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[1] We applied time domain moment tensor inversion of local and regional waveforms to
small and moderate (M,, = 3.5—5.7) shallow earthquakes from the Iberian Peninsula,
northern Morocco, and northern Algeria. For the 6+ years period from November 1995 to
March 2002 and the previous Network of Autonomously Recording Seismograms
(NARS) experiment, moment tensor solutions were obtained for 58 events, considerably
increasing the total number of available solutions in the study area. For each event we
performed a moment tensor inversion and a double-couple grid search. For simple faulting
events the grid search is valuable as a quality test for its ability to reveal potential
ambiguities of the solutions and to assess confidence limits of fault plane parameters or
principal axes orientation. The computed mechanisms show regional consistency: A large
part of the Iberian Peninsula is characterized by normal faulting mechanisms with SW-NE
oriented 7 axes. Thrusting and SE-NW compression is dominant in Algeria. In the
Alboran Sea, the westernmost part of the Mediterranean, and the transition between both
regimes, strike-slip mechanisms dominate with approximately N-S oriented P axes. This
pattern suggests a regional anomaly characterized by clockwise rotation of the principal
horizontal stress orientations.  INDEX TERMS: 7230 Seismology: Seismicity and seismotectonics;
7215 Seismology: Earthquake parameters; 8164 Tectonophysics: Evolution of the Earth: Stresses—crust and
lithosphere; 8150 Tectonophysics: Evolution of the Earth: Plate boundary—general (3040); 9335 Information

Related to Geographic Region: Europe; KEYWORDS: moment tensor inversion, waveform modeling, stress

field, Iberia
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1. Introduction

[2] The present-day crustal deformation of the Iberian
Peninsula, the Maghreb, and the adjacent offshore regions
in the Mediterranean and the Atlantic is driven mainly by
the NW-SE directed convergence along this part of the
African-Eurasian plate boundary [e.g., Argus et al., 1989;
Kiratzi and Papazachos, 1995; Jiménez-Munt et al., 2001].
Interference from the Iberian microplate as well as the
coexistence of compressional and extensional tectonics
[e.g., Andeweg et al., 1999; Calvert et al., 2000] complicate
the understanding of the collision, and many aspects of the
tectonic structure and development of the region remain a
mater of debate. The regional seismicity is diffuse and does
not delineate clearly the present-day European-African plate
boundary south of the Iberian Peninsula [e.g., Buforn et al.,
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1995]. Earthquakes activity extends well into definitive
intraplate settings like northwestern and central Iberia
(Figure 1). This broad distribution of seismicity makes
earthquakes valuable indicators for the regional stress field
whenever their mechanisms can be reliably determined.

[3] Although destructive earthquakes have occurred
within the Ibero-Maghreb region, large events are relatively
infrequent and the seismicity is characterized by mostly low-
to-moderate magnitude (M,, < 5.5) events. Only few of these
events are above the thresholds of routine moment tensor
projects like the global Harvard centroid moment tensor
(CMT) project [e.g., Dziewonski and Woodhouse, 1983]),
the MedNet regional CMT project [Morelli et al., 2000;
Pondprelli et al., 2002], and the ETH Zirich European-
Mediterranean moment tensor project [Braunmiller et al.,
2002]. Further moment tensor solutions for several moderate
events between 1989 and 1994 are given by Thio et al.
[1999]. Altogether, moment tensor solutions have been
available for a total of 19 events over the Iberian Peninsula,
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Figure 1.

Distribution of small to moderate seismicity in the Ibero-Maghreb region (m;, > 3.5) for the

20-year period March 1982 to March 2002 (USGS/NEIC data file).

northern Morocco, and the adjacent offshore regions and 21
events in northern Algeria, where larger earthquakes occur
more frequently. Additionally, a number of focal mecha-
nisms based on first motion polarities or P wave modeling
are published (recent work and compilations of mechanisms.
e.g., by Borges et al. [2001], Bezzeghoud and Buforn [1999],
Mezcua and Rueda [1997], and Buforn et al. [1995]).

[4] In this study we expand the Iberian region moment
tensor catalogue by modeling seismograms from the more
frequent small to moderate (M,, = 3.5 to 5) regional earth-
quakes. During the last few years several institutes installed
broadband seismic stations across the region greatly increas-
ing their total number (Figure 2). For events in recent years
the combined networks produce reasonable coverage of
most moderate events at local to regional distances. The
coverage is suitable for time domain moment tensor inver-
sion to estimate the size, depth, and faulting geometry of
these earthquakes. Given our goal to include small events
with a reduced number of regional broadband recordings
and significant noise level, we emphasized establishing
quality criteria to ensure that the least-certain solutions are
reliably identified and can excluded from tectonic interpre-
tation. A product of this goal is a procedure to reveal
potential ambiguities of the moment tensor solutions for
small earthquakes which are roughly simple double couple
faulting events: We perform waveform modeling within a
dislocation grid search that systematically tests all alterna-
tive faulting solutions for compatibility with the data.

