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Abstract

We use the thin-sheet plane-stress approach to study the present-day dynamic behavior of the plate boundary
between Eurasia and Africa along the Azores—Gibraltar region. This plate boundary, which extends from the Azores
triple junction to the Gibraltar strait, shows a tectonic regime that changes from transtension in the west to
transpression in the east, with a strike—slip motion in its central segment. Seismological data reveal that the western and
central segments are currently marked by a linear series of earthquakes indicating that the plate boundary is located in a
narrow zone. In contrast, the eastern segment is not so well defined and deformation spreads over a much broader area.
To apply the thin-sheet approach, we combined heat flow, elevation and crustal thickness data to calculate the steady-
state geotherm and the total strength of the lithosphere. Several models with different fault friction coefficients and
geometries at the eastern segment of the plate boundary were tested. Results are compared with the maximum
compressive stress directions from the World Stress Map, and the calculated seismic strain rates and slip vectors from
earthquake data. The best fitting models are consistent with the rotation pole of Argus et al. [D.F. Argus et al.,
J. Geophys. Res. 94 (1989) 5585-5602], and show that the rheological behavior of the plate boundary must necessarily
change from the western and central segments to the eastern segment. The diffuse character of the plate boundary east
of the Gorringe Bank is dominated by the transition from oceanic to continental lithosphere, the weakness of the
Alboran domain, and the convergence between the African and the Eurasian plates. The displacement of the Alboran
domain relative to the African plate may play a major role in stress propagation through the Iberian Peninsula and its
Atlantic margin. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Azores—Gibraltar region contains a major
strike—slip structure that extends from the Azores
triple junction to the Gibraltar strait in a W-E
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Fig. 1. Tectonic sketch map of the study region (modified from [2]). Abbreviations: GB: Galicia Bank; TP: Tagus Plain; GoB:
Gorringe Bank; HP: Horseshoe Plain; AS: Ampere Seamount; SP: Seine Plain; SG: Strait of Gibraltar. Bathymetric contours

every 500 m.

lands is lower than that observed in the northern
segment, which results in a dextral transcurrent
movement along the boundary. The Azores seg-
ment (Terceira ridge) has high seismicity of mod-
erate magnitude and a low slip rate; the predom-
inant mechanism is normal or transform faulting
with horizontal tensions averaging N25°E [2]. The
Gloria fault forms a seismic gap that extends
from 24°W to 20°W. From 20°W to 13°W the
boundary is E-W oriented with large earthquakes
showing right lateral strike—slip motion. This re-
gion is currently marked by an alignment of
earthquakes indicating that the plate boundary
is located in a narrow zone. However, the east-
ernmost segment (east of the Madeira Tore Rise)
is more complex and the predominant mechanism
is reverse faulting with a horizontal pressure axis
around N30°W [2,3]. In this region, deformation
spreads over a much wider area as evidenced by
the presence of regional NE-SW and E-W ori-
ented structures (e.g. Gorringe Bank and Ampere
Seamount). Further to the east, in the continental
domain, the plate boundary becomes more com-

plex resulting in the Alboran Sea extensional ba-
sin, which is surrounded by the Betic and Rif
cordilleras to the north and south, respectively.
The Alboran basin shows a progressive crustal
and lithospheric thinning towards the east [4]
and opens to the oceanic domain of the South
Balearic basin.

In summary, the Azores—Gibraltar plate bound-
ary is very well defined in its western and central
segments, whereas east of the Madeira Tore Rise
there is a lack of consensus on its geometry and
location as inferred from the variety of models
proposed so far (e.g. [1-3,5-7]). Moreover, the
kinematics along the plate boundary are consis-
tent with a counterclockwise rotation of the Afri-
can plate relative to the Eurasian plate [1,8].

The main goal of this paper is to define the
geometry of the Azores—Gibraltar plate boundary
with special emphasis in the transition from the
linear strike—slip central segment to the NNW-
SSE compressive diffuse eastern segment. To this
end, we used the thin-sheet plane-stress approach
which allowed us to calculate the present-day kin-
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ematics and dynamics of the region and to com-
pare the resulting stress orientations and strain
rates with available data. In addition, as plate-
like kinematics depend strongly on the relevant
rotation pole, our modelling results also indicate
the best pole location from among those proposed
by several authors.

