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Abstract This work involves updating the evaluation of seis-
mic hazard in Northeast Algeria by a probabilistic approach.
This reassessment attempts to resolve inconsistencies between
seismic zoning in regional building codes and is further moti-
vated by the need to refine the input data that are used to
evaluate seismic hazard scenarios. We adopted a
seismotectonic model that accounts for differences in interpre-
tations of regional seismicity. We then performed a probabi-
listic assessment of regional seismic hazard in Northeast
Algeria. Based on a homogeneous earthquake catalog and
geological and seismotectonic data gathered in the first part
of the study, a seismotectonic zoning map was created and
seven risk areas were identified. For each area, peak ground
acceleration hazard maps were produced. Details of the calcu-
lations are provided, including hazard curves at periods of 0.1,
0.2, 0.33, 0.5, 1.0, and 2.0 s and uniform hazard spectra at
urban locations in the area, including Sétif, Constantine,
Kherrata, Bejaia, and Jijel.
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Introduction

Algeria overlies the region of convergence between the
African and Eurasian plates, which results in a remarkably
high rate of seismic activity in the northeast of the country
(Fig. 1). Hundreds of tremors recorded during the last century
have been strongly felt, and several have been damaging, in-
cluding the Ms = 6.0 Constantine earthquake of 27 October
1985 and the M = 5.4 Beni-Ouartilane earthquake of 11
October 2000. This history shows that this region of Algeria
is exposed to significant seismic risk.

The remainder of this paper is organized as follows. In the
“Seismotectonic context of Northeast Algeria” section, we
introduce the seismotectonic context of northern and
Northeast Algeria, describing the historic seismicity. An earth-
quake catalog is compiled in the “Seismicity catalogue” sec-
tion, and source areas are defined in “Definition of the seismic
source areas” section, and in the “Choice of ground motion
attenuation relationships” section, we choose the ground mo-
tion prediction equations for estimating the seismic hazard.
The Gutenberg—Richter parameters for each source region
are calculated in the “Results” section. Finally, the results
are presented as hazard maps in the “Discussion and
conclusions” section.

Seismotectonic context of Northeast Algeria

Many authors have investigated the tectonics of Northeast
Algeria (e.g., McKenzie 1972, Bounif et al. 1987, Aoudia
and Meghraoui 1995, Harbi (2006), etc.). Based on these
works, the region can be divided into four distinct
morphostructural domains: the inner domain, the tell (Tellian
Atlas), the high plateaus, and the Saharan Atlas.
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Fig. 1 Seismotectonic map of Northeastern Algeria, showing active and
potentially active faults. a Quaternary fault related to hydrothermal
springs. b Plioquaternary fault. ¢ Reverse fault. d Fold. e Offshore fault.
f South-atlasique flexure. / Quaternary anticline of Djebel Tella. 2
AinSmara fault. 3 Bouchegouf fault. 4 Fault of northern Djemila. 5
Fault of Djebel Youcef. 6 Fault of Rosa Cape. 7 Constantine faults. §

Recent tectonics in the Tellian Atlas have been dominated
by compressive deformation. The distribution of tectonic
structures of Plioquaternary allows to distinguish two groups
in Tellian Atlas: the north-east of Tellian Atlas with major
dextral strike-slip globally trending E-W and forming in its
eastern prolongation the Guelma basin. Further to the west,
from the meridian of Kherrata, the inverse character takes
over, and this recent tectonic regime is marked by the appear-
ance of NE-SW-oriented fold-faults to replay sinestre. The
latter area includes the Hodna, the Kherrata area, the
Soummam, and especially the Mitidja and Chelif Basins of
Central and Western Algeria. Active tectonic processes here
are responsible for moderate to large historic and instrumental
earthquakes, including the Ms = 6.0 Constantine earthquake
of 27 October 1985 and the Ms = 7.3 EI Asnam earthquake of
10 October 1980 (Meghraoui 1988; Aoudia et al. 2000; Harbi
et al. 2003). Figure 1 shows a seismotectonic synthesis of the
study area.

