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[1] The older geological units of the volcanic island
of Fuerteventura (Canary Islands), i.e., the so-called
basal complex and the lower part of the subaerial
volcanic rocks, show abundant structures indicative of
a long-lived period of Miocene tectonic activity. These
structures include faults, dike swarms, kilometer-scale
folds, tilted sequences, and fissural and central
volcanic edifices. A detailed structural study, based
on geological mapping and the use of fault slip
inversion techniques and statistical analysis of dike
orientation, has allowed the identification of
three separated Miocene deformation phases: M-D1,
M-D2, and M-D3. The average extension directions
determined for these phases are NW-SE, NNE-
SSW, and ENE-WSW, respectively. A model of
oceanic lithosphere rifting is proposed to account for
this deformation history. A buoyant, anomalous
sublithosphere mantle triggered the extension in the
lithosphere beneath Fuerteventura, isolating it during
the early and middle Miocene from the plate-scale
collision regime predominant in the NW corner of the
African plate. Citation: Fernández, C., R. Casillas, E. Garcı́a

Navarro, M. Gutiérrez, M. A. Camacho, and A. Ahijado (2006),

Miocene rifting of Fuerteventura (Canary Islands), Tectonics, 25,

TC6005, doi:10.1029/2005TC001941.

1. Introduction

[2] Volcanic edifices in oceanic intraplate islands have
been extensively studied during the last decades due to both
academic and economic interests. Volcanic islands mostly
lie above hot spots and their analysis is essential to test
alternative models on how the lithosphere and the sublitho-
sphere mantle contribute to the kinematics and dynamics of
plates [e.g., Foulger et al., 2005]. Active volcanoes are
highly dynamical structures with intervening episodes of
growth and structural failure [e.g., McGuire et al., 1996].
Understanding this complex evolution is the best tool for
risk mitigation and to guarantee safety of populations.
Modern research is focused in the study of the relationships

between regional and local stress fields, and geometrical,
kinematic and rheological evolution of volcanic edifices
and their substratum. Methodology includes numerical and
analogue modeling [e.g., van Wyk de Vries and Matela,
1998; Cecchi et al., 2005] and field studies [e.g., van Wyk
de Vries et al., 2001]. A considerable effort has been
recently devoted to the analysis of the role of regional
tectonics on the evolution of oceanic islands. Apart from
the cases of obvious association of oceanic volcanoes with
diverging plate boundaries (Iceland, Azores) [e.g., Searle,
1980; Bull et al., 2003], a lively debate is going on about
the origin of oceanic intraplate islands and island chains as
a result of plume- or nonplume-related magmatism (inter-
esting material on this topic can be found at http://
www.mantleplumes.org/). Unfortunately, very few works
have addressed the problem of analyzing deformation
structures in a regionally stressed shield-volcano substra-
tum. This is the main goal of this contribution, devoted to
the study of the structures associated with the growth of the
large Miocene shield volcanoes in the Fuerteventura Island
(Canary Archipelago).
[3] The Canary Islands are a volcanic archipelago located

at the eastern Atlantic Ocean, not far from the NW Africa
coast. Several hypotheses concerning the origin of the
Canary Islands have been presented. These include the
mantle plume hypothesis [Morgan, 1971; Holik et al.,
1991; Hoernle and Schmincke, 1993; Hoernle et al.,
1995; Carracedo et al., 1998], the propagating fracture
hypothesis [Anguita and Hernán, 1975], the local exten-
sional ridge [Fúster, 1975], and the uplifted tectonic blocks
[Araña and Ortiz, 1991]. Unfortunately, most of these
models have been elaborated with a scarce knowledge of
the main structural features and tectonic evolution of the
archipelago. This lack of structural information is especially
important for the lower units that, in the Fuerteventura
Island, include the uplifted oceanic crust, the rocks of the
submarine stage of growth, and the plutonic roots of the
subaerial volcanic successions. Significant advances have
been made in the last years, and an increasing number of
structural data have been gathered in the distinct islands of
the archipelago [e.g., Casillas et al., 1994; Marinoni and
Pasquarè, 1994; Fernández et al., 1997; Marinoni and
Gudmundsson, 2000; Fernández et al., 2002]. The structural
evolution of the Lanzarote Island (Figure 1, inset) has
been polyphasic, as shown by Marinoni and Pasquarè
[1994] for the posterosional evolution stage of that island.
Marinoni and Pasquarè [1994] recognized at least two
recent (<6 Ma) deformation phases that generated predom-
inantly strike-slip faults, a tectonic regime that fits the
predictions of numerical models for the northwestern Afri-
can plate [Jiménez-Munt and Negredo, 2003]. Ductile-
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brittle shear zones have been described in Fuerteventura
[Casillas et al., 1994; Fernández et al., 1997]. These
shear zones generated during an old extensional episode
(�25 Ma), contemporary with the transition from subma-
rine to subaerial growth of Fuerteventura [Gutiérrez et al.,

2006]. Polyphase brittle deformations have also been
described for the shield-building stage of Tenerife (<8 to
>3 Ma) [Marinoni and Gudmundsson, 2000] and La
Palma (<2 Ma) [Fernández et al., 2002]. However, the
structural information is scarce and irregularly distributed

Figure 1. Location of the Fuerteventura Island in the Canary Archipelago and simplified geological
map of the island. Modified from Ancochea et al. [1993]. The outlined areas correspond to the regions
mapped in detail and shown in Figures 4b and 5. Cross sections I-I0-I00 and II-II0 are also shown. S, C and
N refer to the centers of the large volcanoes described by Ancochea et al. [1993].
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across the archipelago, and much more work remains to
be done in this field. These data are fundamental to any
comprehensive model attempting to explain the origin of
the Canary Islands.
[4] New information concerning the Miocene tectonic

evolution of the Fuerteventura Island is presented in this
work. The Oligocene tectonic history of Fuerteventura,
coeval with its submarine stage of growth, has been
presented elsewhere [Gutiérrez, 2000; Gutiérrez et al.,
2006]. This work is primarily focused on the study of
the Miocene deformation stages, which coincided with the
main episodes of the subaerial volcanic evolution of the
island. Section 5 includes some ideas about the implications
of the results of this work to unravel the tectonic origin of
the archipelago, and to contribute to the understanding of
the structural evolution of some volcanic edifices in oceanic
islands associated with hot spots. Current discussion on
plumes, plates and magmatism [e.g., Foulger et al., 2005]
can also benefit from the results of this work.

2. Geological Setting

[5] Fuerteventura is located at the eastern Canary ridge
[Coello et al., 1992], defined by a NNE-SSW trending
volcanic province comprising the Fuerteventura and Lan-
zarote Islands, and their submerged prolongation at the
Conception Bank [Weigel et al., 1978; Dañobeitia, 1988]
(Figure 1). The geological history of Fuerteventura is long
and complex [Fúster et al., 1968; Stillman et al., 1975;
Fúster et al., 1980; Le Bas et al., 1986; Sagredo et al., 1989;
Coello et al., 1992; Ancochea et al., 1996; Steiner et al.,
1998; Balogh et al., 1999;Muñoz et al., 2005], and the island
lies on the Atlantic oceanic crust, Early Jurassic in age
[Banda et al., 1981; Steiner et al., 1998]. Depth to the Moho
beneath Fuerteventura is of 15–20 km [e.g., Dañobeitia and
Canales, 2000]. A layer 2–4 km thick with seismic veloc-
ities of 4.2–4.3 km s�1 characterizes the upper crust. This
layer overlies the middle crust, with a thickness of 5–6 km
and seismic velocities of 6.1–6.6 km s�1. Finally, the basal
part of the crust coincides with a 7.4 km s�1 velocity layer,
8–10 km thick, interpreted as oceanic crust intruded by
mantle-derived material [Watts, 1994]. The upper mantle
shows seismic velocities of 7.6–7.8 km s�1 above Fuerte-
ventura [Dañobeitia and Canales, 2000].
[6] For the purposes of this work, four main units can

be distinguished in the island (Figure 1). These are, from
mostly older to younger, the basal complex [Fúster et al.,
1968; Stillman et al., 1975], the subaerial volcanic group
[Gutiérrez, 2000], the Miocene subaerial volcanic com-
plexes, and the Pliocene and Quaternary sedimentary and
volcanic rocks. These units are described with detail in
this section previous to the analysis of their structural
characteristics.

