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Abstract

By confronting different geological and geophysical data, we attempt to reconstruct the Variscan—Alleghanian orogenic belt,
with especial emphasis on the links between Iberia, northwest Africa, and northeast America.

The northern Iberia transect corresponds to the rifted margin of Gondwana, inverted during the Variscan orogeny and
overthrust in its westernmost sector by a pile of allochthonous units, some of them with oceanic affinity and witnessing an
orogenic suture. The southern Iberia section reveals two sutures at both boundaries of a terrane closely tied to Gondwana,
namely the Ossa—Morena Zone. The southern boundary of this zone (i.e., the contact with the South Portuguese Zone) is
enhanced by amphibolites with oceanic affinity and probably represents the suture of the Rheic Ocean.

The Moroccan Variscides can be divided into: (i) a western external zone, namely the Coastal Block and the Central Massif;
(ii) an internal zone, namely the Eastern Meseta; (iii) an eastern external zone represented in the Anti Atlas region; and (iv) the
African cratonic foreland. Since neither ophiolites nor eclogites crop out along this transect of the orogen, we consider it to be
an incomplete transect, lacking the main suture zone (Rheic Ocean).

Stratigraphic and faunal affinities between the Moroccan Meseta, on the one hand, and the Central Iberian, Western
Asturian—Leonese, and Cantabrian zones of Iberia, on the other hand, suggest that they may well have been part of a common
pre-orogenic domain at the margin of Gondwana. On the contrary, there are no counterparts in Morocco for the Ossa—Morena
Zone. Thus, the northern Iberia palacogeographic zones would prolong in the Moroccan Meseta through an eastward arcuate
structure, while the suture of the Rheic Ocean would do so offshore Morocco. In our reconstruction, an Avalonian spur (Grand
Banks indentor), which included the Caledonian Sehoul block in northern Morocco and the crust of the South Portuguese Zone
in SW Iberia, played an important role on the kinematic evolution of the orogen as well as on the final configuration of the
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suture of the Rheic Ocean. This suture would mould around the Avalonian spur, being laterally translated to southeastern Nova

Scotia—Newfoundland.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Rheic Ocean; Orogenic sutures; Gondwana; Avalonia; Moroccan Meseta; Iberian Massif; Variscan orogen

1. Introduction and fundamentals

The outcrops of the Variscan—Alleghanian Late
Palaeozoic orogenic belt are dispersed in western
Europe, northwest Africa and northeast America, due
to both the opening of the Atlantic ocean and the
Alpine tectonics around the Mediterranean. Moreover,
despite the important advance on the knowledge of
the different outcrops of this orogen in recent years,
there still remains some uncertainty as to the position
and number of oceanic domains as well as the linkage
between the different palacogeographic zones. For
these reasons, the reconstruction of this orogen at pre-
collisional and collisional stages is a rather compli-
cated task, requiring a vast amount of geological and
geophysical data.

The purpose of this paper is to briefly review the
main features of the Variscan—Alleghanian orogen in
its central segment, in order to propose a comprehen-
sive view of its tectonic frame. The main problem
hindering this reconstruction has traditionally been the
tectonic Variscan linkage of Iberia with northwest
Africa and northeast America. Our present-day geo-
logical knowledge enables us to propose a reasonably
well-based tectonic picture.

The tectonic frame that we put forward in this
paper is based on a model of Palacozoic dispersal
and aggregation of continents, which serves as a
template for our more detailed account. This model
arises out of a close scrutiny of geological (main
tectonic boundaries), palacontological (faunal affin-
ities), and palacomagnetic data (palacolatitude of
continental masses), trying to determine the point
of convergence among these three different types of
evidence. This attempt is subject to a number of
shortcomings, especially the fact that palacomagnetic
models still conflict in some important points with
geological and palacontological data. Thus, different
sets of data fit in well within a general model of
Cambrian to Ordovician palacogeography (Crowley

et al., 2000a; Nysether et al., 2002), but for
Devonian time, palacomagnetic reconstructions show
a large ocean between Gondwana and Laurentia/
Baltica (Torsvik et al., 1990; Tait et al., 1997), which
is largely incompatible with palaeontological evi-
dence (McKerrow et al., 2000; Robardet, 2003). The
general model of continental dispersal and aggrega-
tion assumed here as a starting point is very close to
the one proposed by Matte (2001), which includes:
a) a Cambrian to Ordovician breaking of the
Gondwana margin to form an independent, perhaps
composite, continental mass (Avalonia) that drifted
away until its Ordovician to Devonian complex
collision with Laurentia/Baltica (Caledonian/Taconic
and Acadian orogenic events); b) an additional
Ordovician breaking of the Gondwana margin
originating a number of terranes which, unlike
Avalonia, remained closely tied to Gondwana (Kem-
nitz et al., 2002; Nysather et al., 2002); c) a
contemporaneous development of continental gra-
bens/rifts along the margin of Gondwana; d) the
formation of an Ordovician—Silurian ocean (the Rheic
Ocean) between the wandering Avalonia and the
Gondwana-related terranes; e) the closing of the
Rheic Ocean in Devonian time and welding of the
terranes around Gondwana (early Variscan orogenic
events); and f) a Carboniferous collision of Avalonia,
Gondwana, and the terranes in between (Variscan/
Alleghanian orogenic events).

