided by the USGS),
the residuals reach 3 intensity degrees (Fig. 6b). The IPEs proposed by [Benouar, 1994] for
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Figure 6. Residuals for calculated intensity according to IPEs Eqs. (4) to (6) versus distance according
to GDACS data: (a) IPE (Eq. (4)), h = 9.7 km; (b) IPE (Eq. (4)), h = 26 km; (c) EPI (Eq. (5)), h = 6.8 km;
(d) EPI (Eq. (5)), h = 26 km; (e) EPI (Eq. (6)), h = 4.8 km; (f) EPI (Eq. (6)), h = 26 km.

the Atlas Mountains (Eq. (4)) and for Algeria (Eq. (3)), across the various source depths
considered, fit the available data well Figs. 6¢ to 6f. The residuals are close to zero for the
studied range of distances.

versus distance.
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Fig. 7 shows the residuals when using IPEs Eqgs. (5) and (6), according to GDACS data,

140 160 180

Figure 7. Residuals for calculated intensity according to the IPEs, Egs. (5) and (6), according to

GDACS data, versus distance: (a) IPE (Eq. (7)), h = 26 km; (b) IPE (Eq. (8)), h = 26 km.
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Equation (5) regarding Turkey’s territory [Aliaj, 1982] aligns well with the available
data. The residuals are less than 0.5 intensity degrees (Fig. 7a). The application of the IPE
(Eq. (8)) proposed by [Shebalin et al., 1998] for southeastern Europe yields results similar
to those obtained with Eq. (1), but on average, the difference between the observed and
calculated values is negligible (Fig. 7b).

Initialy, the authors propose the IPEs Egs. (4) to (6) for the average epicenter depth h,,.
IPEs Eqgs. (2), (4) and (8) use the USGS reported depth & = 26 km. Both depth estimations
were used for computations. Table 2 presents the average difference between the calculated
intensity and the observed ones according to GDASC for each intensity grade.

Table 2. Intensity residuals for the different IPEs

Intensity Prediction Equations (IPEs)

I, degree
1 2 3 3* 4 4* 5 5% 6 7
5 —0.9 02 -32 —-08 —-03 —03 —-04 —-04 —-02 —09
6 —0.6 0.2 —27 —03 01 —-01 —-0.2 —03 0.3 —04
8 0.0 1.0 -—1.8 0.0 0.0 —1.0 0.2 —1.0 0.7 0.2
average —0.4 06 —25 -—-03 —-01 —-04 —-01 —05 04 —0.3

* average depths hyy .

The analysis of Eqs. (3) to (6) and Table 2 allowed us to select the most suitable IPEs
for simulating the Morocco 2023 earthquake. Fig. 8 shows the results of the simulation
for IPE (Eq. (4)), with h = 9.7 km [Cherkaoui, 1991], for the High and Middle Atlas zone,
and IPE (Eq. (5)), with h = 26 km [Benouar, 1994], for Algeria, which displayed a better
alignment between the computed and observed intensities. The damage matrix according
to EMS-98 was used for computation. Circles of varying sizes represent settlements with
different populations; the circle’s color indicates the average damage and the duration of
construction within the settlements.

Figure 8 shows that the areas of the zones with average damage states d,, = 3, d,, = 4,
and d,, = 5 are similar for IPEs (Eq. (4)) and (Eq. (5)).

a) b)

-10°0° -9°0" -8°0° -7°0° -6°0"

33°0°

33°0°

32°0°

31°0° 31°0°

30°0

30°0°

Average damage

- B BN W cpicenter
do d1 d2 d3 d4 d5

Figure 8. The September 8, 2023, earthquake simulation: (a) IPE (Eq. (5)), h = 26 km [Benouar, 1994];
(b) IPE (Eq. (4)), h = 9.7 km [Cherkaoui, 1991]. The EMS-98 damage matrix is used for simulation.