2. Structure and strength of the lithosphere

The plane-stress approach assumes that the
lithosphere behaves as a thin layer with a verti-
cally averaged viscous rheology. The average vis-
cosity and the total lithospheric strength are cal-
culated from the yield stress envelope once the
crustal and the lithospheric mantle thicknesses
are known. The dynamic finite-difference code
UHURU used in this work calculates the instan-
taneous lithospheric deformation and stress distri-
bution by coupling the equilibrium and constitu-
tive equations for a highly viscous fluid and
considering the gravitational potential energy re-
lated to crustal and lithospheric mantle thickness
variations (see Appendix).

Table 1

Parameters used in the calculations

Pe Crustal density 2780 kg m—3

Da Asthenospheric density 3200 kg m—3

Dw Water density 1032 kg m™3

a Volumetric thermal 3.5%x107° K™}
expansion coefficient of
lithospheric mantle

K. Thermal conductivity of 3.0 W m~! K™!
crust

Ky Thermal conductivity of 3.2 W m™! K~!

lithospheric mantle
Tsup Surface temperature (z=0) 0°C
T, Temperature at the base of 1300°C
the lithosphere (z=L)
Hgp Surface heat production:
If 0=<e 2.5%107° W m™?
If =500 m=e <0 1.25%107¢ W m™3
If e<—500 m 0.625X107° W m™3
b Exponential coefficient of 15000 m
the crustal heat production
Hp Lithospheric mantle heat 0 W m™3
production
nx, ny Number of horizontal 51, 51
nodes

To determine the crustal and lithospheric man-
tle structure we assumed local isostasy, steady-
state thermal regime, and that the base of the
lithosphere is defined by the 1300°C isotherm.
Under these conditions there is a non-linear rela-
tionship between absolute elevation, surface heat
flow, crustal and lithospheric mantle thickness,
such that knowledge of two of these variables
allows us to calculate the two unknowns (see Ap-
pendix). Thereby, depending on the data available
we used elevation and surface heat flow or, alter-
natively, elevation and crustal thickness, as input
data to determine the lithospheric structure in the
whole region.

Elevation was taken from the ETOPO-5 global
dataset. In the Iberian Peninsula and its western
margin, we used seismic data to constrain the
crustal thickness, whereas in those areas with
poor seismic coverage (e.g. North Africa) and in
the oceanic domain we used surface heat flow
values. Surface heat flow was taken from the
global dataset of Pollack et al. [9], from Fernan-
dez et al. [10] for the Iberian Peninsula and its
margins, and from the global heat flow—age rela-
tionship [11] for the oceanic domain. Radiogenic
heat production is considered to decay exponen-
tially with depth and surface values vary for con-
tinental lithosphere, oceanic lithosphere, and shelf
areas with large sedimentary accumulations. Ta-
ble 1 shows the parameters used to calculate the
regional crustal and lithospheric thickness varia-
tions shown in Fig. 2. Calculations were per-
formed after filtering all the observables with a
box-car filter of 100 km wavelength to remove
local features. Therefore, these maps do not re-
flect the fine structure of the crust and mantle
lithosphere but their resolution suffices to intro-
duce relevant lateral variations of the total litho-
spheric strength and body forces. Although de-
partures from local isostasy, as reported in the
Gorringe Bank region [12], may result in misesti-
mation of the actual lithospheric structure, the
induced departures in the calculated lithospheric
strength and the gravitational potential energy are
negligible.

Crustal thicknesses of about 5 km are found in
the abyssal plains of the oceanic domain increas-
ing near the Azores Islands. A significant crustal
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Fig. 2. (Left) Calculated crustal thickness (contours every 2.5 km) and used seismic profile data (white lines). (Right) Calculated

lithospheric thickness (contours every 10 km).

thickening is observed along the Madeira Tore
Rise and the Galicia Bank. This regional trend
is in agreement with the observed Bouguer
anomalies which show relative highs between the
Mid-Atlantic ridge and the Madeira Tore Rise, in
a NNE-SSW oriented band crossing the Gloria
fault [12,13]. Towards the continental slope and
shelf, the crust thickens to values of 25-30 km at
the shoreline and maximum values occur under-
neath the Betics and Atlas, in agreement with
available seismic data [14,15]. The lithospheric
thickness reaches minimum values near the Mid-
Atlantic ridge increasing progressively towards
the Iberian margin. Short wavelength variations
of small amplitude (£ 10 km) are observed in
the Madeira Tore Rise and Galicia Bank regions.
Along the African margin, the lithosphere thins to
values of less than 70 km thickening abruptly to-
wards the African craton. This thinning, which is

bounded by chron M25 to the west and the con-
tinental slope to the east, results from considering
a surface heat flow of 60-65 mW m~2, according
to available data. The Alboran region shows large
variations in lithospheric thickness, with maxi-
mum values below the Betics and northern Atlas
and minimum values in the Alboran basin, in
agreement with previous studies [4].