2. Selection of Events and Tectonic Setting

[s] We examined a total of 144 events for this study
(Figure 2). The analysis of permanent network data starts in
November 1995, when four broadband stations operated in
the peninsula and one operated in Morocco. The initial
earthquake selection includes all events above magnitude

myp = 3.5 reported either by U. S. Geological Survey
National Earthquake Information Center (USGS/NEIC),
the Instituto Geografico Nacional (IGN), or the Instituto
Andaluz de Geofisica (IAG), except for events before
August 1997 and events in Algeria, where the magnitude
threshold was m;, = 4.0 (Figure 2). Inspection of signal and
noise made clear that the majority of the m;, = 3.5 to m,, =
3.9 events were not suitable for regional waveform inver-
sion with the available data. Still it will be shown that
several of them are, especially for recent years which have
improved station coverage. We also examined data from the
Network of Autonomously Recording Seismograms
(NARS) Europe (January 1983 to February 1988) and
NARS-Iberian Lithosphere Heterogeneity and Anisotropy
(ILTHA) (March 1988 to February 1989) projects when 6
and 13, respectively, temporary broadband stations were
deployed on the Iberian Peninsula [Nolet et al., 1986]. At
that time, one additional permanent station operated. NARS
stations, however, were equipped with a fairly restrictive
event trigger and only seven small-to-moderate regional
events from 1984 to 1989 produced sufficient recordings.
[6] The geographical distribution of the modeled earth-
quakes reflects the overall distribution of seismicity in the
Ibero-Maghreb region (compare Figure 1): Many of the
events are located east of the Gibraltar Arc and spread out
diffusely over an ~500 km broad seismic zone centered on
the Alboran Sea, containing parts of southeastern Spain and
northern Morocco and Algeria. The definition of a linear
African-Eurasian plate boundary in this region is a matter of
debate [cf. Jiménez-Munt et al., 2001]. West of Gibraltar,
most events occur offshore of southern Portugal in the
vicinity of the Azores-Gibraltar plate boundary. Further focii
of seismicity include northwestern Spain and the Pyrenees.
Occasionally events occur in other areas. This widespread
seismicity extends over several geotectonic domains with
different structure and rheology, thus introducing individu-
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Figure 2. Distribution of the examined events (circles, see text for event selection criteria) and seismic
broadband stations (solid and open triangles), as well as a sketch of main geotectonic units, differentiating
between stable blocks, basins, and Alpine domains. The open triangles correspond to recently deployed
stations that were not yet available for most of the studied events.

ally different local effects onto the propagation properties of
seismic waves and the crustal stress field. Hence in this study
it is necessary to distinguish between at least three different
tectonic environments: stable blocks, Alpine mountain belts,
and extensional basins (Figure 2).

[7] Stable blocks, including the Hercynian massif on the
Iberian Peninsula, as well as the Moroccan Meseta and the
Algerian Hauts Plateaux, are built of deformed Palaeozoic
rocks partly covered by Mesozoic sediments. They are only
marginally affected by Alpine deformation. Alpine mountain
belts, corresponding to thickened crust, are present at the
former plate boundary between Iberia and Europe (Pyrenees)
and at the present-day contact between Africa and Iberia
(Betic-Rif-Tell mountain belt). Internal Cenozoic exten-
sional basins include flexural basins in the foreland of the
Alpine belts (Ebro basin south of the Pyrenees, Guadalquivir
basin north of the Betics, and Gharb basin south of the Rif),
the large internal Tajo and Duero basins, and a number of
smaller intramountain basins in both Hercynian and Alpine
domains. Further, a regional-scale extensional process is
active in the western Mediterranean Sea, manifested in the
opening of the Liguro-Provencal basin, the Valencia
Through, the Algerian (or South Balearic) Basin east of

the Iberian Peninsula, and, since the early Miocene, the
Alboran Basin south of Iberia [e.g., Vegas and Banda, 1982].

[8] Particularly relevant for the understanding of the plate
collision is the Alboran Basin located at the present-day
contact between Africa and Eurasia. In the Alboran Basin
the continental crust in the internal zones of the Betic-Rif
mountain belt has been thinned considerably (crustal thick-
ness in the Alboran Sea of ~15 km compared to >35 km in
the central Betics [e.g., Banda et al., 1993; Casas and
Carbo, 1990]). The transition between the Alboran Basin
and the Neogene oceanic crust to the east is gradual [Torné
et al., 2000]. The hypocenter distribution of intermediate
depth earthquakes [e.g., Seber et al., 1996; Buforn et al.,
1995] as well as tomographic images [e.g., Calvert et al.,
2000; Morales et al., 1999] indicate the presence of cold
and rigid lithospheric material in the sublithospheric upper
mantle. Consequently, the formation of the Alboran Basin in
a compressional environment may be explained by the
removal of subcrustal lithosphere; however, the mechanism
is still a matter of debate. Models under discussion include a
delamination process [Docherty and Banda, 1995; Seber et
al., 1996; Mezcua and Rueda, 1997], the convective
removal of lithosphere [Platt and Vissers, 1989; Calvert et
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al., 2000] and several subduction models with different
geometry and time history for the presumed slab [Blanco
and Spakman, 1993; Zeck, 1996; Lonergan and White,
1997; Morales et al., 1999].