The information about settlements in the Extremum database was used to estimate
the percentage of settlements that could experience different damage states d,, (Fig. 9).
The probabilities of surviving by building stock severe damage states d,, = 3, d,, =4, and
d,y =5 do not vary very much. It shows a relatively consistent response of the building
stock to the experienced IPEs. At the same time, different IPEs significantly affect buildings’
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probability of survival, for d,, = 1. It could be explained by the fact that the IPE (Eq. (4))
[Cherkaoui, 1991], with h = 9.7 km, overestimates the predicted intensity compared to the
observed values within the range of intensity grades equal to I = 5 and less.

a b
0.5% [ a5 JJo-4%
1.3% [ 4+ -1.1%
1.6% [ 4 -1.9%
2.6% 2 3.8%

i T T

Figure 9. Percentage of settlements which survive different average damage states: (a) IPE (Eq. (5)),
h =26km [Benouar, 1994]; (b) IPE (Eq. (4)), h = 9.7 km [Cherkaoui, 1991].

The IPE (Eq. (5)) with h = 26 km [Benouar, 1994] was used to assess the effects of ap-
plying different damage matrices: one by [Chavez et al., 1998] and the EMS-98 [European. ..,
1998] (Fig. 10). Computations were performed for the four most affected settlements:
Adassil, Targua, Imindounite, and Marrakech.

a b

d d
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10% I I

o M L . I-
Adassil Village Targua Village Imindounite Marrakech Adassil Village Targua Village Imindounite Marrakech

Figure 10. Distribution of building damage for some selected settlements with application of the IPE
(Eq. (5)) [Benouar, 1994] for Algeria, h = 26 km: (a) damage matrix according to [Chavez et al., 1998];
(b) damage matrix according to EMS-98 scale [European. .., 1998]. Colors correspond to those used in
Fig. 8.

Table 3 presents the estimated probabilities of separate damage states (d) and average
damage states (d,) for the building stock in Adassil, Targua, Imindounite, and Marrakech.
Fig. 10 and Table 3 analysis indicate that the selected damage matrix influences the
damage probability estimates. For instance, in the settlement of Imindounite, the estimated
probability of building damage according to the two applied damage matrices for d =1
differs by 27%. In the settlements of Marrakech and Imindounite, the difference in the
probability of buildings surviving damage state (d = 2) is approximately 14%. For Adassil,
the difference in estimating the probability of damage state (d = 3) reaches 60%.

It must also be mentioned that using a different damage matrix for simulation does
not change the damage pattern. Namely, estimated average damage states for Adassil,
Targua, Imindounite, and Marrakech settlements are similar. They vary from 1.4% for
Imindounite and 8% for Marrakech.

A comparison of the damage estimates for the Adassil and Targua towns, located in
the heavily affected province of Chichaoua (Figs. 11 to 12, United Nations Satellite Center,
UNOSAT, [UNOSAT, 2023], shows a satisfactory agreement for damages stages d,, = 4 and
day = 5.
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Table 3. Simulated damage states d and d,, probabilities for some settlements for IPE (Eq. (3)),

h=26km
The probability of damage states determined by the damage
Settlement matrix according to [Chavez et al., 1998] and EMS 98
dq dy d3 dy ds dav
Adassil 0.05/0.12 0.20/0.13 0.35/0.14 0.30/0.45 0.10/0.11 3.20/3.15
Targua 0.26/0.14 0.36/0.14 0.22/0.45 0.09/0.11 0.01/0.0 2.05/2.21
Imindounite 0.38/0.28 0.26/0.30 0.11/0.14 0.03/0.02 0.0/0.0 1.37/1.39
Marrakech 0.38/0.51 0.16/0.14 0.05/0.0 0.0/0.0 0.0/0.0 0.87/0.80

Destroyed
structures

- Sy ; :
‘ Damaged i —
o‘ structures “

v{"%’?

Figure 11. Observed damage in Adassil. Source: United Nations Satellite Center, UNOSAT, Prelimi-
nary Assessment Report [UNOSAT, 2023].

