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ABSTRACT

The Oligocene-early Miocene sedimentation in the Betic-Rif Internal Zone

(BRIZ) occurred during the same time interval as the main tectonic events
that are classically considered responsible for the structuring of this zone.
Therefore, its paleogeographic and tectonic significance has been the subject
of much controversy. The sedimentation developed in two successive groups
of formations: the Ciudad Granada group of late Oligocene-Aquitanian in age
and the Vinuela group of Burdigalian p.p. in age. The former consists of
reddish marls containing clastic intercalations of Malaguide origin, while the
Vinuela group is made up of siliceous-intercalated marlstones and lime-poor
pelites, with a basal coarse-grained clastic material inherited from both the

Malaguide and Alpujarride complexes. An overview of all the outcrops of the
BRIZ leads to the conclusion that the two groups are closely related both
geographically and tectonically. The paleogeographic, tectonic, stratigraphie and

sedimentary relationships suggest that there was no nappe stacking stage
between the two groups in the BRIZ. The transition from Ciudad Granada to
Vinuela seems to have been the result of a transtensive tectonic event probably

related to the westward migration of the BRIZ and to the opening of the

Algero-Provençal and Alboran basins. This tectonic disturbance would have

caused a severe subsidence in the downfaulted blocks, thus deepening the
deposition zones; at the same time, the rapid uplifting of upfaulted blocks would
have uncovered Alpujarride units, thus comprising the basement and the

source of detritics for the Vinuela group.

RESUME

Les séries tertiaires assurant la couverture transgressive de la zone interne bé-

tico-rifaine (BRIZ) sont inclues dans le même intervalle d'âge. Oligocène-
Miocène inférieur, que les événements tectoniques responsables, pour certains

auteurs, de la structuration majeure de la dite zone. C'est pourquoi, l'interprétation

tectono-sédimentaire de ces séries suscitait de vives controverses. Stra-

tigraphiquement, deux groupes sédimentaires sont distingués : le groupe Ciudad

Granada d'âge Oligocène supérieur-Aquitanien et le groupe Vinuela
d'âge Burdigalien p.p. Le plus ancien contient de pélites rougeâtres et des coulées

détritiques d'origine "Malaguide", alors que le groupe Vinuela se compose
de marnes, localement siliceuses, et de décharges conglomératiques à

éléments hérités à partir des complexes Malaguide et Alpujarride. La révision

générale des affleurements dans toute la BRIZ permet de conclure que les

deux groupes appartenaient initialement aux mêmes dépocentres, sans que le

puisse constater de phase de structuration en nappes pendant la période qui
séparait leur dépôt. Le passage de Ciudad Granada à Vinuela semble dû à un
événement tectonique transtensif. lié probablement à la dérive vers l'ouest de

la BRIZ et à l'ouverture conséquente des bassins Algéro-Provençal et d'Albo-
ran. Cette perturbation tectonique aurait généré un système de horsts et de

grabens très contrastés. Des zones à forte subsidence étaient alors juxtaposées
à des horsts exposant les unités Alpujarrides. Ces dernières peuvent servir à la

fois de substratum et de source de matériel élastique pour le groupe Vinuela.

Introduction

The Betic Cordillera and Rif constitute the western extremity
of the peri-Mediterranean Alpine chain. Their common internal

zone (henceforth BRIZ, Fig. 1), formed part of the Me-
somediterranean block (Durand-Delga & Fontboté 1980), i.e.,
the so-called Alkapeca (Alboran-Kabylian-Peloritani-Calabri-
an domain, Bouillin et al. 1986). During the Jurassic times, this

continental domain was located N of Africa from which it
detached since the Cretaceous, resulting then in a northward-deriving

microplate between Africa and Eurasia (e.g., synthesis

by Andeweg, 2002). During the Oligocene, the domain was

fragmented by the rifting of the Algero-Provencal basin (western

Mediterranean), so that its WSW-migrating part (the
Alboran block, Andrieux et al. 1971) become wedged between the
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Fig. 1. General scheme of the Betic-Rif orogen and geographic location of the Oligocene-early Miocene transgressive formations over the BRIZ (CG: Ciudad
Granada group: V: Vinuela group).
1. Sierra Espufia sector: 2. Chirivel sector: 3. Southern Sierra Almagro: 4. Northern Sierra Cabrera: 5. South-western Guadix basin: 6. North-eastern Granada
basin: 7. South-eastern Granada basin: 8. La Vinuela sector; 9. Colmenar sector: 10. Casabermeja: 11. Cortijo Cherino: 12. Northern Almogia: 13. Malaga sector:
14. Northern Cârtama: 15. Alozaina-Tolox sector: 16. Guaro sector: 17. Ardales sector: 18. San Pedro de Alcantara sector: 19. Ceuta-Fnideq sector: 20. Zem sector:

21. Tetuan-Sidi Abdeslam sector: 22. Tamezzakht sector: 23. Talembote sector

Iberian block and the African plate, thus forming the Gibraltar
Arc. Finally, the westward prolongation of the Mediterranean
rifting thinned the axial zone of the BRIZ. The resulting deep
internal trough originated the Alboran Sea (Sanz de Galdeano
1990; Comas et al. 1992).

Three main tectonically stacked complexes can be

distinguished in the BRIZ. These are from bottom to top: the Neva-
do-Filabrides (not present in the Rif), the Alpujarrides (i.e. Ri-
fian Sebtides) and the Malaguides (Rifian Ghomarides).
Originally, the complexes that today occupy the highest tectonic
positions were located in more southerly positions (Durand-
Delga 1980; Wildi 1983). In addition, the Dorsal is usually
identified as occupying a distinct domain extending south of

the Malaguide. Tectonic movements and the linked nappe
emplacement initially had a north mean direction (NW. N or NE).
Subsequently, during the westward migration of the BRIZ.
important W and WSW displacements occurred in the Rif
(Frizon de Lamotte et al. 1991). while movements in the Betic
Cordillera were towards the W-NW (Kirker & Piatt 1998:

Lujân et al. 2000; among others). Some units locally underwent
severe backthrusting and rotations.

During the Cretaceous to early Miocene, the Maghrebian
Flysch trough developed between these domains and the

African plate (Durand-Delga 1972). The paleogeographic
transition between the calcareous Dorsal and the Flysch trough
corresponded to the Predorsalian and the Mauretanian zones, re-

238 F. Serrano et al.



Table 1. Transgressive formations of the

Oligocene-early Miocene over the BRIZ and

group assigned in this paper. Sector numbers
correspond to those in Fig. 1.