3. Moment Tensor Inversion

[¢] The first-order seismic moment tensor is a compre-
hensive representation of seismic point sources which leads
to a simple linear relationship between the three-component
seismograms and a set of Green’s functions or fundamental
fault responses. We invert for a deviatoric moment tensor
using complete seismograms recorded at local-to-regional
distances (<1000 km) including the full waveforms of P, S,
Love, and Rayleigh waves. Following Langston et al.
[1982], the best solution is defined to minimize the L2
norm (least squares) of the misfit between observed and
predicted waveforms. Hypocenter coordinates are taken
from the catalogues of the USGS/NEIC, IGN, or IAG,
depending on the event location. The depth is not fixed
because it is often not well resolved and has major influence
on the expected propagation effects. Instead, a grid search
over depths from 2 to 30 km with 2-km increments is
performed to obtain the best fitting combination of depth
and moment tensor. An application of this inversion techni-
que to the M,, = 4.8, 1999 Mula, Spain, earthquake (990202
in Table 1) is described in detail by Mancilla et al. [2002].

[10] Green’s functions for the inversion were computed
with a reflectivity code [Kennett, 1983; Randall, 1994] that
gives complete far-field solutions for a layered half-space.
We assume spatial and temporal point sources since our
bandwidth is dominated by periods longer than 10 s. To take
into account some important lateral variation of crustal
parameters within the study area, three different models are
used for different tectonic environments: (1) the Alboran Sea,
and offshore conditions in general, (2) the Alpine mountain
belts, and (3) the Hercynian basement and Mesozoic plat-
forms. Initially, the models were derived by simplifying and
averaging a selection of local and regional Earth models [e.g.,
Banda et al., 1993; Carbonell et al., 1998; Du et al., 1998;
Gallastegui et al., 1997; ILIHA DSS Group, 1993; Téllez and
Cordoba, 1998; Torné and Banda, 1992, J. Julia and J. Mejia,
unpublished manuscript, 2002]. The models were optimized
iteratively by trial and error, calculating Green’s functions
and inversions for a set of test events. The final models
(Figure 3) usually allow sufficient predictions of body and
surface waveforms for periods as short as 10 s within geo-
logically uniform regions and distances <200 km and periods
as short as 20 s for almost the entire study area. Note that the
Alboran model is not actually a model of the offshore litho-
sphere but averages offshore and onshore properties for paths
with sources in the Alboran Sea or northern Algeria and
receivers onshore, preferably near the coast. For predomi-
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Figure 3. Variation of density, S wave velocity, and P
wave velocity with depth (from left to right) for the layered
Earth models used in this study. Model a was derived for
the Alboran Sea and western Mediterranean, model b for the
Alpine mountain belts and model c¢ for the Hercynian
basement, Mesozoic platforms or mixed propagation paths.

nately continental propagation paths the Hercynian basement
model usually predicts waveforms the best. The choice
between the Hercynian and the Alpine models is less crucial,
but the Alpine model tends to perform better for paths
predominately within the Betic Chain.

[11] Prior to inversion, the waveforms are corrected for
the respective instrument responses, band pass filtered and
aligned with the Green’s functions at the P arrival. The
alignment minimizes the influence of location errors and
Green’s functions’ inaccuracies. The filter band is individ-
ually adjusted to data characteristics and quality, typical
filter bands are 50 to 20 s for events with M,, > 4, and 35 to
15 s for smaller events. Recording stations with high noise
level or inappropriately corrected propagation effects are
excluded from the inversion, but their predictions are still
calculated to confirm a basic compatibility with the obtained
moment tensor solution. Usually the remaining waveforms
are not weighted for the inversion since the observed
amplitudes already give an appropriate distance-dependent
weighting, enhancing the influence of short distance record-
ings with less noise and, usually, better path corrections.
However, sometimes additional weighting is applied to

Figure 4.

(opposite) Selected moment tensor inversion results and waveform matches for (a) two moderate event, (b) two

events with M, =~ 4, and (c) two smaller events M,, < 4. Observed and predicted displacement waveforms are plotted in
black and gray, respectively. Traces are radial, transversal and vertical component from top to bottom. Next to the traces, the
weighting factors for inversion are annotated. Time windows of 300 s are shown. Displacement is given in meters. The
overlay plots are labeled with the station names; to the left, the station distribution is shown in a plan. The moment tensor
inversion result is given in lower hemisphere equal-area projection, with the moment magnitude next to the mechanism. A
fractional misfit versus depth curve is given, showing the respective moment tensor solutions at each depth along with their
percentage of CLVD component. An arrow indicates the selected depth.
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Figure 4.

individual stations or individual components in order to
reduce azimuthal unbalance or alter the relative influence of
Love and Rayleigh waves onto inversion. Always several
permutations of contributing stations are tested to assure
that particular stations do not significantly bias the solution
while reducing waveform matches at the remaining stations.
This may be caused by data insufficiencies or any major
misestimation of propagation effects, e.g., a phase mismatch

of large-amplitude surface waves.

4. Discussion of Inversion Results

[12] We computed 58 moment tensors for the Ibero-
Maghreb region. For 44 of these events no moment tensor

(continued)

solutions have been available previously. The inversions
involve waveforms at 3 to 12 stations each. The use of a
single misfit measure (least squares misfit) is convenient,
but a great simplification of the information contained in the
seismograms. To include information on the reliability of
the inversion results using additional information than the
simplified misfit, we classify each solution considering a
number of quality criteria outlined below. To illustrate the
scope of the moment tensor inversion in the region, we first
discuss selected inversions in detail, analyzing the wave-
form matches of P, S, and surface waves between observed
and predicted seismograms. To obtain a representative
selection, we choose two events each from three magnitude
ranges (M,, > 4.5, M,, =~ 4, and M,, < 4) (Figure 4). The
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selected events include examples from different geographic
and tectonic regions: intraplate Iberia, Betic Range, Pyre-
nees, and northern Algeria. The events are identified with
numbers listed in Table 1.