4. Regions With the Most Significant Seismic Hazard and Risk in Morocco and Its
Surrounding Areas

So far, our investigation has focused on assessing the impact and effects of the M 6.8,
2023 Morocco earthquake. However, strong earthquakes also occur in other areas of the
studied region [Peldez et al., 2007] (Fig. 2). Therefore, it is reasonable to ask if we can briefly
identify the areas exposed to the most significant seismic potential without applying the
full formalism of seismic hazard assessment.

For engineering purposes, the maximum possible magnitude is defined as the upper
limit of earthquake magnitude for a given region and is synonymous with the magnitude
of the largest credible earthquake [EERI Committee, 1986; WGCEP, 1995]. The magnitude
distribution assumes a sharp cutoff at this maximum magnitude; by definition, no earth-
quakes are expected to exceed this value. This definition contrasts with an alternative,
‘soft’ cutoff for maximum earthquake magnitude [Kagan, 1991, 2002a,b; Pisarenko and
Rodkin, 2022], where one of the distribution parameters is referred to as the ‘soft’ maximum
magnitude. Beyond this maximum magnitude, the distribution decays much faster than the
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-
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structures

Figure 12. Observed damage in Targua. Source: United Nations Satellite Center, UNOSAT, Prelimi-
nary Assessment Report [UNOSAT, 2023].

classical Gutenberg—Richter relation. However, this implies that a ‘soft” cutoff is envisaged,
as earthquakes with magnitudes larger than this maximum magnitude are not excluded.
Nonetheless, our work considers a model with only a sharp cutoff upper limit.

Assessing the upper limit of earthquake magnitude in a specific region is not straight-
forward. Thus, the upper limits of earthquake magnitudes for the seismogenic zones in
these areas are examined using three distinct procedures: the weighted average of the three
estimated values will be used as the solution. be considered. The three applied procedures
are described in the following section.

5. Procedures for Assessing the Seismogenic Zones, Maximum Potential Earthquake
Magnitude M ,,,, and the Highest Earthquake Magnitude for the Seismogenic Zones of
Morocco and Its Surroundings

Let us assume that in the area of concern, within a specified time interval T, all n of
the main earthquakes that occurred with a magnitude greater than or equal to M, are
recorded. The largest observed earthquake magnitude in the area is denoted as m90%, . Next,
assume that the value of the magnitude M¢ is known and is denoted as the threshold
of completeness. It is further assumed that the magnitudes are independent, identically
distributed, random values with a probability density function (PDF), fj;(m), and a cumula-
tive distribution function (CDF), Fy(m). The unknown parameter to be estimated, #1,,y, is
the upper limit of the range of magnitudes and is thus termed the maximum (seismogenic
zone) earthquake magnitude M,,,, which is to be estimated.

Let us assume further that the upper limit of earthquake magnitude M, is estimated
by the maximum likelihood method. Unfortunately, the sample likelihood function based
on earthquake magnitudes [Kijko and Sellevoll, 1989, 1992] depends on the unknown M, ,y.
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This dependence violates the condition of regularity [Cheng and Traylor, 1995; LeCam,
1970]. The resulting likelihood function, therefore, reaches its maximum at the maximum
observed earthquake magnitude m2%, and not at the required maximum possible magnitude
M.« Consequently, the unbiased value of M, cannot be estimated by using the standard
maximum likelihood procedure. A more realistic and unbiased estimation of M, can be
provided by introducing additional information [Pisarenko, 1991; Pisarenko et al., 2010],
such as the condition that the largest observed earthquake magnitude m3>, within the
span of the entire earthquake catalog, is equal to the largest expected earthquake magnitude
E[m?rE’;‘X; t]. In statistics, such an approach is known as the estimation-by-moment method
[Benjamin and Cornell, 1970]. [Kijko, 2004] showed that the introduction of such a condition
leads to the equation