Sector Formation (authors) Group

BETIC CORDILLERA
1. Sierra Espuna El Nino Fm. (Marlin-Martin 1996)

Oligo-Aquitanian of the "zone limite" (Paquet 1969)

or Rio Pliego Fm. (Martin-Martin 1996)
Bosque Fm. (Martin-Martin 1996)

Vinuela
Ciudad Granada

Ciudad Granada

Espejos Fm. (Soediono 1971)
Fuentes Fm. (Soediono 1971)
Ciudad Granada Fm. (Mac Gillavry 1963)
Frac Fm. (Soediono 1971)

Cortijo del Perro Malo Fm. (Soediono 1971

Vinuela
Vinuela
Ciudad Granada
Ciudad Granada
Ciudad Granada

3. SE Sierra Almagro Fuente Älamo Fm. (Völle 1967) Vinuela

4. N Sierra Cabrera Fuenlc Älamo Fm. (Volk 1967) Vifiuela

5. SW Guadix Basin Los Alamillos Fm. (Rodriguez-Fernandez 1982) Vinuela

6. NE Granada Basin Los Alamillos Fm. (Rodriguez-Fernandez 1982) Vinuela

7. SE Granada Basin Base del Tramo de Murchas (Gonzalez Donoso 1977-78) Vinuela

8. La Vinuela Vinuela Fm. (Vera 1969) Vinuela

9. Colmenar Majiaza Complex pro-part (Peyre 1974) Vinuela

10. Casabermeja Upper Oligocene of the 'Bético de Malaga" pro-part (Didon et al. 1961) Vinuela

11. Cortijo Cherino Burdigalian sediments (Peyre 1974) Vinuela

12. N Almogia Burdigalian sediments (Peyre 1974) Vinuela

13. Malaga Vinuela group (Serrano et al. 1995)
Ciudad Granada group (Serrano et al. 1995)

Vinuela
Ciudad Granada

14. N Cârtama Vinuela group (Sanz de Galdeano et al. 1993) Vinuela

15. Alozaina-Tolox Las Millanas Fm. (Bourgois et al. 1972a)
Alozaina Fm. (Bourgois et al. 1972b)

Vinuela
Ciudad Granada

16. Guaro Vinuela group (this work) Vinuela

17. Ardales Pantano de Andrade Fm. (Bourgois 1978) Ciudad Granada

18. San Pedro de Alcantara San Pedro de Alcantara Fm. (Didon et al. 1973) Vinuela

RIF

19. Ceuta-Fnideq Burdigalian sediments (El Kadiri et al. 2000)
Fnideq Fm. (Durand-Delga et al. 1964)

Vinuela
Ciudad Granada

20. Zem-Zcm Fnideq Fm. (Durand-Delga et al. 1964) Ciudad Granada

2!.Tetuan-Sidi Abdeslam Sìdi Abdeslam Fm. (Durand-Delga et al. 1964)

Boujarrah section (Maatë et al. 1995)

Fnideq Fm. (Durand-Delga et al. 1964)

Vinuela
Vinuela
Ciudad Granada

22. Tamezzakht Oligo-Early Miocene sediments (El Kadiri et al. 2006)

23. Talembote Vinuela group (El Kadiri et al. 2001)
Ciudad Granada group (El Kadiri et al. 2001)

Vinuela
Ciudad Granada

spectively (e.g., Durand-Delga 1980). Due to the shortening
between the BRIZ and the External Betic and Rif zones, Predor-
salian and Mauretanian deposits were stacked, forming in the
Betics the Campo de Gibraltar Flysch nappes (Fig. 1).

The tectonic complexity evidenced in the BRIZ, provoked
discrepancies about the timing of the metamorphism and the

nappe emplacement. De Jong (1991 1992) first proposed the

early and middle Eocene, and then (De Jong 1993) the latest

Oligocene-early Miocene age for the Alpujarride/Nevado-Fi-
labride overthrusting during an extensional regime. Chalouan
et al. (2001) and Chalouan & Michard (2004) showed that
initially the metamorphism occurred in the context of a double
subduction process, mainly during the middle Oligocene and
the earliest Miocene, while Zeck (2004) indicated that the
exhumation of the metamorphic rocks began as early as the

Aquitanian-Burdigalian transition (during the time interval
22-18 Ma) and rapidly occurred as a consequence of tectonic
extrusion and concomitant extensional events. Extensional
tectonics continued up to the Tortonian and thinned the former
nappe edifice (Garcia-Duenas et al. 1992; Crespo-Blanc et al.

1993). As a complement to this debate, observations in the

next section will indicate that the tectono-sedimentary significance

of the late Oligocene and early Miocene formations that
transgressively rest upon the Malaguide and/or Alpujarride

basement, remains a crucial issue when deciphering the
structuring phases of the BRIZ.

The aim of this paper is to provide a comprehensive review
of the transgressive formations outcropping in the BRIZ. Special

emphasis is laid on their stratigraphie, sedimentologie and

paleoenvironmental features.

Previous studies and interpretations

Oligocene-early Miocene sediments outcrop in many points of
the BRIZ (Table 1). In the eastern part of the Betic Cordillera,
Soediono (1971) formally defined these deposits in the Vêlez
Rubio corridor, and differentiated the Ciudad Granada group
(including the Ciudad Granada Fm., Frac and Cortijo del
Perro Malo formations, Fm.), the Fuente Fm. and the Espejos
Fm., all stacking in a single stratigraphie column. Based on
planktonic foraminifera, Gonzalez Donoso et al. (1988)
assigned the Ciudad Granada Fm. to the early-middle Aquitan-
ian (without ruling out the possibility that the basal levels
belong to the late Oligocene) and dated the group of Fuente-Es-
pejos formations as covering the interval early Burdigalian-
early late Burdigalian.

Many authors (e.g., MacGillavry et al. 1963; Geel 1973;

Hermes 1978) interpreted the basal conglomerates of the

Oligocene-early Miocene in the Alboran domain 239



Fuente Fm. as being the oldest levels reworking detrital
remains of Alpujarride origin and having been separated from
the underlying Ciudad Granada Fm. by a tectonic phase.
These authors concluded that the deposition of Ciudad Granada

and equivalent groups occurred prior the overthrusting of
the Malaguide over the Alpujarride Complex.

On the contrary, Rivière et al. (1980) reported Alpujarride-
derived detritics in sediments equivalent to those of the Ciudad

Granada Fm., in the Sierra Espuna sector (Oligo-Aqui-
tanian at the "zone limite de Rio Pliego" by Paquet 1969, or
Rio Pliego formation by Jerez 1979), which are conformably
overlain by sediments equivalent to the Fuente Fm.. These
authors thus concluded that the Oligo-Aquitanian deposits in
Rio Pliego postdated the Malaguide/Alpujarride thrusting.

In the western Betic Cordillera, Vera (1969) described
sediments attributed to the Aquitanian-Burdigalian, termed La
Vinuela Fm.. Boullin et al. (1973) reported that this formation
transgressively covers both the Malaguide and the Alpujarride,
and thus postdates the nappe emplacement of the BRIZ. They
also described this formation as being tectonically covered by
Flysch units in the Colmenar sector. Concerning the Alozaina
area (Malaga province), Bourgois et al. (1972a, 1972b, 1973)
placed a tectonically-induced unconformity (post-Aquitanian
phase) between the Oligo-Aquitanian Alozaina Fm., and the

Burdigalian Las Millanas Fm., a result that they completed by
a second phase (post-Burdigalian phase) responsible for the
overlying flysch-bearing olistostromes. Based on a regional
correlation, Rivière et al. (1980) concluded that only the western

sectors of the Betic Cordillera were affected by the post-
Aquitanian phase. Gonzalez Donoso et al. (1982) assigned the
La Vinuela Fm. precisely to the early Burdigalian, and correlated

it with the Fuente Fm. and with many other sediments

covering Malaguide (Casabermeja, Almogîa, Alozaina;
Gonzalez Donoso et al. 1981) and Alpujarride rocks (Granada
basin, the base of the "tramo de Murchas"; Gonzalez Donoso
1977-78). Rodriguez-Fernandez (1982) correlated the Alamillos

Fm. that crops out near La Peza (east of the Guadix basin)
with early Burdigalian formations.