4.1. Earthquakes With M,, > 4.5

[13] For the selected moderate events in northwestern
Algeria (991222, M,, = 5.7) and southeastern Spain
(020204, M,, = 4.7), high-quality regional seismograms at
12 stations each are used for inversion. The traces are filtered
with a passband between 50 and 20 s, where the influence of
structural heterogeneity is relatively low. The Hercynian
basement model has been chosen for modeling, except for
stations CADI and MAHO for event 991222 where the long

(continued)

offshore paths make the Alboran model more appropriate.
The good waveform matches at all stations suggest that both
the inverted mechanisms and the correction of propagation
effects are accurate for these events. For both events the
solutions agree with the results given by routine moment
tensor projects, see below. In any case, the Algerian earth-
quakes are some of the most difficult for us to constrain
because they effectively lie on the edge of our network and
our azimuthal coverage for those events is limited.

4.2. Earthquakes With M,, ~ 4

[14] Examples of events with M,, ~ 4 (Figure 4b), are
selected from the Pyrenees (991004, M,, = 4.2) and western
Portugal (990430, M,, = 4.0). The traces are of high quality
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for most recordings of 991004, but only two stations
recorded high signal-to-noise ratios for event 990430. All
modeling is done with the Hercynian basement model,
again the filter passband is from 50 s to 20 s. For 991004,
most waveform fits are good except of CADI and SFUC.
We attribute these failures to nonmodeled effects of local
complex structure: The wave propagation toward CADI
follows the axis of the Pyrenees mountain range and 3-D
effects are plausible (off azimuth energy at this stations is
also reported by J. Julia and J. Mejia (unpublished manu-
script, 2002)). Still, the ratio of Rayleigh to Love (or SV to
SH) amplitudes is matched well by the solution. Amplitudes
at SFUC are underpredicted though the phase is correct,
which is a common observation at this station for regional
events with northeastern or eastern back azimuth [e.g.,
Mancilla et al., 2002]. For 990430 the synthetics fit the
high-quality recordings of MTE and PAB well and are
consistent with the observations at all other stations. In
particular, the amplitudes of the Love and Rayleigh waves
at the noisier stations are well matched. For both events the
inversion yields almost pure double couples (2% and 3%
CLVD, respectively).

4.3. Earthquakes With M,, < 4

[15] Smaller events (M,, = 3.5 to 3.9) are numerous in the
study area and hence valuable for seismotectonic interpreta-
tion, but their regional recordings are often significantly
affected by noise. Usually, an acceptable signal quality can
be obtained in the filter band from 35 to 15 s. This makes
modeling more sensitive to details of crustal structure and
many of these events are not suitable for regional moment
tensor inversion with uniform layered Earth models. Still we
were able to obtain 21 solutions for that magnitude range,
two examples (980413A, M,, = 3.6 and 990814, M,, = 3.8)
are given in Figure 4c. Most traces are noisy, but all
observable basic waveform characteristics, at 6 and 5 stations
respectively, are matched by the moment tensor solutions. On
the basis of waveform matches, we chose for 990814 the best
depth different than the formally best solution. The depth of
event 980413A is not resolved by the inversion due to the
lack of Rayleigh waves in the recordings, but the mechanism
is fairly stable between 8 and 20 km depth. As one might
suspect that the noise biases the solution, it is noteworthy that
we can rule out significant effects at least for event 980413A.
This event occurred within a seismic series and two accom-
panying multiplet events with comparable noise level
(980413B and 980414A) result in nearly identical moment
tensor solutions (compare Table 1).

[16] All moment tensors are listed in Table 1, along with
the hypocenter coordinates, seismic moment, total fractional
misfit, and the best fitting double couple solution. Total
fractional misfits range from 0.2 to 0.8 in this study. The
fractional misfit is often not a very comprehensive measure
of quality, because on the one hand it is often not sufficiently
sensitive to the fit of the body waves with relatively small
amplitudes, while on the other hand misfits for small events
are often exaggerated by noise at the beginning and the end
of the traces (where the predictions are zero). Consequently,
to each solution, a more comprehensive but subjective
quality value ranging from a to d was assigned, based mainly
on the inspection of waveform matches, data quality and
station coverage. Qualities a and b correspond to solutions
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that we consider reliable (44 solutions). Quality ¢ solutions
(14 solutions) are best estimates but possibly not accurate
and should be interpreted cautiously. Reasons for assigning
an event a grade of ¢ include an incomplete fit of some basic
features of the waveforms, high noise level, deficient station
coverage or certain instability of the solution when varying
weighting factors. Solutions with unsatisfactory waveform
matches as well as inversions based on less than three
stations correspond to quality d and were excluded from
any interpretation and are not reported in this paper. This
quality rating also includes information gleaned from uncer-
tainty analyses that we present in the next section.

