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Abstract—The Internal-External Zone Boundary (IEZB) in the Betic Cordillera of southern Spain separates the
Internal Zone, which was deformed and in part metamorphosed before the early Miocene, from the External
Zone, which consists of the cover rocks of the Iberian margin shortened to form a thin-skinned fold and thrust
belt in early to middle Miocene times. Over much of its length the IEZB is roughly linear, trending approximately
070°. It has been referred to as a major dextral strike-slip zone, and has even been considered as the northern
boundary of a westward moving Alboran microplate.

Field and kinematic data from the eastern Betic Cordillera show that the IEZB crops out over a 60 km distance
as a gently-dipping thrust with displacement to the southeast or south-southeast, oblique to its regional trend.
There is no evidence of dextral strike-slip movement along the boundary. New micropalaeontological studies of
calcareous nannoplankton indicate that the Oligo-Miocene basin along the boundary was the site of continuous
deposition until the beginning of the middle Miocene. The thrust at the IEZB cuts early Miocene rocks, and is
overlapped by the middle Miocene. Thrusting therefore occurred in this time interval. The IEZB is therefore
unlikely to have been the dextral boundary of a westward-moving Alboran microplate at this time, but was more

likely to have been the locus of NW-directed dextrally oblique convergence.

INTRODUCTION

THE Betic Cordillera of southern Spain, in common with
many other mountain belts in the Alpine system, is
divided into Internal and External Zones. The boundary
between them is a fundamental tectonic contact that
extends the entire length of the Cordillera. Palaeozoic,
Mesozoic and locally Tertiary rocks of the Internal Zone
were all affected by Alpine events before the early
Miocene, and they show a complex and varied metamor-
phic history with grades including glaucophane schist-;
eclogite-, greenschist- and amphibolite-facies in the
lower tectonic complexes (Nevado-Filabride and Alpu-
jarride) to anchizone or less in the uppermost (Mala-
guide) Complex (Egeler & Simon 1969, Torres-Roldan
1979). The External Zone, by contrast, is an essentially
unmetamorphosed thin-skinned fold and thrust belt,
formed by shortening of the Mesozoic and Tertiary
cover of the original south Iberian margin (Garcia-
Hernandez et al. 1980). Deformation began in the
southern, more basinal, part of the External Zone
(Subbetic) in the Burdigalian; and continued into the
late Miocene in the northern, shelf facies, part of the
thrust belt (Prebetic) (Hermes 1978, Banks & Warbur-
ton 1991). The underlying Variscan basement is appar-
ently not involved in the deformation.

In the eastern Betic Cordillera the Internal-External
Zone Boundary (IEZB) is a major topographic linea-

ment striking ENE that can be recognized from the
north side of the Sierra Espufia in the east, through the
Velez Rubio corridor to the Sierra Arana, east of Gra-
nada (Fig. 1). East of the Sierra Espuiia the contact
disappears under the late Miocene and younger sedi-
ments of the Fortuna Basin, and may be cut by the
Crevillente fault (Fig. 1), a Neogene fault with a postu-
lated large dextral strike-slip displacement (De Smet
1984a,b). In the Sierra Espuia—Velez Rubio region the
IEZB juxtaposes rocks of the uppermost, non-
metamorphic, Malaguide complex of the Internal Zone
against Subbetic rocks of the External Zone. These two
regions show significantly different stratigraphic,
palaeogeographic and tectonic characteristics. The pur-
pose of this paper is to present structural and biostrati-
graphic 'data from the Sierra Espufia and the Velez
Rubio corridor constraining the character and timing of
deformation along this critical boundary.

