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Abstract

The Iberian Peninsula and the Maghreb experience moderate earthquake activity and oblique, ∼ NW–SE convergence between
Africa and Eurasia at a rate of ∼ 5 mm/yr. Coeval extension in the Alboran Basin and a N35°E trending band of active, left-lateral
shear deformation in the Alboran–Betic region are not straightforward to understand in the context of regional shortening, and
evidence complexity of deformation at the plate contact. We estimate 86 seismic moment tensors (MW 3.3 to 6.9) from time domain
inversion of near-regional waveforms in an intermediate period band. Those and previous moment tensors are used to describe
regional faulting style and calculate average stress tensors. The solutions associated to the Trans-Alboran shear zone show
predominantly strike-slip faulting, and indicate a clockwise rotation of the largest principal stress orientation compared to the
regional convergence direction (σ1 at N350°E). At the N-Algerian and SW-Iberian margins, reverse faulting solutions dominate,
corresponding to N350°E and N310°E compression, respectively. Over most of the Betic range and intraplate Iberia, we observe
predominately normal faulting, and WSW–ENE extension (σ3 at N240°E). From GPS observations we estimate that more than
3 mm/yr of African (Nubian)–Eurasian plate convergence are currently accommodated at the N-Algerian margin, ∼ 2 mm/yr in the
Moroccan Atlas, and ∼ 2 mm/yr at the SW-Iberian margin. 2 mm/yr is a reasonable estimate for convergence within the Alboran
region, while Alboran extension can be quantified as ∼ 2.5 mm/yr along the stretching direction (N240°E). Superposition of both
motions explains the observed left-lateral transtensional regime in the Trans-Alboran shear zone. Two potential driving
mechanisms of differential motion of the Alboran–Betic–Gibraltar domain may coexist in the region: a secondary stress source
other than plate convergence, related to regional-scale dynamic processes in the upper mantle of the Alboran region, as well as drag
from the continental-scale motion of the Nubian plate along the southern limit of the region. In the Atlantic Ocean, the ∼ 3.5 mm/
yr, westward motion of the Gibraltar Arc relative to intraplate Iberia can be accommodated at the transpressive SW-Iberian margin,
while available GPS observations do not support an active subduction process in this area.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Iberia–Maghreb region, comprising Spain, Portu-
gal and the northern parts of Morocco and Algeria, is
situated at the obliquely convergent African–Eurasian
plate contact. Present-day convergence between Africa
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(i.e. Nubian plate) and Iberia occurs at rates of∼ 5–6 mm/
yr, and with approximately NW–SE to WNW–ESE
shortening direction (DeMets et al., 1994; Calais et al.,
2003; McClusky et al., 2003; Serpelloni et al., submitted
for publication). Plate convergence coexists with exten-
sional processes in the westernmost Mediterranean sector
(e.g. Platt and Vissers, 1989; Docherty and Banda, 1995;
Comas et al., 1999; Jolivet and Faccenna, 2000), with both
processes interacting to produce complex tectonic defor-
mation over the Iberia–Maghreb region. Earthquakes
(Fig. 1) are concentrated along regional-scaleWSW–ENE
lineaments in northern Algeria and easternmost Atlantic
Ocean, presumably marking two segments of the con-
vergent Africa–Eurasia plate boundary. In between, at the
contact of Morocco and Spain, seismicity is distributed
over a more than 400 km wide zone, and characterized by
lower magnitudes (usually smaller than 5.5), compared to
the adjacent sections (Buforn et al., 1995). These
characteristics suggest a diffuse partitioning of plate con-
vergence strain, and complicate the definition of a plate
boundary between Morocco and Spain.
Fig. 1. Seismicity of the Ibero–Maghrebian region projected on the map of a
magnitude ≥3 (scale on lower right) are taken from the NEIC catalogue (
Geodynamic map of the Mediterranean compiled in the frame of the Com
Seismicity is relatively focused at the Algerian and SW-Iberian margins (high
Spain, where the left-lateral TASZ is the main regional-scale active structur
intraplate areas on and around the Iberian Peninsula. In the Atlantic Ocean and
3 earthquakes, reflecting limits of catalogue completeness.
Seismotectonics of the Iberia–Maghreb region has
been treated in numerous focal mechanism studies. As the
number of regional seismic broad-band stations is
increasing, the methodological focus turns from evaluat-
ing first motion polarities (recent studies and compilations
e.g. Mezcua and Rueda, 1997; Bezzeghoud and Buforn,
1999; Borges et al., 2001; Buforn et al., 2004) towards
regional waveform inversion, including moment tensor
studies of selected events (Thio et al., 1999; Dufumier
et al., 2000; Mancilla et al., 2002; Buforn and Coca,
2002), as well as systematic assembling of regional
moment tensor catalogues (Pondrelli et al., 2002;
Braunmiller et al., 2002; Stich et al., 2003; Rueda and
Mézcua, 2005). These studies report a number of different
regional faulting trends along the plate boundary zone:
Northern Algeria is characterized by predominantly
reverse faulting under ∼ NNW–SSE compression. At
the SW-Iberian margin, reverse and strike-slip faulting
occur under ∼ NW–SE compression. In the Alboran
Basin and southern Spain, strike-slip and normal faulting
prevail, suggesting interplay of extensional tectonics and
ctive and potentially active faults. Epicenters of earthquake with local
http://neic.usgs.gov). Neotectonic faults (grey) are redrawn from the
mission for the Geological Map of the World (http://ccgm.free.fr).
lighted by dashed white lines), but more diffuse between Morocco and
e. Relevant seismicity is also observed in the Pyrenees and in several
inland Africa the seismicity appears to be depleted of small, magnitude
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Nubia–Eurasia plate convergence along this section of the
plate contact (Mezcua and Rueda, 1997; Bezzeghoud and
Buforn, 1999; Stich et al., 2003).

The extension of the Alboran region during ongoing
African-European convergence has been related to very
diverse geodynamic processes, including a continental
scale thermal mantle source that drives rifting from the
Rhine–Bresse–Rhône Graben system into the western-
mostMediterranean (Hoernle et al., 1995), and to regional
scale recycling of lithosphere into the mantle, with the
proposed mechanisms being active continental subduc-
tion (Morales et al., 1999), delamination (Seber et al.,
1996), as well as active oceanic subduction (Gutscher
et al., 2002). The onset of Alboran extension is thought to
be marked by a heating episode and the rapid exhumation
of high-metamorphic rocks at the beginning of the
Miocene around 20 Ma ago (e.g. Platt et al., 2003). It
has been proposed that this major reorganization of
regional tectonics was preceded and originated by con-
vective removal, or gravitational collapse of thickened
continental lithosphere (Platt and Vissers, 1989), or alter-
natively by processes related to the evolution of the
western Mediterranean subduction system (Jolivet and
Faccenna, 2000), such as retreating subduction of a slab of
oceanic lithosphere (Lonergan and White, 1997), mantle
flow around a narrow slab tongue (Faccenna et al., 2004)
or slab break-off or detachment (Zeck, 1996) around 20–
25 Ma ago.

In this paper we aim at a more detailed and quantitative
description of present-day, regional crustal deformation in
Iberia and the Maghreb. We present 86 moment tensor
estimates obtained from systematic analysis of small and
moderate regional earthquakes for the period 2002 toMay
2005. Adding previous solutions for the period 1984 to
2001 (Stich et al., 2003), we assembled a moment tensor
database for 147 events altogether. We use these data to
better characterize the kinematics and pattern of seismi-
cally active faults within the Iberia–Maghreb region, and
determine average stress tensors along several sections of
the plate boundary zone. We compare seismological
observations to recent Global Positioning System (GPS)
velocities, derived from the analysis of permanent and
non-permanent networks (Serpelloni et al., 2002, 2005,
submitted for publication), and their combination with the
European Permanent Network (EUREF-EPN; http://
epncb.oma.be) velocity solution. This allows us to test
the consistency between strain and stress fields and
seismicity distribution. We focus our discussion on the
Trans-Alboran shear zone (TASZ hereinafter, Bousquet,
1979; Leblanc and Olivier, 1984; De Larouzière et al.,
1988; Sanz de Galdeano, 1990), a belt of distributed shear
deformation extending from southeastern Spain over the
Alboran Sea to the Mediterranean Moroccan margin,
which is well represented in ourmoment tensor catalogue.
Compared to a classical transform fault connecting the
Northern Algerian and SW-Iberian compressive margins,
the TASZ has an inverse, left-lateral sense of shear, and an
unexpected oblique (N35°E) orientation, nearly perpen-
dicular to the regional geodetically derived plate con-
vergence. We thus may suspect that this regional-scale
structure is closely related to extension in the Alboran
region, and that it plays a key role in accommodating
regional strain and explaining complex kinematics of the
Iberia–Maghreb plate boundary.

2. Regional moment tensor inversion

Earthquakes from the beginning of 2002 toMay 2005
are analyzed for this study. We considered candidates for
moment tensor inversion earthquakes with local magni-
tude larger than 3.5 for the Betic–Alboran region and rest
of Iberia, and earthquakes larger than 4.0 for peripheral
areas with respect to the Ibero–Maghrebian seismic
network, such as northern Africa, the eastern Atlantic
Ocean and the Pyrenees. We use three-component
regional displacement waveforms, including body and
surface waves, for time-domain inversion of the first-
order, deviatoric seismic moment tensor. The solution is
obtained by minimizing, in a least squares sense, the
misfit between observed waveforms and a linear
combination of fundamental fault Greens functions
(Langston et al., 1982). A unit step source time function
is assumed, and for events larger than magnitude 6 a
generic centroid time delay was introduced into the
Greens functions (6 s for the MW 6.9, 2003 Bourmedes,
Algeria and 3 s for the MW 6.3, 2004 Al Hoceima,
Morocco earthquake).