Lateral equivalent of the Alozaina Fm. have been
described from the Ardales (Pantano de Andrade Fm.; Bourgois
1978) and the Malaga sectors (Serrano et al. 1995). As for La
Vinuela Fm., lateral equivalents were reported from Sierra
Bermeja (San Pedro de Alcantara Fm.: Didon et al. 1973;

Aguado et al. 1990); the area of Colmenar (Majiaza complex;
Peyre 1974), Cartama (Sanz de Galdeano et al. 1993); and
from the Malaga area (Serrano et al. 1995).

In the Rif, Durand-Delga et al. (1964) ascribed the Fnidek
Fm. to the late Oligocene-Aquitanian transgressive cover of
the Ghomaride terranes. Ben Yaich et al. (1986) characterized
early Burdigalian strata trapped in the Ghomaride-Dorsal
thrust front (Oued El Gharraq section, northern Calcareous
Chain), that subsequently proved to be identical to the Sidi
Abdeslam Fm. defined by Feinberg et al. (1990) east of Tetu-
an. Additional outcrops pertaining to both formations were
found north of Tetuan by Maaté et al. (1995) and in the Ceuta

area by El Kadiri et al. (2000). In neither case stratigraphie
relations between the two formations could be observed. El
Kadiri et al. (2001) described in the Talembote sector (north of
Chauen) lateral equivalents of the Tertiary formations defined
in the western internal Betics by Bourgois et al. (references
cited): Alozaina Fm., Las Millanas Fm., and the Flysch olis-
tostrome. These Talembote formations appear to be stacked in
a single stratigraphie succession, with ravinement surfaces
and/or chaotic breccia in between. These authors showed that
the tobacco-brown pelites of the Sidi Abdeslam Fm., classically

assigned to the early Burdigalian Vinuela group, should
rather correspond to a regional equivalent of the overlying
Bourgois's olistostrome. Martin-Algarra (1987) proposed to
extend the term "Ciudad Granada group" (Soediono 1971) to
all the late Oligocene-Aquitanian transgressive formations
over the Malaguide basement. This author considered these
formations as recording the last sedimentary episode in the

Malaguide domain, prior to the major nappe emplacement.
Martfn-Algarra (1987) also regarded all the early Burdigalian
formations as post-nappe strata transgressively covering both
the Malaguide and Alpujarride units, and suggested that they
should be classified as "Vinuela group".

Based on a stratigraphie review at the Gibraltar Arc scale.

Olivier (1984) concluded that the major nappe emplacement in
the BRIZ (in considering, at least, the Malaguide and the
calcareous Dorsal) occurred during the Oligocene. Subsequently,
the displacement of the BRIZ towards the WSW during the

early Burdigalian resulted in the whole BRIZ overthrusting the
Predorsal and the neighbouring flysch areas. However, Makel
(1985) reported that the tectonic superposition, which started
by the late Oligocene near the suture between the Nevado-Fi-
labride and the Alpujarride, migrated towards the Malaguide
and the Dorsal, respectively. The latter event would have
occurred during the early Miocene as a result of mantle diapirism
that uplifted the Alboran region (Weijermars, 1991).

On the contrary, Lonergan (1991, 1993), Durand-Delga et
al. (1993), Lonergan & Mangé-Rajetzky (1994) all assumed the
early Oligocene-Miocene sediments to be posterior to nappe
stacking of the BRIZ. Similarly, Piatt & Vissers (1989) regarded

these sediments as post-orogenic, but deposited in a basin
that evolved from the late Eocene-Oligocene and received
clastic material from both the Internal and the External Zones.
Martfn-Martîn (1996) and Martîn-Martîn & Martfn-Algarra
(1997) indicated that the Oligocene tectonics represents only
an early phase of a long-lasting nappe emplacement process
that continued until the latest Aquitanian. For Guerrera et al.

(1993) the formations of the Ciudad Granada group predated
the final nappe stacking phase in the BRIZ. Finally, Martfn-
Algarra et al. (2000) argued that this group predates the
tectono-metamorphic event, as well as the final nappe
emplacement processes and the exhumation of the metamorphic
units of the Betic-Rifian orogen. These authors attribute the

metamorphic and granitic pebbles found in Ciudad Granada-
type formations to a Calabride Hercynian basement similar to
the Malaguide.

240 F. Serrano et al.
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Fig. 2. Cross sections through the BRIZ implying
Oligocene-early Miocene transgressive cover. 1-4:

Malaguide (1: Paleozoic; 2: Triassic; 3: Jurassic-
Cretaceous; 4: Paleogene); 5: Olistostrome and/or
detached large blocks; 6: Ciudad Granada group
(6a: Conglomerates; 6b: Reddish pelites and

sandstones); 7: Vinuela group (7a: Breccias and

conglomerates; 7b: Light-coloured siliceous marls); 8:

Flysch units; 9: Betic External Zone; 10: Postorogenic

sediments.

1. Location of outcrops

Ciudad Granada and Vinuela groups crop out widely throughout

the BRIZ, mostly in the vicinity of frontal bands bounding
flysch units. Nevertheless, significant outcrops of these formations

also appear in axial troughs within internal areas of the
BRIZ. The best examples can be taken around the northern
(Cartama, Malaga), western (Alozaina, Tolox), and southern

(Guaro-Monda) borders of the Malaga basin (localities 14, 15

and 16, respectively, in Fig. 1). Further outcrops are evidenced
at the edge of the Vera basin (localities 3 and 4 in Fig. 1), at
the junction of the Alpujarras corridor with the Granada basin

(Murchas, Loc. 7 in Fig. 1), as well as at the edge of the Alboran

Sea (San Pedro de Alcantara, Loc. 18 in Fig. 1).

The outcrops of the Ciudad Granada and Vinuela groups
in the Rif are distributed in a fairly similar way, with both

Oligocene-early Miocene in the Alboran domain 241
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coloured siliceous marls; 6. Silexites; 7. Dusts
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Representative sequences compiled from Gonzalez

Donoso et al. 1982 (La Vinuela). El Kadiri
et al. 2001 (Talembote). Gonzalez Donoso et al.

1988 (Chirivel). Martin-Martin 1996 (Sierra
Espuna). El Kadiri et al. 2006 (Tamezzakht). and
this work.

groups appearing in peripheral areas of the BRIZ and in internal

troughs.
Fig. 2 shows that Ciudad Granada and Vinuela-type

formations may be involved in different tectonic settings. Generally,

the outcrops are located on the borders of collapsed areas,
where they are either covered by post-orogenic sediments or
overthrust by the External Zones (Fig. 2. cross-section I-F and

II-IF) or even by Flysch units (Fig. 2. cross-sections III-III" and

V-V). These formations would extend considerably beneath
their tectonic or sedimentary covers. The Colmenar corridor
provides a good example of this (Fig. 2. cross section III-III'):
it is bounded to the south by the Malaguide, above which
small, localised outcrops of Vinuela (between Colmenar and

Casabermeja, Loc. 10 in Fig. 1) are generally overthrust by flysch

units. Some 2-5 km further north, the Vinuela-type
sediments (Majiaza complex, Loc. 9 in Fig. 1) reappear beneath
flysch units. Northwards, the BRIZ appears in contact with fly¬

sch by a transcurrent fault where the rock formations are brec-
ciated and involved in vertical slices.