RECENT IDEAS ON THE NATURE OF THE
IEZB

Most workers agree that the IEZB forms the northern
boundary of an Alboran domain or microplate, compris-
ing the Internal Zones of the Betic Cordillera and the Rif
mountains of Morocco, together with much of what now
underlies the Alboran Sea between Iberia and North
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Africa. Many believe that the main ENE-trending sec-
tion of the IEZB has functioned essentially as a major
dextral strike-slip fault zone (e.g. Paquet 1974, Hermes
1978, Durand-Delga 1980, Sanz de Galdeano 1983,
Leblanc & Oliver 1984, Bouillin et al. 1986, Martin-
Algarra 1987). According to Leblanc & Oliver (1984),
for example, the westward motion of the Alboran
domain produced transpressive dextral motion along the
IEZB in Spain and sinistral motion along the equivalent
boundary (the Jebha Fault) in Morocco. De Smet
(1984a,b) postulated that the Internal Zone obliquely
approached and made contact with the External Zone
along the IEZB, but that further movement was accom-
modated within the External Zone by strike-slip faulting
along the Crevillente Fault, generating a compressive
flower structure. Frizon de Lamotte et al. (1989) believe
that the IEZB forms a major lateral branch line where
westward-directed thrusts in ‘the Internal Zone are
turned into a steep orientation and cut off against the
roof-thrust of the Subbetic system. Hence they also view
this zone as a dextral strike-slip fault, but formed as a
lateral structure in a westward-moving thrust system.
Most of the authors cited above do not estimate the
amount of strike-slip displacement along the IEZB. The
palaeogeographic reconstructions in Bouillin er al.
(1986) require displacements of several hundred kil-
ometers along the IEZB to bring the Internal Zone into
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its present position. Sanz de Galdeano (1983) stated that
there must be approximately 300 km translation along
the zone.

An alternative view of the IEZB is suggested by
relationships in the Sierra Arana, where Garcia-Duenas
& Navarro-Vild (1976) show that Alpujarride and Mala-
guide rocks of the Internal Zone lie above Subbetic
limestones of the External Zone along a low-angie
thrust, a relationship subsequently modified by SE-
directed folding and imbrication. Banks & Warburton
(1991) interpret the boundary in the eastern Betic Cor-
dillera as a SE-directed backthrust, but they do not
attribute any great significance to it, because they regard
the Malaguide as a continuation of the Subbetic se-
quence to the north. In the westernmost part of the Betic
Cordillera, the Internal Zone is generally interpreted to
overlie the Subbetic, but Balanyd & Garcfa-Duenas
(1987) suggest that the boundary has been reactivated in
this region as a low-angle normal fault.

There is no consensus about the timing of movements
along the IEZB. Paquet (1974) envisaged displacement
of the Internal Zone along the boundary from ENE to
WSW during the Eocene. In his opinion the late Eocene
and younger rocks in the Sierra Espuna area (his ‘zone
limite’) suture the boundary. Durand-Delga (1980) be-
lieved that motion on the IEZB was complete by Burdi-
galian (early Miocene) time, as in the eastern Betic

s
e R X
W e S
AR g IR o 3EOLLEIRK
R IRE ISR TR
O Granada KSR RXRTIR
J00S0SSI AR X I A
CCROEENS
s

. "..P.R

EBETIC

= T

50 km

[[__]Neogene-Recent sediments

Neogene volcanics
Prebetic
Sunbeﬁc} EXTERNAL |
[/////] Maiaguide
Alpujarride
m Nevado-Filabride

INTERNAL

Fig. 1. Geological map of the eastern Betic Cordillera showing the location of the Internal-External Zone Boundary
(IEZB). Box A is study area on the north side of the Sierra Espuna and is location of Figs. 3 and 6. Box B is study area in the
Velez Rubio corridor and location of Fig. 9.
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Cordillera (Sierra Espuiia area) Burdigalian rocks are
transgressive over the contact. According to Leblanc &
Oliver (1984), the IEZB was active from the Eocene—
Oligocene to the lower Miocene. In the upper Miocene
the boundary of the Alboran Block shifted north to the
Crevillente Fault. Leblanc (1990) modifies this theory
and states that the Alboran block only moved indepen-
dently between Europe and Africa until the early Burdi-
galian. After that time the IEZB was sealed and further
movements in the region were transferred onto the
sinistral Alhama—Carboneras-Nekkor Line (Fig. 1): the
‘trans-Alboran lithospheric shear zone’ in the sense of
de Larouziére et al. (1988). Martin-Algarra et al. (1988)
state that stratigraphic relations with Miocene sediments
indicate that the movements on steep strike-slip struc-
tures on the north side of the Sierra Arana are of
Burdigalian and Langhian (middle Miocene) age. Sanz
de Galdeano (1990) also believes that the contact was
sutured by Langhian times.

Interpretations of the IEZB as a major dextral strike-
slip zone are largely based on stratigraphic or palaecogeo-
graphic relationships. Very little kinematic or structural
data has been collected from the faults to test these
interpretations. In this paper we present field and kine-
matic data which indicate that the boundary in the
eastern Betic Cordillera is a gently-dipping thrust zone,
active in early to middle Miocene time, with transport
directions to the southeast or south-southeast, oblique
to the general strike of the contact.