An examination of the seismicity map of Northeast
Algeria (Fig. 2) reveals that a majority of earthquakes
are located along potentially active faults. It is also no-
table that seismicity is almost entirely distributed across
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the northern part of the study area. The distribution of
epicenters follows two major trends: the first runs E-W,
parallel to the coast; the second, trending NE-SW, per-
fectly matches the mapped tectonic features as well as
the directions of the respective isoseist of the major
earthquakes in the study region (Benhallou 1985;
Benouar and Perkins 1993; Mokrane et al. 1994; Harbi
et al. 2003).

Methodology

The management of seismic risk in a region begins with a
quantitative assessment of the seismic hazard. The latter is
generally based on probabilistic or deterministic approaches
established through observations of the frequency of historic
events and their effects at the surface. The goal of probabilistic
seismic hazard analysis is to quantify the likelihood of
exceeding a set of acceleration values at a given site based
on all possible earthquake scenarios. The methodology
applied in this study is based on widely accepted concepts
introduced by Cornell (1968) and McGuire (1976).
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Fig. 2 Seismicity map of 04°
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northeastern of Algeria for the
period from 1850 to 2015

As stated in a catalog of seismicity (Harbi et al. 2010),
seismic activity in this part of Algeria is diffuse, with a mod-
erate activity rate and rare damaging earthquakes (Fig. 2).
These limitations do not allow for immediate identification
of active structures; moreover, the expected size and recur-
rence intervals of strong earthquakes remain poorly investi-
gated. With such an incomplete picture of the seismicity, other
data resources, including surface geology and geodesy, must
be used to quantify the seismic hazard.

Over the past few years, several techniques have been de-
veloped to estimate the seismic hazard, including software
such as EQRISK (McGuire 1976) and SEISRISK III
(Bender 1987). In this study, CRISIS 2007 v7.6 (Ordaz et al.
2007) was used to assess seismic hazard in Northeast Algeria
using a probabilistic approach.

The research methodology followed in this study consisted
of preparing a catalog of seismicity in the study area,
delimiting source areas characterized by homogeneous seis-
micity, and using the attenuation of the peak acceleration to
assess the probability distribution of peak accelerations at each
site. The input parameters required by the CRISIS software
package were estimated using the available seismic data to
improve our understanding of seismicity rates in the area
and to account for all high-magnitude earthquakes that could
affect calculations of the seismic hazard.

Seismicity catalog

The catalog used for this work is a compilation of seismic data
from Northeast Algeria from several sources. The main source
is the seismic catalog of Harbi et al. (2010), which covers
seismicity in Northeast Algeria between 3°-8°E and 33°-
38°N. Other sources used for our catalog include CRAAG
(1994), covering seismicity in Algeria during the period
1365—-1992, which uses data from IMPGA, BCISC, and
Benhallou (1985) as principal sources; Benouar and Perkins
(1993), Benouar (1994), which covers the entire Maghreb
region from 1900 to 1990 and uses Mezcua and Martinez
Solares (1983) as its main data source; IGN (2005), which
covers the Ibero-Maghreb Region for the period 412-2005;
Mokrane (1994), which covers the period 1365-1992; and
USGS NEIC data files (1992). Data from the International
Seismological Center (ISC) from the period 1950-2015 were
also used to improve instrumental seismicity and complete the
catalog of magnitude estimates.

To compile a catalog for our study area, we followed three
steps: we sought historical data for the period 419-1900, in-
cluded instrumental data after 1900, and obtained relevant
data from the catalog compiled for all of Algeria.

The raw catalog contains 4703 events, covering the period
between 1830 and the end of 2015; of these, 1707 have no
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magnitude and 561 (M note defined). The minimum magni-
tude is Ms 2.0; i.e., the catalog consists only of earthquakes
greater than Ms 2.0.