Despite the large Tertiary outcrops, there is little opportunity
to see clearly how Ciudad Granada- and Vinuela-type formations

stack in a stratigraphie succession. This is either because

the Vinuela formations cover the Ciudad Granada formations
over extensive areas, or because they separately overly the
Paleozoic basement. This explains why the outcropping areas of the

Vinuela group are. on the whole, larger and more numerous than
those of the Ciudad Granada group. However, in areas where

only the Vinuela group appears. Ciudad Granada-type formations

are likely to lie beneath them in the inner basin areas.

4. Stratigraphie sequences

Stratigraphie descriptions, in varying degrees of detail, of the

different formations comprising the Ciudad Granada and
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Fig. 4. Sedimentation chronology of the formations

of the Ciudad Granada and Vinuela groups
in representative sequences, determined by mean
of planktonic foraminifera. F: first occurrence. Fc:

first common occurrence. L: last occurrence.

Vinuela groups can be found in the above-mentioned studies.
In the present study, we focus on the stratigraphie features
required to characterize each group, in order to reconstruct their
depositional setting (Fig. 3).

Ciudad Granada group

The Ciudad Granada successions generally start with quartz-
dominated, yellow puddingstones, that may laterally evolve
into either brownish to grey chaotic conglomerates or
sandstones. Upwards, these basal levels give way to greyish-brown
or reddish monotonous pelites, which are the most characteristic

facies of these formations. Sandy turbiditic beds and

conglomerates, made up of Malaguide-derived detritics (Fig. 3),

commonly intercalate within this pelitic interval.

In many places (Sierra Espuna, Loc. 1; Chirivel, Loc. 2;

Malaga, Loc. 13; Tetuan, Loc. 21; see Fig. 1), polymictic
conglomerates occur at the top of this sequence. These conglomerates

rework a mixture of metamorphic, granitic, or basalt

pebbles, partly supplied from Malaguide and Alpujarride
sources, and partly from unknown origins (Martfn-Algarra et
al. 2000, El Kadiri et al. 2001,2006). The conglomeratic erosive
bases may rip up red clayey clasts from Triassic strata or from
Palaeozoic schists. In Sierra Espuna, the polymictic conglomerates

alternate with reddish pelites, which conformably and

gradually change upwards to grey and greenish mudstones of
the Vinuela-type El Nino formation (Martîn-Martîn 1996). In
Chirivel, conglomerate lenses lie at the top of the Ciudad
Granada formation (the black conglomerate of Soediono

1971). In Malaga, (Loc. 13 in Fig. 1) equivalent conglomerates
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directly rest on Ciudad Granada reddish pelites, while their

upper levels alternate with Vinuela-type light-coloured marls.

Vinuela group

The Vinuela formations normally consist of two well-contrasted

members: i) a conglomeratic lower member reworking pebbles

from both the Malaguide and Alpujarride basements, and

ii) an upper member dominated by light-coloured siliceous
marls with silexites and turbiditic intercalations (Fig. 3).

In the type area (La Vinuela, Loc. 8 in Fig. 1), the
coarsegrained lower member exhibits a fining-upward trend and may
rests directly on a Malaguide or Alpujarride basement. Its
chaotic basal levels may consist of metric to decimetric boulders.

These clastic facies, with a very reduced or absent muddy
matrix, strongly recall grain-flow facies R1/R3 and S1/S3 of
Lowe (1982). They are well known to be triggered from over
steepened faulted continental slopes, and to be efficient over
short distances only. Upwards, the fine-grained matrix
supporting pebbles contains microfauna, mainly planktonic
foraminifera, suggesting an open marine environment. The top
of this member contains intercalations of light-coloured marls

showing the transition towards the upper member.
In the outcrops lying far from the basin edges, the lower

member is usually thinner and the pebbles become smaller and

more rounded. Thus, it resembles the conglomerates found at
the top of the Ciudad Granada. The attribution of these
intermediate conglomerates to either group may be proposed based

only on the nature of the intercalated pelites. The light-
coloured marls of the upper member of Vinuela-type formations

are typically rich in biogenic silica, which sometimes
develops as silexite beds (Sierra Espuna; Cortijo Cherino, Loc. 11

in Fig. I). Turbiditic intercalations made up of micaceous

marly sandstones (Didon 1969) may also appear, recalling the
silici-clastic facies widespread in the Predorsal and the Maure-
tanian flysch units. The stratigraphical position of the silexites
with respect to the turbidites varies from one sequence to
another. At La Vinuela, the lower part of the marly member is

more siliceous, while the upper part contains a higher proportion

of turbidites and these develop into thicker beds. However,

in Sierra Espuna, the turbidites are more common towards
the bottom, and the silexites lie rather at the top of the series

(Martin-Martin 1996).
In Tamezzakht (Loc. 22 in Fig. 1; Predorsal domain), there

are no facies characteristic of Ciudad Granada. All the late

Oligocene-early Miocene sedimentation develops entirely into
facies of light-coloured marls with sandy-micaceous turbidites
similar to those of the Vinuela group (Fig. 3). Nevertheless,
the siliceous nature of the sedimentation seems to be restricted

mainly to the early Burdigalian.

Stratigraphical setting

Ciudad Granada-type formations unconformably rest over
Malaguide or Dorsal rocks (Fig. 3). The lower levels in these

areas commonly consist of a chaotic interval that recalls coeval
olistostromes described by Serrano et al. (1995) and El Kadiri
et al. (2001).

Outcrops where Ciudad Granada- and Vinuela-type
sequences stack in a single stratigraphie succession are confined
mostly to the border of depocenters (e.g., Malaga basin.

Talembote). Here, the normal faults preceding the onset of the

Vinuela group, first tilted Ciudad Granada strata, which resulted

in an angular and/or erosional unconformity of varying
degree, in between (Fig. 3). Basinwards, this contact progressively

evolves into a parallel conformity preserving discrete
erosional features (Cortijo de la Almoloya in Sierra Espuna, Fig. 2

cross section I-I'; Rambla de Frac in the Chirivel sector). A
good example of these vertical and lateral stratigraphie
relationships can be found close to the city of Malaga: the
unconformity between Ciudad Granada and the Vinuela basal

conglomerates is clearly angular at the edge of the outcrop (at km
239.5 on the highway). However, towards the centre of the

outcrop (e.g. 1.5 km SE), their separating contact becomes an
erosional surface lying between quite parallel layers (Fig.2
cross section IV-IV).

In the Rifian Talembote sequence (Loc. 23 in Fig. 1), green
pelites with Vinuela-type silexites succeed Ciudad Granada-

type marly sandstones, through an erosion surface, which may
be sealed by coarse-grained breccias (facies Rl of Lowe 1982)
and olistostromes. However, in the Tamezzakht Predorsalian

sequence (El Kadiri et al. 2005, 2006), the late Oligocene-ear-
liest Miocene levels appears in sedimentary continuity with the

underlying Paleogene sediments.

5. Biostratigraphy and Chronostratigraphy

The sedimentation chronology of the Ciudad Granada and
Vinuela formations is determined on the basis of assemblages
of planktonic foraminifera present in representative sections

(Fig. 4). The most significant biostratigraphic events in the
Mediterranean domain are correlated with the magnetostratig-
raphy and with absolute ages, following Berggren et al. (1995).