Mimax

Moy =i+ [ [FIM(OT'AE, ©
Mc

being Fj;(C) the CDF of earthquake magnitude limited from the top by the unknown M, .
The generic Eq. (9) is a basis for three M,,,, assessment procedures applied in our
work: the parametric Kijko-Sellevoll Compound (K-S-C), the Non-Parametric-Gaussian
(N-P-G) and the non-parametric Order Statistics (O-S) method. The procedures are based
on the underlying principle that the estimated My, value is equal to mS25, + A, where A
a positive correction factor equal to fAZZICma" [FIM(C)]"dC (Eq. (9)). This principle is similar
to the popular deterministic procedure, where the increment A varies from 1/4 to 1.0 of
a magnitude unit [Wheeler, 2009]. Despite this similarity, there is a fundamental difference
between the two approaches. In the deterministic approach, Wheeler’s A is merely a guess.
In the probabilistic approach, A is defined by parameters that characterize the area’s
seismicity; m9PS , the seismic activity rate and the ratio between the number of weak and
strong events. The correction factor relies on seismic parameters, aligning with the intuitive
expectation that it is always positive, and its value diminishes as the observation time span
increases. A brief description of each of the three procedures is provided below.

5.1. The Kijko-Sellevoll Compound Procedure (K-S-C)

Studies of seismic activity suggest that the seismic process can be composed of tempo-
ral trends, cycles, short-term oscillations and pure random fluctuations. When the variation
of seismic activity is a random process, the formalism, in which the parameters of the
earthquake recurrence model are treated as random variables, provides an efficient tool for
modelling the seismic process [Benjamin and Cornell, 1970]. Following the assumption that
a Gamma distribution can describe the variation of the scaling b-value in the frequency-
magnitude Gutenberg—Richter relation [Gutenberg and Richter, 1942, 1956], it is possible to
construct the compound estimator of M,,,. Following the generic Eq. (9), the estimation
of M.« requires a calculation of the integral [Kijko and Singh, 2011]

Mma

A=(cy)" / Il —(I#Mmm)q]ndm,

Mc

which, after application of Cramer’s approximation [Cramer, 1946], takes the form

sl ) )

-1
where g = blIn(10), Cy is a normalizing coefficient equal to [1 —( P )q] ,p= B and

prm-Me (08)°
—\2 _
q= (G%) . The symbol p denotes the known mean value of the parameter g and oy is the
known standard deviation of §, r = M’:ﬁ, o= nCﬁ, and I'(+,-) is the complementary
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Incomplete Gamma Function [Handbook. .., 1972]. Following Eq. (9), the compound version
of the M,,,, estimator takes the form
1
o1 exp[—"rq ] _ _
(1—r7) 1 1
Mrnax = m?x?asx"' —E [1"(7,6”)—1"(7,6)]
Since the unknown M, is present on both sides of the equation in (9), the estimator

for M.« can be calculated only through an iterative process. The approximate variance of
the M. estimator subsequently assumes the form

1 2
55 exp njq -1 -1
Var[Mpay] = 0y + M[T(—,érq) - T(—, 6)] )
B q q
where o), denotes the standard error in the determination of the largest observed magni-
tude m9Ps..

5.2. Non-Parametric With Gaussian Kernel Procedure (N-P-G)

When the empirical distribution of earthquake magnitudes is complex and cannot
be described by a simple analytical model, it can be replaced by its approximate non-
parametric counterpart. Such a replacement can be done in several ways. This section
shows how the earthquake magnitude distributions, both the probability density function
(PDF) and cumulative distribution function (CDF), can be approximated by the sum of
data-based kernel functions. Given the sample data m;, i = 1,...,n, and the kernel function
K(-), the kernel estimator fM(m) of an actual and unknown PDF fy,(m),

fa(m) = % ZlK( m)

where h is a positive smoothing factor [Parzen, 1962]. The kernel function is a PDF, symmet-
ric about zero. The specific choice of it is not so crucial for the method’s performance; many
unimodal distribution functions ensure similar efficiencies. In this work, the Gaussian
kernel function K(&) = (271)% exp(—&2/2) is applied, where the smoothing factor h was
estimated by the so-called least-squares cross-validation procedure [Stone, 1984]. [Kijko
et al., 2001] give the details of the applied approach.

