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Preface

The Earth’s population is expanding at a rate of 1.45% annually and has a
strong tendency to pool in ever-larger and more complex urban settings.
Governments at all levels and the scientific community must recognize that most
of humanity will soon be living in cities. Each of the urban areas on our planet
has a unique set of urban systems related to security, energy, water, nutrition,
economics, and the environment. In the future the urban “system of systems” will
become more vulnerable to the hazards of natural events such as earthquakes.
The recent earthquakes prove again that for the urban areas to be safe and
sustainable it is necessary to implement long-range urban planning and risk
assessment tools that rely on an accurate and multidisciplinary urban modeling.
We still need and must develop tools as hazard’s scenarios, and subsequently we
should map the parameters necessary for long-range improvement planning of the
cities, which will play the role of infrastructure “keys.” The challenge of urban
hazard mapping is to predict the ground-motion effects related to various source,
path and site characteristics not just at a single site but also over an extended
region, and do so with an acceptable level of reliability. The difficulty of this
challenge is manifested in the spatially irregular patterns of damage that are
typically observed after major earthquakes.

This volume summarizes the main results achieved in the framework of the
UNESCO-IUGS-IGCP project 414 “Realistic Modelling of Seismic Input for
Megacities and Large Urban Areas,” centered at the Abdus Salam International
Center for Theoretical Physics. It addresses the problems of pre-disaster orientation
like hazard prediction, risk assessment, and hazard mapping, in connection with
seismic activity. The unequal distribution of damage and casualties from
earthquakes, which often affects urban areas, gives rise to problems that are still
a challenge that has fostered numerous studies on the estimation of the seismic
ground motion before the occurrence of a damaging earthquake. This task requires
the detailed knowledge of both the subsurface structure within the city and of the
probable location and characteristics of seismic sources around it. On the other
hand one must use theoretical methods and related computer codes that allow us
the realistic and reliable simulation of the expected seismic ground motion. These
numerical simulations play an important role, especially in areas of complex
geology, and they can provide realistic synthetic waveforms at places where no
recordings are available. Synthetics are compared with observations wherever



944 G. F. Panza et al. Pure appl. geophys.,

instrumental data are available. During recent years, several methods have been
proposed for the theoretical estimation of the seismic response at a specific site.

This volume contains results obtained using tools which enable us to estimate
realistic amplification effects in complex structures, exploiting the available
knowledge relative to geotechnical, lithological and geophysical parameters,
topography of the medium, tectonic, historical data, and seismotectonic models.
The ground motion modeling technique applied in most of the papers proves that
it is possible to investigate the local effects even at large epicentral distances, too
often neglected event, taking into account both the seismic source and the
propagation path effects.

This collection gathers original studies which offer quantitative information
required for the design, construction and retrofitting of the built environment. In
particular, these studies have a long-lasting impact on the reduction of the
environmental hazard associated with the seismically active regions, and contribute
to the definition of the source and response spectra to be used in the mosaic of the
studied world seismic regions.

The accurate knowledge of subsoil structures and probable complex source
mechanisms is used to study the local site effects in large urban areas and Megacities
like: Algiers, Alexandria, Beijing, Bucharest, Cairo, Delhi, Napoli, Santiago de
Cuba, Sofia, Thessaloniki and Zagreb. Alongside, a comparison with traditional
methods for seismic microzoning is made for selected regions and cities.

The seismic microzoning of Santiago de Cuba, by Alvarez et al. “‘Seismic
microzoning of Santiago de Cuba: An approach by SH waves modelling” is
performed using synthetic SH-waves seismograms calculated along four profiles in
the basin of the city. The modeling is accomplished using a hybrid approach
(modal summation for the path from the source to the local profile and finite
differences for the local profile) for a maximum frequency of 1 Hz. An intention
to reappraise the seismic potential of the geologic structures in the site of Algiers
and its surroundings is presented by Harbi er al. “Seismicity and tectonic
structures in the site of Algiers and its surroundings.” The compilation of a
working earthquake catalogue is made using all events reported in the available
documentation and the tectonic setting of the zone under investigation. The
available fault plane solutions are summarized taking into account the results of
studies of the most recent earthquakes of the area. The paper highlights the great
interest in the detailed and timely assessment of the seismic hazard of Algiers and
its surroundings which is made possible by the realistic modeling of the scenario
seismic input. The study by El Alami et al. “Seismicity of Morocco for the period
of 1987-1994”, analyzes the recent seismicity for Morocco and for the Northern
Morocco Seismic Network (NMSNET). Mouayn et al. ““‘Coda duration magnitude
for the north of Morocco” developed and tested the first empirical coda-duration
magnitude (MD). The probabilistic seismic hazard analysis for the eastern Rift
area in northern Morocco by Ait Brahim et al. “Using active faults and seismicity
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for the strong motion modeling in the eastern rif (northern Morocco)” is
established on the basis of the seismicity database and marine seismic reflection
profiles. A selected attenuation relationship is used to construct peak-ground
acceleration contour maps for specific return periods and typical economic
lifetimes of structures. The microzonation study by Parvez et al. ‘“Microzonation
and site specific ground motion modelling for Delhi city” in Delhi Metropolitan
City by 2-D modeling of SH and P-SV waves is performed with a hybrid
technique, based on the modal summation and the finite-difference scheme.
Complete realistic seismograms are computed along two geological cross sections.
Two earthquake sources ( July 15, 1720, I = IX MM, M = 7.4, and August 27,
1960, M = 6.0) are used in the modeling. The main focus of the El Sayed et al.,
paper “Seismicity and seismic hazard in ALEXANDRIA and its surroundings” is
the modeling of the May 28, 1998 earthquake which occurred in the Egyptian
coastal zone in the vicinity of Alexandria. To mitigate the seismic hazard effects in
Alexandria City, different scenarios are constructed using the deterministic
approach. Ground motion parameters and frequencies of their peaks are
calculated for different focal mechanisms. The study carried out about the most
vulnerable area along the Nile valley Cairo — Faiyoum “The Nile valley of Egypt:
A major active graben that magnifies seismic waves” if different from the previous
one “‘Seismicity and seismic hazard in ALEXANDRIA and its surroundings”
shows that the loose soft alluvial sediments of the Nile Canyon are the main
factors for potential damage, because they may strongly amplify the ground
motion (e.g., the peak-ground acceleration, PGA, can increase by a factor varying
from 3 to 13). Herak et al. “‘Amplification of horizontal strong ground motion in
Zagreb (Croatia) for realistic earthquake scenarios” deal with the amplification of
horizontal strong ground motion in Zagreb for realistic earthquake scenarios
along a selected profile with a quite complex local geology. The examination of
the complete synthetic waveforms, corresponding to a suite of sixteen, realistically
chosen, source mechanisms, shows that, even for variations of the order of
commonly observed uncertainties of dip and rake angles of the causative fault,
both PGA and response spectra (RS) vary at some sites by more than a factor of
two. An important result common to several papers, and well described in the
Zagreb case study, is that, especially for strongly laterally heterogeneous
structures, local effects must be determined for each of the relevant sources, taking
all associated uncertainties into account as completely as possible. In the paper
“Seismic ground motion in Napoli for the 1980 Irpinia earthquake” by Nunziata,
the seismo-stratigraphic cross sections have been defined for studying local site
seismic effects. Such study has been made with an hybrid approach (mode
summation for the path from the source, and the finite-difference method for the
local profile). Synthetic seismograms are validated with the 1980 Irpinia
earthquake; a good example of strong shaking for Napoli, recorded 10 km from
the modeled sites. Taking into account the stratigraphies and the available shear-
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wave velocity profiles, six seismo-stratigraphic zones have been recognized in
Napoli. From the computed realistic P-SV and SH-wave seismograms it is
concluded that the pyroclastic soil cover causes an increase of the signal’s
amplitudes, and the spectral amplification ranges between 2 and 3 at about 1-
3 Hz. In particular, at the historical center, characterized by several cavities, the
frequency of the maximum spectral amplification is very close to the eigenfre-
quencies of the buildings heavily damaged by the 1980 earthquake. The paper by
Nunziata et al. “‘Seismic characterization of Neapolitan soils” discusses a synthesis
of literature and original shear-wave velocity measurements carried out at Napoli.
Detailed seismic wave velocity profiles versus depth have been obtained in typical
lithostratigraphies with FTAN and Hedghegog methods by using Rayleigh surface
waves recorded in refraction seismic surveys. A strong scattering of shear-wave
velocity has resulted, even in the same formation, which suggests making
measurements for each evaluation of response analysis or, alternatively, to make a
parametric study which considers the wide range of variability of the Neapolitan
pyroclastic products which are, practically, sands, from a geotechnical point of
view, with different percentage of welding. The mapping of the seismic ground
motion in Bucharest, due to large intermediate-depth Vrancea earthquakes, is the
result of Cioflan et al. studies “Deterministic approach for the seismic microz-
onation of Bucharest.” As controlling records the accelerograms of the Magurele
station, low-pass filtered at 1.0 Hz, of the three last major strong (M,, > 6)
Vrancea earthquakes are considered. The hybrid method is used considering the
double-couple seismic source approximation, scaled for the intermediate depth,
and relatively simple regional (bedrock) and local structural models. The presence
of alluvial sediments and the possible variation of the scenario event require the
use of all three components of motion for a reliable determination of the seismic
input. A new seismic microzonation map has been constructed. The scope of
Moldoveanu et al. work “Microzonation of Bucharest: State-of-the-art” is to
formulate a state-of-the-art of the microzonation of Bucharest. The statistics
based on the historical records show that, in Vrancea, about three destructive
subcrustal earthquakes (M ~ 7.0) occur each century. In these circumstances, the
seismic microzonation of the city is important information to be considered by
the decision-makers in order to establish the appropriate level of preparedness to
the earthquake threat.

The seismic zoning for Thessaloniki by Triantafyllidis et al. is carried out in
two parts. The paper ‘Part I: Theoretical site response estimation for microzoning
purposes” estimates the theoretical site response along seven cross sections for
several double-couple sources using the hybrid method. Synthetic accelerograms
up to a maximum frequency of 6 Hz for all components of motion are calculated.
The discussed cases confirm that the geometry and depth of the rock basement,
along with the impedance contrast, are responsible for ground amplification
phenomena such as edge effects and generation and entrapment of local surface
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waves. In the paper “Part II: Comparison of theoretical and experimental site
effects” the reliability and the quality of the theoretically estimated ground
responses is tested with observed data. The comparison validates the synthetic
modeling and demonstrates that in cases of complex geometries, the use of at
least 2-D numerical simulations is required in order to evaluate reliable site
effects. The realistic modeling of seismic wave ground motion and the estimation
of site effects in Beijing City is done by Ding et al. in the papers ‘“‘Realistic
modeling of seismic wave ground motion in Beijing City” and “Estimation of site
effects in Beijing City.” In the paper “Realistic modeling of seismic wave ground
motion in Beijing City,” advanced algorithms for the calculation of synthetic
seismograms in laterally heterogeneous anelastic media have been applied to
model the ground motion in Beijing City. The synthetic signals are compared with
the few available seismic recordings (1998, Zhangbei earthquake) and with the
distribution of the observed macroseismic intensity (1976, Tangshan earthquake).
In the paper “Estimation of site effects in Beijing City” the database of 3-D
geophysical structures for Beijing City has been built up to model the seismic
ground motion in the City, caused by the 1976 Tangshan and the 1998 Zhangbei
earthquakes. The hybrid method, which combines the modal summation and the
finite-difference algorithms, is employed in the simulation. The numerical results
show that the thick Tertiary and Quaternary sediments are responsible of the
severe amplification of the seismic ground motion. Such a result is well correlated
with the abnormally high macroseismic intensity zone (Xiji area) associated to the
1976 Tangshan earthquake and with the records in Beijing, associated to the 1998
Zhangbei earthquake. The city of Seofia is exposed to a high seismic risk. The
paper by Paskaleva et al. “Expert assessment of the displacement provoked by
seismic events: Case study for the Sofia metropolitan area’” combines the recent
tectonic and geological information to characterize and estimate displacements
using expert assessment. The lack of instrumental recordings for Sofia fostered the
studies by Slavov et al. “Deterministic earthquake scenarios for the city of Sofia”
to compute realistic synthetic seismic signals, due to several earthquake scenarios
along chosen geological profiles crossing the city.
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Seismicity and Tectonic Structures in the Site of Algiers
and its Surroundings: A Step Towards Microzonation

A. Harsl', S. MAOUCHE', A. Ayapi'*, D. BENOUAR?,
G. F. Panza™* and H. BENHALLOU'?

Abstract — We intend to reappraise the seismogenic potential of the geologic structures in the site of
Algiers and its surroundings. A compilation of a working earthquake catalogue is first made using all
events reported in all previous documentation available. However for the sake of homogeneity and a
certain degree of reliability of the data, only revised seismic events with epicenter coordinates, magnitude
and/or intensity are included. A tectonic setting of the zone under investigation and available fault plane
solutions are presented. The results obtained in previous seismological studies of the most recent
earthquakes of the area are also discussed. The findings highlight the great interest to be taken in the
detailed and timely assessment of the seismic hazard of Algiers and its surroundings which is made possible
by the realistic modelling of the scenario seismic input.

Key words: Algiers, seismicity, tectonics, earthquakes catalogue.

Introduction

Most of the northern Algerian cities lie in earthquake-prone zones. Algiers,
Constantine, Oran, Guelma, Chlef (formerly El Asnam), M’sila and other important
cities have been affected by damaging earthquakes in the last two centuries.
Meanwhile the effect on earthquake risk of rapid urban growth is not well
appreciated. The reduction of seismic risk requires a detailed microzonation of the
urban areas and this must be preceded by a realistic seismic hazard assessment. For
this purpose we analyze the tectonics and seismic potential in the Algiers area, taking
into account the results obtained in previous research works carried out after the
largest seismic events which occurred in Algiers. The identification of active faults, as

' Centre de Recherche en Astronomie, Astrophysique et Geophysique, BP. 63, Bouzaréah, Alger,
Algeria.

2 University of Algiers (USTHB), Civil Engineering Dpt., Alger, Algeria.
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5 Faculté des Sciences de la Terre de ’Aménagment du Territoire et de la Géographie, USTHB, Alger,
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Figure 1
Geologic scheme of Algiers area showing the Sahel anticline.

earthquake sources, is essential for seismic hazard evaluation. Therefore a tectonic
setting of the region under study is presented and used to complement a working
earthquake catalogue. The catalogue includes all earthquakes reported in the
literature, to which it has been possible to assign, after careful revision, geographical
coordinates and magnitude or intensity.

For the city of Algiers, the research area considered is defined within a radius of
100 km between latitude 36°-37.75° north and longitude 2°—4° east. Algiers city is
located in the Sahel', a narrow land strip which extends from Algiers to Tipaza in
the west and from Algiers to Boudouaou in the east, about 120 km long. Wide
about 20 km in the east and only few kilometers in the west, the Sahel presents a
smoothly broken relief. This morphostructural unit is bounded, to the north by the
Mediterranean Sea, to the south by the Mitidja plain, to the east by the volcanic
mount of Thenia and to the west by the Dahra mountains. All these geographic
entities surrounding the Sahel of Algiers are seismically active.

Generally, authors distinguish the western Sahel called the Sahel anticline of
Algiers which runs for about 70 km from Tipaza to Algiers (Fig. 1) and the eastern
Sahel located between Algiers and Boudouaou. According to the seismic history of
the region, the western Sahel is more seismically active. It experienced many seismic
events of moderate size (M < 6). Historically, the Algiers area has been affected by
earthquakes located in three clearly defined zones: Cheliff zone, Cherchell zone and
Blida zone (Fig. 2). These zones were delineated in a preliminary investigation based
on existing catalogues (BENOUAR, 1993; MOKRANE et al., 1994) and taking into
account the coincidence of areas with particular seismic activity as well as geological
characteristics. This delimitation corresponds to the seismogenic zoning focused only
on the area under consideration and is nearly similar to that proposed by AoubDIiA
et al., (2000) on a larger scale within the framework of the Algerian territory hazard
assessment.

! The name Sahel means littoral and indicates a flat or slightly wavy coastal region, which is not very
high.



Vol. 161, 2004 Seismicity and Tectonics in Algiers Area 951

Figure 2
Seismogenic zones in central Algeria, Z,: Cheliff zone, Z,: Cherchell zone, Zy: Blida zone, Z,: Algiers Sahel
zone, Zs: Sour El Ghozlane zone, Z: M’sila zone, Z;: Kherrata zone. This figure represents the seismicity
of intensity I > VI MSK before 1900 (earthquake data are from MOKRANE e al., 1994) and of magnitude
M > 4.0 from 1900 to 1990 (earthquake data are from BENOUAR, 1993).

The Earthquake Catalogue

The lack of a homogeneous catalogue reverting far enough in time (few centuries)
constitutes an obstacle for an efficient seismic hazard assessment at any site. Hence, it
is a basic need to provide for the Algiers region an earthquake catalogue containing
data as reliable as possible. As stated by several authors (VOGT, 1991; AMBRASEYS
and FINKEL, 1993), the uncritical use of standard earthquake listings for tectonic
interpretation and hazard evaluation is unwise.

Fairly informative catalogues or listings of Algerian earthquakes (HEE, 1919-
1935,1924, 1925, 1932, 1933, 1936-1939, 1950; ROTHE, 1950; GRANDJEAN, 1954;
ROUSSEL, 1973; BENHALLOU, 1985) exist but they are often inhomogeneous and not
easily usable for different reasons. The most recent ones, that of BENOUAR (1993)
which covers the twentieth century and that of MOKRANE et al., (1994) dealing with
the 1365-1992 period try to compensate for these drawbacks. However, these
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earthquake catalogues must be homogenized and regularly updated. A recent study
(HARBI, 2001) merged these catalogues for the northeast of Algeria [33°N-38°N,
4°E-9.5°E]. In the framework of the present study, the homogenization is extended
to the region [36°N-37.75°N, 2°E—4°E].

Due to the heterogeneity in the quality and quantity of the macroseismic
information and of the instrumental data sources, the earthquake catalogue is
subdivided into three time windows: 1) before 1830; 2) 1830-1900, 3) 1900-2000. The
CRAAG, ISC and USGS/NEIC data files are merged in the compiled catalogue in
order to up date it until 2000.

Seismicity of the pre-1830 Period

This period corresponds to the pre-colonization era when Algeria was under the
Ottoman empire. The available sources (MILNE, 1911; AMBRASEYS and VOGT, 1988,
MOKRANE et al., 1994; BOUDIAF, 1996) allowed to gather 70 seismic events from 1365
to 1825 for the region under consideration. However, the review of these events was
impossible because of the lack of information. For this period only AMBRASEYS and
VoGt (1988), who list about 37 events in the study region, report macroseismic
information for 17 earthquakes, estimate the epicenter coordinates for five shocks
and allocate the intensity only for the earthquake of 3 February 1716.2

On the other hand, it would be hazardous to take into consideration the
estimated data reported in BoupIAF (1996) and USGS/NEIC (1994) (see the
following section) without a critical analysis. Indeed, the study of the seismic events
occurred during the pre-colonization period, requiring painstaking and elaborate
research in the historical documents and ancient manuscripts available in libraries
and religious institutions in Algeria. In a preliminary investigation, Oussapou (2001)
succeeded to check the majority of the earthquakes quoted by AMBRASEYS and VOGT
(1988) and MILNE (1911) and even to improve the precision of the dates of
occurrence of some shocks. Nevertheless, the retrieved information is not sufficiently
consistent for a careful and deep study of these earthquakes. Therefore, at this early
stage of research the seismicity of this period is not considered.

Seismicity of the 1830-1900 Period

In its first go, the catalogue includes 321 estimates for 213 seismic events and
covers the time period 1833-1899. In the eighteen century, the proliferation of local
newspapers contributed largely to the survival of macroseismic information, and
enabled us to confirm a total of 130 seismic events. USGS/NEIC data files quote 21
other seismic events and BOUDIAF (1996) quotes 10 events. In the catalogues of
USGS/NEIC (1994), and BOUDIAF (1996) the macroseismic locations are system-

2 For this event, AMBRASEYS and VoGT (1988) adopt an epicenter in the Cheliff plain (to the SW of the
region under study) and allocate intensity VII MSK at Algiers.



Vol. 161, 2004 Seismicity and Tectonics in Algiers Area 953

atically defined for each seismic event, however there is no indication of the criteria
followed by the authors when assigning the epicenter location and intensity. On the
other side, ROTHE (1950), ROUSSEL (1973), BENHALLOU (1985) and MOKRANE
et al., (1994) catalogues define sporadically the macroseismic locations. For the
1830-1900 period, the USGS/NEIC (1994) and BouDIAF (1996) listings contain
macroseismic epicenters that can induce several errors in the seismotectonic
interpretation and/or seismic hazard assessment for a given site. For example, in
BOUDIAF (1996) all earthquakes with epicenter in Algiers are located offshore or at
about 40 km to the south of Algiers, i.e., near Blida. Blida belongs to the Blidean
Atlas and not to the Sahel of Algiers. The same error in assigning coordinates
recurs for all given earthquakes with epicenters in Blida, Cherchell, Boufarik and
others. Similarly, some seismic events given in the USGS/NEIC (1994) catalogue
are mislocated (are located offshore). From these observations it is evident how
much attention must be paid to handling macroseismic data which must be
examined carefully and meticulously.

The analysis of the seismicity is in progress. The retrieval and collection of the
macroseismic information permits reconstruction of certain significant events that
affected globally the Mitidja basin. This is particularly true at its southern boundary,
in the Blidean Atlas, to the west of Algiers, in the Cherchell region, or to the
southeast, in the Sour El Ghozlane region. These zones seem to have been seismically
quite active during this period. Regarding the Sahel of Algiers, as suggested by the
macroseismic effects reported, one can note (in spite of a stated permanent activity)
that the seismicity during this period of time was of low magnitude.

Seismicity of the Post-1900 Period

This period has been quite well investigated by BENOUAR (1993) whose catalogue
(from 1900 to 1990) contains five earthquakes located in the region under
consideration, which have been studied or revised on the basis of reliable information
(macroseismic and instrumental).

Similarly, one can find in the MOKRANE et al. (1994) catalogue (from 1365 to
1992) 28 macroseismic studies, based on first-hand sources such as questionnaires
collected by C.R.A.A.G., which is in charge of seismological observation and
monitoring in Algeria. Additional valuable and significant information about the
seismicity of the 1990-1996 period is given in SEBAI (1997). ISC, USGS/NEIC and
CRAAG files are used to up date the earthquake catalogue until 2000. It seems that
BENOUAR (1993) and MOKRANE et al., (1994) did not use Hée and Grandjean
catalogues. In fact, 194 seismic events mentioned only in HEE (1919-1935,1924, 1925,
1932, 1933, 1936-1939, 1950) listings and 74 only by GRANDJEAN (1954) were
omitted in recent studies (BENOUAR, 1993; MOKRANE et al., 1994). These earthquakes
are contained in press reports which referred to “Le Bulletin Météorologique de
I’Observatoire d’Alger”.
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For the post-1900 time period, 23 events considered to have a magnitude equal to
or greater than 4.0 (Table 1) within the Sahel of Algiers were identified. The largest
events occurred in the Sahel of Algiers during the last two decades (Oued Djer
earthquake of 31 October 1988, m;, = 5.3; Mont Chenoua earthquake of 29 October
1989, m;, = 5.7; Tipaza earthquake of 09 February 1990, m, = 5 and Algiers of 04
September 1996, m;, = 5.3).

Seismicity Analysis of Algiers Area

On the basis of the reported seismic events in the updated catalogue, several maps
illustrating the seismicity of the Algiers area have been produced. Figure 3 represents
the seismicity of the considered zone from 1839 to 2000. In the Sahel of Algiers, it can
be noticed that the highest seismic activity is situated in the western part of this

Table 1
Date Time Lat. Long. M 1 Site Remark Reference
(h/m/s) (°N}  (°E) (MSK)
27/11/1923 19.50.20 36.73  3.13 4.4 4 Maison Carrée (€))
05/11/1924 18.54.31 36.60 3.00 4.8S, 5.2b 8 Ben Chabane €))
06/11/1924 17.58.12 36.65 2.90 4.28 7 Ben Chabane A €))
06/11/1924 22.59.58 36.65 2.90 4.7S 6 Ben Chabane A €))
04/03/1931 05.36.40 36.70 2.77 4.8 8 Camp Chenes o 1), (2)
28/05/1940 10.15.36 36.80  3.03 5S - N. Alger. 0 1)
25/10/1949  0.0.0 37.00 3.20 4.4 6 N. Alger o, M @))
13/03/1960 05.15.04 3696  3.20 4.4S 5 Cap Matifou (o) ), 2
04/09/1978 13.36.00 36.59 293 4.15,4.2b - W. Khemis Khechna €))
30/06/1981 02.43.58 37.26 3.05 4.1S, 4.2b - Mediterranean [¢) (€))
01/12/1982 06.21.06 36.79 322 4.1S, 4.3b Bordj El Bahri (o) €))
29/10/1989 19.09.13 36.62 2.33 6.0S, 5.7b 8 Chenoua Mount (0] m, )
29/10/1989 19.20.49 36.63 2.47 4.0 6 Tipaza A, O €))
29/10/1989 19.21.52 36.74 2.44 5.7S, 5.6b 7 Chenoua Mount A, O 1)
29/10/1989 19.43.59 36.64 247 4.0b - Tipaza A, O 3)
04/11/1989 20.08.05 36.69 239 4.1S,4.1b - N. Nador A, O (€))
05/11/1989 11.38.18 36.72 2.42 4.5S,4.7b - Chenoua Mount A, O 1
22/11/1989 20.37.48 36.71 2.49 4.3b - Chenoua Mount A, O 3)
05/02/1990 07.17.45 36.72 2.47 4.0S, 4.2b - Chenoua Mount (o) )
09/02/1990 09.31.47 36.40 2.52 4.7S, 5.0b 5 Tipaza o ), @
09/02/1990 09.13.19 36.87 2.48 3.7S, 4.0b N. Tipaza A, O A3), 4
12/04/1990 22.47.53 36.79 2.49 4.15,4.7b N. Tipaza (0] €))
04/09/1996 04.14.03 3690 281 5.3S,5.3b 7 N. Ain Benian (¢] 3), @

References: (1) BENOUAR (1993); (2) MOKRANE et al. (1994); (3) ISC catalogue;' (4) SEBAT (1997).
In the column of remarks: A = aftershock, M = macroseismic epicenter, O = offshore epicenter.
In the column of magnitude M: S = Surface-wave magnitude, b = body-wave magnitude.

! http://www.isc.ac.uk
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Figure 3
The spatial distribution of earthquakes (only main seismic events) from 1839 to 2000 (square: pre-1900
period, circle: post-1900 period, u for unknown magnitude). Focal mechanism solution of the earthquake
of 23/4/1967 is from GIRARDIN et al. (1977), those of 31/10/1988 and 9/2/1990 are Harvard CMT solutions.
The different fault plane solutions drawn in gray correspond respectively to the Mont Chenoua earthquake
of 29/10/1989 (in dark gray) and the Algiers earthquake of 4/9/1996 (in light grey).

morphological structure. Another prominent characteristic that is drawn from this
study is the presence of many events located offshore as well as the concentration of
seismic swarms in at least four zones as reported in a preliminary investigation
(Fig. 2). From west to east, the seismogenic zones of Cherchell, Blidean Atlas, Sahel
of Algiers and Sour El Ghozlane area are clearly delineated. The earthquakes in the
region under consideration are of moderate magnitude. Few earthquakes of the post-
1900 time period are of magnitude equal to or greater than 5.0 as depicted by Figure
4. The strongest events occurred early (Ben Chaabane earthquake of 5/11/1924,
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Figure 4
The cumulative number of earthquakes with M equal or larger than 3.0, 3.5, 4.0, 4.5 and 5.0, respectively,
as a function of time during the post-1900 period for the zone under investigation.

