
 













 

 

 

 ............................................................................................................................................................... 41 



           



 

 ............................................................................. 

  .............................................................. 

 ........ 

 .................... 

 ..................................................................................................................................... 

 ............................................................................................................................ 

  ................................ 

 

 ...................................................................... 

  ......................................................... 



             

 





 

 



 

 



 

 



 

 



 

 



 

 



 

 

‐f



 

 



 

 



 

 



 

 

§

‐

24‑26

§

42‑53



 

 

 



 

 



 

 

1

                                                           
1
 

 



 

 

2

                                                           
2
 

  

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

Euro‐

 

 



 

 

!"# = 0.796$"% + 1.280$$&'$$"% $( 5.4
"# = 0.585$"% + 2.422$$&'$"% < 5.4$

   

 



 

 

IGN, "Terremotos más importantes (En España)" , en Espagnol)  



 

 



 

 



 

 

 

http://www.seismology.harvard.edu/projects/CMT ) 

 

 



 

 



 

 



 

 



 

 

, 1‑1

16‑29

1179‑

(3‑ , 263‑

 236‑



 

 

‑

1769‑

, 623‑

, 139‑

, 377‑

‑

5‑

ol. 161, p. 555‑580)

 



 

 

, 233‑

, 95‑1

(3‑ , 734‑

, 535‑

ine‐

‐f

, 220‑

, 725‑

1705‑



 

 

‑

‑

‐

‑26



 

 

(1‑ , 211‑

 

327‑3

, 296‑

, 257‑

‑185.



 

 

86‑20

‑

‑40)

141‑1

, 1087‑

, 9‑1

175‑

‑758.

267‑3



 

 

, 614‑

(1‑ , 191‑

 ;



 

 

, 13‑2

, 594‑

‑460.



 

 

24543‑

55‑63

39‑45

‑100

‑2

, 98‑1



!("; #) $= $ lim%&'*
1
+, $+-

.(/; 0)$

$!23



t



t















t

 

s1 

s3 

 

.4

 

q 

y 

 



t

t

t





.5 .6)
.5 .6

.4 .5 .6 .5 .6

.5 .7 .8 .6

.5 .8 .6 .9



$:
.5



<> = ?@0A5B> = C
8 D EF

?@0EF = 5
GH

.5 = .7 I J(B>8 I 1)5 8K I B>L8.6



$$.5M $.8M .6

.5N = .5 D O .8N = .8 D O .6N = .6 D O
.5PM .8P M$$$$.6N
$ .5M .8M .6



QR

.$ .P$



|S| = T I B(.4 D UO)$$$$$$$$$$
|S| .4

B$ T U$
O$ U



. 







V-- = W I X(Y I Z) [ \
]$ $^$_?$`$



$:
a

 



.55 = .bbcde8: I E.bf sin: gos: I .ffeh08:

.66 = .bbeh08: D E.bf sin: gos: I .ffcde8:$$

S56 = 5
8 j.ff D .bbk sin E: I Sbf gos E:

pqqr =$S56r I$BP$.66
pqqt =$S56t I$BP$.66

$pqqr pqqt$

S56 .66

BP

B

BP $= $$$$$B$$$$$$($1 D u)

B

D



vO = $Du$ vwxx6

v.55 =$v.88 =$v.66

vO = $Du$v$.
$.66

.55 = .bbcde8: I E.by sin: gos: I .yyeh08:
.66 = .bbeh08: D E.by sin: gos: I .yycde8:

^56 = 5
8 (`zz D `{{) sin E} I ^{z gos E}



pqq~��� =$S56~��� I$BP$.66
pqqt�� =$S56t�� I$BP$.66

$pqq~��� pqqt��$ S56~���

S56t��

D

vpqq = $vS D$BP$$v.4
�S �.4

$SM vS [ BP$v.4$



v.>�
.>��

.>�9 =$.>�� I v.>� $
.>�9

a = $ 58 $?@0A5 $�
8w���

w��� Aw��� �



a
$a = ±$

:*
a5 ±$F$R$

F

.>�9

v.>�

.66 =$.bb� $eh08$:* D E$.bf� $eh0$:*$cde$:* I$.ff� $cde8$:*

S56 =$ 58 $j.ff
� D$.bb� k sin E:* I Sbf� gos E:*

pqq���9 =$S56 I$BP.66





�$ ×$1��$�@�









m ;

1011‑

‑2) T1‑

159‑1

3639‑

, 4741‑

, 143‑



355‑3

921‑9

, 552‑

3‑

948‑9

, 5343‑

, 319‑

, 199‑



164‑1

, 97‑

95‑99

225‑2

‑9

(477‑  128‑



318‑3

127‑1

7‑

, 505‑

92‑12



1135‑

1018‑

, 283‑

63‑66

1687‑

(2‑ , 560‑



(3‑ 311‑3

 ;

633‑6

‑1791

‑1332

192‑2



Vol. 24, p. 401‑

 p. 277‑

(8‑ 450‑4

 





 

 

 



 

 

 

 

 



Ⓔ

Stress Change and Fault Interaction from a Two Century-Long

Earthquake Sequence in the Central Tell Atlas, Algeria

by Jugurtha Kariche,* Mustapha Meghraoui, Abdelhakim Ayadi,
and Mohamed-Salah Boughacha

Abstract A sequence of major seismic events reachingMs 7.3, with thrust faulting

mechanisms, occurred from 1891 to 2003 in the central Tell Atlas of Algeria located

along the Africa–Eurasia plate boundary. Previous neotectonic investigations show

that earthquake faults of the central Tell Atlas have the potential to generate large

magnitude earthquakes. We calculate the level of stress change that promotes the oc-

currence of a seismic sequence, taking into account the earthquake fault parameters,

their uncertainties, the eastward earthquake migration, the seismicity rate change, and

the interseismic strain accumulation. The computed coulomb failure function (ΔCFF)

includes the seismicity rate and the stress transfer with fault interaction. The ΔCFF

modeling shows 0.1–0.8 bar increase on fault planes at 7 km depth with a friction

coefficient μ′ � 0:4 with stress loading lobes on targeted coseismic fault zone and

location of stress shadow across other thrust-and-fold structures of the central Tell

Atlas. The coulomb modeling suggests a distinction in earthquake triggering between

moderate-sized zones and large earthquake rupture zones. Following the 2003 earth-

quake, Global Positioning System, Interferometric Synthetic Aperture Radar, leveling

studies, and aftershocks show that postseismic cumulative moment release amounts to

17.08%, which suggests an additional static stress change. In addition, the presence of

fluid and related poroelastic deformation is considered as another parameter that fa-

vors stress increase and fault interaction. Modeling the stress change and fault inter-

action near major cities may contribute to a better constraint of the seismic-hazard

assessment and risk mitigation in northern Algeria.

Electronic Supplement: Figures of coulomb failure function (CFF) and seismic-

ity rate change.

Introduction

The active tectonics along the Africa–Eurasia plate boun-

dary in the western Mediterranean is associated with shallow

large earthquakes (Mw >6:5) and stress distribution on fault

ruptures. The north-northwest–south-southeast to northwest–

southeast-trending convergence between the tectonic plates

reaches 4–5 mm=yr and at 2–3 mm=yr are accommodated

across the Tell Atlas of Algeria (Serpelloni et al., 2007; Megh-

raoui and Pondrelli, 2012). Although the east–west-trending

seismicity may seem diffuse, large and moderate earthquakes

(with Mw >5:5) in the Tell Atlas can be localized on fold-

related faults visible at the surface (Fig. 1; Meghraoui, 1988;

Benouar, 1994; Ayadi and Bezzeghoud, 2015). These earth-

quake ruptures can be driven by the stress transfer and inter-

action between faults that typically result in the occurrence of

earthquake sequences. The Zemmouri earthquake (21 May

2003, Mw 6.8) correlated with an offshore reverse fault re-

vealed an average 0.5 m coastal uplift (Meghraoui et al.,

2004) and afterslip that brought coulomb failure to the nearby

active faults (Lin et al., 2011; Cetin et al., 2012). Previously, it

was calculated that the stress on the east section of the Sahel

fold increased by 0.4 bar, which may be considered as a suf-

ficient accumulated loading for promoting anMw >6:8 earth-

quake (Lin et al., 2011). A major issue for the seismic-hazard

assessment is whether the Sahel-fault-related fold is an analog

to the El Asnam structure and may hence generate a large

earthquake following the 2003 Zemmouri event.

*Now at Université des Sciences et de la Technologie Houari Boumediene

(USTHB), Laboratoire de Geophysique, B.P. 32 El Alia, 16111 Bab Ez-

zouar, Algiers, Algeria.
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The coulomb modeling may help in understanding the

stress distribution and explain the fault interaction and impli-

cations for the seismic hazard of the central Tell Atlas. The

fault interaction also depends on the inherited regional stress

built up from the tectonic background and faulting system in a

deformation zone. Early studies proposed the theory of static

stress transfer and earthquake interactions as a triggering

mechanism of earthquakes (e.g., Das and Scholz, 1981; Re-

asenberg and Simpson, 1992; Stein, 1999). The application of

coulomb static stress modeling benefited from significant re-

sults on strike-slip faulting (Stein et al., 1997), but studies on

stress transfer with results on reverse faults remain limited. In

their stress transfer study of south California, Bowman and

King (2001) fix 0.4 bar as a minimum static stress-change

of sufficient value able to trigger the 1994 Northridge earth-

quake (Mw 6.7). Among the sequence of large earthquakes of

the Tell Atlas, the 10 October 1980 El Asnam event (Mw 7.1)

revealed ∼36 km long thrust faulting and coseismic folding

(Fig. 1; Ouyed et al., 1981; Philip and Meghraoui, 1983).

The sequence ends with the 2003 Zemmouri earthquake

and related seismicity east of the Mitidja basin, but left the

Sahel thrust fault segment as a seismic gap (Ayadi et al.,

2008). Maouche et al. (2011) describe the extent of active de-

formation of the ∼60-km-long Sahel fold and estimate

1–2 mm=yr rate of vertical movements during the Late Pleis-

tocene. Other active faults with seismogenic potential have

been identified in the Tell Atlas in relation with historical

earthquakes (Meghraoui, 1988).

In this work, the sequence of main historical earth-

quakes with Mw >5:5 is presented along with thrust fault

parameters of the central Tell Atlas of Algeria. The stress

change is based on the earthquake locations and their uncer-

tainties and calculated with regard to parallel and en echelon

known thrust faults. The coulomb modeling is performed for

each seismic event, taking into account the coseismic and

significant postseismic deformation along rupture planes

of large earthquakes. The results of stress transfer, fault in-

teraction, and related uncertainties are discussed, taking into

account the rupture parameters and the elastic characteristics

of coulomb modeling. The stress transfer results are pre-

sented to be incorporated in a realistic assessment of the seis-

mic hazard and risk in northern Algeria.

Seismotectonics and Fault Parameters

The seismicity catalog of northern Algeria includes

numerous earthquakes of magnitude Mw ≥5:5 over the last

decades (Benouar, 1994; Ayadi and Bezzeghoud, 2015;

Fig. 1). This activity mostly shows reverse rupture mecha-

nisms located in the central Tell Atlas specifically associated

with faults in Quaternary basins. In this context of conver-

gence along a plate boundary, en echelon fault-related folds

related to shallow seismicity can be interpreted as a transpres-

sion deformation with clockwise block rotation (Fig. 2;

Jackson andMolnar, 1990; Morel andMeghraoui, 1996). Kin-

ematic modeling (bookshelf) with clockwise block rotation

upon a vertical axis and paleomagnetic results illustrate crustal

deformation with simple pure shear tectonic pattern that ap-

plies to oblique plate convergence in western Mediterranean

(Derder et al., 2011; Meghraoui and Pondrelli, 2012).

The seismic sequence investigated in this study includes

the following earthquakes (Fig. 1): 1891 (Mw 6.5), 1910

(Mw 7.0), 1922 (Mw 6.1), 1934 (Mw 5.5), 1954 (Mw 6.7),

1959 (Mw 5.9), 1980 (Mw 7.1), 1988 (Ms 5.6), 1989

(Mw 6.0), and 2003 (Mw 6.8). Most of these earthquakes have

been the site of tectonic investigations and seismic data analy-

sis that allow for a better accuracy of the epicentral locations

and related fault-rupture characteristics (Fig. 3 and Table 1).

