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Abstract Seismicity along the western part of the
Eurasia–Nubia plate boundary displays very complex
patterns. The average motion is transtensional in the
Azores, dextral along the Gloria transform zone and con-
vergent between the SW Portuguese Atlantic margin and
the Ibero-Maghrebian zone. To constrain the factors con-
trolling the seismicity, we provide a new seismotectonic
synthesis using several earthquakes. We show that the
study area can be divided into six different regions, with
each characterised by a coherent seismicity pattern. The
total seismic moment tensor and the average slip veloci-
ties are provided for each region. To determine the spatial
distribution of the seismicity, we computed the slip vector
for each earthquake based on its focal mechanism and
compared it to the relative velocity between the Eurasian
and Nubian plates, deduced from global kinematic
models. Despite local departures in the Alboran Sea and
near the Mid-Atlantic Ridge, we found a good correlation

between these two independent vector sets.
Quantitatively, the slip velocities display a linear, non-
affine correlation with the norms of the relative kinematic
velocities. The norms of the slip velocities also seem to
depend on the tectonic regime and on the morphology of
the plate boundary.

Keywords Seismicity . Global plate kinematics . Focal
mechanism . Seismic slip velocity . Kinematic velocity .

Slip vector . Total seismicmoment tensor . Azores-
Gibraltar region

1 Introduction

The western part of the Eurasia–Nubia plate boundary
extends from the Azores to the Ibero-Maghrebian re-
gion. The oceanic part of the plate boundary is very well
delimited from the Azores Islands, along the Azores-
Gibraltar fault to approximately 12°W (west of the Strait
of Gibraltar) (Fig. 1). From 12°W to 3.5°E, including
the Iberia–Nubia region and extending to the western
part of Algeria, the boundary is more diffuse and forms a
wider area of deformation (Buforn et al. 2004; Borges
et al. 2007, 2008). The boundary between the Iberia and
Nubia plates is the most complex part of the margin.
This region corresponds to the transition from an oce-
anic boundary to a continental boundary, where Iberia
and Nubia collide.

Althoughmost earthquakes along this plate boundary
are shallow and generally have magnitudes of less than
5.5, there have been several high-magnitude events.
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From 1920 to 2010, three earthquakes with magnitudes
of about 8.0 (Mw 8.2, 25 November 1941; Ms 8.0, 25
February 1969; and Mw 7.9, 26 May 1975) occurred in
the oceanic region (Buforn et al. 1988), and four earth-
quakes with magnitudes of about 7.0 (Mw 7.1, 8 May
1939, Santa María Island and Mw 7.1, January 1980,
Terceira and Graciosa Islands, both in the Azores; Ms

7.1, 20 May 1931, Azores-Gibraltar fracture zone; and
Mw 7.3, 10 October 1980, El Asnam, Algeria) occurred
along the western part of the Eurasia–Nubia plate
boundary (Meghraoui et al. 1986; Bezzeghoud et al.
1995; Ayadi et al. 2003). In general, large earthquakes
(M ≥7) occur within the oceanic region, with the excep-
tion of the El Asnam (Algeria) earthquakes. Some of
these events caused extensive damage.

The 1755 Lisbon earthquake (∼Mw 9) on the Portugal
Atlantic margin, about 200 km W–SW of Cape St.
Vincent, was followed by a tsunami and fires that caused
the near-total destruction of Lisbon and adjacent areas.
Estimates of the death toll in Lisbon alone (10,000 and
100,000) make it one of the deadliest earthquakes in
history (Machado 1966; Moreira 1985; Martínez-
Solares and Lopez-Arroyo 2004). Measured in lives
lost, the 1980 and 1998 Azores earthquakes (Portugal),
the 1954 and 1980 El Asnam earthquakes (North
Algeria), the 1994 and 2004 Alhoceima earthquakes

(North Morocco), and the 2003 Boumerdes earthquakes
(North Algeria) were the worst earthquakes in the past
120 years in the study area (Benouar 1994; Bezzeghoud
et al. 1996; Bezzeghoud and Buforn 1999; Ayadi et al.
2003). Hence, this region has experienced many large
and damaging earthquakes.

It is therefore essential to determine the factors con-
trolling seismicity along this plate boundary to mitigate
the potential damage of large earthquakes and to im-
prove the studies of seismic risk in this area. As a first
step, a better characterisation of the seismicity of this
region is required. Several seismotectonic syntheses
have been proposed, but they either focus on particular
zones, such as the Azores (McKenzie 1972; López-
Arroyo and Udías 1972; Udías et al. 1976; Borges
et al. 2007, 2008) or the Ibero-Maghrebian region
(Buforn et al. 2004), or they encompass the complex
Western Mediterranean area (e.g. Serpelloni et al. 2007;
Meghraoui and Pondrelli 2012). This study focuses on
the westernmost part of the Eurasia–Nubia boundary,
from the Azores to the Ibero-Maghrebian region. We
have selected shallow (depth ≤40 km) M ≥5.0 earth-
quakes (Figs. 1 and 2; Tables 1 and 2) occurring be-
tween 1931 and the present. Following Buforn et al.
(2004), Borges et al. (2007) and Bezzeghoud et al.
(2008), we divide the study area into six zones

Fig. 1 Bathymetry of the study area (Smith and Sandwell 1997)
andM ≥5.0 seismicity along the western part of the Eurasia–Nubia
plate from 1931 to 2010 (NEIC Data Files for 1973–2010 and for
1931–1972) (see Table 1). MAR Mid-Atlantic Ridge, ATJ Azores
Triple Junction, TR Terceira Ridge, EAF East Azores Fracture

Zone, GF Gloria Fault, GB Gorringe Bank, Gs Gibraltar Strait,
NA North America plate, Eu Eurasia plate, Nu Nubia plate, P
Portugal, S Spain, A Algeria, M Morocco, T Tunisia. The Roman
numerals (I toVI) indicate the six zones studied and described in the
text
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according to the characteristics of seismicity and focal
mechanisms. For each zone, we provide the seismic
moment tensor (SMT) and the average slip velocities.
These six zones, numbered from I to VI, are described in
Table 1 and analysed in the following sections. Table 1
summarises the more important seismotectonic charac-
teristics for each zone from the Mid-Atlantic Ridge in
the west to Algiers in the east, and it includes the
location and name of the zone, the slip velocity and
the predominant fault motion.