Homogenization of the catalog

The compilation of a catalog from different sources is likely to
include earthquake magnitudes calculated on different scales.
Thus, we must homogenize magnitudes to a uniform scale
before the seismic hazard can be estimated.

For historic seismicity, surface wave magnitudes Ms were
calculated by Benouar (1994) from epicentral intensity, and
the same author evaluated the relationship between Ms and
mb for the Ibero-Maghreb region. Because many events use
local magnitude (M), it is necessary to convert to Ms, yet
when we attempt to quantify the empirical relationship be-
tween Ms and M1, as illustrated in (Fig. 3), magnitudes (Ms)
tend to be underestimated. To remedy this problem, the con-
version made by Ambraseys (1985) and Benouar (1994) are
used, applied to moderate seismicity, and calculated for the
Maghreb region, respectively.

Completeness analysis

Evaluation of historic records and instrumental earth-
quakes shows that the magnitude distribution of the seis-
mic catalog is not homogeneous over time (Fig. 4). The
further back in time, the higher the lowest recorded mag-
nitude. To obtain real rates of occurrence for MFDs (mag-
nitude—frequency distributions), a date at which the catalog
is complete must be determined for each magnitude. A
perfect estimate of the annual rate of seismicity in a source
region requires a complete catalog, i.e., one in which all

Magnitude Scale Conversion MI-Ms

— Ambraseys1985
7+ — Benouarl994
—— new regression

N
s 4

3 -

21

—— Ms =0.79+0.71*MI
] R=0.502 and std_err=0.212
0 1 1 1 L 1
0 1 2 3 4 5 6 7 8
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Fig. 3 Comparison of conversion relation for local magnitude (ML) to
surface wave magnitude (Ms)
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earthquakes are reported. For this purpose, the magnitudes
of earthquakes and years of occurrence were used to esti-
mate the year from which the catalog could be considered
complete with respect to each magnitude. Figure 4 shows a
completeness analysis using the cumulative visual (CUVI)
method (Mulargia and Tinti 1987) applied to the Eastern
Algeria earthquake catalog. Accordingly, we determined a
threshold magnitude of 2.4 for completeness, but the cor-
responding catalog completeness varied by source region
(Table 1 and Fig. 4) when applied to data from the earth-
quake catalog of Eastern Algeria. Accordingly, a 2.4-
threshold magnitude and various years were selected from
which we observed complete earthquake catalogs of source
zones.

Declustering (removing aftershocks)

In the probabilistic approach, earthquakes are expected to oc-
cur as a Poisson process; i.e., random and stochastically inde-
pendent in time and space (Gardner and Knopoff 1974). A
Poisson process is used to describe the occurrence of the main
shock and aftershocks of every major earthquake sequence.
Indeed, designations such as “foreshock” and “aftershock”
depend on the major event to which smaller earthquakes are
related.

We used a Python program called Cluster, based on
Gardner and Knopoff (1974), to remove aftershocks. This
program groups interdependent earthquakes on the basis of
their proximity in time and space. Thus, we removed interde-
pendent earthquakes from each group, keeping only the event
with the largest magnitude.

In what follows, the calculations and necessary steps for
estimating the seismicity parameters are carried out on com-
plete parts of each regional catalog which include only inde-
pendent events in each source area.

A final parameter in window-based declustring method is
the ratio between foreshock and aftershock time window or f/a
ratio. We evaluated the time impact of this parameter along
with the choice of declustring window. The results for four f/a
ratio ranging between 0.25 and 1 in Table 2 indicate that a
large f/a ratio results in more earthquakes being removed, but
it is difficult to decide which value is more appropriate. We
settled on a value of 0.5 for this parameter.

Figure 5a and b shows the results of declustering with the
linked-window method, Gardner and Knopoff window and a
ratio f/a of 0.5.