M, = 5.2) and at the end of the 20th century (Oued Djer earthquake of 31/10/1988,
M, = 5.6; Chenoua earthquake of 29/10/1989, M, = 5.7, Algiers earthquake of 4/9/
1996, M, = 5.3). The time period between the first and the last events is characterized
by a quasi-permanent seismic activity of low magnitude. The lack of seismic data (in
Figure 4) between 1940 and 1950 corresponds to events of undefined magnitude. The
increasing number of seismic events in the two last decades is due to microseismic
surveys carried out after the large events of the Chenoua-Tipaza earthquake of 29/
10/1989 and the Algiers earthquake of 4/9/1996. Seismic events corresponding to the
Tipaza earthquake of 9/2/1990 (M, =4.7) and its 55 aftershocks.> (of magnitude
equal to or greater than 3.0) were recorded when the Algerian Seismological Network
was still in operation. This activity and the location of Algiers near the most active
seismogenic zones in Algeria (the Cheliff basin which experienced the well known
earthquake of 10/10/1980 (M, = 7.3) in El Asnam) make the seismic hazard of
Algiers quite relevant. Therefore serious actions must be taken for a realistic
assessment of the seismic hazard of the area. This can be done, taking advantage of
the precious information contained in previous studies (BENHALLOU, 1985; BENO-
UAR, 1993; MOKRANE et al., 1994; SEBAi, 1997; HARBI, 2001) pertaining to the large
earthquakes which occurred as far as Jijel to the east and Tenes to the west, which
were felt in Algiers with intensities varying from III to VII MSK.

* In fact 220 aftershocks of M > 1 were recorded according to SEBAi (1997).
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Focal Mechanisms

For the definition of the source mechanisms at this stage of the research, only
published fault plane solutions are adopted. With the exception of the solution given
in GIRARDIN et al. (1977) which was calculated by considering polarities, all the
remaining focal mechanisms were deduced by using inversion methods (BOUNIF et al.,
1999; GFZ, CSEM and Harvard solutions). Other fault plane solutions are reported
in SEBAI (1997) who calculated 30 focal mechanisms of aftershocks of the Tipaza
earthquake of 9/2/1990 and 5 composite focal mechanism solutions obtained for
several groups of aftershocks of the Algiers earthquake of 4/9/1996 (see Appendix).
Taking into consideration these results as well as those represented in Figure 3, one
can say that the focal mechanisms suggest that reverse faulting is the predominant
mode of seismic deformation in the Sahel of Algiers, and this result is in agreement
with the stress regime in the Ibero-Maghrebian region (UDIAS and BUFORN, 1991).

Seismotectonic Framework

Various approaches permitted to enlighten, at best, the seismotectonic framework
of the region under study and particularly that of the Sahel of Algiers. Seismological
studies of the most recent earthquakes that affected the Algiers area allowed
identification of the tectonic features responsible for the seismic activity. Other
methods are used for the same purpose such as geological studies, morphological
analysis, analysis of aerial and satellite photographs, digital elevation models, study
of the marine terraces as well as of the hydrographic network. As a matter of fact,
none of the recent seismic events generated surface ruptures as clear as it would
permit them to associate, unambiguously, to a precise fault. However, several
authors presented hypotheses and arguments regarding the tectonic activity of the
region.

Tectonics and Seismological Analyses

The Mitidja basin including the Sahel of Algiers is more or less well known from
a geological point of view. In fact several studies (tectonics, neotectonics, distribution
of terraces, hydrographic network, etc.) have been devoted to it (FICHEUR, 1896;
GLANGEAUD, 1927, 1932; AYME, 1952, 1956; AYME and MAGNE, 1953; LEPVRIER and
MAGNE, 1975; BONNETON, 1977; MEGHRAOUI, 1988; SAouDI, 1989; BELHAT et al.,
1990; BOUDIAF, 1996). The Sahel of Algiers is an active fold structure, 70-km long,
from Tipaza to Algiers, asymmetric and inclined to the south with an average
topographic offset of 200 m (MEGHRAOUI, 1988). This fault-related fold constitutes
three fault segments: the northeastern, the central and the western segments. The
recent tectonic activity of this structure is attested by its global morphology and its
interaction with the hydrographic network on the one hand and on the other hand by
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the relation between the uplifted marine and alluvial terraces which are deformed on
the sides of the Sahel anticline.

In the Mitidja basin, rivers (commonly called oued) that originated from the
Atlas do cross the plain south to north. One notes that this network passes around
tectonic obstacles at the foot of the Sahel anticline before flowing into the sea
(Figure 5). This configuration testifies in favor of the evolution of the hydrographic
network according to tectonic and obviously to pluviometric conditions. Hence the
position and origin of the Haloula Lake are of tectonic nature. The barrier of the
Sahel fault-related fold calls to mind the relation of the Sara El Maarouf fault-related
fold and the formation of the Bir Saf-Saf Lake in the Cheliff basin. None of the
waterways takes the exact shape of the basin in the synclinal axis as suggested by its
morphology. This observation would be in relation with tectonic structures in the
NW-SE direction. The similarity between the geometry of the Sahel anticline and
that of the Sara El Maarouf fault-related fold favors the presence of a blind fault on
the south limb of the Sahel. In the zone of Mahelma, the aerial photograph shows a
fault of 6-km long affecting the quaternary terraces and trending in the NE-SW
direction. Furthermore, a cross section (Fig. 6a) of the Mitidja basin, made by
MAaoOUCHE and HADDOUM (2001) by using boreholes and local drilling well data,
shows the geometry of fold with a blind fault on the south limb. Moreover, these
authors draw a geological map showing the distribution of the Quaternary deposits
in the Mitidja basin as well as the most characteristic neotectonic features of the
region (Fig. 6b).

The seismological analyses are based on seismological studies (fault plane
solutions, aftershocks, etc.) and on field observations made after an earthquake. They
particularly concern the Mont-Chenoua earthquake of 29/10/1989 (MEGHRAOUI,
1991; AFFROUN and Aziz1, 1992; BEZZEGHOUD et al., 1990), the Tipaza earthquake of
9/2/1990 (SEBAi et al., 1997; SEBAI, 1997) and the Algiers earthquake of 4/9/1996 (SEBA}
et al., 1997; SEBAI, 1997; MAOUCHE et al., 1998; MAOUCHE, 2002). The information
useful for our purpose and the most striking results are summarized in the Appendix.

Discussion

The Mont Chenoua earthquake is the largest recorded event that occurred in the
Sahel of Algiers. The source of this seismic event was identified by MEGHRAOUI
(1991). In spite of its size (M;=4.7) and the macroseismic effects it induced
(Imax = V MSK), the Tipaza earthquake of 9/2/1990 thanks to the quality of the
available data, provides precious elements to the seismotectonic interpretation of the
Sahel of Algiers. According to SEBAI (1997), the gap observed between the two
swarms of aftershocks (Fig. 7) may be interpreted as a migration of the seismicity.
We rather think that the gap could be modeled by a fault with variable dip. The first
ramp, dipping 60° toward the NW, is followed by a flat and finally by a second ramp,
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Figure 7
(1) Distribution of the best-located aftershocks’ hypocenters of the Tipaza earthquake of 9.2.1990. Solid
line represents the south limit of the Sahel anticline, A-B indicate the position of the cross section presented
in (2). (2) A schematic representation of the fault F showing the geometry of ramp and flat (after SEBAI,
1997 and MAOUCHE, 2002).

parallel to the first one, and whose top is situated at 10 km of depth in the vicinity of
Tipaza. Other conclusions may be inferred from the focal mechanisms determined by
SEBAI (1997) for 30 aftershocks. Figure 8 shows the distribution of P and T axes of
these mechanisms which display a NW-SE stress direction that is in agreement with
other results given in UbpIAS and BUFORN (1991) and, BEzZzZEGHOUD and BUFORN
(1999). The small dip of the pressure axes shows that the stress is subhorizontal. In
this case, the active structure generating this earthquake would be a reverse fault
trending in the NE-SW direction.

The results of a comparison of the respective distribution of aftershocks of the
Mont Chenoua earthquake of 29/10/1989 and the Tipaza earthquake of 9/2/1990
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Figure 8
(A) Stereographic projection (Schmidt, lower hemisphere) of the P and T axes related to the aftershocks of
the Tipaza earthquake of 9.2.1990. (B) Stress field, black: compression, white: distension (after MAOUCHE,
2002).

Figure 9
(1) Distribution of the aftershocks’ hypocenters of, respectively, the Mont Chenoua earthquake of
29.10.1989 (to the left) and Tipaza earthquake of 9.2.1990 (to the right) (modified from SEBAI, 1997).
Dashed line represents the south limit of the Sahel anticline, A-A’ indicate the position of the cross section
presented in (2). (2) Hypocenters of the same aftershocks projected onto the vertical plane A-A” along the
NW-SE direction. The locket represents the probable relation between faults F1 and F2 (after MAOUCHE,
2002).

made by SEBAQ (1997) are summarized in the Appendix. Figure 9 illustrates this
comparison and shows to the left the spatial distribution of aftershocks and to the
right the hypocenters projection on a vertical plane following a cross section
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perpendicular to the extension of the aftershocks swarm. This projection identifies
two possible planes of parallel blind reverse faults (F1 and F2), striking N45°
with a dip of 60° toward the NW. In this case, the westernmost fault (F1) would
probably be older than the fault F2 and piggyback thrust propagation is
observed.

The Algiers earthquake of 4/9/1996 highlights another structural feature in the
Sahel of Algiers, however the quality of the data available pertinent to this
earthquake, localized offshore (CRAAG, USGS), is limited. The surface ruptures
observed at the marine terraces and constituting cracks parallel to the coastline, for
about 6 km along the shore with an apparent normal movement, are difficult to
interpret due to the absence of scratches. Taking into account the results obtained by
SEBAI (1997), and MAaoucHE and HADDOUM (2001), one can ascribe this earthquake
to the presence of a tectonic element on the Ain Benian* margin and parallel to
the coastline.

Conclusions

The seismic potential in the Algiers area can have destructive effects despite
the relatively low intensities. In fact, the seismicity in the Algiers area is shallow
and the geological setting is characterized by marly, sandy or marine sedimentary
materials which make this zone very sensitive even to a moderate seismic input.
The historical seismicity of the Algiers Sahel prior to 1830 is still under review but
preliminary results suggest that much of the damage was concentrated in the
coastal localities. Two types of seismotectonic sources are suggested in this zone:
1) blind reverse faulting evidenced by morphological indications as deformed
terraces and density of drainage pattern; 2) offshore faults to be identified by
reflection profiles analysis and which could have been the source of the last
destructive earthquake in Algiers (4/9/1996). Accordingly with historical records,
the Algiers area has been affected by earthquakes located in three clearly defined
zones (Cheliff, Cherchell and Blida), which increased the vulnerability of the
elements at risk in the city.

The topographic relief, the geological structures and their seismic potential, the
type of soil in the site of Algiers, the concentration of the population (about 3
millions inhabitants) and of the governmental institutions, the conformity of the
urban planning to emergencies, the vulnerability of old and new structures, make a
detailed deterministic study of the possible seismic input mandatory in order to avoid
a disastrous toll after the next relevant earthquake. The national or local authorities,

4 Algiers earthquake is also called Ain Benian earthquake since the most damage was recorded in this
city.
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the earthquake engineering and the disaster mitigation planning organizations have
to take practical and effective preparedness and prevention measures for the city of
Algiers and its surroundings. Most of the structures in Algiers and its surroundings
have a high vulnerability and very low and variable resistance to earthquake loads.
Most of these buildings have suffered considerable deterioration through ageing, past
earthquakes, rain and, particularly, neglect and lack of proper repairs. We believe
that the rehabilitation of buildings should concern the strengthening of the structural
and the non-structural systems so that they can resist future earthquake disasters. As
urbanization rapidly continues, Algiers, as many other cities, is faced with the
challenge of developing in a way that should be environmentally, socially and
economically sustainable. Natural disasters mitigation constitutes a necessity for
urban inhabitants; an obligation for governments and a strategic resource for
investment promoters.

Earthquake hazard assessment should be an integral part of any strategy or
policy for local and regional development.
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Appendix
The Mt. Chenoua Earthquake The Tipaza Earthquake The Algiers Earthquake
of 29/10/1989 of 9/2/1990 of 4/9/1996
Macroseismic Observations
The affected area localized This event of I,,,, = V MSK The isoseismal VIIIMSK) = 1.«
between Tipaza and Cherchell affected the area between Bérard strikes in the NNW-SSE direction,

is delineated by the VIII, VII and Staoueli. The elongation of in agreement with the aftershocks
and VI (MSK) isoseismals (1). this isoseismal in the NE-SW distribution (4). The global shape
direction is in good agreement of isoseismals VI, V and IV is in the
with the aftershocks ENE-SSW direction.
distribution (5).
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The Mt. Chenoua Earthquake
of 29/10/1989

The Tipaza Earthquake
of 9/2/1990

The Algiers Earthquake
of 4/9/1996

Reverse fault in the ENE-WSW
direction (1). The strike of the
fault plane (focal mechanism)
correlates with the aftershocks
distribution (2).

The aftershock distribution is
elongated in a NE-SW direction
and occupies a large area in the
Mont Chenoua and offshore
zone (1). It outlines a fault of
10-km long and 5.8-km wide (3).
Seismic events concentrate in a
zone approximately 15-km long
and 10-km wide. At depth,
aftershocks are distributed
between the surface and 20 km
with a notable cluster between
5 km and 10 km (1).

Coseismic surface breaks with

4.0 km of fault length and

7.0 cm of vertical displacement,
consisting of cracks and

fissures, appeared on the
southern side of Mt. Chenoua (1).

This earthquake has reactivated
the westernmost fold segment of
the Sahel anticline (1).

Focal Mechanism

The focal mechanism of the
main shock (Harvard solution)
corresponds to a reverse fault
remarkably compatible with the
aftershocks distribution (5).

Half of the calculated fault plane

solutions (for 30 aftershocks)
correspond to reverse faults (5).

Aftershocks Analysis

The majority of aftershocks is
concentrated to the north of the
Sahel anticline. Three swarms
striking NE-SW are observed;
the first two (respectively from
Tipaza to the sea and in the
Nador region) identify a fault
20-km long, and the third one

identifies a fault 10-km long, near

Bérard to the east of Tipaza,
parallel to the first one (5).

Geological Effects

No geological effects.

Interpretation of Authors

The heterogeneity of the fault
plane solutions obtained
emphasises the complexity of
the tectonics in this region. The

The focal mechanism of the main
shock as well as those of five
composite focal mechanisms
calculated exhibit reverse faults
with strike-slip component (5).

The aftershocks distribution
identifies a fault 20-km long,
striking in the NNW-SSE
direction (4). However at the

end of this line, another direction
(E-W) is noted making this

zone more complex (7). The
transverse projection seems to
indicate a dip of 40° toward
WSW (4).

No surface ruptures but some
landslides and rockfalls were
induced in the coastal region
of Ain Benian along

6 kilometers (6).

The difference observed in the
direction of isoseismals is certainly
due the geological nature of the
Bouzaréah basement. The induced

distribution of aftershocks of the geological effects are due to the

Mt. Chenoua earthquake as well

ground shaking (7). The aftershock

as those of the Tipaza earthquake distribution suggests the existence
show clearly two distinct NE-SW of a continental fault with offshore
seismogenic faults 8 km apart (5). continuation (5 & 6).

Numbers in brackets correspond to the following references:

(1) MEGHRAOUI (1991)

(2) BEZZEGHOUD et al. (1990)
(3) AFROUN and Azizi (1992)
(4) SEBAI et al. (1997)

(5) SEBAI (1997)

(6) MAOUCHE et al. (1998)
(7) MAOUCHE, (2002)
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Seismicity of Morocco for the Period 1987-1994

S. O. EL ALamr', B. TaDILI', L. AiT BRAHIM?, and I. MOUAYN?

Abstract— A seismic data file of 3,740 earthquakes from January 1987 to December 1994 has been
elaborated for Morocco and the border regions, with 10 main events registering magnitudes from 5 to 5.6.
Such seismicity is particularly important for Morocco as the released seismic energy constitutes a
considerable part of the total energy radiated during the 20th century. Relative seismicity maps confirm the
persistence of the major features of the seismicity of Morocco. An important seismic activity is observed in
the Alboran region continental crust, which absorbs the maximum deformation resulting from the
convergence of the African and Iberian plates. However, in the longitude window 3.5°— 6° W at depths of
25 to 50 km, a seismic gap zone seems to take place. An explanation of this phenomenon may be provided
by the slab breakoff model. Even if the seismicity of Morocco remains moderate, heavy damage is observed
when the magnitude of earthquakes exceeds 4.5, especially in the case of traditional buildings.

Key words: Seismicity. hazard, gap, aftershocks, 87-94, Morocco.

Introduction

During its history Morocco has experienced destructive earthquakes. The first
important one occurred in the 9th Century, and it was violently felt from Tangier to
Tlemcen (Algeria). In 1045-1046, a violent earthquake caused the death of several
people, and significant damage in Fes (EL MRABET e al., 1991). In 1522 Fes city was
nearly destroyed by a violent earthquake, with damage observed in an area of
160 km? around Fes. In 1624, again in Fes city, an important earthquake (I = VIII)
caused 1500 to 2500 deaths, as reported by the chronicles. This earthquake caused
significant material damage and touched several other localities, including Meknes
and Baddis (EL MRABET et al., 1991).

The Lisbon earthquake in 1755 is considered the most significant earthquake in
human history. With its oceanic origin (area of the Corringe bank), it was felt over a
vast part of North Africa and throughout western Europe (LEVRET, 1991). Damage
in Morocco was considerable; there were several thousand deaths and partial
destruction of many localities, among them Meknes (I = VIII), Fes (I = VII), and
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Marrakech (I = VII). All the localities on the Atlantic coast from Tangier (I = VII to
VIII) to Agadir were seriously affected by the combined effect of the earthquake and
the tsunami (EL ALAMI and TINTI, 1991).

The most destructive earthquake in Morocco in the 20th century was the Agadir
earthquake of February 29, 1960, with magnitude m, = 5.8, epicentral intensity
Io = X (MSK), and an estimated released energy of 10?° ergs. This is the equivalent
energy produced by the explosion of about 2500 tons of TNT. Loss of human life and
the amount of materials were catastrophic: more than 12000 deaths and about 290
million dollars in damage, with near destruction of some districts of the city. We
attribute this damage mainly to two factors:

1 — The focus of the earthquake was located at a depth of 1.3 to 3 km below the
city of Agadir (Rothé in DUFFAUD et al., 1962). CHERKAOUI and MEDINA (1988)
assigned a focal depth of 1.4 km after revision of the macroseismic data.

2 — Agadir is situated on plio-quaternary sediments 200 m thick called plain of
Souss, which caused a site amplification effect (BARD, 1985; CHERKAOUI and
MEDINA, 1988).

On February 28, 1969, an earthquake (M = 7.3) located at the same zone as the
Lisbon earthquake was felt in Morocco. It caused the death of 6 people at Salé
situated in front of Rabat (I = VI to VII). At Safi (I = VI to VII) material damage
was observed (BEN SARI, 1978; CHERKAOUI, 1991).

The first studies of the seismicity of Morocco appeared in 1932 with HEE’s (1932)
works, and subsequently many catalogues were published (see Table 1). Roux (1934)

Table 1

The main seismic catalogues concerning Morocco

Period Covered Number Author
region of events
1911-1933 North Africa - HEE (1932)
1901-1933 (25°-45°) N, (5°E-20°W) - GALBIS (1932, 1940)
historical events Morocco - Roux (1934)
and 1901-1933
1904-1946 The World - GUTENBERG and
RICHTER (1954)
1901-1961 (35°-44°) N, (5°E-20°W) - MUNUERA (1963)
1901-1955 Europe and Mediterranean - KARNIK (1969)
basin
1919-1967 (28°-37°) N, (0°-14°) W 360 DUVERGE (1969)
1901-1975 (28°-38°) N, (0°-19°) W 810 BENsaR! (1978)
1972-1975 (30°—40°) N, (4°-12°) W - HATZFELD (1978)
1976-1978 (30°-40°) N, (4°-12°) W - FROGNEUX (1980)
1901-1984 (21°-38°) N, (0°-20°) W 4091 CHERKAOUI (1988)
1901-1989 (21°-38°) N, (0°-20°) W 5989 TADILI and RAMDANI
(1991)

1987-1994 (21°-38°) N, (0°-20°) W 3740 Our study
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elaborated the first catalogue pertaining to the past and contemporary seismicity of
Morocco (up to 1933), in which for the first time Arabic documents were used and
important informations regarding historical earthquakes (before 1900) was given.
The MUNUERA (1963) catalogue reported, for the first time, geographic coordinates
of epicentres, magnitudes, and empirical formulas used to calculate magnitudes from
intensities for seismic events. In the KARNIK (1969) catalogue, valid for some
countries in Europe and the Mediterranean basin, both instrumental and macrose-
ismic data were used to determine the epicentre locations, and to estimate
magnitudes. HATZFELD (1978) as well as BEN SARI (1978) used HYPO 71 program
for the determination of the epicentre locations. Magnitudes were computed either
using amplitudes or signal durations. For their studies on the seismic risk and
seismotectonics north of Morocco, TADILI and RAMDANI (1991) used a catalogue
with events from 1901 to 1989, essentially based on the Spanish Bulletin of the
National Geographic Institute (IGN, Madrid).

The first Moroccan seismic station (Fig. 1) was installed in 1937 by the scientific
Institute of Rabat. Three more stations were added between 1964 and 1968, after the
Agadir earthquake in 1960. Thereafter 12 additional stations were installed between
1971 and 1981. Since 1981, the PAMERAR project entitled “Project of Assessment and

Figure 1
Schematic tectonic map of Morocco and the south of Spain and Portugal, with the seismic national
network. Around Al Hoceima is shown the seismic network recording the aftershocks of the 26 May 1994
Al Hoceima earthquake, for 14 days.
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Mitigation of Earthquake Risk in the Arab Region” contributed considerably to
extend the National seismological network. This network is run by the National
Centre of the Co-ordination and Planning of the Scientific and Technical Research,
and is currently composed of several types of stations: telemetered, portable, and
broadband seismic stations.

From January 1987 to December 1994, a seismic data file of 3740 earthquakes
was prepared for Morocco and the border regions, with 10 main events reaching
magnitudes 5 <M < 5.6. Seismicity in Morocco for this period is particularly relevant
as the released seismic energy constituted a considerable part of the total energy
radiated during the 20th century in Morocco.

Seismicity of Morocco over the Period 1987-1994

The Seismic Data File

In order to study the seismic activity of Morocco for the period 1987 to 1994, we
elaborated a data file of 3740 seismic events, of which 358 events were provided by
yearly seismological bulletins of the Earth Physics Department (Département de
physique du globe DPG, Rabat). The authors’ contribution (Fig. 2a) consists of the
data processing, with the program HYPO71 (LEE and LAHR, 1975) for 536 seismic
events recorded by:

— Permanent seismological networks of DPG and CNCPRST.

— Safi-Essaouira local seismic network, installed from 1986 to 1991, on behalf of
National Office of Electricity (ONE).

— Temporary networks installed in order to record the aftershocks of : 1) the
Essaouira earthquake of 1988 (EL ALAMI et al., 1989); 2) the Agadir earthquake
of 1992 (EL ALAMI ef al., 1992); 3) the Al Hoceima earthquake of 1994 (EL
ALAMI et al., 1998).

The determination of an earthquake is defined by: origin time, latitude, longitude,
depth, rms, erz (error on the depth in km), erh (error in km from epicentre),
magnitude (M, ) and number of phases or used stations. Data from international
centres consist of 2742 events from the SSIS (Seccio de sismologia e inginiera,
Espagne), 53 events from the ISC (International Seismological Centre, Great
Britain), 4 events from the NEIC (National Earthquake Information Centre), 18
events from LIS (Lisbone, Instituto geofisico do infante, Portugal), and 29 events
from the CNCPRST (Centre National de Coordination et planification de la
recherche scientifique et technique, Maroc). This file is conceived for the period of
January 1, 1987 to December 31, 1994, for the zone located between latitudes (20°-
38°)N and longitudes (0°— 20° )W.

The mean rms obtained for the entire data set is 0.56. For the SSIS data the rms is
0.56, and 0.42 for the data provided by the authors, while the rms for the DPG data
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Figure 2
Characteristics of seismic data file. a: Data Source distribution, b: data rms distribution, ¢: observation
mean number distribution, d: depth mean error distribution.

is near 1.0 (Fig. 2b). For all the sources of data used in this study, the mean number
of observations used is 16 (Fig. 2c). The mean error over the depth erz is about 3 km
for the entire data set (Fig.2d), 3.4 for the SSIS data and 1.7 for our contribution.
The mean erh is about 3 km for the entire data set.

Seismicity Maps of Morocco for the Period 19871994

The knowledge of geographical distribution of earthquakes in a given region is of
primary interest for studying seismicity. When correlated with geological structures,
this constitutes a basic work for developing a seismotectonic map (RAMDANI, 1991;
EL ALAMI, 1998), which can be used to elaborate a seismic hazard map (CHERKAOUI,
1991; TaDpILI, 1991). Thus, any territory development work at the national or
regional scale, must take into account the results of these studies.

The seismicity map of Morocco for the period of 1987-1994 is shown in Fig. 3.
3740 seismic events are reported without any restriction. We note the persistence of
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Figure 3
Seismicity of Morocco and border regions for the period 1987-1994, 3740 seismic events are reported.

the main features of the seismicity of Morocco (BEN SARI, 1978; HATZFELD, 1978;
CHERKAOUI, 1991; RAMDANI, 1991; TaADILI, 1991), such as the location of the
majority of the epicentres in the Rif and the Alboran Sea. Overall, we can distinguish
four principal seismic zones (Fig. 3): 1— southwest of the St. Vincent cape. 2— the
Gulf of Cadiz. 3— the oval Betico-Rifain (the southeast of Spain, Alboran Sea and
Rif). 4— the Atlasic zone. Nevertheless, the Canary Islands area must not be
ignored, since it can constitute a veritable seismic danger potential source for the
south coast of Morocco.

General Tectonic Setting of the Alboran Region

From the geodynamic point of view, the major problems that have been extensively
discussed during the last two decades are those relative to the deep mechanisms that
originated the Alboran Sea, and the real limit between Africa and Iberia. A large
outline of the previous ideas can be found in recent papers published by MEGHRAOUI
et al. (1996) and CALVERT et al. (1997), thus, we review here only the main points.

With respect to the vertical motions, three mechanisms have been proposed for
the origin of the Alboran basin: (i) passive subsidence related to in situ cooling of a
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thermal dome (e.g., WEIERMAARS, 1988); (ii) delamination of a thickened
lithosphere (PLATT and WISSERS, 1989; MORLEY, 1992; SEBER, 1995), and (iii)
orogene collapse related to body forces (DEWEY, 1988). These vertical motions,
which can be quantified through a subsidence analysis (WATTS et al., 1992), do not
seem to be reflected by the actual seismicity, perhaps with the exception of the deep
earthquakes (600 km) recorded near Granada in southern Spain, which are thought
to reflect stress release within a fragment of subducted lithosphere (e.g., BUFORN
et al., 1991).

Similarly, different models were proposed to explain the tectonics of the area in
the context of the horizontal motions, i.e., the convergence between north-western
Africa and Iberia, to which the observed seismicity is strongly related.

Seismicity around the Alboran Sea

From the seismic data file of Morocco for the period of 1987— 1994, concerning
the geographical area located at (34° to 38° ) N and (0.5° to 11°) W, we selected 1964
events which have rms < 1, erz< 5 km and erh < 5 km (Fig. 4a). The analysis of the
seismicity of this region suggested many interesting observations:

— The 1964 event locations are projected on the latitude-depth plane (cross section
oriented NS) and represented in Figure 4b. This representation shows an
important seismic activity, mostly at depths lower than 30 km. This range of
depths corresponds to the continental crust which absorbs the maximum
deformation resulting from the convergence of the African and Iberian plates
(Fig. 5). We also observe a zone of intermediate-depth seismic activity from the
Betic coast to the Rif coast in the window latitude (35.5°— 37° ) N, which spans
into the upper mantle depths reaching a maximum of 120 km. This intermediate
depth seismic activity accounts for the majority of the sub crustal earthquakes in
this region (Fig. 4a). The Betic crust is characterized by a high seismic activity
within these latitudes (BUFORN et al., 1988; SEBER et al., 1996). This is an
argument for the existence of a previous subduction zone in which the African
plated plunged beneath the Iberian plate.