Following the chosen kernel and the fact that the data comes from a finite interval
[Mc, Mmax ], the respective CDF of seismic event magnitude takes the form

0, for m < M,
E[o("5 )=o)
- h h
A _ i=1
Fp(m) = — Mo, M_—m T for M, < m < Mpax,
e |
i=
1, for m > M.y

where @ (&) denotes the standard Gaussian cumulative distribution function. Therefore,
following the generic Eq. (9), the estimator of M,,,, can be obtained through the iterative
solution of the equation

MmaX:m?I?asx_"A’ (10)
where y y
max max n m—m; \ _ Mc—m; n
A= [ [Ey(m)] dm= / { Zi:1(®A(4 h_m)_ o Aj_m)) dm. (11)
/ (o) of )
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So obtained the M, value is denoted as the non-parametric Gaussian-based estimator
of M.y or, in short, the N-P-G [Kijko, 2004] estimator. The approximate variance of the
N-P-G estimator M, is given by

Var(MmaX) = 01\2/1 +A?,
where in Eq. (11), the upper limit of integration, m,,,, is replaced by its estimate M max-

5.3. Procedure Based on Order Statistics

When the magnitude distribution’s analytical form is unknown, it can be substituted
by empirical distributions, and the formalism of the order statistics can be employed. For
n earthquake magnitudes arranged in increasing order, i.e., my <mj, <... <m,_; < m,, any
empirical distribution function F;(m) can be approximated as [Cooke, 1979]

0, form<my

Fypr(m) = , form;<m<m;.q,i=1,...,n-1-

i
n
1, form>m,

The approximate value of integral A is then [Kijko and Singh, 2011]

obs
m
max n-1 .

A n i\"
A= / [FM(m)] dm:Z(;) (mjp1 —mj),
Mmin i=1
b S[( iy i+1\"
A:mfnfx‘;[(l‘z) (1= e
i=

Since for large n, the value of (1 + 1/n)" = e, the correction factor A = m3> —

(1e7!) ?:_(} e~'m,_;, and the order-statistics based estimator of #1,,,, takes the form

n—1
Mmax = m?r?asx"_[mg?asx_(l _el)Zelmn—i]’ (12)
i=1

In our work, the value of M,,, obtained from Eq. (12) is denoted as the order statistics-
based estimator or, in short, the O-S estimator. Assuming that the standard error in the
determination of magnitude m,...,m, is known and equal to o)y, the approximate variance
of the O-S estimator Eq. (12) is equal to

Var(#igax) = coaf/l +A?, (13)

where cg=(1+e )2 +e2(1-e1)/(1+e1)=1.93.

Both non-parametric estimators ((10), (11) and (12)) are very useful. The great at-
traction of the non-parametric approach is that it does not require specification of the
functional form for the magnitude distribution Fj;(m). Therefore, by its nature, it can
be applied to cases with empirical distributions of any complexity: distributions which
considerably violate log-linearity, multimodality, and/or account for the presence of the
‘characteristic’ earthquakes. The drawback of the estimators is that formally they require
knowledge of all events with magnitude above the specified level of completeness 1,
though, in practice, this can be reduced to the knowledge of a few (e.g., only 5) of the
largest events. Such a reduction is possible since the contribution of weak events to the
correction factor A is insignificant.
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5.4. The Maximum Earthquake Magnitude m., for the Seismogenic Zones of Morocco and Its
Vicinity

The data from the Spanish Instituto Geografico Nacional (IGN) have been used to
update the earthquake catalog compiled by [Peldez et al., 2007] up to December 2023, to
estimate the maximum possible magnitude for the previously described seismogenic source
zone. The magnitudes of events have been converted to the moment magnitude scale using
the same relations as [Peldez et al., 2007]. Following the previously outlined procedures,
the catalog for each seismogenic source zone has been removed from the updated dataset
and utilised to determine the maximum possible magnitude. Table 4 display the results for
the seismogenic zones considered in Morocco and its vicinity.