Fig. 4 CUVI (cumulative visual) completeness analysis for different P
ranges of lower magnitude. The bold red line corresponds to the
completeness date being evaluated; the dashed red line corresponds to
the next more recent completeness date. The dashed black line
corresponds to the lowest lower magnitude that does not show a change
in rate (knick point) beyond the completeness date from period 1830—
2015
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Table 1 Results of the

Year of
completeness

Number of earthquakes for
completeness

Magnitude
completeness

completeness analyses (period Interval Completeness

1830-2015) magnitude period
[5.5-6.5] 1830-2003
[5.0—6.0] 1860-2003
[4.7—5.3] 1915-2003
[4.4—-4.9] 1954-2003
[3.6-42]  1991-2003
[3.0-3.5] 2000-2003
[20-2.5]  2003-2015

3 1830 5.9
1860 54

53 1915 4.8
46 1954 4.5
149 1991 3.8
148 2000 34
635 2003 2.4

Definition of the seismic source areas

In seismic hazard assessment, the definition of source areas
(or seismogenic zones) is based on the knowledge of active
tectonics (Fig. 1) and the seismicity in the study area (Fig. 2).
In regions of diffuse seismicity, areas that represent potential
earthquake sources can be modeled as being homogeneous
with respect to crustal thickness, geodynamic stress field,
and earthquake distribution. In this study, the adopted zoning
convention extends the seismogenic sources to match previ-
ous seismic hazard studies (e.g., Aoudia et al. 2000; Harbi
et al. 2007; Mourabit et al. 2014). A slight change was made
in the demarcations of the source areas to maximize the num-
ber of earthquakes in the region bounded by 33°-38°N, 4°—
9°E. This rezonation divides the region into seven polygonal
source areas; earthquakes belonging to each source were se-
lected. Figure 6 was compiled using the general earthquake
catalog to create a subcatalog for each source area that char-
acterized its seismic activity. The following subsections pro-
vide a general description of each source region (Fig. 7).

The Babors (Z1)

The Babor Mountains extend east from Soummam Valley in
the eastern Akbou massif, part of the Petite Kabylie, to the
meridian of Jijel (Fig. 1). This area is divided into several
tectonic units (from the north to south): Brek, Gouraya and

Table 2 Number of earthquakes after declustering for different
declustering windows of Gardner—Knopoff (GK) and foreshock/
aftershock window ratios (f/a ratio) of 0.25, 0.5, 0.75, and 1.00

f/a ratio Gardner—-Knopoft Whole northeastern catalog (2445

earthquakes)
0.25 0.5 0.75 1
Number of earthquakes 1586 1511 1467 1421

after declustering

@ Springer

Draa El Arba, Erraguene, Babors, and Beni Ouartilane (Harbi
et al. 2003; Beldjoudi et al. 2009). The dominant rocks are
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Fig. 6 Seismotectonic zoning

adopted in the northeastern part of
Algeria, dressed on the basis of q
previous works (Audia et al. 2000;
Mourabit et al. 2014)

Jurassic and Cretaceous carbonates, comprising dolomites,
limestones, and marls. Seismic activity in this region is gen-
erally moderate and diffuse. However, on 17 February 1949, a
Ms 4.7 earthquake (intensity VII, (MSK)) occurred near the
village of Kherrata, causing serious damage. Rothé (1950)
located the epicenter at 36°30'N, 5°15'E and observed that
the trace of the fault surface, striking NO70-E, is likely asso-
ciated with an active asymmetric fold in the area (Meghraoui
1988). This fault—fold pair seems to be responsible for the
constant seismic activity in the Babors. This area has recorded
hundreds of earthquakes, a few dozen of which have magni-
tudes 4.0 <Ms <5..

Offshore area (Z4)

Tectonic activity in the study area is marked by continental
faults that could extend to sea level, the marine environment
such as the faults of Cape Rosa West of El Kala, Djebel Safia
East of Skikda, and Azemmour in the Collo Massif (Harbi
etal. 2010).