2.1. Basal Complex

[7] In this work, the basal complex includes the exposures
of the Mesozoic oceanic crust, the submarine and transitional
volcanic groups, and the plutonic bodies and dike swarms
associated with these groups and with the subaerial volcanic

units. Former studies considered the subaerial volcanic
group as a part of the basal complex [e.g., Fúster et al.,
1968; Stillman et al., 1975]. However, the work of Gutiérrez
[2000] has shown the distinctive characteristics of this
subaerial group and, given its tectonic relevance, it has been
distinguished here from the basal complex.
[8] The outcropping fragment of Mesozoic oceanic crust

consists of a thick sedimentary sequence (around 1600 m)
overlying tholeiitic normal mid-ocean ridge basalts
[Robertson and Stillman, 1979a; Robertson and Bernouilli,
1982; Steiner et al., 1998]. The terrigenous and pelagic
sedimentary succession spans from the Early Jurassic to the
Late Cretaceous [Steiner et al., 1998], and it was deposited at
a deep-sea fan derived from the West African continental
margin [Fúster et al., 1968; Robertson and Stillman, 1979a;
Robertson and Bernouilli, 1982; Steiner et al., 1998].
[9] Resting unconformably on the Mesozoic oceanic

crust is the submarine volcanic group [Robertson and
Stillman, 1979b; Fúster et al., 1984a, 1984b; Le Bas et
al., 1986; Stillman, 1987, 1999; Gutiérrez, 2000; Gutiérrez
et al., 2006]. This unit is composed of primary volcanic
facies and volcanogenic facies (nomenclature after McPhie
et al. [1993]), which are characterized by the presence of
rocks with ultra-alkaline affinity and strongly alkaline rocks.
The age of the submarine volcanic group is Oligocene, and
it has been interpreted as a syntectonic unit with respect to a
NNE-SSW directed extension [Gutiérrez, 2000; Gutiérrez et
al., 2006].
[10] Onlapping the submarine volcanic group is the

transitional volcanic group. This is a lithostratigraphic unit,
late Oligocene in age, which has been interpreted as a result
of explosive plinian subaerial eruptions, lava deltas, shallow
water effusive eruptions, gravity flows, and shallow water
reefs [Gutiérrez, 2000; Gutiérrez et al., 2006]. Late during
the deposition of the transitional volcanic group started the
ESE-WNW directed extensional episode characterizing the
Neogene subaerial building of the island, whose study is
the main objective of this contribution.
[11] Plutonic and hypabyssal rocks, probably associated

with the submarine and transitional volcanic groups, form
the ultra-alkaline complex [Fúster et al., 1980; Le Bas et al.,
1986; Ahijado and Hernández-Pacheco, 1990;Muñoz et al.,
2005]. The younger of these rocks became emplaced
contemporary with displacement along brittle and ductile
extensional shear zones [Casillas et al., 1994; Fernández et
al., 1997]. These zones were active during the late Oligo-
cene, around 25 Myr ago [Le Bas et al., 1986; Cantagrel et
al., 1993; Sagredo et al., 1996; Ahijado, 1999; Balogh et
al., 1999], therefore heralding the Neogene extensional
episodes that are described in this work.
[12] A cortege of plutonic rocks (pyroxenites, gabbros

and syenites) and a dike swarm crosscut the whole of the
previously described units in the basal complex [Gastesi,
1969, Muñoz, 1969] as well as the rocks of the subaerial
volcanic group. These rocks are mostly Miocene, and they
have been interpreted as the hypabyssal roots of the suc-
cessive episodes of growth of the subaerial volcanic edifices
[Ancochea et al., 1996; Balogh et al., 1999; Muñoz et al.,
2005].

TC6005 FERNANDEZ ET AL.: RIFTING OF FUERTEVENTURA, CANARY ISLANDS

3 of 27

TC6005



2.2. Subaerial Volcanic Group

[13] The subaerial volcanic group rests unconformably on
the units forming the basal complex (Figure 1). A very
heterogeneous unit of basalts, trachybasalts, debris-
avalanche breccias and debris-flow breccias form this group,
which is intensely crosscut by the previously mentioned basic
dikes and plutons. The density of the dike swarm has
obliterated many of the original features of these rocks,
although lava flows, sometimes of pahoehoe type, and their
related autoclastic breccias are commonly observed. This
group has been originally defined by Gutiérrez [2000], who
first described its subaerial character, thus separating it from
the clearly submarine and transitional rocks of the basal
complex. The age of this group has not been determined,
but it must be comprised between the last stages of deposition
of the transitional volcanic group [23 Ma after Gutiérrez,
2000] and the oldest episodes of the Miocene subaerial
volcanic complexes (20–22 Ma according to Ancochea et
al. [1996]).
[14] The rocks forming the basal complex and the sub-

aerial volcanic group suffered a locally intense hydrother-
mal metamorphism of greenschist facies. The origin of this
metamorphism is the massive intrusion of dike swarms and
plutons related to the subaerial volcanic rocks [Fúster et al.,
1968; Stillman et al., 1975; Robertson and Stillman, 1979b;
Fúster et al., 1984a; Javoy et al., 1986;Muñoz and Sagredo,
1994; Hobson et al., 1998; Gutiérrez, 2000].

2.3. Miocene Subaerial Volcanic Complexes

[15] Three huge basaltic volcanic constructs were gener-
ated during the Miocene in Fuerteventura: the southern,
central, and northern edifices (Figure 1) [Ancochea et al.,
1996]. The growth of each edifice was punctuated by
periods of volcanic quiescence associated with erosion
and development of giant landslides [Ancochea et al.,
1996; Stillman, 1999]. The southern edifice (the SVC of
Ancochea et al. [1996]) crops out in the Jandı́a Peninsula
(Figure 1), and it was built by three successive constructive
episodes, SVC-I, SVC-II, and SVC-III. The bottom of the
series (SVC-I, 20.7–19.3 Ma [Ancochea et al., 1996]) is
mostly composed of pahoehoe basaltic lava flows, hydro-
magmatic pyroclasts and quartz-trachytic plugs and tuffs.
Locally, resting unconformably on this pahoehoe unit is a
level of polymictic breccias, of variable thickness, that is
covered by a series of ankaramite lava flows. The SVC-II
episode (17.2–15.4 Ma [Ancochea et al., 1996]), formed by
lava flows and pyroclasts of basaltic and trachybasaltic
composition, lies unconformably above the SVC-I, filling
an important paleorelief [Ancochea et al., 1996]. Finally,
ankaramite flows, olivine-pyroxene basalts and, to a lesser
extent, trachybasalt flows of the SVC-III episode (15.2–
14.2 Ma [Ancochea et al., 1996]) lie indistinctly above
SVC-I or SVC-II. On the basis of structural and topographic
criteria, Ancochea et al. [1996] proposed the existence of a
large central volcano for SVC-II and SVC-III, with its
center located offshore, to the north of the Jandı́a Penı́nsula
(Figure 1).

[16] Three constructive episodes have been distinguished
in the central volcanic complex (the CVC) according to
Ancochea et al. [1996]. The CVC-I presents a lower unit of
polymictic breccias that rest above the lava flows of the
subaerial volcanic group. These breccias probably represent
debris-avalanche deposits related to gravity slides of un-
known dimensions, and they could be correlated with those
appearing at the top of the SVC-I. In that case, the subaerial
volcanic group and the pahoehoe lavas of the basal SVC-I
could correspond to the same volcanic episode. Above the
polymictic breccias there appears a thick (>1000 m) se-
quence of basaltic, mainly ankaramitic, flows, tilted and
crosscut by abundant dikes, that will be studied with detail
in this work. Thin basaltic flows and pyroclast levels, as
well as trachyte flows, plugs and dikes, constitute the
CVC-II (22.5–20 Ma [Ancochea et al., 1996]). A poly-
mictic breccia seals the unconformity between CVC-I and
CVC-II. Thick flows of basalt and trachybasalt of the
CVC-III episode (15.6–14.5 Ma [Ancochea et al., 1996])
lie above CVC-I, CVC-II, or even above the subaerial
volcanic group. Again, a central volcanic edifice has been
deduced for the CVC (center in Figure 1), with different
centers depending on the considered constructive episode.
[17] The northern edifice (NVC) includes two construc-

tive episodes (NVC-I and NVC-II) separated by a volcanic
agglomerate unit (Ampuyenta Formation) witnessing the
collapse of the NVC-I edifice. Basalts, picritic basalts,
oceanitic basalts, trachybasalts and trachytes predominate
in NVC-I (22(?)–15.3 Ma [Ancochea et al., 1996]). Basaltic
lava flows constitute the NVC-II episode (14.3–12.8 Ma
[Ancochea et al., 1996]) that rests unconformably on the
Ampuyenta Formation. The available data suggest a central
volcanic edifice for NVC-II whose focus has been located at
the northern half of Fuerteventura (Figure 1).
[18] It cannot be excluded that a part of the exposure of

the subaerial volcanic group, especially the top of this unit
in areas densely traversed by dikes, could correspond to
rocks of the CVC-I and NVC-I episodes.

2.4. Pliocene and Quaternary Sedimentary and
Volcanic Rocks

[19] A period of quiescence followed the Miocene sub-
aerial volcanic activity, and the edifices were deeply eroded.
Small basaltic volcanoes and associated lava fields resulted
from a renewed activity during the Pliocene that has
continued up to prehistoric times. Littoral and shallow water
marine deposits, eolian and alluvial complexes and paleo-
soil deposits were generated in the Pliocene and Quaternary
[Meco and Stearns, 1981; Meco and Pomel, 1985; Zazo et
al., 2002].

