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Abstract: In this study, a seismogenic source zone model for the Algeria-Morocco region is 
proposed for seismic forecasting and seismic hazard studies. The delineation includes five 
zones based on available seismic and geological data. The zone model includes the 
Moroccan Meseta, the Rif, the Tell zone, the High Plateaux and the Atlas zone. Earthquake 
occurrence process in this region is modelled and analyzed using recent and updated 
earthquake catalogs for northern Morocco and northern Algeria compiled in former studies 
(Peláez et al. 2007; Hamdache et al. 2010). For these catalogues, dependent events were 
identified and removed by adapting Gardner and Knopoff declustering procedure to the 
characteristics of the study region. Magnitudes of completeness were estimated using 
different methods, then the Poissonian character of the obtained sub-catalogs was analyzed. 
The b-value of the Gutenberg-Richter recurrence relationship, considered as an area-specific 
seismic hazard parameter, was initially computed using the Weichert (1980) approach. 
In order to characterize each seismogenic zone we have used a new parameter named 
seismic activity, defined as the number of earthquakes with magnitude above Mw 4.0 in 
each seismogenic zone since 1925 by each 10 years and 10000 km2. The obtained results 
show for example, in the Tell zone, the seismic activity is equal to 2.6 and 1.91 in the Rif 
region. The b-value estimation has been improved by using an extension of the Aki-Utsu b-
value estimator for incomplete earthquake catalogues (Kijko and Smit, 2012). Taking into 
account that the maximum possible magnitude is an important parameter required by 
earthquake engineering community, disaster management agencies and insurance industry, 
a detailed analysis has been performed using different statistical methods, free from 
subjective assumptions and only related to the quality of the earthquake data file. Thus, the 
maximum possible magnitude, using parametric and non-parametric procedures, is analyzed 
at each seismogenic zone and its probability distribution function is derived. Then, we derive 
the activity rate ( )mλ  for events above the magnitudem , the return period for different 

magnitudes and the probability of exceeding a magnitude m during a time period of T  years. 
The analysis has been performed at each seismogenic zone of the proposed model. 
 
 
Introduction 
 
The recent seismic activity in the Algeria-Morocco region, particularly during the last 50 
years, is characterized by the occurrence of several damaging earthquakes. The El Asnam 
region suffered the most destructive and damaging earthquakes recorded in Northern 
Algeria, namely those of September 9, 1954 (Ms 6.8) and October 10, 1980 (Mw 7.3). The 
most significant recent event was the May 21, 2003 (MW 6.9) Zemmouri earthquake, located 
at around 50 km Northeast of Algiers (Hamdache et al. 2004). The Northern Morocco region 
experienced two damaging earthquakes, those occurred near Al Hoceima on 26 May 1994 
(Mw 6.0) and of 24 February 2004 (Mw 6.3). The most recent destructive event was the 
Agadir earthquake, which occurred on 29 February, 1960 (Mw 5.7). In this context, the 
interest of the scientific community regarding Seismology and seismotectonics has greatly 
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increased in Algeria and Morocco, especially in the fields related to the seismic risk 
assessment of urban seismic areas and its possible reduction. It is well known that the 
seismic hazard computation represents the most important tool to provide to design 
engineers and planners critical information about the earthquake prone areas. In this study, a 
seismogenic source zone model for the Algeria-Morocco region is proposed and 
characterized. For this purpose, we use the compiled catalogues for Northern Morocco and 
Northern Algeria in former studies. Magnitudes of completeness cm , were estimated using 
different methods, and then the Poissonian character of the obtained sub-catalogues for 
different cm values were analyzed. The procedure developed by Kijko and Sellevoll (1989, 
1992) and Kijko and Graham (1998), including the recent improvement and extension, is 
used to estimate seismic hazard parameters. The b-value of the Gutenberg-Richter 
relationship has been computed using an extension of the Aki-Utsu b-value estimator for 
incomplete earthquake catalogues. Then, we derive for each zone the activity rate ( )mλ  for 

events above the magnitudem , the maximum possible magnitude maxm , and its probability 
distribution function (pdf).  
 