Two major earthquakes occurred offshore of the town of
Jijel on 21 and 22 August 1856 (intensities of IX and X
(MSK), respectively), with epicenters located at approximate-
ly 37°1'N, 5°E (Roth¢ 1950). A tsunami followed the first
shock, causing flooding and serious damage to surrounding
communities (Ambraseys 1982; Harbi et al. 2011). The

Mer Miditerranée

04° 05° 06° 07° 08°
1 | L ! s
a
‘1'7'

isoseist curves are elongated NE-SW (relative to E-W), indi-
cating an active structure in this orientation, probably located
on the continental shelf, although this remains to be confirmed
(Meghraoui 1988). The seismicity map shows earthquakes
concentrate north of Skikda. Indeed, a few dozen are offshore,
while others are marine faults. The best-known marine earth-
quake occurred offshore from Djidjelli in 1856 (Harbi et al.
2011). An Ms 4.9 earthquake struck north of Philippeville
(Skikda) in 1935 with intensity VI (MSK), and an Ms 5.0
earthquake struck northeast of El Kala (intensity VI, MSK)
in the same year.

Soummam zone (Z2)

The western end of the Babors is marked by the Soummam
Valley, an elongated Neogene Basin that contains clearly ob-
servable large-scale geological structures. Seismic activity is
moderate but continuous. According to Boudiaf (1996), anal-
ysis of a Digital Terrain Model (DTM) of the area and aerial
photographs of the region shows recent tectonic structures. In
the Tazmalt-M’chedallah region, alluvial terraces are signifi-
cantly distorted by tectonic escarpments, affecting the
Quaternary glacis; these movements are also visible in the
region of Sidi Aich. It is noteworthy that the Pliocene strata
are widely deformed throughout the Soummam Basin. In
terms of seismic history, the Pliocene strata in the Soummam

@ Springer
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Fig. 7 Observed and computed MFD for the merged Northeastern Algeria catalog and sources area
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region reported by Hée (1933, 1950), Rothé (1950), Mezcua
and Martinez Solares (1983), and Ambraseys and Vogt (1988)
seem to be the site of many destructive earthquakes in the
200 years prior to 1910 (Harbi et al. 2010).

Kabylie zone (Z3)

The area of Kabylie is characterized by high alpine mountains
in a structurally complex environment. Thrusts underlain by
nappe fronts involving basement rocks strike roughly east—
west with vergence to the south (Aoudia et al. 2000). There
is no geological or morphological evidence of recent seismic
activity in this area. This zone is considered to have a low
degree of seismic activity relative to neighboring areas.

Constantine Basin (Z5)

An M 6.0 earthquake struck the Constantine region in 1985.
Seismic and tectonic investigations have shown that ancient
and recent seismic activity in this area is linked to the presence
of a sinistral strike—slip fault striking NS5-E (Bounif et al.
1987). Compared with the many intra-mountain basins of
the Tell, the Constantine Basin occurs at higher altitudes and
exhibits a different faulting mechanism to that of the four
above-mentioned zones. Its geomorphology is characterized
by deep and narrow valleys with steep slopes. Field investi-
gations and conventional geological maps show the existence
of active faults. Many of these faults trends NE-SW, which is
the orientation of the surface, ruptures that formed from the
largest seismic event in this region (Guiraud 1977).

Guelma Basin (Z6)

The Guelma zone shows a different faulting mechanism from
those described above. Meghraoui (1988) described in this
region a pull-apart basin that formed between two overlapping
cast-west dextral strike—slip faults. Crustal extension occurs
between the faults. The size of the pull-apart is important and
is linked to the amount of overlap (25 km) and distance be-
tween overlapping fault segments (Aoudia et al. 2000). The
ends of the pull-apart basin are marked by a N—S to NNW—
SSE bounding normal fault system that intersects the subpar-
allel shear faults.

In this basin, the Bouchegouf and Hammam N’Bailis faults
have particularly interested geologists. These faults offset
Quaternary deposits and are related to hydrothermal activity,
which accounts for the movement on these faults (Vila 1980).

