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Abstract

In this work we use the thin-shell approximation to model the neotectonics of the western part of the Africa—
Eurasia plate boundary, extending from the Mid-Atlantic ridge to Tell Atlas (northern Algeria). Models assume a
nonlinear rheology and include laterally variable heat flow, elevation, and crust and lithospheric mantle thickness.
Including the Mid-Atlantic ridge permits us to evaluate the effects of ridge push and to analyse the influence of the
North America motion on the area of the Africa—Eurasia plate boundary. Ridge push forces were included in a self-
consistent manner and have been shown to exert negligible effects in the neotectonics of the Iberian Peninsula and
northwestern Africa. Different models were computed with systematic variation of the fault friction coefficient. Model
quality was scored by comparing predictions of anelastic strain rates, vertically integrated stresses and velocity fields
to data on seismic strain rate computed from earthquake magnitude, most compressive horizontal principal stress
direction, and seafloor spreading rates on the Mid-Atlantic ridge. The best model scores were obtained with fault
friction coefficients as low as 0.06-0.1. The velocity boundary condition representing spreading on the Mid-Atlantic
ridge is shown to produce concentrated deformation along the ridge and to have negligible effect in the interior of the
plates. However, this condition is shown to be necessary to properly reproduce the observed directions of maximum
horizontal compression on the Mid-Atlantic ridge. The maximum fault slip rates predicted by the model are obtained
along the Mid-Atlantic ridge, Terceira ridge and Tell Atlas front. Relatively high slip rates are also obtained in the
area between the Gloria fault and the Gulf of Cadiz. We infer from our modelling a significant long-term seismic
hazard for the Gloria fault, and interpret the absence of seismicity on this fault as possibly due to transient elastic
strain accumulation. The present study has also permitted better understanding of the geometry of the Africa—Eurasia
plate boundary from the Azores triple junction to the Algerian Basin. The different deformational styles seem to be
related to the different types of lithosphere, oceanic or continental, in contact at the plate boundary.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Differential movement between Eurasia, Africa
and Iberia during the opening of the North At-
lantic created lines of weakness that afterwards
acted as plate boundaries [1,2]. The Mid-Atlantic
ridge, which is marked by its morphology, seis-
micity and magnetic anomalies, is more sharply
defined than the Africa—Eurasia plate boundary,
which trends east-west and extends from the
Azores triple junction into the Mediterranean
Sea (Fig. 1).

Geophysical studies of the Azores triple junc-
tion suggest that the spreading rate of the Mid-
Atlantic ridge south of the Azores Islands is lower
than that observed in the northern segment,
which results in a dextral transcurrent movement
along the boundary.

Plate kinematics studies and earthquake fault
plane solutions show the tectonic regime of the
Africa—Eurasia plate boundary to change progres-
sively from a small component of extension at its
western end [3], through pure right lateral strike-
slip at the Gloria fault (e.g. [2,4,5]). In the con-
tinental domain (east of the Madeira Tore Rise),
active tectonics together with the seismicity distri-
bution support an oblique plate convergence and
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the existence of a wide transpression zone from
Gorringe, across the Alboran Sea, to the Tell At-
las mountains [6].

The Azores segment has high seismicity of
moderate magnitude and a relatively low slip
rate; the predominant mechanism is normal or
transform faulting with horizontal tension axes
averaging N25°E [5]. The Gloria fault (from
24°W to 20°W) forms a very clear seismic gap.
From 20°W to 13°W the boundary is E-W ori-
ented, currently marked by an alignment of large
right lateral strike-slip earthquakes. However, the
area of the Gorringe Bank is more complex, with
reverse faulting as the predominant mechanism
with N30°W horizontal pressures [4,5]. Further
to the east, seismotectonic studies show a change
in the tectonic regime from strike-slip and normal
faulting in the Alboran Sea and Betic—Rif cordil-
lera, to reverse faulting in the Tell Atlas [7,8].

Two recent studies have investigated the neo-
tectonics of the Africa—Eurasia plate boundary
between the eastern end of the Terceira ridge
and the Gibraltar Arc [9] and in the Ibero—-Ma-
ghrebian region (southern part of the Iberian Pen-
insula and northwestern Africa) [10]. In the
present modelling we integrate results from these
studies concerning the geometry of the plate
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Fig. 1. Tectonic sketch map, elevation (ETOPOS5) and seismicity (CNSS) of the study region. GoB, Gorringe Bank; GC, Golf of
Cadiz; GuB, Guadalquivir Bank; GA, Gibraltar arc; AIR, Alboran ridge; APC, Alhama-Palomares—Carboneras fault system;

Yf, Yussuf fault; f., fault; b., basin.
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boundary, and we enlarge the model domain to
include the Mid-Atlantic ridge, the Azores Is-
lands, the whole Iberian Peninsula and Tell Atlas
mountains (Fig. 1). Including the Mid-Atlantic
ridge will permit us to analyse possible ridge
push effects on the modelled area, and to study
the influence of the North America motion on the
area of the Africa—Eurasia plate boundary. More-
over, this novelty will enable us to incorporate
data on seafloor spreading rates on the Mid-At-
lantic ridge to score different models. In the east-
ern part of the study area, model-predicted stress
orientations in the Iberian Peninsula will be com-
pared to results of recent microstructural and seis-
mological analysis [11]. Furthermore, predictions
of horizontal velocity distribution in the Iberian
Peninsula will be compared to preliminary geo-
detic estimations available in the area.