[17] For 14 earthquakes of our catalogue (Table 2),
moment tensor focal mechanisms are provided also by the
routine moment tensor projects at Harvard, MedNet, and
ETH, or in individual studies [Thio et al., 1999; Dufumier et
al., 2000; Mancilla et al., 2002]. Magnitudes of these events
range from M,, 5.2 to 5.8 in Algeria and from M,,4.0to 5.2 in
Iberia. The routine projects are based on less dense seismic
networks and some of these earthquakes are close to the
lower magnitude limits of the individual projects, particularly
the Harvard project. For several events (990202, 991004,
000705, 020204) the previously available moment tensors do
not agree well with each other and must include wrong
solutions. All Harvard CMT inversions are fixed at 15 km
depth and, except for event 052197K, the CLVD components
are large (31% to 84%). When integrating the results of this
study, we find acceptable agreements for 10 events and
inconsistency for 4 events. The latter ones are all located in
northern Algeria east of 2.5°E, at the edge of network
coverage in this study. Those events have been assigned
quality c in this study, except for 881031B (quality b). The
solutions that agree well with previous studies correspond to
qualities a and b and include events from northwestern Spain
(970521B, 970522A), the Pyrenees (991004), southeastern
Spain (990202, 020204), offshore from southern Portugal
(000705) and in northern Algeria (991222, 001110A). Two
strike-slip events in the Alboran Sea (970702A, 970703)
agree reasonably with the corresponding MedNet solutions,
however, indicating a small normal faulting component in
this study instead of the previously detected small reverse
component.

5. Dislocation Grid Search Modeling

[18] Small to moderate tectonic earthquakes are usually
thought as simple shear failure events corresponding to
double-couple force systems. Most of the computed
moment tensors have small non double couple components
(<20% for 42 and <30% for 53 out of 58 events, Table 1)
which we consider plausible to be introduced by noise and
inaccurate Green’s functions. When considering the sign of
the intermediate moment tensor eigenvalue to distinguish
between mechanisms with predominantly tensional or com-
pressional strain [Kuge and Kawakatsu, 1993], we obtain a
fairly symmetrical distribution around zero. Assuming sim-
ple dislocation sources for these earthquakes, we can use a
double-couple grid search over fault plane parameters and
depth as a valuable alternative method to obtain the best
source mechanism. For each grid point (strike, dip, rake,
depth) we calculate synthetic waveforms and obtain the L2
norm (least squares) misfit between these predictions and
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Table 2. Comparison of Available Moment Tensor Solutions
Best Double C

Reference Event” Region g OK? Lat,deg Long, deg (Strike/Dip/Rake) CLVD, % My My, Nm
881031B northern Algeria b yes 36.44 2.76 261/80/102; 29/15/39 22 5.8 6.0e+17
HRV 103188B 36.44 2.63 103/55/167; 201/79/36 55 5.6  32et+l7

Thio et al. Tipasa 36.40 2.68 105/65/150 - 5.7 -
960904 northern Algeria ¢ yes 36.98 2.88 260/70/108; 36/26/49 5 5.5 1.9e+17
HRV 090496B 37.03 3.03 11/76/-4; 102/86/-166 43 5.5 1.9e+17
970521B NW Spain a no 42.88 —7.19 129/61/-123; 1/42/-46 10 5.2 6.6e+16
HRV 052197K 42.95 —7.21 136/66/-122; 13/39/-40 13 53 1.3e+17
970522A NW Spain a no 42.86 —7.16 141/51/-112; 353/43/-65 22 4.8 1.9¢+16
MedNet R052297B 42.85 —7.35 145/68/-105; 359/27/-58 3 4.8 2.3e+16
970702A Alboran Sea a no 36.37 —3.24 134/68/-165; 38/76/-23; 24 4.5 6.1e+15
MedNet R0O70297A 36.36 —3.28 308/68/173; 40/83/22 28 45  7.let+l5
970703 Alboran Sea b no 36.36 —3.23 132/80/-161; 39/72/-10; 14 4.0 9.6e+14
MedNet R0O70397A 36.64 —2.95 120/65/170; 214/81/25 52 4.0 1.2e+15
990202 SE Spain a no 38.11 —1.49 41/69/-26; 140/66/-157 8 4.8 1.7e+16
Mancilla et al. Mula 38.11 —1.49 54/77/-29; 151/62/-165 72 4.7 1.3e+16
MedNet R020299A 38.66 —1.64 22/49/41; 262/61/131 35 4.7 1.5e+16
991004 SW France a no 42.90 0.60 141/38/-48; 273/63/-117 2 42 2.6et+l5
Dufumier et al. Saint-Béat 42.87 0.64 151/26/-21; 260/81/-115 - 4.4 4.3e+15
MedNet R100499A 42.89 0.85 238/31/-109; 80/61/-79 9 49  24et+l6
991222 NW Algeria a no 35.32 —1.28 59/21/118; 209/71/80 22 57  3.8etl7
HRV 122299E 35.34 —1.45 29/45/67; 240/49/111 84 5.6  3.0et+17
ETH 991222 35.17 —1.22 59/34/106; 221/57/80 24 57  43et+l7
MedNet R122299D 35.27 —1.27 63/36/116; 212/58/72 34 5.6 3.2et+17
000705 southern Portugal a no 36.45 -7.97 220/64/26; 117/67/151 6 4.1 1.6e+15
ETH 000705 36.43 —7.92 216/73/28; 118/63/161 30 4.1 1.4e+15
MedNet R070500A 36.44 -7.92 288/36/128; 64/63/66 39 4.1 2.0e+15
000818 northern Algeria ¢ yes 36.20 4.97 238/88/95, 348/6/20 54 5.4 1.5e+17
HRV 081800E 36.12 5.00 6/81/-19; 99/71/-171 31 5.2 7.3e+16
ETH 000818 36.19 4.97 8/87/-20; 99/70/-177 4 5.2 8.2e+16
MedNet RO81800A 36.04 4.88 6/83/-17; 98/73/-172 45 5.1 6.4e+16
001110A northern Algeria b no 36.60 4.77 51/21/71; 251/70/97 15 5.7 4.6e+17
HRV 111000E 36.45 4.96 64/38/97; 235/52/85 33 57  43E+17
ETH 001110A 36.43 4.90 57/25/88; 239/65/91 29 59  6.8E+17
MedNet R111000A 36.33 4.70 67/26/101; 235/65/85 4 57  4.8E+17
001116 north Algeria c - 36.66 4.76 254/87/88; 103/3/119 33 52  6.1E+16
ETH 001116 36.65 4.75 125/84/-138; 29/48/-8 10 5.0 3.2E+16
020204 SE Spain a + 37.09 —2.55 348/57/-88; 164/33/-93 9 47  14E+16
HRV 020402A 37.20 -2.39 46/66/-76; 195/28/-119 68 49  3.0E+16
ETH 020204 37.14 —2.42 343/62/-97; 178/29/-77 16 49 3.0E+16
MedNet R020402A 37.29 —2.52 341/42/-106; 182/50/-77 39 4.7 1.6E+16