The sedimentation timing of Ciudad Granada-type formations

Most authors state that the sedimentation of Ciudad Granada-

type formations synchronously began by the Oligocene-Aqui-
tanian boundary. However, detailed biostratigraphic analyses
reveals that the onset of these formations is diachronous from
the bordering units of the BRIZ (e.g. Predorsal) to its inner
areas. In the internal troughs of the BRIZ (Alozaina, Malaga),

the basal levels of the Ciudad Granada formations contain

assemblages of planktonic foraminifera that are characteristic

of the Aquitanian. The presence in these levels of G.

woodi (see taxonomic appendix) and the first representative
specimens of the G. trilobus group (G. inmaturus and G.

quadrilobatus) points to the late Aquitanian.
In Chirivel, the Ciudad Granada sequences were deposited

on a Malaguide basement, probably located in the vicinity of

244 F. Serrano et al.



EUSTATIC CURVE
Haqetal, 1987

Fa&ng*-Sea level-» Rising
0 100 200 m

TALEMBOTE
12 3 4 5 6 7

ootl I

LA VINUELA
1234567

CHIRIVEL

T»
5DALOZAINA

1234567

Q
oo TAMEZZAKHT

1234567MALAGA SIERRA ESPUNA

Ü?
1 23

I 234567
OO

¦>m
>.

a m
£33)

sea oog_2

.Ioo 0.0 °o iffloo OQÌ OQ 2±D

ARDALES
1234567

TT-T]

OO
OO

00

° too
oo
oo

X Non-differentiated pelites

Light-coloured siliceous marls

Silexites

Reddish pelites

Sandstones

El rta

m

rrrj

\ OO
qq Breccias and conglomerates

Fig. 5. Environmental characterization of the sedimentation of the Ciudad Granada and Vinuela groups in representative sequences, reconstructed based on
assemblages of organisms within pelitic sediments. 1-7: faunal assemblages (see text for description). Dotted lines: principal assemblages; isolated dots: subsidiary
assemblages.

the calcareous Dorsal. In this sector, G. primordius and G.

kugleri appear from the base levels, which indicate that the deposition

began close to the Oligocene-Aquitanian boundary. The
Talembote sequence in the Rif and Pantano Andrade Fm.,
Ardales area, in the Betics) could have been deposited in

equivalent paleogeographic settings. In both areas, planktonic
assemblages have confirmed the late Aquitanian age of the
sediments, but it has not yet been possible to date the basal levels.

The Sierra Espuna sequences were deposited on a Dorsal
basement, where Ciudad Granada sedimentation began very
early. The presence of G. gr. eocaena and N. opima in the basal

deposits suggests they may belong to the highest part of Blow's
P20/N1 zone of the latest Rupelian.

The Tamezakht sequence, deposited in a Predorsal area
close to the Dorsal, shows a sedimentary continuity between
the Oligo-Aquitanian deposits and the underlying Paleogene

sequence. Middle Oligocene, hemipelagic, yellow marls
alternated with thin distal turbidites and change upwards to
Vinuela-type, light-coloured marls. The transitional interval
between the two facies contains an assemblage with N. opima,
G. increbescens, G. eocaena and G. corpulenta that is characteristic

of the N21 zone of the late Rupelian.
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Sedimentation timing of the Vinuela-type facies

The basal breccia of Vinuela-type formations rarely contains
fauna. The only exception observed in the present study was in
the type section (La Vinuela), where the finest breccia matrix
yielded an early Burdigalian planktonic assemblage with G. al-

tiaperturus, G. trilobus and C. dissimilis (upper part of the N5

zone). Identical assemblages are found in the first levels of
light-coloured marls that are intercalated at the top of the
breccias as well as in the Malaga intermediate conglomerates
lying between Ciudad Granada and Vinuela Fms (Serrano et
al. 1995). The absence of G. subquadratus from all these levels
reveals that the onset of the Vinuela group occurred by the
beginning of the early Burdigalian.

In Sierra Espuna, the uppermost levels of reddish pelites of
the Ciudad Granada-type Fm. contain G. gr. trilobus, whereas
G. altiaperturus appears in the first few metres of the light-
coloured siliceous marls of the Vinuela-type Fm. Thus, in this
area the passage between these formations also occurs close to
the Aquitanian/Burdigalian boundary.

In agreement with the above data, the biostratigraphy of
planktonic foraminifera fails to reveal any significant strati-
graphic gap between the uppermost deposits of the Ciudad
Granada formations and the immediately overlying Vinuela
levels.

It should be emphasized that, although the Vinuela
siliceous light-coloured marls clearly contrast with the Ciudad
Granada red pelites, the corresponding facies change does not
occur so sharply, since these facies can alternate during a

transitional interval (e.g., Chirivel, Ardales). As mentioned above,
in the Predorsal domains, Vinuela-type facies appears
precociously by the end of the middle Oligocene and lasts during
the Aquitanian-early Burdigalian interval, with no apparent
internal stratigraphie hiatus or discontinuity. The breccias and

polymictic conglomerates can no longer be used as "breaking
levels" between the studied groups, since they may intercalate
within both the upper part of the reddish pelites and the lower
part of the overlying siliceous marls.

Therefore, the data appear to indicate that a sedimentary
transition occurred from Ciudad Granada- to Vinuela-type
deposits, and that this transition roughly coincides with the Aqui-
tanian-Burdigalian boundary.

The stratigraphie top of the Vinuela formations is not visible,

either because it eroded or was hidden below Flysch

nappes or post-nappe formations. The most complete
sequences have been recognized in La Vinuela and Chirivel
successions. Their uppermost levels are characterized by the

disappearance of the C. dissimilis group, concurrently with the
abundance of the G. trilobus group bearing an enveloping final
chamber (G. bisphaericus) and Globoquadrina (G. dehiscens,
G. baroemoenensis and G. globosa). This assemblage suggests
that deposition of the Vinuela formation continued at least
until the beginning of the N7 zone of the late Burdigalian. The
end of Vinuela sedimentation could also be marked by the oldest

post-Vinuela deposits. In the Chirivel area (Fm. Maiz, Her¬

mes 1978) and in Sierra Espuna (Fm. Bernabeles, Lonergan
1991; Martin-Martin 1996), the basal sediments of these
formations yielded planktonic foraminifera that still correspond
to the N7 zone of the late Burdigalian (dating by F. Serrano in

Martin-Martin 1996).

6. Depositional environment

The depositional environment of Ciudad Granada and

Vinuela-type sequences can be interpreted based on the micro
paleontological content of their pelite levels from representative

sections. This includes the proportions of planktonic
foraminifera (P) with respect to the total foraminifera (F), the
abundance of radiolaria (R) and that of agglutinated
foraminifera (A). According to data from present-day depositional

environments by Phleger (1951), Parker (1954), Van
Andel and Veevers (1967), Reiss et al. (1974), Berger (1974),

Berger et al. (1978) and Gibson (1989), seven major assemblages

can be distinguished:

1. Assemblages dominated by benthic foraminifera (P/F <

0.33), represented mainly by calcareous forms. These

taphocenoses generally accumulate at depths of less than
200 m and characterize shelf environments.