The largest seismic event in this area occurred on 10
February 1937 (Ms = 5.2; Benouar and Perkins 1993). Two
destructive earthquakes of intensity VIII (MSK) struck the
region on 17 June 1908 and 3 December 1928.

Chott El Hammam (Z7)

Two moderate to major earthquakes have affected this region.
The most recent was an M 5.5 on 1 January 1965 that caused
serious damage in the city of Msila (Roussel 1973).
Previously, an intensity IX (MSK) earthquake struck the area
on 12 February 1946 (35°45'N, 4°57'E). Rothé (1950) and
Meghraoui (1988) associated these seismic events in the re-
gion with the 1965 Msila event, where E-W asymmetric folds
indicating transport to the south and that underlying faults that
cut Plioquaternary units in this region dip to the north, indi-
cating in turn a relationship between seismic activity and the
reverse fault at Chott El Hammam. The NNE extension of the
Chott El Hammam fold—fault line is represented by the
Boutaleb fold, which is linked to reverse faulting with an
overlap of ante-Neogene substrata on its southeast side
(Meghraoui 1988). Regarding the fold at Chott EIl Hammam,
Guiraud (1971) indicated the presence of a folded forward
slope dating back to the Pleistocene (Tensiftien,
200,000 years). The reverse fault bordering the slopes to the
southeast of this fold is not visible on the surface, as it is
covered by modern clayey—sandy deposits, though its length
is estimated at 60 km. Its recent activity is confirmed by the
intense seismic activity in this region (Meghraoui 1988).

In the Bibans, the Mansoura region appears to be relatively
active. The most recent significant earthquake in this region
was an Ms = 5.1 on 13 November 1974 with a maximum
intensity of VII (MSK), although it has experienced stronger
shocks previously (Harbi et al. 2010). This zone of generally
low seismicity encompasses part of the Bibans and Boussaada
at the southern boundary of the Hodna Basin (Harbi et al.
2010).

Choice of ground motion attenuation relationships

The choice of a ground motion prediction equation is a critical
factor in the estimation of seismic hazard. In past decades,
many attenuation relationships have been empirically derived
based on strong-motion data sets from different regions; how-
ever, in regions characterized by moderate seismicity, the
amount of strong motion data is generally insufficient for such
an approach. No such attenuation law has been proposed for
Algeria. For this study, the relationships of Ambraseys et al.
(1996) and Berge-Thierry et al. (2003) were chosen for two
reasons, as follows. (i) Each model presents three different
equations, each related to one of the three major types of
faults: reverse, normal, and strike—slip. These relations vary
according to three main factors: magnitude, distance, and sig-
nal frequency. In our data set, the strongest accelerations are
for earthquakes dominated by reverse faulting. (ii) The rela-
tionships of Ambraseys et al. (1996) and Berge-Thierry et al.
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(2003) were developed from European event data, and they
can be applicable to our case study.

The attenuation relationships of Ambraseys et al. (1996)
and Berge-Thierry et al. (2003) are not completely indepen-
dent because many events were used by both works. Both
relationships were determined for crustal earthquakes with
focal depths of <30 km, are expressed in terms of Ms (surface
wave magnitude), and are valid for magnitudes 4 <Ms < 7.5.
However, there are also a number of differences. In this study,
these equations are applied to bedrock. The relationship of
Berge-Thierry et al. (2003), which is most recent, applies to
Ms and hypocentral distances; it was chosen for comparative
purposes. The selected events and the parameterization of the
relationship have been adapted to the seismic context of the
study region.

Figure 8a shows both attenuation relations for PGA, and
Fig. 8b shows the spectral form of both attenuation laws for a
fixed distance.

Results
Statistical evaluation of seismicity parameters
Modeling of the Gutenberg—Richter relation

The Gutenberg—Richter relation (Gutenberg and Richter
1944) relates the exponential temporal decrease in the number
of earthquakes to earthquake magnitude, written in logarith-
mic form as

log y(N) = a~b x M, (1)

where N is the number of earthquakes with a magnitude great-
er or equal to M, and the factors a and b are Gutenberg—
Richter parameters.