“The boldface events refer to events listed in Table 1.

the observations. The global misfit minimum indicates the
best double-couple-depth combination for this earthquake.
For the comparability of moment tensor inversion and
dislocation grid search, the same weighting factors are
involved.

[19] Further, we can use the grid search for a straightfor-
ward error analysis, because it tests the full range of source
mechanisms for their compatibility with the observations.
This can assess the tightness of the minima, corresponding to
confidence limits, and reveal potential ambiguities of the
solution. To delimit the range of possible alternative sol-
utions, we use the global misfit minimum of the dislocation
grid search as a reference point. Then we consider all those
solutions as acceptable, which have fractional misfits <10%
above the global minimum. Experience with these data
indicates that this is a conservative estimate, since solutions
with tolerable waveform matches do fall into this misfit band
but many of the included solutions could be discriminated
manually because of basic waveform incompatibilities. The
results of this analysis are summarized in Figure 5. Moment
tensor principal P and Taxes are included in Figure 5, as they
provide important tectonic information and avoid the ambi-
guity of fault and auxiliary plane. For the sake of clarity, only

the best solutions for each strike, each dip, and each rake
value are shown in Figure 5. Those solutions with lower
misfits are highlighted using larger dot size for the axis
orientation and line width for the fault planes.

[20] The scatter of the alternative mechanisms varies
among the individual events (Figure 5), indicating several
very well constrained solutions (e.g., 980717, 991004, and
020204), as well as several poorly constrained solutions
(e.g., 881005, 981114, and 000702). The latter ones are
assigned a quality ¢ in Table 1, regardless of the quality of
waveform matches. Good waveform matches, combined
with large scatter of the alternative solutions, suggest that
the station distribution for the individual event is incapable
to constrain the mechanism. Another criterion used to
qualify solution reliability is an excessive rotation of the
mechanism with depth (e.g., 990529). On the other hand,
even some uncertain results are valuable for tectonic inter-
pretation despite of considerable scatter of the alternative
fault planes: This is the case whenever the principal axes
azimuths are fairly stable (e.g., 980413B and 000705, even
if for both events the ratios of horizontal and vertical slip are
uncertain). An interesting pattern of alternative solutions
can be observed for event 000802, which can minimize the
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Figure 5. Range of potential alternative solutions as obtained by systematic waveform modeling within
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fault planes and size of the stress axis symbols scale linearly with misfit difference. For comparison, the
three columns show, from left to right, the preferred moment tensor inversion result, its major double
couple, and the best grid search solution. The event identification number according to Table 1 is given
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least squares waveform misfit norm with both a shallow
reverse mechanism and a deep normal mechanism. We can
rule out the deep solution since it only predicts the observed
large amplitude surface waves but fails to predict amplitude
and polarity of the smaller body waves (Figure 6). This is
consistent with the network event location that indicates a
shallow depth. The event (M,, = 3.7) is a good example for
the prudence of our visual inspection and qualitative error
assessment.
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(continued)

[21] Apart from the reliability of individual solutions,
also global characteristics of the data set are revealed by
the dislocation grid search quality test. Generally, the
depth resolution from regional long period waveform
modeling appears rather low, amounting to ~5—10 km
for the majority of events. The resolution of dip and rake
is low for many strike-slip earthquakes despite of well
constrained strike values and good waveform matches
(e.g., 970702A-C, 990202). This is plausible in terms of
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radiation pattern similarities for surface waves among the
alternative solutions. Earthquakes in Algeria (e.g., 991222,
001110A) are usually characterized by low resolution of
strike values, which is plausible because of the limited
azimuthal coverage for these events: only for one event
(001110B) a nodal plane intersects the station distribution.
Finally, for the vast majority of the events, Figure 6 shows
the equivalency of the dislocation grid search results and
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(continued)

the moment tensor solutions. This confirms our initial
assumption that most of these earthquakes are simple
faulting events.