Table 4. Estimated maximum possible earthquake magnitudes and uncertainties for the considered seismogenic zones. The last

column shows the weighted average of the three assessments of Mp,,x, by the K-S-C, N-P-G, and O-S procedures

m3bs and Estimated Estnngted .
. . magnitude Estimated
Time span of the second magnitude . . Average
Zone catalog (years) maximum (non-parametric (non-parametric, magnitude (weighted)
s . P based on order (K-S-B) &
magnitude Gauss) o
statistics)
T1 233 6.8/5.8 7.4+0.6 7.2+£0.5 7.1+£0.3 7.18+0.20
R2 978 6.6/6.0 6.9+0.4 6.8+0.4 6.8+0.3 6.83+0.21
Rla 201 6.0/5.2 6.5+0.5 6.3+0.4 6.4+0.5 6.38+0.26
R1b 232 6.3/6.2 6.5+0.3 6.4+0.3 6.5+0.3 6.47 £0.17
MM 400 6.6/4.7 7.6+£1.0 7.3+£0.8 74+14 7.41+0.57
MA-HP 104 5.5/5.5 5.7+0.3 5.6+0.3 5.8+0.3 5.70+£0.17
HA-MA 98 5.5/5.5 5.6+0.2 5.6+0.3 5.7+0.3 5.62+0.15
HA-AA 95 6.0/5.4 6.3+0.4 6.3+0.4 6.5+0.5 6.35+0.25
HA 90 6.8/5.8 7.4+0.6 7.2+0.5 7.8+1.0 7.35+0.36
GC 301 6.3/6.0 6.5+0.3 6.5+0.3 6.5+0.3 6.50+0.17
GB 667 7.8/7.1 8.4+0.6 8.2+0.5 8.4+0.7 8.31+0.34
ATL 105 5.5/5.4 5.6+0.2 5.6+0.3 5.7+0.3 5.62+0.15
ALB1 529 6.0/6.0 6.2+0.3 6.1+0.3 6.2+0.3 6.17+0.17
ALB2 531 6.3/6.3 6.4+0.2 6.3+0.3 6.3+0.3 6.35+0.15

It is important to note, as [Kowsari et al., 2017] pointed out, that the largest observed
magnitude, m3%, strongly influences the estimates of the maximum possible magnitude
Mnax- During the estimation of M, (Table 4), the largest observed magnitude was
assumed to occur within the catalog’s duration. This is a significant assumption, and it
may not be accurate. According to Kijko and Vermeulen [Kijko and Vermeulen, 2022], such
an assumption can significantly impact the estimated values.

Additionally, seismic catalogs are often incomplete and inhomogeneous when con-
sidering historical data. As a result, the estimated earthquake recurrence parameters,
including the scaling b-value of the Gutenberg—Richter recurrence relationship and the
seismic activity rate, can be pretty uncertain. Consequently, among the three applied
procedures, the non-parametric Gaussian (N-P-G) and order statistics (O-S) procedures
provide more reliable estimates than the parametric K-S-C.

6. New Earthquake Scenario in the Moroccan Atlas Zone

The Extremum system was also used to evaluate the effects of two hypothetical
earthquakes in the High Atlas region of Morocco. Based on assessments of M, provided
in Table 4, two events with magnitudes M =7.2and M = 7.4 were considered. Two IPEs,
which demonstrated a relatively good agreement between the computed and observed
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seismic intensities for the September 8, 2023, earthquake, were used in the computations.
These include the IPEs by [Cherkaoui, 1991] with a focal depth of 9.7 km, and the IPEs by
[Benouar, 1994], with a focal depth of 26 km.