The 15 January 1891 Montebourg (now Gouraya) earth-

quake was first studied by Rothé (1950) and more recently

Figure 1. Seismotectonic map of the Tell Atlas in the north-central Algeria where black lines indicate late Quaternary and active faults
(Meghraoui, 1988) and seismicity comes from the earthquake catalog of Ayadi and Bezzeghoud (2015). Box is the study area characterized
by major earthquakes in circles (M ≥6:0). Focal mechanisms are from Global Centroid Moment Tensor (Table 1; see also Data and Re-
sources) dominated by reverse faults that illustrate the converging active tectonics along the Africa–Eurasia plate boundary (Meghraoui and
Pondrelli, 2012). The color version of this figure is available only in the electronic edition.
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by Maouche et al. (2008) from contemporaneous reports that

indicate the zone of maximum damage (IX European Macro-

seismic Scale). Rothé (1950) reports coseismic surface

breaks that consist of ∼40-cm-wide rupture striking

northeast–southwest crossing the Montebourg coastal village

showing more than 30� 10 cm coastal uplift, measured

from a white strip of algae (similar to those observed after

the 2003 Zemmouri earthquake, Meghraoui et al., 2004). In

their tectonic and geomorphologic investigations, Maouche

et al. (2008) observe a ∼20-km-long and northeast-south-

west-trending thrust fault zone oblique to the coastline

and dipping southeast in agreement with the coastal uplift.

Although with uncertainties, the 20� 2 km fault length

estimated from the size of the Quaternary basin, shallow

hypocenter (∼10 km) from the severe damage distribution,

and inferred ∼1:2 m slip at depth imply an estimatedMw 6.5.

The 24 June 1910 earthquake that severely damaged the

city of Aumale (now Sour El Ghozlane; see Fig. 3) was

affected by an Ms 6.6 event. The magnitude determination

was obtained from teleseismic amplitudes and period read-

ings, a teleseismic epicenter relocation obtained from con-

temporary bulletins of 22 Euro-Mediterranean seismic

stations and damage distribution from press reports to define

a VIII Medvedev–Sponheuer–Karnik (MSK) zone of maxi-

mum damage (Ambraseys et al., 1991; Benouar, 1994;

Table 1). The 1910 earthquake occurred southeast of the

Blida thrust-and-fold system and can be considered as

an off-sequence seismic event. Our field investigations in

tectonic geomorphology show a minimum 38-km-long and

east-northeast–west-southwest-trending, north-dipping fault

plane with reverse mechanism (Figs. 1 and 3). Using the

Wells and Coppersmith (1994) relations, we obtain Mw 7.0

and infer an average 2.2 m coseismic slip at depth, and

12-km-wide rupture comparable to other large earthquakes

of the Tell Atlas.

The 25 August 1922 Tenes-Abou El Hassan earthquake

was studied by Rothé (1950) from contemporaneous scien-

tific and press reports that describe the maximum damage

area with isoseismals reaching VIII MSK at the Cavaignac

village (now Abou El Hassan located ∼14 km southwest of

Tenes city). The earthquake epicenter relocated by

Benouar (1994) a few kilometers east of Cavaignac is in

agreement with the location of the northeast–southwest-

striking, ∼10-km-long reverse fault scarp (Aoudia and

Meghraoui, 1995). The fault zone is related to an active fold

and displays a maximum 1 m vertical offset of alluvial ter-

races and ∼0:6 m average vertical slip along strike that

correspond to Mw 6.1 (Table 1).

Using seismic records of nine stations and the standard

Prague formula, Benouar (1994) calculates the Ms 5.1 event

and relocates the epicenter of the 7 September 1934 earth-

quake (Table 1). The earthquake epicenter is located at

3 km northeast of the Carnot village (now El Abadia), which

is located at the northeastern end of the 1980 El Asnam earth-

quake fault (Fig. 3). Although fault parameters are difficult to

determine for moderate earthquakes (Mw <6), we estimate

0:25� 0:1 m coseismic slip on an ∼5-km-long, north-

dipping fault plane from field observations of the flexural

slip faulting (Meghraoui et al., 1986). The damage distribu-

tion testifies for the shallow hypocentral depth (∼5 km) from

which we estimate Mw 5.5 (Table 1).

The 9 September 1954 Orléansville (named El Asnam

after July 1962 and now Ech Chelif) earthquake occurred on

a blind fault and caused extensive damage (I0 IX MSK;

Rothé, 1955) in the region. Benouar (1994) calculates the

magnitude Ms 6.7 from surface waves of 17 stations and

fixes the epicentral location (given by the Bureau Central de

Sismologie de Strasbourg, Table 1) based on the secondary

surface breaks and area of maximum damage mapped by

Rothé (1955). The focal mechanism with east-northeast–

west-southwest-trending and north-dipping reverse fault

given by McKenzie (1972) is in agreement with the relocated

72 earthquake aftershocks (withM >4:5 from 1954 to 1987)

combined with mainshock focal mechanism andMw 6.4 pro-

posed by Dewey (1991). In addition, the coseismic geodetic

(leveling) investigations and related dislocation model sug-

gest Mw 6.7 (M0 1:1 × 1019 N·m, Table 1) on a 21� 2-km-

long fault, striking 217°, dipping 67°, and with 3� 0:2 m

coseismic slip (Bezzeghoud et al., 1995).

The 7 November 1959 Bou Medfaa earthquake is mod-

erate with Mb 4.9 (from body waves) but reaches the inten-

sity VIII MSK (Benouar, 1994). However, along with the

strike-slip focal mechanism determination, Girardin et al.

(1977) estimated a larger magnitude Ms 5.9 in accordance

Figure 2. Conceptual model of a computed coulomb failure
function (ΔCFF) calculated on an en echelon thrust fault system
(1, 2, and 3) comparable to the active structures of the Tell Atlas
(see the Seismotectonics and Fault Parameters section for details).
The kinematic of faulting and related block model is detailed in
Meghraoui and Pondrelli (2012). The thin line indicates the fault
tip, and the thick line is the intersection between the fault surface
and the plane. Inset shows the stress loading on the fault plane, with
0.8 m average slip in agreement with an Mw 6.5 earthquake. The
computation is made at 7 km depth with 235°/60°/70° as strike/
dip/rake and μ′ � 0:4 effective friction coefficient. The color version
of this figure is available only in the electronic edition.
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with the level of damage distribution. Inferred from the focal

mechanism solution and the extent of the damage zone, the

fault parameters show ∼9-km-long east-southeast–west-

northwest-trending reverse fault and ∼7-km-long fault width

associated with 0:5� 0:1 m left-lateral slip, which result in

Mw 5.9 (Table 1).

The 10 October 1980 El Asnam earthquake has been the

site of numerous studies with extensive documentation on

the magnitude determination, epicentral location, and surface

faulting (e.g., Ouyed et al., 1981; Philip and Meghraoui,

1983; Bezzeghoud et al., 1995; Table 1). Because of the large

earthquake magnitude (Mw 7.1), aftershocks distribution,

and geodetic analysis (Bezzeghoud et al., 1995), fault param-

eters are well constrained (Table 1) and the mainshock epi-

central location is with limited error range (less than 1 km;

Ouyed et al., 1981; Yielding et al., 1989). On the basis of

earthquake-faulting mechanisms and relocated 72 earth-

quakes (with M >4:5 from 1954 to 1987) made by Dewey

(1991), and geodetic data with dislocation modeling pro-

vided by Bezzeghoud et al. (1995), it is concluded that the

1954 and 1980 earthquake ruptures may have occurred on

two different and nearly parallel fault planes with ∼6 km off-

set that also corresponds to the distance between the two

earthquake epicenters (Fig. 4a).

The 30 October 1988 Oued Djer earth-

quake is in the same region and comparable

to the 1959 earthquake. Fault parameters

are obtained from the focal mechanism sol-

ution (Global Centroid Moment Tensor

[CMT]) with northeast–southwest-striking

rupture and Mw 5.6, which results in 5-

km-long and wide fault dimension, and

0:12� 0:05 m slip (Table 1).

The 29 October 1989 Tipaza earth-

quake reached intensity VIII (MSK) with

minor surface breaks, magnitude Mw 6.0,

and reverse fault mechanism from the read-

ing of P-wave arrivals (Meghraoui, 1991)

similar to the Global CMT solution. The re-

located epicenter is from near-field stations,

and fault parameters with 0:4� 0:1 m

average slip distribution is obtained from

coseismic surface ruptures and seismic

source analysis (Table 1; Meghraoui, 1991;

Bounif et al., 2003).

The 21 May 2003 Zemmouri earth-

quake has been the site of numerous studies

that document the mainshock and after-

shock epicenter locations (using near-field

seismic stations) and the thrust fault mecha-

nism. The inferred ∼50-km-long fault and

1:4� 0:1 m average slip were obtained

frommodeling of coseismic and postseismic

deformation using Interferometric Synthetic

Aperture Radar (InSAR; Table 1; Delouis

et al., 2004; Meghraoui et al., 2004; Ayadi et al., 2008; Mahsas

et al., 2008; Belabbes et al., 2009; Cetin et al., 2012).

The seismic sequence described above shows an earth-

quake migration probably governed by fault interaction and

stress transfer comparable to other seismogenic fault zones

(Stein et al., 1997; Fereidoni and Atkinson, 2015). Previous

coulomb modeling in northern Algeria shows the increase of

stress perturbation and takes an average coefficient of friction

μ
′ � 0:4 for thrust faults that promotes earthquake triggering

(Lin et al., 2011). Indeed, the static stress change is computed

on fixed fault planes due to the well-constrained earthquake

fault geometries of the thrust fault system of north-central

Algeria (McKenzie, 1972; Ouyed et al., 1981; Meghraoui,

1988; Bezzeghoud et al., 1995; Meghraoui et al., 2004; Ayadi

et al., 2008; Mahsas et al., 2008; Belabbes et al., 2009; Cetin

et al., 2012).

Static Stress Modeling and Fault Interaction

The static stress change is computed on fixed receiver

faults. Tables 1 and 2 summarize the fault source parameters

(i.e., fault geometry and dimensions, average slip, and mecha-

nism) used as an input to calculate the stress change. The com-

puted coulomb failure function (ΔCFF; Reasenberg and

Simpson, 1992) is expressed by

Figure 3. Cumulative changes in coulomb failure stress calculated from model rup-
tures of the major earthquakes between 1891 and 2003 (Benouar, 1994; Ayadi and Bez-
zeghoud, 2015) in the study area (box in Fig. 1). Dark areas indicate regions of increased
stress loading (see the Earthquake Sequence and Static Stress Change in the Central Tell
Atlas section and Table 3 for model details). Thick lines are mapped active faults including
the Sahel fault (Meghraoui, 1988). Small circles indicate seismicity from the earthquake
catalog of Ayadi et al. (2008) spanning the time frame from 1900 to 2013. Note that the
modeling indicates increased stresses (0.1–0.4 bar) on the Sahel and Blida regions (see
also Fig. 5). The computation takes into account fault geometries of the earthquake se-
quence (Table 2), and the receiver planes are related to the fault parameters as obtained
from focal mechanisms. The computed cumulative ΔCFF solutions are stable and admit
�0:01 bar uncertainty including 200°–240° varying strikes for the Sahel thrust fault. The
color version of this figure is available only in the electronic edition.
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EQ-TARGET;temp:intralink-;df1;55;518ΔCFF � Δτ − μ�Δσn − ΔP� �1�

EQ-TARGET;temp:intralink-;df2;55;492ΔCFF � Δτ − μ
′
Δσn; �2�

in which τ is the shear stress, σn is the normal stress (com-

pression positive), ΔP is the pore pressure change, and μ

and μ
′ are the coefficient of friction and the effective compo-

nent, respectively. Previous studies suggest that μ is 0.6–0.9

for most geological materials (Byerlee, 1978), and the appar-

ent friction coefficient used in triggered seismicity is defined

by the combination of pore pressure and friction coefficient

EQ-TARGET;temp:intralink-;df3;55;375μ
′ � μ

�

1 −
ΔP

Δσn

�

�3�

(Beeler et al., 2000). The static stress-change modeling for

earthquake triggering was studied by Reasenberg and Simp-

son (1992) and Stein et al. (1994) where 0.1–0.8 bar were

obtained from their elastic dislocation models and considered

as sufficient values promoting failure in a seismogenic crust.