2. The Variscan tectonic organization in Iberia

The Alpine reworking is intense in the eastern
areas of the Iberian Peninsula (Betic ranges, Pyrenees)
but relatively weak in most of the so-called Iberian
Massif, which is the largest continuous outcrop of the
Variscan Belt (Fig. 1A and B). The Variscan tectonic
organization of the Iberian Massif is better understood
in terms of considering two different geological
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Fig. 1. (A) Location of Iberia in the Alleghanian—Variscan Orogenic belt. (B) Variscan tectonic zones in the Iberian Massif. C; and C,: northern
(Pérez Estaun et al., 1991) and southern (Simancas et al., 2001) cross-sections of the Iberian Massif. Note that the patterns are different in the

Iberian map and the cross-sections.

transects: the northern Iberia transect and the southern
Iberia transect (Fig. 1B).

In northern Iberia, the orogenic vergence is towards
the east. From west to east, this transect is made up of
the following tectonometamorphic domains (Fig. 1B
and C;): a) an internal zone with allochthonous units
of continental and oceanic terranes, some of them
having undergone granulitic and eclogitic metamor-
phism (Arenas et al., 1986; Martinez Catalan et al.,
1996); b) an intermediate domain composed of schists
intruded by some granites (western part) and slates
(eastern part), deformed by east-vergent kilometer-
scale recumbent folds and thrusts (Martinez Catalan et
al., 1990); and c) an external zone consisting in a non-
metamorphic thin-skinned thrust belt, with Lower
Palaeozoic shelf sediments and a thick pile of Lower
to Upper Carboniferous synorogenic deposits (Pérez
Estaun and Bastida, 1990). Leaving aside some
Caledonian ages recorded only in the uppermost

allochthonous units (Abati et al., 1999; Fernandez-
Suarez et al., 2002), the age of the first tectonome-
tamorphic events is Early Devonian in the allochth-
onous units. Deformation migrated eastward, reaching
the easternmost units in Westphalian times. Thus, the
northern Iberia section shows a complete orogenic
wedge from allochtonous suture terranes in the west to
a foreland fold-and-thrust belt in the east (Pérez
Estaun et al., 1991; Dallmeyer et al., 1997). The
Early Palacozoic palacogeography of the Gondwana
border (before the orogenic events) was, from west to
east: (i) a passive continental margin (represented by
the lower units of the allochthonous Galicia Tras-os-
Montes Zone; Martinez Catalan et al., 1996); (ii) an
internal shelf (the Central Iberian Zone); (iii) a graben
that trapped a great thickness of sediments (the
Western Asturian—Leonese Zone; Pérez Estaun et al.,
1990); and (iv) an external shelf (the Cantabrian Zone;
Truyols et al., 1990).
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The southern Iberia transect shows southward
orogenic vergence and crosses two main tectonic
boundaries coincident with the southern and northern
contacts of the Ossa—Morena Zone (Fig. 1B and C,).
The southern boundary separates the Ossa—Morena
and the South Portuguese zones, being marked by
dismembered oceanic units: several small ophiolitic
klippes, a strip of oceanic amphibolites, and a unit of
schists with some oceanic metabasalts (Bard, 1977;
Eden and Andrews, 1990; Fonseca and Ribeiro, 1993;
Quesada et al., 1994; Castro et al., 1996; Fonseca et
al., 1999). All those units attest the closure of some
oceanic domain. The kinematics of the subsequent
collision was markedly oblique (left-lateral trans-
pression; Crespo Blanc and Orozco, 1988; Silva et
al., 1990). The interpretation of the northern border of
the Ossa—Morena Zone has been the object of some
controversy. Structural work has shown that the
boundary Ossa—Morena Zone/Central Iberian Zone
(Fig. 1C,) is the root of a pile of kilometer-scale

Devonian

@ Silurian

Obduction
2 /" and collision

End of / &ntinental
Rheic Ocean subduction Collision
(closing)

southward-vergent recumbent folds and thrusts (Vau-
chez, 1975; Expdsito et al., 2002; Simancas et al.,
2003). Furthermore, the boundary unit is made up of
metasediments, eclogites, gneisses, and amphibolites
with oceanic affinity (Abalos et al., 1991; Azor et al.,
1994; Ordonez Casado, 1998; Gémez-Pugnaire et al.,
2003; Lopez Sanchez-Vizcaino et al., 2003). Thus,
despite some controversy based on the still poorly
determined age of the high-pressure metamorphic
event (Schéfer et al., 1991; Ordéiez Casado, 1998),
this boundary can be considered as another orogenic
suture (Burg et al., 1981; Matte, 1986; Azor et al,,
1994; Simancas et al., 2001). In this respect, there are
noticeable differences in the Ordovician to Devonian
stratigraphy of the Ossa—Morena and Central Iberian
zones (Robardet and Gutiérrez Marco, 1990),
although faunal affinities suggest that the continental
blocks of the Central Iberian and Ossa—Morena zones
would not have got substantially separated (Robardet,
2002, 2003). Consequently, both boundaries of the

@ Present-day outcrops

@ Late Carboniferous

SPz oMz

Fig. 2. (A-D) Sketches showing the evolution proposed for the Iberian Massif during the Variscan orogeny. The evolution of the GTMZ zone is
perhaps particularly oversimplified. (E) 3D sketch of the Iberian Massif in Late Carboniferous time, which emphasizes the non-cylindrical
structure of this orogenic region (after Simancas et al., 2002). SPZ: South Portuguese Zone; OMZ: Ossa—Morena Zone; CIZ: Central Iberian
Zone; GTMZ: Galicia Tras-os-Montes Zone; ALZ: Western Asturian—Leonese Zone; CZ: Cantabrian Zone.
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Ossa—Morena Zone seem to correspond to orogenic
sutures, although the southern one (South Portuguese
Zone/Ossa—Morena Zone) may be the suture of the
Rheic Ocean, while the northern one may witness the
welding of a terrane (the Ossa—Morena Zone) closely
tied to the Gondwana margin (Central Iberian Zone).
Closing of oceanic domains in southwest Iberia was
completed in Devonian time because the early colli-
sional deformation in the Ossa—Morena Zone is of
Devonian age. Nevertheless, an extensional and
magmatic event recognized in a large area of south-
west Iberia took over during the latest Devonian—
earliest Carboniferous, interrupting the normal devel-
opment of the collision (Simancas et al., 2003).
Before the Variscan orogenic events (i.e., in Early
Palaeozoic times), the Ossa—Morena Zone underwent
a rifting that started in Middle Cambrian, breaking a
Lower Cambrian carbonate shelf (Linan and Quesada,
1990). This rifting was highly magmatic, ending with
the creation of the oceanic domains attested by the
sutures referred to above at both boundaries of the
Ossa—Morena Zone.