6. Regional Consistency of Faulting Solutions

[22] The 58 earthquake mechanisms derived from
moment tensor inversion provide a set of stress indicators
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for the seismogenic crust, covering both onshore and off-
shore regions (Figure 7). The solutions are dense in south-
eastern Spain and the Alboran Sea. The focal mechanisms
reveal several clear patterns of faulting within the study
area: Mechanisms show great consistency over delimited
areas, e.g., northern Algeria and the Alboran Sea. For five
regions, we analyze the orientation of faulting solutions:
Central and western Iberia, southern Portugal, the Alboran
Sea, Algeria, and southeastern Spain. At present, this
moment tensor catalogue cannot reveal regional character-
istics of faulting in the Pyrenees and northeastern Spain,
northern Morocco and the Gibraltar Arc due to a lack of
solutions. We proceed region by region and summarize the
results in Figure 8.

6.1. Iberia

[23] Over a large part of the Iberian Peninsula, consistent
(oblique) normal faulting mechanisms occur, with 7 axes
oriented NE-SW (951129, 960803, 970521B, 970522B,
980413A/B, 980414A, 980717, 980725, and 990430). Most
of the events included in this region occurred in an intra-
plate setting outside the zones of major Alpine deformation,
except for four events located in the external zones of the
Betic Range in southeastern Spain (980413A/B, 980414A,
010716). Two strike-slip events with compatible 7 axes
orientations occurred within the region (010520 and
010716). The predominantly normal faulting style and the
average T axes orientation (~N50°E) suggest NE-SW
extension in the stable part of the Iberian Peninsula.

6.2. Offshore Southern Portugal

[24] Near the southern coast of Portugal, two strike-slip
and one reverse mechanism show consistent orientation of
the P axes in NNW-SSE direction (~N160°E). Although
the regional faulting characteristics are documented by only
three mechanisms in this study, the observed faulting style
and principal axes orientations are consistent with the
previously reported mechanisms along this part of the

ESE 7-15

14km 16km 18km 20km 22km 24km 26km 28 km

“@.@Q@O@Q@Q@

MM@@.QQ®QQ

(continued)

Azores-Gibraltar plate boundary [Buforn et al.,
Borges et al., 2001].

1988;

6.3. Alboran Sea

[25] In the offshore parts of the Alboran Basin, mecha-
nisms are predominantly strike-slip with nearly N-S ori-
ented P axes (~N170°E) and nearly E-W oriented T axes
(~N80°E). Most mechanisms include a minor component
of normal faulting, consistent with the observed regional
extension.

6.4. Northern Algeria

[26] In northern Algeria, reverse faulting with SE-NW
(~N140°E) oriented P axes dominates. We suppose the near
horizontal nodal planes of the mechanisms are the active
fault planes of shallow thrust events. The fault plane
orientations agree with most Harvard CMT, MedNet,
regional CMT, and ETH moment tensor solutions for this
area. Additionally a number of strike-slip events with
similar P axes azimuth are reported. From west to east a
gradual rotation of the P axes’ direction is apparent in our
data, but we suspect that this may be influenced by
limitations of azimuthal station coverage. A mechanism of
differing orientation is those of event 001110B, which is an
aftershock of event 001110A and supposedly reflects a local
stress imbalance caused by the main event.

6.5. Southeastern Spain

[27] Here we include events from the central Betics and
the southeastern coast. Focal mechanisms in the region are
rather heterogeneous and faulting style ranges from normal
(020204) to reverse (000802). Nearby but heterogeneous
mechanisms can be observed e.g., in the central Betics in the
vicinity of the Granada Basin (840624, 961128, 970224, and
991118 within ~30 km), in agreement with available local
first motion polarity mechanisms [Galindo-Zaldivar et al.,
1999], and in the southeast (960902 and 000802 separated by
~20 km). At the southeastern coast, six events show strike-
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Figure 6. Example for waveform analysis of alternative solutions obtained by the dislocation grid
search test: Because of the conservative error estimate, solutions at 4 km (reverse, strike 210°/dip 30°/
rake 80°) and 24 km (normal, strike 150°/dip 50°/rake —50°) depth are both included in the range of
potential alternative solutions for event 000802, but the deep solution is incompatible with the P waves at
three stations (the inversion is based on a total of six stations). The best moment tensor solution is shown

for comparison.

slip focal mechanisms similar to those in the Alboran Sea
(960902, 980406, 981114, 990202, 990814, and 010923A).
We consider these strike-slip mechanisms with a nearly
north-south (~N170°E) P axes orientation to be character-
istic of faulting in the extreme southeast of Spain. In the
following, we split the region into an eastern part (east of
longitude 2°W, see Figure 8) with predominantly strike-slip
mechanisms and nearly north-south oriented P axes, and a
western region without clearly predominant faulting pattern.