Seismogenic source zone model 
 
The studied region, namely the Maghrebian region (Figure 1), occupies the NW part of the 
African (Nubia) Plate in what is referred to its continental crust. Its oceanic crust continues till 
the area of the Azores Islands. To the N it is immediately situated the Eurasian Plate, 
although between the Gibraltar Arc and the S of Italy an intermediate complex domain is 
intercalated. This domain is formed by some oceanic basins, as is the Algero-Provençal 
Basin and the Thyrrehnian Basin, and by a former region, presently disintegrated and now 
forming the Betic-Rifean Internal Zone, the Kabylias (in Algeria), the Peloritani Mountains 
(Sicily) and the Calabrian area in Italy (AlKaPeCa domain). This area underwent from the 
early Miocene a northward subduction of Africa, then opening the small oceanic basins 
quoted, accompanied by the disintegration of the AlKaPeCa domain. 

 

 
Figure 1. Tectonic sketch showing the main tectonic features and domains and used seismicity. 

 
Presently, the convergence between the Nubia Plate and Iberia has an approximate NNW-
SSE direction, with values of the order of 3 to 5 cm/year, according the places. This 
compression is accompanied, at least in the area of the Gibraltar Arc (in the Alboran Sea), by 
a noticeable ENE-WSW tension, in some cases even more important than the compression. 
For this reason, in the Alboran area, some important extensional movements can be 
observed. The Atlas is bordered to the North by the Moroccan Meseta, to the West by the 
High Plateaus in Algeria, which to the North contact with the Rif and Tell mountains, which 
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are typically Alpine chains. The Saharan Shield forms part of the Precambrian areas of 
Africa, clearly cratonized and generally not affected by later important deformations. In fact, 
in the Maghrebian area it corresponds to a clearly stable area. In Morocco, the so called 
Antiatlas corresponds to a Precambrian and, mainly, Paleozoic area, making a tectonic 
transition between the shield and the Atlas. The Atlasic Mountains correspond to an 
intracontinental chain. To the W, in Morocco, the High Atlas reach the coast in the Agadir 
area, and continues to the NE and E, passing, although with lesser heights, to the Saharan 
Atlas, which cross Algeria and reach the central part of Tunis. They can be considered as 
aulacogens, bordering the northern part of the Saharan shield. To the N, the Middle Atlas in 
Morocco has a different direction, NE-SW, separating the Moroccan Meseta and the High 
Plateaus, both forming by Paleozoic rocks, although with a Mesozoic and Tertiary cover, well 
developed in some areas. On the whole, the Atlasic Mountains has been tectonically 
unstable from the Triassic times, and along the Alpine orogeny suffered important 
deformations and, more recently, also important volcanism, reaching the Quaternary. The Rif 
and Tell thrust southwards the Moroccan Meseta and the High Plateaus, and even in some 
places part of the Atlasic Mountains. They are formed by sedimentary External zones (only 
slightly affected by metamorphism in some Moroccan places) and by Internal zones. Mostly 
Internal zones (divided in several tectonic complexes) are affected by alpine metamorphism, 
as well as the existence of previous Paleozoic and even older deformations. In any case, 
their present structure has being formed during the Alpine Orogeny. They appear mainly to 
the E of Tetuan, in Morocco, and in the Kabylias, in Algeria. 

 
 

Figure 2. Proposed seismogenic source zones model. 

These Alpine chains have being structured from the Cretaceous to the Oligocene-early 
Miocene. In this time, particularly from the late Miocene to the present, a near N-S 
compression provoked the existence of strike-slip faults (NE-SW, sinistral, and NW-SE, 
dextral), as well as reverse faults, many of which have N70ºE to E-W direction. Thus for all 
the previous considerations, a seismogenic zone model is proposed including five 
seismogenic zones (Figure 2). The first one, named Tell, is located mostly in Northern 
Algeria, including the Tellian Atlas and a large part of the continental margin. The second 
seismogenic zone is located south to the Tell Atlas, named the High Plateaus. The third one, 
named Atlas, includes, at the Eastern part the Tunisian Atlas, in Algeria the Saharian Atlas, 
and the High and Middle Atlas in Morocco. In the Morocco region, two other seismogenic 
zones are delineated, the Meseta, including the Moroccan Meseta, and the Rif region, 
including a part of the Alboran Sea. 