2. Assemblages that are rich both in planktonic and benthic
foraminifera (P/F: 0.33-0.66), with the latter being dominated

by carbonate-shelled forms. These assemblages tend

to accumulate at depths of 200-500 m and do characterize
outer-shelf, upper-bathyal environments and depth-equivalent

environments.
3. Assemblages dominated by planktonic foraminifera (P/F:

0.66-0.90). These usually accumulate in bathyal environments

and in their bathymétrie equivalents (200-2000 m).
4. Assemblages comprised almost entirely of planktonic

foraminifera (P/F > 0.90), generally formed between 1000 m
water depth and the calcite compensation depth.

6. Assemblages rich in radiolaria (P/R < 0.33), in which
planktonic foraminifera frequently, though not always, prevail

over benthic calcareous foraminifera. These assemblages

correspond to environments similar to those of the

previous class, or to deeper ones. Such assemblages are

currently found at pelagic depths at low latitudes of the
Pacific and Indian Oceans (Jenkins 1978). High concentrations

of radiolarians have also been reported in areas of
volcanic activity, where biosiliceous productivity could be

increased, thus favouring the dissolution of carbonates.
6. Assemblages dominated by agglutinated foraminifera

A/F > 0.5) with varying proportions of planktonic components

(foraminifera and radiolaria) and deep calcareous
benthic components. These normally correspond to deep
deposits, below the lysocline, where carbonates have been

totally or partially dissolved. The possibility should also be

considered that these may correspond to deposits above
the lysocline, in which carbonates dissolve during
sediment diagenesis.

246 F. Serrano et al.



A MIDDLE OLIGOCENE

C EARLY BURDIGALIAN (Vinuela deposits)

B LATE OLIGOCENE- AQUITANIAN
(Ciudad Granada deposits)

* //
" -,

&- /'X)

U
'V

^<
Tunisia

7Iff

\\ \f-
«¦<-IS>

o
n ^X-Flysch Bas

"^ Ĵ
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7. Azoic pelitic levels that are not associated with any particu¬
lar bathymétrie environment. However, the sediments
studied appear to be related mainly to levels containing the

assemblages 6.

The results (Fig. 5) show that the pelites of the Ciudad
Granada-type formations were primarily deposited in shelf and

upper bathyal environments. The lower part of the more
complete stratigraphie sequences (Sierra Espuna. Chirivel. and

Malaga) reveals a relatively clear deepening trend, irrespective

of the age at which these deposits began. This leads

suggests that sedimentation is mainly influenced by tectonics, a

result supported by the fact that the late Oligocene was an

epoch with a relatively low eustatic level (Chart 2, De Gra¬

ciansky et al. 1998). In the upper levels, which immediately
underlie Vinuela-type pelites (Tamezzakht. Sierra Espuna), or
where the top of the Ciudad Granada sequence has undergone
only slight erosion (Chirivel), we note a slight shallowing-
trend, which might be related to the final-Aquitanian eustatic
fall. The BRIZ also reveals a tendency towards deeper
environments from the inner troughs toward the Predorsal. Thus,
the deposits in the Malaga and Alozaina sectors mainly present

shelf assemblages (type 1), with few levels of the type 2

assemblages (outer shelf or upper bathyal). In Chirivel, which
could be representative of the inner zone of the Malaguide,
the lower part of the sequence contains type 1 assemblages,
while type 2 assemblages predominate at the upper part (as in

Talembote), with occasional examples of intermediate assem-
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blages between type 2 and type 3. In Ardales, the only
outcropping series contains assemblages of types 1, 2 and 3. In the
Sierra Espuna sequences, which could represent deposits in
dorsal areas, there is a predominance of type 2 assemblages,
with few levels of type 3 assemblages. Finally, the Tamezzakht

Oligo-Aquitanian sequence, with Vinuela-type facies deposited

in the Predorsal domain, shows signs of the carbonate
dissolution. Microfauna are very rare in these sediments and

mainly consist of agglutinated foraminifera, sometimes accompanied

by radiolarian and planktonic or calcareous benthic
foraminifera (assemblages types 6 and 7). These deposits
reveal environmental conditions similar to those of the Flysch
trough. It is possible that in these deep areas, narrow troughs
the lysocline could be notably shallower than present-day levels

(3500-4000 m).
Nevertheless, the paleogeography would be somewhat

more complex than the simple model described above. In the

Sierra Espuna sector, for example, the Rio Pliego Fm. (Ciudad
Granada type) evolves laterally to the Bosque Fm.. According
to Martin-Martin (1996), the latter formation consists of
shallow-water carbonate-shelf deposits featuring the development
of a delta fan.

On the whole, the Vinuela-type pelites suggest depositional
environments much deeper than those of Ciudad Granada-

type formations. Taking into account that the Aquitanian
eustatic peak was higher than that of the Burdigalian times, and
the Aquitanian- Burdigalian transition was characterized by a

low eustatic level (Chart 1, De Graciansky et al. 1998), this

early Burdigalian deeper facies should be related to an extensional

tectonic pulse (Alonso Chaves and Rodriguez Vidal
1998) that created the Vinuela depocenters. In general terms,
irrespective of the studied sector, the Vinuela sequences contain

types 2-7 assemblages. In sequences where the highest
chronostratigraphic levels are observed (La Vinuela and

Chirivel), the top of the sequence offers evidence of a shallowing

trend, but remains characteristics of bathyal environments.

7. Geotectonic framework

The first alpine phase affecting the BRIZ occurred in the late
Cretaceous in the Nevado-Filabrides (Puga 1980) and probably

also affected the Alpujarrides. During the Eocene (De
Jong 1991, 1992) or from the Eocene to the late Oligocene, an

important metamorphic event developed in the Nevado-Filabrides

(Puga et al. 2002), and this could have occurred
contemporarily with the Alpujarride metamorphism. Coevally, a

less significant deformation took place in the Malaguides, leading

the Paleogene sequences to rest on a Mesozoic basement

through a low-angle unconformity resulting in variable strati-
graphic hiatuses (Serrano et al. 1995). The Sierra Espuna
sequence, where the Paleogene marine series is fairly complete,
bears the record of a middle Oligocene folding phase (Martin-
Marti'n 1996). This deformation could be related to the thrusting

of the Malaguide over the Alpujarride. Close to the Flysch
basin, these deformations are imperceptible, since in the Pre¬

dorsal and in the Flysch trough, the Oligocene sequences show

no internal unconformity. Nevertheless, in all these domains,
there is a notable increase in detrital sedimentation during the

Oligocene, this being particularly accentuated in the early
Miocene. This change in sedimentation input appears to be

linked to an uplifting/erosion double process controlled by the

Oligocene tectonics.
The onset of Ciudad Granada-type formations occurred by

the end of the middle Oligocene (Sierra Espuna), and more
commonly in the late Oligocene-Aquitanian transition. They
unconformably rest on the Malaguide complex or on the Dorsal

(see Fig. 2), but we have never found these formations
directly on the Alpujarride-type units in the BRIZ. On the

contrary, Vinuela-type formations may rest on both Malaguide
and Alpujarride units, sometimes sealing the thrust front
between. According to Alonso Chaves & Rodriguez Vidal
(1998), this contact shows an extensional movement in the area

type of La Vinuela, induced by "the first Neogene rifting phase
in the Betic Cordilleras". In both cases, the Vinuela basement

clearly shows that the overthrusting of the Malaguide over the

Alpujarride occurred before the beginning of the Burdigalian,
but not necessarily at the end of the Aquitanian (i.e. it could
have been earlier). Moreover, the close relationships between
the Ciudad Granada and Vinuela formations with regard to
the outcrop distribution, on one hand, and their vertical stacking

in an apparent sedimentary continuity on the other, lead us

to conclude that there was no nappe stacking stage during the
transitional time span between. However, as above mentioned,
their entire paleogeographic setting was the subject of major
vertical displacements related to extensional tectonics.