Greens functions are computed with a reflection
matrix algorithm (Randall, 1994; Randall et al., 1995).
The underlying plane layered earth models approximate
average properties of the lithosphere in the study area.
Three different models are used for wave propagation
either off-shore, within Alpine domains, or within
Hercynian domains (Stich et al., 2003), the latter one is
also preferred for mixed paths. Waveforms are filtered in
an intermediate period pass band in order to achieve an
adequate correction of propagation effects, restricting the
inversion to wavelengths that average out small-scale
lateral heterogeneities, while at the same time preserve a
sufficient signal to noise ratio in the waveforms. Com-
monly selected filter bands are 50 to 20 s period for
events withMWN4, and 35 to 15 s for smaller events. For
the smaller events, most useful waveforms correspond to
observations at epicentral distances less than 300 km.
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Beyond this range, the combined effects of background
noise and crustal heterogeneity complicate accurate
waveform matching. For the 50 to 20 s period band, our
average earth models allows an adequate prediction of
propagation effects for most travel paths over the entire
region.

Intermediate period moment tensor inversion in a
structurally non-uniform environment is potentially
unstable, and usually requires manual intervention. We
introduce trial-and-error weighting factors for individual
traces to compensate noise and potentially inappropriate
corrected propagation effects, and obtain more accurate
fits between observed and predicted waveforms. Travel
times are calibrated for P-waves by aligning observed
waveforms and Greens functions at the first arrivals,
reducing the influence of location errors and regional-
scale lateral velocity variations on phase matches. Since
hypocenter depth is often poorly resolved from arrival
times at the regional network, we run moment tensor
inversion for a set of trial depths (2 km increment for
shallow events and 10 km for mantle earthquakes). This
allows us to assess possible trade-offs and retrieve the
formally best combination of depth and mechanism.
Examples of moment tensor inversion results, and cor-
responding waveform matches for different geographic
and tectonic areas, are given in Fig. 2. A more detailed
description of the inversion scheme, lithosphere models,
regional seismic networks and data processing can be
found in Stich et al. (2003).

Numerical solutions for 86 moment tensors from
2002 to May 2005 are given in Table 1. The equivalent
force systems connected with the moment tensors are
interpreted in terms of shear failure in tectonic earth-
quakes, obtaining fault angle parameters for the nodal
planes of the double couple moment tensor, as well as a
percentage of non-double couple remainder (CLVD).
CLVD components are below 30% for all but three
solutions. For regional intermediate period inversion,
this amount of CLVD is plausible to be introduced by
background noise, unaccounted propagation effects or
epicenter mislocation (Mancilla et al., 2002). Based on
the quality of waveform matches, station coverage and
stability of the solution, as well as a systematic analysis
of variance reduction for alternative faulting solutions,
we attribute a good resolution to 69 moment tensor
Fig. 2. Four examples of regional moment tensor inversion for small to mo
different regions. Events are identified with the date (year-month-day), with
temporal order in our catalogue for that day. For each solution, a location m
versus depth, and waveform fits are given. In the misfit- vs.-depth panels,
superscript number indicating the percentage of CLVD component at that de
(solid lines) intermediate period displacement (in [m]) for 300 s long time win
bottom. The station name is labeled above each panel.
estimates (quality a and b according to the criteria de-
scribed in Stich et al., 2003). Further 17 solutions are
classified as quality c. Those are less well resolved from
available regional broad-band waveforms, but are
considered useful estimates, and expected to reproduce
the general style and orientation of faulting. Complete
inversion results, including numerical data and wave-
form fits, are posted on-line at www.ugr.es/~iag/tensor,
and were communicated to the International Seismo-
logical Center (ISC, www.isc.ac.uk) and the EMMA
source parameter database (Vannucci and Gasperini,
2004).

3. Geometry and kinematics of faulting

These moment tensor estimates significantly increase
the amount of solutions for the wider Ibero–Maghreb
plate boundary zone, as well as for intraplate regions
where no or few focal mechanism data where available
previously, providing relevant pieces for the regional
seismotectonic puzzle. With solutions for the period
1984 to 2001 (Stich et al., 2003), which were obtained
from an identical inversion scheme but for a generally
sparser seismic network, we assembled a moment tensor
catalogue for 147 earthquakes altogether (Fig. 3). The
data set reveals a variety of regionally consistent faulting
trends.Wewill go through these patterns, reporting some
characteristics of regional seismicity, and identifying
regional subsets of solutions for a subsequent estimation
of average stress tensors.

The Algerian Mediterranean margin shows the most
homogeneous faulting pattern within the studied region,
with nearly all seismic deformation occurring due to
shallow thrusting with ∼ NNW–SSE oriented shorten-
ing direction. Here, moderate to large earthquakes occur
with certain frequency, and a wealth of moment tensor
estimates is available through the Harvard CMT
catalogue (Dziewonski and Woodhouse, 1983), INGV
Regional CMT catalogue (Pondrelli et al., 2002) and
ETH regional moment tensor catalogue (Braunmiller
et al., 2002; Braunmiller and Bernardi, 2005), all giving
a predominance of reverse faulting, as well as less
frequent, lower magnitude strike-slip mechanisms.
Three odd, NW–SE trending vertical dip slip mechanism
in our catalogue are interpreted to be an artifact due to
derate (Mw 4 to 5) earthquakes with different faulting style and from
an optional additional letter B marking that it is the second event in

ap with stations, moment tensor solution and magnitude, the L2-misfit
the moment tensor solutions for each trial depth are plotted, with a
pth. Waveform panels compare predicted (dashed lines) and observed
dows. Traces are radial, transverse and vertical waveforms from top to
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Table 1
Numerical results of moment tensor inversion

Date Time
(UT)

Latitude,
[°]

Longitude
[°]

Z
[km]

Moment tensor elements [Nm] Double
couple
(strike/dip/
rake)

CLVD
[%]