In this paper, we quantify the slip motions derived
from seismicity and the focal mechanisms in this area,
and we compare them with motions deduced from ki-
nematic models. To determine the factors controlling the
seismicity, we also examine how the slip vectors com-
puted from focal mechanisms correlate with the relative
kinematic velocities derived from global models. Focal
mechanisms and plate kinematic models derived from
geodetic space techniques like VLBI, SLR and GPS are
two independent kinematic indicators that provide

Fig. 2 Focal mechanisms forM ≥5.0 shallow earthquakes (depth ≤40 km) in the western part of the Eurasia–Nubia plate boundary. Size is
proportional to magnitude. Solution parameters for focal mechanisms are listed in Table 2

Table 1 Characteristics of the western part of the Eurasia–
Nubia plate boundary, from the Mid-Atlantic Ridge in the
west to Algiers in the east. The six zones are located and
identified, and the corresponding predominant motion is de-
scribed for each zone by the slip velocity. More details are
given in the text and illustrated in Fig. 3. D2k and Nu1A

represent, respectively, DEOS2k and Nuvel 1-A. DEOS2k is a
model for the current motion of seven major tectonic plates
derived from space-geodetic observations and is based on
ITRF2000 (Altamimi et al. 2002) and African GPS observa-
tions (Fernandes et al. 2003). Nuvel-1A model (DeMets et al.
1990) is described in the text

Zone Left lat. to
right lat.

Name of the zone Slip velocity
(mm/year)

Nu1A (mm/year) D2k (mm/year) Predominant motion

I 30°W to 27°W Triple junction to
Terceira Island

6.7 4.5 4.2 Left-lateral strike-slip faulting, with
horizontal pressure

II 27°W to 23°W Azores Islands 3.1 Normal faulting, with horizontal
tension axis trending to NE–SW

III 23°W to 11°W Gloria Fault 18 2.3 – Right-lateral transform fault

IV 11°W to 6°W Gorringe Bank to Cadiz 5.5 4.3 5.0 Thrust

V 6°W to 1°W Betic, Rif Cordilleras
and Alboran Sea

1.4 5.2 5.3 Complex pattern: strike-slip and
normal

VI 1°W to 3.5°E NWAlgeria and Tell
Mountains

3.7 5.6 5.4 Thrust
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Table 2 Source parameters ofM ≥5.0 shallow earthquakes (depth ≤40 km) for the western part of the Eurasia–Nubia plate boundary from
1931 to 2010 (see Fig. 1). Mw, Ms and M represent, respectively, moment, surface wave and unified magnitude