Estimations of fault slip rates will provide in-
dications of their relative long-term seismic haz-
ard. In this sense, another significant novelty of
this study is that we will investigate possible rea-
sons for the absence of instrumental seismicity on
the Gloria fault, a striking feature relevant for
seismic-hazard assessment due to its proximity
to populated Azores Islands.

Such an extended model domain will permit us
to study a boundary that presents (from west to
east) extension, strike-slip and compression, and
that separates oceanic—oceanic, continental-conti-
nental, and continental-young oceanic (Algerian
basin) types of lithosphere. We also intend to bet-
ter constrain the geometry of the plate boundary
in the study area, where it is more poorly de-
scribed.

2. Methodology

In the present study we have used the thin-shell
finite element program SHELLS introduced by
Kong and Bird [12] (see also [13] for information
about the availability of several thin-plate and
thin-shell freeware codes). The thin-shell model-
ling method is based on the approximation that
horizontal velocity components are independent
of depth in the lithosphere. A two-dimensional
finite element grid is used to solve only the hori-

zontal components of the momentum equation,
whereas the radial (vertical) component of the
momentum equation is represented by the iso-
static approximation. Therefore, only the horizon-
tal components of the velocity are calculated. Ver-
tical normal stress is given by the weight of
overburden per unit area, and flexural effects are
neglected. Some characteristics of three-dimen-
sional methods are incorporated into this method,
since volume integrals of density and strength are
performed numerically in a lithosphere of laterally
varying crustal and lithospheric mantle thick-
nesses.

This method solves for anelastic deformation
and transient effects such as elastic strain and
earthquake cycle are neglected. Therefore, mod-
el-predicted steady velocities, fault slip rates and
stresses should be considered as averages over sev-
eral seismic cycles. The models assume a nonlin-
ear rheology. Given a current strain rate tensor,
the deviatoric stress tensor is calculated at many
test points throughout the volume of the litho-
sphere using both frictional-sliding and disloca-
tion-creep flow laws. The mechanism giving the
lower maximum shear stress is assumed to domi-
nate at that point. Frictional faulting stress, oy, is
calculated under the assumption of hydrostatic
pore pressure and no cohesion:

or = Ur(—0on—Py)

where L is the coefficient of friction, o, is normal
stress and P, is the pore pressure. The two-di-
mensional finite element grid consists of continu-
um and fault elements. The friction coefficient is
assumed to be 0.85 in continuum elements, where-
as a lower value is assigned in fault elements. The
following equation for the dislocation-creep
(power law) rheology has been applied:
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where & is the deviatoric stress tensor & is the
anelastic strain rate tensor, 7 is absolute temper-
ature, and z is depth. The rheologic parameters
adopted for the crust/mantle are: 4=2.3x10%/
9.5x10* Pa s'/3; B=4000/18314 K; C=0/0.017
K m™!; n=3/3. Values for the crust are taken
from the neotectonic models by Bird and Kong
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[14], and those of the mantle from the studies of
olivine deformation by Kirby [15]. A detailed
study of the model sensitivity to changes in these
rheologic parameters is presented by Negredo et
al. [10].

3. Modelling inputs
3.1. Grid geometry

The finite element grid used for modelling con-
sists of 5694 triangular continuum elements and
365 fault elements. Only mapped fault zones
thought to be active or potentially active are con-
sidered in our modelling (Fig. 1). Some fault ele-
ments do not represent individual faults, but
zones of faults. We assign a dip to each fault
element. Where dip cannot be inferred from geo-
logic or geophysical data, we assign a dip of 25°
for thrusts, 65° for normal faults, and 90° for
strike-slip faults. These assigned values do not
determine the slip sense of the corresponding
fault, only vertical faults are forced to have
strike-slip motion. Likewise, any fault which is
not sufficiently stressed may remain locked.