Earthquake data file analysis 
To perform our study, we have used two unified catalogues in terms of moment magnitude, 
including only main events, and compiled specifically for future seismic hazard and 
forecasting studies in the region. Catalogue for Northern Morocco (Peláez et al. 2007) 
includes earthquakes in the area between 27º to 37ºN and 15ºW to 1ºE. Initially, it spans the 
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years 1045 to 2005. Catalogue for Northern Algeria (Hamdache et al. 2010) covers the area 
between 32º to 38ºN and 3ºW to 10ºE, spanning the years 856 to 2008. These catalogues 
have been updated to June 2011 (Figure 1). Using procedure by Gardner and Knopoff 
(1974) adapted to the region, to identify and remove dependent events. The completeness 
analysis of the obtained file has been performed using cumulative number plot (Figure3). The 
figure depicts the cumulative number of earthquakes above magnitudes Mw 4.0, 5.0 and 
Mw 6.0. 

 

Figure 3. Number of earthquakes above magnitudes MW 4.0, 5.0 and 6.0 vs. time. 

 
Thus, the file can be considered complete and Poissonian, for magnitude above Mw 5.0, 
since 1900, with a mean rate of 2.15 events/year, and above Mw 6.0 since 1885, with a 
mean rate of 0.21 events/year. Earthquakes above Mw 4.0 are complete and Poissonian 
only during the last ten years, that is, since 2003, with a mean rate of 29.82 events/years. In 
the preceding period, 1925–2003, the mean rate was only 7.71 events/year. It has been 
shown that the compiled earthquake data file is complete and Poissionian since the year 
1925 for magnitude above Mw 4.0. The frequency-size distribution (Gutenberg and Richter, 
1954) describes the relation between the frequency of occurrence and the magnitude of 
earthquakes 

( )10 maxlog , cN m a bm m m m= − ≤ ≤  

The statistic ( )N m is the cumulative number of events with magnitude above cm , whereas a 
and b are positive constants. The Weichert’s method (Weichert, 1980), based on the Aki-
Utsu maximum likelihood estimate, has been then used to derive the parameters of the GR 
relationship. The obtained results are shown in figure 4. We obtained a b-value are given on 
Table 1.  

 

Figure 4. b-value of the Gutenberg-Richter (1944) relationship and seismic activity at each 
seismogenic zone. 

A new parameter named seismic activity is introduced and given on each plot. It is defined as 
the number of earthquakes with magnitude above Mw 4.0 in each seismogenic zone since 
1925, by 10 years and 10000 km². From the obtained results, in the Tell seismogenic zone, 
happens 2.62 earthquakes with magnitude above Mw 4.0 from 1925, by decade and by 
square with 100 km side, 1.91 in the Rif region, and 0.72 in the Atlas seismogenic zone. The 
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values used to normalize in time and space, 10 years and 10000 km² have been chosen, 
after some trials, for their simplicity and in order to give results of the order of the unity. Table 
1 gives a summary of the obtained results. 

Source Area (km2)x104 aa σ±  
bb σ±  Seismic rate  

Atlas 24.187 6.44 ±  0.02 1.04±  0.04 0.72 
Meseta 9.844 4.90±  0.03 0.93±  0.10 0.23 

Plateaus 13.245 4.32±  0.02 0.72±  0.03 0.35 
Rif 6.0758 9.38±  0.03 0.87±  0.02 1.91 
Tell 16.414 5.56±  0.04 0.77±  0.02 2.62 

Table 1. Parameters of the Gutenberg-Richter relation and seismic activity parameter 