STRATIGRAPHIC CONTRASTS ACROSS THE
IEZB

The IEZB separates domains with significantly differ-
ent stratigraphic and palaeogeographic histories (Fig.
2). In the eastern Betics the oldest known rocks of the
Malaguide complex are Silurian to Carboniferous
green—grey conglomerate, greywacke and interbedded
shale and limestone of the Piar Formation, which have
been well described from the Velez Rubio corridor by
Geel (1973). Palaeozoic rocks of the Malaguide occur
locally within the Sierra Espuia at the base of thrust
slices. These are overlain by continental red beds, eva-
porites and dolostone of the Permo-Triassic.

By far the best development of the Jurassic to Tertiary
rocks of the Malaguide Complex in the Betic Cordillera
is exposed in the Sierra Espuna. There, Liassic dolo-
stone passes up into a thick sequence of Middle and
Upper Jurassic limestone, which is dominantly oolitic.
The Cretaceous is more varied and in places is missing or
incomplete. Locally, it contains sandy glauconitic hori-
zons. The top of the Cretaceous consists of fine-grained
limestone with silica nodules. The Palacocene is missing
and the Cretaceous is directly overlain by lower Eocene
limestone with Alveolina, followed by an Eocene
shallow-shelf nummulitic limestone sequence with spor-
adic clastic influxes derived from the Malaguide Palaeo-
zoic basement. The uppermost Eocene and the Oligo-
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the Jurassic, and this unconformity marks a fossilized
thrust front formed at this time (Lonergan 1993). A
thick sequence of Oligocene conglomerate then passes
up into lower Miocene basinal deposits. The Miocene
rocks are particularly distinctive because of the presence
of metamorphic clasts, derived from the metamorphic
complexes of the Internal Zone.

In the Velez Rubio corridor the Mesozoic to Eocene
Malaguide rocks have similar lithofacies as in the Sierra
Espuia, but are considerably reduced in thickness. The
Oligo-Miocene section is disrupted by faulting, but in
general the rocks are also of a basinal facies with detritus
of Internal Zone provenance (Geel 1973).

The Mesozoic and Tertiary stratigraphy of the adjac-
ent Subbetic is very different to that of the Malaguide
(Paquet 1969, Hermes 1978). In the Subbetic no rocks
older than the Triassic are ever exposed. Continental
red beds, shallow marine dolostone and evaporites of a
‘Germanic’-type lithofacies make up the Triassic se-
quence (Hermes 1978, Garcia-Hernandez et al. 1980,
Fontboté & Vera 1983). Shallow-water carbonates were
widespread in the Early Jurassic and are now exposed as
dolostone. In the central parts of the Subbetic a marly
facies with pillow lavas was deposited in the Middle and
Late Jurassic, but in the southern Subbetic shallow-
water limestone was deposited on block highs.

The Cretaceous of the Subbetic is very different to
that of the Malaguide, being dominated by thick (up to
800 m) sequences of marly limestone with pelagic fau-
nas. The couches rouges facies pink marls are distinctive
in the Upper Cretaceous and in some sections they
extend across the Cretaceous—Tertiary boundary. The
Palacogene was again dominated by pelagic marl, in
contrast to the shallow-water fossiliferous limestone of
the Malaguide sequence. In the Oligo-Miocene, minor
clastic detritus first appeared in the form of carbonate
conglomerates (Instituto Geologico y Minero de Esparia
1:50,000 Coy sheet). Marl and calcarenitic turbidites
became widespread in the Burdigalian and Langhian.
The Tertiary rocks of the Subbetic contain no siliciclastic
detritus, however, in contrast to those of similar age in
the Malaguide. The first sedimentary links between the
Malaguide Complex and the Subbetic are observed on
the north side of the Sierra Espuiia where Langhian
rocks at the top of the Malaguide sequence onlap onto
Subbetic Aquitanian rocks.

OLIGO-MIOCENE SEDIMENTS ALONG THE
IEZB

The Oligocene and Miocene rocks along the IEZB are
particularly significant in that they span the period when
the Internal and External Zones were juxtaposed, and
there has been considerable disagreement about their
stratigraphic relations.

Oligo-Miocene rocks of the Malaguide are exposed
along the IEZB on the north side of the Sierra Espufia,
in the Pliego valley. According to Durand Delga (1980,
personal communication 1990), Mikel (1985) and
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Martin-Algarra (1987) there is biostratigraphic evidence
for a significant stratigraphic break within the sequence,
separating the red-brown Amalaya Formation
(Oligocene—Aquitanian) from the overlying grey—green
Bernabeles Formation (Fig. 3). If this is true, there may
have been a phase of motion between the Internal and
External Zones that has been masked by the subsequent
deposition of the Bernabeles Formation. Hence it is
important to re-examine the stratigraphic relationships
of the Oligo-Miocene rocks and to date the sequences
accurately.