— A window of data in Figure 4a with longitudes of 3.5°— 6° W is represented in
Figure 4c. We can observe the existence of a seismic gap zone between the
Alboran Sea and the Gulf of Cadiz, at depths from 25 to 50 km, already studied
by SEBER (1996) and interpreted as the result of a lithospheric delamination
area. A detailed explanation of this seismic Gap zone is provided by the Slab
breakoff model given by MAURY et al. (2000). In this model, the lithospheric
delamination caused in the subduction period permitted the flow ascension of
asthenospheric material through the tear of the down going slab. This caused the
melting of the overlying lithospheric mantle in the subduction zone and thinning
of the lithosphere through thermal erosion. As the asthenospheric material
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Figure 4
(a) Seismicity of the north of Morocco and border regions throughout 1987-1994. Only events (1964) with
rms < 1, erz < 5 km, and erh < 5 km are represented; (b) NS cross section projection of the 1964 events of
Figure 3a; (¢) NS cross section projection of the 1964 events of Figure 3a, however only events in the
window longitude 3.5°-6°W are shown.



Vol. 161, 2004 Seismicity of Morocca 977

Figure 5
Proposed geodynamic model to explain the existence of a seismic gap zone from 25 to 50 km, and the
intermediate-depth seismicity in the Alboran sea.

ascended through the window in the slab, partial melting occurred at the
uprising boundary between asthenosphere and lithosphere, creating the Gap
zone (Fig. 5). The presence of this nonseismic zone is consistent with the
occurrence of low density asthenospheric material at shallower depths as
interpreted by the gravity modelling of an isostatic anomaly of up to —120 mGal
in the Rif region (SEBER, 1996). This Gap zone beneath the Alboran Sea
coincides with extremely low Pn velocities (7.5- 7.9 km/s) in the uppermost
mantle (HATZFELD and BEN SARI, 1977).

Our proposed geodynamic model (Fig. 5) is roughly the same model proposed by

SEBER (1996), with minor modifications.
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Table 2
Significant earthquakes in the 1987-1994 time period

Date Hour Lat. N Lon. W Rms Depth Erz Erh Ns M,  Source M,
® ©) (SSIS) (DPG)

85 5.0 SSIS 4.7
57 5.6 AL 5.6
88 5.7 SSIS *

23/12/93 14:22:354 36.780 2937 0.9 8
26/05/94 8:26:53.8 35280 3.990 1.4 13
18/08/.94 1:13:7.3 35478  0.142 0.8 5

09/04/88 20:27:25.2 31.277 9.688 0.6 13 3 6 10 4.7 DPG 4.6
21/11/88 10:19:6.8 31315  9.757 1.2 * 4 * 42 43 SSIS 4.6
09/05/89 2:30:37.4 27.947 16.200 0.4 36 5 2 8 5.2 SSIS *
20/12/89 04:15:05 37.225 7.390 0.7 23 1 2 64 5.0 SSIS 4.7
21/03/91 13:32:0.5 27.405 18.682 0.3 40 7 11 8 5.1 SSIS 5.3
12/03/92 13:5:56.1 35272 2532 0.9 8 2 3 73 53 SSIS 5.2
05/04/92 21:50:57 30444 9.742 1.1 0 10 * 5 3.7 AL 4.7
23/10/92 09:11:8.6 31.220 4357 0.8 7 4 4 65 5.3 SSIS 5.2
30/10/92 10:44:1.8 31.412 4383 0.6 21 3 3 66 5.1 SSIS 5.2
23/05/93 7:40:56.4 35273 2425 0.8 6 2 2 78 5.4 SSIS 5.1

1 2

2 3

4 5

Significant Earthquakes through 1987-1994

During recent years seismic activity showed a net fresh outbreak, particularly in
the period 1987-1994, considered as the most important period for the seismicity of
Morocco (Fig. 2), from the beginning of the 20th century. The seismic energy
released during this period is very considerable, and 10 seismic events (Table 2) with
magnitude M > 5 were recorded. Events from 1900 to 1986, with M > 5 obtained
from the seismic catalogue of CHERKAOUI (1988) completed by the 1987-1994 data,
are represented in the histogram in Figure 6. We found that the maximum period
separating two successive earthquakes with M > 5 is about 7 years. The period of
1992-1994 is marked by an important seismic activity, with 7 events attaining
magnitude 5 < M < 5.6.

The Essaouira crisis is the result of the occurrence of two successive earthquakes,
both with magnitude M, = 4.6, that is the earthquakes of April 9, 1988 (JEBLI, and

Figure 6
Distribution of earthquakes with magnitudes M > 5 related to the 1900-1994 time period.
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RAMDANI, 1988), and November 21, 1988 (EL ALraAMI ef al, 1989). The two
epicentres were located at Sidi Bourja (25 km SE of Essaouira) a few kilometres from
each other, with an epicentral intensity /[, = VI (MSK) for both events. They caused
moderate material damages specially in the south of Essaouira. The focal mechanism
of the November 21, 1988 earthquake corresponded to a sliding, with the tension axis
oriented NW-SE to N-S. On April 5, 1992, on the southern border of the high Atlas,
at 21h 17 min, the Agadir region, was shaken by an earthquake with a magnitude
M, = 4.7. This epicentre was located at 30.41° N and 9.74° W. The earthquake was
decidedly felt by the population of Agadir city. Its intensity is estimated V to VI on
the MSK scale (EL ALAMI et al., 1992). This shallow earthquake with its small
number of aftershocks was located in the Agadir Bay. The focal mechanism
corresponds to a strike-slip reverse fault with pressure axis oriented N-S. The town of
Rissani is located at the southeast border of the High Atlas Mountain belt which
extends from Atlantic Morocco to Tunisia over more than 2000 km however is rarely
more than 100-km wide. Despite the very low seismicity level in the Rissani region,
the city was shaken successively by two violent earthquakes of magnitude 5.2 in 1992,
October 23 at 09:11 and October 30 at 11:43. The epicentre intensity was estimated
about VI - VII (MSK) (JEBLI and EL ALAMI, 1992). The earthquake of October 30
resulted in one death and substantial material damage. Focal mechanisms
correspond to a transverse fault with principal stress trending NW-SE.

Since the installation of the Moroccan seismological network, the Al Hoceima
earthquake of May 26, 1994 (08 h 27 min) was considered as the most violent
earthquake recorded in Morocco, after the Agadir event of February 29, 1960. Its
magnitude (M) reached the value of 5.6, and its maximum intensity was estimated
VIII to IX ( EMS scale 1992). The epicentre was located at 35.28° N and 3.99° W. Its
seismic moment Mo was estimated 9.17 x 107 Nm (NEIC) or 1 x 10'® Nm
(Harvard). This earthquake caused two deaths and important material damage,
principally in many villages in the southwest of Al Hoceima city, where more then
70% of the structures are traditional (without reinforced concrete). In the south of Al
Hoceima, thousands of aftershocks were recorded for 14 days following the main
shock, and only 512 were determined (EL ALAMI ef al., 1998). The focal mechanisms
determined from the main shock and 7 aftershocks indicated show the predominance
of strike-slip faults with either normal or reverse components.

Lastly, there are certain earthquakes located in the border regions of Morocco
which may represent a potential seismic risk:

e events of March 12, 1992 (M, = 5.3) and May 23, 1993 (M, = 5.4) in the open
sea of the town of Nador (90 km in the east of Al Hoceima).

e event of August 18, 1994 (M, = 5.7) located in the northeast of Oujda.

e event of May 9, 1989 (M, = 5.2) located in the Canary Islands.

e events of December 12, 1989 (M, = 5.2) and December 23, 1993 (M, = 5.0),
located in the south of Spain.
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Conclusion

In the context of the studies of seismicity of Morocco encompassing the 1987—
1994 time period, we elaborated a data file of 3740 seismic events with a mean rms of
0.56 and mean erz and erh of 3 km. The averaged number of observations used for
the epicentre determination is 16. The analysis of the obtained histograms and
seismicity maps suggests the following main results:

1) The persistence of the major features of the seismicity of Morocco as described
before (BEN SARI, 1978; HATZFELD, 1978; CHERKAOUI, 1991; RAMDANI, 1991;
TADILL, 1991). The majority of the epicentres is generally located in the Rif, and
the Alboran Sea. At least five important seismic zones can be distinguished: the
southwest of the St. Vincent Cape, the Gulf of Cadiz, the oval Betico-Rifain (the
southeast of Spain, Alboran Sea and Rif), the Atlasic domain, and the Canary
Islands region.

2) An important seismic activity is confined at depths from 0 to about 30 km. This
range of depths corresponds to the continental crust which absorbs the maximum
deformation resulting from the convergence of the African and Iberian plates.
Focuses at depth between 50 and 120 km were also observed in the window
latitude of 35.5°-37° N. This is an argument for the existence of a previous
subduction zone in which the African plate plunged beneath the Iberian plate.
Hypocentres at these depths occurred in a rectangular area trending NNE- SSW
with the majority of them in the European side.

3) In the window longitude of 3.5°— 6° W, we clearly observed the existence of a
seismic gap zone between the Alboran Sea and the Gulf of Cadiz, at depths
ranging from 25 to 50 km studied by SEBER (1996), and interpreted as the result of
a lithospheric delamination area. A detailed explanation of this seismic Gap zone
is provided by the Slab breakoff model given by MAURY ez al. (2000).

4) 1987-1994 is a period that marked the seismicity of Morocco, with the occurrence
of 10 seismic events registering a magnitude M > 5. After the Agadir earthquake
of 29 February, 1960, the Al Hoceima earthquake of 26 May, 1994 (M, = 5.6,
1= VIII to IX on EMS scale) is the most violent event recorded in Morocco.

5) The focal mechanisms determined for the significant earthquakes during the
period 1987-1994 show the predominance of stress trending NW-SE to N-S. This
is perfectly compatible with the actual compression N-S, related to the
convergence between the Africa and Iberian plates.

In general, moderate damage was observed when the magnitude exceeded 4.5,
however this depends also on the focal depth, the geological properties of the affected
sites, and especially on the application or non-application of the seismic building code.
Even if Morocco is situated in a moderate seismicity zone, the seismic risk remains very
important because of the inferior quality of the majority of existing buildings. They
were not envisioned to resist even moderate earthquakes. In fact, 90% of earthquake
victims lived in such buildings. The Agadir earthquake is the best example.
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The Nile Valley of Egypt: A Major Active Graben
that Magnifies Seismic Waves

A. EL-SAYED'?T, F. Vaccari'?, and G. F. Panza'*

Abstract— The Nile valley and the Nile delta are part of the active rift that is probably connected with
the Red Sea tectonism. This zone is characterized by small-to-moderate size earthquakes that have caused
extremely severe damage to recent and historical constructions. The most vulnerable area along the Nile
valley is the one of Cairo-Faiyoum. Small local and large distant earthquakes could be a source of huge
socio-economic damage in this area. The loose soft alluvial sediments of the Nile Canyon are the main
factor behind this potential damage because they may greatly amplify the ground motion, as demonstrated
by strong ground motion modelling. The largest amplification is generally concentrated along the edges of
the graben and occurs at frequencies between | Hz and 2 Hz. This may explain the huge damage caused by
distant earthquakes during recent and historical times. The distribution of intensity values during the events
of 1926 and 1992 is well correlated with the modelled spatial distribution of the spectral amplification.

Key words: Egypt, seismicity, Nile valley, and Nile delta.

1. Introduction

The rapid growth in the Egyptian population is generally concentrated in the
urbanized areas within the Nile valley and its delta, where most of the Egyptian
sensitive structures and archaeological sites are located. Those urban areas are the
zones most vulnerable to earthquakes, mainly due to the presence of the soft
sediments of the Nile filling the Nile Canyon. That is because the unconsolidated
surficial sediments can amplify earthquake ground motion, resulting in damage to
structures far from the epicenter of the earthquake. The 1985 Michoacan, Mexico,
and 1989 Loma Prieta earthquakes are recent reminders for the site effect of the local
geological conditions.

To map the areas where amplification is likely to occur and to convey this
information to emergency managers and community officials is important for the
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planning of earthquake mitigation. Moreover, the awareness coming from pre-event
modelling of strong ground motion is essential in (1) land use planning, (2) reducing
business vulnerability, (3) retrofitting buildings, (4) producing guidelines for new
constructions and (5) assisting in infrastructure upgrading.

The Nile valley is a large elongated Oligo-Miocene rift, trending N-S as an echo
for the Red Sea rifting. During the Pliocene-Quaternary the Nile valley filled the
Eonile Canyon with loose sediments that extended to a few hundreds of meters (EL-
GAMILIL, 1982; SAID, 1981). River deposits in this canyon include clay, sand and
gravel (SAID, 1981). This geologic setting makes the settlements within the valley
vulnerable to both distant and local earthquakes. In this study we will consider the
Cairo-Faiyoum area as a pilot example. It is the most populated settlement along the
valley and in entire Egypt, and in the past it has been affected by local (e.g., the 778,
1303, 1847 and 1992 events) and distant events (e.g., the 1926 earthquake in the
Hellenic arc and the 1995 earthquake in the Gulf of Agaba).

The spatial distribution of earthquakes (Fig. 1) and the associated damages
raised the following questions: (1) must the Nile valley be considered a seismically
active zone?, (2) why do small local and large distant earthquakes have a relatively
large effect on the Cairo-Faiyoum area? Our main purpose in this study is to answer
these questions, and to account for them in the seismic hazard estimation. This has
been achieved by reviewing the history, origin and seismicity of the Nile valley region
as well as modelling the effects of the Nile Canyon sediments on seismic waves
propagation.

Figure 1
Distribution of earthquake epicenters in and around Egypt in the time period 1900-2001. Lines denote the
major tectonic elements that are reported in the studied area (modified from KEBEASY, 1990 and MESHERF,
1990).
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2. Origin of the Nile Valley

The origin of the Nile valley has been a subject of controversy. BEADNELL (1901)
and SANDFORD (1934) advocated that the Nile valley is of erosional origin. On the
other hand, many authors (e.g., SIEBERG, 1932; SAID, 1981; EL-GAMILI, 1982;
KEBEASY, 1990; MESHERF, 1990; KULHANEK et al., 1993) consider it of tectonic
origin. The tectonic origin of the Nile valley is supported by the fault scarps
bordering the cliffs of the Nile valley, by the numerous faults recognized on its sides
(EL-GAMILL, 1982; SAID 1981, 1990) and by the focal mechanisms of the most recent
earthquakes (NRIAG, 2001). Moreover, recent studies indicate that the Nile valley
of Egypt occupied the marginal part of two tectonic zones (the Eastern Desert and
the inner part of the Neogene-Quaternary platform), and it is considered as a barrier
that prevented the extension of the activity of the East African orgenic belt to the
west (SAID, 1990).

SAID (1981) studied the evolution of the Nile River from its sediments in the
Eonile Canyon since the late Miocene (Messinian) age and he identified five episodes
affected by meteorological and tectonic activity. The most intense seismic activities
reported in the Nile valley are related to the tectonic activity of the Red Sea axial
zone (SAID, 1981; Ross and SCHLEE, 1973) and with the eastern Mediterranean recent
tectonism (HSU et al., 1973). No evidence of major faulting or seismic activity is
known from northern Egypt since the early Miocene (SAID, 1981), although the
valley extends along a seismo-active zone (SIEBERG, 1932; MAAMOUN et al., 1984;
KEBEASY, 1990).

3. Seismic Activity

The location of Egypt, at the intersection of ancient and important continental
and maritime routes, made it a country of a long and relatively well documented
history, preserved in a variety of sources. AMBRASEYS et al. (1994) subdivided the
earthquake history in Egypt into three periods representing the pre-Islamic, Islamic
and instrumental periods.

The distribution of earthquake activity in the pre-Islamic period depends mainly
on papyri and archeological evidence provided by temples and monuments
themselves. The difficulty in this period is that most of the material for the study
of ancient Egypt contains no explicit mention of earthquakes (FAULKNER, 1969). A
few well documented reports of earthquake-induced damage are found in San
El-Hager (the capital of the recent Faro kingdom), Behbit Al-Hegaria and Tall
Basta. These three archaeological sites were completely destroyed, with similarities in
the damage patterns. For instance, in San El-Hager all obelisques and temple
columns collapsed in the same direction (NNE-SSW), breaking into two or three
segments showing a horizontal displacement of 1 meter (Fig. 2) and a rotation of
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Figure 2
Examples of the damage to archaeological sites that are most probably caused by earthquakes. (1) Abu
Kair Bay, at which part of old Alexandria was discovered under 8 meters of water, (2) San El-Hager, that
include many destroyed obelisques, temples and statues covered by a few meters of alluvium and (3) Behbit
Al-Hegaria, a completely destroyed city. The remains are of small size and are visible on the surface.

approximately 45 degrees. The general absence of explicit reports allows authors
(e.g., SIEBERG, 1932; ANTONOPOULOS, 1980; AMBRASEYS et al., 1994) to locate only
very few earthquakes.

The Islamic period started in 622 AD. From the early date, the Muslims took a
serious interest in history and paid considerable attention to “‘natural phenomena”,
especially to earthquakes which were considered as one of the portents of the Day of
Resurrection “Qur’an, Sura 99 (the earthquake)”. These religious and superstitious
dimensions encouraged the Muslim society to report even minor shocks (AMBRASEYS
et al., 1994). However, it is not an easy task to use these reports to locate the
earthquakes in time and space. This is mainly due to the potential shift between the
Gregorian and Muslim calendars. This difference could be a source of much
confusion (see AMBRASEYS et al., 1994). Another source of confusion is the word
“Miser”, that could be related either with Cairo or with the whole country.
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AMBRASEYS et al. (1994) made a major effort to review and relocate the earthquakes
using the original reports. About 60 earthquakes are reported as felt and/or
damaging in Cairo during this period (SIEBERG, 1932; MAAMOUN et al., 1984;
AMBRASEYS et al., 1994). The most severe damage in this period is associated with
the event of August 7, 1847. The instrumental period started in Egypt in 1899 when
the first Milne seismograph was installed at Helwan (later in 1964 it became part of
the WWSSN). By mid-1980s the number of working seismic stations started to
increase. Currently the Egyptian National Seismological Network (ENSN) consists
of the Cairo, Hurghada, Burg al Arab, Aswan and Toshka sub-networks that include
more than 50-RF telemetry networks with vast communications between sub-arrays
and the central sites. In addition to these seismograph stations, ENSN has 24 mobile
seismograph stations and 24 strong motion accelerographs. By this dense network of
instruments it is possible to record most of the ongoing seismic activity in Egypt.
Generally, the majority of earthquakes reported in Egypt is concentrated in/around
the Nile delta and the Nile valley. Luckily, most of these quakes register magnitude
less than 5.

In 2001, the National Institute of Astronomy and Geophysics published a
catalogue that covers the period 1997-2001. In this catalogue, fault plane solutions
for selected events with a sizable amount of good records are given. As shown in
Fig. 3, the normal faulting mechanism of WNW strike is the dominating mechanism
along the Nile valley and its delta, while a strike-slip mechanism of ENE is more
common around the Naser Lake (events 5 and 6 in Fig. 3). These mechanisms are in
good agreement with the known tectonics along the Nile valley (SAID, 1981,
WoODWARD CLYDE CONSULTANTS, 1985). However, we should emphasize that the
tectonic setting under the highly-populated area is poorly understood. Judging from
geological maps (EGYPTIAN GEOLOGICAL SURVEY, 1983), there are possible faults
underneath the Metropolitan area of Cairo, however, their detailed characteristics
are not known.

Based on both historical and recent seismicity, the Nile valley area is seismically
active. This activity is usually reported as small to moderate. Nevertheless, some
events caused considerable damage along the valley. The most severe damage is
reported usually for the Cairo-Faiyoum area. The effects of the M; = 5.3 event of
1992 are an example of severe damage caused by a moderate local earthquake.
Despite the relatively small magnitude, at least 541 people were killed, 6,500 people
were injured and 8,300 buildings were damaged or destroyed in the Cairo area alone.
More than 1,000 Egyptian schools and many historical Egyptian constructions, e.g.,
mosques and temples, were damaged. The estimated losses are about $ one billion
U.S. (JICA, 1993; NRIAG:; 1993; EL-SAYED, 1996).

The Cairo-Faiyoum area was severely affected by large distant earthquakes too.
Based on the damage reports given by AMBRASEYS ef al. (1994), at least 80% of
damage in the Cairo-Faiyoum area was caused by remote earthquakes that were
located as far as the Hellenic Arc such as the event of 1926 (M, = 7.4). This event
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Figure 3
(a) Focal mechanism solutions available for the Nile valley and its delta in the time period 1992-2001
(NRIAG, 2001). The numbers in the figure are arranged in ascending order according to the date of the
earthquake. The size of each beach ball is proportional to the magnitude of the earthquake (m, = 3-5.3).

occurred close to Rhodes, 36.5N and 26.86E, at a distance of more than 700 km from
Cairo (AMBRASEYS and ADAMS, 1998). The maximum reported intensity around the
epicenter was VIII and it attenuated rapidly to V at about 100 km to the north.
Nevertheless, in the Cairo-Faiyoum area the reported intensity was VII (see
SHEBALIN et al., 1974; MARGOTTINI, 1982) or V according to AMBRASEYS and ADAMS
(1998). In Cairo, at that time a city with more than 200,000 houses, the shock caused
considerable concern. In poorer districts, six adobe houses were ruined and about
450 suffered various degrees of damage. In the district of Faiyoum, a few adobe
houses in farming settlements, two to three storeys high, collapsed, killing nine
people (Fig. 4). From the damage distribution it seems that the Nile Canyon
responded in an abnormal way to the propagated seismic waves, therefore, it is
important to understand this phenomenon.
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Figure 4
Distribution of the observed intensity during the event of 1926 in the Hellenic Arc, after AMBRASEYS et al.
(1998). The shaded part shows the limits of the Eonile Canyon. 1: Alexandria [V], 4: Benha [IV], 5: Beni
Salef [V], 6:Beni Suef [1V], 7: Cairo [V], 8: Damanhur [V], 9: El-Faiyoum [III], 10: Gebali [III], 11: El-Giza
[IV], 12: Islmilia [I'V]; 13: Kafr abud [I1I], 15: Mansoura [IV], 17: Minuf [IV], 18: Port Said [III], 23: Suez
[11], 24: Tanta [IV], 26: El-Wasta [V], 27: Zagazig [III] (the numbers between square brackets are
macroseismic intensities MSK scale).

Numerical Simulation

The subsoil condition is an important ingredient that controls the distribution of
the observed damage. Tertiary formations are widely found in the highly populated
area. Thick, unconsolidated Quaternary sediments overlie these rocks in the Faiyoum
basin, the Nile delta, and all along the River Nile. The thickness of the alluvial
sediments is estimated to be around 80 m in Metropolitan Cairo and 50 m in the
vicinity of Giza. The ground water table also represents an important factor affecting
the stability of the ground. It is estimated to lie 2 to 3 meters below the ground
surface in Metropolitan Cairo and in the area of the River Nile. A very shallow water
table is also observed in Faiyoum. The stress of such a condition reduces the value of
(o1 + 03)/2, transporting the center of Mohr circle toward the origin (PRICE and
COSGROVE, 1990), and consequently reduces the shear resistance capacity of the soils.
Moreover, repacking of the soil particles during the earthquake may liberate the
excess of pore space water and consequently lead to liquefaction underneath the
foundation of the constructions (Makroum, personal communication).
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The hybrid technique developed by FiH et al. (1990, 1993, 1994) is used here to
study the effect of the Nile graben sediments on the propagation of seismic waves.
This technique combines the modal summation (PANzA, 1985, PANzA and
SUHADOLC, 1987; FLORSCH et al., 1991; PANZA et al., 2000) and the finite-difference
methods (VIRIEUX, 1984, 1986; LEVANDER, 1988). Each method is applied in that
part of the structural model where it works most efficiently. The finite-difference
method is applied in the laterally heterogeneous part of the local structural model,
which contains the sedimentary basin, and the modal summation is applied to
simulate wave propagation in the bedrock reference model, i.e., from the source
position to the beginning of the local model of interest.

The seismic source used in this study represents the October 12, 1992 Cairo
earthquake (Fig. 5a). The epicenter is localized about 75 km to the southeast of
Cairo (22 km from the beginning of the 2-D model) at a depth of 23 km. In the

Figure 5
(a) Distribution of earthquake epicenters around the Cairo-Faiyoum area. The beach ball represents the
focal mechanism of the October 12, 1992 earthquake. (b) Crustal model (¥, and V,) adopted for the path
from the source to the local model, and (c) the local model for the profile 4-4’ (SAID, 1981).
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numerical simulation, we use a double-couple point source with strike = 158°,
dip = 67° and slip = 308° (EL-SAYED et al., 1999). The strike of the fault coincides
well with the geological lineaments of the area and with the distribution of the
aftershock sequences (ABO-ELENEAN, 1993).

The reference bedrock model describing the path from the source to Cairo is
shown in Figure 5b. The thickness, density and P-wave velocities of layers in this
model are taken from the Bouguer anomaly and deep seismic sounding profiles
published by the Egyptian General Petroleum Company. The S-wave velocity is
assigned to be V,/1.73. These data are stored in the Atlas of Geology at Cornell
University, USA (BARAZANGI et al., 1996). The quality factors are taken from XIE
and MITCHELL (1990). For the upper mantle we have considered a standard
continental model (DU et al., 1998).

The local model considered in this study (Fig. 5¢) is the profile (4-4°) given by
SAID (1981). This profile is located between Cairo and Faiyoum 22 km from the
epicenter of the 1992 earthquake. The geotechnical parameters in/around this area
have been investigated by many authors (e.g., MARZOUK, 1995; MOHAMMED, 1995;
HELAL, 1998) and governmental building organizations (e.g., Educational Building
Authority, EBA). These investigations were carried out by using shallow seismic
techniques and drilling boreholes. We should emphasize that the velocities (¥, and
V) given by different authors are in general agreement with laboratory measure-
ments made by EBA. Table 1 summarizes the parameters used in our calculation for
each layer.

To take into account the kind of buildings in the region, the high frequency limit
for our numerical simulation has been chosen to be 5 Hz. P-SV (radial and vertical
components) and SH (transverse component) synthetic seismograms are computed at
97 sites on the earth’s surface along the 17-km long profile (Fig. 6). The reference
seismic signals are calculated at the same positions but using the bedrock model. To
investigate the effects due to the choice of the reference bedrock model adopted, the
calculations carried out for the original reference model given in Figure 5b have been
repeated assuming a 10% faster uppermost layer in the 1-D reference model. To
account for the source magnitude, the signals’ spectra are scaled using the scaling law
of GUSEV (1983), as reported in AkI (1987). Response spectra with 5% damping (RS)

Table 1

Mechanical parameters for profile 4-4°. Numbers denote the layers composing the local model (Fig. 5¢)

Layer Density gm/cm? V, km/sec 0, V, km/sec O,
1 1.800 0.475 50.0 0.250 20.0
2 2.000 1.475 120.0 0.300 80.0
3 2.200 1.800 120.0 0.500 80.0
4 2.400 2.600 250.0 0.700 150.0
5 2.600 3.500 220.0 2.000 100.0
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Figure 6
The cross section and the corresponding synthetic strong motion records calculated for the local model
(top) and for the reference bedrock model (bottom) for the (a) transverse, (b) radial and (c) vertical
components. For each component, the signals have been plotted normalized to the maximum one, for
which the amplitude is indicated.

are computed at each site for the seismograms obtained for the 2-D model, and for
the 1-D models (original and perturbed). The response spectra ratio RSR, computed
as RS(2D)/RS(1D), is used as an estimate of the amplification due to the local soil
conditions (Figs. 7 and 8).
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Figure 6 (Contd.)

To investigate the effect of distant earthquakes, another set of calculations was
made assuming a source positioned at 150 km from the first site in 2-D (Fig. 10).

Results and Discussion

The transverse, radial and vertical components of synthetic accelerograms for the
laterally varying (2-D) model have been compared with the corresponding ones
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Figure 6 (Contd.)

4

Figure 7
The cross section and the Response Spectra Ratio (RSR) versus frequency for transverse (TRA), radial
(RAD) and vertical (VER) components for: (1) the original model, and (2) the modified model, with the
velocities of the uppermost layer increased by 10%.
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Figure 8
(a) Response Spectra (RS) and (b) Response Spectra Ratio (RSR) for some selected seismograms. (1)
and (2) stand for original and modified reference models, respectively. Seismograms 21, 35 and 80 are
located at distances of 26.36, 28.71 and 36.27 km from the source, respectively.

calculated using the bedrock model in order to assess the site-effects. As shown in
Figure 6, the calculated accelerograms display a considerable difference in the peaks
and shapes at the beginning of the local model.