The previous results have been improved by using an extension of the Aki-Utsu b-value 
estimator for incomplete earthquake data files (Kijko and Smit, 2012). The new extension 
obtained by Kijko and Smit (2012) is relatively more easy to use. From the completeness 
analysis we divide each derived catalog in complete subcatalogs. For the Atlas seismogenic 
zone, the extracted catalog covers the time period 1910 to 2011, which was divided into two 
periods, 1910 to 1959 and 1960 to 2011, with threshold magnitudes equal to 4.5 and 4.0, 
respectively. In the Meseta, High Plateau and Rif seismogenic zones, the earthquake data 
file covers the period 1970 to 2011, divided in two periods, 1913 to 2011 and 1790 to 2011, 
which have been considered complete from magnitude above to Mw 4.0. In the Tell 
seismogenic zone, the catalogue is divided into three sub catalogues, from 1840 to 1909, 
1910 to 1959, and 1960 to 2011, with threshold magnitude equal to Mw 5.2, 4.4 and 4.0 
respectively. Using the extension of the Aki-Utsu estimator (Kijko and Smit, 2012), the 
calculation has been performed for magnitude above Mw  4.0; the obtained results are 
shown on table 2. Using the previous normalization procedure, the last column in table 2 
gives the normalized activity rate per decade and per cell of 100 km side. 

Zone Period minm  
minm λλ σ±  

bb σ±  
norm λλ σ±  

Atlas 1910 – 2011 4.0 1.787± 0.372 0.80±  0.09 0.73±  0.15 
Meseta 1970 – 2011 4.0 0.429±  0.147 0.80±  0.48 0.43±  0.14 

Plateaus 1913 – 2011 4.0 0.404±  0.120 0.89±  0.22 0.30 ± 0.09 
Rif 1790 – 2011 4.0 0.423±  0.115 0.70±  0.10 0.69±  0.19 
Tell 1840 - 2011 4.0 3.132±  0.566 0.70±  0.05 1.90±  0.34 

 
Table 2. b-value, activity rate and normalized activity above Mw  4.0 

 

Maximum regional earthquake magnitude 
The maximum possible earthquake magnitude maxm is an important parameter especially for 
the earthquake engineering community, disaster management agencies and the insurance 
industry. Therefore, clear definition and rigorous estimation of this parameter are needed. 
According to Kijko (2004), and Kijko and Singh (2011), the maximum regional magnitude 
maxm  is defined as the upper magnitude limit for a given region. It is equivalent to the 

magnitude of the largest possible earthquake and, consequently, it assumes a sharp cut-off 
magnitude at a given magnitude value maxm , so that no earthquakes are expected with a 
magnitude exceeding maxm . Current methods for maxm  evaluation are divided into two main 
categories, namely deterministic and probabilistic. The deterministic procedure is often 
applied, based on the empirical relationships between magnitude and various tectonic and 
fault parameters. Several research efforts are dedicated to the investigation of such 
relationships, which are different for different seismic areas and different types of faults. A 
presentation and discussion of deterministic techniques for the assessment of maxm can be 
found in Wells and Coppersmith (1994), Wheeler (2009), and Mueller (2010). However, in 
most cases, the uncertainties of maxm estimation by deterministic procedures exceed one unit 
of magnitude. 
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Alternatively, the value of maxm  can be estimated probabilistically, based on knowledge of 
the seismicity of the area, by using an appropriate statistical estimation procedure. Several 
statistical procedures for the estimation of maxm  can be found in Kijko (2004) and Kijko and 
Singh (2011). Most of these are based on the assumption that all major earthquakes with a 
magnitude larger than or equal to minm  that occurred in the study area during a specific time 
interval T  are recorded. The level of completeness of the earthquake catalogue, magnitude 

minm , is assumed as known, although in some instances the value of maxm can be estimated 

without knowledge of minm . The largest observed earthquake magnitude in the area is 

denoted as max
obsm . All procedures are based on the assumption that earthquake magnitudes 

are independent and identically distributed random variables, with the probability density 
function (PDF) ( )Mf m , and the cumulative distribution function (CDF) ( )MF m . The unknown 

maximum regional earthquake magnitude maxm is defined as the unknown upper limit of the 

magnitude distribution. Some of the maxm  estimation procedures, as described by Kijko 
(2004) and Kijko and Singh (2011) do not make use of any subjective assumptions. The 
procedures are generic and provide solutions in different forms, depending on the 
assumptions of the statistical model and the knowledge of the past seismic activity. Some of 
the procedures can be applied even when the nature of the earthquake distribution is not 
known. In addition, some procedures can be used when only a limited number of largest 
earthquake magnitudes are known. The procedures developed by Kijko (2004), and Kijko 
and Singh (2011) are grouped into three categories: parametric, non-parametric, and the fit 
of the cumulative distribution function of earthquake magnitudes. Following Kijko (2004) and 
Kijko and Singh (2011), the parametric procedures can be used when the functional model of 
the frequency-magnitude distribution is known. All the procedures of this category are based 
on the same principle, which is that the estimated maxm value is equal to maxm = max