Date Lat.N. Long.E h (km) M ϕ δ λ NF Ref

20 May 1931 37.4 −15.9 15 M 7.1 64 59 4 1 B88

08 May 1939 37.40 −23.90 15 M 7.1 41 35 −154 2 B88

25 Nov. 1941 37.40 −19.00 15 M 8.4 177 79 −6 3 B88

19 May 1951 37.58 −3.93 30 M 5.1 169 69 −35 4 B04

09 Sept. 1954 36.28 1.57 10 M 6.5 253 61 104 5 B99

23 Aug. 1959 35.51 −3.23 20 M 5.5 276 70 153 6 B99

05 Dec. 1960 35.60 −6.50 15 Ms 6.2 73 86 −178 7 B88

15 March 1964 36.20 −7.60 12 Ms 6.1 276 24 117 8 B88

29 June 1965 36.6 −12.3 15 M 5.0 15 80 32 9 B88

04 July 1966 37.50 −24.70 10 M 5.4 341 49 −42 10 B88

05 July 1966 37.60 −24.70 18 M 5.1 179 48 30 11 B88

17 April 1968 35.24 −3.73 22 M 5.0 83 70 −162 12 B99

20 April 1968 38.30 −26.60 15 M 5.0 264 45 39 13 B88

28 Feb. 1969 36.10 −10.60 22 Mw 7.8 231 47 54 14 B95

05 May 1969 36.00 −10.40 29 Ms 5.5 324 24 142 15 B95

06 Sept. 1969 36.90 −11.90 35 Ms 5.5 182 75 −5 16 B88

30 Dec. 1970 37.20 −15.00 15 Ms 5.1 265 54 1 17 B88

23 Nov. 1973 38.40 −28.30 15 Ms 5.1 292 89 −0 18 B88

26 May 1975 35.90 −17.60 15 Ms 7.9 287 76 180 19 G86

01 Jan. 1980 38.80 −27.80 10 Mw 6.9 239 88 −5 20 B99

10 Oct. 1980 36.16 1.39 5 Mw 7.3 225 54 83 21 B99

10 Oct. 1980 36.24 1.59 10 Mw 6.1 58 43 81 22 B99

07 Dec. 1980 36.02 0.94 5 Mw 5.8 277 40 140 23 B99

01 Feb. 1981 36.27 1.90 11 Mw 5.5 210 43 64 24 B99

15 Nov. 1992 35.73 1.15 7 Mw 5.0 274 70 −169 25 CMT

17 Oct. 1983 37.60 −17.50 4 Ms 6.0 95 88 −178 26 B88

24 June 1984 36.80 −3.70 5 Mw 5.0 201 48 −46 27 B99

13 Sept. 1984 37.00 −2.30 9 Mw 5.1 121 73 156 28 B99

31 Oct. 1988 36.44 2.63 13 Mw 5.7 103 55 167 29 B99

29 Oct. 1989 36.61 2.33 31 Mw 5.8 242 55 87 30 B99

20 Dec. 1989 37.30 −7.30 23 Mw 5.0 351 77 10 31 B95

23 April 1993 35.27 −2.42 6 Mw 5.4 308 86 4 32 B99

23 Dec. 1993 36.77 −2.99 8 Mw 5.4 300 70 −130 33 B99

26 April 1994 35.14 −3.92 7 Mw 5.3 330 77 45 34 B99

26 April 1994 35.16 −3.92 8 Mw 5.7 355 79 2 35 B99

18 Aug. 1994 35.60 0.36 4 Mw 5.7 58 45 95 36 B99

27 June 1997 38.33 −26.68 7 Mw 5.9 301 35 −111 37 B07

09 July 1998 38.65 −28.63 8 Mw 6.2 156 88 0 38 B07

22 Dec. 1999 35.34 −1.45 6 Mw 5.6 25 31 92 39 Y04

02 Feb. 1999 38.10 −1.50 1 Mw 5.1 125 39 56 40 B01

21 May 2003 37.02 3.77 6 Mw 6.8 250 40 80 41 CMT

27 May 2003 36.94 3.72 15 Mw 5.7 70 31 92 42 CMT

29 July 2003 35.80 −10.6 30 Mw 5.3 128 50 162 43 PRO
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information on the ongoing crustal deformation. This
approach has been used by Serpelloni et al. (2007),
although they used the P and T axes to describe the
motion produced by an earthquake. However, the slip
vectors are more representative of the motion along a
fault and are therefore more directly connected to the
relative kinematic velocities. Such a correlation has, to
our knowledge, not yet been investigated. The kinemat-
ic data used by Serpelloni et al. (2007) are very accurate
because they integrate continuous GPS observations
and data acquired during campaigns at temporary geo-
detic stations in regional, subregional and local net-
works around the Eurasia–Nubia plate boundary. In
our study area, the resultant model displays directions
very similar to those provided by global kinematic
models. Moreover, our seismic data were determined
through a more careful analysis of individual events.
Finally, for a more quantitative study, we compared the
norm of the relative kinematic velocities with slip ve-
locities deduced from the seismicity.

2 Tectonics and seismicity of the study area

The Eurasia–Nubia plate boundary presents different
tectonic characteristics along the margin. The Azores
plateau in the west is a region of elevated topography,
and it encompasses the area where three major tectonic
plates (Eurasia—Eu, Nubia—Nu and North America—
NA; Fig. 1) meet to form the Azores Triple Junction.
The eastern side of the plateau, where our study is
focused, has an approximately triangular shape. It is
delimited by three major tectonic discontinuities: the
Mid-Atlantic Ridge (MAR) to the west, the Terceira
Ridge (TR) to the north and the East Azores Fracture
(EAF) to the south, bounding the western part of the
Gloria Fault (GF) (Buforn et al. 1988). This area con-
tains numerous seamounts and seven of the Azores
islands. The origin of the TR is still under debate; it
may be an extensional zone normal to the MAR (e.g.

Udías 1980; Buforn et al. 1988) or an oblique extension
(e.g. Searle 1980). Madeira and Ribeiro (1980) propose
a leaky transformmodel, whereas Lourenço et al. (1998)
propose a diffuse boundary. Vogt and Jung (2004) sug-
gest that this may be the slowest spreading boundary in
the world.

The high level of seismicity along the MAR and the
TR is associated with seafloor spreading. The moderate-
and shallow-depth (≤40 km) seismicity of the Azores
region is associated with the boundary between the Eu,
Nu and NA plates (Fig. 1). Most of the seismic activity
is located on the MAR and on the TR, whereas the EAF
zone is practically inactive (Fig. 1). The seismicity
follows the same trend as the islands: approximately
ENE from the MAR to Terceira Island (zone I, from
30°W to 27°W) and SE from Terceira Island to San
Miguel Island (zone II, from 27°W–23°W, Borges
et al. 2007, 2008). The seismicity stops at 24°W where
the TR joins the GF, which is considered to be seismi-
cally inactive (Fig. 1).

The central region (zone III) extends from the GF,
which is usually considered to be an extension of the
EAF zone, to 11°W longitude (Gorringe Bank; Fig. 1,
Table 1). The GF, whose orientation is approximately
EW, is clearly marked by bathymetry to 18°W longi-
tude. From this longitude, we observe complex bathym-
etry dominated by large submarine mountains and abys-
sal plains, where it is difficult to identify a clear align-
ment. The GF is a right-lateral transform fault (Buforn
et al. 1988) without recent seismic activity (Fig. 1), due
to the high return period of larger earthquakes, which
may be greater than 80 years and is a period comparable
with the existence of instrumental data (Argus et al.
1989). This interpretation is reinforced by the occur-
rence of several historical earthquakes felt on the Santa
Maria Island (Azores) (Nunes et al. 2004; Bezzeghoud
et al. 2008). These large earthquakes and the associated
seismic deformation may be a result of (1) the long and
relative quiescence of the fault or (2) the low seismicity
rate or accumulated deformation generated by various

Table 2 (continued)

Date Lat.N. Long.E h (km) M ϕ δ λ NF Ref

24 Feb. 2004 35.14 −4.00 6 Mw 6.2 305 88 179 44 CMT

ϕ azimuth, δ plunge, λ rake, NF number on Fig. 2, B88 Buforn et al. (1988), B99 Bezzeghoud and Buforn (1999), B95 Buforn et al. (1995),
B01 Borges et al. (2001), B07 Borges et al. (2007), PRO Pro et al. (2012), Y04 Yelles-Chaouch et al. (2004), G86 Grimison and Cheng
(1986), CMT Centroid Moment Tensor (Harvard)
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low-magnitude events not detectable by global or re-
gional seismic networks. The GF is characterised by a
seismic gap that extends from 23°W to 20°W. From the
gap to 11°W, the fault is oriented EW and seismically
active, with some large-magnitude events (e.g. Ms 7.1,
20 May 1931;Mw 8.2, 25 November 1941; andMw 7.9,
25 May 1975).