The amplifications RSR are summarized in Fig. 7. For three selected sites the
response spectra and the RSR are explicitly shown in Fig. 8, but are available at each
site. For SH waves, the largest amplification (a factor of 6) occurs in the frequency
band from 1—2 Hz. In some areas, e.g., at the edges of the local model, this band
expands to higher frequencies. The pattern of the spectral amplification is quite
different in the case of radial and vertical components of Rayleigh waves. In the
vertical component, the amplification is stronger and occurs for frequencies between
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Figure 9
Synthetic strong motion records (vertical component) calculated for the original (bottom) and modified
(top) reference bedrock models. The main difference between the two sets of seismograms is encircled by
the elongated ellipse.

1.5 and 4.5 Hz. The studies by AMBRASEYS and SIMPSON (1996) and AMBRASEYS and
DouGLAs (2000) support this observation. These authors conclude that, at high
frequencies and short distances, the vertical component response spectra may be
larger and may exhibit stronger soil dependence than the horizontal ones. High
amplification values for the vertical component at short periods also point out clearly
the importance of considering vertical as well as horizontal components for
engineering purposes. The most complicated pattern for the spectral amplification
is observed in the case of the radial component of Rayleigh waves. As shown in
Figure 7, the maximum amplification, about 7, is quite spread in space and
frequency. For 10% changes in the uppermost layer of the bedrock reference model
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Figure 10
Example of synthetic strong motion records (transverse component) and response spectra ratio (RSR)
versus frequency for a source located at 150 km from the left extreme of the cross section shown at the
bottom of the figure.

the amplification pattern does not change significantly (Fig. 7), as far as the
distribution in space and frequency is concerned. This stability is important, as it
allows us to identify the areas along the profile where large amplifications might be
expected independently on the reference model adopted. The absolute value of the
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amplification varies £ 15% for the horizontal components, although for the vertical
component the amplification changes by about 200%. It can be seen from Fig. 9 that
for the perturbed reference model a phase with velocity around 3.1 km/sec is
considerably more developed than in the case of the original reference model of
Figure 5b. The interaction of this phase with the local model may reasonably explain
the larger amplifications obtained. As our model is rather well constrained by the
studies of several independent authors, we do not expect larger uncertainties in the
absolute value of the amplifications.

By considering distant sources, the amplification becomes stronger at lower
frequencies (Fig. 10). Comparing the seismograms and the spectral amplification in
the case of distant and local sources we can see that, in the case of distant sources,
different phases start to build up, adding more complexity to the waveforms. The
amplification of seismic waves at low frequencies is certainly relevant to understand
and interpret the damage caused by distant earthquakes, such as those of the Hellenic
Arc (1994) and Agaba (1995).

The October 12, 1992 and June 26, 1926 events are suitable events to verify our
calculations for local and distant earthquakes, respectively. In the case of the 1992
local event, the most severe damage was reported for the regions (such as El-Aiyat,
El-Beeadaa and Al-Akwan, Giza districts) where thick sediments are present and the
water table is shallow (JICA, 1993). For example, at Berwash village (the area of
maximum spectral amplification) 30% of houses collapsed, 50% suffered serious
damage and 10% suffered light damage (JICA, 1993). On the other side of the valley,
at Cairo city, the reported damage is relatively less than that reported at Giza
(ELGAMAL et al., 1993). In general, the areas of severe damage reported by JICA
(1993) and ELGAMAL et al. (1993) correspond to the areas of maximum spectral
amplification along our cross section.

The distribution of damage due to the 1926 distant event supports our
calculations as well. The epicentral distance from Cairo is about 700 km, therefore
energy peaks are observed at frequencies of 1-2 Hz (EL-SAYED et al.,, 2000).
Nevertheless, damage has been observed in a wide range of buildings in the Cairo-
Faiyoum area, where the zones of maximum damage are the settlements located
above the Nile Canyon filling sediments (Fig. 4). This behavior of the Nile Canyon
sediments has been confirmed by observations following the events of 1996 (Cyprus)
and the events of 1997 (Agaba).

Conclusions

The main results of this study can be summarized as follows:

1. The soft sediments of the Nile valley can strongly amplify the seismic waves. Most
of this amplification occurs at low frequencies and this may explain the severe
effects caused by distant earthquakes in the Nile valley and its delta.
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2. Maximum spectral amplifications are concentrated at the edges of the Nile basin.

3. Areas of thick sediments and shallow underground water table strongly amplify
seismic waves.

4. Small variations in the definition of the reference model do not alter the general
amplification pattern along the profile, but can lead to a considerable variation in
the absolute value for the vertical component.
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Seismicity and Seismic Hazard in Alexandria (Egypt)
and its Surroundings

A. EL-SAYED', I. KOrRRAT! and H. M. HUSSEIN?

Abstract— Alexandria City has suffered great damage due to earthquakes from near and distant
sources, both in historical and recent times. Sometimes the source of such damages is not well known.
Seismogenic zones such as the Red Sea, Gulf of Agaba-Dead Sea Hellenic Arc, Suez-Cairo-Alexandria,
Eastern-Mediterranean-Cairo-Faiyoum and the Egyptian costal area are located in the vicinity of this
city. The Egyptian coastal zone has the lowest seismicity, and therefore, its tectonic setting is not well
known.

The 1998 Egyptian costal zone earthquake is a moderate complex source. It is composed of two
subevents separated by 4 sec. The first subevent initiated at a depth of 28 km and caused a rupture of
strike (347°), dip (29°) and slip (125°). The second subevent occurred at a shallower depth (24 km) and
has a relatively different focal parameter (strike 334°, dip 60° and slip 60°). The available focal
mechanisms strongly support the manifestation of a complex stress regime from the Hellenic Arc into
the Alexandria offshore area.

In the present study a numerical modeling technique is applied to estimate quantitative seismic
hazard in Alexandria. In terms of seismic hazard, both local and remote earthquakes have a tremendous
affect on this city. A local earthquake with magnitude M, = 6.7 at the offshore area gives peak ground
acceleration up to 300 cm/sec®. The total duration of shaking expected from such an earthquake is about
three seconds. The Fourier amplitude spectra of the ground acceleration reveals that the maximum
energy is carried by the low frequency (1-3 Hz), part of the seismic waves. The largest response spectra
at Alexandria city is within this frequency band. The computed ground accelerations due to strong
earthquakes in the Hellenic Arc, Red Sea and Gulf of Agaba are very small (less than 10 cm/sec?)
although with long duration (up to 3 minutes).

Key words: Alexandria, Egypt, seismicity, modeling, seismic hazard.

Introduction

Alexandria represents the second largest city in Egypt. Historically, parts
(Menouthis and Herakleion) of this city were completely destroyed and sunk in the
Aboukir Bay under 6-8 meters of water (Fig. 1). The source and the date of
destruction are not exactly known, however it most likely took place in the 7th or 8th
century (as indicated by excavated coins and jewelries) by either land subsidence
(GEOTIMES, 2000) or earthquakes (STANFORD REPORT, 2000).

! Department of Geology, Mansoura University, Mansoura, Egypt.
? National Research Institute of Astronomy and Geophysics, Seismology Department, Helwan, Egypt.
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Figure 1
Examples of the archeological remain discovered in Aboukir Bay (solid circle) off Alexandria (solid star).
All of the destroyed columns are collapsing (F.T) in the NE-SW direction.

The city was also shaken by five earthquakes in the last century. The most recent
one occurred on May 28, 1998 (Fig. 2). This event had a moderate magnitude (m, =
5.5 and Mo = 2.0 x 10** dyne cm) and was located at about 250 km northwest of
Alexandria (27.64°E and 31.45°N), It was felt with intensity II as far as Nicosia and
Agaba and injured one person in Cairo. Seismic stations in the surrounding areas
recorded no activity before or after the mainshock.

Generally speaking, the Alexandria offshore area has low to moderate seismicity
(Fig. 2(a & b)) however, regions like Hellenic Arc, Red Sea and Gulf of Aqaba which
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Figure 2
Distribution of earthquake epicenters in the vicinity of: (A) Egypt and (B) Alexandria (square area in A)
within the time period 1900-2000. Star represents the destructive events. (%) denotes, the sites location.

are about 400-600 km from the city have high seismicity (Fig. 2a) and the impact on
the city is sometime enormous (MAAMOUN et al., 1984; KEBEASY, 1990; AMBRASEYS
et al., 1994).

The main objectives of this research work are to: (1) review the tectonic and
seismic history in the site of Alexandria and its surrounding, (2) obtain the source
parameters of the 1998 earthquake in an attempt to understand the tectonic behavior
of the offshore area, and (3) estimate the level of seismic hazard expected from future
strong earthquakes.
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Tectonic Setting

The primary features of active plate tectonics in the vicinity of Egypt have been
discussed in detail by many authors (MCKENZzIE, 1970, 1972; NEEv, 1975; BEN-
MENAHEM et al., 1976; GARFUNKEL and BARTOV, 1977; BEN-AVRAHAM, 1978;
SESTINI, 1984; MESHERF, 1990). Egypt is located near three major plate boundaries,
namely: the African-Eurasian margin (including the Hellenic Arc), Gulf of Aqaba-
Dead Sea (the Levant transforms) fault and the Red Sea margin (Fig. 3a). The Sinai
block or subplate is partially separated from the African plate by spread-apart or
rifting along the Gulf of Suez (WOODWARD-CLYDE CONSULTANTS, 1985). In addition
to these plate boundaries there is a megashear zone running from southern Turkey to
Egypt (NEEV, 1975; KEBEASY, 1990) marked by relatively moderate and scattered
seismicity.

The Alexandria offshore is located within the Afro-Arabic Platform block which is
contiguous with southern Alpine overthrust belt (ORWIG, 1982). The contact between
these blocks is traceable on seismic profiles from exposed areas in Syria and eastern
Turkey into deep water south of the islands of Crete and Cyprus. This Afro-Arabic
platform block is subdivided into four different units (ORWIG, 1982; SAID, 1990),
which is also affected by a major fault known as the Suez-Cairo-Alexandria fault zone.
This fault is characterized by a low to moderate seismic activity in Egypt. The event of
October 1992 more likely occurred along one segment of this fault system.

On the other hand, the city of Alexandria itself is a part of the Nile Delta cone
(Fig. 3b), which is considered as a large hinge zone that consists of several southward
half-grabens. These grabens are deformed and bounded by east-west-oriented
northward-dipping listric faults (HUSSEIN and ABD-ALLAH, 2001). Two mechanisms
are suggested for the deformation of the Nile Delta hinge zone. The first one is
related to the late Oligocene-Early Miocene compression cycle, in the direction NW-
SE to NNW-SSE, that resulted from the Alpine Orogeny (end of the Eocene). This
compression reactivated the E-W orientated deep-seated Mesozoic faults. The second
mechanism is related to northward gravitational sliding of Oligocene-Pliocene shale
and sandstone over the pre-Eocene carbonates rocks. Both mechanisms acted
together during the deformation of the Nile Delta hinge zone (HUSSEIN and ABD-
ALLAH, 2001). In general, these mechanisms create a complicated tectonic setting in
the site of Alexandria and its vicinity (Fig. 3b).

Seismicity Review

Alexandria city has experienced about 25 damaging earthquakes spanning the
time period 320 to 2000 (MAAMOUN et al., 1984; AMBRASEYS et al., 1994; EL-SAYED
et al., 2000). Nine of these earthquakes are located offshore of Alexandria. The
magnitudes of these local earthquakes are moderate (M; = 6.7), nonetheless they
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Figure 3
(A) The distribution of earthquake epicenters (with magnitude > 5.0 in time period 1900-2000) and the
major tectonic elements in the vicinity of Egypt (modified from SesTINI, 1984; KEBEASY, 1990; MESHERF,
1990). (B) Local tectonic elements in the vicinity of Alexandria (modified from HUSSEIN and ABD-ALLAH,
2001). (1) Denote the Gulf of Aqaba-Dead Sea, (2) Red Sea, (3) Suez-Cairo-Alexandria fault zone, (4)
Eastern-Mediterranean-Cairo-Faiyoum fault zone, (5) Egyptian Coastal zone and (6) Eastern-
Mediterranean (Hellenic Arc).
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were felt with intensities reaching IX, MSK (AMBRASEYS et al., 1994). The event of
1955 (M; = 6.7) is the most recent locally damaging earthquake. During this
earthquake a few people were injured. A considerable number of adobe house were
destroyed and a few of those with concrete construction suffered damage (MAAMOUN
et al., 1984; AMBRASEYS et al., 1994). In general, the duration of shaking in
Alexandria from such offshore earthquakes did not exceed a few (2-3) seconds
(AMBRASEYS et al., 1994).

The other 14 earthquakes were located mainly in the Eastern Mediterranean
region (i.e., Hellenic Arc). These earthquakes have relatively large magnitudes, M, =
7.8, (AMBRASEYS et al., 1994). The observed intensity from such remote earthquakes
in Alexandria extends to VI. According to AMBRASEYS et al. (1994), these remote
earthquakes were generally felt in Alexandria for about 3 minutes or more. The most
severe damage in Alexandria was related to events located in the Eastern
Mediterranean (Ambraseys et al., 1994). Some of these quakes (e.g., the event of
320) triggered a destructive tsunami that destroyed more than 50,000 houses (one
third of the city) and killed 5,000 people in Alexandria.

Historical and recent reports indicated that the events which are located as far as
the Red Sea and Gulf of Agaba are felt in Alexandria but without damage. The
recent examples of 1969 (M, = 6.9) and 1995 (M, = 7.3) in the northern Red Sea
and Gulf of Aqaba, respectively, were felt in Alexandria with intensity (III-1V) but
caused no damage. Unfortunately, the reported intensity data for Alexandria are
insufficient to study their return periods.

The Effects of 1998 FEarthquake

On May 28, 1998 a moderate (m, = 5.5, Mo = 2.0x10?* dyne cm) earthquake
occurred approximately 250 km northwest of Alexandria (27.64°E and 31.45°N).
Immediately after the May 28, 1998 earthquake, 55 locations in the northern part of
Egypt were surveyed to collect observations and reports of the shaking effects on
buildings, ground and or people (Hassoup and TEALAB, 2000). Based on this survey,
maximum intensity (VII) was assigned at Ras El-Hekma village (~300 km west of
Alexandria) on the Mediterranean Sea coast (Fig. 2b). The ground fissures trending
NW-SE were observed along the beach. These fissures were observed only in those
areas of unconsolidated sedimentary deposits. In terms of damage some cracks were
observed in concrete buildings. On the other hand, in Alexandria there were no
reports of damage. Some people left their houses; the windows rattled and hanging
objects swung, but the direction of the ground motion was poorly identified.
Hassoup and TEALAB (2000) assigned an intensity V-VI in Alexandria city.

According to ISC reports, the event of 1998 was felt even as far as Nicosia
(intensity = II) and Aqaba, causing one injury to a person in Cairo city. It is very
important to mention that there was no seismic activity before or after the
mainshock.
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Modeling of 1998 Earthquake

The event of 1998 has triggered a considerable number of seismic stations
worldwide. In modeling study, stations located within the distance range 30° — 90°
were considered. For closer stations (< 30°) the upper mantle structure creates
arrivals that do not belong to the source, while for distant stations (> 90°) the core
arrivals started to influence the seismograms (CIpAR, 1980). To obtain the best data
quality, only seismograms recorded by the digital network of Incorporated Research
Institute for Seismology (IRIS) were used.

Altogether, twelve broadband body wave records (P and SH) were used. The
choice of these records is mainly based on the signal-to-noise ratio. The available
stations cover a relatively good azimuthal range, excepting the SW quarter of the
sphere.

As the selected stations are located in different geological settings, a simplified
average model proposed by Jeffreys-Bullen is adopted. According to this model the
crust consists of two layers with thicknesses 15 and 18 km and P-wave velocities 5.6
and 6.5 km/sec, respectively. The two layers are underlined by a half-space layer with
V, 8.0 km/sec.

P-wave polarities of 14 seismograms were picked up and used to construct the
starting focal mechanism in our inversion. This solution shows a reverse faulting
mechanism with a constrained northwest nodal plane dipping northeast (Fig. 4).

The observed records were then inverted using the technique of KIikucHI and
KANAMORI (1991) for a single point source until the best fit (between observed and
synthetics) was obtained (Fig. 4). The differences between the observed and synthetic
records were calculated to obtain the residuals. Using these residual data, iterative
inversion was carried out to determine the locations (in space and time) and seismic
moments of the subsequent sources. In general, KikucHI and KANAMORTI’s (1991)
technique used in the present study is developed to represent large complex sources,
however, it is successfully extended to represent the complex events that have
moderate magnitude (PINAR and TURKELLI, 1997; PINAR and KALAFAT, 1999).

In this study, the Green’s functions for the six elementary tensors were calculated
for a grid of 45 points separated by 4 km. These points represent a plane (9 in
horizontal and 5 in depth) that includes the source area. The calculated Green’s
functions were convolved with the @ filter (1.0 and 4.0 seconds for P and S waves,
respectively) and with source time function of a rise time t; = 1.7 and duration 1, =
3.4 seconds. Using the above parameters, the first 60 seconds of the seismograms
were simultaneously inverted, allowing the mechanism to change during the rupture
to reduce the residuals.

It was not possible to model SH phases with a single source; on the other hand,
two sources separated by 4 seconds give the best fit (Fig. 4). The suggested sources
are located 8 km away from each other on a plane striking NNW-SSE with focal
depths 28 and 24 km, respectively. As shown in Figure 4, for all stations, there is a
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Figure 4
Focal mechanism obtained for the 1998 earthquake from (top) polarity data (middle) inversion of P
waveforms and (lower) inversion of P and SH waveforms. Station name and azimuth (between brackets)
are given beside the record. Beach balls 1 and 2 correspond to the first and second subevents, respectively.

relatively good agreement between observed and synthetics, except for the KMBO
station which lies close to the nodal plane.

Based on modeling results, the rupture process started with the first subevent
(strike = 347°, dip = 29°, slip = 125°) along a fault plane trending NNW-SSE of
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low dip angle. Four seconds later, the second subevent (strike = 334°, dip = 60°, slip
= 60°) coupled the motion to a shallower but steeper plane. The mechanism of the
first subevent compares adequately with those of HUSSEIN et al. (2001) and the
Centroid Moment Tensor (CMT) solution. Generally, the mechanism of the 1998
earthquake is similar to that of the 1955 and 1988 earthquakes (nearby offshore
events, ABO-ELENEAN, 1993) in terms of fault type, reverse, but is relatively different
in terms of fault trend and strike-slip component.

Seismic Hazard

The seismic hazard scenario for Alexandria and its environs was examined using
the deterministic approach developed by COSTA ef al. (1992, 1993). This method uses
the information of earth’s structure (crustal models) and level of seismicity
(earthquake catalogue, seismogenic zones and focal mechanisms) to compute a
synthetic seismogram that could be observed from an expected large earthquake.

The database of earthquake catalogue, seismogenic zones, and focal mechanisms
of the identified seismogenic zones prepared by EL-SAYED et al. (2001) was used in
this study. The obtained focal mechanism from body-wave inversion for the 1998
earthquake is used to describe the source complexity of the offshore area in better
way, instead of the 1955 events derived from P-wave polarities (EL-SAYED et al.,
2001).

The structural models of the media beneath the considered area are represented
by a number of flat layers (Fig. 5). The thickness, the density and the P and S waves
of these layers are taken from deep seismic sounding and Bouguer anomaly profiles
published by the Egyptian General Petroleum Company (GPC). These data are
stored in the Atlas of Geology at Cornell University, USA (BARAZANGI et al., 1996;
MAKRIS et al., 1988; EL-SAYED et al., 2001). The S-wave velocity is taken as ¥ p/1.73.
The quality factors are taken from XIE and MITCHELL (1990).

The geotechnical parameters (for the upper 300 m) in/and around this area have
been investigated by many authors (e.g., MARZOUK, 1995; MOHAMMED, 1995;
HELAL, 1998) and governmental building organizations (e.g., Educational Building
Authority, EBA). These investigations were carried out by using shallow seismic
techniques and drilling boreholes. It should be emphasized that the velocities (¥, and
V) given by different authors are in a good agreement with laboratory measurements
made by EBA. Figure 5 summarizes the crustal parameters used in this calculation.
Due to a lack of specific models for the upper mantle, a standard continental model
of HARKRIDER (1970) and DU et al. (1998) has been considered.

When the seismicity, the source mechanisms, the structural models and the
observation points are defined, synthetic signals are computed using the modal
summation technique (PANzA, 1985; PANzA and SuHADOLC 1987; FLORSCH et al.,
1991).
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(A) Crustal model considered in this study and (B) zoom of the upper 3 km.
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To study the ground motion in the vicinity of Alexandria, roundly 3000
earthquake were used (Fig. 2a). The horizontal P-SV (radial) and SH (transverse)
components of motion were computed and rotated to the common reference system
(N-S and E-W directions) after which their vector sum is calculated. The total
number of seismograms expected for the above configuration would exceed 90,000.
To reduce the computations, the source-receiver distance is kept below 100 km. At
each observation point all seismograms generated by different sources are examined
and the largest component of ground motion is selected for further analysis. The
synthetic signals are computed to obtain the peak ground displacement (DMAX),
velocity (VMAX) and acceleration (AMAX) reaching a maximum frequency of
10 Hz (Fig. 6).

Figure 6
Distribution of the computed peak ground acceleration computed for earthquakes with epicenter distance
= 100 km. 1, 2, 3 in the left of the traces refer to the calculated acclerograms, Fourier amplitude spectra
and response spectra, respectively. AMAX stands for the maximum computed acceleration amplitude.
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To investigate the effects of large, distant earthquakes, calculations were
performed for the largest observed earthquakes in the most active zones, e.g., the
Hellenic Arc, Gulf of Aqaba, Red Sea (Fig. 7).

Figure 7
Computed peak ground acceleration at Alexandria using remote earthquakes. A, R, H corresponding to
Aqaba, Red Sea and Hellenic Arc, respectively and 1, 2, 3 as in Figure 6. The parameters considered for
each source are given in the top and bottom of the Figure. RS stands for response spectra.
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Discussion

Alexandria is located approximately 300 to 600 km from three known active plate
boundaries, namely: the Red-Sea, the Gulf of Aqaba and the Hellenic Arc
(MCKENZzIE 1970, 1972; SESTINI, 1984; MESHERF, 1990). The interaction among
these three plate boundaries created major fault zones in Egypt as: (1) Eastern-
Mediterranean Cairo-Faiyoum fault zone (NEEvV, 1975; SESTINI, 1984; MESHERF,
1990), (2) Suez-Cairo-Alexandria fault zone (KEBEASY, 1990). These fault zones are
very close to the city of Alexandria (Fig. 3). Moreover, deep seismic sounding reveals
that there are minor faults such as Rosetta fault which trend a few kilometers from
Alexandria city (Fig. 3b, HUsSEIN and ABD-ALLAH, 2001).

As a result of this complex tectonic setting many earthquakes occurred in the
vicinity of Alexandria, both in recent and historical time (AMBRASEYS et al., 1994;
MAAMOUN et al., 1984). The spatial distribution of the earthquakes epicenters
(Fig. 2) shows that there are areas of very intense (e.g., plate boundaries) and others
of low (e.g., offshore area) activities. For those of intense seismicity, there are a
considerable number of focal mechanisms that allow us to understand its
geodynamic behaviors (MCKENZIE, 1970; and ROTSTEIN and KAFKA, 1982; SESTINI,
1984; CMT database). Controversy, the number and quality of the focal mechanisms
available for those of low seismic activity (like the Egyptian coastal zone) are not
enough to have the clear understanding for the tectonic setting (SESTINI, 1984;
KEBEASY, 1990; MESHERF 1990).

The modeling of the 1998 earthquake (in the Egyptian coastal zone) reflected the
complexity of the tectonic setting in this area. This complexity was generated
originally by the interaction between the African and Euro-Asian plates and
manifested towards the North African coast (LE PiIcHON and SIBUET, 1981). It is
supported by the polarity mechanisms of the 1955, 1987 and 1988 earthquakes (ABO-
ELENEAN, 1993). Other support is the recorded seismograms at Helwan station for
the events of 1955, 1987, 1988 and 1998. P waves in these seismograms are not simple
but rather complicated and usually include different phases of P waves (HUSSAIN
et al., 2001).

As a result of this complex stress regime, damaging earthquakes had occurred
in the vicinity of Alexandria (AMBRASEYS et al., 1998; KEBEASY, 1990; MAAMOUN
et al., 1984). Some of these damaging earthquakes are apparently missing. As an
example, the damage in Menouthis and Herakleion is more likely caused by an
earthquake (which is not known yet). This is supported by: (1) the collapsed
columns are falling down in the same direction NE-SW (Fig. 1), (2) the presence
of coins and jewelry suggest a sudden collapse, (3) the sharp sand grains in the
bottom of Aboukir Bay reflecting active tectonic environment, and (4) the Cairo-
Alexandria fault system (NE-SW) is passing by the area and recently generated
frequent moderate earthquakes (GEOTIMES, 2000). This does not exclude the
possibilities of land subsidence as suggested in the STANFORD REPORT (2000).



1016 A. El-Sayed et al. Pure appl. geophys.,

Such phenomena (liquefaction and land subsidence) were observed in the area
after the event of 1926 (AMBRASEYS and ADAM, 1998).

As can be seen, the seismic hazard is relatively high in Alexandria. e.g., the
area just in front of Alexandria represents a spot of activity that produces
frequent moderate (M; = 6.7) earthquakes (AMBRASEYS et al., 1994). The
computed ground motion (displacement DMAX, velocity VMAX and acceleration
AMAX), at a distance less than 100 km, are 7.1 cm, 21 cm/sec and 300 cm/secz,
respectively. These values are slightly higher than the computed values, at 1 Hz,
by EL-SAYED et al. (2001). The Fourier amplitude spectra show that the energy of
the peaks is of low frequencies that have the maximum response from the site
(Fig. 6). The total duration of the computed ground motion traces are in the
order of a few seconds. The concentration of damage to high buildings and
construction that is generally of low frequencies response during the offshore
events of 951 and 1955 support the obtained results. Other support is the duration
of shaking. These earthquakes were strongly felt for 2-4 seconds (AMBRASEYS
et al., 1994), in agreement with the computed values. Unfortunately, there were
no stations available in Alexandria to verify our calculation quantitatively but
according to PANzA er al. (1999) conversion table the values of AMAX
correspond to intensity VIII-IX which is in agreement with the one observed
during the 1955 earthquake.

Remote events also could have their impact on Alexandria city. As an
example, the ground motions due to an earthquakes with magnitude (M, = 7.5)
in the Hellenic, (M; = 7.0) in the Red Sea or (M; =7.8) in the Gulf of Aqaba
have peaks of 4 cm, 5 cm/sec and 12 cm/sec’, respectively. These peaks are
reported around 1 Hz. Most of the remote earthquakes (e.g., the 320, 557, 1303,
1926 and 1996 events) were felt in Alexandria in the order of minutes
(AMBRASEYS et al., 1994, AMBRASEYS and ADAM, 1998; EL-SAYED et al., 2001)
as also predicated by our calculations. In general, the computed intensity for
remote sources is smaller than the observed one by one-two units. This may be
attributed to local site effects that are not taken into account in our model. The
coupling between the long duration of shaking and the unconsolidated water-
saturated soft sediments may cause liquefaction and thus increase the level of risk.
It should be also emphasized that liquefaction phenomena were associated with
the events of 1926 and 1998 (AMBRASEYS et al., 1998; HAssour and TEALAB,
2001). In addition to the seismic risk, strong remote events had triggered a strong
tsunami (e.g., the events of 320 and 1303) that caused severe damage to
Alexandria (AMBRASEYS et al., 1994; EL-SAYED et al., 2001). The strongest
tsunami is reported in 320. In Alexandria the sea water passed beyond its
boundaries and flooded a vast amount of land, so that on retreat of the water the
sea skiffs were found lodged on the roofs of many houses. In Alexandria, 50,000
houses were flooded and 5,000 people were drowned. Ships were carried by the
waves over the city walls (AMBRASEYS et al., 1994).
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Conclusions

From this study we can draw the following conclusion:

1. Alexandria city is located in the vicinity of three plate boundaries that interact
with each other generating a complex system of major and local faults close to
Alexandria offshore. These faults are associated with small to moderate earthquakes.
The focal mechanisms and the waveforms of the offshore events reflect the
complexity of this tectonic zone. As a result of this complexity, it was very difficult
to represent the moderate earthquake of 1998 by one source and fit both P and SH
waves.