M0

[Nm]
MW q

mxx myy mxy mxz myz

020328 04:09:23 37.99 −9.36 20 −7.84e+
13

−2.00e+
14

4.37e+
14

−3.52e+
14

1.85e+
13

255/72/132,
4/46/26

25 6.14e+
14

3.8 c

020627 13:29:50 35.63 −4.03 14 −2.08e+
14

5.47e+
14

2.05e+
14

−3.12e+
14

1.25e+
14

132/55/−143,
19/61/−40

11 6.19e+
14

3.8 c

020706 17:24:19 35.63 −3.92 18 −3.22e+
14

1.63e+
15

7.38e+
14

−8.38e+
14

4.24e+
14

132/52/−135,
11/57/−47

6 1.92e+
15

4.2 c

020806 06:16:19 37.90 −1.84 8 −8.95e+
15

2.43e+
16

1.96e+
16

−1.92e+
16

1.15e+
15

119/68/−140,
11/53/−27

3 3.47e+
16

5.0 a

020806 11:55:17 37.90 −1.83 6 3.94e+
12

3.97e+
14

4.78e+
14

−5.95e+
14

−1.82e+
14

115/73/−122,
0/35/−28

15 8.81e+
14

3.9 b

020807 00:43:57 37.85 −1.82 6 −3.02e+
13

1.35e+
14

9.98e+
13

−1.67e+
14

−4.19e+
13

120/74/−124,
7/37/−27

13 2.34e+
14

3.5 b

020807 23:09:08 37.87 −1.84 6 −1.63e+
14

7.63e+
14

3.47e+
14

−7.07e+
14

−2.63e+
14

130/70/−122,
11/37/−33

15 1.08e+
15

4.0 a

020824 10:08:07 36.46 −4.56 70 −6.28e+
14

1.89e+
14

7.33e+
14

−7.09e+
14

2.12e+
15

96/21/165,
201/85/70

3 2.42e+
15

4.2 b

020915 20:54:19 37.16 −5.27 4 −7.51e+
14

−8.23e+
13

−7.21e+
14

−8.96e+
14

2.61e+
14

273/68/58,
152/38/143

5 1.42e+
15

4.1 a

021210 13:51:26 36.19 −7.47 6 −5.98e+
15

−1.25e+
16

1.00e+
16

1.86e+
16

−2.63e+
16

35/75/90,
217/15/91

7 3.75e+
16

5.0 c

021211 20:09:51 43.05 −0.32 4 2.34e+
14

5.17e+
13

1.32e+
13

3.66e+
14

4.17e+
13

93/18/−93,
276/72/−88

21 4.53e+
14

3.7 c

021212 17:59:51 43.02 −0.36 8 3.76e+
14

5.47e+
14

2.86e+
14

−7.67e+
14

−5.61e+
14

131/69/−97,
329/22/−72

28 1.28e+
15

4.0 b

030101 00:55:55 36.13 2.91 2 −1.09e+
16

3.33e+
15

9.86e+
14

−2.11e+
16

−1.48e+
16

58/16/28,
302/82/105

11 2.76e+
16

4.9 c

030112 15:56:35 41.53 −6.00 10 −1.57e+
14

1.31e+
14

6.02e+
14

3.67e+
13

−1.28e+
14

277/78/−179,
187/89/−11

10 6.34e+
14

3.8 b

030123 10:13:18 41.54 −6.01 12 −8.86e+
14

8.43e+
14

1.91e+
15

5.46e+
14

1.71e+
14

102/88/165,
192/75/2

1 2.17e+
15

4.2 a

030124 20:35:00 37.74 −4.70 12 1.95e+
15

−1.79e+
15

8.73e+
14

−3.36e+
13

1.85e+
14

58/86/−176,
327/86/−3

14 2.08e+
15

4.2 a

030215 03:56:33 35.58 −3.83 12 −7.35e+
14

8.10e+
14

3.75e+
14

−3.22e+
14

2.41e+
14

124/67/−171,
30/81/−23

10 9.50e+
14

4.0 c

030218 13:09:35 35.67 −3.55 4 −1.91e+
16

1.66e+
16

−5.49e+
15

1.19e+
14

−7.68e+
15

56/72/15,
321/76/161

6 2.03e+
16

4.8 a

030218 13:59:29 35.67 −3.61 2 −5.71e+
14

1.69e+
14

−4.71e+
14

5.06e+
14

−2.60e+
14

81/72/49,
331/44/153

2 8.97e+
14

3.9 b

030219 00:33:50 35.73 −3.49 4 −9.43e+
14

6.43e+
14

−2.88e+
14

−4.06e+
14

−7.29e+
14

60/45/14,
320/80/134

2 1.21e+
15

4.0 a

030221 11:46:37 35.69 −3.62 4 −1.96e+
15

1.79e+
15

−3.48e+
14

−1.28e+
15

−9.38e+
14

48/51/0,
138/90/−141

34 2.49e+
15

4.2 b

030221 12:06:49 35.69 −3.60 2 −4.37e+
14

4.59e+
14

1.60e+
13

−3.13e+
14

−2.90e+
14

135/89/−136,
43/46/−1

1 6.19e+
14

3.8 b

030222 11:07:45 35.70 −3.55 4 −2.48e+
14

2.25e+
14

−1.85e+
14

−2.56e+
14

1.39e+
14

245/88/44,
153/46/177

3 4.19e+
14

3.7 b

030521 18:44:20 36.96 3.63 4 −9.90e+
18

−9.23e+
17

5.78e+
18

−2.37e+
19

6.87e+
18

52/13/69,
253/77/95

11 2.73e+
19

6.9 a

030521 23:23:43 36.92 3.50 6 −1.15e+
16

−5.32e+
15

9.26e+
15

−2.03e+
16

6.93e+
15

247/71/99,
41/21/65

2 2.77e+
16

4.9 a

030522 03:14:03 37.08 3.63 8 −1.52e+
16

−1.06e+
16

7.96e+
15

−2.65e+
16

1.57e+
16

51/19/83,
238/71/92

23 3.89e+
16

5.0 a

030522 11:11:05 37.14 3.85 6 −2.87e+
15

4.76e+
14

5.34e+
14

−7.75e+
15

6.29e+
14

75/10/80,
265/81/92

13 8.23e+
15

4.6 c
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Table 1 (continued )

Date Time
(UT)

Latitude,
[°]

Longitude
[°]

Z
[km]

Moment tensor elements [Nm] Double
couple
(strike/dip/
rake)

CLVD
[%]

M0

[Nm]
MW q

mxx myy mxy mxz myz

030522 13:57:20 37.03 3.93 12 −1.83e+
16

−5.73e+
15

4.15e+
15

−3.37e+
16

3.48e+
15

70/17/78,
262/74/94

24 4.05e+
16

5.0 b

030524 19:21:24 37.04 3.97 6 −7.36e+
15

8.72e+
14

1.11e+
15

−1.74e+
16

1.76e+
15

80/11/86,
264/79/91

10 1.89e+
16

4.8 b

030527 17:11:28 36.94 3.58 10 −1.99e+
17

−7.66e+
16

1.13e+
17

−2.94e+
17

4.96e+
16

254/69/100,
47/23/65

13 4.03e+
17

5.7 a

030528 06:58:37 36.88 3.27 6 −7.85e+
15

−5.67e+
14

2.79e+
15

−1.03e+
16

4.45e+
14

59/21/67,
264/70/99

1 1.34e+
16

4.7 b

030529 02:14:59 36.82 3.36 6 −3.41e+
14

3.11e+
15

2.55e+
16

−4.21e+
15

1.92e+
16

95/53/−173,
0/84/−36

13 3.23e+
16

5.0 b

030718 21:23:15 36.97 −6.57 60 −3.80e+
14

1.81e+
14

9.54e+
14

3.12e+
14

1.26e+
14

189/70/9,
96/82/160

21 1.06e+
15

4.0 b

030720 13:12:05 38.00 0.63 14 −6.48e+
13

5.91e+
13

1.37e+
14

−2.24e+
13

3.08e+
13

12/85/−12,
103/77/−175

15 1.55e+
14

3.4 c

030720 21:09:08 38.95 −0.28 4 8.80e+
12

4.79e+
13

1.45e+
13

−5.48e+
13

−8.13e+
13

148/76/−96,
351/15/−67

12 1.12e+
14

3.3 c

030725 03:37:55 36.90 −5.56 6 −5.54e+
13

−1.28e+
14

9.15e+
13

−3.37e+
13

2.20e+
13

29/40/82,
219/51/96

6 1.91e+
14

3.5 b

030729 05:31:26 35.69 −10.56 60 −9.98e+
16

5.73e+
16

−3.33e+
16

−4.31e+
16

5.71e+
16

243/72/41,
139/51/157

11 1.17e+
17

5.3 a

030910 20:22:47 37.11 −3.79 12 1.80e+
14

2.78e+
13

1.63e+
14

4.16e+
14

1.32e+
14

289/76/−100,
143/17/−55

22 5.05e+
14

3.8 c

030916 11:02:47 39.39 0.01 8 1.17e+
13

1.14e+
15

8.58e+
14

−1.48e+
15

−8.59e+
14

359/27/−40,
127/73/−111

9 2.23e+
15

4.2 b

030916 20:19:48 39.39 0.01 8 1.92e+
13

9.10e+
13

9.59e+
13

6.11e+
13

−6.38e+
13

175/58/−47,
296/51/−137

15 1.66e+
14

3.4 c

030921 09:58:55 39.39 0.04 8 3.40e+
14

1.74e+
15

1.58e+
15

−2.28e+
15

−1.20e+
15

352/28/−45,
125/70/−110

13 3.59e+
15

4.3 b

030921 10:34:16 39.41 0.01 8 1.50e+
15

2.39e+
15

1.91e+
15

−1.42e+
15

−2.65e+
15

148/64/−84,
315/27/−101

1 4.92e+
15

4.4 a

031030 01:12:03 37.76 −2.07 4 −1.23e+
14

−6.86e+
13

8.10e+
13

−8.57e+
13

8.36e+
13

58/29/97,
230/61/86

10 2.22e+
14

3.5 b

031116 21:36:12 37.53 −2.65 8 1.40e+
14

1.31e+
15

2.28e+
14

−2.48e+
14

−1.42e+
14

161/49/−100,
357/42/−77

17 1.43e+
15

4.1 b

040110 18:38:15 36.94 3.43 6 −3.92e+
15

6.01e+
15

5.79e+
15

−1.66e+
16

−9.30e+
15

119/86/−111,
19/21/−10

13 2.06e+
16

4.8 c

040224 02:27:46 35.14 −4.00 14 −9.73e+
17

1.53e+
18

2.31e+
18

−9.39e+
17

5.25e+
17

11/72/−17,
107/73/−161

4 2.88e+
18

6.3 b

040224 11:04:44 35.17 −4.08 16 −1.48e+
15

2.64e+
15

1.55e+
15

−1.75e+
15

3.39e+
14

123/67/−148,
19/61/−26

13 3.29e+
15

4.3 b

040224 16:42:12 35.05 −4.08 10 −6.11e+
14

7.31e+
14

1.39e+
15

−6.74e+
14

6.89e+
13

11/68/−7,
104/83/−157

7 1.69e+
15

4.1 a

040224 18:53:02 35.07 −3.91 10 −3.56e+
14

4.75e+
14

8.39e+
14

−3.12e+
14

7.72e+
14

106/49/−173,
12/85/−40

13 1.26e+
15

4.0 b

040224 20:37:02 35.11 −3.95 16 −4.89e+
13

3.03e+
14

9.80e+
14

−2.08e+
14

1.97e+
14

97/74/−165,
3/76/−15

25 1.06e+
15

4.0 b

040225 05:21:14 35.12 −3.93 14 1.50e+
14

3.70e+
14

4.39e+
15

−1.69e+
15

1.10e+
14

0/69/−4,
92/86/−158

14 4.73e+
15

4.4 a

040225 12:44:54 35.05 −3.86 10 −3.13e+
16

3.47e+
16

5.45e+
16

−2.14e+
16

1.58e+
16

108/73/−167,
14/77/−16

18 6.91e+
16

5.2 a

040225 16:33:28 35.17 −3.94 10 −6.52e+
14

8.57e+
14

6.72e+
14

−3.70e+
14

1.38e+
14

117/73/−162,
22/73/−16

5 1.10e+
15

4.0 b

040226 12:07:03 35.19 −4.06 16 −1.04e+
16

1.15e+
16

2.05e+
16

−7.11e+
15

2.62e+
15

13/75/−9,
105/80/−165

9 2.45e+
16

4.9 a

(continued on next page)
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Table 1 (continued )

Date Time
(UT)

Latitude,
[°]

Longitude
[°]

Z
[km]

Moment tensor elements [Nm] Double
couple
(strike/dip/
rake)

CLVD
[%]