Furthermore, Stein et al. (1994) point out that the 1-bar stress

change corresponds to more than a decade of secular stress

build up in the greater Los Angeles area; they calculate that

the 1933 M 6.4 Long Beach and 1952 M 7.3 Kern County

shocks raised the coulomb stress at the site of the 1971

San Fernando (Mw 6.5) and 1994 Northridge (Mw 6.7) earth-

quakes by at least 0.1 bar.

Rupture characteristics are incorporated in our ΔCFF

modeling to test different values of the effective friction co-

efficient μ′. The ΔCFF modeling with μ′ � 0:4 applied to all

fault ruptures provides the optimum stress loading associated

with the earthquake sequence. Jaumé and Sykes (1996) and

Cocco and Rice (2002) explain the low value of effective

friction coefficient in the presence of high fluid pressure

P. As shown by Lin et al. (2011) in their modeling following

the 2003 Zemmouri earthquake, the use of a relatively low

effective friction coefficient μ′ � 0:4 implies a high Skemp-

ton coefficient and high pore pressure change.

The earthquake migration and possible related fault in-

teraction in the central Tell Atlas can be modeled to compute

the stress transfer. We use coulomb 3.4 software (Toda et al.,

2011) based on the conversion of dc3d code (Okada, 1992)

in MATLAB functions to calculate the ΔCFF. For the mod-

eling procedure, we assume a 0.25 typical value of

Poisson ratio with 8 × 105 bar for the Young’s modulus

and 3:3 × 105 bar shear modulus in the seismogenic layer

(10–15 km thickness). The ΔCFF is computed on rectangu-

lar dislocations with uniform slip in homogeneous and iso-

tropic media. The computation also includes a nonuniform

slip model for the 2003 Zemmouri fault rupture (see below).

A fault database with specific format was prepared to test the

modeling with fixed oriented planes (see Tables 1 and 2)

and related slip per event inferred from the seismic moment

for each earthquake. The slip is an average estimate that

matches the fault length according to Wells and Coppersmith

(1994). For each earthquake fault and computed stress

change, a mid-distance location in the seismogenic zone

(7 km depth) is determined as appropriate for an optimum

ΔCFF calculation (Table 3). A selected area of

400 km × 200 km dimension is gridded every 1 km and em-

ployed for the best-fit interpolation of the ΔCFF modeling.

The dislocation model (Okada, 1992) using a selection of

source ruptures and receiver en echelon faults allows us to

identify regions of stress loading and of stress shadowing

(Reasenberg and Simpson, 1992; Figs. 2 and 3).

Earthquake Sequence and Static Stress Change in the

Central Tell Atlas

Among the largest earthquakes (Mw ≥6) that affected in

sequence the central Tell Atlas, the 1954 Orléansville

(Mw 6.7), 1980 El Asnam (Mw 7.1), 1989 Tipaza (Mw 6.0),

and 2003 Zemmouri (Mw 6.8) seismic sequence suggest the

northeastward migration (Fig. 1 and Table 1). In comparison

with the stress transfer between juxtaposed strike-slip faults

(Stein et al., 1997), the earthquake activity in the central Tell

Table 1
Fault Parameters of Significant Seismic Events of North-Central Algeria, as an Input for the Coulomb Stress Transfer

Modeling

Earthquake Longitude (°) Latitude (°) M0�×10
18 N·m� Mw U (m) Average L (km) W (km) Strike (°) Dip (°) Rake (°)

1891 1.8 36.5 7.1 6.5 1.2 ± 0.2 20 ± 2 10 60 60 90

1910 3.7 36.3 30 7.0 2.2 ± 0.3 38 ± 4 12 255 60 90

1922 1.3 36.4 1.7 6.1 0.6 ± 0.1 10 ± 1 8 240 60 90

1934 1.7 36.3 0.18 5.5 0.25 ± 0.1 5 ± 0.5 5 258 70 90

1954 1.47 36.28 11 6.7 3.0 ± 0.2 21 ± 2 5 217 67.5 90

1959 2.55 36.38 0.84 5.9 0.5 ± 0.1 9 ± 1 7 65 70 90

1980 1.36 36.18 60 7.1 3.1 ± 0.2 40 ± 4 15 230 60 90

1988 2.63 36.44 0.33 5.6 0.12 ± 0.05 5 ± 0.5 5 201 79 36

1989 2.44 36.67 1.3 6.0 0.4 ± 0.1 12 ± 1.5 8 246 56 86

2003 3.65 36.83 27 6.9 1.4 ± 0.1 50 ± 5 11 54 50 90

Coseismic slips are estimated from field investigations or from geodetic or seismic source modeling. Fault length and fault width are estimated

from active tectonics and coseismic rupture observations or from dislocation modeling (e.g., Meghraoui et al., 2004). Focal mechanisms of major

earthquakes (see also Fig. 1) are from Global Centroid Moment Tensor solutions (see Data and Resources) showing reverse faulting. The fault

parameters of the 1891 earthquake are in Maouche et al. (2008), and fault parameters of the 1922 earthquake are in Aoudia and Meghraoui (1995).
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Atlas also appears to be controlled by the en echelon pattern

of fault-related folds (Fig. 2). Here, we assume that the north-

eastward earthquake migration in the central Tell Atlas is due

to the fault rupture interaction and related stress transfer.

In our study region, the onset of major earthquakes in the

sequence are the 1954 Mw 6.7 and the 1980 Mw 7.1 earth-

quakes that occurred in the Chelif basin. Previously, two

significant earthquakes, the 1891 earthquake Mw 6.5 and

the 1922Mw 6.1 earthquake that occurred along the coastline,

can be responsible for the increased stress loading (>0:1 bar)

further south in the Chelif basin (Figs. 1 and 3). The stress-

change modeling shows that the 1891 and 1922 earthquakes

occurred on fault sources that favor the stress transfer on the

1954 and 1980 fault-plane receivers. Indeed, the ΔCFF mod-

eling of the 1891 and 1922 earthquake ruptures at 7 km depth

indicates a cumulative stress loading on the 1954 fault plane

with values >0:1 bar (see Table 3 and Ⓔ Figs. S1 and S2,

available in the electronic supplement to this article).

Considering the 1954 stress loading

only, the ΔCFF modeling at 7 km depth

suggests a static stress load higher than

2 bar as sufficient to trigger the subsequent

Mw 7.1 El Asnam 1980 earthquake rup-

ture (Fig. 4a,b and Ⓔ Figs. S3 and S4).

As put forward by Dewey (1991)

and Bezzeghoud et al. (1995), the occur-

rence of the large 1954 earthquake and the

existence of two different seismogenic

fault segments implies a significant stress

loading on the 1980 fault zone (7.9 bar in

Table 3; see also the Seismotectonics and

Fault Parameters section).

The cumulative stress loading caused

by the 1954Mw 6.7 and 1980Mw 7.1 earth-

quakes may be at the origin of the northeast-

ward earthquake sequence migration and

the occurrence of the 1959 Mw 5.9, 1988

Mw 5.5, the 1989 Mw 6.0, and the 2003

Mw 6.8 earthquakes (Ⓔ Fig. S5). Consid-

ering the trending earthquake sequence,

the 1954, 1959, 1980, and 1988 earthquakes

are taken as source faults and 1989 and

2003 as the receiver faults. The ΔCFF com-

putation denotes a positive loading value

reaching 0.3 bar in the epicentral area of

the 1989 earthquake fault (Ⓔ Fig. S4).

The stress loading reaches 0.2 bar for the

modeled receiver plane when considering

the 1959 and 1988 earthquake ruptures,

whereas the limit value to rupture for the

1989 earthquake average 0.6–0.8 bar. Con-

sidering the cumulative stress and the cou-

lomb stress drop acting before and after an

earthquake comparable to the 1989 seismic

event, these stress loading values are in good

agreement with those obtained for moderate earthquakes

(M ≥5:5) in the southern California region (Jaumé and Sykes,

1996; Bowman and King, 2001).

The large 2003 Zemmouri earthquake is the most recent

seismic event of the sequence in the central Tell Atlas (Fig. 1).

Our ΔCFF calculation includes all historical seismic events

(see Table 1 and Ⓔ Fig. S6) in addition to the large earth-

quake of 24 June 1910, Mw 7.0 (Table 1). Here, the stress-

change computation also takes into account the nonuniform

coseismic slip obtained from the inversion of coastal uplift,

Global Positioning System (GPS), and strong-motion inver-

sion data (Ⓔ Fig. S7). The slip distribution is based on 128

rectangular patch dislocations, 3 m maximum slip, and 5:9 ×

1019 N·m (Mw 7.1) seismic moment (Semmane et al., 2005).

The ΔCFF calculations for uniform and nonuniform slip (see

Fig. 5) indicate comparable stress loading reaching ∼1 bar

covering the 2003 epicenter area (Fig. 6). Although the epi-

central region of the 1910 seismic event occurred at ∼40 km

south of the Zemmouri region on a comparable east-north-
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Figure 4. Cross section of the ΔCFF modeling calculated at 7 km depth of the 1954
and 1980 El Asnam fault. The coulomb stress modeling after the 1954 seismic event
shows the loading at 7 km depth (dashed line) and the interaction with the 1980 earth-
quake fault located 6–10 km further south. The ΔCFF computation is reached as fixed
receiver planes (strike/dip/rake = 235°/60°/70°; see also Table 3). Thick lines in the cross
section indicate the source (small line) and receiver (large line) fault positions. The color
version of this figure is available only in the electronic edition.
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east–west-southwest-trending fault zone (Benouar, 1994; see

also the Seismotectonics and Fault Parameters section for

earthquake location), the ΔCFF modeling shows that it con-

tributes to the loading of the Mitidja region. Our predictive

model for stress loading takes into account the tensorial ap-

proach applied in southern California (Jaumé and Sykes,

1996; Bowman and King, 2001) and the clock time advance

based on the ratio of the maximum static stress change com-

puted on a receiver fault and the stressing rate (Stein et al.,

1997). In our case, the stress loading value necessary for trig-

gering the 2003 earthquake reaches 1:4� 0:2 bar (Fig. 5 and

Ⓔ Fig. S7) taking into account the ∼375 yrs recurrence time

necessary to nucleate an event of magnitude Mw ∼ 7 in the

central Tell Atlas (Beghoul et al., 2010).

From the tectonic point of view, the 2003 epicentral re-

gion limits to the east the Kabylia block, to the west the Mi-

tidja basin and Sahel anticline (Ayadi et al., 2008), and to the

southwest the Blida fold-and-thrust system (Figs. 3 and 5).

The fault interaction and stress change indicate a clear influ-

ence of the western section of the 2003 aftershock sequence

(Fig. 3 andⒺ Fig. S7) on the Mitidja region and specifically

on the Blida fold-and-thrust structure which generated large

(Mw 6.5 in 2 March 1825 in Ayadi and Bezzeghoud, 2015)

and moderate earthquakes (Mw >4:5). For comparison,

moderate-magnitude earthquakes in the central Apennines

(Italy) significantly increase (by 40%–110%) the probability

of occurrence of a large earthquake on nearby seismogenic

fault zones (Pace et al., 2014). In fact, the long-term

background seismicity of the Mitidja region may explain the

seismic gap between the 1989 and 2003 earthquakes (Megh-

raoui, 1988; Maouche et al., 2011; Ayadi and Bezzeghoud,

2015; Fig. 5 and Ⓔ Fig. S8a). The 60-km-long Sahel-

faulted fold being a major potential source for a large mag-

nitude event (Mw >7; Maouche et al., 2011), our ΔCFF

modeling shows a positive loading that requires a higher

coefficient of friction (μ > 0:4) for reactivation.