Consequently, we propose that at the end of the middle

Oligocene, and before the beginning of Ciudad Granada
sedimentation, there had already occurred the double nappe stacking
of the Alpujarride over the Nevado-Filabride, and the Malaguide
over the Alpujarride. As a result, their ante-Oligocene domains
ceased to act as differentiated paleogeographic settings. On the

contrary, the regions located further south, from the Dorsal to
the Flyschs trough, were moderately affected by Oligocene tec-

togenesis, and their paleogeographic domains persisted during
the late Oligocene and the early Miocene.

By the end of the middle Oligocene, an extensional process
began, concurrently with the westward migration of the BRIZ.
Consequently, upfaulted Malaguide blocks (Zeck 2004) actively

eroded, when adjacent larges areas underwent subsidence
beneath a thick sedimentary pile. To the south, from the Dorsal

to the Mauretanian domain, flysch deposits register a clear

tendency to deepening (the Tamezzakht Oligo-Miocene
formation in the Predorsal, the Algeciras-Béni Ider units in the

Mauretanian flysch realm), but the Malaguide-derived sandy-
micaceous turbidites continue to feature detrital materials.
Further south, the Massylian and Numidian flyschs are mainly
composed of a clastic material from Sahara sources (Durand-
Delga 1980; Hoyez 1976).

At the beginning of this transtensional process (Fig. 6A)
the BRIZ was located approximately south of Sardinia (Sanz
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de Galdeano 1990, 1997; Andeweg 2002). The progressive
opening of the Algero-Provençal basin and the formation of a

new oceanic crust displaced the BRIZ to the west. By the late

Aquitanian, the extensional tectonics thinned the continental
crust of the central sector of the BRIZ. This progressively
resulted in the opening of the Alboran area: it was at this time
that Ciudad Granada-type sedimentation began in the internal

troughs of the BRIZ.
By the Aquitanian-Burdigalian transition, the extension

process must have been accentuated to such the point that the

previously downfaulted blocks underwent severe subsidence.
This was the environment in which Ciudad Granada-type
formations evolved into Vinuela-type formations (Fig. 6C). The
most notable aspects of this turning event are as follows:

- Extensional pulses and deepening of the Ciudad Granada
depocenters, which explains the transgressive character of
Vinuela with respect to Ciudad Granada facies. This event
was not necessarily sudden and synchronous as evidenced
by : i) the gradual passage between these two facies groups,
and ii) the recurrent coarse-grained detritics intercalated
within both the upper and the base levels of the Ciudad
Granada and Vinuela sequences, respectively.

- Fault-related tilting of the Ciudad Granada-type forma¬
tions mostly at the edges of the basins, which explains the

progressive low-angle unconformities.

- The Vinuela basal breccias showing both a basinward and

upward fining. Its lenticular shape, with convex-up geometry
close to the basin edges, indicates rock falls from steep

escarpments (e.g., Cook & Mullins, 1983). These
coarsegrained flows may transform into high-density turbidity
currents (namely facies F4/F5 and F7/F8 of Mutti, 1992)
that eroded part of the underlying Ciudad Granada
deposits, which would explain the erosional surfaces that may
locally separate these two groups.

- Extensional detachment along the Malaguide/Alpujarride
thrust front locally exposing Alpujarride rocks. The latter
was later partly transgressively covered by Vinuela
deposits and partly upfaulted to act as new detrital sources.
This depositional setting explains why the Vinuela formations

can be deposited on both Malaguide and Alpujarride
complexes, and even can seal the nappe contact (e.g. La
Vinuela locality).

- Thermal anomaly, that in the Algero-Provençal basin fu¬

elled the whole ocean-crust-related extensional process,
also affected the axial trough of the BRIZ (Alboran proto-
basin), thus generating tholeitic basaltic dykes (traditionally

termed diabases), which date from the Aquitanian
(22-23 Ma, Torres Roldân et al. 1986). The basaltic dykes,
located in the Malaga region from Fuengirola to Velez-
Malaga, are observed in both the lower part of the

Malaguide sequence and the overthrust Alpujarride unit.
They were also found within Aquitanian coastal Rifian
outcrops. Data from these dykes show that the
Malaguide/Alpujarride nappe pile formed before the Aqui¬

tanian. The formation of these dykes is consistent with the

opening up of the Alboran Sea (see Rehault et al. 1984,
Comas et al. 1999), in a transtensive-dominated tectonic
regime, although the external BRIZ fringe coevally played
the role of a compressive to transpressive front. Piatt &
Whitehouse (1999) indicated that extension would have
started at approximately 27 Ma, and a phase of rapid
lithospheric extension and subsidence of the Alboran
Domain occurred during the late Aquitanian-early
Burdigalian. In accordance with these authors, Sanchez-Rodriguez

& Gebauer (2000) suggested an age of about 20-18
Ma for the exhumation of Ronda peridotites area (Malaga)
while Zeck (2004) indicated a rapid exhumation of the

Alpujarride in the area of Malaga between 22 and 18 Ma.
In deeper areas the crystalline networks of metamorphic
minerals could have remained open until the pressure and
the temperature had sufficiently decreased. Thus, in lower-
lying complexes, such as the Nevado-Filabride, middle
Miocene metamorphism (15 ± 0.6 Ma) has been recorded
(Lopez Sânchez-Vizcaîno et al. 2001).

When the extensional pulses of the latest Aquitanian attenuated,

early Burdigalian light-coloured marls relayed the
coarsegrained detritics. However, in many places, small-scale
turbiditic flows still intercalate within the dilated marly
sequences, and may reflect distal reverberations of the intermittent

Mediterranean extensional regime. Regionally, the latter
resulted in deepening the Malaguide and flysch depocenters to
such a point that the biosiliceous signal became generalized.
As shown by Lorenz (1984), the cryptocrystalline matrix of the

early to middle Burdigalian silexites mainly consists of volcanic
ash, a facies that recalls the late Jurassic supra-ophiolitic tufa-
ceous cherts of the Coast Ranges (USA, e.g., Pessagno, 1977).
In both cases, this kind of deposit was commonly paired with a

drastic CCD-shallowing. A similar scenario would have
occurred precisely during the early-middle Burdigalian transition,

easily explaining why many early to middle Burdigalian
levels contain very little calcareous microfauna (an additional
role of diagenesis dissolution cannot be discounted).