The resulting crustal and lithospheric structures
allowed us to compute the lateral variations of the
total strength of the lithosphere and its vertically
averaged viscosity by considering a three layer
rheology. The upper crust is considered to have
a quartz dominated rheology and a thickness that
is 2/3 of the total crustal thickness, whereas the
lower crust is dominated by diabase composition.
The lithospheric mantle is considered to be dom-
inated by olivine rheology. Rheological parame-
ters were taken from average values from different

Table 2
Rheological parameters [18]

B 4 n 0

(kPa m™) (MPa™ s71) (kJ mol™1)
Upper crust 40 2.5%1078 3 138
Lower crust 40 3.2%x1073 3 251
Lithospheric mantle 40 1x10° 3 523
Lithospheric mantle (Dorn law) op=8.5x10° Pa, ép=5.7x10" s7!, Op =100 kJ mol™!

Strain rate £=3.171x1071® s7! (10 mm yr~! over 1000 km)
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studies (e.g. [16,17]) and used as representative by
Lynch and Morgan [18] (Table 2). Since total
lithospheric strength is highly dependent on geo-
therm, the minimum values are along the Mid-
Atlantic ridge, in the Alboran Sea basin, and
along the African continental margin. In contrast,
maximum values are along the Iberian Atlantic
margin and southwestern Spain. It is relevant to
note that no rheologically induced weak/stiff in-
clusions (e.g. [19,20]) are considered in the model.
Therefore, the choice of the rheological parame-
ters plays a secondary role since the model is sen-
sitive to variations of lithospheric strength related
to lateral changes in the crustal and lithospheric
structure.

3. Kinematic constraints

Numerical results are constrained by comparing
with different kinematic data: stress orientation,
slip vector, and seismic strain rate (Fig. 3). To
allow objective comparisons between alternative
computed models we defined three misfit param-
eters:

(1) A, as the mean error in the most-compres-
sive horizontal principal stress orientations given
by:

ndat

= —Z (X0l Oam—0)x

where Oy, 1S the stress azimuth from the World
Stress Map-97 (WSM97 [21], Fig. 3), € is the cal-
culated stress orientation, and X is a weight fac-
tor that depends on the data quality. Usually, A@
shows large values (> 30°) due to the scarcity of
stress determinations and because they are often
representative of local structures [22].

(2) Aw, as the mean absolute deviation between
the orientation of the slip vectors between the
African and the Eurasian plates calculated from
a set of 10 earthquakes ([8], Fig. 3) and those
obtained from our model. The slip velocities
from the numerical model were calculated by con-
sidering the average velocity over a 500 km wide
strip at each side of the plate boundary.

(3) Normalized strain rate correlation coeffi-

cient (SRC) between the logarithm of the seismic
strain rate (€gjsmic) and the logarithm of the max-
imum absolute value between the three principal
components of the strain rate calculated from the
model (€) as:

N
> (1og &~Tog(£)) * (1og(& cimic) 108 Excismic)
SRC= o

{(i(log &;—log(¢ ) ) (ﬁ:(log (&seismic)i— log(éscismic)y)} "

i=1 i=1

where N is the number of nodes of the grid and
the overbar designates the average value of the
function over the modelled region. SRC = 1 means
a perfect correlation between seismic strain rate
and the model results. The seismic strain rate
was calculated using the Kostrov method [23]
which gives a measure of the brittle deformation
according to:

: S ()
o= MY
£ = 2uvars Mol

where €; is the strain rate, V is the deforming
volume, 4 is the shear modulus and (Mo)} is the
seismic moment of the earthquake n-th frorn the
N total earthquakes which occurred during the
time interval Az. The seismic moment is calculated
according to Johnston [24]:

log [My (N m)] = 11.28 4 1.466 my,

where my, is the body wave magnitude. To avoid
border effects, we enlarged the study area 5° of
arc in each direction. Finally, to calculate the seis-
mic strain rate at each node of the grid, we used a
Gaussian function such that:

) 1 N 2
Eseismic = m; [Mo(N m)]n exp <_ﬁ>

where Ly =25 km, r, is the distance to the earth-
quake n-th, and Ar=27.08 yr. Parameter b is the
width of the Gaussian function. High values of b
would smooth too much the horizontal gradient
of the calculated strain rate, whereas small values
would restrict the deformation to the vicinity of
each epicenter. Several experiments have been
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performed in order to choose the most appropiate
value which resulted to be »=130 km=three
times the grid interval.