The Postseismic Stress Change

We also explore the impact of the postseismic stress

change of the most recent large earthquakes that occurred in

Tell Atlas (1980 and 2003; see Table 1, Fig. 5, and Ⓔ

Fig. S4). More specifically, we estimate the 2003 cumulative

aftershock seismicity (Ayadi et al., 2008), where the after-

Table 3
Coulomb Parameters for Failure Function Associated with Significant Recent Earthquakes of North-Central Algeria

Calculated Location Receiver Plane (°) Stress Computation (bar)

Earthquake (SF-RF) Longitude (°) Latitude (°) Z (km) Strike Dip Rake Shear Normal Coulomb

1891 (SF) 1.751 36.462 7.000 245.1 43.00 71.70 5.844 ± 0.3 6.989 ± 0.5 8.640 ± 0.4

1922 (RF) 1.299 36.475 7.000 245.1 43.00 71.70 0.051 ± 0.02 −0.046 ± 0.02 0.033 ± 001

1922 (SF) 1.266 36.458 7.000 217.0 67.50 70.00 −7.605 ± 3.39 2.886 ± 1.97 −6.451 ± 4.18

1954 (RF) 1.550 36.351 7.000 217.0 67.50 70.00 0.021 ± 0.07 0.258 ± 0.06 0.124 ± 0.05

1934 (SF) 1.735 36.292 7.000 217.0 67.50 70.00 0.606 ± 0.07 0.970 ± 0.1 0.994 ± 0.1

1954 (RF) 1.595 36.348 7.000 217.0 67.50 70.00 0.106 ± 0.01 −0.084 ± 0.007 0.073 ± 0.005

1954 (SF) 1.366 36.205 7.000 235.0 60.00 70.00 1.912 ± 0.2 1.387 ± 0.9 2.467 ± 0.6

1980 (RF) 1.525 36.214 7.000 235.0 60.00 70.00 10.259 ± 2 −5.689 ± 1 7.984 ± 2

1980 (SF) 1.366 36.205 7.000 212.0 40.00 90.00 7.275 ± 0.2 −8.415 ± 0.9 3.909 ± 0.6

1989 (RF) 2.439 36.657 7.000 212.0 40.00 90.00 0.100 ± 0.02 −0.100 ± 0.01 0.100 ± 0.01

1989 (SF) 2.485 36.657 7.000 54.0 40.00 70.00 −0.259 ± 0.2 2.776 ± 0.2 0.851 ± 0.3

2003 (RF) 3.340 36.748 7.000 54.0 40.00 70.00 0.003 ± 0.001 −0.003 ± 0.001 0.002 ± 0.001

1910 (SF) 3.785 36.346 7.000 54.0 40.00 70.00 −8.514 ± 2 1.957 ± 1 −7.731 ± 2

2003 (RF) 3.467 36.794 7.000 54.0 40.00 70.00 −0.519 ± 0.01 0.495 ± 0.01 −0.321 ± 0.01

SF, source fault; RF, receiver fault.

Table 2
Rupture Parameters of Significant Earthquakes Used for the Coulomb Stress Transfer Modeling

Earthquake Long_c (°) Lat_c (°)
Top

Depth (km)
Bottom

Depth (km) L (km) W (km) Strike (°) Dip (°)
Reverse
Slip (m)

Right-Lateral
Slip (m)

1891 1.79 36.54 0.00 8.00 20.00 9.24 60 60 1.200 0.000

1910 3.7 36.3 0.00 10.00 37.48 15.56 255.17 40 2.200 0.000

1922 1.27 36.45 2.54 9.46 10.41 8.00 240.15 60.0 0.654 0.000

1954 1.49 36.25 1.67 6.43 20.75 5.15 217.52 67.5 3.100 0.000

1959 2.56 36.44 1.71 9.29 9.09 7.00 65.00 70.0 0.416 0.000

1980 1.50 36.18 0.00 12.99 40.00 15.00 230.20 60.00 3.10 0.000

1988 2.63 36.44 0.00 4.91 5.00 5.00 201.62 79.0 0.245 −0.338

1989 2.42 36.62 2.68 9.46 12.00 8.18 246.09 56.0 0.564 −0.040

2003 3.54 36.91 0.00 9.01 50.35 11.76 54.20 50.0 1.400 0.000

L is fault length and W is fault width. The latitude and longitude indicate the center of the dislocation model at the surface.

2630 J. Kariche, M. Meghraoui, A. Ayadi, and M.-S. Boughacha



shocks data are converted into cumulative seismic moment to

obtain the postseismic strain release; in addition, we use the

results of permanent scatterer InSAR (PS-InSAR)–GPS

analysis and slip model of Cetin et al. (2012) as applied

to the 2003 Zemmouri earthquake (M0 2:4 × 1019 N·m) to

model the postseismic stress field. The InSAR time series

(Cetin et al., 2012) and maximum line of sight displacements

are calculated from 2004 to 2010, and compared with

the coseismic displacements (Belabbes et al., 2009). We

observe that the postseismic cumulative moment release

amounts to 9.16% when considering the aftershock events

but reaches 17.08%when taking into account the postseismic

geodetic results which suggests an additional static stress

transfer. A similar comparison of seismic activity between

mainshock and aftershocks of the 1980 El Asnam earth-

quake (M0 5:94 × 1019 N·m) indicates 9.59% for the post-

seismic moment release. A calculation of the background

seismicity rate change for the area of the 2003 Zemmouri

earthquake (from 2003 to 2015) provides a maximum of

2 earthquakes=yr=100 km2 (Ⓔ Fig. S8a), comparable to

the results obtained by Lin et al. (2011). We compute a seis-

micity rate change by combining Ayadi et al. (2008) and

Berkeley catalog from the period 1964–2015 (Ⓔ Fig. S8b).

In addition to the earthquake catalogs of Benouar (1994) and

Ayadi and Bezzeghoud (2015), we took into account the

Berkeley catalog data (1964–2015) in readable format to cal-

culate the cumulative seismic moment and the background

seismicity rate. The magnitude of completeness is 3.6 (maxi-

mum-likelihood estimation) with 0.19 uncertainty obtained

by bootstrapping (Fig. 7) using Zmap soft-

ware (Wiemer, 2001). The seismicity rate

change represents the ratio calculated be-

fore and after the 2003 mainshocks, where

the red zone in Ⓔ Figure S8b indicates

3× increase in seismicity after the 2003

earthquake, in good agreement with the

postseismic stress change.

Discussion and Conclusion

The seismotectonics and stress trans-

fer study in north-central Algeria shows a

predominantly northeastward migrating

sequence from the 1891 to 2003 earth-

quakes. Our ΔCFF modeling shows that

the seismic sequence is apparently con-

trolled by thrust fault interaction in the Tell

Atlas. The seismotectonic analysis indi-

cates that the uncertainty in the earthquake

sequence locations is relatively low depth

error range (ERH < 1 km) for the 1980,

1989, and 2003 earthquakes (Ouyed et al.,

1981; Yielding et al., 1989; Bounif et al.,

2003; Ayadi et al., 2008). As for the 1954,

1959, and 1988 earthquakes, the Algerian

seismological network admits a relatively low error range in

the epicentral location (ERH < 2 km; Ayadi and Bezze-

ghoud, 2015). Using P-wave arrivals reported in the

International Seismological Bulletin and zones of maximum

damage distribution, the uncertainty of the 1910, 1922, and

1934 earthquake locations cannot exceed 5 km (Benouar,

1994). The macroseismic intensity distribution and related

surface faulting and uplifted coastal region suggest a

5–10 km error range for the 1891 earthquake epicenter (Rothé,

1950). Although all seismic events are predominantly shallow,

a remaining significant uncertainty that may reach �5 km is

linked with the hypocentral depth, mainly for the pre-1988

earthquakes. Uncertainties in earthquake location and fault

strike, dip, and dimensions are reduced, taking into account

previous results on surface faulting for the 1891 earthquake

(Maouche et al., 2008), the 1922 earthquake (Aoudia and

Meghraoui, 1995), the 1954 earthquake (Rothé, 1950; Be-

nouar, 1994, Bezzeghoud et al., 1995), the 1934 and 1980

earthquakes (Philip and Meghraoui, 1983; Meghraoui et al.,

1986), and the 1989 and 2003 earthquakes (Meghraoui, 1988;

Belabbes et al., 2009).

In our study, we assume a simple rectangular dislocation

with uniform slip in a homogeneous medium (with typical

shear-modulus and Poisson-ratio values) for all earthquake

ruptures that subsequently reduces uncertainties in the cou-

lomb modeling. The comparable results of computation of

static stress change for the 2003 earthquake rupture reaching

1 bar for nonuniform and uniform slip may well be valid for

the other earthquake ruptures of the seismic sequence. As

shown in Figures 3 and 5 and Ⓔ Figure S7, the influence of

Figure 5. ΔCFF of fixed planes in the Mitidja region with the 1910, 1989, and 2003
earthquakes loading the Blida thrust-and-fold structure and the Sahel anticline. Seismic-
ity data are from Ayadi et al., (2008). The postseismic stress change from 2003 to 2010
due to the afterslip model as obtained from Interferometric Synthetic Aperture Radar
time-series analysis (Cetin et al., 2012) indicates 17% additional loading. The receiver
faults are the same as in Figure 3. The color version of this figure is available only in the
electronic edition.
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the nonuniform slip model can be considered as minor with

regard to the uniform slip solution. Although the 15� 2 km

thickness of seismogenic layer is relatively well constrained,

thanks to the seismicity distribution for major earthquakes

(i.e., 1980, 1989, and 2003 earthquakes), we assume that

the coulomb modeling performed at 7 km depth corresponds

to a realistic solution for the mechanical problem of the seis-

mogenic crust. As thrust faults are the predominant earth-

quake mechanism, we use published fault parameters to

calculate the coulomb stress imparted in the central Tell Atlas

region. Fault geometries being well mapped and rupture

parameters well constrained from field investigations in epi-

center areas, we observe that uncertainties of fault parameters

do not change much of the coulomb modeling results. We also

note that the change in fault dip (from 30° to 70°) does not

affect the amount of stress loading (ΔCFF � 0:2–0:3 bar)

for any receiver fault (Fig. 6a,b).

Among the main historical and recent earthquakes, the

coulomb modeling at 7 km depth indicates that the 1980 ma-

jor seismic event (Mw 7.1) significantly changes the stress

field in the central Tell Atlas. The structural characteristics

of tectonic blocks limited by active and seismogenic faults

with en echelon geometry provide the pattern for the stress

transfer modeling. A remaining question, however, is the role

of fluid migration following the occurrence of large thrust

earthquakes, and the study of the poroelastic deformation us-

ing constitutive equations (such as Biot’s law) that may con-

strain the effective stress near the fault zones. Jaumé and

Sykes (1992) suggest that one explanation for the apparently

low value of μ′ would be the presence of high fluid pressure.

In our study, we show that the coulomb modeling requires an

effective friction coefficient of 0:1 < μ
′ < 0:4, which im-

plies a ΔCFF � 0:2–0:3 bar for most receiver faults (Fig. 6a

andⒺ Fig. S6) that may explain the earthquake triggering in

the sequence.

The earthquake sequence does not move further east or

west in the central Tell Atlas and the coulomb modeling in-

dicates an increased static stress in the Mitidja region and in

particular on the 60-km-long Sahel fold-related fault.

Although the seismic sequence starts with the initial west-

ward migration of 1891 Mw 6.5 and 1922 Mw 6.1 coastal

earthquakes that loaded further south of the El Asnam

(Orléansville) faulting area, we consider that the impact of

the 1954 Mw 6.7 and 1980 Mw 7.1 major earthquakes with

northeast migration that includes 1959, 1988, 1989, and

2003 is predominant in the static stress change (see also

Table 3 and Ⓔ Fig. S5) and northeastward earthquake

migration on the earthquake fault system of north-central

Algeria. The occurrence of the off-sequence 1910 Mw 7.0

earthquake, which is apparently not consistent with the seis-

mic sequence and related northeastward seismic migration

could not be neglected; its ΔCFF helps us understand the

state of stress in the Mitidja region, Blida thrust system, and

Sahel-faulted fold structure (see Fig. 3). Indeed, the occur-

rence of the 1910 earthquake adds to the cumulative ΔCFF

and its impact on the seismic hazard of the north-central

Algeria region. Stein (1999) estimated that during an earth-

quake, ∼80% of the energy is released as seismic waves,

whereas the remaining ∼20% is merely stored and trans-

ferred to different locations along the fault leading to specific

regions becoming more susceptible to future earthquakes.