3. Structural Description

[20] The extensional deformation events that started in
the late Oligocene left a structural imprint in the materials of
the basal complex, the subaerial volcanic group and the
Miocene subaerial volcanic complexes. Three types of
structures are studied in this work: dikes, folds and faults.
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[21] A dense dike swarm crops out in the western half of
Fuerteventura (Figures 2a–2c), essentially affecting the
basal complex and the subaerial volcanic group. The im-
pressive spectacle of this dike swarm has attired the atten-
tion of a large number of authors [Fúster et al., 1968; López
Ruiz, 1970; Stillman and Robertson, 1977; Stillman, 1987;
Ahijado, 1999; Ahijado et al., 2001]. The composition of
these dikes is mainly basaltic or trachybasaltic, though
trachyte and phonolite dikes are also found. The emplace-
ment of this dike swarm should have involved a large
crustal stretch [López Ruiz, 1970; Stillman and Robertson,
1977; Stillman, 1987; Ahijado et al., 2001]. Measurement of
dike orientation in this work has included data of almost
3000 dikes (see section 4). Field analysis of the observed
systematic crosscut relationships (Figures 2b and 2c) at each
measurement site allows proposing separation into three
main dike systems. We have labeled them as system 1, 2
and 3. Dikes of system 1 crosscut the basal complex, the
subaerial volcanic group, and the rocks of the lower episode
(I) of the Miocene volcanic edifices. Around an 82% of the
measured dikes correspond to system 1, and probably more
if relative volume proportions were considered (Figure 2b).
Dikes of system 2 also affect the rocks of the intermediate
episode (II) of the large Miocene volcanoes. Finally, dikes
of system 3 also crosscut the rocks of the most recent
episode (III) of the Miocene volcanic edifices. A more
detailed analysis of dikes, taking into account their kine-
matic implications, will be done in section 4. Here, only the
main features of the geometrical arrangement of dikes will
be described. The trends of the distinct dike systems are
NE-SW, E-W, and NNW-SSE for systems 1, 2, and 3,
respectively (Figure 3), with significant local variations that
will be presented and discussed in sections 3 and 4. It must
be indicated that these average trends are essentially
obtained from dike measurement in the basal complex, the
subaerial volcanic group and the lower part of the Miocene
subaerial edifices. More complex, radial patterns have been
described by Ancochea et al. [1996] for dikes of our
systems 2 and 3, based on their study of the middle and
upper sequences of the Miocene edifices. Instead, our work
is focused on the more constant trends shown by dikes in
the substratum to these large edifices.
[22] The most relevant geometric feature of system

1 dikes is the spatial arrangement of their average dip senses
(Figure 3a). Although the dikes show in general steep dip
angles (around 92% of the measured dikes exceed 70�, a
value that is similar for the three dike systems), systematic
spatial patterns with large areas of constant dip sense can be
observed for the dikes of system 1. This feature is illustrated
in Figure 3a, which show the statistical average orientation
at each site (for a location of the measurement sites, see
section 4). Of particular relevance here is the indication of
dip sense. In sites with steeply dipping dikes, sampling
hazards and measurement errors yield rather erratic average
dip direction. Therefore, to show truly representative dip
direction results, Figure 3a depicts exclusively the orienta-
tion of system 1 dikes in measurement sites with average
dips of less than 80�, which is considered as a reasonable
limit to exclude the effects of sampling and measurement

error. Predominantly east dipping system 1 dikes character-
ize the central and northern western coast of Fuerteventura.
Instead, the central and southern part of the island shows
west dipping system 1 dikes with only local deviations.
Accordingly, lines marking the change between both dip
senses can be traced that represent vertical axial surfaces of
large fans defined by downward or upward converging dikes
(Figure 3a). By contrast, no systematic spatial arrangement
of dip senses can be observed for the dikes of systems 2 and
3 (Figures 3b and 3c). The geometry of the dike density
contours will be described below.
[23] Most of the subaerial volcanic rocks and several

units of the basal complex show well-defined bedding, of
volcanic or sedimentary origin (Figures 2d, 2e, and 2f). The
bedding appears partially transposed in zones of high dike
density, although it is often possible to measure its trend and
dip. Figure 4a shows a summary of the bedding attitude
measurements in the submarine, transitional and subaerial
volcanic groups, and in the successions of the older con-
structive episodes of the northern and central volcanic
complexes. The most striking feature of this map, apart
from the predominant NE-SW trending directions, is the
presence of large-scale folds affecting the bedding surfaces.
An anticline can be observed in the northwestern part of
the island. A close-up view of this structure, which affects
the submarine, transitional and subaerial volcanic groups,
reveals that it is an open fold, slightly west vergent
(Figure 4b). The statistical axis of this fold dips 14�
toward the NNE. The dikes of system 1 are mostly normal
to the bedding. However, the axial surface of the anticline
is not strictly coincident with the surface marking the
change in dip sense of dikes (Figure 4b, cross section I-I0).
Other folds appear to the east of the anticline, including an
open syncline that coincides with the location of the
plutonic rocks associated with the Miocene volcanic com-
plexes (Figure 4b).
[24] Steep dipping bedding can be observed at the south-

ern part of the exposure of the basal complex and the
subaerial volcanic group (Figures 2d and 4a). This zone
(Las Hermosas area) is a part of the eastern limb of the
anticline described before in the central part of the island.
Detailed mapping of this zone shows a close geometrical
association between variations in the bedding dip and a
system of NE-SW trending normal faults (Figure 5). The
system 1 dikes in this zone are consistently normal to the
bedding (Figure 5, cross section II-II0, and Figure 6), and
subparallel to the main NW dipping normal faults. Assum-
ing that changes in the bedding dip are related to major
curvatures in the fault surfaces, and applying the constant
heave Chevron construction [Williams and Vann, 1987], a
basal detachment can be obtained for the Las Hermosas and
La Pared faults (Figure 5, map and cross section II-II0). The
cross section is parallel to the average slip sense on the fault
surfaces (e.g., Figure 6 and fault data in section 4). The
main faults in Las Hermosas area converge toward this
basal detachment, which shows a gentle dip to the NW. This
hypothetical basal detachment lies at a depth of around
2.5 km below the present-day surface. Other faults can be
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Figure 2. (a) View of the dike swarm that cuts the basal complex in the western coast of Fuerteventura.
(b) Dike swarm in the basal complex; dike density larger than 90%. Dikes of system 2 (WNW-ESE)
crosscut dikes of system 1 (NNE-SSW). (c) Crosscut relationship between a dike of system 3 (N-S) and a
dike of system 2 (E-W) in the Jandı́a Peninsula. (d) Subvertical bedding shown by the subaerial volcanic
rocks in the southwestern coast (Las Hermosas area). (e) Moderately dipping bedding of the submarine
volcanic rocks (central western coast of Fuerteventura). (f) Normal fault displacing dikes in the
southwestern coast (Las Hermosas area). (g) Normal faults displacing subhorizontal dikes in the west
coast, to the north of Las Hermosas area. (h) Slickenside striation (continuous line) in a fault plane
affecting the subaerial volcanic group (southwestern coast, Las Hermosas area).
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observed to the SE of Las Hermosas fault, suggesting that
the basal detachment must continue in that direction.
[25] The structural data presented in this work are sum-

marized in Figure 7. The axial traces of the bedding folds
are parallel and almost coincident with the traces of the axial
surfaces to the dike fans (Figure 7a). The traces of these
large structures are not straight and two main curvatures can
be observed. The NNE-SSW trends predominant in the
central area pass to NE-SW trends to the north. The Atlantic
Ocean covers the prolongation of these structures to the
south, but the NE-SW trends observed in Las Hermosas
area seem to indicate that a similar curvature exists in the
southern half of the island. Therefore the described struc-
tures delineate a huge sigmoid at the scale of the Fuerte-
ventura Island.
[26] Significantly, the density peaks of system 1 dike

swarm closely fit the geometry of the sigmoid structures
defined by dike and bedding orientation (Figures 7b and 7c).
The dike density map nearly coincides with that presented
by Stillman [1987] in the basal complex. Density of system
1 dikes is partly dependent on the age of their host rocks.
Generally speaking, the rocks of the Mesozoic crust show
dike densities larger than the subaerial volcanic group,
which is contemporary with these dikes (Figure 7c). How-
ever, dike densities larger than 90% have been found in
rocks ranging in age from the Mesozoic to the Miocene
(Figure 7c). On the other side, densities between 20% and
30% are also observed in the Mesozoic oceanic crust.

Therefore it must be concluded that dike density is also
structurally controlled, with elongate, NNE-SSE to NE-SW
trending areas of high dike densities bounded laterally by
low dike density bands (Figure 7c). Planimetry of the dike
density map (Figure 7b) reveals that the elongation (change
in length/initial length) in the studied area is of 0.7–1.0
(70–100%) due to dike intrusion. This large value of
elongation is heterogeneously distributed, ranging from 3
at cross section I-I0-I00, to less than 0.5 at cross section II-II0

(location of cross sections in Figure 1). The extension
within cross section I-I0-I00 yields a net crustal lengthening
of 8 km. Dike densities in the Jandı́a Peninsula have not
been represented in Figure 7 because they are noticeably
lower than in the north, rarely exceeding 10%.

4. Kinematic Analysis of Faults and Dikes

[27] A detailed analysis of the structures indicative of
brittle deformation has been performed in Fuerteventura to
obtain a better understanding of the Miocene tectonic
evolution of this island. This study includes inversion of
fault slip data and statistical analysis of dike orientation.
The data have been obtained in the field, in different
measurement sites covering the exposures of the basal
complex and Miocene rocks (Figure 8). The rocks of the
constructive episodes II and III of the three distinct Miocene
volcanic complexes are virtually devoid of faults with
reliable kinematic indicators. Accordingly, the sites of fault

Figure 3. Average orientation (trend and dip direction) of dikes traversing the basal complex, the
subaerial volcanic group and the basal episodes of the Miocene volcanic complexes. Only sites with
average dips lower than 80� are represented. (a) Dikes of system 1. The traces of the surface with
downward converging or upward converging dikes are shown. (b) Dikes of system 2. (c) Dikes of
system 3. See text for further explanation.
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Figure 5. Detailed geological map of the Las Hermosas area (for a location, see Figure 1). Cross section
II-II0 shows the reconstruction of the fault geometry at depth. The stereograms include data from bedding
(So) and dike orientations. Note the statistically normal arrangement of both types of structures and the
distinct tilting angle distinguishable at each block.
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slip measurement are concentrated in the rocks of the basal
complex, the subaerial volcanic group and the episode I of the
Miocene volcanic complexes. Most of the dike measurement
sites are also located in these same rock units, and therefore
the discussion of the dike results will also consider the data of
the younger episodes (II and III) of the Miocene volcanism
given by other authors [e.g., Ancochea et al., 1996].