M0

[Nm]
MW q

mxx myy mxy mxz myz

040227 00:59:00 35.13 −3.99 14 −1.16e+
15

1.41e+
15

3.51e+
15

−9.16e+
14

1.21e+
15

102/71/−170,
8/81/−19

11 4.04e+
15

4.4 a

040227 03:12:36 35.13 −3.96 12 −8.78e+
14

1.40e+
15

2.76e+
15

−8.40e+
14

−1.83e+
13

10/73/−5,
102/84/−163

23 3.13e+
15

4.3 a

040227 16:50:42 35.18 −3.92 14 −2.92e+
15

3.99e+
15

4.78e+
15

−1.72e+
15

3.05e+
14

110/80/−163,
16/74/−10

17 6.22e+
15

4.5 b

040228 16:29:25 35.02 −4.01 4 −1.48e+
15

6.02e+
14

8.13e+
14

−1.61e+
15

−7.97e+
14

36/35/23,
287/77/123

2 2.36e+
15

4.2 a

040302 20:36:26 35.14 −3.87 12 −1.46e+
15

2.57e+
15

3.10e+
15

−7.01e+
14

1.36e+
15

109/65/−167,
13/79/−25

28 4.12e+
15

4.4 b

040307 06:37:52 35.06 −4.01 22 −2.51e+
15

4.48e+
15

3.64e+
16

−6.21e+
15

5.44e+
15

93/81/−171,
2/81/−8

0 3.76e+
16

5.0 b

040310 04:22:18 34.91 −4.08 6 1.32e+
14

4.77e+
14

7.17e+
14

−1.93e+
14

6.58e+
14

354/68/−50,
109/44/−148

2 1.14e+
15

4.0 b

040312 17:21:51 34.92 −4.05 6 1.89e+
15

1.72e+
16

1.05e+
16

−5.55e+
15

3.55e+
15

352/49/−62,
134/47/−118

10 2.20e+
16

4.9 a

040315 12:39:13 35.11 −4.20 12 −1.47e+
14

5.12e+
14

4.25e+
14

−2.52e+
14

2.48e+
14

119/54/−148,
9/65/−39

9 7.17e+
14

3.9 b

040320 09:37:26 35.00 −4.15 10 −3.53e+
15

5.45e+
15

3.93e+
15

−2.39e+
15

3.12e+
15

119/56/−164,
20/77/−34

6 7.34e+
15

4.5 a

040324 00:59:10 36.01 −8.71 50 −1.93e+
14

3.90e+
14

3.31e+
14

3.86e+
14

8.51e+
13

297/76/224,
194/47/−18

1 6.17e+
14

3.8 b

040401 00:25:35 35.09 −4.09 8 −9.43e+
14

6.08e+
14

7.13e+
14

−6.48e+
14

−3.89e+
14

28/53/14,
289/79/142

10 1.33e+
15

4.0 b

040406 01:53:09 35.05 −4.11 6 −1.40e+
15

6.86e+
14

7.79e+
14

−9.96e+
14

1.61e+
15

110/33/160,
216/79/59

9 2.38e+
15

4.2 b

040416 19:23:25 37.67 −1.38 4 −5.24e+
14

5.84e+
14

−3.99e+
14

3.10e+
14

3.04e+
14

335/82/−149,
240/60/−8

20 8.11e+
14

3.9 c

040620 22:47:05 34.94 −3.88 6 2.34e+
14

1.94e+
15

1.66e+
15

−7.65e+
14

9.85e+
14

122/47/−131,
355/57/−54

9 2.93e+
15

4.3 b

040710 17:57:16 35.16 −4.07 6 1.25e+
12

2.34e+
14

2.56e+
14

−7.81e+
13

1.38e+
14

358/62/−46,
115/50/−141

29 3.82e+
14

3.7 c

040814 01:55:42 34.87 −3.89 6 7.14e+
13

3.34e+
14

2.06e+
14

−2.62e+
14

−4.83e+
13

129/60/−115,
352/38/−53

16 5.04e+
14

3.8 c

040918 12:52:16 42.77 −1.49 12 5.29e+
15

−2.63e+
14

2.26e+
15

−1.45e+
15

−3.44e+
15

266/38/230,
133/62/−62

4 6.77e+
15

4.5 b

040921 15:48:06 42.34 2.17 8 2.06e+
15

1.74e+
15

2.70e+
15

1.77e+
15

−6.85e+
14

291/55/241,
156/44/−54

2 4.66e+
15

4.4 a

040930 13:09:06 42.86 −1.53 8 1.12e+
15

4.77e+
12

2.07e+
14

−1.94e+
14

−1.96e+
14

108/51/−79,
272/40/258

2 1.17e+
15

4.0 a

041010 08:13:59 35.07 −4.06 22 −2.95e+
14

7.43e+
14

9.92e+
14

−2.04e+
14

−2.95e+
14

284/85/170,
14/80/6

73 1.24e+
15

4.0 c

041202 17:50:42 34.95 −2.96 8 5.84e+
14

−3.84e+
14

2.03e+
16

−3.33e+
15

1.92e+
16

92/47/183,
0/88/−42

24 2.81e+
16

4.9 a

041204 10:30:00 34.99 −3.00 12 3.53e+
14

2.36e+
15

4.10e+
16

−9.00e+
15

2.33e+
16

93/61/189,
359/82/−28

23 4.81e+
16

5.1 a

041209 07:46:02 34.97 −3.08 12 8.29e+
13

5.49e+
14

5.92e+
15

−1.74e+
15

2.80e+
15

94/66/194,
359/77/−23

23 6.80e+
15

4.5 b

041213 14:16:11 36.25 −9.98 8 3.63e+
14

−4.52e+
15

8.72e+
15

−1.58e+
16

2.11e+
15

257/83/119,
360/30/15

7 1.87e+
16

4.8 b

050103 11:34:16 36.68 −7.55 30 −4.50e+
14

−1.09e+
14

4.07e+
14

6.12e+
14

−2.02e+
13

79/68/111,
212/30/48

9 8.97e+
14

3.9 b

050129 07:41:31 37.88 −1.78 10 −1.37e+
16

1.48e+
16

1.98e+
15

−6.40e+
15

−3.89e+
15

132/85/−153,
40/63/−5

3 1.62e+
16

4.8 a

050201 23:53:56 38.02 −1.70 6 −5.21e+
12

1.57e+
14

1.30e+
14

−1.64e+
14

−2.42e+
13

120/68/−125,
1/40/−35

6 2.61e+
14

3.6 b
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Table 1 (continued )

Date Time
(UT)

Latitude,
[°]

Longitude
[°]

Z
[km]

Moment tensor elements [Nm] Double
couple
(strike/dip/
rake)

CLVD
[%]

M0

[Nm]
MW q

mxx myy mxy mxz myz

050203 11:40:33 37.82 −1.79 10 −7.98e+
14

1.14e+
15

1.46e+
15

−1.61e+
15

−4.61e+
14

110/84/−136,
15/46/−7

6 2.44e+
15

4.2 b

050204 01:09:41 37.82 −1.80 6 −2.27e+
14

3.91e+
14

5.46e+
14

−5.68e+
14

−1.14e+
14

109/82/−136,
11/47/−10

3 8.65e+
14

3.9 a

050220 13:26:01 38.02 −6.01 20 −4.27e+
14

4.09e+
14

−1.70e+
12

5.77e+
13

−8.52e+
13

315/76/177,
46/87/14

3 4.31e+
14

3.7 b

050322 09:03:13 34.93 −2.98 6 −1.83e+
14

−5.48e+
14

2.53e+
15

−5.69e+
14

3.05e+
15

87/37/169,
186/84/53

33 4.06e+
15

4.4 b

From left to right, columns give: 1) date in format year-month-day, 2) origin time, 3) latitude and 4) longitude (degrees) of the epicentre (locations are
from IAG, IGN or NEIC, depending on the geographic region), 5) depth estimate from moment tensor inversion, defined by the minimum misfit
solution obtained for several trial depths, 6) to 10) five independent elements of the cartesian deviatoric moment tensor in [Nm], mzz can be obtained
as the sum of mxx and myy due to the deviatoric constraint for the tensor, 11) fault angle parameters of the two nodal planes for the double-couple
component of the moment tensor, given as strike/dip/rake in Aki and Richards (2002) coordinate system, 12) percentage of non-double couple
(CLVD) remainder of the moment tensor, 13) total seismic moment [Nm] (Silver and Jordan, 1982), 14) moment magnitude M0 (Hanks and
Kanamori, 1979), and 15) quality assessment according to criteria given in the text and in Stich et al. (2003).
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limited azimuthal coverage on the edge of the used
station network (only one nodal plane is constrained),
since two of them are identified as strike-slip events in
other catalogues.

Further to the west, earthquakes are concentrated
along the ∼ N35°E trending TASZ, marking a seismic
zone about 100 km wide and 500 km long (Fig. 4).
Relevant recent seismicity, including seismic sequences
on the Moroccan margin (Al Hoceima 2004, MW 6.3),
the offshore portion (Alboran Ridge 2003, MW 4.8) and
south-eastern Spain (Murcia 2002 and 2005, MW 5.0 and
4.8 respectively), contribute to a good definition of the
faulting style in the TASZ from 66 mechanisms
altogether. Over its entire length, this structure definitely
delimits the compressive tectonic regime observed along
the Algerian Mediterranean margin. The TASZ is — as
the name suggests — characterized by predominately
strike-slip faulting, however it shows a significant level
of heterogeneity on a local scale. In particular, frequent
normal faulting earthquakes (27% of all moment tensor
solutions, MW up to 4.9) and normal slip components in
strike-slip events suggest an average transtensional
character of present-day deformation. The tectonic
structure of the TASZ is dominated by eight major,
∼ 50–150 km long, N50°E trending, left-lateral, strike-
slip faults arranged in en echelon pattern. These are, from
north to south, the Crevillente fault, the Alhama de
Murcia fault, the Palomares fault, the Carboneras fault,
the western and eastern bounding faults of the Alboran
ridge, and the Jebha and Nekor faults that cut through the
Moroccan Mediterranean margin (Fig. 4). Left-lateral
slip is preferred for solutions associated to the main fault
traces and related synthetic tectonic structures.
Partly, current seismicity in the TASZ can be associated
to principal faults, for example along the Palomares fault,
or at the Alboran ridge, where several shallow (2 to 4 km)
strike-slip moment tensor mechanisms (e.g. 030218A,
030221A) indicate left-lateral motion along the main
boundary fault system (∼N55°E, Comas et al., 1999). On
the other hand, along several of the main fault traces the
instrumental and historical seismicity is low. For the
Carboneras fault, for example, the late Quaternary (100 ka
to present) lateral slip rate at the main fault strand was
estimated to be below 0.1 mm/yr (Bell et al., 1997). Along
those portions of the TASZ, relevant seismic activity
occurs off the main fault traces and deformation seems to
be accommodated mainly at smaller scale, secondary
faults. The diffuse pattern of strain release, potential fault
interactions and local stress transfer may introduce
complexity of deformation at local scale, and moment
tensor solutions for small and moderate events in the area
show a wide variety of faulting style between pure normal
faulting (e.g. 020204) and pure reverse faulting (e.g.
000802). Also the minor faults within the TASZ may
generate significant seismic hazard: At the Moroccan
margin, a dense network of secondary faults between the
Nekor and Jebha fault traces is responsible for a MW 6.0
earthquake in 1994 (Calvert et al., 1997) and a MW 6.3
earthquake in 2004 (Stich et al., 2005a).