The set of faults considered for the Ibero—
Maghrebian region (from 10°W to 5°E) derive
from the neotectonic modelling of this region by
Negredo et al. [10]. We have incorporated in the
present study those faults that were relatively ac-
tive in their best fitting model. The main charac-
teristic of that model is that the Africa—Eurasia
plate boundary branches in the Ibero-Maghreb-
ian region along the Betics and Rif-Tell thrust
front. To the west of the Gibraltar Arc we have
included a thrust fault following the Guadalquivir
Bank, recently mapped in new multichannel seis-
mic profiles [16]. Faults in the western Iberian
Peninsula and their prolongation into the Iberian
Atlantic margin are taken from Buforn et al. [3].
The modelled plate boundary between 10°W and
25°W is similar to that considered in the neotec-
tonic study by Jiménez-Munt et al. [9]; it roughly
follows the Gorringe Bank, the northern part of
the Madeira Tore Rise and the Gloria fault. Fur-
ther to the west, the modelled plate boundary
follows the Terceira ridge to finally join the

Mid-Atlantic ridge at the Azores triple junction.
The geometry of the Africa—Eurasia plate bound-
ary to the west of 10°W and that of the Mid-
Atlantic ridge have been taken from the work of
the Paleo-Oceanographic Mapping Project at the
University of Texas Austin.

3.2. Heat flow and lithospheric structure

To determine the crustal and lithospheric man-
tle structure we assumed local isostasy and a
steady-state thermal regime, defining the base of
the lithosphere as the 1300°C isotherm. Under
these conditions, we used elevation and surface
heat flow as input data to determine the litho-
spheric structure (crustal and lithospheric mantle
thickness) in the whole region. Elevation was ob-
tained from the ETOPO-5 digital dataset, with
data every 5’ of arc (Fig. 1). Surface heat flow
was taken from the global dataset of Pollack et
al. [17], supplemented by the data obtained by
Fernandez et al. [I18] for the Iberian Peninsula
and its margins and the western Mediterranean.
Since there are very few heat flow measurements
in the oceanic domain, we use the heat flow—age
relationship proposed by Parsons and Sclater [19].
We consider the magnetic anomalies from the
Mid-Atlantic ridge to near the MO anomaly, so
lithospheric ages range from the present to 118
Ma. We assumed a maximum surface heat flow
of 250 mW m~2 on the Mid-Atlantic ridge. Fig. 2
shows the result of combining all these surface
heat flow data. This figure shows the increasing
surface heat flow towards the ridge, that results
from a thinning of the lithospheric mantle. Also
in the western Mediterranean, the high measured
heat flow is associated with a significant litho-
spheric thinning in the Alboran Sea and Algerian
basin [20]. The crustal and lithospheric mantle
parameters used to determine the thickness of
both layers are: density of 2780/3386 kg m™3 at
0 K, volumetric thermal expansion coefficient of
0/3.5x107> K™!, a thermal conductivity of 3.0/
32 Wm~! K7 and a radioactive heat production
of 7.91x1077/0 W m™3,

The calculations have been performed after fil-
tering elevation and heat flow data, to remove
local features. However, the adopted spatial reso-



I Jiménez-Munt, A.M. Negredo | Earth and Planetary Science Letters 205 (2003) 257-271 261

lution is adequate to obtain important lateral var-
iations in the total lithospheric strength and in the
gravitational potential energy.

3.3. Boundary conditions

The applied boundary conditions are shown
schematically in Fig. 2. We adopt the poles and
rotation velocities for Africa and America ob-
tained by Argus et al. [21] to impose boundary
conditions that reproduce the motion of these
plates with respect to a fixed Eurasia plate. There-
fore, no motion is allowed in the northern bound-
ary. The southern boundary and the southern
part of the eastern boundary (from 30°N to the
Tell thrust front) are assigned velocities of the
Africa plate. Therefore we assume that regions
outside these boundaries are rigid parts of the
Africa plate. The northeastern boundary (from
the Tell Atlas front to 45°N) is allowed to
move, with normal tractions given by local litho-
static pressure. We have tried two different types

45° 40° 35° 30° 25°

of boundary conditions along the Mid-Atlantic
ridge (MAR) resulting in two model sets herein-
after named 2_PLATES and 3_PLATES. In the
first model set we only consider the interaction
between Africa and Eurasia and apply to the
boundary corresponding to MAR the same con-
dition as to the northeastern boundary, with
lithostatic pressure computed at MAR. In the sec-
ond model set, fault elements, characterised by
double nodes, are defined all along the boundary
corresponding to MAR. Velocity conditions rep-
resenting the motion of the North America plate
with respect to Eurasia are applied to the outside
of fault elements along the ridge. The velocity
calculated for nodes along MAR that belong to
Africa and Eurasia will depend on the fault fric-
tion coefficient, also resulting in different spread-
ing rates. Therefore the velocity of North America
is not transmitted directly to Africa and Eurasia
plates. Model set 3_PLATES will permit us to
study the effects of the interplay between three
tectonic plates on the study area.
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Fig. 2. Surface heat flow distribution (mW m™2) obtained from data of Pollack et al. [17] and Fernandez et al. [18], and from
the oceanic age-heat flow relations from Parson and Sclater [19]. Contours every 5 mW/m?. Black symbols represent the bound-
ary conditions used in the 3_PLATES model set. Note that velocities applied at the ridge are only imposed to the nodes belong-
ing to the North America plate, while the velocities at the nodes along the ridge that belong to Africa and Eurasia will be com-
puted by the models. On the western boundary of 2_ PLATES model set the condition is of lithostatic pressure.
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4. Results and discussion
4.1. Scoring the quality of results