The Amalaya Formation is made up of red, yellow
and grey marl interbedded with coarse sandstone and
polymict conglomerate. Sedimentary structures in the
sandstone and conglomerate beds indicate that they
have been deposited by mass gravity flows. Planktonic

Sierra Espufia Malaguide Complex
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faunas are present in the marls. These features suggest
that the rocks of the Amalaya Formation were deposited
in a basinal environment.

Many aspects of the overlying Bernabeles Formation
are similar. It consists of grey graded sandstone, silt-
stone and polymict conglomerate interbedded with grey
marl containing planktonic faunas. Some coarser calcar-
enitic horizons, about 20 m thick, can be traced laterally
for several kms (Fig. 4). A large slump crops out on the
Bullas road in a 3040 m wide zone and it can be traced
along strike for 0.5 km (Fig. 4). It contains evidence for
intraformational deformation: folded and bedded se-
quences are arranged in a chaotic fashion, and there is a
block of Malaguide Permo-Triassic purple shale 1 m in
diameter. Based on present locations of the Malaguide
red beds in the Sierra Espufa and the size of the Tertiary
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basin, blocks like this must have travelled distances on
the order of tens of kilometres.

The clastic detritus within both formations is derived
from the Internal Zone, with an increase in metamor-
phic clasts up-section in the Bernabeles Formation
(Lonergan 1991). The sedimentary features described
above suggest a similar depositional environment for the
two formations. The contact as mapped on the ground
follows the strike of bedding within the two formations
(Fig. 3). The exposure is poor because much of the
Pliego valley is covered with fields, but dry stream
sections allow the contact to be traced. In one such
stream valley (sample site 1144, Fig. 3), a transitional
contact between the two formations is exposed. Varico-
loured red and brown marls and sandstones of the
Amalaya Formation pass up into the grey marls and
sandstones of the Bernabeles Formation without a
break. There is no indication of any unconformity. In
view of this evidence it seems unlikely that there can be a
major stratigraphic interruption between the two forma-
tions with uplift, deformation and erosion.

Biostratigraphy of the Miocene sediments

It is now more than 20 years since the original biostra-
tigraphical work was done on the Tertiary sequences of
the Pliego valley by Paquet (1969) and since then the
stratigraphic resolution of this era has been improved.
Paquet (1969, p. 141 and fig. 6.1) describes in detail a
section from the Oligocene up to the Subbetic contact in
the southwestern end of the Pliego valley. From the

179

stream sections leading up to the exposed thrust at the
base of the Subbetic (sites 844 and 915, Fig. 3) Paquet
obtained upper Oligocene planktonic foraminifera
assemblages from red marl (Amalaya Formation), and
Agquitanian assemblages with some reworked Creta-
ceous components from the green marl of the Berna-
beles Formation. He states that the grey marl in the
Pliego valley to the east is transgressive on both upper
Oligocene red marl of the Malaguide (his ‘zone limite’)
and on the Subbetic Aquitanian limestone, and he gives
an early Miocene age for these sediments based on
earlier work by Fallot (1945).

More recently, Martin-Algarra (1987, p. 803) pro-
posed that an upper Aquitanian biozone is missing
between the Bernabeles and Amalaya Formations.
Planktonic foraminifera from 12 sites from Paquet’s
original section in the western end of the Pliego valley
give upper Burdigalian (zone N8 of Blow 1969) and
Langhian (Glomerosa curva zone of Molina 1979) ages
(Martin-Algarra 1987, p. 825 and fig. 177). This con-
trasts with work by Riviére ef al. (1980) who also
resampled Paquet’s section in the west of the Pliego
valley. They obtained late Oligocene—Aquitanian ages
from both planktonic foraminifera and nannoplankton
(zone NN1) in the red marls and Burdigalian ages (zone
NN2/3) from assemblages in the grey-green marls with
no evidence for a stratigraphic gap.

Martin-Algarra (1987) also distinguishes two different
formations within the Bernabeles Formation. South of
Loma de Palomeque, he considers the green marls as
belonging to the Burdigalian Grupo Viduela—a group
that he recognizes the length of the Betic Cordillera as
transgressive on the Internal Zone. North of Loma de
Palomeque, he places the grey marls and calcarenites
into a middle Miocene Formation (see Martin-Algarra
1987, fig. 171).