2. Some of the historical earthquakes information in the vicinity of Alexandria is
probably missing. As the under-water archeological remains in Aboukir bay strongly
support, the city was destroyed by either local or remote earthquakes.

3. Offshore events have strong and short duration of shaking at Alexandria city.
The energies of the main peaks are of low frequencies (less that 4 Hz) that have the
maximum response spectra from the site. While those in remote areas have a very
long duration of shaking however their peaks are relatively weak. These peaks are
also of a very low frequency, which is coherent with the response spectra.

4. Remote earthquakes in the Eastern Mediterranean may also cause liquefaction
and/or trigger strong destructive tsunami in Alexandria.
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Linear Amplification of Horizontal Strong Ground Motion
in Zagreb (Croatia) for a Realistic Range of Scaled
Point Sources
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Abstract— The linear amplification of the larger horizontal component of strong ground motion
along a selected profile in the city of Zagreb is estimated by examining the synthetic waveforms
corresponding to a suite of 16 realistically chosen scaled point sources. The accelerograms, computed for
the average bedrock model by modal summation, are propagated through local laterally heterogeneous
anelastic models by the finite-difference algorithm. The ratio of peak ground acceleration (PGA) and of the
response spectra (RS), obtained by using local and bedrock models, define the PGA and RS amplification
AMP(PGA) and AMP(RS), respectively. Even variations of the order of commonly observed uncertainties
of only dip and rake angles of the causative fault show that both AMP(PGA) and AMP(RS) vary at some
sites by more than a factor of two. It follows that, especially for strongly laterally heterogeneous structures,
local effects must be determined for each of the relevant sources considering all associated uncertainties as
completely as possible. Such a conclusion certainly holds for the case of the microzonation of Zagreb,
where the local geology is quite complex, and the seismicity is not confined to a single seismic source zone.

Key words: Amplification of strong motion, source mechanism, Zagreb, microzonation.

Introduction

On November 9, 1880 at half-past seven a.m. the citizens of Zagreb were awakened
by a devastating earthquake, the strongest known event which occurred in the Zagreb
epicentral area. Its intensity in the epicenter, near the village of KaSina, about 15 km
from the center of Zagreb is today estimated to have been VIII °MSK. A detailed
survey of earthquake effects conducted in Zagreb after the earthquake revealed that a
total of 1,754 (45.8%) buildings were damaged, and 485 (12.6%) of them suffered
heavy damage (Fig. 1). At the time Zagreb had about 30,000 inhabitants. Today the
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Figure 1
Photographs of the damage to the interiors of the church in Kasina and the Zagreb cathedral caused by the
great Zagreb earthquake of 1880. The damage to the 14" century cathedral was so severe that it had to be
completely rebuilt.

number of people living in Zagreb and its vicinity is close to 1 million, and an
earthquake comparable to the one of 1880 would have enormous impact not only on
the citizens of Zagreb, but also on the entire Croatian economy. The return period for
an M = 6 event (corresponding to epicentral intensity of VIII-IX °MSK according to
Herak, 1989) is estimated for the Zagreb region by MARKUSIC and HERAK (1999) to be
about 150 years. Zagreb is located on a terrain where soil conditions vary from
shallow soil at the foothills of the Medvednica Mt., to rather deep soft soil deposits in
the Sava River valley. All this clearly indicates that Zagreb is in urgent need of seismic
zonation. Some attempts were made, but no study was ever concluded and officially
accepted. Ever since 1930, no event exceeding magnitude 5 has occurred in the area,
which is why there are no strong-motion records available, and deterministic modeling
remains the only way to undertake the zonation of the city.

The first step in this direction was taken by LOKMER et al. (2002), who analyzed
the linear amplification of strong ground motion along a profile which runs from
Kasina through the center of the city and ends on the banks of the Sava River
(Fig. 2). They noticed that amplification properties for the three wave types differ
from each other and attributed this to source-specific radiation patterns of P, SV,
and SH waves. The fact that amplification may significantly depend on source
geometry was also recently reported by PANzA et al. (2000) for the Catania (Italy)
area. If this is true and the variation of amplification is significant for a realistic range
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Figure 2
Satellite image of the Zagreb area, with the profile superimposed (from LOKMER et al., 2002).

of source properties, considering only one reference source model can lead to
amplification estimates that might not be representative of a future earthquake.
The goal of this study is to estimate linear amplification properties of soil along
the same profile as used by LOKMER et al. (2002) (Fig. 2) for a suite of sources that
may realistically be expected in the vicinity of the epicenter of the great Zagreb
earthquake of 1880. In particular, we shall examine the influence that the uncertainty
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of the assumed faulting geometry has on the evaluated parameters related to the
larger component of the horizontal ground motion. Throughout this paper we shall
consider linear amplification effects only, and the term amplification is used to mean
the ratio of ground motion parameters on the surface of the soil profile and those
that would be observed if only bedrock was present. The attempt to model nonlinear
amplification which is dependent on the seismic load is beyond the scope of this
study. The consequence of this is that results are directly applicable only to small-to-
medium ground acceleration levels of approximately up to 200 cm/s*> (BERESNEV
et al., 1998). Such accelerations are expected in epicentral regions of moderate
magnitude events (up to a magnitude of about 6) or during aftershock sequences of
large events. However, because the nonlinear effects tend to reduce the amplification
levels, the linear models yield more conservative results and are therefore suited for
general purpose seismic zoning projects. Furthermore, we assume the scaled point-
source of seismic waves. This is a limiting factor for close events of large magnitude
because synthetic seismograms will not reflect the source size, its complexity and
duration, but only average amplitude spectral properties, as empirically determined
globally (e.g., GUsev, 1983). The adoption of a spectral scaling law corresponds to
averaging on the directivity function and on the regional variations due to different
tectonic regimes, although it ensures to obtain reliable spectral scenarios. This
limitation is therefore much less severe if spectral or PGA amplification is the main
topic of interest instead of actual time-histories, and small- to medium-magnitude
events are considered, as it is the case here.

Methods

The computation of complete synthetic seismograms has been carried out by the
hybrid method, originally due to FAH et al. (1990), FAH (1992) and FAH et al. (1993).
The method has been used to simulate observed strong ground motion in cities such as
Mexico City (FAH et al., 1994), Bucharest (CIOFLAN et al.,2002), and Russe (KOUTEVA
et al., 2001). A detailed review of recent realistic modeling of seismic input for 13
megacities and large urban areas in Europe, Central America, Africa and Asia using the
same methodology is presented by PANzaA et al. (2002). The flowchart of the algorithm
is given in Figure 3. Synthetic signals are first computed by the modal summation
(PANzA, 1985; PANzZA and SUHADOLC, 1987; FLORSCH et al., 1991; PANZzA et al., 2000)
along the bedrock (1-D) model that represents the average path between the assumed
source and the local, laterally heterogeneous (2-D) structure beneath the local area of
interest. A double-couple point source of seismic waves is assumed, described by the
strike (¢) and dip (0) of the causative fault, its rake (1) and the depth (/) of focus.

The bedrock model is defined as a stack of horizontal layers, each
characterized by its thickness, longitudinal and transversal wave velocity, density,
and Q-factor, controlling the anelastic attenuation. The seismograms were
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computed for frequencies reaching 10 Hz, and were subsequently filtered to /< 6
Hz. These signals are numerically propagated through the laterally varying local
structure by the finite-difference method (VIRIEUX, 1984; 1986; LEVANDER, 1988).
The finite-difference grid (2500 x 544 nodes) is formed first, approximating the
laterally varying model. A grid-step of 5 m is chosen, obeying the empirical
condition that at least 10 points per minimum wavelength (about 50 m in our
case, corresponding to 6 Hz waves with a velocity of 300 m/s) are required. In the
vertical direction, after the first 360 points (1.8 km), the grid-step is increased to
45 m, so that the laterally varying model extends to depths exceeding twice the
assumed hypocentral depth of 5 km (see below), which is enough for the procedure
to yield reliable results. This increase in grid, step is justified by the results of tests
conducted prior to computations which indicate that the wavelengths that reach
these depths (> 1.8 km) are much longer and thus even a reduced grid resolution
is still satisfactory for our modeling. In this way we constructed a discretized local
model extending to a depth of 13 km. The reflections from the artificial
boundaries of the model are suppressed by applying the techniques considered by
FAH (1992). Synthetic seismograms of the vertical, transversal and radial
components of ground motion were computed at a predefined set of equidistant
points (125 m apart) at the surface. After scaling the signals’ spectra to the
assumed seismic moment by using the curves proposed by GUSEvV (1983) as
reported in AKI (1987), peak ground acceleration (PGA) and the ratios of PGA
and response spectra for local and bedrock models were extracted from the
computed seismograms.

Data

The input data consist of: a) the regional (bedrock) model parameters describing
the average properties of the Earth’s interior along the path between the source
and the beginning of the local, laterally heterogeneous, part of the profile; b) the
local model parameters, and c) the source parameters. The structural models are the
same ones used by LOKMER ef al. (2002) and are given in Figure 4. The
hypocenter of the M = 6 earthquake, located 15 km to the NE from the center of
Zagreb, is assumed to be associated with the Zagreb fault system running WSW-
ENE on the southern side of the Medvednica Mt. (Fig. 5), and not with the
nearby Kasina fault. This choice has been made on the basis of the elongation of
the isoseismal lines (from the isoseismal map stored in the Macroseismic archives
of the Geophysical Department, Zagreb), which is approximately parallel to the
strike of the Zagreb fault system. LOKMER et al. (2002) used ¢ = 60°, § = 80°,
A = 120° h = 5 km to describe the source. We now examine the uncertainty of
this set of parameters. The strike of 60° is probably the most certain of all, and
there is ample evidence in the geological literature (e.g., PRELOGOVIC et al., 1998)
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Figure 4
Regional bedrock model and a representation of the local laterally heterogeneous model. Vp, Vs, Qp, Qs
and p are velocities of the longitudinal and transversal waves, the corresponding Q-factors and density,
respectively. Only the first 1.8 km of the 2-D model are shown, below it is the same as the 1-D model.

to back it up. However, the strike of Zagreb faults is the only well-known
parameter, and the system is marked as the one of unknown sense of displacement
by PRELOGOVIC et al. (1998). The cross section and distribution of hypocenters
which they published suggest that the fault is nearly vertical, with a small dip to
the NW near the surface, which turns to a small southeastward dip as the
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Figure 5
Map of the main geological features and of the seismicity in the Zagreb area (after TOMLIENOVIC et al.,
2001 and PRELOGOVIC et al., 1998). Epicenters are from the updated version of the earthquake catalog
published by HERAK et al. (1996).

seismogenic depths are reached. Although LOKMER et al. (2002) assumed it to be a
right-lateral fault, today it seems more probable that left-lateral, mostly strike-slip
motions prevail. Such a conclusion is based on results of a study dealing with
Neogen-Quaternary structures and recent seismicity of NW Croatia presented by
TOMLIENOVIC et al. (2001) (Fig. 5, see also PRELOGOVIC ef al., 1998). As the
earthquake of 1880 occurred at a place where the Zagreb fault zone intersects the
NW-SE trending right-lateral strike-slip Kasina fault, under the mostly N-S
oriented regional stress (HERAK et al., 1995; PRELOGOVIC et al., 1998), the only
possible sense of motion on the Zagreb fault is then left-lateral. Therefore we
decided to adopt the reference source at a depth of 5 km, with the orientation
described by the triplet (¢, 5, 4) = (60°, 80°, 20°). We will assume that ¢ is nearly
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Table 1

Parameters of 16 faulting mechanisms considered. The reference one is the mechanism number 6 (bold print).

Faulting mechanism number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

o 60 60 60 60 60 60 60 60 60 60 60 60 240 240 240 240
0 60 60 60 60 8 8 8 8 9 9 90 90 80 8 80 80
A 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60

perfectly known, and will allow variation in the dip and rake thus defining 16
realistic source geometries to investigate, as shown in Table 1. The dip varies so
that the fault is always rather steep, while the most uncertain parameter, A,
changes between 0° and 60° from pure strike-slip to predominantly dip-slip
motion. To keep the convention of the dip to the right-hand side with respect to
the strike direction for faults 13—16 (which dip to the NW), their strike is increased
by 180 degrees.

In order to reduce the amount of computations, we decided to focus on the larger
of the two horizontal components, this being the most conservative approach. The
decision of which of the two components to keep (transversal or the radial one) was
made on the basis of the PGA of the signals computed for the bedrock model by
modal summation. It turned out that for most of the assumed mechanisms, with the
exception of mechanisms 4, 8 and 12 from Table 1, Love and SH waves clearly
dominate over P-SV and Rayleigh waves (Fig. 6). Because in cases 4, 8 and 12 (with
A = 60°) the two wave types are of comparable amplitudes, they were both kept, and
the larger component was selected for each of the distances only after the finite-
difference part of the modeling.

Results

Synthetic accelerograms for all three components of motion computed
assuming the reference mechanism are given in Figure 7. The wavetrains clearly
reflect the complexity of the underlying terrain. PGA and its linear amplification
factor AMP(PGA) (defined as the ratio of the PGA values for each of the sites on
top of the bedrock (1D) and the laterally varying (2-D) part of the model,
AMP(PGA) = PGA(Q2D)/PGA(1D)) for the reference mechanism are shown in
Figure 8. For the three components, the distribution of AMP(PGA) with distance
is rather different, although a sudden increase is always present as the waves reach
the fault at the epicentral distance of 15.5 km. Frequency-space plots of the
amplification of response spectra (RS) for the reference case (AMP(RS) =
RS(2-D)/RS(1-D)) are presented in Figure 9. For all other source mechanisms,
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Figure 7
Synthetic accelerograms at selected receivers for the reference source mechanism (No. 6 in Table 1). The
amplitudes are normalized to the maximum for each trace (see Fig. 8 for actual PGA values). The local
model is shown at the bottom (see Fig 4).

only the results pertaining to the larger horizontal component were considered.
Examples for four selected cases are given in Figures 10 and 11. They show that
all quantities studied clearly depend on the parameters which define the faulting
geometry. PGA vs. distance for all cases is given in Figure 12 together with the
empirical horizontal PGA attenuation function proposed by HERAK e al. (2001).

<

Figure 6
PGA of the transversal (thick line) and of the radial component (thin dotted line) computed by modal
summation and assuming the bedrock model vs. epicentral distance (km), for the 16 focal mechanisms
given in Table 1. The radial component is of comparable amplitude to the transversal one only for the
mechanisms 4, 8, and 12.
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Figure 8
PGA and PGA amplification, AMP(PGA), profiles for the reference source mechanism.

This attenuation relation, even though derived using data from the Dinarides area,
is used in Croatia as the best guess for other parts of the country (including
Zagreb) in which only a few strong motion records have been obtained to date.
Although, especially for epicentral distances longer than 10 km, synthetic PGA
decays with distance more rapidly than the empirical values would suggest, most
synthetic values fall within the +2¢ range of the empirical relationship, which
suggests that the scaling to the assumed magnitude (M, = 6) is properly done.
Figure 13a presents the envelopes of all obtained AMP(PGA) values (maximal and
minimal values at each of the virtual receivers), together with the curve of the
reference mechanism. Except for the first 3 km of the local profile, the variability
of AMP(PGA) with the assumed faulting parameters is of considerable magnitude,
exceeding at some distances a factor of 2. Similar behavior is seen if the
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Figure 9
Frequency-space plots of amplification of response spectra, AMP(RS), for the reference focal mechanism.
Amplification factors are presented by different levels of gray as given by the vertical bar on the right.

amplification spectra for the transversal component of the reference mechanism
(Fig. 9, maximum amplification of 7.8 for frequencies below 1 Hz at the distance
of 16.5 km) are compared with the upper envelope of all computed amplification
spectra for the larger horizontal component (maximum values for each frequency
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Figure 10
PGA and AMP(PGA) for the four selected cases (5, 8, 12 and 16 from Table 1).

and distance) as given in Figure 13b. The latter exhibits a similar shape but an
overall larger amplification with a maximum of 9.9 for frequencies below 2 Hz.

Discussion and Conclusions

Figures 8-13 clearly show that none of the three strong-motion related quantities
considered (PGA, AMP(PGA), AMP(RS)) should be regarded as independent of
faulting geometry. While this is to some extent expected for PGA (strike-slip and
thrust faulting events, for instance, have been statistically shown by e.g., BOORE et al.
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Figure 11
Amplification of the response spectra, AMP(RS), for the four selected cases (5, 8, 12 and 16 from Table 1).

(1997) to produce different PGA for the same magnitudes, distances and soil types) it
is not the case with AMP(PGA) and AMP(RS) which are usually considered to be
only site-dependent. Our results suggest that even the variation of only dip and rake,
within the range generally measured during an aftershock sequence, may produce
amplification profiles that significantly differ from one another. This occurs if the
wavetrains that reach a given epicentral distance follow very different paths in the
bedrock and in the local models. In such a case the depth variation of amplitudes at



1036 M. Herak et al. Pure appl. geophys.,

Figure 12
All 16 PGA profiles. The thick line is the attenuation of PGA predicted by the empirical relationship
(HERAK et al., 2001) for a M = 6 earthquake. Thick and thin dashed lines denote 1o- and 2g-confidence
intervals for the HERAK et al. (2001) relation, respectively.

the very entrance into the local model has a strong influence on the amplifications/
deamplifications observed at the free surface. The depth variation of wavefield
generated by the source may be rather strong and rapidly changing as a function of
the source orientation. Therefore, it may easily happen that, at some distance, the ray
in the local model has a larger (or smaller) amplitude than in the bedrock (1-D)
model, not only because of soil induced amplification (or deamplification), but also
because it corresponds to a different take-off angle from the source, thus carrying a
larger (smaller) amount of energy radiated by the source. The range of simulated
PGA values presented in Figure 12 is large enough to mostly explain the scatter of
observed data used to derive empirical attenuation relations. In realistic 3-D finite-
source geometries, where rays reach the nearby site from various depths and
azimuths, such arguments gain even more importance.

Although our conclusions follow from the numerical analyses of a specific case of
the city of Zagreb, they are valid wherever the subterrain is complex enough to
produce significantly different raypaths when the local soil is considered instead of
the bedrock.

Here we have only dealt with the effects that uncertainties in dip and rake have on
the parameters which characterize strong motions at a site. There are, of course,
uncertainties related with all other input parameters, of which those associated with
the model parameterization probably play the most important role. Estimation of
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Figure 13
a) Upper and lower envelopes of AMP(PGA) (maximum and minimum of the 16 values computed for each
epicentral distance, dotted solid lines), and the AMP(PGA) for the reference source mechanism (solid line);
b) maximum values of AMP(RS) versus frequency and epicentral distance; c) local model (see Fig. 4).

their effects by the variational method similar to the one used here would require an
enormous amount of computation time and is at present possible only for the
simplest of models. The remaining source parameters, that were here assumed
constant (epicentral distance, depth, strike), as well as those considered only
indirectly (seismic moment) or not at all (rupture duration, source function, source
dimensions, factors contributing to nonlinear soil behavior...) are never perfectly
known. Just to demonstrate what effect the distance uncertainty may have, we have
computed AMP(PGA) profiles for the reference source geometry considering two
additional distances from the beginning of the laterally heterogeneous part of the
model, as illustrated in Figure 14. Again, AMP(PGA) clearly depends on the source
position, and varies by almost a factor of two in the last half of the local model.
Everything said above raises the question of the very meaning and interpre-
tation of amplification itself. Sometimes very large amplification corresponds to a
faulting mechanism, which produces small absolute PGA (and vice versa, see
examples in Fig. 10), so that the actual damage may be uncorrelated with the a
priori determined amplification profiles like the ones in Figures 10 and 13a.
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Figure 14
AMP(PGA) profiles for the reference source mechanism (6.5 km) and for the same source (No. 6 from
Table 1) placed at different distances (15 and 30 km) from the beginning of the local model.

Furthermore, localities with very similar soil stratification at equal distance but at
different azimuths from the source, may actually experience considerably disparate
effects, solely due to differences in the geometry of the raypaths. From this it
follows that the local effects, needed to properly assess the earthquake hazard at
any site, must be determined for each of the relevant sources considering all
associated uncertainties as completely as possible, so that envelope curves like
those shown in Figure 13a could be considered representative of the possible
ground motion scenario. Such a conclusion is especially important for the
microzonation of cities like Zagreb, where the local geology is quite complex, and
seismicity is not confined to a single seismic source zone.
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Ground Motion Zoning of Santiago de Cuba: An Approach
by SH Waves Modelling

LEONARDO ALVAREZ!?Z, JULIO GARCiA!, FRANCO VACCARI*,
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Abstract— The expected ground motion in Santiago de Cuba basin from earthquakes which occurred
in the Oriente fault zone is studied. Synthetic SH-waves seismograms have been calculated along four
profiles in the basin by the hybrid approach (modal summation for the path source-profile and finite
differences for the profile) for a maximum frequency of 1 Hz. The response spectra ratio (RSR) has been
determined in 49 sites, distributed along all considered profiles with a spacing of 900 m. The corresponding
RSR versus frequency curves have been classified using a logical-combinatorial algorithm. The results of
the classification, in combination with the uppermost geological setting (geotechnical information and
geological geometry of the subsoil) are used for the seismic zoning of the city. Three different main zones
are identified, and a small sector characterized by major resonance effects, due to the particular structural
conditions. Each zone is characterized in terms of its expected ground motion parameters for the most
probable strong earthquake (Mg = 7), and for the maximum possible (M = 8).

Key words: Synthetic seismograms, surface waves, zoning, Santiago de Cuba.

Introduction

In a previous paper, the realistic modelling of P-SV and SH waves for a
frequency up to 1 Hz was done for two profiles in Santiago de Cuba city (ALVAREZ
et al., 2001a). Those results show the influence of the basin structure on the ground
motion, and indicate the limits and possibilities of using the modelling of waves
propagation for microzoning purposes. Within the framework of UNESCO/IUGS/
IGCP Project 414 “Realistic modelling of seismic input for megacities and large
urban areas”, it has been decided to refine those results by using more detailed
information about the shallow geology (geotechnical information, and geological
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geometry of the subsoil) and regional deep structure, and to extend them to all the
present and perspective areas of the city. Santiago de Cuba is the second most
populated city of Cuba. Located close to the boundary between the Caribbean and
North American plates, it is exposed to a relatively high level of seismic hazard
(ALVAREZ et al., 1999; RODRIGUEZ et al., 1997). Earthquakes felt in the city with
I = VIII degrees on the MSK scale, have a recurrence period of about 80 years and
there exists a high probability of occurrence of a Mg = 7 earthquake in the near
future (Ruslo, 1985) close to the city, in the Oriente transform fault system.
This hypothetical earthquake is used as ‘“scenario” for calculating synthetic
seismograms along four profiles in the city by the hybrid technique (FAH, 1992;
FAH et al., 1993, FAH and PaNzaA, 1994) based on modal summation and finite
differences. The procedure computes wavetrains generated by a seismic source
buried in a regional crust-upper mantle structure (bedrock), and uses this motion as
input to the local structure. The signals in the bedrock anelastic structure are
generated by the modal summation approach (PANzA, 1985; PANzA and
SUHADOLC, 1987; FLORSCH et al., 1991; PANzA et al., 2000); the waveforms along
the local, laterally varying anelastic structure are then computed using a finite-
difference scheme (VIRIEUX, 1984, 1986; LEVANDER, 1988) applied to the local
structure. The results of the modelling are used to make the seismic zoning of the
local structure, using as zoning criteria the “‘response spectra ratio” (RSR), i.e., the
spectral amplification defined by:

RSR = [Sa(2D)/Sa(1D)]

where Sa(2D) is the response spectrum (at 5% of damping) for the signals calculated
in the laterally varying structure, and Sa(1D) is the one calculated for the signals in
the bedrock regional reference structure.

Geological Setting of the Santiago de Cuba Basin

Santiago de Cuba is characterized, from the geological point of view, by rocks,
and stiff and unconsolidated sediments of different age, origin and lithological
composition. The study region of the present work covers an area of approximately
250 km?. Recently, the analysis of new borehole data, as well as detailed field
surveys, have supplied a more detailed geological map of Santiago de Cuba basin
(MEDINA et al., 1999). Following those authors, three kinds of geological formations
are present in the basin:

e Formations of the Paleogene Volcanic Arc. El Cobre Group is made up of several
formations with a great complexity from the lithological point of view. It mainly
consists of conglomerates and sandstones with tuffaceous composition, gravelites,
tuffs, tuffites and limestones with lava flows of intermediate composition. They
outcrop at the west and at the north of the study region and are presumed to be
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the bedrock foundation of the basin. This zone is not included in our study,

because the development of the city is not oriented in that direction, due to its

topographic characteristics.

e Neogene rocks. La Cruz formation comprises three members: Quintero, Tejar and
Santiago. It is composed of polimitic conglomerates, calcarenites, argilites,
calcareous sandstones, marls and reef sandstones, as well as of calcareous silts and
sandy argilites. All members are represented in Santiago de Cuba city and its
surroundings.

o Quaternary formations. They are of several kinds. The first one mainly comprises
gravelly alluvium (gravels, sands and clays with calcareous composition). We can
find these soils mostly filling river basins, such as the San Juan River basin in the
eastern part of the city. The second kind can be identified bounding the Santiago
de Cuba and Cabaifias bays, and is composed of sandy clays and peat, as well as
man-made ground and bay mud. Additionally present are the formations
Camaroncito, Jaimanitas and Rio Maya, characterized by different kinds of
limestone.

Three faults cross the basin (ARANGO, 1996; PEREZ and GARCIA 1997). They are
denominated El Cristo (present in the northwestern part of the study region), Bahia
(along the eastern board of Santiago de Cuba Bay) and Sardinero (in the southeast
corner of the study region).

A compilation of the structural parameters, geotechnical information, and
geological geometry of the subsoil in Santiago de Cuba was constructed in the form
of a database containing more than 600 boreholes’ data. The quality of these data is
variable consisting, in the main, of visual description and classification of strata. The
depth of penetration of boreholes varies: the majority reaches less than 25 m, there
are 83 between 25 and 50 m, 31 between 50 and 120 m and only 3 reach
approximately 200 m of depth.

Using these data, the generalized geological zoning has been performed,
compiling a set of maps representing the setting at different depths (5 m intervals
close to the surface, 10-20 m intervals from 80 to 200 m). In the compilation of these
maps, the real, very detailed lithological composition has been considered. The
analysis of these maps, together with the consideration of the intervals of variation of
the physical-mechanical properties of the rocks present in the geological maps,
permitted us to simplify and generalize the map of MEDINA et al. (1999). The result of
this generalization is shown in Figure 1. As can be seen from the figure, only six
kinds of soils are present, corresponding to sands and sandstones of Quaternary
formations, clays, sands and magmatic intrusions from Neogene formations,
calcareous rocks and limestones from Neogene and Quaternary formations, as well
as volcano-clastic rocks, tuffs, tuffites and agglomerates of El Cobre formation of the
Paleogene Volcanic Arc. Additionally, significant lenses of gravelly alluvium (gravels,
sands and clays with calcareous composition) are present at depth in different parts
of the basin.
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Figure 1
Simplified geological scheme of Santiago de Cuba basin (modified from MEDINA et al., 1999), 1—sand and
sandstones (Quaternary formations), 2—clays (Neogene), 3—marls (Neogene), 4—magmatic intrusions,
5—calcareous rocks and limestones (Neogene and Quaternary formations), 6 — rocks from El Cobre
formation (Paleogene Volcanic Arc), 7—faults; the ticks on the frame of the figure are 1 km apart, the left-
low corner has coordinates 19.954°N and 75.897°W.