4.1. Methodology

[28] Fault slip data have been observed in 55 sites
(Figure 8a and Table 1) adding together 1780 measured
faults. Typically, each data consists of trend, dip and dip
sense of the fault surface, pitch of the slickenside striation
(Figure 2h), and sense of displacement along the fault. The
kinematic analysis of the distinct fault systems has followed
the method of Marret and Allmendinger [1990]. This is a
graphical technique that allows estimating the orientation of
the P (infinitesimal principal shortening) and T (infinitesimal
principal extension) axes of the incremental deformation
tensor for each fault. Once determined the P and T axes for
the totality of faults of a given system, the tensor summation
for this system is achieved by computing the orientation
tensor of these kinematic axes (for a definition of the
orientation tensor, see Scheidegger [1965] and Mardia
[1972]). The eigenvectors of the orientation tensor give the
orientation of the P and T axes for the entire fault system at
each site.
[29] The study of dike orientation includes 2996 measure-

ments of trend, dip and dip sense of dikes determined in

96 sites (Figure 8b and Table 2). Assuming that dikes were
generated as fractures of mode I [Lawn and Wilshaw, 1975;
Pollard and Segall, 1987], the maximum extension direction
must lie normal to their boundaries [Walker, 1987;Marinoni,
2001]. As explained before, three dike systems have been
distinguished according to the relative crosscutting relation-
ships among them (Figures 2b and 2c). Again, the orienta-
tion tensor has been calculated for each system and site. The
eigenvector associated with the largest eigenvalue of this
matrix gives the orientation of the principal extension
direction.
[30] Finally, maps of trajectories of maximum extension

have been traced from the results of the statistical analysis
fault and dike data at each site. Tracing of trajectories has
used the algorithm of Lee and Angelier [1994], which takes
into account variations in parameters like data dispersion and
local gridding effects.

4.2. Results

[31] The results obtained in the studied area are presented
in Tables 1 and 2 and in Figures 9, 10, and 11. Stereograms
of faults and dikes and determination of principal deforma-
tion axes for selected sites are shown in Figures 9a (left) and
10a. The entire set of stereograms is available in the
auxiliary material1.

Figure 6. Detailed geometry of the system 1 normal faults displacing subhorizontal dikes in the western
coast of Las Hermosas area, near the point II of cross section II-II0 (see Figure 5 for location).

1Auxiliary materials are available in the HTML. doi:10.1029/
2005TC001941.
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[32] The fault sample obtained at each site has been
separated into different systems according to field observa-
tions like crosscut relationships and relative age criteria.
This technique is probably the most reliable to discriminate
among the distinct faulting episodes affecting a given rock
volume [Homberg et al., 2004]. In some cases, these
discriminating field criteria are not available, and the fault
separation has been done by comparison with the results
obtained from the study of dikes in the same site or from
fault crosscutting in nearby measurement sites. Three fault
systems (1, 2, and 3, from older to younger) have been
distinguished at the scale of the studied area. System 1
faults are the most abundant, constituting almost a 60% of
the measured faults. Systems 2 and 3 represent the 13% and
27% of the measured faults, respectively. All the measured
faults are normal (Figures 2f and 2g and Table 1), albeit a
strike-slip component is commonly present (Figure 9a).
Accordingly, the principal extension axis (T) is subhorizon-
tal in all cases, while P is subvertical (Table 1). The three
fault systems distinguished in this work correspond to
three distinct tectonic episodes with contrasted orientations
of their kinematic axes. The T axes trajectories are NW-
SE oriented for fault system 1 (Figures 9b and 11a),
although they rotate toward NNW-SSE trends in the

Jandı́a Peninsula. The horizontal extension trajectories
for fault system 2 are NNE-SSW oriented, at a high
angle, though not normal, to the extension trajectories of
fault system 1 (Figures 9b and 11a). Fault system 3 shows
E-W extension trajectories. However, NE-SW trends are
also common in the northern and southern parts of the
island. The trends of the faults of the three systems are
statistically normal to those of their corresponding hori-
zontal extension trajectories (Figures 9 and 11a).
[33] The three distinct dike systems (1, 2, and 3, form

older to younger) coincide in age and kinematics with the
systems defined in the fault study. Also the maps of the
horizontal extension trajectories obtained from the dike
study (Figure 11b) are very similar to those of faults. Dikes
of system 1 are the most abundant. They probably represent
more than 90% in volume of the dike swarm, and around
82% of the total number of measured dikes (Table 2).
Systems 2 and 3 include the 8% and 10% of the measured
dikes, respectively. The dikes in Fuerteventura are mostly
subvertical (Figure 10a), although some significant devia-
tions to this rule are important to define the large-scale
structure in the basal complex, as explained before. Apart
from this, the pole to the average dike boundary, coinciding
with the principal extension axis, is subhorizontal in most

Figure 8. Location of (a) fault, and (b) dike measurement sites. Numbers refer to the sites listed in
Tables 1 and 2.
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cases (Table 2). As stated in the structural description, the
azimuths of the distinct dike systems are very different
(Figures 2b and 2c), therefore suggesting a succession of
tectonic stages with contrasted kinematic patterns. Dikes of
system 1 bear consistently a NE-SW to NNE-SSW average
trend. Contemporary and late to these dikes is the intrusion
of banded plutons with alternating bands of pyroxenite and
gabbro (Pajara pluton [Muñoz et al., 1997; Hobson et al.,
1998]). These alternating bands are NNE-SSW oriented,
which coincides with the average trend of system 1 dikes.
The map of horizontal extension trajectories for these dikes
and plutons shows quite parallel NW-SE trends (Figures 10b
and 11b). As in the case of the fault analysis, a change
toward a NNW-SSE extension direction can be observed in
the Jandı́a Peninsula. The dikes of system 1 do not affect the
episodes II and III of the Miocene volcanic complexes, and
are the main responsible for the high dike densities affecting
large zones of the basal complex and the subaerial volcanic
group (Figures 2a, 2b, 7b, and 7c). The trend of the dikes of
system 2 is E-W, with slight variations from NW-SE to
NE-SW (Figure 10a). Accordingly, the horizontal exten-
sion trajectories are NNE-SSW oriented, although N-S and
NNW-SSE trends are observed in the southern part of the
island (Figures 10b and 11b). The dikes of system 3 show
more variable trends, which rotate from NNW-SSE to
NNE-SSW, although even larger variations can be ob-
served in the Jandı́a Peninsula (Figure 10). Therefore the
horizontal extension trajectories obtained for dike system 3
are less constant in strike than for systems 1 and 2
(Figures 10b and 11b). Apart from this variability, an
average ENE-WSW trend predominates for system 3.

5. Discussion

[34] The structural data presented in this work are indic-
ative of an extensional tectonic activity affecting Fuerte-
ventura from the end of the Oligocene (25 Ma) to, at least,
the middle Miocene (�12 Ma), which is the age of the

Table 1. Results of the Fault Slip Inversion Data Obtained From

the Method of Marret and Allmendinger [1990]a

Site FS Unit Nt

P and T Axes
(Dip/Strike)

P T

1 1 SaVG 54 79/322 10/128
3 SaVG 18 86/237 4/51

2 1 SaVG 31 79/337 6/98
2 SaVG 7 82/141 5/14

3 1 UC 44 67/292 21/132
4 2 UC 15 71/323 13/190
5 1 SaVG 4 77/218 4/111

2 SaVG 12 80/358 8/212
6 1 UC 38 77/345 6/104
7 1 UC 19 84/242 3/127

3 UC 5 70/312 6/59
8 3 UC 43 60/330 5/232
9 1 UC 15 74/140 16/318
10 1 UC 13 69/341 19/138

3 UC 21 75/170 3/70
11 1 MS 34 80/148 10/309
12 3 SmVG 26 79/300 10/95
13 1 SmVG 34 87/94 2/309
14 3 SmVG 9 86/304 4/90
15 1 SmVG 33 83/223 2/115
16 1 SaVG 6 53/59 21/298
17 1 SaVG 23 77/252 11/110

2 SaVG 17 73/252 8/12
18 1 SaVG 48 67/206 5/104
19 1 SaVG 44 83/258 4/132
20 1 SmVG 19 68/192 12/314

3 SmVG 19 62/206 10/98
21 3 MS 10 76/131 12/284
22 1 MS 26 86/42 1/295

2 MS 23 76/28 12/181
23 1 MS 15 69/337 14/107

2 MS 15 79/351 10/193
24 1 SmVG 16 83/281 7/105
25 2 PS 28 79/147 5/34
26 1 PS 35 87/88 3/290
27 1 PS 8 79/147 11/309

3 PS 6 20/350 18/87
28 1 PS 7 65/199 8/307
29 2 PS 7 84/172 6/349

3 PS 33 69/245 17/99
30 2 MS 3 57/208 27/350

3 MS 41 78/101 11/292
31 1 MS 7 65/248 19/112

2 MS 3 44/328 20/217
32 3 SaVG 55 71/105 19/278
33 2 SaVG 26 76/7 14/198

3 SaVG 7 53/3 4/267
34 1 SaVG 23 73/53 4/314

2 SaVG 12 7/138 2/48
35 1 SaVG 7 81/132 9/315
36 1 SaVG 26 66/122 23/309
37 1 SaVG 51 77/274 11/129
38 3 SaVG 42 72/197 5/93
39 3 SaVG 21 62/170 13/285
40 1 SaVG 25 74/172 11/303