The correspondence between the sutures cropping
out in southern Iberia and the one(s) indicated by the
allochtonous terranes of northern Iberia is not
straightforward (see different proposals in Bard et
al., 1980; Burg et al., 1981; Matte, 1991, 2002;
Ribeiro et al., 1995; Martinez Catalan et al., 1997,
2002, 2004; Simancas et al., 2002). Independently of
the proposal to be chosen, the opposite orogenic
vergence between the northern and southern Iberia
sections (Fig. 1) suggests opposite subduction polar-
ities. On this view, the Porto—Tomar fault (Ribeiro et
al., 1980) could be a collisional fault derived from a
former transform fault, which connected the opposite
subduction zones as shown in Fig. 2 (Simancas et al.,
2002).

3. The Variscides in Morocco

As in the case of Iberia, a large part of the
Moroccan territory shows the effects of the Variscan
orogeny (Piqué and Michard, 1989; Piqué, 1994).
Most of that territory corresponds to the Moroccan
Meseta, but Palaeozoic outcrops inside the Alpine
ranges, both in Morocco (Rif, Middle, and High
Atlas) and in northernmost Algeria (Kabilies), also

provide some information about the Variscan events.
However, the Palaeozoic rocks inside the Rif and
Kabilies, as well as those in the Betics, are allochth-
onous (e.g., Sanz de Galdeano et al., 2001).

To the south, the northern African Precambrian
craton constitutes the foreland of the Palacozoic
Moroccan Variscides (Fig. 3A and B). An intermedi-
ate region, the Anti Atlas, shows a basement
reactivated at the end of the Proterozoic and weakly
affected later by the Late Palacozoic deformation.
Leaving aside the Anti Atlas, the Variscan regions of
Morocco are usually divided into Western and Eastern
Meseta, separated by the Mesozoic rocks of the
Middle Atlas (Piqué et al.,, 1993). In the Western
Meseta, the following tectonic units can be distin-
guished, from west to east (Fig. 3B): the Coastal
Block, the Central Massif/Rehamna/Jbilete, and the
Nappe zone. The Nappe zone comprises the eastern
borders of the Central Massif, Jbilete, and Ait Tamlil
area, and constitutes the transition to the Eastern
Meseta. The latter shows isolated Palacozoic outcrops
extending from Midelt to Oujda. Finally, the Sehoul
Block (Piqué, 1979; El Hassani, 1991) is a Caledonian
domain with a much reduced extent of outcrop, thrust
onto the Western Meseta (Fig. 3A).

The Central Massif exhibits a complete Palaecozoic
sequence. Lower Palaecozoic sediments formed part of
an extensive platform connected with the Anti Atlas.
Upper Devonian—Lower Carboniferous sediments and
volcanics witness the breaking of that platform and
the development of two NE-SW basins (Tahiri, 1991;
Piqué, 1994). To the west, the Coastal Block shares
with the Central Massif a similar stratigraphy except
for the fact that it records the development of a graben
in Middle Cambrian times, as indicated by the
volcanism (Destombes and Jeannette, 1966; Ouali et
al., 2003) and the greater thickness of sediments of
this age (Bernardin et al., 1988; Piqué et al., 1995).
The Coastal Block is weakly deformed, so that
tectonic foliation appears only close to a dextral shear
zone, which is the boundary with the Central Massif
(Fig. 3B; Piqué et al., 1980). Tectonic foliation of
Westphalian—Stephanian age has general development
in the Central Massif (El Hassani, 1991; Tahiri, 1994),
where a few granitic plutons intrude the Palaeozoic
sequence. The eastern Central Massif (Nappe zone)
presents a distinctive Devonian succession (calcareous
flysch, olistoliths; Zahraoui, 1994), as well as a
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Fig. 3. (A) Location of the Moroccan Variscides in the Alleghanian—Variscan Orogenic belt. (B) Variscan zones of Morocco (compiled after
different maps in Piqué, 1994). (C) Inferred cross-section of the Moroccan Variscides at Late Visean to Namurian time (modified after Pique,

1994).

particular style and age of deformation (Bouabdelli,
1994), which makes it transitional to the Eastern
Meseta.

The Eastern Meseta (Fig. 3B) can be distin-
guished from the Western Meseta in two main
respects. First, it records different sedimentary
environments, the Silurian being represented in the
Eastern Meseta by pelagic deposits and the early—
middle Devonian by turbidites (Hoepffener, 1987;
Zahraoui, 1994). Second, both the intensity (greater
in the Eastern Meseta) and the age of the first
deformational event (Late Devonian in the Eastern
Meseta and Carboniferous in the Western Meseta)
are different (Hoepffener, 1987, 1994). As a whole,
the Eastern Meseta can be interpreted as recording
some crustal thinning, which gave way to an open
sea to pelagic sedimentary realm during the upper
part of the Early Palaecozoic. Later on, during the
early-middle Devonian, it became a trough of
turbiditic sediments, which announced a Late Devon-
ian deformation (Piqué, 1994). Interestingly,
although no Devonian rocks outcrop to the east of

the Eastern Meseta, there are some indications
(Devonian blocks in Carboniferous deposits) which
can be taken to suggest that a carbonate platform
would have existed east of the turbiditic trough
(Hoepftener, 1987). In the allochthonous Palacozoic
rocks of the Malaguide Complex (Betic orogen,
southeast Iberia; Fig. 1B), Herbig (1985) and Herbig
and Stattegger (1989) have described just the same
large blocks of Devonian limestones inside Visean
deposits, so that the Malaguide and the Eastern
Meseta might be palaeogeographically equivalent,
perhaps representing the same trough bordered by
the same carbonate platform.