Regional Structural Model

The crust structure in the region is very complicated, as can be seen in ALVAREZ
et al. (2001b) and we will use only a simplified regional model, consisting of a slight
modification of the anelastic parameters of structure L of the cited paper (Figure 2).
This was constructed, for a depth less than 30 km, using the contribution of ARRIAZA
(1998), who reinterpreted the results of BOBENKO ef al. (1980), while for depths
ranging from 30 to 150 km the results of the P-wave tomography study of VAN DER
HiLsT (1990) and of the gravimetric study of ORIHUELA and CUEVAS (1993) have
been considered. For depths greater than 150 km, the standard oceanic model of
HARKRIDER (1970) is used.

The upper frequency limit for the numerical simulation has been fixed at 1 Hz.
Although approximate, it is accepted that such results are pertinent for buildings of
ten storys and more, lifelines, etc. This kind of building exists in Santiago de Cuba
city since approximately 15 years ago, when a program of construction of typical 12-,
15- and 18-story buildings began. A recent study of the microseisms spectral content,
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a) Regional structural model; b) detail of the first 40 km.

based on in situ measurements at the base and at the last floor of the buildings
indicates that free oscillation periods of 18-story buildings range from 0.8
1.2 seconds (GONZALEz, 1998; SEO et al., 1998), and it is known that these periods
tend to increase with the ageing of the building. Consequently, our results will be
useful for future city planning and for mitigation of the seismic risk to existing
buildings.

Two Dimensional Structural Profiles in the Basin

For studying the influence of the sedimentary basin structure on the seismic
input, four profiles were selected across the basin. They follow the conditions that all
the zones present in the simplified geological scheme of Figure 1 are sampled (only
the small bodies of magmatic intrusions were not included) and that the traces pass
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close to the places where the deeper boreholes of our database are located. The
corresponding cross sections have been prepared using, for depth < 50 m, mainly
boreholes’ data from a band 0.25 km wide at both sides of each profile trace. More
distant boreholes have been used for larger depths, reaching 210 m. The cross
sections show smooth transitions through the different zones and sharp ones when
crossing the fault present in the study area. The data pertaining to the mechanical
properties (P- and S-wave velocities and quality factors) of the strata (see Table 1)
were taken from the literature (PAVLOV, 1984; ISHIHARA, 1993; BERGE-THIERRY
et al., 1999), as no direct measurements were available. Nevertheless, the selected
values are in correspondence with other measurements made on similar soils
elsewhere in Cuba. The density is supported by laboratory measurements data,
present in our database. The grid used in the finite-difference calculations was
selected with dimension, at the surface, Ax = Az = 0.015 km, in agreement with the
details given in the sections.

The sources are placed on the Oriente transform fault system at 30 km of
depth and at a distance of 25 km from the coast, in the main seismogenetic
zone that affects the region, where the expected strong earthquakes are likely to
be located. In Figure 3 the locations of sources and the profiles’s traces are
shown.

Results

a) Synthetic Seismograms

Synthetic seismograms for SH waves have been calculated along the selected
profiles in the city by the hybrid approach (FAH, 1992, FAH et al., 1993). The sites are
placed on the surface with a fixed spacing of 900 m. For each site we calculate
displacement, velocity and acceleration seismograms for a point source with seismic
moment Mo = 1.0 x 10'> N-m, focal depth 4 =30 km, and focal mechanism:
dip = 21°, azimuth = 302° and rake = 21°. This mechanism corresponds to the

Table 1

Physical properties of the different layers present in the selected profiles

No. Brief Ve Vs p (g/em®) Qp Qs
Description (Km/s) (Km/s)
1 Sands 1.2 0.35 1.8 100 50
2 Clays 0.8 0.3 1.6 100 50
3 Marls 1.3 0.6 2.0 150 50
4 Calcareous soils 0.9 0.5 1.8 150 50
S Calcareous rocks 2.5 1.4 2.3 200 100
6 Igneous rocks 2.4 0.8 2.1 350 150
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Figure 3
a) Position of the sources and profiles; b) detail of profile traces in the basin and city plan (dotted areas
correspond to human settlements, hatched areas correspond to industrial areas). The ticks on the frame of
the figure are 1 km apart, the left-low corner has coordinates 19.945°N and 75.945°W.

Harvard University determination of one local earthquake that can be considered
representative of the seismic sources in this sector of the Oriente fault zone. These
seismograms then have been scaled in the frequency domain (PANZA et al., 1996) for
possible earthquakes of different magnitudes by using the scaling law of GUSEvV
(1983), as reported by AKki1 (1987).
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The “response spectra ratio” (RSR), as has been expressed before, is used as the
basis of the zoning of the city. The plots of RSR, as functions of frequency and
position along the profiles, are shown together with the corresponding cross sections
in Figure 4. The RSR is larger and more variable for frequencies greater than 0.4 Hz.
At the end of profile 2 a clear resonance effect, characterized by very high values that
correspond in the time domain to long wave trains is present. Additionally, the
occurrence of two kinds of patterns is clear. Those corresponding to profiles 2 and 3

Figure 4
Relative response spectra (RSR) of SH waves as a function of frequency along each profile. The models of
each profile are plotted below each panel. The numbers along the x axes correspond to the ordinal site
position. The epicentral distances of the first site in profiles 1, 2, 3 and 4 are 103.9 km, 43.5 km, 34.5 km
and 33.6 km, respectively. Along each profile, the distance between two adjacent sites is 900 m. The
numbering in the legend corresponds to the different layers, whose parameters are given in Table 1.
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are relatively smooth, in accordance with the smooth variation of the layering, while
the ones corresponding to profiles 1 and 4 present rapid variations that are well
correlated with the sharp lateral boundaries in the layers, due to the presence of a
fault.

b) RSR Curves Classification

The RSR vs. frequency curves have been analyzed in order to make the zoning of
the basin. The RSR data for each site are sampled at 0.05 Hz from 0.39 to 0.99 Hz
for a total of 13 points at each site. The obtained 49 curves are shown in Figure 5.
These data are processed, for the classification in compact sets, with a non-supervised
logical-combinatorial algorithm included in PROGNOSIS system (RUIZ et al., 1992).
To perform this analysis the curves are numbered continuously from the first (profile
1) to the last (profile 4), and in each profile from the beginning to the end. The main
features of the algorithm are:

e Let the curve number “/ be the object “O;”, and the value of the RSR at
frequency number “i” be the variable “x;”. Then, the value of RSR at the

frequency number /" in the curve number *j” will be “x/(0))”.

Figure 5
Response spectra curves for all profiles from 0.39 to 0.99 Hz, sampled at 0.05 Hz.
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e Let max(x;) and min(x,) be the extremes of the variable x; over all the objects. The
similarity between objects is calculated by the formula

i i (Or) — xi(Ox)|

1
(010 =3 2 tax(e) — min(xi) °

n

i=1

e Two objects O; and O, are f,-similar, if and only if S(0;,0,)=f,, where B, the level
of the classification, is between 0 and 1. An object belongs to a compact set if the
most similar to it is into this set too, or if it is the most similar to other objects
belonging to the set.

e The compact sets are graphically represented in a dendrogram, where the different
B, levels in which they are grouped can be seen. Selecting interactively over this
scheme the level f8,, a particular partition in §,-compact sets can be determined
(P1co, 1999).

e The procedure starts determining the main f,-compact sets; then, some of the sets
can be subdivided using additional criteria, and the average curve for each final set
is calculated.

Initially, for a level of similarity f, = 0.25, nine sets have been obtained. The
first one, which comprised many curves with the smaller RSR values present in the
data set that form a wide sector in RSR vs. frequency graph, was subdivided in
four subgroups attending to the range of variation, in average, of RSR. As a result
twelve groups have been identified and their average curves are shown in
Figures 6a,b. In the following they will be referred as “typical” curves of the
groups.

In this set, 5 limit groups can be isolated. The curves 3, 6, 7 and 8 correspond
to the last four sites in profile 2, where the surface waves resonance effect was
identified, while curve 10 corresponds to the first sites in each profile, where no
RSR increments can be expected. In Figure 7 the results of classification are
compared with the geological scheme of the basin. For the seismic zoning, a sort of
correspondence between surface geology and RSR level was sought. For mapping
our results, a generalization of the 12 typical RSR curves was done. It consists in a
grouping of close curves into a common one, considering also the geological
characteristics along the profiles. As a result, three such groups were identified:
high—(2,5,9), intermediate—(4,12), low—(1,10,11). Consequently, the zoning of the
basin was made in terms of these three groups. The boundaries between zones
follow, whenever possible, the boundaries between the different elements of the
geological map (slightly smoothed). For the zones not crossed by the profiles we
took into account the results obtained in similar (by structure in depth) zones
crossed by them. The zoning scheme is shown in Figure 8, where the small
subzone, corresponding to the sites where the resonance effect has been identified,
is delimited by a thick dashed line. The average RSR curves for each zone are
shown in Figure 9.
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Figure 6
Typical RSR curves versus frequency obtained as a result of the classification procedure. a) All groups;
b) detail after removing the four curves that present anomalous higher values.

¢) Expected Ground Motions

For obtaining information about the expected ground motions in the Santiago
de Cuba basin, the obtained synthetic signals have been scaled to Mg =7, the
most probable strong earthquake, and to Mg=38, the maximum possible
earthquake, as estimated from seismotectonic considerations (COTILLA and
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Figure 7
Representation of the results of the classification of all curves over the geological map. The numbers
correspond to the typical curves shown in Figure 6, while the legend is equivalent to the one of Figure 1.
The ticks on the frame of the figure are 1 km apart, the left-low corner has coordinates 19.954°N and
75.897°W.

ALVAREZ, 1991). From these scaled signals the maximum ground motion
displacement (dnmax), velocity (vmax) and acceleration (amax) have been determined.
As the frequency content of our signals is out of the range in which the maximum
peak values of acceleration are commonly observed, the values of the design
ground acceleration (DGA) are obtained by scaling acceleration seismograms with
the design response spectra for the soils S1, S2 and S3 of the Cuban building code
(NorMA CUBANA, 1999). A rough estimation of the real peak ground acceleration
can be obtained from the maximum spectral value MSV, through
MSV =25 * DGA. A discussion of this procedure can be found in PANzA
et al. (1996) and ALVAREZ et al. (1999). In Tables 2 and 3 the results for Mg="7
and Mg =28 earthquakes are reported, respectively. Finally, recalling that the
Effective Peak Acceleration (EPA) is defined as the average spectral acceleration
in the period interval from 0.1 s to 0.5 s divided by 2.5 (APPLIED TECHNOLOGY
CounciL, 1978), we see that EPA is equivalent to the DGA, calculated using
design response spectra.
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Figure 8
Zoning of Santiago de Cuba basin: I—low RSR level, 2—intermediate RSR level, 3—high RSR level,
4—subzone, of the previous one, where resonance effect was identified, 5—zone of El Cobre formation, not
included in our analysis, 6—San Juan River. The ticks on the frame of the figure are I km apart, the left-
low corner has coordinates 19.945°N and 75.945°W.
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Average RSR curves versus frequency for each zone of the zoning scheme: I—low RSR level,
2—intermediate RSR level, 3—high RSR level.
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Table 2

Ground motion parameters for an earthquake of Ms=7 in the sites located along all the profiles

No. dmax Vmax Amax DGASI DGAS2 DGAS3
(cm) (cm/s) (cm/s?) (cm/s?) (cm/s?) (cm/s?)

Profile 1, A=103.9 km to the beginning of profile

1 0.23 0.09 0.22 0.74 0.43 0.36
2 0.24 0.13 0.41 1.65 1.12 0.97
3 0.24 0.12 0.39 1.36 0.92 0.80
4 0.24 0.10 0.30 0.99 0.66 0.55
5 0.24 0.11 0.25 0.82 0.55 0.48
6 0.24 0.11 0.28 1.18 0.80 0.70
7 0.24 0.11 0.34 1.46 0.99 0.86
8 0.24 0.10 0.34 1.23 0.83 0.72
9 0.24 0.09 0.28 0.77 0.53 0.46
10 0.23 0.09 0.25 0.76 0.45 0.36
11 0.23 0.09 0.24 0.76 0.45 0.36
12 0.23 0.09 0.22 0.74 0.46 0.39
13 0.23 0.09 0.21 0.74 0.49 0.42
14 0.24 0.10 0.27 0.96 0.64 0.54
Profile 2, A=43.5 km to the beginning of profile
15 2.48 3.26 9.89 30.14 19.93 16.86
16 2.63 3.89 12.91 41.41 27.71 23.59
17 2.55 3.60 11.65 36.59 24.30 20.61
18 2.48 3.40 10.63 32.90 21.85 18.48
19 2.43 3.32 10.06 31.31 20.66 17.44
20 2.37 3.27 9.64 29.48 19.58 16.56
21 2.32 3.26 9.56 29.26 19.43 16.51
22 2.37 3.60 11.55 36.75 24.79 21.28
23 2.49 4.00 14.48 51.52 34.75 29.83
24 2.74 437 18.96 82.81 55.85 47.94
25 2.92 5.06 22.55 149.45 99.24 83.93
26 2.98 5.14 18.93 163.39 107.82 90.49
27 2.96 4.71 16.61 165.08 107.54 89.13
Profile 3, A=34.5 km to the beginning of profile
28 3.12 3.76 11.94 36.29 24.10 20.38
29 3.31 4.54 15.78 50.88 34.28 29.43
30 3.21 4.23 14.48 44.54 29.81 25.38
31 3.14 4.14 13.73 41.67 27.67 23.55
32 3.07 4.07 12.88 39.27 26.08 22.06
33 3.01 4.12 12.76 38.97 25.97 22.11
34 2.96 4.15 12.71 39.46 26.41 22.48
35 2.97 4.32 13.87 44.58 29.83 25.52
36 2.98 4.47 14.78 47.74 31.95 27.35
37 3.08 491 17.47 57.49 38.47 32.83
38 3.02 4.79 16.66 54.92 36.75 31.29
39 3.18 5.48 20.30 70.65 47.28 40.25
Profile 4, A=33.6 km to the beginning of profile
40 1.87 2.46 7.55 22.77 15.12 12.79
41 2.03 3.16 11.01 36.06 24.32 20.87

42 2.04 3.21 11.43 37.25 25.12 21.56
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Table 2

(contd.)
No. dmux Vmax Amax DGASI DGASZ DGAS]
(cm) (cm/s) (em/s) (em/s’) (cm/s?) (em/s?)
43 1.99 3.10 10.68 34.81 23.30 19.96
44 2.04 345 12.31 42.50 28.66 24.60
45 2.02 3.47 12.51 43.47 29.32 25.16
46 2.01 3.60 13.32 47.12 31.78 27.28
47 1.98 3.68 13.82 49.87 33.64 28.87
48 1.96 3.70 13.91 51.18 34.52 29.63
49 1.89 3.49 12.88 46.97 31.68 27.19

Discussion

The RSR patterns show the influence of the different geological features.
There is a “regular” behavior, characterized by very small RSR values, at small
frequencies, followed by a smooth monotonous RSR increment from about
0.4 Hz, until 0.9 Hz, where the relative maximum is reached, and a small decrease
until 1 Hz. There are two exceptions to this relatively simple pattern. The first is
at the end of profile 2, where the RSR pattern shows the appearance of very large
amplitudes in the range 0.6-0.8 Hz, in the form of a narrow peak, followed by a
sharp decrease towards 1 Hz. In this part there is a thick clay layer, however
before reaching it the waves travel through a structure in which a relatively big
lens of sand of the small San Juan River basin is embedded into the clays. It
results in a cumulative increase of waves amplitude and duration, which remain
after the sand lens is passed. This effect is similar to what has been obtained by
ALVAREZ et al. (2001), where the largest RSR values for SH waves, along the San
Juan River, were obtained at the sites where the thickness of Quaternary
sediments was bigger. The second exception is represented by the oscillating RSR
patterns in the entire analyzed frequency range for the profiles 1 and 4, due to the
presence of Bahia fault.

Our zoning results are a scheme, not a map, because the density of RSR
calculations is not sufficient to construct a map. Figure 8 has been obtained
extending our local results to the whole study area. Surface geology alone cannot
explain the different RSR patterns found and it is necessary to consider the data of
the deeper structure. For example, the limestones in the south of the study region are
classified in two different levels: to the west of San Juan River in the intermediate
level, while to the east in the low level. This difference is due to the structure at depth;
limestones in the west lie over marls, while in the east this layer of marls does not
appear.
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Table 3

Ground motion parameters for an earthquake of Ms=38 in the sites located along all the profiles

No. dmax Vmax Amax DGASI DGASZ DGA53
(cm) (cm/s) (cm/s%) (cm/s?) (cm/s%) (cm/s?)

Profile 1, A=103.9 km to the beginning of profile

1 1.62 0.55 0.94 3.20 1.88 1.58
2 1.62 0.71 1.86 7.56 5.14 4.45
3 1.62 0.66 1.79 6.24 424 3.67
4 1.60 0.59 1.29 4.48 2.96 2.48
5 1.58 0.61 1.15 3.69 2.51 2.17
6 1.58 0.62 1.28 5.41 3.68 3.19
7 1.58 0.60 1.51 6.63 4.51 3.91
8 1.58 0.57 1.55 5.62 3.82 331
9 1.57 0.51 1.29 3.55 242 2.09
10 1.57 0.50 1.13 3.14 1.96 1.62
11 1.56 0.50 1.06 3.19 1.97 1.61
12 1.56 0.50 0.99 3.12 2.05 1.73
13 1.56 0.48 0.96 3.33 2.21 1.87
14 1.57 0.49 1.20 4.31 2.86 2.42
Profile 2, A=43.5 km to the beginning of profile
15 15.92 14.84 44.33 135.40 89.91 76.14
16 16.50 17.64 58.11 188.10 125.88 107.17
17 16.08 16.28 52.36 165.11 109.93 93.59
18 15.67 15.39 47.52 148.42 98.55 83.36
19 15.39 15.00 44.77 140.42 93.24 78.86
20 15.05 14.88 4291 133.23 88.47 74.99
21 14.80 14.83 42.97 131.95 88.04 74.96
22 14.97 16.29 52.27 167.51 112.98 96.97
23 15.48 18.04 65.33 237.10 159.92 137.26
24 16.55 19.87 85.05 381.56 257.35 220.89
25 17.25 22.34 1.60 673.84 447.48 380.98
26 17.59 21.59 85.68 720.94 475.74 399.28
27 17.19 21.31 76.39 726.95 473.54 392.50
Profile 3, A=34.5 km to the beginning of profile
28 16.49 16.92 53.16 164.03 108.92 92.58
29 17.26 20.39 70.54 232.10 156.54 134.37
30 16.78 19.04 65.10 202.42 135.46 115.33
31 16.40 18.66 61.83 188.02 125.57 106.91
32 16.00 18.38 57.89 177.08 117.59 100.01
33 15.68 18.61 57.27 176.34 118.01 100.47
34 15.37 18.72 56.81 179.56 120.17 102.31
35 15.33 19.45 61.94 203.08 135.90 116.61
36 15.32 20.09 66.17 217.45 145.58 124.95
37 15.71 22.11 78.71 262.27 175.51 150.25
38 15.38 21.57 74.95 250.37 167.55 142.65
39 16.00 24.71 91.45 322.09 215.55 183.51
Profile 4, A=33.6 km to the beginning of profile
40 9.84 11.09 33.72 102.82 68.27 58.06
41 10.49 14.26 49.85 164.17 110.72 95.04

42 10.48 14.54 51.72 170.12 114.40 98.20
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Table 3

(contd.)
No. dmax Vmax Amax DGASI DGASZ DGAS3
(cm) (cm/s) (cm/sz) (cm/sz) (cm/sz) (cm/sz)
43 10.17 14.02 47.76 158.69 106.23 91.18
44 10.36 15.63 54.62 194.82 131.40 112.79
45 10.20 15.62 55.95 198.92 134.16 115.16
46 10.12 16.09 59.97 215.44 145.31 124.72
47 9.99 16.63 62.95 229.12 154.53 132.64
48 9.82 16.82 63.29 234.00 157.82 135.46
49 9.46 15.87 57.98 214.77 144.86 124.34

Conclusions

We study, along four profiles crossing Santiago de Cuba basin, the influence of
the local soil conditions on seismic ground motion (SH-waves) due to earthquakes
which occurred in the Oriente fault zone. A seismic zoning of the city has been done
considering (1) the synthetic response spectra ratios (RSR) computed at sites along
these profiles, (2) the surface geology and (3) the deeper structure of the basin. With
the exception of four sites, where a big resonance effect, due to particular structural
conditions, is present, all the RSR curves versus frequency have a common shape and
differ only by their absolute value. Three different zones are identified. Each zone is
characterized in terms of its expected ground motion parameters for two scenario
earthquakes: the most probable (Ms = 7), and the maximum possible (Mg = 8).
Where comparable, our results follow the general trend evidenced by previous
investigations.
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Abstract—The first empirical duration magnitude (Mp) formula is developed and tested for the
Northern Morocco Seismic Network (NMSNET). This relationship is obtained by relating the IGN
(Instituto Geografico National, Madrid) body-waves mbLg/®" to the duration (r), and the epicentral
distance (A), at 25 analogue stations of the NMSNET for 479 earthquakes with 2.5 < mb < 5.4, from
March 1992 to February 2001. Mj estimates are significantly more precise while introducing a correction
term for each of these stations, ¢Sta;. The magnitude for the i" event (Mp), is the mean value of individual
Mp, = —0.14 4+ 1.63log,o(t;;) + 0.031(A;) + cSta;.

The c¢Sta; corrections reduce considerably the local site effects which influence the recorded durations
and cause stations to either overestimate, or underestimate Mp up to 0.5 magnitude units. Average station
Mp residuals (—cSta;) are found to be independent of the distance from the epicenter to at least 10 degrees.
It seems evident that regional geological features in the immediate behavior of stations have a systematic
effect on the corresponding obtained residuals: older well-consolidated Precambrian crystalline rocks
produce high negative residuals (shorter durations), younger unconsolidated sediments produce high
positive residuals (longer durations), whereas, intermediate M), site residuals appear to be the result of the
effect of various factors, principally age and state of consolidation of the bedrock, combined with the local
tectonic.

Key words: Northern Morocco, duration, site residuals, short period, magnitude, tectonics.

Introduction

The frequency distribution of radiated seismic energy changes with earthquake
size (AKI1, 1967). Local or near-regional large events cause magnitude scales to
suffer serious limitations, such as saturation (KANAMORI, 1977; HANkKS and
KANAMORI, 1979), and discrepancies between scales (GUTENBERG and RICHTER,
1956). In the case when the seismic signal saturates the seismograms, only duration
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can be measured. The usefulness of the coda duration as an estimate of earthquake
size has been proved by many authors in the past (LEE and STEWART, 1981). They
developed formulas relating the duration of the signal (z) to the local magnitude
for various areas. TSUMURA (1967) established a formula for Japan of the shape:
Mp = —-2.53 +2.85log(t) + 0.0014(A), where (A) is the epicentral distance in
kilometers, with 3 < M < 5. LEE et al’s (1972) empirical equation for the central
California is: Mp = 0.87 + 2.00log(z) + 0.0035(A), where 0.5 <M < 6. BAKUN
(1984), also for central California, proposed a relationship of the form:
Mp = 0.92 +0.607 log?(t)+ 0.00268(A)(1.5 < M < 5.3). For northern California,
HIRSHORN et al’s (1987) formula is of the form: Mp = —0.72 + 2.951og(z)+
0.001(A), with 3 <M < 6. The preferred equation of MICHAELSON (1990) for
central California is without term in distance (A), but she included two terms of
corrections, one for sensitivity and the other for the station site, respectively o and
6 such as : Mp=-1.03+21log(t)+ 0.0026(t) + o+ 38, with 1.1 <M <5.6.
EATON (1992) developed for northern California a dependent duration formula
for computing magnitudes of the form: Mp = —0.81 + 2.22log(t) + 0.011(A)+
log(CAL15/CAL)+ D' + HF (h). The majority of these authors developed formulas
relating the local magnitude M, to (7) and (A), where (1) is the average recorded
duration and (A) the corresponding average epicentral distance. Following BAKUN
(1984), we adopted m,Lg/°N magnitude values presented in the IGN Bulletins and
considered the individual values of (r) and (A) rather than their averages. The
choice of myLg/°Y’ magnitude to calibrate the Moroccan network for duration-
magnitude has been made on the basis of two important reasons. Firstly, the
Digital Spanish Seismic Network is the nearest network to the Northern Morocco
Seismic Network, and the majority of events occurring in Morocco or neighbouring
regions are recorded by both networks. Secondly, the number of these events
published in the IGN Bulletins is very important when compared to those
published in the ISC (International Seismological Centre) Bulletins. Data from ISC
present serious distortions arising from source radiation, distribution of reporting
stations, amplitude saturation (KUGE, 1992), and data (concerning Morocco)
reported in the NEIC (National Earthquake Information Centre) Bulletins are
simply the mpLg (MDD: Madrid) IGN values. Finally, the use of m; values based
on the Lg phase seems suitable for near-regional distances at which these phases
(Lg) dominate the records and are followed by a long and slowly decaying coda
(SINGH and HERRMANN, 1983; XIE and NUTTLI, 1988). The study of direct Lg
recorded at regional distances has recently gained considerable interest for
estimating the magnitude-yield relationships (PATTON, 1988).

During the period 1990-1993, duration magnitudes determined by the
Geophysics Laboratory (LAG) of the “Centre National de Coordination et
Planification de la Recherche Scientifique et Technique” (CNCPRST) of Rabat
were obtained using an empirical formula of the form M, = alog;,(z) — b. The
resulting magnitudes presented serious differences with those published in the
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Bulletins of the International Seismological Centre (ISC), the NEIC, or in the IGN
Bulletins for the same events. Since March 1994 the LAG adopted duration
magnitude formulas for computing magnitudes at individual stations. These
individual empirical equations were of the form My = a + blog;y(t) + c(A), where
a, b, and ¢ are constants calculated for each station (MOUAYN, 1994). Stations used
in this study are composed of 21 telemetered stations by the LAG, while 4 other
non-telemetered stations are run by the Scientific Institute Department of the
Physics of the Globe (DPG) of Rabat. These 25 selected stations constitute only a
part of the Moroccan Seismic Network. The NMSNET currently covers 95 stations
comprising several types of stations: A set of telemetered stations, a set of portable
stations, and recently installed broadband seismic stations. For computing the
coda-duration magnitude at individual stations, empirical equations have been
obtained on the basis of a few durations reported in the 1991-1993 LAG
catalogues (less than 15 duration per station). Therefore, the magnitudes calculated
suffered severe imprecision. Considering the availability of more numerous and
better quality data, establishing a good duration-dependent magnitude formulation
was in order.

Data

A set of 479 earthquakes (Fig. 1) was selected as the common events published in
the Moroccan LAG and DPG seismological bulletins, and the Spanish IGN
seismological bulletins. These events were divided into two subsets: 395 events from
January 1993 to December 1998 with a total of 1,934 durations measured from
seismograms available at the 25 NMSNET analogue stations (Fig. 1 and Table 1).
These data are used to derive the relationship between (t), (A) and M and are referred
to as the independent set. The obtained equation was then applied to an additional 84
events (511 durations) which have known m,Lg/" magnitudes to evaluate how well
the new M) predicted m,Lg/®" . This second set of earthquakes is referred to as the zest
set, and it is composed of 4 events recorded between March 1992 and December 1992,
with magnitude 4.4 < m,Lg/®¥ < 5.3, provided from the yearly seismological bulletin
of the I.G.N. The other 80 events were recorded in the period time from January 1999
to February 2001. For both sets, durations were read on the seismograms by using the
prescription of REAL and TENG (1973). The duration (7) is defined as the time in
seconds, on a vertical component short-period seismogram, from the P arrivals until
the coda falls beneath some absolute amplitude level for the last time. In our case, this
level corresponds to the background noise initial signal. Signals abnormally short,
abnormally long, or for which the end could not be isolated from the background
noise, were not included in this study. Epicentral distances (A) in degrees were
calculated by using revised Hypo71 (LEE and LAHR, 1975). Origin times, locations,
and magnitudes were taken from IGN Bulletins.



1064 Issam Mouayn et al. Pure appl. geophys.,

Figure 1
Epicenters and NMSNET station locations used in this study for the entire data set. Background image is a
colored shaded topographic relief map of Northern Morocco and Southern Spain.