2 SaVG 7 24/65 4/333
41 1 SaVG 19 76/7 4/113

2 SaVG 22 83/308 4/178
42 3 UC 52 76/298 11/81
43 3 UC 15 80/67 9/270
44 1 MVS 98 81/256 5/135
45 3 MVS 25 81/31 3/282
46 1 MVS 15 80/320 10/131
47 1 MVS 34 86/277 4/130
48 1 MVS 29 77/102 10/321

Table 1. (continued)

Site FS Unit Nt

P and T Axes
(Dip/Strike)

P T

2 MVS 10 78/104 2/205
49 2 MVS 12 76/156 13/353
50 1 MVS 23 81/83 6/309

3 MVS 25 78/227 12/56
51 1 MVS 44 85/188 5/348

3 MVS 17 73/238 10/112
52 1 MVS 24 77/87 2/349
53 1 SaVG 42 74/162 13/310
54 2 MVS 13 76/111 1/203
55 1 MVS 23 70/214 16/357

aDefinitions are FS, fault system; MS, Mesozoic sediments; SmVG,
Submarine and transitional volcanic groups; UC, Ultra-alkaline complex;
SaVG, Subaerial volcanic group; PS, Miocene plutonic rocks; MVS,
Miocene volcanic rocks (episodes SVC-I, CVC-I, and NVC-I); Nt, total
number of faults measured and separated in subsets. P and T are kinematic
shortening and extension axes.
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Table 2. Fisher Statistical Results of the Dikes Polesa

Site DS Unit Nt t3 (Dip/Strike)

1 1 UC 11 23/308
2 3 12/22

2 1 UC 5 16/288
2 2 6/16

3 2 UC 10 13/353
3 3 15/286

4 1 MVS 9 3/321
3 10 9/63

5 1 UC 27 2/317
3 2 1/259

6 1 MVS 21 10/316
2 1 0/194

7 1 MVS 22 10/329
3 1 0/254

8 1 UC 16 4/104
2 2 8/157
3 3 28/243

9 1 MS 8 33/322
3 10 8/109

10 1 SmVG 9 63/352
2 8 61/282

11 1 SaVG 44 16/289
2 2 12/212
3 35 35/137

12 1 SaVG 8 22/119
13 2 SaVG 6 25/200

3 38 12/112
14 1 SaVG 18 4/298

2 3 19/55
3 30 34/122

15 1 SmVG 40 80/106
16 1 SmVG 43 7/299
17 1 SaVG 40 5/96
18 1 SaVG 32 0/100

2 4 8/194
19 1 SaVG 42 5/93

2 2 24/163
20 1 SaVG 47 7/300

2 3 7/191
21 1 SaVG 48 3/302

2 2 44/193
22 1 SaVG 49 12/107

3 2 7/62
23 1 SaVG 8 7/129

3 8 22/247
24 1 SaVG 29 12/121

2 2 32/4
25 1 SaVG 28 11/313

2 1 24/29
3 3 2/72

26 1 MVS 6 9/125
2 1 29/180

27 1 SaVG 38 16/304
3 4 18/82

28 1 SaVG 42 12/306
3 8 2/264

29 1 SaVG 45 4/114
30 1 SaVG 47 14/117

3 3 15/233
31 1 SaVG 48 11/110

3 2 22/256
32 1 24 14/120

3 5 22/245
33 1 SmVG 49 3/115

2 1 0/170
3 2 0/235

34 1 SmVG 37 3/298
35 1 SmVG 49 2/115

2 1 11/33

Table 2. (continued)

Site DS Unit Nt t3 (Dip/Strike)

36 1 SmVG 45 14/291
2 3 39/18

37 1 SmVG 49 7/109
38 1 SmVG 48 4/292

2 2 24/14
39 1 SmVG 47 21/296

2 2 1/195
3 2 23/57

40 1 MS 46 3/109
2 2 34/36

41 1 MS 66 15/281
2 1 7/348

42 1 MS 120 10/107
43 1 SmVG 45 4/116

2 5 18/183
44 1 SmVG 48 10/120

2 1 9/170
3 1 14/60

45 1 MS 13 10/110
2 3 6/346

46 1 MS 23 6/300
3 11 18/249

47 1 PS 50 4/129
48 1 PS 21 4/293

2 14 7/160
3 14 6/242

49 1 PS 35 1/105
2 3 17/154

50 1 PS 12 2/106
2 8 5/345
3 5 2/64

51 1 SaVG 36 1/128
2 5 7/352
3 9 16/242

52 1 SaVG 18 8/120
2 10 1/158

53 1 PS 17 3/112
2 1 1/154
3 7 1/254

54 1 PS 32 10/138
55 2 UC 4 18/340
56 1 SaVG 20 3/317

3 3 12/111
57 1 SaVG 30 6/131
58 1 SaVG 50 17/130
59 1 SaVG 28 6/123
60 1 SaVG 17 22/325
61 1 SaVG 33 20/128
62 1 SaVG 19 32/134

3 4 33/89
63 1 SaVG 27 12/136
64 1 SaVG 26 2/154

3 1 3/99
65 1 SaVG 20 4/125

3 15 11/217
66 1 MVS 1 20/320

3 3 12/244
67 1 MVS 24 2/98
68 3 MVS 2 7/218
69 1 UC 20 16/117
70 1 SaVG 16 11/132
71 1 SaVG 12 14/112
72 1 SaVG 4 14/152
73 1 SaVG 9 19/133
74 1 SaVG 28 40/141
75 1 MVS 4 40/137
76 1 MVS 36 17/149
77 1 MVS 2 22/141
78 1 MVS 16 22/150
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youngest constructive episodes and dikes of the Miocene
volcanic complexes. This tectonic activity followed the
previous Oligocene extensional event that was followed
by a contractional episode during the late Oligocene
[Gutiérrez et al., 2006]. The distinct structures generated
during the Miocene events (folds, faults, dikes, plutons,
volcanic edifices) show a remarkable geometrical and
kinematic coherence. Accordingly, the three defined fault
systems can be correlated with the corresponding dike
systems, taking into account not only kinematic consider-
ations, but also relative age relationships. Therefore three
deformation phases are proposed here, and defined as
M-D1, M-D2, and M-D3, to distinguish them from the
Oligocene deformation phases (O-D).

5.1. Phase M-D1

[35] Dikes and faults of system 1 (Figures 3a, 4b, 5, 6, 9,
10, and 11), as well as the large-scale folds of the bedding
surfaces (Figure 4) and most of the mapped NE-SW trend-
ing faults (Figure 5), affect the same rock units and are
assigned to the M-D1 phase. Dike and fault analysis

indicates that an extensional tectonic regime prevailed
during M-D1. The kinematic indicators show a NW-SE to
WNW-ESE extension direction (Figures 7a, 9, 10, and 11).
A large-scale folding of the crust was developed in this
stage, with a sigmoid pattern in plan view (Figure 7a). Most
of dikes were intruded during M-D1, with the areas of
higher dike density almost matching the fold culminations
or the highly fractured areas (Figures 7b and 7c). The
brittle-ductile shear zones described by Fernández et al.
[1997] affecting the ultra-alkaline complexes show kine-
matic characteristics identical to those of M-D1, and it is
proposed here that these shear zones represent the early
stages of extension associated with the M-D1 phase. There-
fore the inception of the M-D1 structures can be extended
back to 25 Ma (Figure 12). Faults of system 1 affect part of
the Miocene plutonic rocks that have been dated at around
20 Ma [Sagredo et al., 1996; Muñoz et al., 1997; Balogh et
al., 1999]. Similarly, Feraud [1981] and Feraud et al.
[1985] have dated dikes of system 1, which yielded ages
ranging from 20.3 to 19.9 Ma. Therefore it is proposed that
the M-D1 phase lasted from 25 Ma to around 20 Ma. The
Mesozoic oceanic crust, the submarine volcanic group,
and the older rocks of the ultra-alkaline complexes and of
the transitional volcanic group are pretectonic rocks
(Figure 12). Instead, the younger rocks of the ultra-alkaline
complexes and of the transitional volcanic group, the sub-
aerial volcanic group, a part of the Miocene plutonic rocks,
most of the basic dike swarm and the early episodes of the
Miocene volcanic complexes are syntectonic with M-D1

(Figure 12). Ancochea et al. [1996] identified several
deformation phases according with the distinct unconform-
ities separating the episodes of the Miocene volcanic com-
plexes. The M-D1 phase approximately coincides with phase
F1 of Ancochea et al. [1996].
[36] With respect to the tectonic interpretation of M-D1,

there are several possible explanations of the observed
structures. A contractional event could be proposed for
the large-scale folding. However, the geometrical associa-
tion between folds and tilted bedding, dikes and normal
faults seems to discard that possibility. Emplacement of
magma at depth can induce doming at surface [e.g., Jackson
and Pollard, 1990] and it can also explain the intrusion of
the dike swarm. However, bedding plane reverse faults,
and normal and reverse faults at high angle to bedding are
predicted to develop at the overburden [Jackson and
Pollard, 1990]. Furthermore, the geometry of the exposed
plutonic rocks in the basal complex (Figures 1 and 4) does
not correlate with the shape and location of the large-scale
anticline (Figure 4). In particular, most of the mapped
plutons coincide with the axial trace of large-scale syn-
clines. Therefore the available geological data dismiss the
interpretation of the M-D1 structures in terms of intrusion-
controlled doming. However, this mechanism could have
played an active role in the generation of some local
structures, like the southern periclinal closure of the
syncline mapped in Figure 4b. Concentric flexural folds
and thrusts are structures normally developed at the ductile
substratum of large volcanoes as a consequence of grav-
itational spreading [Merle and Borgia, 1996; van Wyk de