The Late Devonian and Early Carboniferous
evolution seems broadly common in the Moroccan
Variscides. This time span is represented by clastic
sedimentation and interbedded volcanic rocks, sug-
gesting some kind of extensional tectonics. Firstly,
sedimentation concentrated in two main grabens, the
Sidi-Bettache and the Azrou—Kenifra basins, but
from the middle Visean on, it expanded to a larger
area (Piqué, 1994). In the Western Meseta, the Late
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Devonian and Early Carboniferous volcanic rocks
are tholeiitic to alkaline basalts, which characterize
extensional tectonic settings. However, the volcanism
of the same age in the Eastern Meseta is calc-
alkaline and dominated by andesites (Karbouch,
1994).

In the Eastern Meseta (Fig. 3B), Lower Carbon-
iferous sediments lie unconformable over Lower
Palacozoic deposits previously deformed and meta-
morphosed, thus indicating that the age of the first
deformational event is Late Devonian. This first
deformation was earlier here than in the Western
Meseta, where Lower Carboniferous rocks conform-
ably overlie Devonian ones and deformation did not
start until the Visean or later. Apparently, the thinned
crust extending at least from Marrakech to Oujda (the
Eastern Meseta) had low strength by the time when
the first compressive Variscan stresses were arising, so
that deformation started earlier and thus concentrated
here (Fig. 3C).

Based on the early age of the deformation, the
synmetamorphic character, and the western vergence,
the Eastern Meseta is thought to be the internal zone
of the Moroccan Variscides (Boulin et al., 1988; Piqué
and Michard, 1989; Piqué et al., 1993; Hoepffener,
1994). Accordingly, the tectonic arrangement of the
outcropping Moroccan Variscides would be, from NW
to SE: an external zone (the Coastal Block and Central
Massif), an internal zone (the Eastern Meseta),
another external zone (mostly hidden by a cover, but
partially represented in the Anti Atlas region), and the
African cratonic foreland. Since neither ophiolites nor
eclogites crop out anywhere, most authors consider
the Moroccan Variscides as an intracontinental orogen
(Fig. 3C; Piqué and Michard, 1989; Piqué et al., 1993;
Hoepffener, 1994). Nevertheless, the above statement
is misleading in the sense that the Moroccan transect
must fit into the Late Palaecozoic plate tectonic
scenario, which includes the closing of at least one
oceanic realm, the Rheic Ocean. On this view, it has
been suggested that a main orogenic suture could be
hidden under the cover, somewhere to the southeast of
the Eastern Meseta (Boulin et al., 1988), but this
interpretation is not, however, without problems (see
discussion in Piqué et al., 1993; Piqué, 1994).
Actually, the Moroccan Variscides must represent an
incomplete transect of the orogen, which lacks the
main suture zone.

4. Building up the Variscan tectonic frame

The Variscan tectonic frame depicted in Fig. 4
arises out of the following proposals of linkage
between the different outcropping domains.

4.1. Links between Iberia and Central Europe

The main tectonic contacts between crustal domains
in central and southern European Variscides are well
known, the broad picture being dominated by an
arcuated geometry, namely the Ibero—Armorican arc
(see reviews in Bard et al., 1980; Matte and Burg, 1981;
Behr et al., 1984; Matte, 1986, 1991; Franke, 1989,
2000; Ribeiro et al., 1995; Crowley et al., 2000b;
Simancas et al., 2002; Winchester et al., 2002).
Palacontological and palacomagnetic data help us to
constrain how far away the continental masses were
from each other at different times in the Palacozoic
(Torsvik et al., 1990; Robardet et al., 1993; Tait et al.,
1997; Nysather et al., 2002; McKerrow et al., 2000;
Robardet, 2003). Therefore, a number of tectonic
contacts considered as sutures due to their relationship
with ophiolites and high-pressure metamorphic rocks
seem to record the amalgamation of continental blocks
that were drifted apart from the Gondwana margin, but
never reached a sufficient degree of separation enough
so as to provoke faunal dissimilarities (Matte, 2001;
Nysather et al., 2002; Kemnitz et al., 2002). The
terranes bounded by such second-order sutures are
collectively named Armorican Terrane Assemblage.
The largest of those terranes was perhaps made up of
the Saxothuringian Zone (central Europe) and the
Ossa—Morena Zone (Iberia), which share many geo-
logical features and are bounded by similar suture
contacts (Matte, 1991) that we correlate. The alter-
native model considering that the suture of the French
Massif Central was continuous with both the Galicia-
Tras-Os-Montes (NW Iberia) and the Ossa—Morena/
Central Iberian sutures (Matte and Burg, 1981; Matte,
1986) has been criticized by Robardet (2002) because
such suture would cut across two regions (Armorica
and Central Iberian Zone) with strong faunal and
stratigraphic similarities in the Ordovician. On this
ground, we propose that a transfer fault would interrupt
the continuity of the Massif Central oceanic domain,
thus providing palaeogeographic continuity (Fig. 5;
Simancas et al., 2002).
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Fig. 4. Tectonic frame of the Variscan (Acadian—Alleghanian) Orogenic belt at the end of the Palacozoic. The prominent features shown in this
picture are: the extent of the Avalonian Composite Terrane (ruled area); the Variscan main suture (RHS, LS, SPS, and CA) and secondary
sutures (S2, S3); the rifted areas in the margin of Gondwana (dashed bands); the regional vergences (arrows), the collisional faults (thick
continuous lines), and the deformation fronts (thick dashed lines). The picture has been composed by drawing on our own data as well as on the
following sources of information: Hatcher (1987) (southern Appalachians); Keppie (1982) (northern Appalachians and Newfoundland); Lefort
and Ben Salmia (1992) (Nova Scotia—Newfoundland); Piqué et al. (1993) and Houari and Hoepffener (2003) (Morocco); Matte (1986,1991)
(Europe). The fitting of continents at the end of the Palacozoic is after Le Pichon et al. (1977).