Data Analysis

Derivation of the Mp Equation

It is now proven that, if the envelope of the coda follows a ¢~ relationship with
increasing time, the duration magnitude, Mp can be computed from a relationship of
the form Mp = glog,,{t) +r with g =1.5 (HERRMANN, 1975). The observed
relationship between magnitude and duration is shown to be a result of the
particular shape of the signal coda as a function of time. The correlation between
mpLg/%N and the signal duration recorded by the NMSNET stations for the entire
data sets is illustrated in Figure 2. The best fit between m,Lg/®Y and the common
logarithm of (t) is represented by a linear function: m,Lg’Y = 1.541og,y(t) +0.12
where 1.54 is the value of the coefficient ¢ proposed when the envelope of the coda
can be well approximated by t~¢ power law (HERRMANN, 1975). This argues clearly
the necessity of adopting a magnitude-logy(z) relationship. The goal here is to
quantify m,Lg/®", in terms of duration of the coda. The employed technique is a
complete linear least-square regression analysis (JoBsoN, 1991), with independent
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Table 1
Station Corrections cSta;.
No. Code Name Sub-Network/ NT Location ¢Sta;  AMSR  Number
of data
Lat. Long.
N) W)
1 TIO Tiouine Non-Telemetered  30.550 -7.150 0.29 -0.29 77
2 OUK Oukaimden Chichaoua 31.209 -7.868 0.24 -0.24 24
3 TZK Tazeka Ifrane 34.089 -4.184 0.17 -0.17 151
4 TAF Tafouralt Non-Telemetered  34.480 —-2.240 0.16 -0.16 101
5 MIF Mishlifen Ifrane 33.409 -5.229 0.16 -0.16 48
6 ZAl Zaio Zaio 34803 -2.746  0.15 —-0.15 114
7 ZFT Ezzeft Midelt 32,034 -4.352 0.15 -0.15 29
8 KIB El Ksiba Beni Mellal 32.576 —6.039 0.13 -0.13 81
9 IFR Ifrane Non-Telemetered  33.310 -5.070 0.12 -0.12 125
10 CZD Col de Zad Midelt 33.033  -5.043 0.08 -0.08 127
11 TNF Tounfite Midelt 32.530 -5.319 0.07 -0.07 26
12 TZC Tazercounte Beni Mellal 32.148 -6.490 0.06 -0.06 50
13 PAL Palemas Zaio 35225 -3942 -0.04 0.04 109
14 JBB Jbel Babet Zaio 35013 -4.198 -0.06 0.06 49
15 DKH Dar Kharkour Tanger 35490 -5.360 -0.08 0.08 51
16 TOU Touzarine Zaio 34962 -3.754 —0.08 0.08 122
17 CPS Cap Spartel Tanger 35791 -5910 -0.11 0.11 87
18 TGT Taghat Ifrane 34.070 -5.055 -0.11 0.11 95
19 RSA Sarsar Tanger 34877 -5.828 -0.12 0.12 74
20 BIT Ibn Batouta Tanger 35.648 -5.729 -0.13 0.13 63
21 TSY Tnine Sidi Tanger 35373 -5.970 -0.14 0.14 97
I’Yamani
22 JHA Jbel Lahdid Chichaoua 31.736 -9.454 -0.23 0.23 23
23 CIA Chichaoua Chichaoua 31.565 -8.759 -0.25 0.25 58
24 RTC Rabat Centre Data Reception 33990 -6.858 -0.32 0.32 44
Centre
25 AVE Averoes Non-Telemetered  33.170 -7.240 -0.32 0.32 109

NT : Non-Telemetered Station

Number of data : number of duration measurements per station

Magnitude formula used: Mp;; = —0.14 + 1.63log,o(7);; + 0.031(A),; + 0.031(A),; + cSta;
AMSR = Average magnitude station residual = —cSta,

variables log,o(t) and (A). The quantity m,Lg/“Y is assumed to be the chosen
reference magnitude, to which the variables log,o(t) and (A) are related, with errors &,
as: mpyLg/® = ¢y + c11ogo(t) + c2(A) + &, where cg, ¢; and ¢, are the constants to be
determined. We solve for the model the constants, and then use these to calculate Mp.
In this case, both the errors due to measurement and the lack of fit of the model are
contained in &. If errors are small and randomly distributed, then the model is
considered satisfactory for these work data. We adopt for Mp the model represented
by the following equation (1) in which cSta; is added as station correction, considered
also as the site correction:
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Figure 2
mpLg'“" magnitude per earthquake versus individual observations of log,,(z) for the entire data of this
study (2,445 durations). The straight line represents the best fit between m,Lg/" and log, ().

IGN

Mp,, = co + c1logo(ti) + c2(Ayj) + cSta; (1)

where a double subscript ij denotes an observation of event i at instrument j; a
subscript / denotes a unique event, and a subscript j denotes a unique instrument.

Iterative Procedure

To adjust My against the data of this paper (independent set) we used a two-stage
iterative procedure. In the first stage we solve for the constants cq;, ¢i1, and ¢y by
regressing initially, T and A against m,Lg/®" with the station corrections cSta; being
reset to zero. The quantities cq;, ¢11, and ¢3; are the resultant coefficients of the first
iteration of the regression. In the second stage the c;; were substituted into equation
(1) and cSta;; estimated. The first station corrections cSta;; are included in the next
iteration of the regression, and the process repeated until the variance and standard
errors converged to a stable minimum, with station corrections being updated
between iterations. The adopted final coefficients ¢y, c¢1, and ¢, are those obtained
from the last iteration of the regression as: co. = cg, cix =c1, cu = ¢, and
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cSta; =y cStay, k being the number of iterations. The resultant magnitude estimate
formulation is:

Mp, = —0.14 + 1.631og,(1;;) + 0.031(A;)) + cSta ()

"

with o = —0.14, ¢; = 1.63 and ¢, = 0.031. The values of cSta; are listed in Table 1.

The magnitude of the i'" event is the mean of individual station estimates Mp,,
and Mp uncertainty is the standard deviation of the mean. The duration magnitude
Mp, estimated by equation (2) is plotted versus log,y(7) to illustrate the strong
correlation between these parameters (Fig. 3a.). Mp, estimated by equation (2)
accounts for 95 percent of the variance pertaining to the regression, predicting
myLg/“N reasonably well (Fig. 3b), while introducing station corrections assumed to
be the site corrections, and the opposite of the average station magnitude residuals.
This assumption is made on the basis that the sensitivity and the class component
(low gain, vertical) had no error leaked into the site corrections, and therefore the
instrument corrections were set equal to zero. To ensure that instruments had no
direct effect on the durations, we have used in this study only stations with the same
instrument response curves (1-Hz natural frequency), and for which attenuation
setting does not change during the survey period. It is known that there is no obvious
change in the residuals/site corrections when amplification changes at station
(BAKUN, 1984). This remains according to the assumption that (r) does not depend
critically on station amplification (LEE et al., 1972).

Testing the Magnitude Equation Mp

One way of investigating whether the newly computed M) values agree with the
m,Lg/®N observations was to apply first the new duration-dependent magnitude
relationship to the test set events. 511 durations for 84 events with epicentral
distances ranging between 10 and about 1,000 km (1 to 10°) are used to plot Mp
estimated by the model (2) with the appropriate station corrections versus the
m,Lg/®N . Figure 4 is a good illustration of the strong correlation between the two
magnitudes scales. Mp estimates are obtained accounting for 91 percent of the data
variance (Table 2). The residuals (Mp — myLg/®V) range between —0.16 to 0.4
magnitude units, with 80% of these residuals near zero, proving that the estimated
values of magnitude using our formula are mostly equal to those given by the IGN.
In the second time the Mp formula is applied to the entire data sets (all events in this
study) to determine whether the new computing procedure with the M) equation is
well satisfied (Fig. 5). We effectively found that the best fit between the m,Lg/®Y and
Mp values is a linear function of the form Y = 0.91X + 0.32, with a coefficient of
determination R-squared of about 0.94. The obtained result confirms the strong
evidence that the model used in this study conformed with the data of this paper.
Individual residuals (Mp — m,Lg/°V) calculated for 479 events (2,445 durations) range
between — 0.54 magnitude units underestimating m,Lg/®Y and 0.47 magnitude units
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Figure 3a
M), estimated and adjusted (independent set) for station corrections. The curved line is the best fit between
Mp,, (corrected for site effect) and log,((z).

Figure 3b
Mp, estimated versus m,Lg/®" for each event of the independent set. The straight line has a slope of 1.
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Figure 4
M), estimated versus m,Lg/®" for each event of the test set. The straight line has a slope of 1.

Table 2

Variance Analysis

Variables Standard R? F Test Number of degrees
e Error of freedom
log,y(t) A (km)

Independent Set

no Csta; (+) +) 1.08 0.84 5248 1931
with ¢Sta; (+) (+) 0.87 0.95 17190 1931
Test set
with cSta; +) +) 0.97 0.91 2346 508

(+): variables included in this model
R?: Correlation coefficient
F Test: F test compared to the F of the model

overestimating m,Lg/°". To check for probable correlation between individual
station magnitude residual values and their corresponding M), estimated magnitudes,
durations common logarithm (log,¢(t)), or epicentral distances A, we have plotted
these residuals (for each event of the entire data) versus Mp, versus log;y(t) and
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Figure 5
Mp, estimated versus m,Lg/Y for the entire data set events. The dashed grey line (¥ = 0.91X +0.3)
represents the best fit between Mp,, corrected for the site effect, and m; Lg/®". The straight has a slope of 1.

versus A, respectively, (Figs. 6a, b and 6c¢). It has been found that M) estimates
which are obtained by applying equation (2) show a good agreement for
2.5 < myLg'®" < 4.5 (Fig. 6a.). Mp has a negative bias in the range from 4.5 to 5.4
(Fig. 6a.). This may be due to the insufficiency of data with m,Lg/®¥ > 4.5 (Table 3,
Fig. 7) but it cannot affect the adequacy of the model, considering the overall
character of the data used in this study. This is because the majority of the
earthquakes felt in Morocco have magnitudes ranging between 3.5 and 4.5, as
underlined in other seismology studies in Morocco (AiT BRAHIM et al, 2002). It is
clear and expected that for large events (M > 4.5) uncertainties in Mp will be
important. For small events (M < 4.5), however, uncertainties in M) calculations will
be minor. We also found that there is no apparent systematic error in Mp with (1)
(Fig. 6b.), or with A (Fig. 6c.), and therefore residuals are uncorrelated as a function
of log,o(7), or A to at least 10°.

Station Corrections (Site Corrections)

In this study, station corrections are computed using the model in equation (2)
and introduced to reduce the particular effect of local geological heterogeneity at the



Vol. 161, 2004 Duration Magnitude Scale for Northern Morocco 1071

Figure 6a
Residuals (Mp,, — m,Lg'Y) versus Mp, for the entire data sets (2,445 durations).

Figure 6b
Residuals (M, — myLg'“") versus logy,(1),; for all the data sets (2,445 durations).

site of the stations, and therefore can be viewed as the resultant errors in the
prediction of the coda length assuming a simple description of the physical
parameters of a seismic event. The seismic source is in general represented only by a
single variable which is the magnitude (or the seismic moment) of an earthquake, and
the volume of the medium between the hypocenter and the station is simply
represented by the epicentral distance A. This single variable A cannot explain all the
propagation-path effects which influence the durations and result in either overes-
timating or underestimating the magnitude at a station. It is implicit that station
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Figure 6c
Residuals (Mp, — mpLg'®) versus A;; (in degrees) for the entire data sets (2,445 durations).

Table 3
Distribution by magnitude of Events of this Study

Magnitude 2.5-3 3-3.5 3.54 4-4.5 4.5-5 5-5.5
Events 160 181 105 24 5 3

corrections are not resulting from a bad representation of the seismic source
properties, since a source can be viewed as a point (as well as it can be considered as a
volume) from which the seismic energy is radiated in all directions. This energy is
quantified by an intrinsic parameter such as the magnitude (or the seismic moment).
Clearly, although durations can be influenced by amplification or attenuation
properties in a volume from the hypocenter to the receiver, we can easily consider
that only an averaged influence is generated by a backscattering phenomenon in all
directions of this volume, especially, backscattering heterogeneity in a volume
surrounding the source and receiver (TSUIURA, 1978; AkI, 1980). The coda-wave
energy is observed homogeneously distributed in the crust (Aki, 1969; MAYEDA
et al., 1992). This influence may not be evaluated because it may not be isolated—as a
known value—from the total correction attributed to each station. Nonetheless it is
clear that an implicit error in magnitude estimation due to the path-propagation
properties in this volume, and resulting from a particular regions geological
properties, can be represented by a characteristic supplementary additive mean value
correction for this region, and therefore can be leaked into the station correction for
physical attenuation properties of local geology in the immediate vicinity of stations.
This is due to the fact that surface geology exerts significant influence on the site
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Magnitude-frequency relations for the 479 events used in this study.

amplification (BORCHERDT, 1970; BORCHERDT and GiBBS, 1976; ROGERS et al., 1979,
MICHAELSON, 1990; Su et al.,, 1992). In this study, site corrections (station
corrections) ¢Sta; are obtained in the range between —0.29 to 0.32 magnitude unit
(see Table 2). In an attempt to check for the eventual correlation between these
corrections and the geology underlying the stations we prefer the use of the average
station magnitude residuals ASM R term which are the site residuals (Table 2) rather
than using station corrections cSta; (AMSR = —cSta;).

Mp Site Residuals and their Dependence on Lithology and Tectonics

Site residuals AMSR ranging between —0.29 and +0.32 (Table 2) are plotted at
station locations on a simplified schematic structural map with major tectonic
features of northern Morocco (Fig. 8). Negative (positive) site residual means that
corresponding stations tend to underestimate (overestimate) the Mp magnitude, and
consequently have shorter (longer) durations than expected coda duration. The
geological properties of the individual sites were read from the 1:10° scaled geological
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Figure 8
Simplified schematic structural map of northern Morocco.

map of Morocco (editions service géologique du Maroc, 1985), and tectonic map of
northern Morocco (AiT BRAHIM, 1991).

We found that stations AVE, RTC, CIA, and JHA which have the highest
positive site residuals (0.23 to 0.32) are installed on a stable competent block
corresponding to the occidental Meseta. This domain of the Hercynian chain is
composed mainly of Palaeozoic formations deformed during Hercynian orogeny
(PIQUE, 1979). Since then, this domain is a homogeneous stable and competent
block with an isostatically compensated crust (BENSARI, 1987; SEBER et al. 1996),
and it is characterized by poor seismic activity and a particular amplification of
the seismic signals. The amplification effect observed at these stations can be
attributed to the low impedance of younger, less consolidated quaternary
sediments (BEAUDET, 1961; Su et al, 1992) at station sites, or it can be viewed
as a systematic result of the presence of a probable zone which causes the signal to
be amplified before being acceded by the Mesetian domain (SEBER ef al., 1993).
Thickness of sedimentary layers at these sites is not important compared to the
thickness of the Palaeozoic substratum. In this case, we note no contradiction with
the Kappa effect (ANDERSON and HOUGH, 1984) which predicts the dominance of
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attenuation due to high absorption for younger sediments since these are not well
represented.

The second group of stations with positive residuals ranging between 0.04 and
0.14 is represented by CPS, BIT, TSY, RSA, TGT, DKH, JBB, PAL and TOU.
These stations are situated in the Rifain domain. CPS, BIT, TSY, RSA, and TGT
are installed along the Rifain external domain with residuals between 0.11 and
0.14. This domain deformed during the middle and upper Miocene tectonic phase
(ANDRIEUX, 1971; AiT BRAHIM, 1991) is characterized by the presence of NW-SE
to E-W trending crustal thrust faults. This zone is characterized by an important
negative gravity anomaly (—150 m gal) along 300 km (VAN DEN BoscH, 1974),
caused by a tectonic crustal thickening due to the thrusting of the external Rifain
domain over the internal domain and the thrusting of this last one over the
Mesetian and Atlasic foreland (AiT BRAHIM et al.,, 1990). In this area the recent
faulting and the absence of younger unconsolidated sediments appear to be the
cause of the moderate amplification observed in these sites. Stations JBB, DKH,
PAL, and TOU with positive near zero residuals (0.04 to 0.08) are disposed along
the thrust front of the Rifain internal domain characterized by the ascension of
ultramafic material situated at depth of 23 to 29 km (BELLOT, 1985). This domain
comprises napes with a slim continental crust (gneiss and micaschist) and their
ultrabasic basement constituting peridotite and Kinzigite over which lay the
Palaeozoic and the limestone dorsal (1800 m) at Tetouan (Haouz Chain) and at Al
Houceima (Boukkouya chain). In this domain no attenuation or amplification is
noted. This is because the majority of events of this study are located in the
homogeneous and competent block of the Alboran crust which represents either
the source or the receiver areas.

In the Atlasic domain, residuals are negative and range from —0.06 to —0.17
for stations TZC, KIB, ZFT, TNF, CZD, IFR, MIF, TZK, ZAl, and TAF. This
domain is affected by the upper Miocene deformation (LAVILLE, 1985; PIQUE
et al., 1998; MOREL et al., 2000). In this tectonic phase, the competent
Precambrian and Palaeozoic substratum were intensively fractured and the
Jurassic limestone cover plied and detached at the Triassic argillites level
(LAVILLE, 1985; PIQUE et al. 2000). This intracontinental mountain chain (more
than 4 km altitude) with no crustal “root” (WIGGER et al., 1992; GOMEZ et al.,
1998) is considered to have a relatively important seismic activity with focal depths
up to 150 km (HATZFELD, 1978). This area which absorbs the maximum
deformation resulting from the Africa-Europe convergence shows a notable
seismic wave decay (low amplification) due, initially, to the dominance of
Precambrian and Palaeozoic rigid blocks over which Jurassic limestone formations
lay, and secondly, to the absence of younger sediments at station sites. The
negative, near zero residuals for TNF, CZD, and TZC (—0.06 to —0.08) may be
explained by the location of all these stations on active crustal faults which limit
the middle and high Atlas (AiT BRAHIM, 1991; MOREL et al., 2000).
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Lastly, OUK and TIO stations with the highest negative residuals of —0.24 and
—0.29 respectively, are located in two different domains; the OUK station in the high
Atlas and the TIO station in the anti-Atlas domains, however they are both installed
on 2000 M year-old Precambrian crystalline rocks (gneiss, migmatite, granitoid)
representing the rigid and stable West African basement (2000 to 4000 M years). This
clearly explains the important decay both in duration and amplitude of seismic waves
observed in these geological units (old and well-consolidated rocks), and as
established by many authors (BOORE and ATKINSON, 1992; EATON, 1992; Su et al.,
1992) for different regions of the earth.

Conclusion

The first coda-duration magnitude (Mp) formula is presented and tested for the
northern Morocco seismic network (NMSNET). This formula is obtained using
479 earthquakes with 2.5 <m, < 5.4 from March 92 to February 2001. The
magnitude for the i event (Mp), is the mean value of individual station estimates:
Mp, = —0.14 + 1.63log,o(t;;) + 0.031(A;;) + cSta; where (t;;) is the duration of the
recorded signal, (A;;) the epicentral distance, cSta; the site correction and
subscripts i and j denote an event i recorded at a station j. Instrument gain
settings infrequently change during the survey period. Special care was taken to
ensure that the corresponding records were not included in this study. Thus no
corrections were considered for the sensitivity of the used instruments (low-gain,
analogue, short-period vertical component). In this empirical approach we noted
the following points: (1) Mp site residuals (—cSta;) are the results of the local site
effects which influence the recorded durations and make stations overestimating or
underestimating Mp up to 0.5 magnitude units; (2) Mp site residuals are found to
be independent of the distance from the epicenter to at least 10°; (3) particular
values of Mp site residuals may be systematically related to geologically underlying
stations, such as bedrock lithology, structural domain, and tectonic features. It has
been found that higher negative residuals (—0.29 and —0.24) have been obtained
for the high and anti-Atlas old Precambrian crystalline rocks (gneiss, migmatite,
granitoid,..) which constitute a part of the rigid and stable West African basement.
In these units we note an important attenuation (low amplification) of the seismic
waves. Intermediate negative residual values (—0.17 to —0.12) have been observed
at stations in the middle and high Atlas Palaeozoic deformed rocks, beside a
moderate attenuation of the seismic energy. Near zero negative residuals (—0.06 to
—0.08) are also obtained for stations located in the areas. These residuals may be
explained by the location of the corresponding stations on the active Mesozoic
and Quaternary crustal faults limiting the middle and high Atlas belts. Near zero
positive residuals (0.04 to 0.08) have been obtained for stations disposed on the
thrust front of the Rifain internal domain which is on the Alboran crust.
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Intermediate positive residuals (0.11 to 0.14) have been observed at stations
located on the thrust front of the external Rifain domain over the Mesetian and
Atlasic forelands. The moderate amplification noted here may be caused by
the absence of younger sediments and the recent tectonic activity. Concludingly,
the higher positive residuals (0.23 to 0.32) correspond to the stations set in the
occidental Meseta domain which is a homogeneous block with quaternary younger
deposits. In this area we have noted an important amplification of seismic waves
mainly due to the low impedance for younger, less consolidated sediments. In
general our results have shown that older competent rocks produce higher
negative residuals (shorter durations), while younger less consolidated sediments
produce higher positive residuals (longer durations). The interpretations given to
explain the correlation between geological properties in the immediate vicinity of
station sites and intermediate positive or negative residuals, are an unusual result
requiring more study, and therefore, may not be fully justified.
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Using Active Faults and Seismicity for the Strong Motion
Modeling in the Eastern Rif (Northern Morocco)

L. Air BRaHIM!, B. TADILI?, C. NaKHCHA!, I. MouaYN!, M. RAMDANP,
M. LiMourr®, A. EL Qapr®, F. Sossey Araout!, and M. BENHALIMA!

Abstract—The aim of this study is to conduct a probabilistic seismic hazard analysis for the eastern
Rif area in northern Morocco. The source zones were established on the basis of the seismicity database,
the fracturing analysis deduced from Landsat7 ETM digital enhancement and marine seismic reflection
profiles. By the use of this information together with the selected attenuation relationship, the peak ground
acceleration contour maps are produced for specific return periods. The map has been divided into
intervals of 0.1 degrees in both latitude and longitude to calculate the values at each grid point and draw
the seismic hazard curves. The results of seismic hazard assessment are displayed as iso-acceleration
contours expected to be exceeded during typical economic life times of structures.

Key words: Seismicity, seismic zones, seismic hazard assessment, eastern Rif, Morocco.

1. Introduction

The Rif belt represents the southernmost part of the Betic-Rif orocline and
belongs to the alpine peri-Mediterranean chain (DURAND DELGA and FONTBOTE,
1980). It results from the superposition of several tectonic, compressive and
distensive phases of alpine age, which succeeded one another from the Eocene age
until the current one (MOURIER, 1982). The study area constitutes an eastern part of
the Rif chain being in contact with the southwestern end of the Alboran ridge. It is
worth mentioning, from north to south, the Bokkoya chain (internal domain), the
Tisirene flyschs unit (internal domain), the Ketama unit (external domain), the
Temsamane unit and the external Rif units (ANDRIEUX, 1971).

The eastern Rif is acknowledged to be the most seismically active region in
Morocco (AT BRAHIM et al., 1990; CHERKAOUI, 1991; EL ALAMI et al., 1998; VACCARI
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Figure |
Seismicity of the North of Morocco (1900-1999).

et al.,2001) (Fig. 1). This study is aimed to: 1. Establish a fracturing map started from
the use of space imagery associated with ground control and the seismic reflection
data originating studies from (CHALOUAN et al., 1997, CALVERT et al., 1997).
2. Possible relationship between the fracturing deduced from this analysis and the
seismicity. 3. Defining seismotectonic zones in order to calculate the seismic hazard by
the use of the Gutenberg-Richter relation (log,oN = a - bM). 4. Using the attenuation
relationship of JOYNER and BOORE (1981) to relate the expected ground motion at
each site during an earthquake with its magnitude and distance from the site.

2. Methodology

To evaluate seismic hazard, we have identified seismic source zones; which are
characterized by active faults network and homogeneous seismicity (frequency and
magnitude distribution). In order to establish a neotectonical map, we used a
Landsat7 ETM image (path 200, row 036 acquired on the 25th of April 2000 at 10h
43min 18s) and a set of 1/20000 scaled aerial photographs followed by a ground
control. The general methodology in calculating seismic hazard is well established in
the literature (CORNELL, 1968). The method involves two separate models: a
seismicity model describing geographical distribution event sources and the
distribution of magnitudes, and an attenuation model describing the effect at any
site given as a function of magnitude and source to site distance. The seismicity
model may comprise a number of source regions, the seismicity of which should be
expressed in terms of a recurrence relationship of events with magnitudes greater or
equal to a certain value. For forecasting seismic occurrences numerous models have
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been developed. The simplest stochastic model for earthquake occurrences is the
homogeneous Poisson model, which is used in this study. Although not specifically
required in the SEISRISK III program utilized, the recurrence relationship of the
events is expressed with the help of the empirical relationship first defined by
Gutenberg-Richter: logjoN = a — bM, where N is the number of shocks with
magnitude greater or equal to M per unit time and unit area, (a) is a rate parameter,
and (b) represents the decrease with magnitude. This is related with the ratio of
earthquake magnitude expected in the region. Using an application of the total
probability theorem, the probability per unit time, that ground motion amplitude
(a*) is exceeded, can be expressed as follows (MCGUIRE, 1993; McGUIRE and
ARABASZ, 2000):

P[4 > a*in time {]/t = va//[l — Fy(a/m,r)|fu(m)fr(r/m)dmdr,

where [1 - F4(a/m,r)] is the probability that an earthquake of magnitude (m) at a
distance (r) produces a ground motion amplitude at the site which is greater than (a).
Given (m) and (r), fy(m) is the probability density function for magnitude and
fr(r/m) is the probability distribution function for distance.

3. Fracturing Analysis

The fracturing analysis deduced from digital enhancement of Landsat7 ETM
imagery (Fig. 2) and followed by a ground control enabled us to show that the
eastern Rif is affected by a series of faults oriented NE-SW, N-S and NW-SE (Fig. 3).
These faults networks complete the studies carried out by Buu DUVAL et al., (1976);
AiT BRAHIM (1991); DEFFONTAINES et al. (1992) and CHOTIN et al. (1997).

The NE-SW oriented faults (N020°E to NOS50°E) correspond to the left lateral
strike-slip system such as the Nekor fault, the Boussekour fault and those which
cross the entire Bokkoya and the Tisirne flyschs units. The faults of N-S direction
(N170°E to NO20°E) are composed of normal faults with left-lateral strike-slip
components such as that of bas-Nekor fault. The latter, also observed by CHOTIN
et al. (1997) on Radar SAR ERS-1 imagery, starts from the Mediterranean Sea
crossing the South to the foreland. To the west of Al-Hoceima other faults of the
same direction cross the Tisirene and Ketama units; the most important of these are
the Rouadi and Al-Hammam faults in N170°E direction, which are active during the
recent quaternary since they affect the sedimentary series of the ancient quaternary
(AIT BRAHIM, 1991). The faults of NW-SE direction (N120°E to N140°E), with right-
lateral strike-slip movement, appear mainly in the Bokkoya unit and in east RasTarf,
namely the Boudinar and Oued-ourdane fault.
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Figure 3
Neotectonic map of the eastern Rif. 1—Neogene and Quaternary. 2—Neogene volcanics. 3—Lateral
strike-slip fault. 4—Reverse fault. 5—Normal fault. 6—Anticline. 7—Sincline.

In the marine domain, the seismic reflection study oriented by CHALOUAN et al.
(1997) and CALVERT et al. (1997) shows reverse faults and folds NE-SW to E-W
oriented in the Alboran ridge (Fig. 3).

4. Seismicity

Several Moroccan and foreign sources (CHERKAOUI, 1991; TADILI, 1991; UDAIS
et al., 1986) announced that Morocco for several centuries has been exposed to many
destructive earthquakes of which the most significant and catastrophic is that of
1 November 1755 (magnitude estimated at 9), called the earthquake of Lisbon, and
which was felt throughout Morocco where it claimed several thousand victims.