The epicenter coordinates of the scenario events were taken according to NEIC for
the earthquake occurred on September 08, 2023; specifically ¢ = 31.064°N; A = 8.391°W.
The depth was considered according to NEIC equal to h = 26 km and average depths h,,
according to [Cherkaoui, 1991]. The coefficient k = b/a, representing the ratio of the large
b and small a axis of the elliptical isoseismals of the highest intensity grades was taken
k =1.5. Additionally, the macroseismic field was oriented at 255° according to the fault-
plane solution as determined by IRIS for the September 08, 2023 event, and the damage
matrix according to [Chavez et al., 1998] was applied.

Figs. 13 to 14 show the results of the simulated scenario M,, = 7.2 and M,, = 7.4
earthquakes, respectively, with consequences for magnitudes with the application of the
IPEs (Eq. (2)) and (Eq. (3)).

Average damage Population, thousand people
- - - - O O lo) o o o <+ epicenter
do dl d2 d3 d4 >500 100-500 10-100 5-10 0.5-5 <0.5

Figure 13. Scenario earthquake simulation consequences with application of IPE (Eq. (4)): (a) My, =
7.2, (b) My, = 7.4.

Table 5 shows the areas for the different isoseismals. Values for different magnitudes
are shown in fraction.

Table 5. Areas for the different isoseismals (in %). In this case % is the area of the territory limited by
isoseismals of the selected seismic intensity ranges to the total area of Morocco, which is taken to be
equal to 446,550 km?

Areas limited by different isoseists (%)

I, grade IPE (Eq. (4)) IPE (Eq. (5))
My7.2 / My,7.4 My7.2 / My,7.4

51<6 22.0/30.3 6.2/8.0

6I<7 6.3/9.1 2.7/3.4

71<8 1.6/2.3 1.1/1.4

81<9 0.4/0.6 0.5/0.6

91 <10 0.05/0.12 0.05/0.14
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30°
-10°
Average damage Population, thousand people
H = mEm O O o o o o+ cpicener
do d1 d2 d3 d4 >500 100-500 10-100 5-10 0.5-5 <0.5

Figure 14. Scenario earthquake simulation consequences with application of IPE (Eq. (5)): (a)
My =72, (b) My =7.4.

The strongest effect due to this scenario in the epicentral zone is obtained for IPE
(Eq. (5)) ([Benouar, 1994]; Algeria, 26 km deep). But, the overall impact due to this scenario
according due to IPE (Eq. (5)) is felt over a smaller area in comparison with IPE (Eq. (4)).

Table 6 shows the probabilities of different damage states d for settlements due to
scenario events with magnitude equal to M, =7.2 and M, = 7.4 and the damage matrix
according to [Chavez et al., 1998].

Table 6. Intensity residuals for the different IPEs

Probabilities of buildings damage states for scenario events

Settlement I, grade with My,7.2 / My, 7.4

d-1 i=2 i=3 P i=5 oy

5-6 0.40 0.25 0.10 0.01 - 1.24
6-7 0.40-0.26 0.25-0.36 0.10-0.22 0.01-0.09 0.01 1.24-2.05
“village” 7-8 0.26-0.05 0.36-0.20 0.22-0.35 0.09-0.30 0.01-0.10 2.05-3.2
8-9 0.05-0.04 0.20-0.12 0.35-0.30 0.30-0.36 0.10-0.18 3.20-3.52
9-10 0.04 0.12-0.05 0.30-0.12 0.36-0.13 0.18-0.70 3.52-4.48

5-6 0.39 0.16 0.05 - - 0.86
y N 6-7 0.39-0.38 0.16-0.26 0.05-0.11 0.03 - 0.86-1.37
fown 7-8 0.38-0.26 0.26-0.31 0.11-0.22 0.03-0.11 0.02 1.37-2.07
8-9 0.26-0.15 0.31-0.21 0.22-0.30 0.11-0.18 0.02-0.05 2.07-2.45

o 5-6 0.38 0.16 0.05 - - 0.87
city 6-7 0.38-0.36 0.16-0.27 0.05-0.12 0.03 - 0.87-1.40

Settlements, which are referred to the “village” class could survive damage states from
d,y =1 to d,, = 4. The building stock in “town” class settlements, less vulnerable, at large
epicentral distances could survive damage states from d,, = 1 to d,, = 3. Built environment
in the “city” class settlements could survive damage state equal to d,, = 1. This is due to
the significant epicentral distance and the presence of buildings’ types E7 (designed and
constructed to withstand the earthquakes with intensity I = 7).