The method involves choosing a variable with different
magnitudes between the minimum magnitude (Mmin) in the
seismic catalog of the area and calculating the cumulative
number of earthquakes of magnitude higher or equal to each
selected value. The evaluation of the parameters a and b of the
Gutenberg—Richter law for each of the source area is per-
formed by plotting the regression line that adjusts points on
the curve described in relation (2) using the maximum likeli-
hood solution MLS (Fig. 7). The values of these parameters
are presented in the second and third columns in Table 3, with
their corresponding standard deviations in columns 6 and 7.

Frequency of occurrence
The frequency of occurrence is the annual number of earth-

quakes with a magnitude greater than or equal to the cata-
log completeness magnitude. The frequencies of seismic

@ Springer

occurrence estimated for each source area are expressed
in terms of the parameters lambda (\) and beta (/3) of the
equation

o M _ M,

AM) = X o AMo—o—BM, (2)

where )\ is the exceedance rate of magnitude M, (5 is a

parameter equivalent to the b value for the source, and M,
is the maximum magnitude for the source.

The results for these parameters are summarized in Table 2.
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Fig. 8 a Comparison between PGA attenuation relations of Ambraseys
et al. (1996) and Berge-Thierry et al. (2003). For Ms = 4 and Ms = 6
earthquake (hypocentral depth in the Berge-Thierry relation is 10 km). b
Spectral attenuation relations of Ambraseys et al. (1996) and Berge-
Thierry et al. (2003) for Ms = 4 and Ms = 6 eathquakes at Joyner-
Boore, respectively, epicentral of 10 km. Hypocentral depth in the
Berge-Thierry relation is set at 10 km. Note that the two relations should
not be directly compared, due to their different distance metric
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Table 3  The values of parameters @ and b of the Gutenberg—Richter
settings (calculated from the Weichert method (1980))

Source area zone a b A 154 ca ob

The Babors (Z1) 2493 0.794 0207 1.829 0.059 0.064
Offshore area (Z4) 2598 0.816 0.215 1.880 0.056 0.062
The Soummam (Z2) 2421 0.771 0217 1.776 0.059 0.063
The Kabylie (Z3) 3.811 1.200 0.103 2.763 0.043 0.089
Constantine Basin (Z5) 2.549 0.907 0.083 2.088 0.078 0.102
Guelma Basin (Z6) 2938 0.803 0.532 1.849 0.036 0.040
Chott el Hammam (Z7) 4.139 1219 0.184 2.806 0.031 0.066

Calculation of seismic hazard

For a given acceleration value, the CRISIS program calculates
the annual probability of exceedance at a given site. In this
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study, the probability of exceedance was set to 10% in a 50-
year window to calculate the expected maximum acceleration
values at a confidence level of 90%, corresponding to an es-
timated return period of 475 years. The maps produced by
these estimates are contoured by peak ground acceleration
(PGA).

Hazard curves and probabilistic spectra

A. Hazard curves From the accelerations obtained, it is pos-
sible to obtain area curves at any point. These combine the
value of the annual rate of overrun with an acceleration. By
inversion of this rate, it is possible to obtain the period of
return for an acceleration greater than or equal to a given
value. The hazard curves (Fig. 9a and c¢) were calculated for
the five main towns in the region (Setif, Constantine, Bejaia,
Jijel, and Kherrata).
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Fig. 9 a Hazard curve (Ambraseys et al. 1996 attenuation law). b Probabilistic spectrum (Ambraseys et al. 1996) attenuation law). ¢ Hazard curve
(Berge-Thierry et al. 2003 attenuation law). d Probabilistic spectrum (Berge-Thierry et al. 2003 attenuation relation)