The best fitting model will be that which shows,
simultaneously, the minimum A6 and A, and the
maximum SRC.

4. Boundary conditions, plate boundary

The thin-sheet approach requires to define kine-
matic and/or dynamic boundary conditions and
the geometry and properties of the plate bound-
ary. Several authors have constrained the relative
velocity between the European and African plates,
which can be described as a rotation around an
Euler pole, either from global plate motion stud-
ies [8,25,26] or from other large-scale investiga-
tions [1,2,27,28]. We tested five different rotation
poles (Fig. 3) by comparing their model predic-
tions against kinematic data: (1) global model
NUVEL-1 [8]; (2) Argus et al. [1]; (3) global
model RM2 [26]; (4) global model P071 [25];
(5) McKenzie [27].

We assumed Eurasia as fixed and thereby the
boundary conditions are relative to this plate. The
generic boundary conditions (Fig. 3) include no
motion of the northern boundary and the eastern
boundary north of 36°N. The southern boundary
and the eastern boundary south of 36°N move
according to a particular Africa/Eurasia pole.
The ridge-push effect is accounted for by consid-
ering the lateral gradient of the potential energy
associated with lithospheric thinning inside the
modelled region (with 5 km of crustal thickness
and —2500 m of elevation). Consequently, we ap-
plied as boundary ‘force’ the potential energy dif-
ference between the lithosphere at the western
boundary and that corresponding to the oceanic
ridge.

In addition to the resulting velocities at the
boundaries of the study region, we varied the ge-
ometry of the plate boundary and its dynamic
properties. For the sake of clarity, in this paper
we include only two end-member models among
the various tested (Fig. 3). In Model Group A, we
considered the geometry of the well known plate
boundary from the Azores to the east side of the

30°'W 20°W
45°N pr—— v Yy

40°N -

35°N

30°N /._/P‘«_&v_\‘_\‘igs 'SL_ _.i'\_

25°N
* 5. (@=0.27 °Ma) Slip vector data
® 1. (o o=
20°N 1
\ ® 2. (0= 9.104 °/Ma)

|fNF SNS JTF /TS J/SS /U

Fig. 3. Most-compressive horizontal principal stress direc-
tions from WSM97 [21]. Initials indicate the predominant
tectonic regime: NF extension, NS transtension, TF com-
pression, TS transpression, SS strike-slip, and U unknown.
Length of symbols is proportional to the quality of data. Ar-
rows correspond to the calculated slip vectors by different
authors and compiled on [8]. Circles are earthquake (m, = 3)
compiled from the ISC Historical Hypocenter Catalog (1964—
1991). Geometry of the plate boundary considered in the nu-
merical models: Model A considers a single boundary be-
tween Azores and the Gorringe Bank (thick line), Model B
considers a single boundary between Azores and the Gor-
ringe Bank (thick line) and a double plate boundary at the
Gorringe-Alboran region (thin lines). Generic boundary con-
ditions and location and angular velocities of the consid-
ered rotation poles: (1) NUVEL-1 [8]; (2) Argus et al. [1];
(3) RM2 [26]; (4) PO71 [25]; (5) McKenzie [27].

Madeira Tore Rise defined from bathymetry and
seismicity data [2,3]. This is a continuous plate
boundary that only affects the oceanic domain.
In Model Group B, we considered that the plate
boundary extends further to the east until the
eastern boundary of the study region (0°E). This
model is supported by several authors who inter-
preted the Betic—Rif arc in terms of plate tectonics
with a third small plate between Africa and Iberia
[29,30].

Plate boundaries accommodate most of the
plate deformation and, hence, can be regarded
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Fig. 4. Scores obtained from Model Group A for different rotation poles and fault coefficients (¢). Best models are those with

low A6 and Aw, but high SRC.

as zones of reduced strength. In our numerical
approach, plate boundaries are simulated by re-
ducing the lithospheric strength in those nodes
that coincide with the pre-defined boundary. We
defined a fault coefficient (¢) as the ratio of the
strength of the lithosphere (calculated from its
structure and thermal regime) to the reduced
strength assigned to the plate boundary. Thus,
high values of ¢ are associated with very weak
plate boundaries, whereas ¢ =1 would correspond
to a continuum lithosphere although the relation-
ship between ¢ and strain rate is highly non-line-
ar. Since the UHURU code is based on finite
differences, the width of the modelled plate
boundary coincides roughly with the mesh inter-
val (about 0.3°).