Considering the 2003 postseismic strain release where the

geodetic moment (that may include aseismic poroelastic and

viscoelastic deformation) is twice the aftershocks moment

release, the static stress increases from 0.2 to 0.4 bar on the

Sahel and Blida thrust faults located in between the 1910

Mw 6.5, 1989Mw 6.0, and 2003Mw 6.8 earthquakes (Fig. 5).

Our ΔCFF modeling indicates a significant seismic hazard

and risk as the Sahel and Blida faults have the potential
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Figure 6. (a) Stress loading on the Sahel fault (see also Fig. 5)
as calculated from the 2003 earthquake area (and further west) using
different effective friction coefficient μ′. The ΔCFF modeling infers
a 0.2–0.4 bar as maximum stress load (at a distance >5 km) and
earthquake triggering along the fault; the fault dip of the receiver
plane is fixed on 55°, the mean strike of the receiver Sahel fault
is 250°, and the mean rake is equal to 70°. (b) Stress loading on
the Sahel fault calculated using different fault dips (30°–70°).
The ΔCFF modeling predicts a minimum 0.05–0.27 bar stress load-
ing and earthquake triggering for various fault dip along the fault;
the effective friction coefficient is fixed for 0.4 (see the Static Stress
Modeling and Fault Interaction section for explanation). The color
version of this figure is available only in the electronic edition.
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to generate a large magnitude earthquake near the capital city

Algiers (Maouche et al., 2011).

The seismic migration that occurs along the en echelon

thrust fault geometry of the Algerian section of the Eurasia–

Africa plate boundary is not surprising. Our static stress-

change modeling shows a causative relation between the

observed migration of earthquakes, the triggered seismic

events, and the positive stress-change computation (see Ⓔ

Figs. S1–S8 for more details). Although the en echelon tec-

tonic structures are complex, King (2007) suggests that the

stress change calculated on well-identified fixed fault planes

provides better modeling than when using optimal rupture

planes. In our study, the stress transfer analysis using the

earthquake sequence and related fault parameters con-

strained from field investigations provides a better constraint

on fault interaction and related failure threshold. This ap-

proach based primarily on combined geologic and seismo-

logical data is critical for the seismic-hazard evaluation

(Meghraoui and Atakan, 2014).

Because the El Asnam and Sahel thrust-related fold

present comparable geomorphological and tectonic features

(thrust system with flexural slip folding and bending-mo-

ment normal faulting), one may also consider a comparable

long-term seismogenic behavior associated with 1–2 mm/yr

contraction rate across the Blida and Sahel fault systems

(Meghraoui and Pondrelli, 2012). The poroelastic rebound

for thrust fault mechanisms in far-field domains is generally

associated with fluid migration (i.e., pore pressure change;

Whitcomb et al., 1973) and implies the ΔCFF computation

as a time-dependent phenomenon. The coulomb modeling

shows that the Blida and Sahel fault regions are trapped by

the positive stress loading of the earthquake sequence (Figs. 3

and 5). The static stress change and increase of promoting

failure along the Sahel thrust fault is a ma-

jor outcome for the earthquake-hazard

evaluation in the Mitidja region.

Data and Resources

Seismicity data used in this article

came from published sources listed in the

references. MATLAB functions are from

www.mathworks.com/products/matlab (last

accessed January 2016). The Global Cent-

roid Moment Tensor (CMT) Project data-

base was searched using www.globalcmt.

org/CMTsearch.html (last accessed October

2015). Some plots were made using the

Generic Mapping Tools (GMT) v.4.2.1

(www.soest.hawaii.edu/gmt, last accessed

January 2016; Wessel and Smith, 1998).
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S U M M A R Y

The 2016 January 25 earthquake (Mw 6.3) follows in sequence from the1994 May 26 earth-

quake (Mw 6.0) and the 2004 February 24 earthquake (Mw 6.4) in the Rif Mountains and

Alboran Sea. The earlier two seismic events which were destructive took place on inland con-

jugate faults, and the third event occurred on an offshore fault. These earthquake sequences

occurred within a period of 22 yr at ∼25 km distance and 11–16-km depth. The three events

have similar strike-slip focal mechanism solutions with NNE-SSW trending left-lateral fault-

ing for the 1994 and 2016 events and NW-SE trending right-lateral faulting for the 2004

event. This shallow seismic sequence offers the possibility (i) to model the change in Coulomb

Failure Function (�CFF with low µ′ including the pore pressure change) and understand

fault-rupture interaction, and (ii) to analyse the effect of pore fluid on the rupture mechanism,

and infer the clock-time advance. The variation of static stress change has a direct impact on

the main shock, aftershocks and related positive lobes of the 2004 earthquake rupture with a

stress change increase of 0.7–1.1 bar. Similarly, the 2004 main shock and aftershocks indicate

loading zones with a stress change (>0.25 bar) that includes the 2016 earthquake rupture. The

tectonic loading of 19–24 nanostrain yr−1 obtained from the seismicity catalogue of Morocco

is comparable to the 5.0 × 1017 N·m yr−1 seismic strain release in the Rif Mountains. The

seismic sequence is apparently controlled by the poroelastic properties of the seismogenic

layer that depend on the undrained and drained fluid conditions. The short interseismic pe-

riod between main shocks and higher rate of aftershocks with relatively large magnitudes

(4 < Mw < 5.5) imply the pore-fluid physical effect in undrained and drained conditions. The

stress-rate ranges between 461 and 582 Pa yr−1 with a �CFF of 0.2–1.1 bar. The computed

clock-time advance reaches 239 ± 22 yr in agreement with the ∼10 yr delay between main

shocks. The calculated static stress change of 0.9–1.3 bar, under pore-fluid stimulus added

with well-constrained geodetic and seismic strain rates are critical for any seismic hazard

assessment.

Key words: Seismicity and tectonics; Dynamics: seismotectonics; Fractures, faults, and high

strain deformation zones; Neotectonics.

I N T RO D U C T I O N

Three significant earthquakes have occurred on 1994 May 26 (Mw

6.0), 2004 February 24 (Mw 6.4) and 2016 January 25 (Mw 6.5) in the

Rif Mountains of Morocco and southern Alboran Sea area within a

period of 22 yr (Fig. 1). The earlier two earthquakes caused severe

damage due to their location inland, but the third offshore event was

only felt on the nearby Moroccan coastline. Aftershock distribution

(El Alami et al. 1998; Bezzeghoud & Buforn 1999) and surface

deformation as deduced from Synthetic Aperture Radar Interfero-

gram (InSAR) (Akoglu et al. 2006; Cakir et al. 2006; Tahayt et al.

2009), indicate that the 1994 and 2004 events occurred on NNE–

SSW and NW–SE trending conjugate strike-slip faults, respectively.

The 2016 event located about 20 km offshore is associated with a

NNE–SSW trending rupture with a similar mechanism to the 1994

event. This seismic sequence is unusual in the North Africa active

zones because earthquake ruptures are within ∼25 km distance and

the time interval between main shocks is about 10–12 yr.

In this paper, we first present the seismic sequence and suggest a

fault-rupture interaction using Coulomb modeling on fixed planes.

Secondly, the computation using optimally oriented planes is added

to constrain aftershocks distribution. The three main shocks and

42 C© The Authors 2017. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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Figure 1. Seismicity of the Al Hoceima region showing the seismic sequence of 1994 May 26 (El Alami et al. 1998), 2004 February 24 (Tahayt et al. 2009)

and 2016 January 25 (CSEM, http://www.emsc-csem.org/#2). The 1994 aftershocks are in green, the 2004 aftershocks are in blue and 2016 aftershocks are in

grey. Focal mechanisms are Harvard–CMT (Table 1). Inset represents the plate boundary in the Alboran Sea with convergence rate in mm yr−1 (Koulali et al.

2011).

related aftershocks appear to be closely related and their location

implies a stress transfer with triggering. We show that the mod-

eled stress distribution and seismicity rate change suggest a pore-

fluid effect correlated with elastic dislocation in undrained and

drained conditions. The Coulomb Failure Function change (�CFF)

and pore-fluid flow seem to control the 10–12 yr recurrence of main

seismic events with a clock advance. The plate boundary tectonic

condition, the seismicity rate change and poroelastic properties of

the seismogenic crust seem to play a significant role in the triggering

of earthquakes in the Rif Mountains and Alboran Sea.

S E I S M O T E C T O N I C S E T T I N G

The seismicity of the Rif Mountains and Alboran Sea is due

to the convergence between Africa and Eurasia (Iberia) in the

western Mediterranean. The E–W trending Rif Mountains run

along the northern coast of Morocco forming the southern branch

of the Betic-Rif arc that includes the Alboran Sea and belongs to

the transpression plate boundary system in the Western Mediter-

ranean region (Morel & Meghraoui 1996; Meghraoui & Pondrelli

2012). Tahayt et al. (2009) interpret the region as a transrotational

regime applied to the Oriental Rif block with a clockwise rotation.

This complex tectonic domain also results from a Neogene subdued

subduction zone with lithospheric delamination where the Alboran

Sea appears as an oceanic microplate (Calvert et al. 1997).

As indicated by the three main shocks (Fig. 1 and Table 1),

the present-day tectonic framework of the Al Hoceima region is

dominated by a strike-slip fault regime where moment magnitudes

do not exceed 6.5. Limited fault-rupture dimensions are likely due to

the local structural geology made of overthrusting nappes on highly

deformed continental crustal rocks (Chalouan et al. 2008; Timoulali

et al. 2014). Because of the limited number of local seismic stations

in the Rif, the location of aftershocks of the 1994 and offshore 2016

earthquakes are poorly resolved, which is not the case for the 2004

earthquake (Tahayt et al. 2009).

Several authors have studied the seismicity and suggested mo-

ment tensor solutions of major earthquakes showing a NNW–SSE

contraction stress regime in a predominantly strike-slip faulting do-

main associated with normal and thrust mechanisms (Hatzfeld et al.

1977; Cherkaoui et al. 1990; Medina 1995; Stich et al. 2006, 2010;

Palano et al. 2013). Although the seismicity may appear diffuse in

the Rif-Alboran Sea, the 1994, 2004 and 2016 seismic events reveal

a clear migration of earthquake ruptures (Fig. 2). The seismicity

and tectonics of the region indicate a clear correlation between con-

tinental and offshore faults from both the Betics and Rif Mountains

towards the Alboran Sea (Grevemeyer et al. 2015). From detailed

bathymetry and seismicity distribution, Gevemeyer et al. (2015)
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Table 1. Physical characteristics of the earthquakes used in this study, and from Harvard CMT solutions (see also Fig. 1).

Earthquake Long. Lat. Mo (1018 nm) Mw U (m) L (km) W (km) Strike Dip Rake

1994 May 26 −3.99 35.28 1.01 6.1 0.8 16 10 17 85 −7

2004 February 24 −3.99 35.142 3.0 6.4 1.0 19 16.5 340 87 −161

2016 January 25 −3.70 35.67 4.69 6.5 0.8 25 13.5 214 78 19

Figure 2. (a) Calculated �CFF with the 1994 source fault, and related aftershock distribution (see the text for explanation) and the 2004 as a receiver fault

(strike/dip/rake = 340◦/87◦/−161◦), the blue, white and black stars are epicentres of the 1999, 2004 and 2016, respectively (same symbols in figures b–d).