In the central parts of the Betic mountain range,
moment tensor mechanisms show predominately nor-
mal faulting, and seismicity is mostly related to the
formation of Neogene–Quaternary intramountain basins
(e.g. Galindo-Zaldívar et al., 1999). Pure normal
faulting and nearly N–S striking nodal planes were
observed for an event associated to the Guadix–Baza



Fig. 3. Geographical representation of the moment tensor catalogue, giving the double-couple components of tensors in equal area, lower hemisphere projection. At each mechanism, an event
identification giving the date (year-month-day) is labeled for comparison with Table 1 here, and Table 1 in Stich et al. (2003). Additional capital letters A–E refer to the temporal order of several
catalogue solutions for the same day.
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Fig. 4. Map of major strike-slip faults of the TASZ (CVF: Crevillente fault, AMF: Alhama de Murcia fault, PF: Palomares fault, CFZ Carboneras
fault, AR: Alboran ridge, JF: Jebha fault, NF Nekor fault) and a selection of related neotectonic elements in the Betic–Alboran–Rif region (redrawn
from Lonergan and White, 1997; Comas et al., 1999; Faccenna et al., 2004; Gràcia et al., 2005). Miocene and younger volcanism is indicated in dark
grey. Events from the moment tensor catalogue associated to the TASZ are given as black circles.
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(031116) basin. Normal faulting mechanisms in and
around the Granada basin (37°N, 4°W) show average
NE–SW tensional axes and ∼ NW–SE striking nodal
planes, in agreementwith the local trendof normal faults as
the dominant neotectonic structures (Morales et al., 1990).

At the SW-Iberian continental margin, earthquakes
show reverse or strike-slip faulting with mostly NW–SE
to NNW–SSE orientation of pressure axes. Seismicity at
the passive continental margin is mostly linked to the
tectonic inversion of Mesozoic rifting structures (Zitel-
lini et al., 2004). Seismic catalogues include events at
sub-crustal depths down to 60 km in late Jurassic oceanic
lithosphere and down to 100 km in the adjacent conti-
nental domain, indicating brittle rheology of the uppe-
rmost mantle at the ocean continent transition. Four
moment tensor estimates in this catalogue have centroid
depths greater than 30 km. For this catalogue, as well as
for previous source estimates (compilation in Stich et al.,
2005b), deformation style and pressure axes orientation
are essentially the same for crustal and upper mantle
earthquakes, suggesting that mechanical coupling does
exist between both domains.

While sub-crustal earthquakes west of the Gibraltar arc
resemble crustal deformation and show a diffuse spatial
distribution, a different pattern is observed east of the
Gibraltar arc. Beneath the Alboran Sea and in southern-
most Spain, intermediate deep shocks are concentrated at
4.5°W, between 40 km and 120 km depth within a zone
trending southward from the Spanish coast into the
Alboran Sea (Seber et al., 1996; Buforn et al., 1997;
Morales et al., 1997). Moment tensor solutions for three
intermediate deep earthquakes (70 km to 110 km, 970820,
991110, 020824) in this catalogue, as well as four
solutions from Buforn and Coca (2002), show near
vertical dip slip faulting with varying azimuthal orienta-
tion, suggesting a dominance of buoyancy forces over
lateral tectonic forces at upper mantle depths.

Earthquakes in Spain and Portugal are not restricted
to the immediate proximity of the present day plate
contact. In the Pyrenees, moment tensor inversion yields
normal faulting with ∼ NNE–SSW tension axes,
perpendicular to the trend of the mountain chain, how-
ever local focal mechanism studies give a more complex
seismotectonic picture (e.g. Rigo et al., 2005). Moment
tensor solutions in Teruel (960803, 980725) and near
Valencia (030720B, 030916A/B, 030921A/B) show
normal faulting with ∼ NE–SW tension axes, and can
be associated to extensional structures of the Teruel rift
and Valencia Trough (Vegas and Banda, 1982). In the
western parts of Iberia, moment tensor mechanisms



306 D. Stich et al. / Tectonophysics 426 (2006) 295–317
within the Hercynian Iberian massif and along the W-
Portuguese margin show predominately normal and
strike-slip faulting style (except for event 020328) with
an average NE–SW orientation of T-axes. North of
39°N, 18 out of 21 catalogue solutions correspond to
normal faulting, suggesting regional scale extension of
intraplate Iberia.

4. Regional stress tensor estimates

The slip vector of an earthquake dislocation is an
indicator for the local stress conditions at the hypocenter.
Based on our observation of distinct, regionally consistent
faulting patterns within the Iberia–Maghreb area, we use
moment tensor mechanisms to quantify the properties and
diversity of tectonic deformation by estimating average
stress tensors along four sections of the plate boundary
zone (SW-Iberian margin, central Betic range, TASZ and
northern Algeria) and in intraplate Iberia (Fig. 5). Given
the high density of solutions in the TASZ, we perform
Fig. 5. Regional average stress tensors. The regionalization (map) reflects ge
faulting style over the Iberia–Maghreb region. Epicenters of included momen
are plotted as black dots. Irregular geometry of the southern bound of intraplat
stress tensor grid-search we report the relationship of the shape factor R and m
and versus σ3 (middle and right panel, lower hemisphere equal area projectio
σ1 and σ3 panels for northern Algeria (E) are shown and interpreted for a re
this set of very homogeneous solutions, and the global minimum gives an
horizontal plane of σ1 axes (arrows pointing inward) and σ3 axes (arrows p
separate analyses for the northern (north of N36°) and
southern part in order to compare deformation at the
Spanish and Moroccan margins. Analysis is based solely
on our moment tensor catalogue (Fig. 3), for the sake of
involving a relatively homogeneous dataset obtained from
uniform processing and evaluation criteria. However, we
retain that appropriate merging of different cataloguesmay
be a useful alternative in order to increase the number of
solutions for those areaswhere additional regionalmoment
tensor solutions are available, especially the Atlantic and
Algerian sections of the plate contact (e.g. Pondrelli et al.,
1999, 2002; Braunmiller and Bernardi, 2005).

We quantify average stress tensors using a grid-search
approach (FMSI, Gephart, 1990). The parameter
space was explored for potential stress tensor principal
axes orientations approximately every 2°×2°, and for
amplitude ratios R between the intermediate stress σ2

and the maximum and minimum stresses (R=(σ2−σ1) /
(σ3−σ1)) with increments of 0.02. For each tested stress
tensor, the misfit of an individual moment tensor focal
otectonic domains and the distribution of seismicity and predominant
t tensor faulting solutions (124 events out of 147 of the entire catalogue)
e Iberia (F) partly follows the northern limit of the Betic range. For each
inimum L1 rotational misfit (left panel), as well as L1 misfit versus σ1
n of azimuth and plunge) for the formally best R-value. As exception,
gional minimum of R (0.60) since R-values are not well resolved from
unexpected high value (0.84). In the map, the projections onto the
ointing outward) are given (length proportional to cosine of plunge).
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mechanism is defined as the minimum rotation that is
necessary to reconcile the stress tensor with the observed
slip vector direction on either nodal plane (Gephart, 1990).
Themisfit of an individual tested stress tensor is expressed
as the L1-norm of rotations for the entire set of focal
mechanisms involved, with the globally best tensor
minimizing this norm. The L1-misfit surfaces (Fig. 5)
indicate a relatively good resolution of the stress tensor
orientation from focal mechanism populations for the SW-
Iberianmargin, Betic range and TASZ, while estimates for
northern Algeria and intraplate Iberia show larger
ambiguities owing to the more homogeneous sets of
focal mechanisms involved (c.f. McKenzie, 1969). The
inferred average stress tensors (Table 2) are consistent with
our previous qualitative assessment of deformation style:

(A) The SW-Iberian margin shows a transpressive
stress field, with subhorizontal NW–SE (N310°E)
compression and minor E–W extension. The
largest principal stress σ1 is perpendicular to the
major neotectonic lineaments (Fig. 1), and sub-
parallel to the regional NNW–SSE direction of
plate convergence (Serpelloni et al., submitted for
publication; a more detailed description of plate
kinematics and regional GPS velocity vectors is
given in the following section). Uncertainties are
associated to the northern limit of the transpressive
regime along the W-Iberian margin, where mech-
anism 020328 shows similar style and orientation
of faulting, but was assigned to intraplate Iberia
(region F) for geographical affinity. Also a large,
MW 6.0 earthquake in central Western Portugal in
1909 is linked to reverse faulting (Stich et al.,
2005c), and GPS observations suggest minor
convergence between southern and central West-
ern Portugal (see following section), however a
longer observation period will be necessary to
resolve adequately the small relative motion.

(B) Intramountain basins in the Betic range are
characterized by an extensional stress field, with
Table 2
Regional average stress tensors (compare Fig. 5)

Region Events Misfit R σ1 (str/pl) σ2 (str/pl) σ3 (

SW-Iberian margin 11 3.8° 0.50 310°/22° 212°/19° 85°
Central Betic range 9 2.4° 0.48 134°/74° 333°/15° 241°
TASZ nord 26 5.1° 0.50 349°/37° 129°/54° 241°
TASZ south 40 5.1° 0.66 354°/22° 205°/65° 88°
N-Algerian margin 19 2.7° 0.84 348°/36° 86°/10° 189°
Central Iberia 19 3.9° 0.48 328°/61° 144°/30° 235°

From left to right, columns give: 1) region, 2) number of faulting solutions use
principal axes of the average stress tensor (trend/ plunge), and 8) a qualitative
faulting, RF, reverse faulting, SS, strike-slip faulting) and related deformatio
near-vertical σ1 axis and near-horizontal σ3 axis.
Present day extension is along ∼ N240°E, parallel
to the inferred ENE–WSW stretching direction
for Alboran rifting during the Miocene (Faccenna
et al., 2004).