The Rheic Ocean between Avalonia and the with the suture represented by the Lizard ophiolite in
Armorican Terrane Assemblage seems to be repre- SW England (Behr et al., 1984; Matte, 1986, 1991)
sented by the suture between the Rhenohercynian and and the boundary South Portuguese Zone/Ossa—
Saxothuringian zones of central Europe (Behr et al., Morena Zone in SW Iberia (Crespo Blanc and Orozco,

1984; Franke, 1989, 2000), which can be correlated 1988; Fonseca and Ribeiro, 1993). Moreover, there are
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the Gondwana margin. The approximate sites from where future ophiolites will derive are indicated by stars. Note, however, that those
ophiolites apparently related to the Rheic Ocean may have come from small marginal basins rather than being chips of the floor of the Rheic
Ocean. The sketch may be particularly oversimplified for the Galicia Tras-os-Montes ophiolite. CIZ: Central Iberian Zone; CZ: Cantabrian
Zone; EMM: Eastern Moroccan Meseta; KA: Kabilies; MG: Malaguide—-Gomaride complex; MN: Montagne Noire; MZ: Moldanubian Zone;
NCA: North-Central Armorica; OMZ: Ossa—Morena Zone; RHZ: Rhenohercynian Zone; SPZ: South Portuguese Zone; STZ: Saxothuringian
Zone; ALZ: Western Asturian—Leonese Zone; WMR: Western Moroccan Rift. (B) Sketch of the orogenic belt resulting from collision of the

continental pieces shown in (A); stars indicate ophiolite outcrops.

robust points of similarity between the sedimentary
sequences in southwest England, the Rhenohercynian
Zone in Germany, and the South Portuguese Zone in
SW Iberia (Oliveira et al., 1979; Franke and Engel,
1982; Holder and Leveridge, 1986). North of the
Rhenohercynian Zone, the Caledonian foreland (i.e.,
the Avalonian regions not reworked by the Late
Palacozoic continental collision) crops out. At south-
ern central Europe, the Pyrenean—Alpine—Carpathian—
Dinaride deformation belt has obliterated the southern
part of the Variscan orogen, reworking some internal
areas (Neubauer and Handler, 2000) and most of its
southern external zone. Nevertheless, a number of

points of convergence between the Palacozoic out-
crops of the Western Asturian—Leonese Zone in NW
Iberia, the Pyrenees, and the Montagne Noire in SE
France have been recognized for some time (Matte,
1991; Demange, 1994). Likewise, the present-day
dispersed Palacozoic outcrops in southern Sardinia,
Minorca, and the Catalonian Coastal Ranges of NE
Iberia were part of this external zone.

4.2. Links between Iberia and northern Africa

The Anti Atlas and the Meseta in Morocco as
well as the Iberian Massif and a number of outcrops
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in Central Europe show calc-alkaline plutonic and
volcanic igneous rocks of latest Neoproterozoic age
overlain by Lower Cambrian carbonates (Piqué,
1981; Sanchez Carretero et al.,, 1990; Neubauer,
2002). These plutons and volcanosedimentary for-
mations are manifestations of an extended postoro-
genic magmatism of the Pan-African orogeny, the
Lower Cambrian being transgressive over the ruins
of that Late Precambrian orogen. Since the Middle
Cambrian, a number of rifted areas started to be
defined, thus giving way to different Variscan
domains. The main Variscan domains in Iberia and
northern Africa are briefly described in the following
paragraphs.

The Western Asturian—Leonese Zone in NW Iberia
was a graben that accumulated about 10,000 m of
Cambrian and Ordovician deposits, although syn-
sedimentary volcanic rocks are scarce (Pérez Estaun et
al., 1990). Less thick (about 5000 m), though never-
theless remarkable, Lower Palacozoic successions
have been described by Demange (1994) in the
Montagne Noire and the Pyrenees.

The Ossa—Morena Zone of southern Iberia was a
Cambro-Ordovician rifted area that shows copious
magmatism and evolved to form two oceanic realms:
one at the contact with the present-day South
Portuguese Zone, the Rheic Ocean (Bard, 1977;
Fonseca and Ribeiro, 1993), probably created in the
Ordovician; the other at the contact with the Central
Iberian Zone, perhaps a strait oceanic corridor which
turned the Ossa—Morena into a Silurian terrane hardly
independent from Gondwana (Matte, 1986; Simancas
et al., 2001; Gomez-Pugnaire et al., 2003).

The Moroccan Western Meseta records a volcanic
graben starting in Middle Cambrian, but it aborted
soon, in Late Cambrian. The crustal thinning of the
Eastern Moroccan Meseta apparently started later, in
Ordovician times, but persisted until Middle Devon-
ian times (Hoepffener, 1987; Piqué, 1994).