(b) Computed �CFF with the 2004 as a source fault and the 2016 as a receiver fault (strike/dip/rake = 195◦/78◦/19◦), and related aftershock distribution (see

the text for explanation). (c) Computed �CFF with the 2016 source fault for fixed planes (strike/dip/rake = 195◦/78◦/19◦), and related aftershock distribution

(see the text for explanation). (d) Computed cumulative �CFF with the three source faults on a fixed planes (strike/dip/rake = 195◦/78◦/19◦), and related

aftershock distribution (see the text for explanation). The 1994 and 2004 mapped fault ruptures are from Akoglu et al. (2006), the 2016 fault-rupture model is

from M. Vallée (http://geoscope.ipgp.fr/index.php/en/catalog/earthquake-description?seis=us10004gy9).

identify a fault zone crossing the Alboran ridge at the location of

the 2016 January 25 earthquake (Mw 6.5). Using InSAR, Cakir

et al. (2006) and Akoglu et al. (2006) constrain the coseismic earth-

quake surface deformation and provide the rupture parameters of the

N23◦ E trending 1994 and N45◦ W trending 2004 earthquakes using

elastic dislocations. They suggest that the two main shocks occurred

on blind and conjugate strike-slip faults, with left- and right-lateral

slip, respectively. The time-series analysis of SAR data (Envisat) for

7 yr following the 2004 earthquake shows that post-seismic defor-

mation reaches up to 4 cm at the surface and infers 0.3 m displace-

ment at shallow depth (<7 km), mainly above the high coseismic

slip patches which can be explained by 5.0 × 1017 N·m (Mw 5.73)

cumulative moment release (Cetin 2015). The 2016 earthquake rup-

ture, located about 20 km further north, is modeled for the source
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time function to obtain a strike-slip faulting mechanism with a

NNE–SSW main rupture in agreement with aftershock distribution

(Vallée 2016). The three focal mechanism solutions and the 1994

and 2004 rupture geometries inferred from surface deformation are

used as an input for the �CFF modeling (Table 1).

M O D E L I N G A L H O C E I M A S E Q U E N C E

B Y C O U L O M B FA I LU R E F U N C T I O N

The Rif region of northern Morocco experienced a seismic sequence

with three moderate to large earthquakes within 22 yr. The sequence

suggests earthquake triggering, fault interaction and stress transfer

as observed in other earthquake areas (Hudnut et al. 1989; Stein

et al. 1997). The case study uses the applied stress change calculated

as �CFF (Reasenberg & Simpson 1992; King et al. 1994) expressed

by:

�CFF = �τ − µ ( �σn − �P) (1)

�CFF = �τ − µ′�σn (2)

where τ is the shear stress, σ n is the normal stress (compression

positive), P is the pore-fluid pressure, µ and µ′ are the coefficient

of friction and effective coefficient of friction, respectively and �

refers to changes during the earthquake.

The apparent friction is given by (Reasenberg & Simpson 1992)

µ′ = µ (1 − B) (3)

where B is the Skempton coefficient which defines the relation

between the stress change and pore pressure change (Beeler et al.

2000)

B =
�P

�σm

= 3
�P

�σkk

(4)

where �σm is the mean stress change and �σkk is the sum over

the diagonal elements of the stress tensor. It is important to note

that for an isotropic model, the apparent friction coefficient used in

triggered seismicity is defined by the combination of pore pressure

and friction coefficient:

µ′ = µ

(

1 −
�P

�σn

)

(5)

Substituting eqs (5) and (4) in eq. (2), we obtain

�CFF = �τ + µ (�σn − B�σm) (6a)

Beeler et al. (2000) suggest that due to the pore-fluid effect and for

an isotropic poroelastic model, the two expressions defined in eqs

(2) and (6a) yield different results in some modeling configurations.

The variable effective friction coefficient related to the variation of

the Skempton coefficient B and the pore pressure change along

the fault zone gives more realistic solutions especially at high pore

pressure change than the imposed constant effective friction com-

monly used in the Coulomb stress modeling (see Appendices A and

B for more details). The variation of B must be considered when

different porosity and different diffusive processes are present in

the fault zone (Scholz 1990). From the structural point of view,

fluid migration in the host rock may occur on nearby subsidiary

fractures linked to bounding faults directly related to earthquake

and aftershock behaviour (Kirkpatrick et al. 2008).

The cumulative moment for Al Hoceima region (inland and off-

shore) reaches 1.1 × 1019 N·m, since 1994, and the seismic strain

release tested on a fault network reveals a low effective coefficient

of friction on the fault (≤0.2) to model the slip rates (Negredo

et al. 2002). In order to model the active tectonics of the Ibero-

Maghrebian region, a strain rate of 15–40 nanostrain yr−1 is obtained

using slip rates on faults and Global Positioning System (GPS) data

(Negredo et al. 2002; Koulali et al. 2011; Palano et al. 2013). In

their calculation of frictional strength, Negredo et al. (2002) assume

no cohesion in the media.

In our work, the modeling is performed using Coulomb 3.4 soft-

ware (Toda et al. 2011) based on the conversion of DC3D sub-

routines (Okada 1992) to calculate the �CFF. The static stress

change is computed on both fixed receiver earthquake ruptures and

optimally oriented faults using an effective coefficient of friction

µ′ = 0.4, and fault parameters summarized in Table 2. The com-

puted stress changes are presented in Table 3, where the value of

Table 2. Rupture parameters of significant earthquakes from InSAR results (Akoglu et al. 2006) and source time function

(http://geoscope.ipgp.fr/index.php/en/catalog/earthquake-description?seis = us10004gy9) used for the Coulomb stress transfer modeling. Long_c and

Lat c indicate the centre of each dislocation.

EQ Long c (◦) Lat c (◦)

Top-depth

(km)

Bot-depth

(km) L (km) W (km) Strike (◦) Dip (◦)

Rev.slip

(m)

Right lat.

slip (m)

M0

(dyne·cm)

×1025

1994 −4.01 35.17 1.00 11.00 16.00 10.04 17 85 −0.04 −0.32 1.7

2004 −3.97 35.13 1.00 16.00 20.63 15.02 340 87 −0.22 0.63 6.6

2016 −3.84 35.5 1.00 14.47 28.70 13.50 205 86 0.2 −0.57 7.5

Table 3. Shear, normal and Coulomb stress change for the major earthquakes. Fault geometries used in the Coulomb stress modeling are defined in Table 2.

SF and RF are the source and receiver faults, respectively.

EQ (SF-RF) Calc Location Receiver faults (◦) Stress computation (bar)

Long (◦) Lat (◦) Z (km) Strike Dip Rake Shear Normal Coulomb

1994(SF) −4.010 35.166 7.00 340 87 −161 1.997 −8.547 −1.422

2004(RF) −3.931 35.088 7.00 0.656 1.104 1.062

1994(SF) −3.987 35.131 7.00 195 78 19 −8.146 −1.227 −8.637

2016(RF) −3.870 35.429 7.00 0.093 0.048 0.112

2004(SF) −4.008 35.166 7.00 195 78 19 −4.594 −11.509 −9.198

2016(RF) −3.870 35.429 7.00 0.228 0.033 0.241
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(a)

(b)

Figure 3. (a) �CFF for various effective friction coefficients (µ′)
along the 2004 rupture (strike direction) as receiver fault with

strike/dip/rake = 340◦/87◦/−161◦ at 7 km depth. The profiles start at the

intersection of the two cross faults and terminate at the end of the aftershock

sequence (SE of epicentre area). The increases of pore pressure could trig-

ger events in regions where reduced Coulomb stress predict and absence of

activity. We show that at the epicentre area, the rupture nucleation occurs

when pore fluids are redistributed, the value of µ′ ≤ 0.4 seems to be more

adaptable for a chosen receiver fault geometry. The computation is based on

the effective constant friction model. (b) Stress change caused by the 1994

earthquake (source fault) along the 2004 fault zone due to (1) coseismic

stress change due to elastic dislocation (red line), and (2) stress change due

to the coupled poroelastic effect (green line). The maximum stress load on

the 2004 fault zone are given for an isotropic model when µ′ < 0.4 that im-

plies Skempton coefficient B = 0.9 near the 1994 rupture and for µ′ = 0.4

with B = 0.47 far from the 1994 rupture.

static stress change according to the receiver fault represents the

�CFFmax and also expresses the Coulomb stress drop on the source

faults.

In the �CFF modeling computed with fixed strike-slip receiver

fault plane, the correlation between loading lobes and aftershock

distribution suggests a close interaction between the 1994, 2004

and 2016 earthquake ruptures (Figs 2a–c, 3a and Table 3, and Figs

S1a and b, S2 and Table S1, Supporting Information). Unlike the

2016 earthquake epicentre which is clearly within positive CFF

lobes, the 2004 earthquake location given by the InSAR analysis

(Akoglu et al. 2006) is at the transition from negative to positive

�CFF lobes. Taking the 1994 as a source fault and the 2004 rupture

as a receiver fault, and using a low friction coefficient (µ′ < 0.4 and

for isotropic models, Figs 3a and b), our �CFF modeling show the

2004 fault rupture clearly located in a loading zone with positive

stress change.

The cumulative �CFF from 1994 to 2016 (Fig. 2d) explains the

present day and most important part of the seismicity and aftershock

distribution and Coulomb stress drop in the Al Hoceima region. In

order to analyse, the relationship between the main shocks and after-

shocks distribution in detail, we model a static stress change caused

by the 2004 and the 2016 earthquakes on some major aftershocks

(see Table S1, Supporting Information). The modeling on fixed re-

ceiver planes suggest a stress load range between 0.5 and 0.8 bar

for 2004 aftershock sequences with an optimal strike and dip value

ranging between 207◦ and 298◦ and 66◦ and 84◦, respectively. For

the 2016 earthquake, major aftershocks are reached by a positive

�CFF ranging between 0.1 and 0.4 bar, with an optimal value of

[250◦–260◦] for strike and [40◦–45◦] for dip.

In order to take into account all aftershock sequences, we com-

pute a static stress change on optimally oriented fault planes as this

approach does not need to include the focal mechanism of each

rupture. As obtained by previous works on the northern Morocco

tectonics (Medina 1995; Akoglu et al. 2006; Fernandez-Ibanez et al.

2007), a regional stress field (with a NW–SE principal stress direc-

tion as σ1) is added as a pre-existing stress field on the stress

modeling. Based on the seismic tensor inversion and GPS data,

the inferred stress field and maximum horizontal stress for Al-

Hoceima–Alboran region is in good agreement with convergence

models along the plate boundary (Demets et al. 2010; Meghraoui

& Pondrelli 2012). Note that the magnitude of the principal pre-

existing stresses does not change the static coulomb stress model-

ing, because the stress levels are largely dominated by the coseismic

rupture process in the near field.

At seismogenic depth and for optimal failure planes, the static

stress change modeling due to the 2004 earthquake on optimally

oriented fault planes suggest that ∼30 per cent of aftershocks

hypocentres were pushed closer to failure for high effective friction

coefficients (Figs S2c and d, Supporting Information), while this

percentage rises to ∼90 per cent when pore fluid are redistributed

(Figs S2a and b, Supporting Information).

The elastic modeling in Fig. 3(a) represents the stress change

caused by the 1994 earthquake along the 2004 fault zone (with

strike-slip mechanism, see also Table 3). The �CFF profiles are con-

strained by the aftershock distributions and the computation is per-

formed for receiver faults with strike/dip/rake = 340◦/87◦/−161◦.

For the modeling procedure, we assume a 0.25 typical value of Pois-

son ratio with 8 × 105 bar for the Young modulus and 3.3 × 105 bar

for the shear modulus in the seismogenic layer (5–15 km thickness).

Here, the �CFF modeling require a low effective friction coefficient

(µ′ ≤ 0.4) denoting a pore-fluid effect. At the 2004 epicentre area,

the modeling suggest that the rupture nucleation occurs when pore

fluids are redistributed, with µ′ ≤ 0.4 considered as an optimal value

also explains the nucleation process for a chosen receiver fault ge-

ometry. The increase of pore pressure may trigger seismic events

in regions where reduced Coulomb stress due to the high effective

friction coefficient predict and absence of activity (see also Fig. S2,

Supporting Information). In fact, the low friction coefficient implies

an optimum value of stress loading where the pore-fluid component

takes an important role in stress transfer and earthquake triggering.