The seismicity of the Ibero-Maghrebian region (from
11°W to 3.5°E, zones IV, V and VI) is characterised by
moderate-magnitude earthquakes, most of which are at
shallow depths (≤40 km). The complexity of the region is
reflected in its bathymetry, seismicity, stress regime and
tectonics, causing it to be divided into three zones, namely
zone IV (11º°W–6°W), zone V (6°W–°W) and zone VII
(1°W–3.5°E) (Bezzeghoud and Buforn 1999; Buforn
et al. 2004). The main feature of the bathymetry is the
Gorringe Bank (zone IV), which is located west of the
Strait of Gibraltar and contains numerous seamounts,
banks and submarine ridges with important regional crust-
al thickness variations (Torné et al. 2000; Fullea et al.
2007). On land, the main geological features are the
Betics, the Rif Cordilleras and the Tell Mountains, which
are part of the Alpine domain and formed as a conse-
quence of the collision between the Eu and Nu plates.

West of Gibraltar, from the Gorringe bank to the Gulf
of Cadiz region (zone IV), epicentres are distributed in an
E-W direction, across an ∼100-km-wide band, at shallow
and intermediate depths. The region east of 16°W is
dominated by a transpressive tectonic regime with a very
low convergence rate of 4.3 mm/year, based on a kine-
matic model (e.g. DeMets et al. 2010; DeMets et al.
1990; Table 1) that trends NW to NNW, consistent with
the observed maximum horizontal stress direction
(Borges et al. 2001; Bezzeghoud et al. 2008). As noted
by DeMets et al. (2010), both models (MORVEL and
NUVEL-1A Nubia–Eurasia models) predict rates of mo-
tion (4±0.2 mm/year) that differ by only fractions of a
millimetre/year everywhere along the plate boundary. For
example, along the well-mapped Gloria fault, the veloc-
ities given by the two estimates differ by only 0.1 mm/
year and 1.0°. However, in region IV, there is no clear
plate boundary and the deformation is distributed over a
large area reaching a width of 300 km N–S near the
continental margin of Iberia. The seismicity is scattered,
but most events are concentrated along a 100-km-wide
band, trending ESE–WNW from 16°W to 9°W. In this
area, WSW–ENE-trending topographic structures have
been deformed since the Miocene or earlier (Zittellini
et al. 2009). The latter scenario is supported by the

occurrence of unusually large oceanic earthquakes within
the area of scattered seismicity, such as the Ms 8.0 1969
earthquake (Fukao 1973; Grimison and Cheng 1986;
Johnston 1996; López-Arroyo and Udías 1972; Buforn
et al. 1988; Grandin et al. 2007a, b), the historicalM ∼9.0
1755 Lisbon earthquake (e.g. Grandin et al. 2007a, b),
and the more recent M 6.0 2007 earthquake (Stich et al.
2007; Pro et al. 2012). Seismic activity at intermediate
depths (40 to 150 km depth) is also present in this area
(e.g. Buforn et al. 1997). In zone IV, intermediate-depth
earthquakes, occurred in 1999, 2002, 2005 and 2011,
causing severe damage and deaths in the region (Buforn
et al. 2005; Lopez-Comino et al. 2012), are spread over
an approximately 100-km-wide band between 36°N and
37°N and extending E–W from 8°W to 11°W.

Zone V is characterised by moderate earthquakes and
contains three main concentrations of seismicity at 4°W,
where two earthquakes occurred (Al Hoceima, Morocco)
on 26 May 1994 (Mw 5.8) and 24 February 2004 (Mw

6.2) (Fig. 1, Table 2). At 2.5°W longitude (south-eastern
Spain), a swarm occurred in 1993–1994 with two M 5.0
earthquakes, and at 4.5°W longitude, frequent shocks of
mb ∼3 have occurred. In south-eastern Spain, moderate
shallow earthquakes (M ≤5.0) occurred in 1999, 2002
and 2005, causing severe damage in the region. This
region also has intermediate-depth earthquakes (Buforn
et al. 2004) concentrated to the south of Granada, where a
large earthquake (Mw 7.8) occurred in 1954 and aMw 6.2
earthquake occurred in 2010. These are the deepest earth-
quakes (650 km) in the Mediterranean region, and their
origin is still debated (Buforn et al. 2011).

In zone VI, earthquakes are concentrated between 2°
and 4° E (El Asnam and Zemmouri-Boumerdes regions,
Algeria), where M >6.0 earthquakes occurred on 9
September 1954 (Ms 6.5, El Asnam, formerly
Orleanville, Algeria), 10 October 1980 (Ms 7.3, El
Asnam, formally Chlef, Algeria), and 21 May 2003
(Zemmouri-Boumerdes, Algeria, Mw 6.8) (Table 2).
No intermediate-depth seismic activity is observed in
zone VI, east of longitude 3°W in Spain, Morocco and
Algeria (Bezzeghoud et al. 1995, 1996; Meghraoui et al.
1986; Buforn et al. 2004; Ayadi et al. 2008).

3 Total seismic moment tensor, seismic slip velocity
and slip vector

The total SMTand seismic slip velocities were obtained
according the method described in Buforn et al. (2004)
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and Borges et al. (2007). Faults and slip vectors along
plate boundaries have been used for many years in
tectonic interpretation and into many plate-tectonic
models (e.g. Minster and Jordan 1978; McCaffrey
1988, 1991; DeMets et al. 1990; DeMets 1993; Udías
and Buforn 1991). Two fault parameters are of particular
interest: (a) the orientation of fault planes specified by
giving the strike and the dip of the plane and (b) the
orientation of slip vectors for individual earthquakes.
The deduction of stress direction and slip vector from
earthquake focal mechanisms is not exempt from ambi-
guity. As was pointed by several authors (e.g. McKenzie
1969; Udías and Buforn 1991), most earthquakes hap-
pen on pre-existing fault planes, and slips can occur at
different angles relative to the principal axes. In fact, the
maximum compressive stress may have stress an orien-
tation anywhere within the dilatational quadrant, and not
necessary at 45° of the fault plane (Udías and Buforn
1991). However, this ambiguity can be resolved using
mechanisms of many earthquakes in the same area (e.g.
Angelier 1979; Rivera and Cisternas 1990). In our study,
there are situations where the focal mechanism was
obtained using only the radiation patterns (the oldests).
However, in these cases, the plan was chosen closest to
the known boundary plates, but for more recent seismic
events we have taken into account other analyses such
inversion of TMS using extended sources modelling as
the distribution of sub-events and directivity study (e.g.
Boumerdes earthquake, 2003; Al Hoceima earthquake,
2004; Azores earthquakes, 1997, 1998, 1980). For ex-
ample, for zones I and II, some of focal mechanisms are
obtained from aftershocks study, directivity study or
body wave modelling using extended source (1980,
1997, 1998 earthquakes; Hirn et al. 1980; Borges et al.
2007), which allow to decide which is the plane of
rupture. In the case of 1980 Azores earthquake, the
results of aftershocks study are in agreement with the
study of the directivity function of LR waves and
distribution of aftershocks (see Borges et al. 2007).
In the Gulf of Cadiz–Cape S. Vincent (zone IV), we
know the rupture process of several main earthquakes
as that of 1969 (e.g. Grandin et al. 2007b) and those
of 2003, 2007 and 2009 (e.g. Stich et al. 2007; Pro
et al. 2012). For zones V and VI, some solutions are
obtained from CMT, body wave modelling using
extended source or deduced from InSAR studies
(e.g. Bezzeghoud and Buforn 1999; Bounif et al.
2003; Akoglu et al. 2006; Ayadi et al. 2008;
Belabbès et al. 2009).