To conclude, the Moroccan Meseta and the Central
Iberian, Western Asturian—Leonese, and Cantabrian
zones of Iberia would have belonged to a common
pre-orogenic domain at the border of Gondwana: a
continental crust with some thinned strips recorded as
sedimentary troughs. The affinity between these
regions and the Brittany—Montagne Noire—Barrandian
regions of central Europe is reinforced by strong
similarities of Palacozoic faunas (see reviews in

Piqué, 1994; Robardet, 2003). Upon closer inspection,
a number of strong similarities can be observed
between the Eastern Moroccan Meseta, the Mala-
guide/Gomaride complex outcropping inside the
Betic/Rif Alpine Ranges, the Western Asturian—
Leonese Zone in NW Iberia, the Pyrenees, and the
Montagne Noire in SE France. All these areas
recorded Early Palacozoic sedimentation in troughs
probably related to thinned crustal areas, with scarce
syn-extensional volcanism. Accordingly, all these
regions were probably in approximate palacogeo-
graphic continuity. On the contrary, there are no
equivalents in Morocco of the highly magmatic
Cambro-Ordovician rift (ending with creation of
oceanic crust), represented by the Ossa—Morena Zone
in Iberia and the Saxothuringian Zone in central
Europe.

Upper Devonian and Lower Carboniferous depos-
its are mostly terrigenous and volcanosedimentary in
Morocco and southwest Iberia. They are interpreted as
revealing an extensional tectonic environment at this
time, later on switched to a generalized compression.
The reasons for the extension in question are
debatable: in Morocco, it has been envisaged as a
pull-apart basin formation in a broader context of
transpression (Piqué, 1994); in southwest Iberia, the
magmatic and extensional manifestations have been
related to a mantle plume (Simancas et al., 2003).
Independently of the interpretation preferred, the
geographic distribution of the regions recording this
extension has little to do with the Early Palacozoic
palacogeographic domains.

A last issue to be emphasized is the comparison of
the Variscan Late Carboniferous to Permian granitoids
of Morocco and Iberia, which provide additional
support to the broad correlation proposed above. In
this respect, the granites of the Moroccan Central
Massif (Fig. 3; Mahmood and Bennani, 1984;
Amenzou and Mouraouah, 1995) show petrographic
and geochemical features enabling us to consider
them equivalent to others in the Central Iberian Zone
(Fig. 1; Bea, 2004). In the same way, the calc-alkaline
high-K granitoids outcropping in the Eastern Meseta
(El Hadi et al., 2003) are similar to the granitoid
stocks described in the Cantabrian Zone (Gallastegui
et al,, 2004). To the northeast, a similar plutonic
zonation is found in the Moldanubian/Alps region
(Finger and Steyrer, 1990).
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4.3. Links between northwest Africa and eastern
North America

As in the case of the Anti Atlas and the Moroccan
Meseta, in the eastern Appalachians, there are some
areas (the Avalon Peninsula, the Boston area, and the
eastern Piedmont) which recorded igneous and
metamorphic events of around 600 Ma. However,
those areas are here exotic when compared to most of
the North America margin and, accordingly, were
African (Gondwanan) at that time (Rodgers, 1982;
Suppe, 1985). They were later on accreted to
America, after the closure of the Iapetus Ocean
(Taconic plus Acadian orogenies). A witness of this
Early Palaeozoic ocean is the discontinuous but
distinct ophiolite line mapped along most of the
Appalachians and northern Newfoundland. However,
this ophiolitic line apparently marks oceanic domains
developed between volcanic arcs or other terranes and
the North America margin, to which they were
accreted (Taconic orogeny) before the complete
(Acadian) docking of Avalonia in Devonian time
(Rodgers, 1982; Keppie, 1982; Suppe, 1985). For
instance, the outcrops of mafic—ultramafic complexes
in the southern Appalachians are interpreted as
remains of a small oceanic domain between a
Piedmont Terrane and the continental margin, while
a more cryptic suture of the lapetus Ocean (i.e., the
northern edge of the Avalonian terrane) is envisaged
to be found to the southeast, in central Piedmont
(Hatcher, 1987).

Regardless of the location of sutures related to the
lapetus closure, we are here concerned with the
southern edge of the Avalonian terrane (i.e., the suture
marking the Devonian to Carboniferous closing of the
Rheic Ocean separating Avalonia and Gondwana). In
the southern Appalachians, the Rheic suture is
probably hidden under the Coastal Plain. In the
northern Appalachians, the location of this suture is
not without controversy, with the main discussion
being focused on the relationships between Avalonia
and the Meguma terrane, which crops out just to the
southeast, in southern Nova Scotia. Based on the
finding of similar detrital zircon age populations,
Murphy et al. (2004) have considered that Avalonia
and Meguma were not two separate terranes, but a
single one accreted to Laurentia—Baltica. This
assumption would imply the location of the Rheic

suture (between Avalonia and Gondwana) somewhere
to the southeast of Nova Scotia, blurred by the
Mesozoic opening of the Atlantic Ocean. However,
the hypothesis considering that Avalonia and Meguma
accreted as separate terranes (Schenk, 1997) seems to
us more plausible based on: i) the Devonian defor-
mation of Meguma, which is more easily explained as
due to its collision with Avalonia; and ii) the
prominent linear magnetic anomaly extending from
Nova Scotia to southern Newfoundland (the Collector
Anomaly), which strongly suggests the location of a
suture here (Lefort and Ben Salmia, 1992; Lefort et
al., 1996). Thus, in our view, the Collector Anomaly
marks the boundary between the Avalon and Meguma
terranes, representing the scar of the Rheic Ocean.
Furthermore, according to Lefort and Ben Salmia
(1992) and Lefort et al. (1996), the Moroccan Meseta
and southern Nova Scotia would belong to the same
crustal domain in Early Palacozoic times, based on
their similar geophysical features.