To re-evaluate and reconcile the discrepancies in
previous work with the lack of a mappable unconformity
in these sediments, we resampled Paquet’s original sec-
tion (sample sites 844 and 915, Fig. 3) and then sampled
as close as possible to the contact between the Amalaya
and Bernabeles Formations to the northeast (sample
sites 1120, 1144 and 1528). Samples were also collected
from lower in the Amalaya Formation, and higher up
section in the Bernabeles Formation in order to deter-
mine the youngest age for these sediments, and hence
constrain the timing of deformation. Planktonic forami-
nifera are sparse and poorly preserved, so nannoplank-
ton assemblages were studied instead. The sample sites
are shown on the map in Fig. 3, and the results in Fig. 5.
These suggest the following conclusions. (a) Samples
from within the Amalaya Formation (sites 839B and
913) contain Late Oligocene or Oligo-Miocene bound-
ary assemblages. (b) Oligo-Miocene boundary assem-
blages are present in red and grey marls on either side of
the length of the mapped contact (sites 1528, 1120, 844,
1144, 1120 and 915) and there is no evidence for missing
biozones. (¢) The Burdigalian dates for sites 1191, 1140,
1141 and 1142, and the Langhian dates for sites 1193 and
1194 are consistent with stratigraphic younging up-
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section, and hence there is no biostratigraphical evi-
dence for any unconformities within the Bernabeles
Formation.

From the biostratigraphical study, it appears that
there has been continuous sedimentation from late Oli-
gocene through to Langhian times in the Tertiary basin.
There also must have been considerable convergence
between the Internal and External Zones in this same
time span because towards its top the Bernabeles For-
mation onlaps onto Subbetic rocks (Figs. 3 and 4). Prior
to the Langhian, there is no record of sedimentary links
between the Subbetic and Malaguide domains.

KINEMATICS OF DEFORMATION ON THE IEZB
Sierra Espuria

At the southwest end of the Pliego valley, upper
Cretaceous to lower Eocene marly limestones of the
Subbetic are in thrust contact with lower Miocene rocks
(Bernabeles Formation) of the Internal Zone sequence.
The thrust dips gently to the northwest and can be traced
around the hillside approximately parallel to the con-
tours for 3 km. A stream section (at A, Fig. 6) exposes a
15 m thick fault zone through the thrust with spectacular
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fault fabrics developed in the Cretaceous-Tertiary
marly limestones. Lenses of limestone are separated by
marly gouge zones. Curved shear planes form anasto-
mosing patterns isolating lenses of rock. Identical tecto-
nite fabrics are described by Casas & Sabat (1987) from
thrust zones in Mallorca involving very similar Creta-
ceous marly limestones. Well developed calcite crystal
fibres on gouge surfaces and shear planes indicate the
movement direction. The geometry of the fault fabrics
clearly suggests a thrust sense towards the southeast.

To the northeast, along the strike of the contact, the
thrust is no longer exposed. At locality D, Fig. 6, the
contact with lower Miocene Subbetic rocks is steep, but
the fault itself is not exposed. Kinematic data collected
on minor faults in the Aquitanian Subbetic limestones at
the contact indicate antithetic motion to the northwest
with a component of oblique slip. Further north, the
faulted contact disappears and middle Miocene rocks of
the Bernabeles Formation can be seen onlapping clearly
on to Subbetic Aquitanian limestones, as is shown on the
1:50,000 geological map (Instituto Geologico y Minero
de Espana 1972) (at E, Fig. 6).

Thrust-related deformation does not die out but is
transferred onto calcarenitic horizons within the Berna-
beles Formation of the Internal Zone sequence. A series
of thrusts in one such horizon is exposed in a quarry at B,
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be a fault contact and the Miocene sediments onlap on to the Subbetic. Letters B-E are the localities where the kinematic
data shown in Fig. 6 were collected.