5. Results
5.1. Model Group A

Different models were calculated by using five
alternative rotation poles proposed for the area
and by varying the fault coefficient (¢) from 1 to
10. The resulting maximum compressive stress
orientations, seismic strain rates, and slip vectors
are compared with those values deduced from ex-
perimental data (Fig. 4).

From Fig. 4, we can infer that despite the os-
cillations observed in the scores which are related
to the scarcity of data, both NUVEL-1 and Ar-
gus’ poles show similar results with a plausible
range of fault coefficient between ¢ =4 and ¢="7.

In contrast, the Euler poles given by models P071
[25] and RM2 [26] are located closer to the plate
boundary and hence, the transition from a con-
vergent to a divergent plate boundary is produced
in a narrower region resulting in a higher misfit of
A6 and Aw. The Euler pole proposed by McKen-
zie [27] is located to the west of the study region
and therefore cannot reproduce divergence along
the studied segment of the plate boundary.

Fig. 5 shows the maximum strain rates and the
orientation of the principal stresses obtained from
the numerical model, for the Argus’ pole and
g=4. Maximum deformation is concentrated
along the plate boundary. East of the Madeira
Tore Rise, the resulting strain rate is slightly low-
er and deformation spreads over a wide region
affecting the SW margin of Iberia and the north-
western margin of Morocco. On land, numerical
results show that deformation concentrates
mainly in North Africa, along the Atlas chain
and, partly, in the southern margin of the Albor-
an basin. This contrasts with the low strain rates
obtained in the Iberian Peninsula, where deforma-
tion is restricted to its southwestern domain. Near
the Azores, the major horizontal principal stress is
tensional with a NNE-SSW direction, resulting in
a transtensional tectonic regime. Along the Gloria
fault, the dominant tectonic regime is strike—slip
with a small component of compression oriented
NW-SE. To the east, the compression direction
becomes NNW-SSE and the strain rate includes a
larger component of reverse faulting. These re-
sults are in good agreement with those obtained
from focal mechanisms analyses [2,3].
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Fig. 5. Maximum absolute strain rate (log(é(s~')) and horizontal principal stress directions from Model Group A considering the
Argus et al. rotation pole [1] and a fault coefficient of ¢ =4. Initials as in Fig. 3.

5.2. Model Group B

A variety of geodynamic models have been pro-
posed to explain the origin and evolution of the
Alboran basin and the Betics and Rif chains
[29,31-33]. The lack of consensus on the kine-
matic evolution of the Alboran domain makes
us to consider three different boundary conditions
at the easternmost border of this region (between
34.5°N and 37.5°N): (a) a ‘free’ boundary (subject
only to normal lithostatic tractions); (b) an im-
posed westward velocity (2.6 mm yr—!); and (c)

an imposed velocity resulting from the rotation
pole. The first boundary condition (Model BI)
makes the displacement of the Alboran domain
to result from the viscous drag of the African
plate, and the plate boundary is located predom-
inantly in North Africa. The second boundary
condition (Model B2) tends to force both the
south Iberian and the North African margins to
act as plate boundaries, so that the Alboran do-
main behaves as an independent microplate
[29,30]. Finally, the third boundary condition
(Model B3) tends to force the Alboran domain

-

Fig. 6. (a—c) Scores obtained from Model Group B using the rotation pole of Argus [1]. The fault strength coefficient is set to
q =17 to the western segment of the plate boundary and varies from gg =1 to 3 in the easternmost segment. See text for differen-
ces between Model Groups Bl, B2 and B3. (d-f) Strain rate and velocity fields obtained from the best models in Groups Bl
(qe =2.0), B2 (¢qg =1.2), and B3 (gg =1.4). White thick arrows indicate the velocity boundary conditions imposed to each model.
Velocities (black thin arrows) less than 0.5 mm yr~! are not plotted.
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Fig. 7. Principal stress directions obtained from Model B2 with ¢=7 and ¢g = 1.2. Initials as in Fig. 3.

to move jointly with the African plate and favors
the Iberian margin as the predominant plate
boundary.