The earthquake triggering caused by the 1994 seismic event results

from 0.1 to 1.0 bar �CFF at the 2016 and 2004 receiver faults,

respectively (Fig. 3a and Table 3). The �CFF modeling show that
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the stress transfer due to the 1994 earthquake promotes the 2004

earthquake failure (Figs 2a and 3 and Table 3, and Fig. S1a, Support-

ing Information), and both 1994 and 2004 earthquakes promote the

failure of the 2016 earthquake (Figs 2a and b and Table 3, and Fig.

S1b, Supporting Information). The cumulative post-seismic defor-

mation due to the elastic dislocation increases the stress loading on

the 2016 rupture from 0.24 to 0.3 bar.

RO L E O F P O R E F LU I D I N T H E

E A RT H Q UA K E S E Q U E N C E

A stress change may result from pore-fluid diffusion. If

the stress field satisfies the strain compatibility equation
∂2

∂x2
j

[ 2(νu−ν)

B(1−ν)(1+νu )
P + σ ] = 0 (Rice & Cleary 1976; see also appendix

A for more details) and if we consider the boundary condition (pore

pressure is neglected far from the fault), a simple solution is given

by Bosl & Nur (2002):

σ

σinit

=
(νu − ν)

(1 − ν) (1 + νu)
(6b)

where σ is the change in the stress field due to the pore-fluid diffu-

sion, σinit is the initial stress induced by the coseismic dislocation

and νu and ν are the undrained and drained Poisson ratios, re-

spectively. This relation also shows the correspondence between

the post-seismic mean stress change induced by pore pressure

relaxation and the mean stress caused by the initial dislocation.

Taking into account the Rice & Cleary (1976) and Bosl & Nur

(2002) solutions, the short-term poroelastic deformation is defined

as a diffusive process and can be interpreted as a linear combination

of pore pressure and mean stress changes.

The drained and undrained Poisson ratios used in the coupled

poroelastic stress modeling are 0.25 and 0.31, respectively (Fig. 3b);

these values are typical in unconsolidated sedimentary aquifers and

water saturated rocks in the upper few kilometres of the seismogenic

zone (h ≤ 15-km depth). Our coupled poroelastic modeling suggest

a value of short-term post-seismic stress equal to 0.6 bar due to the

coupled poroelastic effect for µ′ = 0.4 related to a an internal friction

coefficient of µ = 0.75 and Skempton coefficient B = 0.47. The

µ′ < 0.4 effective friction coefficient gives a value of µ = 0.75 and

Skempton coefficient B = 0.9. The variation of B at the intersection

of the two ruptures to the end of the 2004 rupture zone can be

interpreted as a variation of porosity and the diffusive process along

the fault zone (Scholz 1990).

The same phenomenon is observed in reservoir induced seismic-

ity where the elastic and the coupled poroelastic effects are consid-

ered instantaneous (Scholz 1990). The diffusive process from the

reservoir is associated with the fluid migration at short time delay,

and moving from a region with a high B to a region with a low

B, indicating a short-time poroelastic rebound where the fluid flow

transfer from the 1994 and 2004 rupture zones can be considered

as reservoir induced seismic activity.

Taking into account the time of occurrence of aftershocks and

the short-term post-seismic stress change induced by the mainshock

using the Bosl & Nur hypothesis (2002), we note that the stress load

occurring 10–100 d after the 2004 main shock is far more important

than the stress load due to the several years of post-seismic deforma-

tion computed by InSAR time-series (PS and SBAS, Cetin 2015).

The comparable computations take into account the 2004 rupture as

source fault and 2016 rupture as receiver fault, and the post-seismic

deformation added as a cumulative moment is incorporated into the

elastic dislocation modeling.

Due to the absence of pore pressure in-situ data and difficulty

to perform a 3-D model of stress change and related poroelastic

dislocation, we use eqs (2) and (6a and b) to evaluate the stress

and pore pressure changes related to the Al Hoceima earthquake

sequence. The apparent constant friction model (eq. 2) and vari-

able (or isotropic) friction model (eq. 6a and in appendix B) are

considered as parameters able to improve our knowledge on the

pore-fluid effect in the Al Hoceima-Alboran region. Nevertheless,

the isotropic poroelastic model appears to be the most appropriate

for modeling the short-term diffusive process in a complex fault

zone.

The low value of µ′ (≤0.4) at the intersection between the 1994

and the 2004 fault (Fig. 4) implies that the first shock reduces the

pore pressure along the 1994 rupture, while it increases along the

2004 rupture. The low value of µ′ also implies high values of stress

change due to the short-term coupled poroelastic effect (Fig. 3b).

Fig. 4 shows how the pore pressure can affect the triggered seismic-

ity when hydrological processes are coupled to the rupture process.

The large pore pressure change associated with the volumetric strain

corresponds to fluid migration close to and from the 1994 rupture

to the 2004 rupture zone (Fig. 4). Das & Scholz (1981) suggest

that the stress effect on the fault might be enhanced as P (see eq.

1) and restored on the main fault, causing fluids to migrate into

the receiver fault. The same observation is also made by Jonsson

et al. (2003) for the Mw 6.5 2000 June earthquake of SW Iceland

showing an increasing water level change associated with high pore

pressure change in unconsolidated sedimentary aquifers. The eval-

uation of pore pressure change at depth in Fig. 4 is resolved for

a homogeneous elastic half-space using the theory of linear elas-

ticity (Rice & Cleary 1976); eq. (5) (see also Appendix A5) is

used to evaluate the pore pressure change by computing the mean

stress change due to the 1994 earthquake for a constant Skempton

coefficient.

The successive earthquakes in the Al Hoceima region may be a re-

sponse to stress loading in the Rif Mountains and related pore-fluid

diffusion in the upper crust. The coupling between crustal deforma-

tion and pore-fluid effect imply that the pore pressure may decrease

the rock strength by reducing the effective stress and creating a

slip-instability that favours earthquake triggering. The seismicity

rate change following the 2004 earthquake shows additional after-

shocks (see relative rate fluctuations in Fig. 5a), which cannot be

explained as aftershock rate decrease as predicted by the Omori

law (Utsu, 1969). As the afterslip along seismic ruptures and re-

lated post-seismic deformation (Cetin 2015) may have enhanced

the pore-fluid flow and contributed to the earthquake triggering in

the Rif-Alboran region, in our case, we include a coupled poroelas-

tic component in the �CFF modeling and analyse the post-seismic

stress transfer and related effective friction coefficient (µ′ ≤ 0.4).

The �CFF due to the full poroelastic relaxation is simply computed

from a dislocation in a homogeneous elastic half-space using both

undrained and drained Poisson’s ratios and obtain the difference as

seen in Fig. S3 in the Supporting Information.

The pore-fluid flow in drained condition should reduce the nor-

mal stress σ n (eq. 2) and favour significant additional aftershocks

able to affect the relative seismicity rate change (Nur & Booker

1972; Cocco & Rice 2003). In our case, the deep-seated water

flow in the flysch units of the fold-and-thrust Rif Belt and substra-

tum metamorphic complex (Chalouan et al. 2008) can be consid-

ered as another mechanism responsible for the seismicity increase.

Piombo et al. (2005) suggest that for significant earthquakes with

Mw > 6, the stress transfer may occur under a fluid diffusion within

a 10–20 km radius. The temporal evolution of seismicity within
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Figure 4. Calculated pore-pressure change based on the coseismic volumetric strain and theory of linear poroelasticity (Rice & Cleary 1976) following the

1994 earthquake. The 1994 and the 2004 rupture are represented by black lines (see also Fig. 2d). The 1994 coseismic slip create a high pore pressure zone in

the rupture nucleation zone of the next 2004 earthquake, according to Terzaghi (1925) definition of effective stress, the increase in pore pressure diminishes

the normal stress acting on the fault and promote the 2004 failure.

individual fractures takes 10–12 yr to travel up to 20 km (5–6 km

yr−1) in our case as well as in other case studies (e.g. Pytharouli

et al. 2011).

Taking into account the complexity of aftershock sequences, a

realistic representation of the temporal post-seismic factor, the mod-

ified Omori Law (Utsu 1969) or Omori-Utsu Law (Narteau et al.

2009) can be expressed as:

λ (t) =
k

(t + c)−x (7)

where λ is the aftershock frequency within a given magnitude range,

t is the time from the main shock triggered event, k is the productivity

of aftershocks that depends on the total number of events, x is the

power law exponent and c is the time delay before the onset of the

power-law aftershock decay rate and is dependent on the rate of

activity in the earlier part of the seismic sequence. The change of c

values characterizes the aftershock sequence and can be correlated

with the stress field orientation (Narteau et al. 2009). Guo & Ogata

(1997) obtain a range of c value between 0.003 and 0.3 d for various

earthquake datasets. In our case, the c value has to be the lowest

possible and is fixed as 0.01 d, in order to obtain sufficient aftershock

productivity. Note that the c value is often retained connected to the

incompleteness of seismic catalogues soon after strong earthquakes.

For aftershocks, the seismicity decay requires a time-dependent

process that is much faster than the large-scale tectonic loading and

much slower than the propagation of elastic waves (Nur & Booker

1972). In our application, we observe that immediately after the

2004 main shock, the aftershock rate decays by 1√
t

while it becomes

equal to 1
t

in subsequent months. It appears that the decay rate is

due to fluid flow in the crust by means of a diffusion process that

contributes to the aftershock sequence (Fig. 5b). Similar results are

obtained by Shapiro et al. (1997) for the events related to pressure

changes in operation wells and recently by Turkaya et al. (2015) in

laboratory experiments.

T H E C L O C K - T I M E A DVA N C E

A N D P E R I O D I C F R E Q U E N C Y

The Al Hoceima earthquake sequence shows about 10 and 12 yr

recurrence with an aftershock distribution and stress loading that

correlate with the location of earthquake ruptures (Figs 2d and

Figs S2a and S3, Supporting Information). The mechanism con-

trolling the dependence time of earthquake ruptures, aftershocks

and related stress change is complex. The well-resolved 2004 after-

shock distribution during a short time interval (100 d; Tahayt et al.

2009) confirms our observation that a significant seismicity rate

change is observed 50 d after the main shocks (see Fig. 5a); the pos-

itive change in seismicity is correlated with the positive aftershock

productivity due to pore-fluid diffusivity (Fig. 5b).
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(a)

(b)

Figure 5. (a) The seismic frequency and relative seismicity rate following the 2004 main shock (blue line) and cumulative number of seismic events (green

line). The fluctuation in the seismicity rate change shows additional aftershocks possibly due to pore-fluid diffusion in the upper crust. The relative rate change

is obtained from changes in slope of the cumulative number curve using a Habermann function regardless to the time of greatest change and comparing the rate

in the two parts of the period (before and after the division point) by appropriate time windows function (Wyss & Habermann 1988; Wyss & Viemer 2000).

The time variation function defines the local time variation between the rate before and after. (b) The seismicity rate change versus time in the Al Hoceima

region. We show the complexity of aftershocks sequences as a realistic representation of the temporal post-seismic effect.

To study the influence of the coseismic stress change on a recur-

rence time interval, Chéry et al. (2001) point that a positive shear

stress change on a fault plane should advance the time of the next

earthquake on this fault. Here, we consider that the nucleation will

occur where the �CFF has a maximum value (Console et al. 2010).

The clock-time advance and related recurrence time (in years) de-

pends on the stressing rate in the positive �CFF expressed by the

linear equation (Stein et al. 1997):

Tr′ = Tr − �CFF/τ̇ , (8)

where Tr′ is the calculated recurrence time, �t = �CFF/τ̇ is the

clock-time advance (τ̇ is stressing rate) and Tr is the mean recur-

rence time before the earthquake. The stressing rate is computed

from the strain rate which is derived from the seismic moment fol-

lowing the equation: Ṁ = 2µ�W ε̇/k, where µ is the shear mod-

ulus, � is the surface area of the region, W is the seismogenic

thickness, ε̇ is the strain rate and parameter k is a dimensionless

constant that adjusts for the inefficiency of randomly oriented faults

to accommodate strain. Note that Kostrov (1974) chooses k = 1,

while Anderson (1979) chooses k = 0.75, and using their relations,

our calculated strain rate gives 19 and 24 nanostrain yr−1, respec-

tively (see Table 4). These strain rate values are comparable to the

Negredo et al. (2002) and Palano et al. (2013) results and stressing

rate of 461 and 582 Pa yr−1, respectively. Hence, for the 1.1 bar

maximum stress change obtained from the Coulomb modeling on

the 2004 receiver rupture (Table 3), the clock-time advance �t for

the 2004 receiver source able to generate a significant earthquake

with Mw ≥ 6 is 239 ± 22 yr using the Kostrov (1974) relation and

189 ± 17 yr using the Anderson (1979) relation.