We estimate the slip seismic vector from a selection of
M ≥5.0 shallow earthquakes (depth ≤40 km) (Fig. 2 and
Table 2). The SMTs for the six zones are obtained from
all available focal mechanisms (Fig. 2, Table 2) ofM ≥5.0
shallow earthquakes and are shown in Fig. 3. For the slip
vectors, we assume the same criteria used by Udías and
Buforn (1991), where the motion considered for strike-
slip faults is in the E–W direction, and for dip-slip faults,
the motion corresponds to down-going of the Nu plate
with respect to the Eu plate. The direction of seismic slip
can be represented as a vector in 3-D space and can be
defined by the geometry of the fault plane (the strike φ,
the dip δ and the rake λ (direction of slip)) (Aki and
Richards 2002), which is measured in the fault plane
anticlockwise from the direction of strike. We computed
the azimuth of slip vectors in the horizontal plane from
the east components of a unit vector in the direction of the
earthquake slip vector (cos(φ)cos(δ)sin(λ) +
sin(φ)cos(λ)). In our study, the direction of the slip vec-
tors for the shallow earthquakes is shown corresponding
to Africa plate. In order to select the fault plane, we have
assumed that themotion in the strike-slip fault is in the E–
W direction and in the dip-slip faults, corresponding to
down-going of Africa with respect to Eurasia.

3.1 Total seismic moment tensor

In zone I, the SMT corresponds to left-lateral strike-slip
faulting with horizontal pressure and tension axes in the
E–W and N–S directions, respectively. For zone II, the
SMT corresponds to normal faulting, with a horizontal
tension axis trending NE–SW, normal to the TR. The
rotation of the tension and pressure axes from zone I to
zone II is in agreement with the results obtained for
morphological features on the linear volcanic ridges.
Lourenço et al. (1998) found that the orientation of the
spreading axis calculated from the Nuvel-1A model
(DeMets et al. 1990) gives a similar value for T axis in
both regions, but in our case, the tension axis in zone I is
more N–S than in zone II.

Analysis of the SMT of the central region (zone III)
shows a strike-slip motion that confirms the homogene-
ity of the mechanisms of this region, which is already
clear from the individual focal mechanisms shown in
Fig. 2. In this case, the SMT is controlled by theM ≥7.0
events (Table 2) in this region.

For zone IV, the SMT corresponds to thrusting with
the horizontal pressure axis oriented NNW–SSE be-
cause of to the solution of the 1969 earthquake. A
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similar result was obtained for zone VI; the SMT shows
thrusting from the M >6.0 earthquakes in the El Asnam
region in 1954 and 1980.

Because of the complexity of zone V, we present only
the part that corresponds to the Alboran Sea and
Morocco, where the SMT shows strike-slip motion with
a horizontal tension axis oriented NE–SW. However,
from Fig. 2, as was pointed by Buforn et al. (2004), we
observe that area V differs from IV and VI, where the
predominant motion is of reverse character with an aver-
age horizontal compression in the NNW–SSE direction.
In area V, focal mechanisms show a greater variety of
solutions, which corresponds to normal faulting, strike-
slip mechanisms with a large component of normal mo-
tion, reverse faulting, strike-slip with a large component
of reverse motion and pure strike-slip faulting. There
exist some strike-slip mechanisms in IV and in V, which
are also compatible with a horizontal compression in the
NNW–SSE direction. Strike-slip solutions have a pre-
dominantly E–W plane with right-lateral motion, the
northern block moving east. Thus, a normal component
of motion is present in several shocks. Most solutions in
area IVare compatible with a stress pattern consisting of a
general horizontal tension axis in the E–Wdirection and a
horizontal pressure axis in the NW–SE direction.
Solutions with a large normal component and vertical P
axis are more frequent on the south coast of Spain and in
the Alboran Sea (Buforn et al. 2004).

Thus, in the three zones (IV, V and VI), there is a
common orientation of the pressure axis, which is hor-
izontal and trending N–S to NW–SE. The tension axis is
nearly vertical in zones IVand VI, nearly horizontal in V
and trending E–W to NE–SW.

The values of the non-double couple (CLVD) com-
ponents are small for the six zones and are between
0.3 % (zone III) and 12 % (zone II). These small values
confirm that these solutions are very similar and that
large earthquakes control the stress regime (Buforn et al.
2004; Bezzeghoud et al. 2008).

3.2 Seismic slip velocity

The average slip velocities for these six zones were first
estimated by Buforn et al. (2004, zones IV, V and VI),
Bezzeghoud et al. (2008) and Buforn (2008).