For simplicity, we show only the effects of dif-
ferent fault coefficients (¢g) to the eastern segment
of the plate boundary (east of the Gorringe Bank)
with Argus’ rotation pole provided that no signif-
icant differences are found with respect to the
NUVEL-I pole. Furthermore, in contrast to the
best models of Group A, the fault coefficient
along the western and central segments of the
plate boundary must be set to ¢=7. Fig. 6a—c
shows that the best fitting models require a fault
coefficient applied to the eastern segment re-
stricted to values between 1.2 and 2, depending
on the boundary condition.

The strain rate distributions obtained in Model
Bl and Model B2 (Fig. 6d,e) show deformation
concentrating mainly in the African plate whereas
Iberia remains almost undeformed. The deforma-
tion produced by the convergence of Africa
against Iberia is mainly accommodated by the
Alboran domain, and its weakness prevents a lot
of stress propagation across Iberia and its western

margin. Model B2 (Fig. 6e), with SRC=0.5 and
AB<23° for ¢g=1.2, best reproduces the transition
from a linear and narrow plate boundary to a
diffuse plate boundary. The resulting maximum
strain rate is concentrated along the Gloria fault,
and strain becomes more diffuse to the east, from
the Madeira Tore Rise to the Gulf of Cadiz re-
gion. Actually, deformation should affect the Ta-
gus Abyssal Plain and the southwestern part of
the Iberian Peninsula, in good agreement with
recent neotectonic analyses [6,34]. In contrast,
Model B3 (Fig. 6f) creates more strain propaga-
tion through the Eurasian plate, which results in
more deformation in the Iberian Peninsula and
also in its western margin and the oceanic do-
main. This propagation of deformation through
the Eurasian plate produces a lower strain rate
near the plate boundary, which results in a poor
correlation with the seismic strain rate.

The regional stress regime resulting from Model
B2 is shown in Fig. 7. In the eastern segment of
the plate boundary the tectonic regime is mainly
transpressive, in agreement with seismicity [2,3,35]
and seismic reflection data [34,36]. In the vicinity
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of the Gorringe Bank, the modelled stress distri-
bution shows a larger compression with thrust
tectonics. The area is a highly fractured zone
[12] which has been interpreted either as an up-
lifted lithospheric block [37] or the initiation of
subduction zone [6]. Further to the west, along
the Gloria fault, the calculated stress regime is
predominantly strike—slip with a NW orientation,
whereas NNE tension dominates in the Terceira
ridge. This regional tectonic stress field along the
Azores—Gibraltar plate boundary agrees with the
results obtained from focal mechanisms [2,3,38].

6. Discussion

The major goals of our study were to reproduce
the stress regime of the Azores—Gibraltar plate
boundary, and to analyze the transition from a
linear to a diffuse plate boundary. To this end,
we used a thin-sheet numerical approach under
the approximation that the lithosphere behaves
as a viscous fluid. The study region contains oce-
anic lithosphere with ages from a few Myr to
about 120-140 Myr, and also includes transitions
to cratonic and Hercynian continental litho-
spheres in Africa and Iberia, respectively. This
heterogeneity may imply large lateral variations
of the total lithospheric strength. We made a
rough estimate of the crustal and lithospheric
structure, using global elevation data and avail-
able surface heat flow and seismic data, under
the assumptions of local isostasy and thermal
equilibrium. These conditions are not strictly ful-
filled over the whole region and could cause local
departures from the proposed lithospheric struc-
ture. Likewise, rock deformation experiments give
a wide range of rheological parameters depending
on the rock deformed. However, to the extent
that plate tectonics are controlled by regional var-
iations of the total lithospheric strength and grav-
itational potential energy, these models may suc-
ceed despite possible systematic errors in the rock
type and geotherms assumed. According to the
chosen rheological parameters, the total litho-
spheric strength in the region 1is about
30£10x 10> N m, which is much higher than
the forces associated with variations of the grav-

itational potential energy (~2%+1x10'> N m).
Thereby, only in the case of choosing a very
soft rheology lateral variations in crustal and
lithospheric mantle thickness can play a predom-
inant role in lithospheric deformation in this re-
gion.