7. Regional Stress Field

[28] The average direction of slip on an earthquake’s
fault plane depends on the orientation and shape of the

stress ellipsoid in the source region. The regional consis-
tency of most earthquake mechanisms in this study
suggests that they may be the result of approximately
uniform regional stress fields. An individual earthquake
mechanism however, as well as a set of nearly identical
solutions, cannot constrain the stress tensor since preexist-
ing seismogenic faults are not likely to coincide with
present-day planes of maximum shear stress [e.g., McKen-
zie, 1969]. Nevertheless we may expect a correlation
between average moment tensor P, 7, and B axes direc-
tions in a source region, and the maximum, minimum and
intermediate principal compressive stresses [e.g., Zoback,
1992]. Systematical variations of the dominant faulting
regime or the principal axes orientations between source
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Figure 7. Best double-couple faulting solutions from moment tensor inversion for 58 events in lower
hemisphere equal-area projection. The event identification numbers according to Table 1 are labeled at
the mechanisms. Mechanism size scales with moment magnitude and is identical for the main map and
the enlargement of the Alboran region. The compressional quadrants of quality a and b mechanisms are
plotted in black while the less reliable quality ¢ mechanisms are given in gray.

regions should correspond to a change of stress condi-
tions. We assume that the qualitative interpolation of
principal axes orientations within and between regions of
consistent earthquake mechanisms approximates main
regional characteristics of the Ibero-Maghrebian stress
field (Figure 8).

[29] Regionally very uniform faulting regimes include
normal faulting in large parts of the Iberian Peninsula,

strike slip faulting in the Alboran Sea and parts of
southeastern Spain and reverse faulting in Algeria. In
terms of crustal stress, this corresponds to decreasing
relative amplitudes of the maximal horizontal stress
respective the vertical stress from Algeria to the Alboran
Basin and from the Alboran Basin toward intraplate
Iberia. With current seismicity data, we cannot resolve
whether these changes of the tectonic regime are gradu-
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Figure 8. Orientation of nodal planes as well as P (solid) and 7 axes (open) for the focal mechanisms
from six different regions (regions indicated by shaded boxes). For five regions we can identify a
predominant pattern of faulting, the arrows indicate the average orientation of P and T axes azimuths
(black inward pointing arrows for P, open outward pointing arrows for 7"axes). Lines are the interpolation
of average P axes orientations, giving a simplified qualitative approximation to the regional stress field.
The dotted lines mark the possible limitations of mayor regional stress anomalies in the Alboran Sea and
southeastern Spain, as well as offshore south Portugal.

ally or rather abrupt. In northern Algeria we observe a
NW-SE orientation of moment tensor P axes in agreement
with the direction of convergence along this part of the
African-Eurasian plate boundary [Argus et al., 1989;
Jiménez-Munt et al., 2001]. Intraplate Iberia is character-
ized by T axes perpendicular to the convergence direction.
In intraplate Iberia, a NW-SE orientation of maximal
horizontal stress is in agreement with further stress
indicators and available stress field inversions [Herraiz
et al., 2000; Mueller et al., 2000; Andeweg et al., 1999].
So the stresses in both Algeria and intraplate Iberia appear
consistent with the NW-SE regional reference directions
associated with the Africa-Eurasian plate convergence.
[30] Striking large-scale anomalies of crustal deformation
are reflected in variations in the principal axes orientations
in the Alboran Sea, southeastern Spain and south of
Portugal (Figure 8). Near the south Portuguese coast, the
average P axes direction shows a clockwise horizontal
rotation of ~20° relative to the Iberian data, consistent
with further stress indicators provided by Borges et al.
[2001]. In the Alboran Sea and along the southeastern
coast of Spain, the principal axes orientations show an
even larger clockwise rotation of ~30° relative to the
surrounding Iberian-Algerian reference directions. The
similarity of source mechanisms within both regions,
Alboran and southeastern coastal Spain, suggests that the
anomaly is a regional feature, trending ~N50°E from the
central Alboran Sea toward the Balearic islands; however,
there is no clear evidence whether the anomaly of the
Alboran Sea and southeastern Spain is continuous or not.

Though we cannot resolve from this study the faulting
characteristics in northern Morocco, events 990718 and
981020 suggest that south of the Alboran Basin P axes
recover their regional NW-SE reference direction. This is
supported by further focal mechanisms in previous studies
[Medina, 1995; Bezzeghoud and Buforn, 1999]. Conse-
quently, in the central Alboran Sea the occurrence of a
characteristic faulting pattern is apparently limited to a
width of ~150 km.

[31] The observed regional variations of faulting mecha-
nisms align with important lateral variations of the litho-
sphere. The south Portuguese anomaly aligns with the
transition between continental and oceanic crust in the
Atlantic near probable large strength and density variations
[Borges et al., 2001]. The same holds for the anomaly in the
Alboran Sea and eastern coast of Spain, which coincides
with zones of significant crustal thinning evident in seismic
and gravimetric data [Torné and Banda, 1992; Casas and
Carbo, 1990; Galindo-Zaldivar et al., 1998]. In the Alboran
Sea the synthesis of heat flow, seismic tomography, and
earthquake locations indicates an anomalous mantle with
asthenospheric material at shallow subcrustal levels [7orné
et al., 2000; Seber et al., 1996; Calvert et al., 2000]. We
suggest that lithospheric or sublithospheric processes com-
bine to produce a different style and orientation of faulting
compared to surrounding areas and that moment tensor
principal axes reflect a rotation of the stress tensor in the
Alboran Sea and southeasternmost Spain. The limits of the
stress field anomaly, as well as direction and amount of
rotation, are possibly constrained by the geometry and
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kinematics of the removal of lithospheric mantle in the
Alboran Sea.
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