These values were determined from the moment rate
using data from Ms ≥4.0 earthquakes (see references in
Table 2). The moment rate, Mo, was estimated from the
sum of the scalar seismic moment in each area divided by

the time period according the method described in
Buforn et al. (2004) and Borges et al. (2007). For earth-
quakes without an estimate of seismic moment in the
Azores region (zones I and II), an empirical relationship
betweenMo andMs has been derived (logMo=1.1Ms+11;
Borges et al. 2007), based onMs ≥4.4 earthquakes in the
instrumental period (1973–1997) (Borges 2003). This
estimate covers a period of 87 years (1923–2010), and
the seismogenic area corresponds to a vertical fault 10 km
in width and 172 and 250 km in length for zones I and II,
respectively. For zones IV, V and VI, the moment rate
was estimated usingmb ≥5.0 shallow earthquakes in each
area from 1900 to 2010. We used an empirical relation-
ship between the magnitude, mb, and scalar seismic mo-
ment (log Mo=1.54mb+8.7; Buforn et al. 2004), Mo,
obtained from events with values determined from the
spectra of body waves obtained by Buforn et al. (2004).
We took the area of a vertical fault with the same length
for zones IVand V (550 km) and a length of 440 km for
zone VI, with a width of 10 km (the average depth of
shallow earthquakes). This is equivalent to considering a
fault with these dimensions as the origin of the shallow
seismicity (M ≥4.4, see references in Table 2).

Based on these hypotheses, we obtained the follow-
ing seismic slip velocities. In zone I, a slip velocity of
6.7 mm/year versus 3.1 mm/year in zone II shows
higher seismic activity in zone I (Table 2).

Because of the small number of events in the central
region, the slip velocity was estimated using the Ms/Mo

relationship, given by Buforn et al. (1988), for the whole
Azores-Gibraltar region. For the central region (zone
III), we obtain a slip velocity of 18 mm/year, which is
in agreement with the large earthquakes that occurred in
this zone.

For areas IV, V and VI, the calculated slip velocities
are 5.5, 1.4 and 3.7 mm/year, respectively. The values for
zones IVand VI are conditioned by the large earthquakes
in each region (1964 and 1969 Gulf of Cadiz earthquakes
in zone IV, and 1954 and 1980 El Asnam region earth-
quakes, and 2003 Boumerdes earthquake in zone VI).
However, the slip velocity for zone V is nearly 5 orders of
magnitude lower than that for zone IV and about 2.5
orders of magnitude lower than that for zone VI because
of the lack of larger earthquakes during the last 120 years
in zone V, where the maximum magnitudes are about 6
(M 6.2, 2004 Alhoceima earthquake). The average slip
velocities are shown in Fig. 3 and listed in Table 1.

Changes in the focal mechanisms along the Azores–
Gibraltar–Algeria Plate boundary region show that the
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present plate motion is transtensional in the Azores,
dextral along the Gloria transform and convergent be-
tween the SW Atlantic margin and the Ibero-
Maghrebian region (Figs. 1, 2 and 3). An important
point is that the energy released by aseismic folding,
thickening, plastic deformation or slow aseismic slip-
page is not included in our estimation of slip velocity,
which means that seismic strain analyses underestimate
the geological deformation. The velocity used in this
work may be considered to be instantaneous and inde-
pendent from that derived from geodetic data. In addi-
tion, the slip rate assumes that the earthquake cycle is
much shorter than the history of available earthquakes
(Borges et al. 2007). The adequacy of seismic cata-
logues to estimate earthquake recurrence rate depends
on the area of the region, catalogue duration and region-
al strain rates (Ward 1998). Given the short catalogue
duration and variability in absolute rates, spatial simi-
larity between geodetic deformation and seismicity is
not necessarily expected (Borges et al. 2007, 2008).

3.3 Slip vector

The directions of the slip vectors relative to the Eurasia
plate for shallow earthquakes (depth ≤40 km) with a
significant magnitude (M ≥5.5) (Table 2) are shown in

Figs. 3 and 4. From North Algeria to the MAR, the
predominant slip vectors display several directions. In
North Algeria, the observed NW slip indicates compres-
sion in this direction. In north Morocco and the Alboran
Sea, the slip vectors are orientedW–SW, and they rotate
to N–NW in the Gulf of Cádiz. Along the Gloria Fault,
the slip vector is oriented E–W. In the Azores, there are
two different vector sets: a SW-oriented vector at the TR
and an NW-oriented vector near the MAR. For slip
vectors derived from focal mechanisms, zones II, IV
and VI show homogenous slip directions. Zones I, II
and V present more variety in the slip vectors, which
shows the complexity of these zones.

4 Kinematic models

The kinematic models provide the motion of a litho-
spheric plate in a given reference frame. In this study, we
consider the relative motion between the Eu and Nu
plates. Awide variety of kinematic models is available,
but we can classify them into two types: geological
models and geodetic models. The geological models
use mainly magnetic profiles to derive seafloor-
spreading rates and azimuths of transform faults.
These models provide a plate velocity averaged over a

Fig. 3 The total seismic moment tensor and horizontal projection
of the slip vectors for shallow earthquakes (depth ≤40 km;M ≥5.5)
in the six studied zones corresponding to the Nubia plate boundary.
Slip velocities obtained from the seismic strain of shallow earth-
quakes are indicated along the boundary. Slip velocity was

estimated from the moment rate according to the expression
Δ �
u ¼ M

�

o=μA , where μ is the rigidity coefficient and A the fault
area represented by the rectangle in each zone. See the text for more
details. The Roman numerals (I to VI) indicate the six zones studied
and described in the text
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few million years. For example, Nuvel-1A (DeMets
et al. 1994), which is one of the most famous geological
models, is derived from the magnetic anomaly 2A
(representing the 3 Myr isochron) and thus describes
the relative Eurasia–Nubia (Eu–Nu) velocity averaged
over 3 Myr. Geodetic models have the potential to
measure relative plate motions over periods of just a
few years and are mainly based on GPS data.