Our numerical results were compared with the
seismic strain rate, the maximum compressive
stress directions, and the orientation of slip vec-
tors. Unfortunately, the available data are scarce
and observations are mainly restricted to areas
with recent seismicity, which makes it difficult to
have full confidence in the relative scoring of the
models. Actually, the abrupt changes in SRC, A8
and Aw related to plate velocity and/or fault co-
efficient variations are due to the lack of more
widespread data rather than to numerical instabil-
ities, which have been properly checked. Bearing
in mind these limitations, the best fitting models,
regardless of the geometry of the plate boundary
east of the Gorringe Bank, are those using the
rotation pole of Argus et al. [1] and the global
NUVEL-1 model [8]. Rotation poles deduced
from the global models, RM2 [26] and PO071
[25], result in worse SRC and also in larger A6,
and must be discarded.

In all the models, the linear segment of the
plate boundary from the Azores to the Gorringe
Bank is characterized by an average lithospheric
strength between four and seven times lower than
that inferred from its lithospheric structure (¢ =4—
7). This fault coefficient corresponds to reduce the
frictional sliding coefficient from 0.85 to 0.13-
0.06, assuming the same ductile parameters. These
values of frictional sliding are close to the average
values of 0.03-0.05 proposed by Bird [22] for
plate boundaries in a global tectonic model. The
fact that the Azores—Gorringe boundary devel-
oped along an ancient major transcurrent fault
inherited from the Hercynian orogeny could result
in an anisotropic mantle viscosity leading to a
directional strain softening [39]. The observed
aseismicity of the Gloria fault is not reproduced
by our models, which can be attributed to either a
viscous behavior of this segment or to the short
(in geological time) seismic catalog.

Model Group B considers that the prolonga-
tion of the plate boundary towards the Gibral-
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tar—Alboran region results in a double boundary
lying along the Betic and Rif chains. In this re-
gion, the optimal fault coefficient is ¢g=1.2-1.6,
corresponding to a frictional sliding coefficient
of about 0.6-0.3. These values are considerably
higher than that obtained for the Azores—Gor-
ringe segment, which implies that the eastern
part of the plate boundary is not as much weak-
ened. Seismic data recorded at the Gorringe—Gi-
braltar segment [34] show that the area from the
southern Tagus Plain to the northern Seine Plain
is affected by low angle thrust faults and folding.
These authors show that the distribution of active
vs. inactive elements does not show a clear space—
time correlation and conclude that shortening is
accommodated over an area wider than 200 km.
The evidence that most of the transpressive defor-
mation is accommodated by a widespread fault
system, rather than by a single fault structure,
as proposed also by Morel and Meghraoui [7]
from seismicity data, favors a higher frictional
sliding coefficient (lower fault coefficient). Neotec-
tonic studies carried out in complex fault systems
associated with plate boundaries in California and
Alaska yield frictional coefficient values of about
0.17 [40,41]. These values are close to those ob-
tained in our study and are noticeably higher than
the values of 0.03-0.05 obtained for global plate
boundaries [22].

We applied different boundary conditions on
the eastern boundary of the Alboran domain to
analyze how the stress propagation between the
African and the Eurasian plates operates, and its
influence on the Azores—Gibraltar plate bound-
ary. However, the results concerning the tectonics
of the Alboran domain are very qualitative be-
cause this region is close to the limit of the study
area. In addition, we have considered neither local
structural features nor stresses produced by sub-
lithospheric processes such as sinking of a broken-
off slab or mantle delamination. Despite that,
some conclusions can be drawn. Model Groups
B1 and B2 show similar scores although the best
fits are obtained in Group B2, which enforces an
independent westward velocity of the Alboran do-
main, as proposed by several authors [29,30]. This
imposed velocity causes compression to propagate
towards the Gorringe—Gibraltar region and the

southwestern Iberian Peninsula, in good agree-
ment with observations. In Model B1, the Albor-
an domain is dragged by the African plate. The
brittle expression of this dragging would support
the idea of a half-pinned model [7], in which the
African plate and the blocks of the Gorringe-Al-
boran-Tell region are fixed resulting in a right
lateral transpression system. In contrast, Model
B3 yields unacceptable results since stresses are
propagated too far towards the interior of the
Eurasian plate.