Internal-External zone boundary, Betic Cordillera, Spain

181

® )
K] @ ?
S g 3w X
w9 3 @ @ 8§ mmﬁg §§
& ® 2 -2 . g = o Q @
2585 g5 S Eo s 8 s E8.3595.38
2822 ExL30s8 R2283%8.528E8538e8sg
32558 SECEdTE.SEPESfesEggzoEs®
0 R=TgR. 38 cEEoe5350sS558  agdasgkhks
e S A LA P RS N S S
3330 ,505° nesesdo8vnsossacaegsd
aLE o w a8 PRI ] oy o3 w S88 a3
Z52232°82330535285, 885382333 wed
38 N SEE 5 ISEE RS sSEs 22 7ER52EE38E
EODESE5 068533585555 5835585588532835%
253000 R2R830330RSe88aa8ca%%c82sg
8L 835€58355088883888385883stkaoss
BT 32S2503322833c32¢cg2FEqIS=2208538
OXXQQQ\-QQJmﬁQQQWOQQO~\QWgQDWWQﬁ.N\Q
SAMPLE QUUOUITHLNQICHNNIITIATVAQAITANNITTNHNNOOW AGE & Fm.
1193C XX XX~ - - = X=- - - - - ---- c - X - - - X - - X - X -
1193A X X - = X = - - - - - X - - - - - - - - X - - - XX - X X X Top Bernabeles Fm.
1194A X X X - - = = - - - - - - - S - X st X s XX - - Langhian
1194 XX X - - = = = = = - - - - - - <. X - - - X - - X - X - -
1530 XX - - - ----- X - - - - =-- - - - - X - X - - XX Burdigalian/Langhian
1141 XX X = = = = = - = = = - - - .- S - X - X - - - - XXX
1140 X = X - = = =X - - = -=-=-=---- X- X - - - XXXX-- XX
1142 X = X = = = = = = = - = == - - -« EEEEEEEE D SENEE SR O Bernabeles Fm.
1191 LR R R St s m s XXX X - - X - Burdigalian
11918 XX XX- == - ----- X - == XXX~ -+~ --- X - - -
1191C X - X - - - - - RIS S I -
91503 XX X- - - X-X--XX-X-=+-=--XX------ X -
915B3 X = X - - sm e e I S X -
44B XXX = === - = X - XX- - - - - X- X - X == - - ---=
8 Amalaya/Bernabeles
11208 XX X==--XX-XX=-XX-X=~X==--=----- - - - X - boundary
1144C XX XX- -+ X----- X = == - X- X = =~ == - - - - X-
11448 XX - - - - - - X - X- === --- XX = = = = - - - - - - X L. Olig./E. Mioc.
1144A XX XX- -« XX=-X--X=---XXXX-~------- X X
844A XXX - X~ = X-X------ X - X- - = -« « = - - .- - -
1120A XXXXX-XX=XX-XXXXXX -~ - -« - - - - X X
1528 X X X X = = = XXXXX~- - = - - - S - - - s e e - - - - - X -
913 XX XX--=-XXXX-=------ T B X - Amalaya Fm.
8398 X X X XX XX = = = = o = = = - -« S e e - - - - L.Olig.
g o - w [ 3
@ w puid
"Fé Z z3 232 E’ z 2 w Z
RANGE $3 52 22 -2%33.s 2 5 II 2 T x present
9= S - 3q N o <
8 82 g2 z88a2za o a azZ z2z absent
gz Y5 85 ZUwzZz 2Z z =2z zZz

Fig. 5. Nannoplankton species lists for samples from the Amalaya and Bernabeles Formations. For sample locations see

map, Fig. 3. Note that samples within each of the stratigraphic divisions indicated were collected along strike from one

another and do not represent sequences in stratigraphic order. NP = Nannoplankton Palacogene; NN = Nannoplankton
Ncogene; biozones according to Martini (1971) and Okada & Bukry (1980).

Fig. 6. There has been significant bedding-plane slip
with local imbrication. Duplexes are developed with
horses merging into the roof thrust along the base of a
marl horizon (Fig. 7) and planar backthrusts cut the
curved imbricate slices. The dominant transport direc-
tion was to the southeast with antithetic backthrusts to
the northwest. At a mesoscale the rock is criss-crossed
by synthetic and antithetic minor faults along which
stepped calcite fibres have grown, giving a clear indi-
cation of the sense of shear. The kinematic data from
this duplex structure are summarized in Fig. 6. Some of
the NW-dipping minor faults occur in sets within beds
and although crystal fibres have developed along the
faults there are no obvious offsets on the beds. The
fractures appear to be incipient horses or a spaced
fracture cleavage. It is difficult to make any accurate
estimate of the amount of shortening being taken up
along this calcarenite band. A 50 m long stack of imbri-
cate thrust slices is exposed in the quarry parallel to the
transport direction. The calcarenite band is about 6 m
thick. Elsewhere along its strike it is no more than 34 m
thick, so there may have been shortening of up to 40—

50% in the imbricate zone. Kinematic data from the
same stratigraphic horizon and other similar horizons
(C, Fig. 6) indicates the same SE-directed thrust-
transport direction and a lesser component of northwest
antithetic motion.