In Fig. 4, we display the Morvel model (DeMets et al.
2010) in grey, which is the latest update of the Nuvel-1A
geological model (DeMets et al. 1994). The REVEL-
2000 geodetic model (Sella et al. 2002) is also displayed
in blue. REVEL-2000 is a new model for recent plate
motion of 19 plates and is based on space-geodetic data,
primarily GPS ones, from 1993 to 2000. The kinematic
model of Serpelloni et al. (2007) (in red, Fig. 4) integrates
continuous GPS observations with data acquired during
repeated campaigns of temporary geodetic stations in
regional, subregional and local networks around the
Eurasia–Nubia plate boundary. Calais et al. (2003) con-
centrate on the relative motion of the Nubia, Eurasia and
North America plates, and provide a geological model, a
geodetic model and a model combining geological and
geodetic data. The latter is displayed in green in Fig. 4.

These models show similar patterns of the relative
velocity between the Eu and Nu plates (Fig. 4). In the
easternmost part of the study area, i.e. in western
Algeria, the kinematic relative velocity has a NNW
orientation. These vectors become more oblique until
reaching the GF. Along the GF, we observe an anticlock-
wise rotation between NNW and NW. West of this
location, the vectors have a constant orientation. The
pattern is well recovered in all of the considered models.
However, the obliqueness of the vectors varies among
models. Specifically, the geodetic models provide

relative velocities that are generally more oblique than
those obtained from the geological models, which pro-
duces a real change in the relative Eu–Nu motion.
According to Calais et al. (2003), the direction of the
Eu–Nu convergence has rotated 20° anticlockwise in the
past few million years.

5 Correlation of slip kinematic velocities

We investigate here how the relative kinematic velocities
between the Eurasia–Nubia plates correlate with the seis-
mic slip vectors. This comparison is qualitative because
the slip norms are only indicative of the fault angle, but it
can provide important information on the ongoing crustal
deformation. In Fig. 4, we superpose relative velocities
with slip vectors. At a global scale (Eu and Nu plates), we
obtain a good correlation between these vectors. In west-
ern Algeria, the two vector sets have the same direction.
In the Alboran Sea, there is a complete lack of correla-
tion, which will be discussed later. However, the anti-
clockwise rotation along the GF is well reproduced.
Along the TR, the direction is partially correlated.

The complete lack of correlation in direction in the
Alboran Sea may be explained by the complexity of this
region, as several phenomena seem to overlap there.
Jimenez-Munt et al. (2001) study the stress partitioning
through the thin-sheet approach and propose that the
stress pattern of the Alboran Sea is best explained if this
region is considered to be an independent microplate.
The geodetic study of Vernant et al. (2010) invokes
mantle dynamics and slab rollback to account for the
observed motions. The geodynamic model of Pérouse
et al. (2010) demonstrates that simple Eu–Nu conver-
gence is not sufficient to account for the complex

Fig. 4 Slip vectors deduced from seismicity (in black, see text) and relative kinematic velocities between the Eu and Nu plates, calculated
from several models
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surface deformation and that a sub-crustal or sub-
lithospheric forcing, representative of the delamination
and rollback of the subducted African lithosphere, is
required. This finding explains the difference between
the slip vector and the kinematic vectors, which are only
representative of the Eu–Nu convergence. Note that the
output of the Pérouse et al. (2010) model is very similar
to the slip velocities inferred in this study, thus demon-
strating their physical pertinence.

In the Gulf of Cadiz, the earthquakes from which the
slip mechanisms were derived display thrust faulting.
The slip directions are N, NNW, NE andWWS. None of
these directions correspond to the directions inferred
from the relative kinematic velocities. These directions
are actually quite similar to the dextral SW Iberian
margin faults described by Zittellini et al. (2009) from
a multibeam bathymetry compilation. This correlation is
puzzling because the present deformation occurs only
along reverse faults.

In the Azores and along the TR, the direction of the slip
vectors is partially recovered by the kinematic velocities.
For example, in zone I, the directions of the slip are quite
close to the relative velocity provided by Calais et al.
(2003). In the northern Azores Islands (Sao Jorge, Faial,
Terceira), the relative kinematic velocities show a SW–
SWW direction, whereas the directions of the slip are
N300 and N330. However, the latter directions are sup-
ported by a study based on the regional morphology
(Lourenço et al. 1998). Lourenco et al. (1998) show that
the Azores triple junction is controlled by two sets of
conjugate faults orientedN150 andN120. The slip vectors
presented in this study (Fig. 3) correspond tomotion along
these faults. Difference from the relative Eu–Nu relative
kinematic velocities can be explained by accommodation
of competing forces among the three plates (Eu, Nu and
NA), instead of only two. Let us note that the strong
correlations between observed tectonic stress and absolute
plate motions shown by the World Stress Map Project
point directly to the present lithospheric stress fields being
dominated by the individual plate boundary and body
forces (Zoback et al. 1989; Zoback 1992). However, most
researchers believe that the mantle forces related to large
convection cells must dominate the driving forces (Jacoby
1980; Carlson et al. 1983; Wilson 1993; Ziegler 1993).
So, in a sense, through time the dominant forces will
change from plate to mantle and back.

However, except for these local departures explained
by the superposition of different phenomena, the direc-
tions of the slip vectors and, more importantly, the

changes in the slip direction are well reproduced
by the relative kinematic velocities of the Eu and
Nu plates.

6 Quantitative study

For a more quantitative study, we compare the kinematic
velocities with the slip velocities deduced from the
seismicity (Figs. 3 and 4, Table 1). In Fig. 5, we report
the velocities as a function of longitude in the study area.
The norms of the relative kinematic velocities are in the
same range as the slip velocities. They range between 2
and 7 mm/year, with the exception of an outlier in zone
III that displays a much higher value (18 mm/year).
Other than similar norms, we do not find a correlation
between the slip velocities and the kinematic velocities.

If the relative kinematic velocities between the
Eurasia–Nubia plates are converted to a force applied
to this physical boundary, it makes sense to consider the
physical characteristics of this boundary. These charac-
teristics vary greatly in the study area, as illustrated in
the lower panel of Fig. 5, where the crustal thickness
(Jimenez-Munt et al. 2001) is interpolated along the
geological track that is the potential limit between the
Eu and Nu plates (Bird 2003). Note that the study of
Jimenez-Munt et al. (2001) does not encompass the
entire study area. Therefore, east of 0° longitude, we
assume a constant crustal thickness, and west of 25°W
longitude, we extrapolate the crustal thickness by
performing a linear interpolation between thicknesses
of 15 km (the value they provide at longitude 25°W)
and 6 km (the value generally found near a mid-
ocean ridge). The crustal thickness along this bound-
ary displays significant variations, ranging from 6 to
35 km. The slip velocities seem to be larger for a
thicker crust.