For each set of models, we vary systematically
the fault friction coefficient from 0.01 to 0.85. In
order to select the best model, we compare model
predictions to the strain rate calculated with seis-
mological data (Fig. 1), the observed directions of
maximum horizontal compression (Fig. 3), and
the spreading rates on the Mid-Atlantic ridge ob-
tained from the magnetic anomalies (Fig. 3). An-
other possible testable result would be the relative
velocity between different points of the model.
However, as will be discussed later, we cannot
perform yet a quantitative comparison due to
the short time span of geodetic measurements in
the area.

To score the predicted strain rates, we have
followed the procedure described by Jiménez-
Munt et al. [22] to calculate a normalised coeffi-
cient of correlation between the seismic strain rate
and the modelled maximum principal strain rate.
The seismic strain rate has been calculated using

45'N
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the methodology described by Kostrov [23], who
proposed that the seismic strain rate is propor-
tional to the sum of scalar seismic moments of
all earthquakes in a given area. The seismic mo-
ment has been calculated from the body wave
magnitude m,. We use the Council of the Nation-
al Seismic System (CNSS [24]) seismic catalogue,
which has a good coverage of events with com-
puted body wave magnitude for the period from
1963 to the present (Fig. 1). All the events of this
catalogue that have saturated the body wave mag-
nitude scale at 6.5 have been assigned recalculated
my, values compiled by Engdahl and Villasefior
[25]. In order to make the catalogue as complete
as possible for large events, which release most of
the seismic moment, we have included the five
large events occurring in the area from 1900 to
1963 that are contained in the catalogue by Eng-
dahl and Villasefior [25]. When we calculate the
seismic strain rate, we assume that each earth-
quake involves a strain rate effect that follows a
Gaussian distribution. To avoid border effects, we
have considered events occurring in an area 5°
larger in each direction than that modelled.

15°W 10W

| & Normal # Transtension  / Thrust

/ Transpresion

/ Strike-Slip / Unknown

Fig. 3. Directions of the most compressive horizontal principal stress from the World Stress Map project (WSM2000[26]), Bezze-
ghoud and Buforn [8] and Borges et al. [27]. The colour of the symbol represents the tectonic regime and its length is proportion-
al to the quality of data. Arrows represent Africa—North America and Eurasia-North America spreading rates obtained from the
last 3 Ma and compiled by Argus et al. [21]. The isolines represent elevation every 500 m.
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Some important limitations of the strain rate de-
rived from earthquakes are that the seismicity
measurements only cover a short period, and
that it does not take into account ductile defor-
mation. Therefore, we are not attempting to com-
pare absolute values of model-predicted strain
rate to seismic strain rate, but only their relative
variations. We use the coefficient defined by Jimé-
nez-Munt et al. [22] to test the correlation be-
tween the logarithms of the two smoothed strain
rates.

Model-predicted principal stress orientations
are compared to 364 data of the directions of
maximum horizontal compression (Fig. 3). Most
data (301 values) come from the most recent
World Stress Map compilation (WSM2000 [26]).
Sixty percent of these data are obtained from
earthquake focal mechanisms; the rest use other
types of stress indicators [26]. Additional data are
taken from published studies and compilations of
earthquake focal mechanisms with magnitude
equal to or higher than 4 (e.g. [8,27]). All data
include a quality coefficient describing the uncer-
tainty associated with the stress orientation deter-
mination. We compute the mean misfit between
the measured and the modelled azimuths of the
most compressive horizontal principal stress, con-

sidering the deviation between the observed azi-
muth at a given site and the azimuths predicted at
the closest nodes. The data have been weighted
depending on the quality of the measurement.
Taking into account the high scatter of stress azi-
muth data, that we are studying a large area with
few measurements in some zones, and that they
are often representative of local features not in-
cluded in our models, the expected values of mean
misfit are large, exceeding 30° [28].

Seafloor spreading rates compiled by Argus et
al. [21] from magnetic anomalies (since 3 Ma)
were also used to test model set 3_PLATES, in
which we define fault elements along the Mid-At-
lantic ridge. The scalar computed error corre-
sponds to the RMS discrepancy from the 16
spreading rates available along the Mid-Atlantic
ridge, from 30°N to 45°N. The modelled spread-
ing rates are obtained from the difference of ve-
locity imposed for the nodes along MAR belong-
ing to North America and the velocity predicted
for the nodes belonging to Eurasia and Africa
plates (along MAR). Therefore, computed spread-
ing rates depend not only on the western bound-
ary condition, but also on the MAR friction co-
efficient.