At locality E (Fig. 6), exposures in the sides of a dry
river gorge clearly show the marl, sandstone and con-
glomerate sequence of the Bernabeles Formation onlap-
ping onto Subbetic Aquitanian limestones (see the geo-
logical map in Fig. 4). The contact dips at less than 20° to
the southeast. There is no difficulty in distinguishing the
two formations. The Subbetic rocks are shelly conglo-
meratic limestones with no siliciclastic components,
whereas the Bernabeles Formation rocks contain meta-
morphic and clastic components derived from the Inter-
nal Zone. A strong SE-vergent stylolitic cleavage is
developed in the Subbetic rocks only. There has been
bedding-plane slip in the Bernabeles Formation with
well developed calcite fibre lineations on conglomerate
and coarse calcarenite beds indicating NW-directed
sense of shear. Four hundred metres east of the onlap at
the intersection of the dry river bed and the Bullas road
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(km 45, Fig. 4) individual coarse micaceous sandstone
beds are imbricated. Calcite fibre lineations from the
imbricate surfaces and antithetic Riedel fractures indi-
cate a thrusting direction to the southeast. The kinema-
tic data from this area are summarized on Fig. 6, E.
Paquet (1969) recognized that the Subbetic was thrust
over Miocene rocks of his ‘zone limite’ (see Paquet 1969,
fig. 102, p. 237 and plate 1) but he interpreted the
thrusting as being part of the Miocene deformation of
the Subbetic, and suggested that the fundamental con-
tact between the Malaguide rocks and the Subbetic is
hidden by the ‘zone limite’ sediments. If there were
strike-slip displacements between the Malaguide and
Subbetic domains prior to the Oligo-Miocene one would

—
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S S S S

SUBBETIC
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expect to find faults exhibiting strike-slip kinematics in
the older Tertiary rocks on the north side of the Sierra
Espuna. However only one strike-slip fault of any sig-
nificance was found, exposed in the middle of the Pliego
valley in Oligocene marls, in a road cut along the Casa
Nuevas road, 2 km southwest of Casa Nuevas (Grid Ref:
06223 41970 UTM; 7827 3704 L). Shear surfaces with
fibre lineations in the fault zone indicate that it has been
reactivated a number of times. The clearest, biggest
surfaces are a set of NNE-trending sinistral faults (Fig.
8a). This sinistral trend is also observed in Neogene
rocks over large areas of the southeastern Betics (e.g. de
Larouziére et al. 1988); hence, these are probably late
structures post-dating the contact of the Internal Zone

B(1148)

Amalaya Fm.

Fig. 6. Kinematic data from the IEZB on the north side of the Sierra Espuna, in the Pliego valley. Crystal fibre lineations

are shown on stereographic projections. The mean of the data cluster is shown as a black square. The mean of the fault

planes on which lineations were measured is shown as a great circle. Big arrow is the main thrust transport azimuth and the
small arrow is the antithetic (backthrust) azimuth. For location of map see Fig. 1.
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Fig. 7. Line drawing of a quarry face in the Bernabeles Formation where the data of locality B (Fig. 6) were collected. The

quarry is in a calcarenite horizon within a marly sequence. There has been significant bedding-plane slip with local

imbrication. Duplexes are developed with horses merging into the roof thrust along the base of a marl horizon. Planar

backthrusts cut the curved imbricate slices. The dominant thrusting was to the southeast with antithetic backthrust motion
to the northwest.

with the External Zone. A set of NE-trending dextral
surfaces are also present (Fig. 8b). The lineations
suggest an oblique extensional component to the move-
ment. A third set of surfaces (Fig. 8c) may indicate a
component of thrusting to the southeast, based on two
sense of shear indicators, which is in accordance with the
rest of the data from the IEZB presented above.

The dominant structures of the IEZB in the Sierra
Espufia area are consistent with SE-directed thrusting
along this contact, and there is very little evidence for
NE-SW-trending dextral motion.

Velez Rubio corridor

The Velez-Rubio corridor (Figs. 1 and 9) is a pro-
nounced ENE-trending linear morphological feature
extending from Fuensanta in the east, where it disap-
pears beneath Tortonian and younger sediments of the
Lorca Basin, to Chirivel in the west, where it is masked

a

Sinistral Dextral
N=6 N=13
c 2
77N
2
/
{
Thrust
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Fig. 8. Kinematic data from a fault zone exposed in Oligocene rocks 2
km southwest of Casas Nuevas. The fault zone has been reactivated at
least three times. The dominant fracture surfaces form a NNE-
trending sinistral set (a). A dextral extensional set trending NE-SW
also occurs (b) and there is also a possible SE-directed thrust set (c).

by Pliocene and Quaternary fill of the Baza basin. The
linearity of this zone is probably one of the factors that
stimulated speculation about a possible strike-slip
character for the IEZB. In fact, the corridor is occupied
by several structural features with differing kinematic
significances.