From the seismicity catalogue, the conditional probability for a

specified time interval depends only on the time interval between

large earthquakes �T, and the long-term regional seismicity rate.

The conditional probability for earthquake triggering with Mw > 6
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Table 4. Clock-time advance (�t) associated with the �CFF and corresponding strain rate in the vicinity of the 1994 source rupture, and for the 2004 and

2016 receiver faults in the Al Hoceima region. k = 1 and 0.75 are the values used by Kostrov (1974) and Anderson (1979), respectively; to compute the strain

rate and the conditional probability Pc is calculated over 10 yr for earthquakes with Mw > 6.

Seismic Strain rate τ̇ stress rate �CFFmax Pc no stress Pc with stress

ruptures (nanostrain yr−1) (Pa yr−1) (MPa) �t = �CFF
τ ′ (yr) change (pre-1994) change (post-1994)

2004 19 (k = 0.75) 461 0.11 239 ± 22 12 per cent 55 per cent

2004 24 (k = 1) 582 0.11 189 ± 17

2016 19 (k = 0.75) 461 0.02 21 ± 02

2016 24 (k = 1) 582 0.02 17 ± 02

for the Al Hoceima region is given by (Cornell 1968):

Pc = 1 − e−λ�T (9)

where λ is the seismicity rate with magnitude M > 6, and �T is

the elapsed time since the most recent large earthquake (M > 6)

obtained from the Moroccan seismicity catalogue (Jabour, per-

sonal communication, 2014). The value of λ is obtained from the

Gutenberg–Richter (G-R) law constrained by the parameters a and

b. Here, we also observe that λ is different before and after the 1994

stress perturbation (λ ranges between 0.012 and 0.09 following the

1994 earthquake). Based on Cornell & Winterstein (1988) hypothe-

sis, the conditional probability related to seismic recurrence models

appears to be the most appropriate (i) where the hazard is dominated

by the nearest fault segment, and (ii) in the absence of slip rate and

strain rate on each fault segment.

We show in Table 4 that after the 1994 earthquake, the 2004

earthquake fault is under a high value of clock-time advance, for

example, �t = 239 ± 22 yr or �t = 189 ± 17 yr according to

Kostrov (1974) and Anderson (1979) formula’s, respectively. How-

ever, the conditional probability for a specified time interval of

10 yr to have an earthquake with Mw > 6 rises from 12 per cent

to 55 per cent (from eq. 9, see also Table 4), in agreement with

the seismic rate activity. The change in pore-fluid pressure along

ruptures induced by successive earthquakes results in a cluster of

large seismic events (Mw > 6) during a short period of time (∼22

yr).

The conditional probability Pc is similar in the 2004 and the

2016 seismogenic areas, since we consider the regional probability

condition. In his study of the 1992 Landers California earthquake

(Mw 7.3), Hardebeck (2004) shows no significant difference in the

uncertainty between the conditional probability obtained from stress

change and that based on the G-R distribution. In our case, Pc

depends only on the G-R seismicity temporal distribution, while

other studies use different approaches based mainly on stress drop.

D I S C U S S I O N A N D C O N C LU S I O N S

A sequence of three earthquakes occurred in the Rif Mountains and

nearby Alboran Sea in 1994 (Mw 6.0), 2004 (Mw 6.4) and 2016

(Mw 6.5). The static stress change modeling (�CFF in undrained

condition) suggest a fault-rupture interaction with stress loading

located on the selected receiver faults. The poroelastic relaxation

(drained condition) and the coupled short-term poroelastic stress

transfer help us to understand the seismic migration induced by the

pore-fluid diffusion. Aftershock sequences of the three earthquakes

correlate well with the �CFF distribution which confirms the role

of pore fluid in the triggering of post-1994 earthquakes (Figs S2 and

S3, Supporting Information). Besides the fault-rupture complexity,

the modeling parameters require two levels of friction coefficient

with µ′ < 0.4 correlating with significant pore-fluid diffusivity, and

µ′ = 0.4 in fault zones with limited diffusivity (Fig. 3b). The stress

change and related pore-fluid diffusion may explain the ∼10–12 yr

interval and the seismic sequence migration. The role of strain rate

and its impact on stress change and pore-fluid diffusion combined

with the permeability along fault-rupture zones in the Al Hoceima

region is crucial in the comprehension of the time delay between

the earthquake sequences.

The 1994 and the 2004 earthquake ruptures illustrate the stress

level change, related value of friction coefficient and role of pore-

fluid diffusion in conjugate fault geometry. Although the accuracy

in location of the 1994 and 2016 aftershocks is limited due to the

azimuthal gap and absence of near-field seismic stations, the distri-

bution of seismic sequences concurs with the �CFF and cumulative

loading areas (Fig. S3, Supporting Information). However, the in-

complete seismicity catalogue with precise earthquake locations in

the Al Hoceima region prevents a suitable study on the role of fluid

pore pressure before the 1994 earthquake sequence.

The earthquake fault locations inland retrieved from the InSAR

analysis of coseismic and after slip surface deformation agree with

the aftershock distribution. The limited distance between earthquake

ruptures (<25 km) and fault geometries with strike-slip mechanisms

also promote the stress transfer and failure on fixed fault planes.

Earthquake faults in the Al Hoceima region are blind with basically

no geomorphological signature at the surface (Tahayt et al. 2009).

Therefore, fault parameters such as slip-per-event; long-term active

deformation and slip rate are missing in our study.

The static strain release by the 1994 event induced a high pore

pressure change with fluid flow on the 2004 rupture area. This

hydrological phenomenon affects the fault zone permeability and

promotes the failure of the 2004 event. Wang (2000) uses the cor-

relation between fluid migration and rock permeability to explain

the link between the two phenomena; he points out that if the pore

pressure becomes too large, earthquakes occur and will increase

permeability with groundwater fluid flow.

For a strain rate ranging between 19 and 24 nanostrain yr−1

(Table 4), we observe that the regional aftershock frequency fol-

lowing the 2004 earthquake (Fig. 5b) is in good agreement with the

simulated aftershock frequency based on the pore-fluid diffusion

hypothesis (Bosl & Nur 2002). Pore-fluid effects comparable to our

case study at the intersection between the 1994 and 2004 ruptures

(Fig. 4) are also observed for conjugate earthquake ruptures dur-

ing the Superstition Hills earthquakes (Hudnut et al. 1989; Scholz

1990). In addition, the decay in the 2004 aftershock activity includes

variable seismicity rate probably due to the pore-fluid diffusion. A

similar behaviour is observed during the 1966 Parkfield-Cholame

earthquake where aftershock productivity and related fluid pore

pressure have a direct effect on rock strength (Nur & Booker 1972).

Depending on the geological structures, substratum permeability

and seismicity rate, the 2004 and 2016 earthquakes could have

been predictable by the Coulomb modeling taking into account the
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pore-fluid effect (undrained and drained conditions). In fact, the

occurrence of the 2016 January 21 Mw 5.0 foreshock (4 d before

the main shock) may have allowed the fluids to migrate across the

epicentral area promoting the 2016 earthquake rupture. Comparable

phenomenon with foreshocks and fluid migration across a fault zone

is described for the L’Aquila earthquake sequence (Lucente et al.

2010).

The timescale of post-stress redistribution for the 1994, 2004

and 2016 Al Hoceima earthquakes is larger, for instance, than the

∼11 hr Superstitions Hills sequences (Mw 6.2 and 6.6), suggesting

different diffusion processes probably controlled by the permeabil-

ity along the fault zone. Following the 1994 earthquake sequence,

the probability for triggering an Mw > 6 earthquake within 10 yr

interval increases to 55 per cent with respect to the 12 per cent pre-

1994 period (Table 4). With the computed 239 ± 22 yr clock-time

advance for large earthquakes (Mw > 6) on the 2004 rupture, the

seismic strain rate and �CFF explains the 10–12 yr delay and the

55 per cent probability of promoting failure in the Rif Mountains.
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Figure S1. (a) �CFF modeling on the 2004 fault plane due to the

1994 fault rupture, the computation are made for µ′ = 0.2, the black

stars indicate the 2004 hypocentre, (b) �CFF modeling on the 2016

fault plane due to the cumulative 1994 and 2004 earthquake, the

grey stars indicate the 2016 hypocentre, note that the receiver planes

are tapered to 40 fault patches system.

Figure S2. �CFF modeling on optimally oriented fault planes

caused by the 2004 earthquake at depth range [5–15 km] for: (a)

µ′ = 0.2, (b) µ′ = 0.4, (c) µ′ = 0.6 and (d) µ′ = 0.8, the aftershocks

distributions are represented by black circles, the white star repre-

sents the 2004 epicentre and the grey star is the 2016 epicentre.

The increase of pressure could trigger events in regions where the

Coulomb stress predict and absence of activity.

Figure S3. Full poroelastic relaxation of the 1994 and the 2016

earthquakes from the undrained state to the fully drained state, the

computation is obtained by linear elasticity theory with appropriate

values of undrained and drained Poisson ratio: (a) full poroelastic

relaxation due to the 1994 earthquake on the 2004 fault rupture with

a typical sedimentary undrained and drained Poisson ratios, respec-

tively, (b) full poroelastic relaxation due to the 1994 earthquake

on the 2004 fault rupture with an extreme undrained and drained

Poisson ratios, respectively, according the Bosl and Nur hypothesis,

this value might be typical for upper crust when fractures exists,

(c) �CFF ( red + green) and �P/B profiles along the 2004 rupture

related to the full poroelastic relaxation of the 1994 earthquake, a

significant change of �P/B is obtained for (vu, v) = (0.31,0.15),

the yellow stars indicate the 2004 epicentre location on the axe,

(d) full poroelastic relaxation due to the 2016 earthquake on fixed

planes strike/dip/rake = 195◦/78◦/19◦ for (vu, v) = (0.31,0.15) and

(e)full poroelastic relaxation due to the 2016 earthquake on fixed

planes strike/dip/rake = 195◦/78◦/19◦ for (vu, v) = (0.31,0.25).

Note that the white stars indicate the 2016 epicentre location, and

the black circles indicate the aftershock distribution following the

2016 earthquake.

Figure S4. Angular relationship between pre-seismic local stress

field and the 2004 fault plane acting on the central Rif block, the

maximum horizontal stress (green) and the minimum horizontal

(yellow) stress directions acting of the 2004 rupture at depth are

obtained from stress estimation based on inversion of focal mech-

anism and GPS data obtained by several authors (Akoglu et al.

2006; Fernandez-Ibanez et al. 2007; Tahayt et al. 2009), σ and τ

denote the normal and shear stress according to the state of stress,

the red black and the red line indicates the SS surface fault of

the 1994 and 2004 earthquakes, respectively, the tectonic mod-

els used for this study are from Tahayt et al. (2009), where ar-

rows indicate the relative movements of these blocks with respect

to Africa plate, the 1994 and the 2004 rupture are from Akoglu

et al. (2006). The majors reverse faults trace are represented by an
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appropriate symbol and the major strike-slip fault traces represented

by lines.

Table S1. Coulomb stress change caused by the 2004 and the 2016

earthquakes on aftershocks planes for µ′ = 0.4, the strike/dip/rake

represent the best geometry related to the optimally oriented �CFF

loading. SF represents the source fault.

Appendix A: Constitutive equations of poro-elasticity.

Appendix B: Relationship between the poro-elastic model and the

2004 earthquake triggering.

Please note: Oxford University Press is not responsible for the con-

tent or functionality of any supporting materials supplied by the

authors. Any queries (other than missing material) should be di-

rected to the corresponding author for the paper.
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