Fig. 4 shows the results of scoring both model
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Fig. 4. Testable predictions as a function of the fault friction coefficient for the two models, 2_PLATES (triangles) and
3_PLATES (circles). Continuous lines represent the mean stress azimuth error, given by deviation of the maximum horizontal
compression direction predicted by the model and the data. Broken lines represent the coefficient of strain rate correlation be-
tween the modelled and the seismic strain rates. Dotted lines the misfit between the Mid-Atlantic spreading rate data and the
modelled values. Best models are those on the lower zone of the panel, with low mean stress azimuth and spreading rate error,
but high correlation with the seismic strain rate. The grey strip indicates the range of optimum fault friction coefficients.
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sets. Mean error in predicted stress azimuth varies
from 33.5° to 38.3°, with lower values for model
set 3_PLATES. The reason for this better fit is
that the strong divergence caused by the bound-
ary condition applied along the Mid-Atlantic
ridge in 3_PLATES model (Fig. 2) forces the pre-
dicted most compressive horizontal principal
stress directions to be nearly parallel to the ridge,
in good agreement with stress data displayed in
Fig. 3. On the other hand, a better correlation
with the seismic strain rate is obtained with model
set 2. PLATES. Actually, the high predicted strain
rate along the ridge, which is a consequence of the
high velocity applied there, is in contrast with the
absence of large earthquakes occurring in the
ridge area (where a large number of small earth-
quakes occur). This apparent mismatch can be
understood by taking into account that, due to
the high heat flow in this area, a significant part
of the anelastic strain is expected to occur by
ductile deformation, which is not included in
computed seismic strain rates. Therefore, we
give more weight to the scoring of stress direc-
tions and select 3_PLATES as our preferred mod-
el set.

Seafloor spreading rate error, computed only
for model set 3_PLATES, reaches minimum val-
ues for very low fault friction coefficients and in-
creases sharply for coefficients between 0.12 and
0.5. This error behaves similarly to the seismic
correlation coefficient, in the sense of favouring
models with very low fault friction. In contrast,
misfit of stress azimuth data increases steeply for
coefficients lower than 0.06. Considering the misfit
to the three kinds of data, the best model is that
with fault friction between 0.06 and 0.1. These
friction coefficients are intermediate in value be-
tween the coefficient 0.03 for plate boundaries
deduced from the global model of Bird [28] and
the value 0.12 obtained by Jiménez-Munt et al.
[9] for the transform plate boundary from east-
ern Azores to Gibraltar. These low fault fric-
tion coefficients are suspected to be related to
anomalous pore pressure [14]. Figures in the
following sections will show model predictions
assuming a fault friction coefficient of 0.07, a val-
ue that represents the best model found in this
study.

4.2. Surface velocity, fault slip rates and strain
rate

Model-predicted surface velocities with respect
to a fixed Eurasia plate are shown in Fig. 5. This
figure provides a very clear image of the counter-
clockwise rotation of Africa and enables a simple
explanation of the resulting tectonic regime all
along the Africa—Furasia plate boundary. In
northern Algeria, convergence is almost com-
pletely absorbed in the area of the Tell Atlas
front. Further to the west convergence is more
distributed, between the Alboran ridge and the
Rif and western Betics thrust front.

In the area of the Gulf of Cadiz and Gorringe
Bank, deformation is also distributed and the
Africa motion is partially transmitted to the
southernmost Iberian Atlantic margin, resulting
in velocity values of 1-2 mm yr~!'. Further to
the west, the plate boundary absorbs almost en-
tirely the relative plate motion, which is accom-
modated by right lateral motion along the strike-
slip Gloria fault and by divergence with a compo-
nent of right lateral motion along the Terceira
ridge. A dense Global Positioning System (GPS)
network recently established in the Azores Islands
will soon be providing observations of the
present-day pattern of deformation in this region
that could be compared to model predictions [29].
The outwards velocity applied to the external no-
des of fault elements along the Mid-Atlantic ridge
does not affect noticeably the interior of the plates
and it is therefore expected to cause strong diver-
gence concentrated along the ridge.

Fig. 5 also shows the geodetic data set corre-
sponding to seven sites located in the Iberian Pen-
insula. The horizontal velocities for these sites are
derived by the Matera Geodesy Center of the Ital-
ian Space Agency (ASI-CGS) from independent
space geodetic solutions using GPS, Satellite La-
ser Ranging (SLR) and Very Long Baseline Inter-
ferometry (VLBI) data [30,31]. The independent
geodetic solutions have been obtained by analy-
sing almost all the data available in the central
Mediterranean. Each solution has been uncon-
strained and combined with the others, with no
need to introduce any reference system to con-
strain the final solution. Geodetic data shown in
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Fig. 5. Horizontal velocity field from the 3_PLATES model set with a fault friction coefficient of 0.07. Isolines every 0.5 mm

yr~!. The geodetic solutions (grey arrows) with their uncertainties
also shown [30,31].