obsm + Δ , 
where Δ is a positive correction factor that depends on seismicity parameters and supports 
the intuitive expectations that it is always positive, and its value decreases as the time span 
of observation increases. Perhaps, the simplest form of the correction factor Δ  is 

( )
1

max
obs

Mnf m
−

⎡ ⎤Δ = ⎣ ⎦ , where n denotes the number of earthquakes and ( )Mf m  is the PDF 

function of the earthquake magnitude distribution. This notation was derived for the first time 
by Tate (1959), and for the assessment of maxm  was used for the first time by Pisarenko et 
al. (1996). Applied to the frequency-magnitude Gutenberg-Richter relation, it takes the form 
(Kijko and Graham, 1998; Kijko, 2004; Kijko and Singh, 2011), 

µ ( )
( )

max min
max max

max min

1 exp

exp
obs

obs

m m
m m

n m m

β

β

− − −⎡ ⎤⎣ ⎦= +
⎡ ⎤− −⎣ ⎦

, where ( )ln 10bβ =  

The first parametric procedure, named Tate-Pisarenko, attempts to correct the bias of the 
classical maximum likelihood estimator. The procedure provides an estimator denoted T-P. 
The second procedure, introduced by Kijko and Sellevoll (1989) and Kijko and Graham 
(1998), provided two estimators maxm . The first one, denoted K-S(appr), used the Crame’s 
approximation and the second one, K-S(exact), is obtained by an exact evaluation of the 
correction factor. A Bayesian version of T-P and K-S estimators are obtained and denoted T-
P-B and K-S-B, by taking into account the deviation of GR relationship from the real data. 
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Zone T-P K-S(appr) K-S(exact) T-P-B K-S-B 
Atlas 6.50±  0.36 6.45±  0.34 6.45±  0.34 6.46±  0.34 6.43±  0.33 

Meseta 5.44±  0.39 5.38±  0.35 5.37±  0.35 5.43±  0.38 5.37 ± 0.34 
Plateau 5.77±  0.31 5.76±  0.31 5.76 ± 0.31 5.77 ± 0.31 5.76±  0.31 

Rif 6.87±  0.55 6.64 ± 0.38 6.64±  0.38 6.70 ± 0.42 6.60 ± 0.36 
Tell 7.50 ± 0.36 7.46 ± 0.34 7.46±  0.34 7.45 ± 0.33 7.43 ± 0.33 

Table 3. Obtained results using parametric procedures. 

Knowledge of the distribution of earthquake magnitudes makes it possible to construct an 
upper confidence limit. A 100(1 )α− % upper limit of µ maxm is provided by ( )1( ) 1max MP m F m α−< = −  
where 1( )MF m− denotes inverse of the cumulative distribution, 1( )MF m− . The graphs displaying 
the confidence limit curves are shown in figure 5. 

 

 
 

Figure 5. Graphs displaying the distribution of maximum regional magnitude using K-S approach 
(solid line) and K-S-B approach (dashed line), and the 0.50 and 0.84 confidence limits. 

The 0.50 and 0.84 confidence limits of the maximum regional magnitude obtained using the 
K-S (solid line) and K-S-B (dashed line) approaches are also shown on the plots. The second 
group including five procedures and are based on non-parametric techniques. The first non-
parametric procedure named non-parametric with Gaussian kernel and denoted N-P-G 
(Silverman, 1986). The second one is based on order statistics, and is denoted as N-P-OS. 
The third one uses some largest events to derive the estimation of the maximum possible 
regional magnitude, and the fourth one is named Robson-Whiltlock (R-W) (Robson and 
Whiltlock, 1964). The improvement of the previous estimator is named Robson-Whiltlock-
Cook, and denoted R-W-C (Kijko and Singh, 2011). Table 4, shows the results obtained 
using the non-parametric approaches. 