Russ. J. Earth. Sci. 2025, 25, ES6024, EDN: ZOKFVP, https://doi.org/10.2205/2025es001069 21 of 26


https://elibrary.ru/ZOKFVP
https://doi.org/10.2205/2025es001069

EARTHQUAKE Loss SIMULATION UsSING THE “EXTREMUM” SYSTEM. .. FroLOVA ET AL.

7. Summary and Conclusion

The primary goal of the present study is to evaluate the Extremum system in this
region, using the data on the September 8, 2023, earthquake in Morocco, and then model
the effect of the strongest earthquake that could occur in this region. The study takes into
account the seismicity and seismoectonic features of the region where the September 8,
2023 earthquake struck.

An in-depth analysis has been performed looking into how the observed effects for
the whole considered region and the seismically active Alpine-Himalayan belt differ from
the intensities predicted by different IPEs. The process of calibrating the macroseismic
field model of the Extremum system for the territory of Morocco was undertaken and the
applicability of the IPEs obtained by researchers since 1960-th for the Upper and Middle
Atlas zone, Algeria and the Atlas Mountains and the territory of Turkey was analyzed. The
applicability of regional vulnerability functions of typical building stock for the reliable
earthquake loss simulation outcomes was also investigated. The impact and effects of
the September 8, 2023 (M, = 6.8) Morocco earthquake have been assessed, however as
mentioned previously, according to [Peldez et al., 2007] strong earthquakes can also occur
in other areas of the studied region. It should be noted that IPEs proposed by [Cherkaoui,
1991] for the High and Middle Atlas zone, and IPE [Benouar, 1994] for Algeria, give a better
alignment between the computed and observed intensities.

The Extremum system was also used to evaluate the effects of two hypothetical
earthquake scenarios in the High Atlas region of Morocco, with magnitude M,, = 7.2 and
M, =7.4. These two earthquake scenarios have been obtained based on the assessment of
the maximum possible magnitude of each zone-source of the proposed seismogenic source
model by [Peldez et al., 2018a,b].

Three distinct procedures were used to calculate the maximum magnitudes for these
zones, and the weighted value is taken into account. The results of loss simulation due to
scenario events in the most hazardous potential source zone in the High Atlas zone are
given with application of the calibrated model of the macroseismic field of the Extremum
system.

The relevance of the present study stems from the need for accurate estimates of
potential losses resulting from recent earthquakes to support response decision-making,
as well as from potential scenario events in the most hazardous zones to create and
conduct early action plans intended to reduce seismic risk. The experience of search
and rescue technician personnel after 6th February, 2023 earthquake in Turkey [Polat,
2024], as well as analysis of state of the art on Emergency management based on the peer-
reviewed researches for 2018-2023 [Sleiman et al., 2024] showed serious problems related
to coordination and communication at every stage of disaster management, including lack
of information on damage and casualties in emergency mode.

As the procedure for calibrating regional models of seismic intensity attenuation and
regional vulnerability functions for typical building stock in the studied area involves
identifying the boundaries of zones with quasi-stable field parameters and vulnerabil-
ity functions, future efforts to clarify the calibrated field parameters and delineate the
boundaries of zones for their application will require the collection of information on
macroseismic manifestations of past events and their engineering consequences in the
region under consideration. To successfully calibrate models of the Extremum system and
other global systems used for near real-time assessments of earthquake consequences, it
is essential to create and promptly replenish a knowledge base on the macroseismic and
engineering-seismological effects of earthquakes. In this regard, international cooperation
in the field of Big Data processing and the establishment of a distributed knowledge base
on the physical and socio-economic impacts of past significant earthquakes, within the
framework of the UN/CODATA projects that specify the boundaries of calibration zones,
appears crucial.
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