Fig. 5 indicate residual velocities with respect to
central Europe, where the Euler pole of the rota-
tion vector has been estimated using a subset of
22 stable Eurasian sites. The large error ellipses in
the Iberian Peninsula indicate that geodetic data
are still sparse and highly variable in this zone.
Two general features of data are correctly repro-
duced by model predictions: the low velocities in
the central and eastern Iberian Peninsula, and the
higher velocity of 2-3 mm yr~! in WNW direction
obtained in southern Iberia. However, keeping in
mind the large uncertainties associated with geo-
detic data and the model limitations, we do not
intend at this stage to fit these data, but to show
the capability of this kind of modelling to gener-
ate a number of predictions that are testable by
future data acquisition.

In order to evaluate possible ridge push effects
we performed a test in which no boundary con-
dition representing plate motion was applied, so
that we can consider only motion caused by
forces due to lateral variations of potential en-
ergy. We deduce that these variations cause negli-
gible eastward horizontal velocities, lower than

obtained for seven sites located in the Iberian Peninsula are

0.005 mm yr~!. Furthermore, the integrated pres-
sure exerted by the Iberian Peninsula and north-
ern Africa on the surrounding margins causes ve-
locities comparable to or even higher than those
related to the ridge stress anomaly.

Fig. 6 shows model-predicted long-term aver-
age fault slip rates. Including such a wide zone
of the Africa—Eurasia plate boundary permits us
to reproduce the progressive change of tectonic
regime from thrusting in the Tell Atlas, through
transpression in the Gorringe-Gulf of Cadiz—Al-
boran region, pure right lateral motion of the
strike-slip Gloria Fault, and transtension in the
Terceira ridge [4-6,32]. Shortening rates of 3-5
mm yr—!' (obtained by multiplying slip rates of
low angle faults by cos 25°) have been obtained
along the Tell Atlas front. These values of slip
rates must be considered an upper bound since
we have probably exaggerated the continuity of
the modelled Tell Atlas front. Actually, NE-SW
striking thrust faults in this region often show a
right lateral en echelon pattern, suggesting that
they are likely connected at depth by E-W
strike-slip faults [33]. However, for simplicity,
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Fig. 6. Fault slip rates and tectonic regime from the 3_PLATES model set with a fault friction coefficient of 0.07.

we have introduced a long, continuous, low-angle
fault without short vertical fault segments. None-
theless, the predicted shortening rates fall between
the 5 mm yr~! proposed by Dewey [34] for the
last 9 Ma, and 2.3 mm yr~' deduced by Me-
ghraoui et al. [33] for Quaternary compressional
structures.

Further to the west, predicted fault slip is quite
homogeneously distributed along the Alboran Sea
faults and the modelled Betic—Rif thrust front,
except on the eastern Betic front, which the model
shows to be inactive. The general trend of pre-
dicted fault slip directions in the continental do-
main (between 0° and 13°W) is consistent with
geological indications. Vertical NE-SW trending
faults are predicted to have sinistral motion (e.g.
the Alhama-Palomares—Carboneras fault system),
while E-W to NW-SE striking faults are pre-
dicted to have dextral motion (e.g. the Yussuf
fault and the vertical fault zones connecting the
Guadalquivir Bank, Gorringe Bank and northern
Madeira Tore Rise).

Maximum predicted fault shortening rates of
about 1.3 mm yr~!' in the Rif are consistent
with the rates of 1-2.3 mm yr~! estimated in the
area by Meghraoui et al. [33]. These relatively

high fault slip rates seem to be inconsistent with
the lack of thrust earthquakes in the Rif area.
However, we cannot reject model results since
the time span of calculated focal mechanisms
may be shorter than the recurrence period of
moderate size thrust events. In fact, historical
data together with field work and air photo inter-
pretation led Piccardi et al. [35] to propose acti-
vation of E-W oriented thrusts (just south of the
main frontal thrust of the Rif) as the most prob-
able cause of the 1755 Meknes earthquake (Mo-
rocco).