Table 2. (continued)

Site DS Unit Nt t3 (Dip/Strike)

79 1 MVS 2 22/138
80 1 MVS 7 22/151
81 1 MVS 4 24/147
82 1 MVS 38 1/328
83 1 MVS 4 6/138
84 1 MVS 10 7/94

2 4 5/334
85 1 MVS 12 1/143
86 1 MVS 4 11/165

2 23 12/134
3 3 2/33

87 1 MVS 13 12/115
2 12 8/152

88 1 MVS 78 18/137
3 2 6/42

89 1 MVS 5 19/21
2 11 6/1
3 17 4/277

90 1 MVS 17 20/135
91 2 MVS 5 23/31

3 1 20/85
92 1 MVS 1 6/300

2 5 12/41
93 2 MVS 36 9/4

3 12 3/274
94 1 MVS 3 6/222

2 15 9/4
3 10 1/112

95 1 MVS 7 14/112
2 5 20/29
3 21 18/347

96 1 MVS 38 1/317

aDefinitions are DS, dike system; MS, Mesozoic sediments; SmVG,
Submarine and transitional volcanic groups; UC, ultra-alkaline complex;
SaVG, Subaerial volcanic group; PS, Miocene plutonic rocks; MVS,
Miocene volcanic rocks (episodes SVC-I, CVC-I, and NVC-I); Nt, total
number of dikes measured and separated in subsets; t3, eigenvector
associated with the least eigenvalue of the orientation matrix [Scheidegger,
1965], which coincides with the extension direction.
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Vries et al., 2001; Oehler et al., 2005]. This interpretation
faces several problems. First, compressive structures do
not normally appear at the base of the volcano, but they
are generally located about 20 km from its base [Oehler et

al., 2005]. Comparison of our Figures 1 and 4a indicates
that the folds are located less than 10 km from the center
of the central edifice of Fuerteventura, at a location where
numerical models predict subvertical maximum compres-

Figure 9. (a) Selected examples of fault measurement sites representing (left/top) great circles of fault
planes and slickenside striations; all the faults are normal (black dots) with variable component of strike-
slip displacement and (right/bottom) results of the PT method of Marret and Allmendinger [1990]. Open
circles and solid squares mark the location of the maximum shortening (P) and maximum extension (T)
axes for each fault, respectively; the white and gray quadrants represent the regions of the projection with
predominance of P and T axes, respectively; the large circles labeled P and T show the location of the
average deformation axes for each site and fault system. Numbers refer to the chosen measurement sites
located in Figure 8. (b) Spatial distribution of azimuths of the T (maximum extension) axes for fault
systems 1, 2, and 3.
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sive stress [van Wyk de Vries and Matela, 1998]. Second,
the folds described here are associated with normal faults
and axial plane parallel dikes, and not with thrusts and
strike-slip faults, as is common in extruded substrata to
volcanoes [van Wyk de Vries et al., 2001]. Third, the basal
complex is mostly composed of lava flows, basic dikes
and plutons, ultramafic intrusives and stiff sedimentary

rocks. The volcano should have caused a very small defor-
mation field on such a high-viscosity substratum [van Wyk de
Vries and Matela, 1998], probably not enough to generate
the observed structures. Last, the M-D1 phase was contem-
porary with the early episodes of the Miocene volcanic
complexes, dominated by fissural eruptions. Volcano was
probably less than 1000 m high, which again implies small

Figure 10. (a) Selected examples of dike measurement sites. The stereograms show cyclographic
projections of the measured dikes at each site. Dike separation into systems has been performed by field
crosscut relationships. Density contours of the poles to the dikes are also shown. Density diagrams after
the Kamb [1959] method with the number of expected values under uniform distribution equal to 5 times
the standard deviation. Numbers refer to the chosen measurement sites located in Figure 8. (b) Spatial
distribution of azimuths of the T (maximum extension) axes for dike systems 1, 2, and 3.
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deformation of its substratum. The final hypothesis consid-
ered here for M-D1 is that of a regional extensional tectonics,
modulated by the intrusion of plutons and dikes and by the
increasing load of the subaerial volcanic edifices. The
structural data presented in this work highly support this
hypothesis. However, the precise geometry of the exten-
sional megastructure is debatable, although a possible
interpretation is given below.
[37] The geometrical relationships between folds and

faults in Las Hermosas area point to the activity during
M-D1 of a linked extensional fault system with a basal

detachment slightly dipping to the WNW or NW (cross
section II-II0, Figure 5). According to this interpretation, the
faults show listric geometry in cross section and the
arrangement of the fault system implies an asymmetric
WNW to NW directed extension of the crust. Following
the same logic, the geometrical analysis of cross section I-I0

(Figure 4b) suggests that the large-scale folds could be
associated with a hypothetical basal detachment, that must
lie at greater depths in the center of the Fuerteventura
Island than in Las Hermosas zone. Cross section I-I0 has
been continued until point I00 (Figure 13a; for location, see
Figure 1) to obtain more information about the possible
location of the hypothetical basal detachment in the center
of the island. Cross section I-I0-I00 is based on the surface
data and cross section of Figure 4b. The prediction of the
geometry of the putative detachment at depth has been
obtained by the use of conventional balanced cross section
construction techniques and depth to detachment calcula-
tions [e.g., Gibbs, 1983; Williams and Vann, 1987].
Alternation of anticlines and synclines along the cross
section has been interpreted as successive rollovers and
ramp synclines formed above a complex ramp/flat listric
detachment [McClay and Scott, 1991] (compare Figures 13a
and 13b). The geometry of the subaerial volcanic group is
very similar to the theoretical architecture of the synrift
sediments in the analogue modeling, while most of the basal
complex can be considered as prerift unit (Figure 13a). Also
the lower part of the Miocene volcanic complexes can be
considered as synrift materials. The converging pattern of
system 1 dikes in Fuerteventura (Figure 3a) can be inter-
preted as a result of emplacement along the fracture system
defining the central collapse graben that shows a fan-shaped
geometry (Figure 13b). Alternatively, the dikes could have
been tilted with respect to the graben axis to become almost
parallel to the fan-shaped fault system, like that observed in
the Solea graben of Troodos ophiolite [Allerton and Vine,
1987]. The association of large folds, dike swarm and normal
faults is therefore an essential characteristic of this model.
Interestingly, the Miocene plutonic rocks in the cross section
I-I0-I00 are located above one of the hypothetical detachment
ramps. Moreover, the center of the northern volcanic edifice
lies above these plutonic roots (Figure 13a), suggesting a
tectonic control on volcanic activity. The breakaway of the
basal detachment should be located beneath the lava flows of
the upper episodes of the Miocene volcanic complexes (near
point I00 in Figure 13a), and it continues to the east of Las
Hermosas area, as explained before. The probable trace of the
hypothetical breakaway approximately follows the eastern
boundary of the central depression of Fuerteventura, a
conspicuous morphological feature of the island, although
rocks of the episodes II and III of the Miocene volcanic
edifices cover the breakaway trace.
[38] The present-day depth to the proposed basal detach-

ment beneath the anticline is of around 5 km. This value,
obtained from the techniques used to draw and evaluate
cross section I-I0-I00, probably increases to �6 km below the
Atlantic Ocean (left tip of that cross section). Around 2 to
3 km are deduced for the zone to the east of point I0,
therefore coinciding with the value in Las Hermosas area

Figure 11. Maps of trajectories of the maximum hor-
izontal extension axis. Results are shown for (a) faults and
(b) dikes and are separated according to the distinguished
systems (deformation phases M-D1, M-D2, and M-D3).
Trajectories obtained from the results of Tables 1 and 2 and
using the interpolation program of Lee and Angelier [1994].
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(Figure 5). This is probably due to the vicinity of this zone
to the breakaway fault. Figure 14a shows an idealized block
diagram depicting the proposed tectonovolcanic activity
during the M-D1 phase. Cross sections I-I0-I00 and II-II0 are
shown in the right frontal walls of the block diagram. The
thickness of the oceanic crust agrees with the crustal models
obtained from seismic profiles [Banda et al., 1981; Watts,
1994;Dañobeitia and Canales, 2000]. The lower crust in the
block diagrams also include a layer with high P wave
velocities (7.4 km s�1) found at 14–15 km beneath the
surface in Fuerteventura and Lanzarote, and interpreted as
due to underplated mafic rocks [Dañobeitia and Canales,
2000]. The subaerial volcanic group (and probably the
lower units of episode I in the central and southern
volcanic complexes) is considered as a synrift unit. The
system 1 dike swarm acted as a feeder structure of these
volcanic units, and therefore the emission model proposed
for these successions consists in an elongate ridge with
fissural volcanic activity (Figure 14a). In this sense, the
results of this work coincide with the interpretation of Fúster

[1975] and Stillman et al. [1975], at least for the early stages
of the subaerial volcanic history of Fuerteventura.
[39] The model of extension favored in this work is

asymmetric (Figure 14). The exposed basal complex and
subaerial volcanic rocks affected by M-D1 show predomi-
nant east dipping bedding (Figure 4a), and the main mapped
faults dip to the west (Figures 5 and 7a). This large-scale
architecture recalls that of an asymmetric normal-faulting
province (Figure 14). Other arguments are the presence of
the central depression to the east of the basal complex
exposure, and the distinct geological characteristics of the
east and west coasts of Fuerteventura (Figure 1), including
the contrasted bathymetry offshore both coasts of the island
[e.g., Acosta et al., 2003]. Finally, the giant landslides that
partially destroyed the Miocene subaerial shield volcanoes
show consistent dips to the west or WNW (Figure 13a), a
fact already described by many authors [e.g., Ancochea et
al., 1996; Stillman, 1999; Acosta et al., 2003]. Recent
analogue models suggest that volcano spreading becomes
concentrated on downslope sectors even with small (<1�)
substrata tilt [Wooller et al., 2004]. Therefore the polarity of