The Ordovician to Devonian deformation resulting
from the complex docking of Avalonia to the North
American continent is neither found in the Moroccan
Meseta nor in Iberia. Only the allochthonous Sehoul
block in northern Morocco exhibits an equivalent
Caledonian imprint (El Hassani, 1991) and, accord-
ingly, we suggest that this block is a portion of
Avalonia. The two arguments mentioned above (i.e.,
the Collector Anomaly as the main suture of the Late
Palacozoic orogeny and the Sehoul block as a part of
Avalonia) are essential to our tectonic picture envis-
aged below.

5. The tectonic frame of the Variscan—Alleghanian
orogen

Arthaud and Matte (1977) were the first to present
an integrated kinematic picture (a megadextral shear
zone) for the Late Palaecozoic orogenic belt extending
throughout Europe, northwest Africa, and eastern
North America. As advanced above, a finer-grained
analysis of the tectonic links between the outcropping
portions of this orogen in Europe has already been
furnished by a number of authors. However, there are
few models on the connections between Iberia, Africa,
and America. Most of the models in question suggest
the linkage of the southwest Iberia zones (Ossa—
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Morena and South Portuguese zones) with the
Moroccan Meseta, either in a simple way (Pique,
1981; Hoepffener, 1987) or placing in-between
dextral transcurrent faults (Chalouan and Michard,
1990; Houari and Hoepffener, 2003). However, the
Middle Cambrian to Early Carboniferous stratigraphy
of southwest Iberia reveals a history without counter-
part in Morocco.

Our interpretation of the overall tectonic frame is
shown in Fig. 4. The northwest boundary of Avalonia
has been delineated as passing through the central
Piedmont suture (Hatcher, 1987), the central New
England (Suppe, 1985), north of the Avalon Peninsula
(Keppie, 1982), and the Solway line in the British
Caledonides (Berthelsen, 1992). The outline of south-
ern Avalonia, marked by the scar of the Rheic Ocean,
looks more crooked: from west to east, it follows the
Collector Anomaly, the Sehoul block, and the internal
boundaries of the South Portuguese and Rhenohercy-
nian zones. If we accept the validity of these northern
and southern boundaries for the Avalonian terrane, it
then becomes apparent that this terrane was markedly
wider to the east than to the west (Fig. 4), with a
maximum width in the Newfoundland Grand Banks.

The Sehoul block in northern Morocco (Figs. 3 and
4) is interpreted as a border of the Avalonian Grand
Banks salient, thrust to the south onto Gondwana.
Like the majority of the Appalachians, the Sehoul
block records a Caledonian deformation, but this
deformation did not affect other regions like the
Moroccan Meseta and most of the European Varis-
cides. Nevertheless, a Caledonian deformation has
been found in some outcrops of the Rhenohercynian
Zone (Franke, 2000), and it may also exist in the
covered Lower Palacozoic rocks of the South Portu-
guese Zone. In NW Iberia, a Caledonian tectonome-
tamorphic event is recorded in some Upper Units of
the Galicia Allochthonous Complex (Abati et al.,
1999; Fernandez-Suarez et al., 2002). Thus, the crust
of the Sehoul block, the South Portuguese Zone, some
Upper Units of the Galicia Allochthonous, and the
Rhenohercynian Zone would be argued to belong to
the southern border of Avalonia (Fig. 4).

The oblique dextral collision between Avalonia
and Gondwana (with the outboard terrane of the
Ossa—Morena—Saxothuringian zones sandwiched in
between) developed a remarkable set of dextral
transcurrent faults in Morocco and eastern North

America. Most of the faults shown in Fig. 4 are
mapped geological structures (Keppie, 1982; Houari
and Hoepffener, 2003) or faults inferred from the
displacement of the Collector Anomaly between Nova
Scotia and Newfoundland (Lefort and Ben Salmia,
1992). South of Newfoundland, we envisage the
suture represented by that magnetic anomaly to be
displaced again towards the north of Morocco (Fig.
4). Here, the suture could be found perhaps under the
Alpine allochthonous units of the Rif, but most
probably has been disrupted, displaced, and subducted
to a considerable extent during the Jurassic to present-
day displacements between Africa and Iberia (e.g.,
Ricou, 1994). Nevertheless, a survivor witness of the
suture in this area may be some rocks recently
dredged about 100 km south of the southwest Iberian
coast, which are similar to those cropping out in the
northern South Portuguese Zone and its boundary
with the Ossa—Morena Zone (Vegas et al., 2004).
Furthermore, a dextral displacement of the suture in
that missing area between Iberia and Africa can be
inferred from the evidence of a deep-crustal Late
Palacozoic shear zone in the Kabilies (Fig. 4;
Bossiere, 1980; Bouillin et al., 1984; Piqué et al.,
1993). This shear zone is described as approximately
east-west, dextral, and cross-cutting low grade meta-
morphic rocks, with the shear zone itself exhibiting a
medium-pressure, high-grade metamorphism. A gran-
ite dated as 271 (Rb-Sr)/273 (U-Pb) Ma (Bossiére
and Peucat, 1986; Peucat and Bossiére, 1991)
intruded after the blastomylonitization in this shear
zone.