In eastern Rif the seismic activity is important (Figs. 1 and 4); strong earthquakes
have occurred and some of them caused many losses and considerable destruction in
the area (CHERKAOUI, 1991; TADILI, 1991; AiT BrRAHIM, 2001). The last one is the
event of May 26th, 1994 of magnitude 5.6 which caused extensive damage in the city
of Al Hoceima and its surroundings (EL ALAMI et al. 1998; NAKHCHA, 1994).
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The basic seismicity data used in the present work and located between latitudes
34.4°-35.60°N, and longitudes 2.8°-4.6°W; came from the catalogue of earthquakes
established by RAMDANI, (1991) and TaDpILI (1991); then, completed for the period
from 1900 to 1999 with the data collected by the seismic network of Morocco.

5. Seismic Zones

We define a seismic source zone as a seismically homogeneous area in which every
point within the source zone is assumed to have the same probability of being the
epicenter of a future earthquake. The delineation of seismic source zones required a
complete utilization of the geology, fracturing map started from the use of space
imagery associated with ground control, and seismicity data (Fig. 4).

We regarded 3.5 as the magnitude threshold for our study. This is with the fact
that on the one hand, the majority of the earthquakes felt in Morocco have

Figure 4
Seismotectonic map showing the recorded earthquakes that occurred in the region during the period 1900-
1999. 1—Neogene and Quaternary. 2—Neogene volcanism. 3—Lateral strike-slip fault. 4—Reverse fault.
S5—Normal fault. 6—Anticline. 7—Syncline. 8—(0 <M < 3.5). 9- (3.5<M < 5. 10—-(5<M < 6).
11—(5<M < 6).
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magnitudes ranging between 3.5 and 4.5 and on the other hand, all the events higher

than this value formed part of this analysis.

Seismic source zones used in this study are defined according to the principles
that:

— Seismotectonic zone of the Alboran ridge (Z1) is located in the Mediterranean
Sea. The seismic activity is probably related to the reverse faults movement of NE-
SW direction of the Alboran ridge.

— Seismotectonic zone of bas-Nekor basin (Z2) is characterized by an important
concentration of epicenters. The latter are located along the normal faults with
left-lateral strike-slip components which limits the bas-Nekor basin and Ras-Tarf
high overhanging.

— Seismotectonic zone of the Bokkoya and Tisirene units, including the Boussekk-
our fault (Z3). The epicenters in this zone are aligned along the NE-SW direction.
The left lateral strike-slip of the Boussekkour fault as well as other faults of the
same direction are responsible for this seismicity.

— Seismotectonic zone of Jbel Al-Hamam (Z4) is characterized by a weak seismicity
along faults of N170-NO10°E direction.

— Seismotectonic zone to the south of the Nekor fault (Z5) is also characterized by
weak seismic activity.

The result of this zoning is shown in Figure 5.

6. Attenuation Relationship

Assessment of the seismic hazard requires an appropriate strong-motion
attenuation relationship which depicts the propagation and modification of strong
ground motion as a function of earthquake size (magnitude) and the distance
between the source and the site of interest. The relationship proposed by JOYNER and
BOORE (1981) was chosen for calculations. This function was used by MARIA-JOSE
JIMENEZ et al. (1999) in the Ibero-Maghreb region.

logd = —1.02 + 0.25M — 0.00255(R* + 7.32)'/* — log(R* + 7.32)"/2,

where A4 is the maximum PGA (g), and R is the hypocentral distance (km).

7. Seismic Hazard Computation

Earthquake hazard analysis requires the assessment of earthquake hazard
parameters such as the maximum magnitude, M., the activity rate A, and the b
value of the Gutenberg-Richter relation. The parameters of the frequency-magnitude
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Figure S
Seismic zoning established in the region. I-—Neogene and Quaternary. 2—Neogene volcanism. 3—Lateral
strike-slip fault. 4—Reverse fault. 5—Normal fault. 6—Anticline. 7—Syncline. 8—Magnitude higher or
equal to 3.5.

relationship were determined for each source by a least-squares fit. Table 1 shows the
seismic hazard parameters for the magnitude M > 3.5 in each zone.

In order to calculate the probabilistic seismic hazard in the region, we used the
SEISRISK IIT code designed by BENDER and PERKINS (1987). The attenuation
function is input as a table of values of the chosen ground motion parameter as a
function of magnitude and distance. The program is based on the assumption that
the site acceleration has a Poisson distribution with a mean annual rate, and
generates a cumulative distribution of the acceleration for each specified site. Using

Table 1

Seismic hazard parameters in the eastern Rif.

Zone source N M nax a b B Ax 107
Z1 183 5.1 5.989 1.220 2.810 0.251
72 133 5.5 4.117 0.796 1.834 0.352
73 329 6.4 3.210 0.558 1.285 0.293
74 36 49 5.044 1.175 2.706 0.581

Z5 39 4.9 5.411 1.215 2.798 0.091
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the accelerations and the exceedance rate of accelerations and linear interpolation,
the program determines the ground acceleration value corresponding to the level of
non-exceedance chosen at a grid of sites. The hazard calculations were performed for
a grid of points with spacing of 0.1° in latitude, and 0.1° in longitude.

8. Results and Conclusion

Figure 6 shows the contours of horizontal acceleration calculated to have a 90%
probability of not being exceeded during exposure times of 50 years at a grid of sites
in the eastern Rif. The map indicates that the highest values of the peak ground
acceleration (PGA) are presented in the Al Hoceima city and the surrounding area
(Z1, Z2, and Z3). The seismic activity in these zones is moderate; it has the strong-
recorded earthquake in the past. The acceleration value 13% g for 50 years lifetime in
the Al Hoceima city has a 90% probability of not being exceeded. The smallest
accelerations are expected southeast of Nekor fault (Z5), the PGA values are less
than 12% g in this region. Consequently, the seismic hazard map in eastern Rif
presented in Figure 5 shows that the contour levels of the accelerations range from
6% to 15% g. The results we obtained, in general, are in good agreement with
recently published regional studies (JIMENEZ et al., 1999) in the Ibero-Maghreb
region. Figure 7 displays the map obtained, when considering of the effect of the

Figure 6
Peak ground acceleration (g) values with 90% probability of not being exceeded during a period of
50 years.
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Figure 7
Peak ground acceleration (g) values with 90% probability of not being exceeded for a period of 50 years,
by taking account of the effect of the principal active faults in the area.

principal active faults in the area. While comparing it with the map corresponding to
the same period (Fig. 5), we notice that the contribution of these faults increases the
values of accelerations in certain areas. The zone of Bas-Nekor shows a slight
increase in limiting acceleration (16% g), and the zone of Boussekour (21% g). South
of the area, with latitudes lower than 34.90°N, accelerations always remain weak
between 4% g and 12% g. According to these results, we can say that the traced maps
indicate the zones clearly presenting a high risk in the area. These zones have
maximum values of 15% g, or 21% g if we take account of the eastern Rif principal
active tectonic faults for one period of 50 years recurrence.
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Realistic Modeling of Seismic Wave Ground Motion
in Beijing City

Z. DING', F. ROMANELLI?, Y. T. CHEN', and G. F. Panza®?

Abstract— Algorithms for the calculation of synthetic seismograms in laterally heterogeneous
anelastic media have been applied to model the ground motion in Beijing City. The synthetic signals are
compared with the few available seismic recordings (1998, Zhangbei earthquake) and with the distribution
of observed macroseismic intensity (1976, Tangshan earthquake). The synthetic three-component
seismograms have been computed for the Xiji area and Beijing City. The numerical results show that
the thick Tertiary and Quaternary sediments are responsible for the severe amplification of the seismic
ground motion. Such a result is well correlated with the abnormally high macroseismic intensity zone in the
Xiji area associated with the 1976 Tangshan earthquake as well as with the ground motion recorded in
Beijing city in the wake of the 1998 Zhangbei earthquake.

Key words: Synthetic seismograms, seismic ground motion, Beijing City.

1. Introduction

Beijing City is situated in an active seismic zone, oriented in the NW-SE
direction, stretching from Bohai Sea to the city of Zhangjiakou along the northern
margin of the North China Plain. Historically, Beijing City has been rocked by
destructive earthquakes in the past (see Fig. 1). The last great event was the 1697
Sanhe-Pinggu earthquake (M = 8), which occurred approximately 50 km from the
city. The maximum observed macroseismic intensity in Beijing, caused by that
earthquake, was XI, on the China Seismic Intensity Table (XIE, 1957) , which is close
to the MSK scale. The 1976 Tangshan earthquake (M = 7.8) caused a maximum
intensity of VIII in Beijing City. The latest strong event felt in Beijing was in 1998
caused by the M, 6.2 Zhangbei earthquake.

Estimation of the expected seismic ground motion is a key issue in the design of
rational measures for mitigation impact of seismic hazard. For a given study area, a
possible solution to the seismic microzonation problem is to assemble a compre-
hensive set of recorded strong ground motions and to group those seismograms that

" Institute of Geophysics, China Seismological Bureau, Beijing, 100081, China.
E-mail: ding@cdsn.org.cn

2 Dipartimento di Scienza della Terra, Via Weiss 4, 34127 Trieste, Italy.

* SAND Group, ICTP, Strada Costiera 11, [-34100 Trieste, Italy.
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Figure 1
Epicenters in and around the Beijing area (stars represent the events after 1900; circles represent the events
before 1900).

represent similar source, path and site effects. However, such a database is ordinarily
not available in practice. An alternative and complementary way is based on the use
of computer codes, which take into account the seismic waves propagation in
anelastic laterally heterogeneous media, the complexity of seismic sources and the
site effects. Realistic models thus formulated are expected to simulate ground
motions at a given site arising from a given earthquake scenario.

In the present paper, we use the modal summation method (PANzA, 1985;
PANzA and SUHADOLC, 1987; FLORSCH et al., 1991; PANZA et al., 2000) to compute
the synthetic broadband seismogram in the reference bedrock model, using two
different approaches to calculate the synthetic seismograms in laterally hetero-
geneous anelastic structures. The analytical coupling coefficient algorithm (LEVSHIN,
1985; VACCARI et al., 1989; ROMANELLI, et al., 1996, 1997) uses several contiguous
1-D models with vertical discontinuities in welded contact to mimic a 2-D model.
The hybrid method uses the results of the modal summation as the input signal,
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and calculates the seismograms in the local laterally heterogeneous structures by
using a finite-difference algorithm (FAH et al., 1993, 1994; FAH and SUHADOLC,
1995).

In this work, we compute seismic ground motions in Beijing in respect of two
strong earthquakes at epicentral distances in the range 110-160 km (the 1976 M,
7.8 Tangshan earthquake) and 200-235 km (the 1998 M, 6.2 Zhangbei earthquake),
and compare these with the observed records and macroseismic intensities.

2. Structures and Modeling Method

Beijing City is situated in the Beijing Tertiary Depression Zone, the thickness
of the Tertiary sediments reaching 2 km in the southwestern part of the city
(Figs. 2, 3). Quaternary sediments whose thickness increases from the mountain-
plain boundary to the southeastern direction cover all of the plain area. Whilst
most of the city is covered by Quaternary sediments which average about 0.1 km in
thickness (Fig. 4), there are two abnormally thick Quaternary sediment zones near
the city, one in the northwest, and the other in the northeast suburbs reaching a
maximum thickness of about 0.8 km.

The seismic ground motion in Beijing City is computed in accordance with
two great earthquakes, the 1976 Tangshan earthquake and the 1998 Zhangbei

Figure 2
Thickness (in meters) of the Early Tertiary Sediment Layer in Beijing City (dashed polygon).
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Figure 3
Thickness (in meters) of the Late Tertiary Sediment Layer in Beijing City (dashed polygon).

Figure 4
Thickness (in meters) of the Quaternary Sediment Layer in Beijing City (dashed polygon).
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earthquake. The hybrid algorithm is applied to model the seismic ground motion in
the Beijing City area, while the coupling coefficient algorithm is applied in the Xiji
area, on the eastern border of Beijing City. In both cases, the effects of source, path
and site have been taken into account.

To provide for the source finiteness for different magnitudes, we use the scaling
laws of GUSEV (1983) by properly weighting the source spectrum in the frequency
domain, as reported in Ak1 (1987).

Comparison of the observed data with the synthetic results represents the quality
check of our modeling.

3. Modeling for the Tangshan Earthquake

The July 28, 1976 Tangshan earthquake claimed at least 230,000 victims and
greatly disrupted the political and economic life of China. The earthquake, located
about 160 km east of Beijing City, had a magnitude M, = 7.8 (Chinese Seismic
Network Report). According to the general trend of isoseismals, Beijing City lies in
the zone of macroseismic intensity VI, but abnormally high intensities are reported as
well. More specifically, in the northwest, the observed macroseismic intensity is VII,
and in the Xiji area, on the eastern border of Beijing City, as high as VIII (Fig. 5).

Figure 5
Intensities of the 1976 Tangshan Earthquake reported in the Beijing Area. The intensity in most areas of
Beijing City is V1. While intensities in Xiji (VIII) and the northwestern part of Beijing City (VII) are
characterized by anomalously high intensity values.
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Based on previous studies (ZHANG et al., 1980), the parameters of the Tangshan
earthquake adopted in this study are:

Location: 39.4°N, 118.2°E

Depth = 11 km

My = 1.8 * 10*” dyn * cm

Source Mechanism: Strike = 30°, Dip = 90°, Rake = 180°.

The Xiji area, located over the Dachang Tertiary depression zone, has a specially
shallow structure. The thickness of the Quaternary sediment is about 0.4 km and the
depth of the Tertiary sediments in the Xiji area reach 3.0 km. The Tertiary sediments
in Xiji are substantially thicker compared with that in the neighboring areas. SUN
et al. (1998) simulated the seismic ground motion for SH waves in the Xiji area, using
the hybrid method. Here we extend their work using the coupling coefficient
algorithm (LEVSHIN, 1985; VACCARI et al., 1989; ROMANELLI et al., 1996, 1997) to
compute the synthetic seismograms for SH and P-SV waves.

Figure 6
Synthetic Seismograms in Xiji Area for the 1976 Tangshan Earthquake. Q and T represent the Quaternary
and Tertiary sediments, which cover the bedrock. The geophysical properties of the sediments are given in
Table 1 of DING er al. (this issue).
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Figure 6 shows the local structure and the synthetic three-component ground
accelerations in the Xiji area in respect of the event parameters representing the 1976
Tangshan earthquake, the largest amplitudes being obtained in the transverse
component of motion (SH waves).

To estimate site effects, we use as reference signals the synthetic seismograms
computed for the average one dimension (I-D) bedrock model defined by SUN et al.
(1998), which includes the crust and upper mantle structures and has no sediments at
the surface. Figure 7 shows the comparison between the peak values obtained with
the bedrock (1-D) and the realistic laterally varying (2-D) structures. There are
abnormally large amplitudes at epicentral distances in the range between 109 and
112 km. At approximately 110 km, the maximum amplitude is larger than 200 (cm/
s*s), quite compatible with the observed anomalous intensity (VIII). The ratios of
maximum amplitude and Arias intensity (ARias, 1970), AMAX(2D)/AMAX(1D)

Figure 7
AMAX(2D)/AMAX(1D) and W(2D)/W(1D) along the profile adopted to model the seismic ground
motion in the Xiji Area. Q and T represent the Quaternary and Tertiary sediments, which cover the
bedrock.
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and W(2D)/W(1D), reach the highest values in the Xiji area. There are two peaks in
the Arias intensity ratio W(2D)/W(1D): more than 5 at a distance close to 110 km,
due to the large peak values of the seismograms in the laterally varying model, and
over 4 at a distance close to 117 km, mainly due to the long duration of the ground
motion in the laterally varying model. These results explain quite naturally how the
local mechanical properties amplify the seismic ground motion and cause the
abnormally high intensity value, observed in the Xiji area during the 1976 Tangshan
earthquake. Our results confirm the results obtained by SuN ef al. (1998) who used
the 2-D finite-difference algorithm.

Figure 8
Cross section and the synthetic acceleration (radial, R; transverse, T, and vertical, Z) along the profile
TS04. The contour lines shown in the model represent the boundaries of the three sedimentary layers,
which cover the bedrock.
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An abnormally high intensity (VII) area is observed in the northern part of
Beijing town as well. To study this phenomenon we consider a profile TS04 (see
Fig. 5) that points from the epicenter of the 1976 Tangshan earthquake towards
Beijing . The profile penetrates the northern part of Beijing town, and crosses the
abnormally high intensity (VII) area. The distance along the profile is measured from
the epicenter of the 1976 Tangshan earthquake.

Along this profile, two thick Quaternary sediment areas are encountered at
distance of 153-163 km and 170 km. The synthetic three-component acceleration
seismograms along the profile TS04 were obtained (Fig. 8) by using the hybrid
method (FAH et al., 1993, 1994, FAH and SUHADOLC, 1995). In the simulated
seismograms, the amplitude of the transverse component is found to be about 10

Figure 9
AMAX, AMAX(2D)/AMAX(1D) and W(2D)/W(1D) along profile TS04.
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times the radial and vertical components, as in the Xiji area. The waveform
variations of all three components along the profile are strongly correlated to the
thickness of the Quaternary sediments. At distances of 153—160 km and 168-171 km,
the amplitudes and the durations of the seismograms are enhanced. The values of
AMAX around 150 cm/s*s are quite compatible with intensity VII. The ratios
AMAX(2D)/AMAX(1D) and W(2D)/W(1D), obtained using the bedrock model of
SUN et al. (1998) reach their peaks over the two thick Quaternary sediment areas
(Fig. 9). In the northwestern part of Beijing town (about 170 km in TS04), the ratios
AMAX(2D)/AMAX(1D) and W(2D)/W(1D) can be as large as 2.5 and 8.0,
respectively. This site coincides with the narrow, abnormal (one-degree higher)
intensity zone, observed during the 1976 Tangshan earthquake.

4. Modeling for the Zhangbei Earthquake

Next, the source parameters of the 1998 Zhangbei earthquake (Havard CMT
solution), given below were used to computer ground accelerations in Beijing.

Date: January 10, 1998

Location: (41.2°N, 114.4°E)

Depth = 15 km

Figure 10
Beijing Seismic Network Stations; triangles represent the location of seismic stations and stars the
epicenters of the 1976 Tangshan and the 1998 Zhangbei earthquakes.
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M, = 6.1 * 10°* dyn*cm

NPI: Strike = 200°; Dip = 44°; Slip = 136°

NP2: Strike = 324°; Dip = 61°; Slip = 55°

Because of the NE orientation of the distribution of aftershocks, we selected NP1
as the preferred fault plane solution, and Rake = 180°.

The Zhangbei earthquake was the latest strong earthquake that occurred near
Beijing City. Since several digital seismic stations had been deployed in the Beijing
area before the earthquake (Fig. 10), we had an opportunity to compare our
synthetic seismograms computed in this area with real seismic records.

For the main shock, only one station, FHSD, recorded a good seismograms, others
being saturated. Some aftershocks with magnitude M; > 4 were well recorded by most
of these stations. Figure 11 shows the records (transverse component—the largest one)
for the aftershock that occurred on January 17, with magnitude M; = 4.6. The four
stations, QSDD, LQSD, FHSD, and ZKDD are almost from the same azimuth with
respect to the epicenter. In the records of QSDD, LQSD, and ZKDD, located in the
mountain area, the amplitude of the seismic waves decreases with increasing epicentral
distance. The station FHSD, located over thick sediments, does not follow the rule
showing relatively large amplitudes (comparable to the ones of QSDD).

It

Figure 11
Observed Seismograms for the aftershock, with magnitude M, = 4.6, occurred on Jan. 17, 1998, of the
1998 Zhangbei earthquake. The epicenter distances of the recording stations, QSDD, LQSD, FHSD, and
ZKDD, are 164, 187, 213 and 216 km, respectively. Station FHSD is located in the thick sediments area,
while the other three stations lie on bedrock . The signals, after deconvolution for the instrument response,
are low-pass filtered with a cut-off frequency of 1 Hz.
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Figure 12
Synthetic seismograms for the aftershock, with magnitude M; = 4.6, occurred on Jan. 17, 1998, of the
1998 Zhangbei earthquake. The synthetic seismograms are calculated at stations QSDD, LQSD, FHSD
and ZKDD. The Ist, 2nd and 4th seismograms are calculated using the modal summation method applied
to the bedrock model. The 3rd seismogram is the result of the finite-difference method applied to the model
shown in Figure 8. The maximum frequency in the calculation is 1 Hz.

Seismograms at stations QSDD, LQSD, FHSD, and ZKDD were also simulated
(Fig. 12), at QSDD, LQSD, and ZKDD, using the bedrock model and the modal
summation method. At FHSD, we used hybrid method with the laterally hetero-
geneous model, shown in Figure 8. The synthetic signals show that the thick
sediments beneath FHSD amplify the peak values of seismic ground motion, as seen
in the actual records.

5. Conclusions

Three-component broadband synthetic accelerograms have been calculated for
sites in Beijing City in respect of the 1976 Tangshan and the 1998 Zhangbei
earthquake, to be regarded as calibration events.

Both the synthetic seismograms and observed data show that the thick
Quaternary sediment in the northwest of Beijing town and in Xiji area amplify the
seismic wave ground motion.

This satisfactory comparison between observed and synthetic waveforms
represents a sound justification for extending ground motion modeling to sites
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where observations are not available. Thus, it would be possible to study expected
seismic ground motions at close sites covering all of Beijing City, thereby generating
a seismic microzonation map as a basic map for land-use planning and specification
of building codes and practices by local authorities, city planners, land-use specialists
and civil engineers.
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Estimation of Site Effects in Beijing City

Z. DING', Y. T. CHEN!, and G. F. Panza®?

Abstract—For the realistic modeling of the seismic ground motion in lateral heterogeneous anelastic
media, the database of 3-D geophysical structures for Beijing City has been built up to model the seismic
ground motion in the City, caused by the 1976 Tangshan and the 1998 Zhangbei earthquakes. The hybrid
method, which combines the modal summation and the finite-difference algorithms, is used in the
simulation. The modeling of the seismic ground motion, for both the Tangshan and the Zhangbei
earthquakes, shows that the thick Quaternary sedimentary cover amplifies the peak values and increases
the duration of the seismic ground motion in the northwestern part of the City. Therefore the thickness of
the Quaternary sediments in Beijing City is the key factor controling the local ground effects. Four zones
are defined on the base of the different thickness of the Quaternary sediments. The response spectra for
each zone are computed, indicating that peak spectral values as high as 0.1 g are compatible with past
seismicity and can be well exceeded if an event similar to the 1697 Sanhe-Pinggu occurs.

Key words: Site effects, synthetic seismograms, Beijing City.

1. Introduction

China is one of the countries exposed to the largest seismic hazard in the world.
Death caused by seismic activity exceeds the sum of victims caused by other natural
hazards. Most provinces in China have historical records of destructive earthquakes.

China is located at the intersection of the Pacific Ocean seismic belt with the
Euro-Asian seismic belt, and it is affected by the strongest continental seismic activity
in the world. The historical records contain thousands of destructive earthquakes
which occurred in China. They include eight earthquakes with magnitude greater
than or equal to 8 before 1900. The 1556 ShanXi earthquake (M=8) claimed 830,000
victims. Past 1900, there were nine earthquakes with magnitude greater than or equal
to 8, seven of which occurred in the continental area. The most immense was the 1950
Tibet earthquake with a magnitude of 8.6. The 1976 Tangshan earthquake (M=7.8)
claimed at least 230,000 victims and destroyed a modern city in a few seconds. Based
on the high level of seismic activity in China, the loss of human life and property due
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to seismic hazard is important and urgent to mitigate, especially in the megacities and
large urban areas.

Beijing, the capital city of China, has a large population (about 12 million) and
hosts many important economic and political centers. The city recurrently suffered
from earthquakes. The latest great event was the 1697 Sanhe-Pinggu earthquake
(M=38), sited 50 km from the city. The maximum observed macroseismic intensity in
Beijing was XI. The intensity was scaled on the China Seismic Intensity Table (XIE,
1957). The 1976 Tangshan earthquake (M=7.8) registered in Beijing a maximum
intensity of VIII. The 1998 Zhangbei earthquake (M=6.2) was the latest strong event
felt in Beijing. The spatial distribution and the physical properties of the local
structures are often correlated to the seismic damage distribution.

The estimation of the seismic ground motion produced by possible strong
earthquakes (earthquake scenarios) is useful to reduce the seismic damage. In a
companion paper DING et al. (2004) have modeled digital recordings of the 1998
Zhangbei earthquake. One of the stations, FHSD, is located on the thick Quaternary
sediment area, approximately 200 km from the epicenter. The observed seismograms
show that the seismic waves are substantially stronger at the station FHSD than at
other stations located in the mountain area, at similar epicentral distances. The
modeling of DING et al. (2004) explains quite naturally the observations, i.e. that the
Quaternary sediments enlarge the peak values and the duration of the seismic waves
at the station FHSD. Using the same modeling technique validated by DING et al.
(2004) we can immediately compute the ground motion due to any scenario
earthquake. In this manner, we obtain the seismic response at any place for any
potential strong earthquake, and can estimate the distribution of future earthquakes,
effects and damage in the research area.

For such a purpose, we built the data set of the physical properties of the local
3-D underground structure in Beijing City. With this data set, the geophysical
structure along an arbitrary cross section can be obtained, and the latest computer
codes developed at the Department of Earth Science, University of Trieste, Italy are
used for the calculation of realistic ground motion (PANzA, 1985; PANzA and
SUHADOLC, 1987; FLORSCH et al., 1991; FAH et al., 1993, 1994; PANZA et al. 2000).

2. The Structures Database

The research area for Beijing City is defined latitudinally 39.8°N to 40.1°N and
longitudinally 116.2°E to 116.6°E. The data from local dense drilling wells and
geological survey results (GAO and Ma, 1993) are employed to define the distribution
of the Quaternary and Tertiary sediment properties and thickness. In the research
area there is no sedimentary cover in the mountain area, while the Quaternary
sediments cover the entire plain district where the thickness increases from the
northwestern mountain-plain boundary to the southeast. There are two abnormally
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thick Quaternary sediment zones near the city; one at the northwest margin of the city,
the other within the northeast suburbs. In the latter the thickness reaches 800 meters.

The parameters in the database constructed to study the seismic ground motion
in Beijing City include the density, the seismic velocities of P and S waves, and the
attenuation parameter Q values for the different sedimentary units (Quaternary, Late
Tertiary and Early Tertiary). The density values are obtained from local geophysical
surveys and gravity inversion results (GROUP OF RESULTS OF DEEP GEOPHYSICAL
PROSPECTING, 1986). The S wave velocity is derived from shallow seismic exploration
and drilling well data.

Table 1 lists the available ranges of the considered parameters of the sediments.
In the local geophysical data set the thickness of the three sedimentary layers is
specified on a 0.02° x 0.02° horizontal grid. At any point in the volume, the density,
the P and S-wave velocity and the Q value can be obtained from the data set. These
parameters are then used to build-up the input structural model for the calculation of
the synthetic seismograms in the laterally heterogeneous anelastic media.

The synthetic seismograms are calculated along the profiles by using the hybrid
method, which combines the modal summation (1-D) and the finite-difference (2-D)
algorithms (PANZzA, 1985; PANzA and SUHADOLC, 1987; FLORSCH et al., 1991; FAH
et al., 1993, 1994; PANzA et al. 2000). In the calculation, the seismic source, the travel
path from the source to the research area and the site structure are all taken into
account. The bedrock reference 1-D structure is taken from SUN et al. (1998).

In the hybrid calculation the finite-difference method requires that there are at least
ten grid points inside the shortest wavelength (FAH, et al., 1994). In our model the
minimum S-wave velocity is 0.4 km/s. If we consider an upper frequency limit of 4 Hz,
the minimum wavelength is 100 meters, thus a grid size of 10 meters is appropriate to
describe the structural model. The dimensions of the local laterally heterogeneous
models used in Beijing City are 4 km (depth) by about 40 km (horizontal).

To provide for the source finiteness we use the scaling laws of Gusev (1983) by
properly weighting the source spectrum in the frequency domain, as reported in AKI
(1987). By using the scaled signals in the frequency domain, the response spectral ratio
(RSR) corresponding to the laterally varying model and to the bedrock model, versus
frequency and distance along the profiles, have been calculated to estimate the local
response.

Table 1

Geophysical Properties of the Sediments

Density (g/cm’) Ve (km/s) Vs (km/s) Os
Quaternary 1.8-2.2 1.0-3.5 0.4-2.0 40-60
Later Tertiary 2.4-25 4.0-4.6 2.35-2.65 100-130
Early T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>