Figure 12. Chronological diagram representing the age of the main units of the basal complex,
subaerial volcanic group, and Miocene volcanic complexes of the Fuerteventura Islands (references in the
main text). The relative age of the deformation phases distinguished in this work (M-D1, M-D2, and
M-D3) is shown for comparison. Age determinations are from Feraud [1981], Feraud et al. [1985], Le
Bas et al. [1986], Ibarrola et al. [1989], Cantagrel et al. [1993], Ahijado [1999], Balogh et al. [1999],
Gutiérrez [2000], and Muñoz et al. [2005] for the basal complex, the dike swarm and the subaerial
volcanic group and Coello et al. [1992], Balcells et al. [1994], and Ancochea et al. [1996] for the
Miocene volcanic complexes.
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the giant landslides in Fuerteventura can be a consequence
of a basement regionally tilted to the west or WNW, which
is easy to explain with an asymmetric mode of extension.
The absence of accurate geological and geophysical data
offshore the west coast of Fuerteventura, does not allow a
complete confirmation of the proposed model. Reactivation

of the old structures imprinted in the oceanic crust since its
birth in the Atlantic ridge, and the influence of younger
structures such as the proposed Oligocene detachment
[Gutiérrez et al., 2006] have not been evaluated in this
work, although these structural inheritances cannot be dis-

Figure 13. (a) I-I0-I00 cross section (see Figure 1 for location) with interpretation of the geometry and
location of a stepped basal detachment. Shape of the large Miocene landslides affecting the volcanic
edifice according to Stillman [1999]; the rectangle marks the area comparable with the analogue model
(Figure 13b). (b) Analogue model of extension above a ramp/flat basal listric detachment (modified after
McClay and Scott [1991]).
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Figure 14. Idealized block diagrams showing the geometry of the structures resulting from the Miocene
deformation in the Fuerteventura Island. (a) Reconstruction during the M-D1 phase depicting the
displacement along a basal extensional detachment, the upward arching of the crust and the fissural
volcanism generating the subaerial volcanic group. (b) Reconstruction during the M-D3 phase
representing the northern and central Miocene volcanic edifices (approximate size and geometry after
Ancochea et al. [1993]). The three seismic layers identified in Fuerteventura by Dañobeitia and Canales
[2000] correspond broadly to the Miocene volcanic edifices (upper crust), the submarine and transitional
volcanic groups (middle crust), and the Mesozoic oceanic crust variably intruded by mantle magmas
(lower crust). However, exact coincidence cannot be expected, due to the complex three-dimensional
architecture of the crust in Fuerteventura. Thinning of the crust toward north is also observed in the
seismic profile studied by Dañobeitia and Canales [2000]. The present-day coastline of Fuerteventura is
shown for reference.
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Figure 15. Time evolution of the average deformation fields in Fuerteventura. Black converging
arrows: maximum horizontal shortening; black diverging arrows: maximum horizontal extension.
(a) M-D1 phase (25–20 Ma). (b) M-D2 phase (20–17.2 Ma). (c) M-D3 phase (17.2–12 Ma); sketch
showing the large-scale tectonic framework of the Canary Islands. Patterns of important fracture zones
(FZ), bathymetric contours, and plate boundaries are according to Klitgord and Schouten [1986] and
Steiner et al. [1998]; geological features of continental northwestern Africa are after Guiraud et al.
[1987]; tectonic map of the Atlas system and Iberian Peninsula are modified from Seber et al. [1996];
arrows indicating the relative displacement of Africa with respect to Eurasia follow the model of Argus
et al. [1989]; curves marking the neotectonic stress trajectories and regimes in the NW corner of the
African plate are after Jiménez-Munt and Negredo [2003].
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carded in a model of Miocene asymmetric extension of
Fuerteventura.
[40] In summary, it is here proposed that the M-D1 phase

gave place during the early Miocene to an asymmetric
extension of the Fuerteventura oceanic lithosphere. The
arcuate geometry in plan view of this asymmetric graben
recalls the patterns described by Rosendahl [1987] in the
East Africa Rift. Therefore it is possible to propose a
process of Miocene rifting of Fuerteventura. The probable
extrapolation of these structures to the north (Lanzarote and
Conception Bank, Figure 1), and perhaps to the SW (from
the Jandı́a Peninsula toward the Gran Canaria Island)
suggests that this rifting process can be a fundamental
characteristic of the eastern Canary ridge (Figure 15a).
Magnetic anomalies follow the trend of the eastern Canary
ridge, and show a curved, concave northward pattern at the
south of Fuerteventura [Catalán et al., 2003], therefore
mimicking the arcuate geometry of rifting described in this
work.

5.2. Phase M-D2

[41] The transition to the M-D2 phase took place at
around 20 Ma, and it is marked by the intrusion of plutonic
complexes with annular structure [Ancochea et al., 1996].
The faults and dikes assigned to this phase affect the same
materials than the M-D1 phase and most of the Miocene
plutonic rocks. It is responsible for the unconformities
between episodes CVC-II and CVC-III and between SVC-I
and SVC-II. Feraud [1981] and Feraud et al. [1985] have
determined ages ranging from 20 Ma to 17.3 Ma for NW-
SE trending dikes (system 2) from the southern part of
Fuerteventura. The older SVC-II lava flows have been dated
as 17.2 Ma [cf. Ancochea et al., 1996, Table 1]. Accord-
ingly, this phase lasted from 20 Ma to 17.2 Ma (Figure 12),
and thus it approximately coincides with phase F2 of
Ancochea et al. [1996]. It represents the transition from a
predominantly fissural to a central volcanic activity in the
Miocene volcanic complexes. In fact, Ancochea et al.
[1996] described complex dike systems that they have used,
among other criteria, to determine the emission centers of
the three large volcanic edifices. The radial patterns of dike
systems described by Ancochea et al. [1996], mostly
coincident in age with our systems 2 and 3, geometrically
differ from our more constant dike trajectories (Figure 3).
As explained before, this is a result of considering the dike
trends in the younger episodes of the Miocene volcanic
complexes [Ancochea et al., 1996], while in this work we
have measured dike data in the basal complex and in the
older episodes of the Miocene edifices. More variable
dike trends have been observed in the Jandı́a Peninsula
(Figure 10), where radial dike patterns can reflect either
volcano spreading or the effect of shallow intrusions
exerting magma pressure on their walls and therefore
increasing the volcano circumference [e.g., Odé, 1957;
Walker, 1993; van Wyk de Vries and Merle, 1996].
However, in the stiff rocks of the basal complex, the
subaerial volcanic group and the older units of the
Miocene complexes, dike trends are more constant and
define regional-scale deformation fields, with minor in-

fluence of the overlying edifices, which is indicative of
the high viscosity of their substratum, as stated before.
[42] In any case, extension direction changed to NNE-

SSW around 20 Myr ago, which is the average trend of the
M-D2 phase (Figures 12 and 15b). To explain this change in
the extension direction two hypotheses can be advanced.
First, it can be proposed a local switching of deformation
axes during the same tectonic phase, a feature observed in
the continental crust [e.g., Simón Gomez, 1989]. In fact,
analysis of the brittle-ductile shear zones that acted during
the first stages of the M-D1 phase indicates a WNW-ESE
predominant extension, with a minor extension along the
NNE-SSW axis. However, the field structures in Fuerteven-
tura show systematic crosscut relationships, and the trajec-
tories of both deformation fields are not strictly normal
(Figure 11). Therefore, in this work a second hypothesis of
progressive permutation of deformation axes is favored.
This permutation was responsible for a change from a
mostly orthogonal rifting (MD-D1) to an oblique rifting
(MD-D2). Similar tectonic evolutions have been found in
many other rift systems, like for instance the Main Ethio-
pian Rift [Boccaletti et al., 1999].

5.3. Phase M-D3

[43] Phase MD-D3 is contemporary with the main stages
of growth of the huge volcanic edifices, particularly with
respect to the northern volcanic complex (Figures 12 and
14b). It is responsible for the unconformities between
episodes SVC-II and SVC-III in the southern volcanic
complex and between episodes NVC-I and NVC-II-III in
the northern volcanic complex. Dikes of system 3 have
yielded ages ranging from 15.4 Ma to 12 Ma in the Jandı́a
Peninsula [Feraud, 1981; Feraud et al., 1985]. Therefore
MD-D3 approximately coincides with phase F3 of Ancochea
et al. [1996]. The average extension direction is E-W to
ENE-WSW (Figure 11). No signs of this phase have been
found in the Pliocene and Quaternary sediments and volca-
nic rocks of Fuerteventura. Therefore phase MD-D3 can be
dated between 17.2 and 12 Ma (Figure 12). Interestingly,
the horizontal shortening direction deduced for phase
MD-D3 agrees with that of the present-day relative displace-
ment vector of the African plate with respect to Eurasia in the
studied area (Figure 15c) (displacement vectors traced
according to the model of Argus et al. [1989]). At Lanzarote
Island, Marinoni and Pasquarè [1994] have identified two
strike-slip deformation phases with N-S to WNW-ESE
horizontal shortening axes. The age of these events is less
than 6 Ma. The orientation of the horizontal deformation
axes for these phases in Lanzarote is roughly comparable
with that of the MD-D3 phase of Fuerteventura, and they can
represent a time evolution of this phase (from extensional to
strike-slip regimes) in the realm of the relative plate motions
between Africa and Eurasia. In fact, as stated in the intro-
duction, the theoretical model of Jiménez-Munt and Negredo
[2003] suggests the present-day predominance of thrust to
strike-slip regimes immediately to the north of the Canary
Archipelago (Figure 15c), with N-S to NNW-SSE shortening
directions. Also the available seismotectonic information for
the zone between Gran Canaria and Tenerife, west of
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Fuerteventura (Figure 1), supports a NNW-SSE trending
maximum horizontal shortening favoring present-day dis-
placement along strike-slip and reverse faults [Mezcua et al.,
1992].