The prominent spur of Avalonia, which approx-
imately coincides with the present-day Grand Banks,
played a major role in the complex pattern of the
central part of the Variscan orogenic belt. This is why
the main Variscan suture presents an abrupt change of
orientation, cropping out again in southern Iberia, as
the boundary between the South Portuguese and
Ossa—Morena zones (Fig. 4). The prolongation of
this main suture in southern England (Lizard ophio-
lite) and along the boundary between the Rhenoher-
cynian and Saxothuringian zones is generally
accepted (e.g., Matte, 2002). From a kinematic point
of view, our reconstruction suggests that the Grand
Banks’ indentor would have originated the Carbon-
iferous prominent sinistral shearing in southern Iberia,
in addition to some counterclockwise rotation of this



J.F. Simancas et al. / Tectonophysics 398 (2005) 181-198 193

region. Thus, the Grand Banks’ indentor may have
been more influential on the configuration of the
Ibero—Armorican arc than the usually envisaged
active indentor in the core of the arc (Matte and
Ribeiro, 1975; Burg et al., 1981; Matte, 1986, 1991).
In this respect, we note that recent palacomagnetic
studies by Weil et al. (2001) in the Asturian core of
the Ibero—Armorican arc suggest that most of the
tightening of this megastructure would have taken
place in latest Carboniferous—Permian time, substan-
tially later than the timing required by models based
on strong indentation in the core of the arc. Our
reconstruction furnishes us with a kinematic picture
somewhat more compatible with those palacomag-
netic results because most of the rotations in the
Asturian core of the arc can be delayed until a late
collisional stage.

Despite the above statement, the Grand Banks’
indentor did not behave as rigidly as, say, the Indian
indentor in the Himalayan collision (Tapponier et al.,
1982); on the contrary, it underwent an important
deformation reshaping it. In this respect, some
indentation of the Iberian core, on the one hand, and
of northwest Africa, on the other hand, can be inferred
from the fault pattern: escape tectonics in Iberia is
illustrated in Figs. 2B and 4, while some northward
penetration of Africa is suggested by the Nova Scotia—
Newfoundland escape fault arrangement (Fig. 4).
Actually, the Alleghanian deformation in the northern
Appalachians is dominated by strike—slip faults
(Keppie, 1982; Rodgers, 1982).

Second-order sutures between peri-Gondwana ter-
ranes and the border of Gondwana cannot be followed
all along the orogen. The suture located at the
boundary between the Saxothuringian and the Mol-
danubian zones in central Europe seems to be
equivalent to the boundary Ossa—Morena Zone/
Central Iberia Zone (S2 in Fig. 4; see also Fig. 5A).
There are no data on the possible continuation to the
southwest of this suture, but the gneissic rocks found
in drill holes on the Atlantic platform of Morocco
(Kreuzer et al., 1984) could be related to its
continuation. On the other hand, the Massif Central
suture in France (S3 in Fig. 4) apparently does not
prolong towards Iberia (as discussed above), abutting
perhaps on a transfer fault (Fig. 5).

The schematic palacogeographic picture proposed
here for the oceanic domains before continental

collision took place is sketched in Fig. 5A. In this
figure, the approximate sites from where future
ophiolites will derive are suggested by stars, although
the ophiolites apparently related to the closure of the
Rheic Ocean may represent, rather than the ocean
itself, pull-apart basins (the Lizard complex in Corn-
wall; Cook et al., 2002), young small “oceans” (the
Rhenohercynian ocean; Franke, 2000), back-arc
basins (the Beja—Acebuches ophiolite in southwest
Iberia; Quesada et al.,, 1994), or other particular
domains of a much more complex palacogeographic
scenario. As for the Galicia Tras-os-Montes ophiolitic
units (Arenas et al., 2004), they may constitute a
complex ophiolite, including units coming from
different oceanic domains.

The continental grabens that developed in Early
Palacozoic times on the margin of Gondwana are also
very schematically depicted in Fig. 5A: these are the
Middle Cambrian Western Moroccan Rift, in the
Coastal Block, and a long strip of more or less aligned
grabens of Ordovician—Early Devonian age, now
represented by the Eastern Meseta and the Palacozoic
of Kabilies/Malaguide/Gomarides (inliers in Alpine
Ranges), plus the Cambro-Ordovician rifted area of
the Western Asturian—Leonese Zone and the Mon-
tagne Noire—Pyrenees. This strip of grabens is the
southernmost domain influenced by the Early Palae-
ozoic extension on the northern border of Gondwana.

6. Conclusion

We have proposed here a tectonic frame—obvi-
ously simplified, but coherent—for the Variscan—
Alleghanian orogenic belt from central Europe to the
southern Appalachians at both pre-collisional and
late-collisional stages. Apart from other geological
and geophysical data available from previous works,
the two keystones in our reconstruction are as follows:
(i) the suture-bounded Variscan zones of Iberia (Ossa—
Morena and South Portuguese zones in the southern
transect, and the allochthonous Galicia Tras-os-Mon-
tes Zone in the northern transect) have no equivalent
in the Moroccan Variscides; and (ii) the Moroccan
Meseta shows stratigraphic similarities with the
central and northern zones of Iberia, considered to
have been part of the Gondwana rifted margin at early
Palacozoic times. Thus, the northern Iberia palae-
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ogeographic zones would prolong in the Moroccan
Meseta through an eastward arcuate structure.
Accordingly, the main suture of the Variscan orogen
(Rheic Ocean), which is represented at the boundary
between the South Portuguese and Ossa—Morena
zones, moulds around an Avalonian spur (Grand
Banks indentor), being laterally translated to south-
eastern Nova Scotia—Newfoundland. The Caledonian
Sehoul block in northern Morocco is considered to be
part of that Avalonian spur, as well as the crust of the
South Portuguese Zone in SW Iberia. We consider this
Avalonian (Grand Banks) indentation and the counter-
parts late-collisional indentations of Iberia and north-
west Africa to have played an important role on the
tectonic pattern of the central segment of the Variscan
orogenic belt.
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