(C) Seismicity in the northern portion of the TASZ, at
the Spanishmargin and in the northernAlboran Sea,
is consistent with an average transtensional stress
field (i.e. a predominately strike-slip regime with
the tension axes plunging slightly shallower than the
pressure axes) with nearly N–S average compres-
sion and ∼ N240°E extension. The orientation of
extension is parallel to the value for the central
Betics and to the direction of Alboran stretching.
The largest principal stresses σ1 at∼ N350°E show
a significant clockwise rotation of ∼ 45° compared
to the regional convergence direction. The transten-
sional deformation style reflects the current pre-
dominance of mechanisms with normal slip
component. Reverse slip mechanisms make only a
minor contribution to fault zone kinematics during
the period represented in our moment tensor
catalogue (9% of the solutions, MW up to 4.2), but
their relevance for the long-term, average move-
ment of the TASZ is confirmed by previous
geological field works, revealing reverse compo-
nents of slip, and large (MWN6) associated paleo-
earthquakes, along several principal structures, e.g.
at the Alhama de Murcia fault (Silva et al., 1993;
Martínez-Díaz, 2002; Masana et al., 2004, 2005).

(D) The southern portion of the TASZ, with the
Moroccan margin and the southern Alboran Sea,
shows a strike slip to transtensional stress field,
similar to the one observed in the northern part.
Compression is oriented ∼ N350°E, again
showing a rotation of ∼ 45° compared to the
plate convergence direction, and extension nearly
perpendicular at ∼ E–W. Though the inversion is
dominated by the 2004 Al Hoceima sequence,
contributing 25 of 40 focal mechanisms, the
str/pl) Tectonic regime

/61° RF–SS, transpression, NW–SE shortening
/4° NF, ENE–WSW extension
/19° SS–NF, transtension, N–S shortening, ENE–WSW extension
/12° SS–NF, transtension, N–S shortening, E–W extension
/52° RF–SS, NNW–SSE shortening (see text)
/1° NF–SS, NE–SW extension

d, 3) global minimum of L1 rotational misfit, 4) shape factor R, 5) to 7)
description of the stress field, including the tectonic regime (NF, normal
n (e.g. extension/compression).
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inferred orientation of σ1 is notably different from
the average NNW azimuth of P-axes for Al-
Hoceima earthquakes (Stich et al., 2005a) and is
consistent with the observed left-lateral disloca-
tions both at the N55°E principal faults at the
Alboran Ridge, and at the N10°E active strike-slip
faults in the Al Hoceima area.

(E) For northern Algeria, the stress tensor is only
weakly constrained due to a predominance of
similar, reverse faulting focal mechanisms with
sub-parallel nodal plane orientations. We fixed the
value of R at a local minimum of the initial
inversion (0.60) since R is essentially unresolved,
and the global minimum gives an unexpected high
value (0.84). The resulting σ1 and σ3 misfit
distributions resemble the compressive and ex-
tensional quadrants of the dominant NNW-ward
thrust faulting mechanisms, and principal axes
orientations are closely related to those of the
strain tensor in this case. We attribute a compres-
sive stress field (horizontal σ1 at 350°E) to this
region. As in the TASZ, the principal compressive
stress shows a clockwise rotation compared to the
regional convergence direction, however this is
less well constrained in this case. Moment tensor
focal mechanisms itself suggest a anticlockwise
rotation of the current shortening direction
westward along the N-Algerian margin, which is
not represented in the average tensor.

(F) Finally, inversion for intraplate Iberia gives
horizontal σ3 at N235°E, indicating regional
NE–SW extension. The underlying dataset
merges mechanisms from the Hercynian massif,
Iberian Chain and Valencia Trough, however an
inversion limited to the Hercynian massif does
yield very similar results. L1-misfits are likewise
low for near-vertical and near-horizontal, NNW
oriented σ1 axes, suggesting a mixture of
extensional and strike-slip regimes in the area.
This view is consistent with observed small-scale
heterogeneity of the Iberian intraplate stress field
(Andeweg et al., 1999; Herraiz et al., 2000;
Cloetingh et al., 2002), affecting seismicity and
earthquake focal mechanisms directly.

5. GPS observations around the westernmost
Mediterranean

Surface velocities obtained from global continuous
GPS (CGPS) tracking networks (e.g., the IGS network;
http://igscb.jpl.nasa.gov) provide fundamental kinemat-
ic boundary conditions for the large scale Africa–
Eurasia plate convergence, allowing for comparisons
with geological plate models (DeMets et al., 1994; Sella
et al., 2002; McClusky et al., 2003; Calais et al., 2003).
Regional and local GPS observations, either from
continuous or discontinuous GPS (DGPS) networks,
typically evidence some inconsistencies and deviations
from the continental scale rigid plate motions. Once co-
and post-seismic signals are removed, this data represent
the regional distribution of inter-seismic strain accumu-
lation, and can be interpreted in terms of block motions
and fault kinematics (e.g., McClusky et al., 2000;
Meade et al., 2002; McClusky et al., 2003; Nocquet and
Calais, 2003; Battaglia et al., 2004). While the large
number of GPS data available in the eastern Mediter-
ranean significantly improved our understanding of its
present-day kinematics and allowed developing models
for crustal deformation (McClusky et al., 2000;
Mantovani et al., 2001; Armijo et al., 2003; McClusky
et al., 2003; Nyst and Thatcher, 2003), the picture is less
clear in the western Mediterranean, mostly due to the
significantly lower number of GPS stations available. In
this study, velocities obtained from the analysis of
CGPS and DGPS networks have been combined with
publicly available EUREF-EPN velocities in Spain and
Portugal, to obtain an enhanced velocity field for the
westernmost Mediterranean region.

We analyzed the 1998–2005 observations of a subset
of EUREF-EPN (http://epncb.oma.be) and Italian Space
Agency (ASI; http://geodaf.mt.asi.it) CGPS stations,
together with data from CGPS stations operating in
Morocco and Egypt, installed by the Massachusetts
Institute of Technology (data available through the
UNAVCO archive, http://www.unavco.org). We also
include DGPS data collected at two sites in northern
Algeria, which have been repeatedly surveyed in the
frame of the TYRGEONET project (see Serpelloni et al.,
2002 and references therein). The data set has been
analyzed using the GAMIT/GLOBK and QOCA
software (Dong et al., 2002; King and Bock, 2004;
Herring, 2004) following standard procedures for
regional networks in a three step approach (Dong
et al., 1998; McClusky et al., 2000). The GPS so-
lution is realized in the ITRF2000 global reference frame
(Altamini et al., 2002), and velocity uncertainties have
been computed adopting a model that accounts for both
white and coloured noise (Mao et al., 1999; Dixon et al.,
2000), although this approach is expected to provide
over conservative uncertainties (e.g., Mao et al., 1999).
More information about GPS data and networks, GPS
data processing and post-processing are provided in
Serpelloni et al. (2005, in press), to which we refer for
further details. To include additional EUREF-EPN

http://igscb.jpl.nasa.gov
http://epncb.oma.be
http://geodaf.mt.asi.it
http://www.unavco.org
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stations in Iberia, we use the published ITRF2000
velocities (http://epncb.oma.be/_dataproducts/time-
series/series_sp.html), obtained from a rigorous analysis
of their position time series. The associated formal
uncertainties have been rescaled following Caporali
(2003), to account for unmodeled error sources. In order
to test for possible differences in the realization of the
two global frames (i.e., due to the different observation
time spans involved, different reference stations and
geographical coverage of the networks), we compared
the two solutions through a seven parameter Helmert
transformation, using our solution as the reference one.
The differences observed among the common stations
are of the order of few tens of mm/yr, and no systematic
bias has been detected, allowing for a rigorous com-
bination of the data-sets.

During the observation time-span, no significant
earthquakes occurred at distances from the GPS stations
considered to cause co-seismic offsets (the observation
period at the DGPS station ALGE in N-Algeria, with 5
surveys between 1995–1999, does not contain the co-
seismic effects of the nearby MW 6.9 earthquake in
Fig. 6. Combined GPS velocity field around the westernmost Mediterranean.
stable European reference frame in Serpelloni et al. (submitted for publication
boundary fault (SAF) and the Azores Gibraltar fracture zone (AGF) indicate
et al., submitted for publication). Most relevant shortening occurs in norther
southward motion of the Iberian Peninsula is apparent. The largest observed
corresponding extension in the Alboran region, see text. The upper left inset di
geodetic Africa–Eurasia relative rotation poles. Black arrows from Serpellon
(2002); light grey arrows from McClusky et al. (2003).
2003). For this reason the combined velocity field can be
taken as representative of longer-term displacements and
can be compared with the plate convergence rates
predicted by an Africa–Eurasia geodetically derived
plate model (Serpelloni et al., submitted for publication).
Discrepancy between the Africa–Eurasia convergence
rates and directions predicted by the Nuvel-1A model
and the geodetically derived models is a well known
feature (e.g., Sella et al., 2002; Calais et al., 2003;
Kreemer et al., 2003;McClusky et al., 2003; D'Agostino
and Selvaggi, 2004). Calais et al. (2003) interpreted this
observation as possible changes in last 3 Ma Africa–
Eurasia relative motion, related to effect of the ongoing
continent–continent collision. All recent studies show
that the geodetic models predict convergence rates that
are slower and ∼ 30° counter-clockwise rotated, in the
western Mediterranean, with respect to predictions by
the geological Nuvel-1A model. Despite some differ-
ences among available geodetic estimates for the Africa
(Nubia)–Eurasia relative rotation pole, apparently due to
the different data-sets involved and due to the fact that
the Nubian plate is still significantly less constrained
Black arrows give motion (mm/yr) according to Table 3, relative to the
). Ellipses show 95% confidence limits. White arrows at the South Atlas
the motion predicted by the Nubia–Eurasia rotation pole (Serpelloni

n Algeria, with relatively small motion observed at the coast. A minor
GPS velocities indicate westward expulsion of the Gibraltar Arc, and
splays velocities predicted by geological (Nuvel-1A; white arrows) and
i et al. (submitted for publication); dark grey arrows from Sella et al.

http://epncb.oma.be/_dataproducts/timeseries/series_sp.html
http://epncb.oma.be/_dataproducts/timeseries/series_sp.html
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than the Eurasian plate, differences in the predicted
convergence rates and orientations are rather small in our
study area (see upper left inset in Fig. 6).