5.4. Possible Causes of the Miocene Rifting of
Fuerteventura

[44] The relative plate motion between Africa and Eura-
sia has remained stable since at least 30 Myr to the present
[e.g., Morgan, 1983; Roest and Srivastava, 1991]. There-
fore only the orientation of the maximum horizontal short-
ening associated with the MD-D3 phase (N-S to NNW-SSE)
can be partly explained with the relative plate motions
between the African and Eurasian plates, and the origin of
the MD-D1 and MD-D2 phases must be assigned to more
local sources. Rifting and seafloor spreading is a tectonic
characteristic of the western Mediterranean region since the
Eocene and early Miocene, a paradoxical feature taking into
account the colliding tectonic scenario between the African
and Eurasian plates. Hoernle et al. [1995] suggested that
this rifting, and its associated alkaline volcanism, is a
consequence of lithosphere uplift above a large region of
mantle upwelling. Indeed, Hoernle et al. [1995] have shown
the presence of a low S wave velocity anomaly beneath the
central east Atlantic and the western Mediterranean, depict-
ing a huge sheet-like body. Teixell et al. [2005] have
discussed the effect in the tectonic evolution of the Atlas
Mountains of mantle upwelling in an otherwise contractive
setting. The lithosphere thinning (from 180 to 80–60 km)
beneath the Atlas could explain its high relief and occur-
rence of Miocene to recent alkaline magmatism. Missenard
et al. [2006] proposed that this thermal anomaly can be
followed from the Atlas Mountains to the south, across the
Atlantic margin, and they relate this thermal anomaly to a
shallow mantle plume. According to Teixell et al. [2005],
mantle upwelling would be associated with upper mantle
flow influenced by the thickening of the lithosphere at the
Iberia-Africa plate boundary. With respect to the Canary
Islands, Canales and Dañobeitia [1998] have described a
swell rather obscured by the weight of the islands, and
probably due to a thermal anomaly (�360�C) at the base of
the lithosphere and upper asthenosphere. Geochemical data
show a multicomponent mixture of lithospheric, astheno-
spheric and deep mantle sources [e.g., Hoernle et al., 1991].
Therefore geophysical and geochemical data support the
presence of a sublithospheric thermal anomaly, with mantle
upwelling beneath the Canary Islands. The debate over
whether this mantle upwelling represents a Miocene to
recent plume, remnants of an old, Mesozoic plume, or it
is rather a result of large-scale horizontal flow in the upper
mantle, is beyond the scope of this work.
[45] Lithosphere uplift and later collapse through the

activity of large-scale faults during the MD-D1 and
MD-D2 phases should have overcome the effect of the
deformation field related to the Africa-Eurasia relative con-
vergent displacement. The end of phase MD-D3 coincides
with the waning of the volcanic activity in Fuerteventura. It is
possible to relate this feature to the increasing relative
importance of the deformation fields associated with the

African plate kinematics. The mantle anomaly was almost
exhausted beneath Fuerteventura by the end of the middle
Miocene, thus decreasing the importance of the local versus
plate-scale strain fields. This transition corresponds to the
switching between the extensional regime of phase MD-D3

and the strike-slip regimes prevailing in more recent times,
always with a N-S to NNW-SSE trending axis of maximum
horizontal shortening. Interestingly, E-W trending extension
still predominated until around 1.2 Ma in La Palma (location
in Figure 1) [Fernández et al., 2002]. This suggests that the
transition from local to plate-scale strain fields probably
suffered a westward migration with time, from the eastern
Canary ridge (more than 6 Ma and less than 12 Ma in
Fuerteventura and Lanzarote) toward the western Canary
Islands (less than 1.2 Ma in La Palma). Similar age variations
have been cited for the history of the subaerial volcanic
activity in the Canaries [e.g., Ancochea, 2004].
[46] The evolution from phases MD-D1 to MD-D2, and

then to MD-D3, is characterized by the change from fissural
volcanic activity toward predominantly central volcanic
emissions. The model suggested by Walter et al. [2005] to
explain the evolution of the Anaga volcano on the island of
Tenerife (location in Figure 1) can also be applied to the
Fuerteventura example. The model of Walter et al. [2005]
considers the evolution of a linear rift that suffers local
reorganization through flank instability and consequent
generation of giant landslides. As a result of the variation
in geometry and stress field triggered by the landslides, the
linear rift evolves to triple-armed rifts that focus volcanic
emissions on central edifices. Walter et al. [2005] have
tested the model with a numerical elastic dislocation model.
Giant landslides dominated the episodic growth of the
volcanic edifices of Fuerteventura [Ancochea et al., 1996;
Stillman, 1999; Acosta et al., 2003]. This instability can be
partly explained by the syntectonic evolution of these
volcanic edifices. Therefore it seems possible to apply the
model of rift zone reorganization to the Miocene volcanic
evolution of Fuerteventura. Apart from the possible me-
chanical effects of large landslides, tectonic switching from
NW-SE to NNE-SSW and then to ENE-WSW extension
directions should have collaborated in the construction of
large central edifices. During the MD-D2 and MD-D3

phases the magmas could have profited the intersections
between fractures resulting from the distinct tectonic events,
such that ascent conduits could have taken a vertical
elongate shape (Figure 14b). In this sense, the center of
the northern edifice (Figure 1 for location) coincides with
the inland prolongation of NW-SE faults observed in the
west coast (Figure 7a) and that can be assigned to phase
M-D2. The age differences in the construction of the three
large edifices in Fuerteventura are probably a consequence
of local structural patterns and local evolution of volcanic
emission and flank instabilities. The center of the older
edifice (the CVC, Figure 12) coincides with the central
segment of the sigmoid extensional structure (Figure 14b),
probably the most mature part of the fault system that
shows the larger extension factor.
[47] The complex image that emerges from this study

can be used to constrain the models proposed for the origin
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of the Canary Islands. The long and changing tectonic
history of Fuerteventura, with a long-living rifting activity,
is more akin to the unifying model of Anguita and Hernán
[2000], which integrates the thermal and mechanical history
and properties of the lithosphere and the sublithospheric
mantle, than to any of the single hypotheses described in
section 1.

6. Conclusions

[48] Three Miocene extensional deformation phases
(M-D1, M-D2, and M-D3) are recognized in the Fuerteven-
tura Island. M-D1 is characterized by a NW-SE directed
extension. This phase, which lasted from 25 to 20 Ma,
probably generated a large asymmetrical fault system, with
predominantly top-to-NW sense of displacement. Syntec-
tonic with this phase were the emplacement of a dense dike
swarm, and the deposition of several volcanic units. Volca-
nic activity was essentially fissural during this stage. Folding
of the pretectonic and syntectonic successions is interpreted
as due to the accommodation of these series to complex
ramp/flat geometry in the hypothetical basal detachment.
The extensional structures are sigmoid in plan view, recall-
ing the arcuate geometry of grabens in some continental rift
systems. A switching to NNE-SSW extension directions
took place during phase M-D2 (20–17.2 Ma). This phase

is contemporary to the inception of the large central volcanic
edifices in Fuerteventura. This change in the extension
directions is believed to have conditioned the transition
from fissural to central volcanic emission types. Finally,
phase M-D3 (17.2–12 Ma) was characterized by ENE-
WSW extension or NNW-SSE shortening, which coincides
with the displacement trajectories predicted by plate tectonic
models in this part of the African plate. The Miocene rifting
of Fuerteventura is considered as the tectonic result of the
upwelling of a large body of anomalous sublithosphere
mantle, which exceeded the deformation associated with
plate motions, and generated a voluminous, tectonically
controlled, basic volcanism. This evolution is akin to that
of the Atlas province during the same time period, and it
should be taken into account in any model for the origin of
the Canary Islands.
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Muñoz, M., J. Sagredo, P. J. Rincón-Calero, and

R. Vegas (1997), Emplazamiento en una zona de
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V. Soler, J. A. González, C. J. Dabrio, and B. Ghaleb
(2002), Raised marine sequences of Lanzarote and
Fuerteventura revisited: A reappraisal of relative sea-
level changes and vertical movements in the eastern
Canary Islands during the Quaternary, Quat. Sci.
Rev., 21, 2019–2046.

���������
A. Ahijado and R. Casillas, Departamento de

Edafologı́a y Geologı́a, Universidad de La Laguna,
38206-La Laguna, Tenerife, Canary Islands, Spain.

M. A. Camacho, C. Fernández, and E. Garcı́a
Navarro, Departamento de Geodinámica y Paleontolo-
gı́a, Universidad de Huelva, E-21071 Huelva, Spain.
(fcarlos@uhu.es)

M. Gutiérrez, Estudios del Terreno S.L., C/España
21, locales 13 y 14, 38390-Santa Úrsula, Santa Cruz de
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