While the BRIZ was migrating, its frontal areas began to
collide with neighbouring domains from the beginning of the
late Burdigalian (Fig. 6D). The presence of Subbetic elastics at
the top of the Vinuela-type Espejos Fm. (Chirivel area,
Gonzalez Donoso et al. 1988) suggests that these two zones
were already brought nearer at this time. This collision
progressively produced the large-scale nappe pile: Malaguide
(Ghomaride) / Dorsal / Predorsal / Flysch units. In the western

part of the Betic-Rif orogen, the Flysch units overthrust more
external zones concurrently with backthrusting processes,
responsible for their superposition onto the BRIZ (e.g., "Neonu-
midian" olistostromes of Bourgois, 1978). This tectonic setting
can be observed in the Malaga basin, in the Colmenar corridor
(Fig. 2, cross-section III—III'), and in Morocco, north of Tetuan
(Jebel Zem-Zem; Fig. 2, cross-section V-V). The Dorsal and
the Malaguide also underwent either overthrusting or back-
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thrusting, depending on the points.
The Gibraltar Arc was formed during this process, while

severe deformations resulted both at the BRIZ edges and in
the External Zones. During the Burdigalian, the northern edge
of the BRIZ was the subject of a strong dextral transpression,
along which certain units were left behind the BRIZ (Sierra
Espuna, Chirivel, Sierra Arana, and Ardales). As a

consequence, some of these backward units underwent considerable
clockwise rotation (Parés et al. 1992; Allerton et al. 1993). If
these latter units were relocated in their former paleogeographic

situation, the whole northern set of outcrops of the
Ciudad Granada group would be situated on the southern or
western border of the BRIZ. These considerations lead us to
conclude that the sedimentation in the more northern sectors

began only after the transtensive pulse of the Aquitanian-Bur-
digalian boundary (see Fig. 3). The huge tectonic instability on
the northern border of the BRIZ triggered large-scale
olistostromes and tectonic breccia (Espejos Fm. in Chirivel, Maji-
aza complex in Colmenar, Lorna del Castillo in Ardales).

At present, the Sierra Espuna outcrops are also located on
the northern (visible) border of the BRIZ, but they show two
peculiarities: i) the transition between Ciudad Granada and

Vinuela-type formations was gradual and took place in pelitic
sedimentation no significant hiatus evident; ii) there is no sign
of large olistostromic deposits associated with Vinuela-type
formations. This sector probably remained stable and far from
the olistostromic areas, but we should also consider that in the
late Burdigalian it would be overthrust by the Subbetics
(External Betic Zone), covering thus most Vinuela-type sediments
(see Fig. 2 cross section I-I').

The collision between the BRIZ and the External Zones
results in the disappearance of the Vinuela depositional basins, so
that during the remaining times of the late Burdigalian, sedimentation

in the BRIZ was restricted to the eastern Betic sector.

Conclusions

Biostratigraphic analyses and the regional review of the facies
evolution and the stacking pattern of the Oligocene-early
Miocene sedimentation on the Betic-Rif internal zone lead us

to reach the following conclusions:

- Ciudad Granada and Vinuela groups outcrop throughout
the BRIZ, along both the borders and the central depocen-
ter areas. The variability of stacking pattern and facies
evolution between these depositional zones reflects a common
paleogeography and complementary tectonic histories.

- Deposition of the Ciudad Granada group diachronously
started from the end of the middle Oligocene in the Dorsal
domain and lasted until the late Aquitanian in the internal
axial troughs of the BRIZ. The sedimentation took place in
shelf and upper bathyal marine environments, and bears
the record of a tectonically controlled deepening trend.

- The tectonically induced facies change of Ciudad Granada
reddish yellows marls into the Vinuela marlstones and

pelites, should rather be ascribed to a late Aquitanian-early
Burdigalian transtensive phase induced by the Alboran
basin opening. This phase resulted in deepening the

depocenters, which explains why the shelf-upper bathyal Ciudad

Granada deposits evolved into the Vinuela pelagic
marls. Moreover, the volcanic ash-bearing silexites (i.e, tu-
faceous cherty facies) indicate submarine volcanic activity
that resulted at least in the causally linked biosiliceous
productivity and CCD-shallowing (among other environmental

stresses). On the contrary, in horst settings, the
exhumed Alpujarride rocks play the role of detrital sources.

- However, the Ciudad Granada-Vinuela sedimentary
change did neither occur suddenly nor synchronously
throughout the whole BRIZ. Thus, both facies alternate
during the late Aquitanian-earliest Burdigalian in the Dorsal

domain, and as early as the late middle Oligocene in the
Predorsal domain where the Vinuela facies developed.
Later, the Vinuela silexite-intercalated marlstones became

a monotonous and widespread facies throughout all the
BRIZ depocenters during the early Burdigalian times.

- Field evidence, such as the conformity between Ciudad
Granada and Vinuela deposits far from the faulted
borders, synsedimentary normal faults, and the Vinuela
transgressive base levels sealing the Malaguide/Alpujarride
thrust front, implies that no nappe-emplacement phase
occurred during the transition from Ciudad Granada to
Vinuela Fms. This suspected paroxysmal tectonics could
have already occurred during the middle Oligocene, as

satisfactorily supported by the sudden Malaguide-derived sili-
ciclastic input, since the middle Oligocene, in both the Dorsal

and the flysch domain (e.g., El Kadiri et al. 2005, 2006).

Acknowledgments

This study was carried out as part of the research by Groups RNM-146 RNM-
163 and RNM-217 of Junta de Andalucia, within project A49/02 of the
International Cooperation of Junta de Andalucia with Morocco, and within
projects REN2002-01059 of the Spanish Ministry of Science and Technology and
the PARS SDU 72 of the Moroccan CNCPRST. The authors are grateful to
Dr. Stefan Bücher, Dr. Frizon de Lamotte and an anonymous reviewer whose

suggestions have substantially improved this paper.

Taxonomic appendix (formal names)

C. gr. dissimilis: group of Catapsydrax dissimilis (Cush-
man & Bermüdez), including:

Catapsydrax dissimilis (Cushman & Bermüdez), 1937

Catapsydrax unicavus Bolli, Loeblich & Tappan, 1957

G. angulisuturalis: Globigerina angulisuturalis Bolli, 1957

G. gr. eocaena: group of Globigerina eocaena Guembel,
including:

Globigerina corpulenta Subbotina, 1953

Globigerina eocaena Guembel, 1868

Globigerina gortani (Borsetti), 1959

G. gr. ampliapertura: group of Globigerina ampliapertura
Bolli, including:
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Globigerina ampliapertura Bolli, 1957

Globigerina increbescens Bandy, 1949

G. woodi: Globigerina woodi Jenkins, 1960

G. subquadratus: Globigerinoides subquadratus
Brönnimann,1954

G. altiaperturus: Globigerinoides altiaperturus Bolli, 1957

G. primordius: Globigerinoides primordius Blow &
Banner, 1962

G. gr. trilobus: group of Globigerinoides trilobus (Reuss),
including:

Globigerinoides inmaturus LeRoy, 1939

Globigerinoides quadrilobatus (d'Orbigny), 1846;

lectotype: Banner & Blow, 1970

Globigerinoides trilobus (Reuss), 1850

Globigerinoides bisphaericus Todd, 1954

G. praescitula: Globorotalia praescitula Blow, 1959

G. gr. kugleri: group of Globorotalia kugleri Bolli,
including:

Globorotalia kugleri Bolli, 1957

Globorotalia pseudokugleri Blow, 1969

G. dehiscens: Globoquadrina dehiscens (Chapman, Parr &
Collins), 1934

G. baroemoenensis: Globoquadrina baroemoenensis

(LeRoy), 1939

G. globosa: Globoquadrina globosa Bolli, 1957

TV. opima: Neogloboquadrina opima (Bolli). 1957
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