Fig. 6 shows the combined velocity field (with 95%
confidence error ellipses) given with respect to the
Eurasian fixed frame computed by Serpelloni et al.
(submitted for publication), located at Lon. −105.66±
0.46°E, Lat. 52.92±1.11°N, and rotating at a rate of
0.246±0.001°/Myr. White arrows show the velocity
vectors predicted by the Nubia–Eurasia Euler vector
(located at Lon. −15.89±2.58°E, Lat. −1.0±2.19°N,
and rotating at a rate of 0.068±0.003°/Myr; Serpelloni
et al., submitted for publication), and would represent
the velocities with respect to Eurasia for points located
on the stable, non-deforming Nubian plate (i.e., south of
the Saharan Atlas front). Despite the still not particularly
dense distribution of stations, compared to the apparent
tectonic complexity of the study region, our GPS
velocities and predicted displacement rates provide a
Table 3
GPS velocity estimates for stations in the western Mediterranean (compare F

Station Source Longitude [°] Latitude [°] Veast [mm/yr] V

CASC S −9.420 38.690 −0.91 −
LAGO E −8.670 37.100 −1.72 −
GAIA E −8.590 41.110 0.48 −
RABT S −6.854 33.998 −3.04
CACE E −6.340 39.480 0.17 −
SFER S −6.206 36.464 −2.56 −
TETN S −5.363 35.562 −3.45 −
CEUT E −5.310 35.900 −4.39
IFRN S −5.108 33.540 −3.07
MAD2 S −4.250 40.429 −0.07 −
VILL S −3.952 40.444 1.20 −
CANT E −3.800 43.470 0.89 −
YEBE E −3.090 40.530 0.04 −
ALME E −2.460 36.850 −0.92 −
ALAC E −0.480 38.340 0.34 −
VALE E −0.340 39.480 0.35 −
ARZE S −0.313 35.858 −1.33
EBRE E 0.490 40.820 0.44 −
ESCO E 0.980 42.690 0.83 −
BELL E 1.400 41.600 0.23 −
TOUL S 1.481 43.561 1.01 −
LLIV E 1.970 42.480 0.17 −
MALL E 2.630 39.550 −1.39 −
ALGE S 3.110 36.738 −0.72
MARS S 5.354 43.279 −0.81 −
GRAS S 6.921 43.755 0.85 −
AJAC S 8.763 41.928 0.24 −
GENO S 8.921 44.419 0.67 −
CAGL S 8.973 39.136 0.49
ELBA S 10.211 42.753 −0.16

From left to right, columns give: 1) station acronym, 2) data source incl
_dataproducts/timeseries/series_sp.html), and (S) data from Serpelloni et al.,
and 6) east and north component of GPS velocity [mm/yr], 7) absolute horizo
north velocity components [mm/yr].
preliminary kinematic framework for understanding
crustal deformation at the seismically active plate
boundary. Residual velocities with respect to Eurasia,
with one standard deviation uncertainties, are listed in
Table 3.

Central Mediterranean stations (i.e. AJAC, CAGL,
ELBA) and sites located along the southern France coast
(i.e. GRAS, MARS) display no significant motion with
respect to Eurasia, suggesting that this region is at
present rigidly attached to the Eurasian plate, with small
to null residual deformation. Residual GPS velocities
along the Algeria coast (i.e., ARZE and ALGE) are low
and NW-oriented, evidencing that a large portion of the
ongoing Nubia–Eurasia convergence in this sector is
accommodated in northern Algeria. Given that earth-
quakes occur also right at the coast, with offshore slip
involved for example in the 2003 MW 6.9 Bourmedes
earthquake (Delouis et al., 2004; Braunmiller and
Bernardi, 2005), the observed 1.1±0.8 (ALGE) to 1.9±
ig. 6)

nord [mm/yr] Vabs [mm/yr] σ Veast [mm/yr] σ Vnord [mm/yr]

0.37 0.98 0.58 0.48
0.58 1.82 1.05 0.42
0.84 0.97 0.43 0.37
0.09 3.04 0.51 0.53
0.81 0.53 0.34 0.50
0.04 2.56 0.41 0.42
0.21 3.46 0.55 0.59
0.55 4.42 0.46 0.69
0.10 3.07 0.71 0.77
1.39 1.39 0.57 0.64
0.66 1.37 0.39 0.40
0.84 1.22 0.28 0.68
1.03 1.03 0.33 0.36
1.75 1.98 0.34 0.39
0.48 0.59 0.22 0.33
1.22 1.27 0.48 0.57
1.39 1.92 0.81 0.82
1.06 1.15 0.33 0.28
0.73 1.11 0.39 0.28
0.73 0.77 0.30 0.27
0.14 1.02 0.58 0.60
1.09 1.10 0.26 0.30
0.76 1.58 0.56 0.43
0.89 1.14 0.82 0.81
0.24 0.84 0.74 0.79
0.10 0.86 0.38 0.39
0.23 0.33 0.49 0.51
0.30 0.73 0.40 0.41
0.05 0.49 0.39 0.40
0.27 0.31 0.50 0.52

uding (E) the EUREF-EPN network solutions (http://epncb.oma.be/
submitted for publication. 3) latitude and 4) longitude of the station, 5)
ntal GPS velocity [mm/yr], 8) and 9) one standard deviation of east and

http://epncb.oma.be/_dataproducts/timeseries/series_sp.html
http://epncb.oma.be/_dataproducts/timeseries/series_sp.html
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0.8 (ARZE) mm/yr movement provide an upper bound to
relative motion actually transferred to the Western
Mediterranean Sea. In northern and central Iberia, inferred
GPS velocities are low, of the order of 1 mm/yr, and close
to the statistical errors associated with the presently
available observations. However, the consistent S- to
SSE-ward direction of GPS velocities may be expected to
be significant on a regional scale. This will add to the
Algerian–Iberian convergence, as well as predict a minor
amount of extension between Iberia and Western Europe,
in agreement with the predominately normal faulting
moment tensor solutions observed for the Pyrenees.
Morocco and southernmost Spain show predominately
westward velocities relative to Europe. Rather uniform
westward motion of the Gibraltar arc and entire
northwestern Morocco occurs at ∼ 3 to 3.5 mm/yr, with
station CEUT showing slightly larger velocities and
different trend that might represent some local loading
effect at the waterside location of the site. Further north,
SFER and LAGO show consistent but smaller velocities,
Fig. 7. GPS velocity profiles. Horizontal GPS velocities are projected alon
stresses, as obtained from regional moment tensor mechanisms (top: SW-Ib
Alboran extension, see text). Profile parallel GPS velocity components, and
panels, and the profile normal values in the right panels. Velocities [mm/yr
velocity of groups of stations with relatively uniform motion, or velocity at
between those levels are given.
suggesting that both sites are sensitive to strain accumu-
lation associated to a belt of transpressional seismic
deformation along the SW-Iberian margin. Stations
ALAC and ALME seem to illustrate activity of the
TASZ, with station ALAC near the northern end of the
shear zone (in the southeastern block of the Crevillente
fault) showing near null residual with respect to Europe,
and ALME (in the northwestern block of the Carboneras
fault) showing south-west ward motion following left-
lateral shear.

To integrate the geodetic data and seismotectonics
(i.e. seismicity distribution and moment tensor focal
mechanisms), we compare the patterns of co-seismic
stress release and inter-seismic strain accumulation, i.e.
spatial gradients in the GPS velocity field. Since the
number and spatial distribution of GPS stations still do
not allow to derive a well constrained continuous hori-
zontal strain-rate field over the entire region, quantitative
estimates of geodetic deformation rates were obtained by
projecting the horizontal GPS velocities along three
g 3 profiles parallel to the directions of largest or smallest horizontal
erian compression, middle: N-Algerian compression, bottom: Betic–
corresponding one standard deviation error bars, are given in the left
] are given relative to stable Europe. Dashed lines mark the average
the end point of the selected profile. Approximate deformation rates



312 D. Stich et al. / Tectonophysics 426 (2006) 295–317
profiles considered representative for the main active
collisional and extensional processes in the region (i.e.
constructed along the direction of principal seismic
stresses of the corresponding average seismic stress
tensors). GPS velocities in northern Morocco and SW-
Iberia (profile 1 in Fig. 7) are projected on the N310°E
direction of SW-Iberian compression. The near-uniform
motion of NW-Morocco implies shortening of
∼ 1.8 mm/yr relative to stable Nubia, presumably
accommodated in the Middle and High Atlas. The
transpressional regime at the SW-Iberian margin corre-
sponds to∼ 1.9 mm/yr shortening betweenMorocco and
station CASC, and ∼ 1.0 mm/yr of right-lateral motion.
A profile from Algeria to Spain (profile 2 in Fig. 7),
along the N350°E direction of largest principal stress
axes observed in N-Algeria and the TASZ, indicates
∼ 4.5 mm/yr of shortening and ∼ 3.5 mm/yr of right
lateral motion between intraplate Iberia and stable
Nubia. The N-Algerian coastal stations ALGE and
ARZE show intermediate values, indicating that
∼ 3 mm/yr of shortening and ∼ 2.5 mm/yr of right-
lateral deformation are accommodated in N-Algeria.
Being situated within the seismic belt, these observations
are not conclusive for the total amount of deformation at
the Algerian margin, and we tentatively propose that
∼ 1–2 mm/yr of shortening and a minor right-lateral
contribution could be accommodated further to the
north. Deformation in the Alboran–Gibraltar region is
evaluated along a N240°E profile in direction of smallest
principal stresses in the Betics and northern TASZ
(profile 3 in Fig. 7). It shows ∼ 2.5 mm/yr extension
between the Gibraltar arc and easternmost Spain, with
stations ALME within the TASZ showing intermediate
values. Velocity components perpendicular to the profile
provide an alternative projection of shortening values,
being somewhat smaller than rates for extension. Super-
position of both motions may explain the observed
transtensional stress regime in the TASZ, and the left-
lateral sense of shear.