In the oceanic domain (west of the Madeira
Tore Rise) we obtain uniform slip rates of 2.6—
2.8 mm yr~! along the vertical strike-slip Gloria
fault. High angle faults along the Terceira ridge
are predicted to slip in a normal sense with a
component of right lateral motion. Our results
are therefore in agreement with a number of seis-
motectonic studies (e.g. [4,5]) that infer a change
from right lateral motion in the Gloria fault to
transtension in the Terceira ridge. Maximum pre-
dicted extensional rates (computed as the product
of slip rate and cos 65°) in the Terceira ridge are
3.1 mm yr~'. The predicted values are somewhat
lower than the relative plate velocities of 4 = 1 mm
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Fig. 7. Common logarithm of the smoothed strain rate from the 3_PLATES model set with a fault friction coefficient of 0.07.
For comparison with seismic strain rate we also display earthquakes of magnitude my;, equal to or larger than 4 (circles), from

the CNSS [24] seismic catalogue.

yr~! for the Gloria fault and 4.9 mm yr~! for the
Azores obtained by DeMets et al. [36] using sea-
floor spreading, transform azimuths and earth-
quake slip vectors. Model predicted fault slip
rates along the Mid-Atlantic ridge vary between
55-56 mm yr~! to the north of the Azores Islands
and 46-53 mm yr~! to the south, which corre-
spond to spreading rates of about 24 mm yr—!
and 19.5-22 mm yr~!, respectively. This result is
consistent with the observed slightly lower spread-
ing rates south of the Azores [21] (Fig. 3).

The different deformational styles seem to be
related to the different types of lithospheres in
contact at the plate boundary. Deformation tends
to concentrate and to define a narrow plate
boundary at the contact between continental lith-
osphere and a young oceanic basin (at the Tell
Atlas front), and at the contact between two oce-
anic lithospheres (west of the Madeira Tore Rise).
In contrast, we obtain widespread deformation in
the area of continent-continent convergence.
Model results are therefore consistent with the
general concept that oceanic lithosphere is more

stable and tectonic activity is largely restricted to
a well-defined plate boundary.

Fig. 7 shows the common logarithm of the
smoothed strain rate obtained with our best mod-
el. For qualitative comparison with the seismic
strain rate, we also display earthquakes with mag-
nitude 4 or greater. The smoothed strain rate in-
cludes both the contributions from fault slip and
anelastic deformation within the continuum
blocks. The areas of maximum model-predicted
strain rate are northern Algeria and the Mid-At-
lantic ridge. The former prediction is in good
agreement with the intense seismic activity of
the area. However, the high fault slip rate along
the Mid-Atlantic and Terceira ridges (Fig. 6) re-
sults in an elevated strain rate there, which is in
contrast to the moderate magnitude of earth-
quakes in these areas. As previously mentioned,
due to the high heat flow of these areas (Fig. 2) an
important part of the anelastic strain may not be
expressed as earthquakes, but likely occurs by
ductile deformation.

The relatively high strain rate in the southern
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Fig. 8. Most compressive horizontal principal stress direction from the 3_PLATES model set with a fault friction coefficient of
0.07. Colour indicates tectonic regime. Black symbols indicate data of directions of the most compressive horizontal principal

stress.

Alboran Sea, northeastern Morocco and Gulf of
Cadiz is consistent with the significant seismicity
in these areas. Our best model predicts a uniform
strain rate distribution along the transform seg-
ment of the plate boundary (from 15°W to
24°W), which is in disagreement with the absence
of seismicity in the Gloria fault and with the ac-
cumulation of large magnitude earthquakes in the
eastern part of this segment (from 15°W to
19°W). Taking into account that warmer areas
such as the Mid-Atlantic ridge do have significant
seismicity, it seems unrealistic that strain is com-
pletely accommodated in the area by ductile flow.
In our opinion, the lack of seismicity of the Glo-
ria fault could be a transient effect of elastic strain
accumulation and therefore cannot be properly
reproduced by our model of steady velocity aver-
aged over several seismic cycles. Studies of histor-
ical seismicity would be very useful in providing a
complete image of the seismic behaviour of the
Gloria fault. We can infer from our modelling
that the long-term seismic hazard of the Gloria
fault is similar to that of the adjacent transform
segment of the plate boundary. This can have
important consequences in the hazard assessment
of the area, given the proximity of the Azores
Islands.

4.3. Stress directions

Fig. 8 shows the model-predicted directions of
maximum horizontal compression and tectonic re-
gime. This model properly reproduces the region-
al trend of stress orientation data and tectonic
regime (Fig. 3). The stress regime changes in the
Ibero-Maghrebian region, from thrusting and
strike-slip in the Tell Atlas to predominant
strike-slip in the Betics, central Alboran Sea and
eastern Rif, in agreement with focal mechanisms
of earthquakes studies (e.g. [7,8]). Reilly et al. [37]
deduce, on the basis of geodetic measurements in
the Strait of Gibraltar, maximum shortening in
E-W direction and dilatation in N-S direction.
This result is in contrast with maximum NNW-
SSE horizontal compression predicted for this
area. Keeping in mind that the predicted direction
of compression in this area is consistent with re-
gional direction of convergence between Africa
and Eurasia, the discrepancy between the results
by Reilly et al. [37] and the present study could be
attributed to local effects.