The variation in bathymetry along this boundary
(Fig. 5c) displays some correlation with the regional
tectonic regimes. The decrease of the bathymetry be-
tween zones I and II arises from the thermal cooling of
the lithosphere and cannot be directly interpreted in
terms of change in the regional stress regime. The in-
crease in slip velocity between zones II and III is corre-
lated with an increase of the bathymetry. If this bathy-
metric feature is not of volcanic origin, this correlation
can be explained by a change in the tectonic regime.
Zone II is associated with normal and strike-slip motion
(for which we expect a bathymetric low), whereas in
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zone III, there is a combination of strike-slip and reverse
fault motions, which would induce an increase in ba-
thymetry (e.g. Lammali et al. 1997).

In zone V, the plate boundary is more diffuse and
corresponds to a wide area encompassing the Betics-Rif
orogenic arc and the Alboran Sea. The stresses are

released by frequent small-to-moderate earthquakes in-
volving normal and strike-slip faults. According to the
previous discussion, this region would be expected to be
associated with a bathymetric low, but a bathymetric
high is actually observed. The bathymetry in zone V
seems to be controlled by a more complex tectonic

Fig. 5 a Top, bathymetry of the study area (Smith and Sandwell
1997). b Norm of the slip velocities (black stars) and the relative
kinematic velocities (coloured lines) as a function of longitude in
the study area. Morvel (DeMets et al. 2010) is represented in grey,
the model from Serpelloni et al. (2007) is in red, the mixed
geological and geodetic model from Calais et al. (2003) is in green,
and the Revel model (Sella et al. 2002) is in blue. c The solid red

line shows the bathymetry along the geological track (Smith and
Sandwell 1997). d The solid line represents the crustal thickness
along the same track (Jimenez-Munt et al. (2001)). The stars
represent the mean slip velocity deduced from the seismicmoments
for each of the six areas identified in this study (see text, Fig. 3 and
Table 1)
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regime than that in zones IV and VI, as shown by the
singularity of the SMT and the slip vectors in Fig. 3.

Bezzeghoud and Buforn (1999) suggest that this
contrast could be related to the difference between the
continental domain to the west (Alboran domain) and
the oceanic domain in the east (Algerian basin). The
large seafloor relief and the high seismicity observed in
the Alboran Sea with respect to the absence of both in
the Algerian basin emphasise the difference in crustal
structure to either side of zone V.

As previously mentioned, when the relative kinemat-
ic velocities between the Eu and Nu plates are assimi-
lated to a force applied on this physical boundary, it is
important to account for the morphology of this margin
and determine how the displacement should be adjusted
based on this morphology. It seems physically reason-
able that the seismic displacement should be greater if
the crust is thin because it faces less resistance to the
applied forces. Let us note that the maximum depth of
earthquake in the crust, which defines the thickness of
the seismogenic layer in the studied area, is of the order
of 10 to 30 km. This gives us a scale for quantification of
the dimensions of seismic structures in the region.
Earthquakes capable to break the entire thickness of
the seismogenic zone can be considered as larges events,
and those with ruptures confined within the seismogenic
zone can be considered as moderate-size events. It then
is more logical to consider the norm of the relative
kinematic velocities, normalised by the crustal thickness
(i.e. divided by the thickness of the crust) and multiplied
by the mean crustal thickness over the considered pro-
file. The reference crustal thickness (15 km) is the mean
crustal thickness along the Eu–Nu boundary. For each of
the six zones, we compute the mean relative kinematic
velocity normalised by the crustal thickness. These
values are displayed in Fig. 6 as a function of the mean
slip velocities deduced from the seismic moment tensor
(Table 1 and Fig. 3). A linear trend arises from this
comparison. However, the two mean velocity sets
are not exactly equal, as their relationship has a
slope of 0.2 and a y-intercept of 3.4–4 mm/year.
The reason why the slope is not unity may be that
only 20–30 % of the energy released by an earth-
quake is released through mechanical waves
(Kanamori 2001). The y-intercept may indicate that
a threshold value of the applied force is required
before any motion occurs. For forces lower than this
threshold, the motion may be aseismic, as discussed by
Bird et al. (2009).

7 Conclusions

Our study concerns the complex seismicity pattern
along the western part of the Eurasia–Nubia plate
boundary. To better characterise the seismicity, we pro-
pose a new seismotectonic synthesis based on the anal-
ysis of shallow M ≥5.0 earthquakes (depth ≤40 km),
occurring between 1931 and the present time. We show
that the study area can be divided into six zones of
coherent seismicity, for which we provide the SMT
and the average slip velocities.

As the factors controlling the seismicity pattern are
not yet well understood, we determined the extent to
which the patterns are controlled by the kinematics of
global plates. We investigate the correlation between the
slip vectors, which are computed from the focal mech-
anisms of several events, with the relative kinematic
velocities derived from global kinematic models. We
show that despite some local departures, the direction
of the slip vector and, more importantly, the change in
the slip direction are well reproduced by the relative
kinematic velocity between the Eu and Nu plates. The
departures in the Alboran Sea and at the Azores Triple
Junction have been explained by the interaction of other
phenomena. Quantitatively, the slip velocities display a
linear, non-affine correlation with the norms of the
relative kinematic velocities, modulated by the litho-
sphere structure. The norm of the slip velocities seems

Fig. 6 Relative kinematic velocity normalised by the crustal
thickness versus slip velocity deduced from seismic moments.
Each of the six values is representative of the mean value found
for the six zones of coherent seismicity identified in this study and
is denoted by Roman numerals
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to depend on the tectonic regime and on the morphology
of the plate boundary.
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