@ Springer



238 Page 12 of 14

Arab J Geosci (2017) 10: 238

Fig. 10 a Hazard map of
Northeastern Algeria for a return
period equal to 475 years, an
annual probability of exceedance
equal to 2 x 107> (calculated with
Ambraseys et al. 1996 attenuation
law). b Hazard map of

0.29
0.27
0.25
0.23

Northeastern Algeria for a return
period equal to 475 years, an
annual probability of exceedance
equal to 2 x 107> (calculated with
Berg-Thierry 2003 attenuation
law)

0.21
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0.1
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.
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B. Specter of hazard uniform The uniform hazard spectra
are plotted using the acceleration values calculated for differ-
ent periods. They associate an acceleration value with a given
period. They do not represent the spectrum of an actual earth-
quake but the levels of accelerations that are reached or
exceeded for a return period 0f 475 years and for each spectral
period. The period and frequency spectra are defined for a
return period of 475 years and calculated for the five cities
listed above (Fig. 9b and d).
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Hazard maps for Northeast Algeria

Figure 10a presents the results of this study in the form of
maps of peak horizontal acceleration values in %g, where g
is acceleration due to gravity at sea level. Each area is charac-
terized by an acceleration value with a 90% chance of non-
exceedance during an observation window of 50 years. The
models of Ambraseys et al. (1996) and Berge-Thierry et al.
(2003) did not differ appreciably in the estimates of horizontal
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peak accelerations. The “high” earthquake activity and zone
dimensions of Z1 resulted in high hazard values. The
estimated maximum PGA using the equations of Ambraseys
et al. (1996) was ~290 mg, whereas the value estimated using
Berge-Thierry et al. (2003) was ~260 mg. For hazard maps
calculated from Ambraseys et al. (1996) and Berge-Thierry
et al. (2003), with a return period of 475 years, acceleration
estimates reached maximum values of 290 mg in areas with
high seismicity rates and 30-90 mg in low-seismicity regions.

Discussion and conclusions

Probabilistic seismic risk maps were generated to estimate the
probability of reaching or exceeding acceleration levels in
Northeast Algeria for earthquakes with a recurrence interval
of 475 years, or equivalent, with a probability of occurrence
exceeding 10% over the next 50 years. For the seven areas
described above, maximum PGA values range from 0.09 to
0.29 g.

The estimated PGA values for the towns of Bejaia, Setif,
Constantine, Jijel, and Kherrata in Northeast Algeria are
0.23 g,0.16 g, 0.14 mg, 0.25 g, and 0.29 g, respectively.

In the hazard maps (Fig. 10a and b), the regional risk is not
uniform throughout the study area. It is higher in Babors and
Djidjelli and gradually decreases towards the south and east,
reaching minima in the extreme east (e.g., Tebessa, Souk
Ahras, and Etaref) and towards Chott El Hammam in the
south.

The assessment of the seismic hazard in Northeast Algeria
carried out in this study is a concrete, qualitative, and quanti-
tative result established specifically for this region. It was
calculated for firm soils, for a return period of 475 years.
The resulting accelerations confirm that the region contains
a zone of moderate seismic risk in Babors and Djidjelli and
low risk in the south and east, namely in Souk Ahras, Tebassa,
and Annaba in the east and in Batna, Biskra, and Msila in the
south.

The present results are consistent with classifications of the
seismic hazard in north Algeria reported by Audia et al.
(2000), Pelaez et al. (2003, 2005), and Mourabit et al.
(2014). The reported accelerations decrease from west to large
Kabylie and from the east to south of Babors and Djidjelli.
These previous results are consistent with those of the present
study.

The seismic map used for seismic zoning in Algeria places
Northeast Algeria in a moderate seismic zone with g values of
0.05 to 0.29, consistent with the maps of the present study
(Fig. 10a and b).

In terms of disaster prevention, these maps (Fig. 10a and b)
provide the maximum possible ground accelerations for each
municipality in Northeast Algeria. They represent a basic tool

for decision-making in rural and urban planning and develop-
ment through the correct application of the 1999 RPA.
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