6. Discussion

Consideration of seismicity distribution, neotec-
tonics, moment tensor focal mechanisms and GPS
velocities together shed some more light on the complex
kinematic behavior of the Iberia–Maghreb plate contact
than individual datasets could do. We may interpret two
∼ ENE–WSW trending, ∼ 150 km wide belts of rather
focused seismic activity, predominately reverse faulting
and geodetic shortening at the SW-Iberian and N-
Algerian margin as segments of the obliquely conver-
gent plate boundary. Between these segments, seismic-
ity is more diffuse, but the TASZ stands out from the
earthquake distribution as a clearly regional-scale
feature. The TASZ has an overall trend of N35°E and
displays a left-lateral sense of shear along individual
major faults. Together with the compressive margins on
either sides, and with the Betic Cordillera, it forms a
zed-shaped belt that includes a large portion of the
shallow earthquakes at the Iberia–Maghreb plate
contact, and coincides with the main gradients in the
interpolated GPS velocity field (Fig. 8). Despite this
concentration of strain release, we cannot interpret the
zed-form straightforwardly as the localized Iberia–
Maghreb plate boundary (that is, the Alboran region
would have a rigid connection with Nubia), in particular
because there is no direct relationship between the
geodetic plate convergence direction nearly perpendic-
ular to the TASZ, and the observed transtensional stress
regime with ∼ N–S oriented σ1-axis.

Along the Betic portion of the TASZ, left-lateral strike-
slip motion since the Tortonian is estimated as 14 km at
the Palomares fault (Martínez-Díaz and Hernández-
Enrile, 2004) and 17 kmat theCarboneras fault (Montenat
et al., 1990), indicating average slip rates over geological
time scales of about 1–2 mm/yr. This is of the same order
as present day deformation derived from GPS measure-
ments. Middle Miocene to Pleistocene calc-alkaline
through K-rich volcanism (Duggen et al., 2004) charac-
terize the TASZ as an important zone of weakness along
the Iberia–Maghreb plate contact, and magmatic intru-
sions in the lower crust have been imaged in receiver
function studies (Julià et al., 2005). Offshore, the shear
zone cuts highly extended continental crust with 12 to
15 km thickness (Torné et al., 2000; Gràcia et al., 2005).
At the Moroccan margin, the geometry of neotectonic
structures suggest some continuity of the TASZ into the
Middle Atlas mountains (Frizon de Lamotte et al., 1991),
fading into a more compressive regime, with only a
smaller remainder of left lateral shear, and 1–2 mm/yr of
shortening observed at the Middle and High Atlas
(Gomez et al., 2000; Arboleya et al., 2004, and GPS
strain rates presented in this work). To the west, signi-
ficant left-lateral shear in the Alboran Basin is apparently
limited by a change in crustal architecture and rheology
around 4°W, coincident with a change in the patterns of
free air gravity, heat flow and depth distribution of
earthquakes (Andeweg and Cloetingh, 2001).

At about 4.5°W, recycling of lithosphere into the
mantle is evidenced by the occurrence of upper mantle
earthquakes beneath the Alboran Basin. According to P-
wave tomographic images and gravity modeling, most
intermediate deep earthquakes in the Alboran Basin seem
to be related to low velocity (Serrano et al., 1998; Calvert



Fig. 8. Summary and schematic interpretation of results. On the left, predicted and observed GPS velocities (black arrows), stress tensor estimates
(white arrows) and belts of localized earthquake activity (grey) are shown. Grey arrows display the continuous velocity field obtained by interpolating
the GPS velocities over a regular 1°×1° grid, adopting a damped least-squares algorithm (Shen et al., 1996). A rotation of stress and velocity
trajectories over the Betic–Alboran–Gibraltar region is apparent (remind that stress is physically tied to spatial gradients in the velocity field). On the
right, two cartoons illustrate possible driving mechanisms for differential motion (black arrow) and internal deformation (white arrows) of the Betic–
Alboran–Gibraltar region: A) active extension in the Alboran Sea, pushing the region from the ENE (thick grey arrow), and B) westward drag (grey
arrow) due to the torque of Nubian rigid rotation and the relative motion of Morocco, applied to the southern edge of the region.
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et al., 2000), low density (Morales et al., 1999) anomalies
in the upper mantle, suggesting a relationship of seis-
micity to sunk continental lithosphere (including a portion
of low-density crustal material). Considering regional
deformation style, we can term this process as delamina-
tion if it propagates in an ∼ E–W direction parallel to
extension, and as continental subduction if it propagates
∼N–S, parallel to the shortening direction. Delamination
offers an integral explanation for both seismicity and
regional extension (Mezcua and Rueda, 1997), but
hypocenter locations suggest diffuse basin-ward dip of
intermediate deep seismicity under the northern and
southern margins of the Alboran basin (Seber et al., 1996;
Morales et al., 1999), consistent with the expected pattern
for subduction. More detailed imaging of uppermost
mantle structure may resolve this point in the future.

An alternative geodynamic scenario postulates active
eastward subduction of a narrow slab of oceanic
lithosphere beneath the Arc of Gibraltar (Gutscher et al.,
2002). The corresponding subduction interface is not
represented in instrumental seismicity, but it is has been
proposed as a possible source of the great 1755 Lisbon
earthquake, being currently locked (Thiebot and
Gutscher, in press). However, we found that this model
is not supported by available GPS observations:While the
present-day westward motion in the presumed overriding
arc (SFER, CEUT, TETN) is about 2.6 to 4.4 mm/yr
relative to stable Europe (one magnitude less than typical
subduction velocities), the differential movement com-
pared to stations on either side of the allochthonous units
in the Gulf of Cadiz is small to none. No significant
motion occurs relative to stations situated to the south
(RABT, IFRN), and a differential westward movement of
∼ 1 mm/yr between SFER and LAGO, across the
northern limit of the allochthonous units, can be attributed
to strain accumulation across the seismic belt at the SW-
Iberian margin. Instead of subduction, we may expect
accommodation of transpression between the Gibraltar
arc and Iberia along the SW-Iberian margin and the
Azores Gibraltar fracture zone (Sartori et al., 1994),
where relevant instrumental seismicity and predomi-
nately reverse to strike-slip faulting is observed (Buforn
et al., 2004; Stich et al., 2005b).

The first order, long wavelength pattern of the
regional GPS velocity field relative to stable Eurasia is
simple, and consistent with seismicity (Fig. 8): 1) Intra-
plate Iberia shows minor, uniform motion, corresponding
to overall low seismicity; 2) The anticlockwise rigid
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Nubian plate rotation is accommodated to a large extend
in Northern Algeria where at least ∼ 3 mm/yr of
shortening occurs, and partly in the Moroccan Atlas
with ∼ 2 mm/yr of shortening; 3) In the Alboran–Betic–
Gibraltar region, the velocity field shows a clockwise
rotation and increasing absolute values, from the barely
significant southward motion in the north to the relevant
westward residual velocities of the Gibraltar arc. This
region appears to be bounded to the east by the TASZ,
where seismicity and neotectonics evidence relevant
localized shear deformation, contrasting with the com-
pressive Algerian margin further east. The clockwise
rotational component of the Alboran–Betic–Gibraltar
GPS velocity field is consistent with the observed variety
of faulting patterns: In the rear (i.e. north-east), relative
motion away from eastern Iberia causes distributed
internal deformation and widespread extension in the
Betic Range and Alboran basin, and an extensional com-
ponent of deformation in the TASZ. To the front (i.e.
north-west), oblique relative motion towards the SW
Iberian margin and northern Atlantic causes a belt of
transpressional deformation. Approaching the apparent
center line of rotation, velocities and gradients of relative
motion become smaller in Western Andalusia, coincident
with the lower level of instrumentally recorded seismicity
along this sector.

Differential motion and internal deformation of the
Alboran–Betic–Gibraltar domain may be seen as a
consequence of regional-scale subcrustal dynamic pro-
cesses, involving several possible scenarios for recycling
of lithospheric material in the upper mantle (e.g. Platt and
Vissers, 1989; Zeck, 1996; Seber et al., 1996; Lonergan
and White, 1997; Morales et al., 1999; Faccenna et al.,
2004), or WSW-ward escape processes of fault bounded
crustal blocks between the two main plates, at several
scales (e.g. Muñoz et al., 2002, Martínez-Díaz and
Hernández-Enrile, 2004). In this study, we observed that
no significant strain is accumulated along the southern
limit of the region between the Gibraltar arc and western
Morocco, where the GPS velocity vectors show only a
minor ∼ 15° rotation compared to theoretical Nubian
plate motion. This concurrence leads us to hypothesize a
role of the rigid Nubian plate rotation in explaining
differential motion of the Alboran–Betic–Gibraltar
region: Nubian plate motion, and the associated westward
flow pattern in the mantle, may exert a traction on the
southern edge of the region (Fig. 8). Such a process might
be promoted by mechanical coupling between the crustal
and upper mantle strain fields in the presence of old,
Jurassic oceanic lithosphere along the passive Atlantic
margin, as such a coupling has been inferred from focal
mechanism studies along the Iberian section of the
margin (Stich et al., 2005b). We want to stress that
hypothesizing a possible passive drag of Alboran–
Betic–Gibraltar lithosphere by Nubian plate rotation
does not contradict other physical mechanisms that have
been proposed to explain regional geodynamics, and that
may coexist in the region. However, we feel it introduces
additional uncertainty about the relative contributions of
a number of potential driving mechanisms, and about
their possible interaction.
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