Zone N-P-G N-P-OS L. events R-W R-W-C 
Atlas 6.44 ±  0.33 6.44±  0.44 6.44 ±  0.39 6.60 ± 0.73 6.45±  0.50 

Meseta 5.50 ±  0.42 5.31±  0.39 5.34 ± 0.39 5.30 ± 0.68 5.25 ± 0.48 
Plateaus 5.82 ± 0.32 5.74±  0.42 5.77 ±  0.37 5.70±  0.67 5.70±  0.47 

Rif 6.67 ±  0.40 6.47±  0.42 6.81 ±  0.38 6.40±  0.67 6.40±  0.47 
Tell 7.40 ± 0.32 7.34±  0.42 7.36 ± 0.37 7.30 ± 0.67 7.30±  0.47 

Table 4. Obtained results using non-parametric procedures 

Considering that the K-S procedure provides consistent assessment of the maxm  for each 
seismogenic zone, the respective probabilities of exceedance of specified magnitudes and 
return periods can be calculated. Figure 6 displays the plots of the return periods of 
magnitudes in the range from 4.0Mw=  to maxm for Riff and Tell zones respectively. The 
mean return period is shown as a dashed line and its uncertainty is shown as a solid line. 
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Figure 6. Mean return time (dashed line) for magnitude above Mw 4.0 in the Rif and Tell zone 
respectively. The solid line diplay the mean return time σ±  

 

On the other hand, the procedure allows us to estimate the probability of exceedance of at 
least one specified value of magnitude within the specified time interval T. The results 
obtained indicate that in the Tell zone, an event with a magnitude exceeding 5.0 occurs 
every 10 years, with a probability of 0.99. The figure 7, diplays the plot obtained for the Rif 
and Tell zones respectively. 
 

 
 
Figure 7. Probability of exceedence in T = 5 (dashed line), 10 (solid line) and 25 (large dashed line) 
years for magnitude above Mw 4.0 in the Rif and Tell zones respectively. 
 

Conclusions 
This study focuses on the implementation of a seismogenic source zone model for the 
Algeria-Morocco region including five seismogenic source zones. The compiled catalogs for 
Northern Morocco by Peláez et al. (2007), and for Northern Algeria by Hamdache et al. 
(2010) have been used to perform characteristic  analysis for each source zone. The b-value 
of the GR relationship has been estimated firstly from the Weichert procedure (Weichert, 
1980) and used to characterize the seismic activity in each source zone. The number of 
earthquakes with magnitude greater or equal to Mw  4.0 in each seismogenic zone since 
1925, by 10 years and 10000 km² has been performed as characteristic parameter. 
Comparatively to the others seismogenic source zones, the Tell seismogenic zone appears 
as the most active one, with 2.62 earthquakes with magnitude above MW 4.0 from 1925, for 
each decade and by a square with 100 km side. The estimated b-values have been improved 
using an extension of the Aki-Utsu estimator (Kijko and Smit, 2012). The normalized activity 
for magnitudes above Mw 4.0 shows that the Tell seismogenic source zone is the most 
active; the annual activity rate of magnitudes above Mw 4.0, is equal to 1.90± 0.34. Different 
statistical approaches (parametric, non-parametric and fit of the cumulative distribution 
number methods) have been used, to analyze the estimation of the maximum magnitude. At 
source zones as the Tell and Rif, where the seismicity is well monitored and accurate data 
are available, the parametric approaches give reliable results.  The mean return period is 
analyzed in details using the K-S procedure, on average, an event with a magnitude 
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exceeding 5.0 occurs at least once every 3.5, 1.5, 11.5, 18.5 and 41 years in the Atlas, Tell, 
Rif, High Plateau and Meseta zones, respectively. It is generally accepted that knowledge of 
the mean return period is important in studying and analysing seismic hazard and/or seismic 
risk. This knowledge makes an important contribution to the determination of the national 
seismic code, according to which the different categories of buildings (normal, strategic, 
monumental) have to be constructed, and it determines the priority of the interventions for 
existing buildings. The results obtained indicate that the Tell is the region of greatest 
concern. 
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