The change from a linear to a diffuse plate
boundary is probably due to the following fac-
tors: (a) the transition from oceanic to continen-
tal lithosphere, (b) the weakness of the hot and
thin lithosphere of the Alboran domain, (c) the
predominant compressive—transpressive tectonic
regime in this region, and/or (d) a more complex
geologic history in the Alboran region, with mul-
tiple inherited planes of weakness. However, the
similarity of the scores obtained from Model
Groups A, Bl and B2 suggests that, although
the geometry of the plate boundary in the Gor-
ringe—Alboran area may play a major role in local
neotectonic studies, it has a second order effect on
the regional mode of deformation.
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Appendix
A.1. Mechanical model

The equilibrium equation for a viscous litho-
sphere is given by:

(Al.1)
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where g is the acceleration due to gravity and
0;; = 7;+1/36;01 is the total stress; ok is the
sum of the terms of the diagonal from the stress
tensor, oy =011+0nt+0o33, and §; =1 if i=j and
6; =0 if 7%%j. The deviatoric stress, T, is related to
the strain rate through the constitutive equation:
Tj=2né&; i, j=1,2,3 (A1.2)
where 7 is the effective viscosity and &; is the
strain rate tensor. Assuming that the vertical var-
iations of the horizontal velocity components are

negligible [42] the vertically averaged deviatoric
stress is:

_ 1 (F 1
T:Z/O dZ:ZFm

(A1.3)
where L is the lithospheric thickness and Fj;; is the
total lithospheric strength that results from the
depth integral of the stress envelope for a given
strain rate. The stress envelope is given by the
lesser of the brittle and ductile stresses. The fric-
tional sliding is a function of the depth (z), ac-
cording to Ty = Fz, and for ductile deforma-
tion:

e\ l/n Q
Tductile = 1 exp “RT)’ 7=<200 MPa

D €

c 1/2
Tductile = OD |:1_ <1;T In (£>> ] , T> 200 MPa

where 4, Q, n, op, Op and &p are material con-
stants and they depend of the type of the rock, R
is the gas constant, and 7T is absolute temperature.
When stresses are higher then 200 MPa according
to [43] we use the Dorn law. The effective viscos-
ity depends on the temperature and velocity and
is calculated from the depth integral of the stress
envelope.

As a result of the thin-sheet approach and con-
sidering that the fluid is incompressible, Eq. Al.1
yields:

a ou;  Ou; a oup  Oup p
0x; {77 (ax]— + ax,ﬂ + ox; [ n (8x1 + axz)} ox;

where i, j =1, 2 are the horizontal components; u;
and u, are horizontal components of the velocity
vector; and p is vertically averaged until the max-
imum depth reached by the lithosphere over the
study region to include the gravitational potential
energy variations induced by lateral variations in
crustal and lithospheric mantle thicknesses.

A.2. Elevation, surface heat flow and crustal and
lithospheric thicknesses

Under the assumption of local isostasy and
steady-state thermal regime, the elevation of a
given lithospheric column can be expressed as
[44]:

e=P Py 1 e=0

- (A2.1)

QZL<ML_HO>, e<0
Pa—Pw Pa

where L is the lithospheric thickness, py, o1, and
p. are, respectively, the densities of water, litho-
sphere and asthenosphere, and Hy=2400 m.
However:

PSS+ Pmhm
b L

where p. and s, and p,, and Ay, are, respectively,
the densities and thicknesses of the crust and the
lithospheric mantle, and therefore:

(A2.2)

s=—Fa (e—pa_pmhm+Ho), e=0 (A23)
Pa—Pc a

s=_Pa <pa_pwc—pa_pmhm+Ho>, e<0
Pa—Pc Pa Pa

which relates the crustal thickness (s) with eleva-
tion and the lithospheric mantle thickness (/).
We considered that the density of the mantle is
temperature dependent:

o

2 (Ta_Tmoho)>

Pm = pa(l + (A2.4)
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where o is the thermal expansion coefficient of the
lithospheric mantle.

Since the base of the lithosphere is assumed to
coincide with the 1300°C isotherm, L and /4, can
be calculated from:

2
—-K d—{ =H

- (A2.5)

where K is the thermal conductivity and H is the
radiogenic heat production. Considering that in
the crust H = Hgypexp(—z/b) and in the lithospher-
ic mantle H= H,,, Eq. A2.6 yields:

Te(z) =

Toup + Ki (Osup—Hiuph)z + Houph? (1 —exp (—g))] ,

Z=s (A2.6)

Qmoho
Km

(z—s) Hu (z—s)?, z>s

Tm(Z) = T'moho + _2K
m

where ¢ and m are referred to crust and mantle,
respectively, Qsp and Omono and Tgyp and Tmono
are the heat flow and temperatures at the surface
and the base of the crust. Therefore, combining
Egs. A2.3 and A2.6 we can calculate s and /Ay
knowing e and Qy,, or, alternatively, knowing e
and s we can calculate Qy,, and /iy,
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