The predicted compressive axes in the Iberian
Peninsula are oriented in the NNW-SSE to NW-
SE direction, as deduced from geologic and seis-
motectonic studies (e.g. [11,27,38]), except for the
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eastern Pyrenees, where compression changes to
NE-SW direction, in good agreement with stress
data (Fig. 3). Model predictions for the area of
Galicia (northwestern Spain) are consistent with
the focal mechanism solutions of the seismic ac-
tivity that occurred in the area between November
1996 and May 1997, with more than 250 events
with magnitudes my; ranging form 3.0 to 5.1.
These mechanisms indicate normal faulting and
compressive axes oriented in NNW-SSE direction
(Fig. 3), in agreement with model predictions.
Modelled faults in the western Iberian Peninsula
cause a rotation to the west of the compressive
stress directions, the western component increas-
ing towards the Iberian Atlantic margin. Another
feature of stress data that is successfully repro-
duced by our model is the change from NNE-
SSW orientation of the compressive axes in the
Atlas to NNW-SSE compression in the Mediter-
ranean coast of Morocco.

In the area between the Madeira Tore Rise and
the Gulf of Cadiz, predicted compressive axes are
oriented parallel to vertical faults and perpendic-
ular to low-angle faults, thus resulting in trans-
pression of this area. Further to the west we ob-
tain a progressive counterclockwise rotation of
the compressive axes from east to west until
they become roughly parallel to the Terceira
ridge. The tectonic regime predicted for this area
is consistent with seismotectonic studies that indi-
cate predominant normal faulting with horizontal
tensions on average in a N25°E direction [5]. Pre-
dicted directions of maximum horizontal com-
pression in the Mid-Atlantic ridge are roughly
parallel to the ridge with a regime of normal
faulting, in agreement with stress data. This fea-
ture is not satisfactorily reproduced by model set
2_PLATES, where predicted compressive axes are
perpendicular to the ridge, giving a higher misfit
between the measured and the modelled directions
of the most compressive horizontal principal
stress (Fig. 4).

5. Conclusions

Using the thin-shell approach, we have success-
fully reproduced the main characteristics of the

present-day tectonic regime and strain field in
the part of the Africa—Eurasia plate boundary
running between the Mid-Atlantic ridge and Tell
Atlas. We have been able to represent the relative
motion between North America, Africa and Eur-
asia by defining fault elements along the modelled
Mid-Atlantic ridge (model set 3_PLATES) and
applying relative plate velocity boundary condi-
tions. Including the Mid-Atlantic ridge has also
permitted us to deduce that the effect of the ridge
push on the continental lithosphere is negligible.
We deduce that lateral density variations on the
ridge cause negligible eastward horizontal veloc-
ities, which are counteracted by westward-directed
velocities caused by the integrated pressure ex-
erted by the Iberian Peninsula and northern Afri-
ca on their Atlantic margins.

The velocity boundary condition representing
spreading on the Mid-Atlantic ridge is shown to
have negligible influence in the interior of the
plates and to produce strong divergence concen-
trated along the ridge. However, this condition is
necessary to properly reproduce the observed di-
rections of maximum horizontal compression on
the Mid-Atlantic ridge.

The best model scores have been obtained with
fault friction coefficients as low as 0.06-0.1, a val-
ue lower than the coefficient 0.12 obtained for the
transform segment of the plate boundary from the
eastern Azores to Gibraltar [9].

In spite of the complex tectonic regime of the
study area, we have properly reproduced the pro-
gressive change from thrusting in the Tell Atlas,
through combined thrusting in the Betic—Rif
thrust front and transpression in the Gorringe—
Gulf of Cadiz—Alboran region, pure right lateral
motion of the strike-slip Gloria Fault, and trans-
tension in the Terceira ridge. The predicted com-
pressive axes in the Iberian Peninsula are oriented
in the NNW-SSE to NW-SE direction, except for
the eastern Pyrenees, where compression changes
to NE-SW direction, in good agreement with
stress data.

Model-predicted strain rates and fault slip rates
along the Gloria fault are similar to those of the
adjacent transform segment of the plate bound-
ary, which is marked by an alignment of large
earthquakes. We therefore infer a significant
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long-term seismic hazard for the Gloria fault, and
interpret the absence of seismicity on this fault as
possibly due to transient elastic strain accumula-
tion.

The different deformational styles seem to be
related to the different types of lithosphere in con-
tact at the plate boundary. Deformation tends to
concentrate so as to define a narrow plate bound-
ary in the contact between continental lithosphere
and a young oceanic basin (at the Tell Atlas
front), and in the contact between two oceanic
lithospheres (west of the Madeira Tore Rise). In
contrast, our best model predicts widespread de-
formation in the area of continent—continent con-
vergence.

This modelling is useful to provide a number
of testable predictions that could be compared
to future data acquired in ongoing research pro-
jects. In particular, high-accuracy geodetic mea-
surements in the Azores Islands and Iberian
Peninsula will be extremely useful to constrain
the present-day pattern of deformation of these
areas.
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