(1) The northern boundary of the corridor is marked
by a major S- to SE-directed backthrust zone that places
massive Jurassic limestone of the internal Subbetic over
Cretaceous to early Miocene pink, white and green
pelagic marl and limestone (Taibena Formation, Geel
1973), which have been transported in turn over Oligo-
Miocene sediments (Fig. 10). Both the outcrop pattern
and measured slip surfaces (Fig. 11) in the thrust zone
suggest that it dips gently north. The Cretaceous to early
Miocene marl-limestone sequence has taken up a sub-
stantial part of the displacement in this thrust zone, and
is intensely deformed, with spectacularly developed
gouge fabrics and shear bands marked by calcite fibres.
Kinematic data are abundant and for the most part
clearly indicate SSE- to SE-directed motion on gently N-
to NW-dipping surfaces (Figs. 11d, f, h & j). Some areas
show evidence for dextral motion on W- to WNW-
trending surfaces (Figs. 11b & e) or sinistral strike-slip
on N- to ENE-trending surfaces (Figs. 11¢ & j). Location
b lies on a WNW-trending fault that dextrally offsets the
thrust zone by about 500 m (Fig. 9). and clearly post-
dates it. Several such dextral faults can be distinguished
in the area of Fig. 10.

(2) The central part of the corridor is occupied by
?0ligocene to middle Miocene sediments, distinguished
as the Solana and Espejos formations by Geel (1973).
These comprise grey, green, and white marls and silt-
stones with interbedded turbiditic sandstones and con-
glomerates. They are intensely folded and faulted, and
are poorly exposed, and we have not distinguished the
two formations: they are shown as ‘Intermediate Zone’
on the map and cross-section. The clastic beds are rich in
detritus derived from the Malaguide, particularly from
the Palaeozoic Piar formation (Geel 1973). In places,
the early Miocene Espejos Formation lies in strati-
graphic contact with Eocene rocks of the Malaguide
along the southern margin of the outcrop belt (e.g. just
south of the road 1-2 km west of Velez Rubio). The
sequence as a whole can probably be correlated broadly
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with the Amalaya and Bernabeles Formations of the
Pliego valley, described above. They were presumably
deposited in a trough along the northern margin of the
Internal Zone before or during the start of deformation
in the Subbetic.

Kinematic data are difficult to collect in the clayey
marls of the Miocene sequence. An intensive study in a
moderately well-exposed section near the northern
boundary of the Miocene tract (location a in Fig. 9, 1.5
km west of Velez Rubio) shows that the dominant
fracture surfaces dip moderately north. Striations on
these surfaces indicate dextral, sinistral and reverse
senses of motion (Fig. 11a), and because of this over-
printing, the slip sense on many surfaces could not be
identified. The importance of dextral slip at this locality
is clearly related to the nearby cross-cutting dextral
fault, described above.

The southern boundary of the Miocene outcrop belt in
the western part of Fig. 9 is an ENE-trending steep fault
zone about 100 m wide occupied by slices of Malaguide
Palaeozoic, Triassic, Jurassic and Eocene rocks, as well
as Miocene. Kinematic data from the fault zone indicate
both reverse and sinistral strike slip motion for this fault
zone (Figs. 8 and 11g). The fault can be traced for
nearly 3 km, but disappears eastwards within poorly
exposed Miocene. In view of its width, it is likely to have
a significant displacement, and is probably at least partly
responsible for the linear character of the corridor.

(3) The Malaguide rocks in the Velez Rubio region
form a narrow strip 1-2 km wide along the southern
margin of the corridor, contributing to its distinctive
character. The internal structure of the Malaguide is
complicated. Folds in the Palaeozoic Piar Formation are
upright but downward facing over a large area (Borra-
daile 1976); which does not appear to be true for the
younger formations. This may indicate a Variscan phase
of folding. Palaeozoic and Triassic rock units have been
imbricated together by Alpine thrusting. The Jurassic
and younger carbonate rocks have been detached on the
Trias and folded and imbricated independently of the
underlying rocks. The Eocene nummulitic limestone,
although folded, appears to lie stratigraphically on all
underlying units down to the Trias, so some of the
Alpine deformation may have occurred before the end
of the Eocene, as in the Sierra Espuna. The overall dip
of the Malaguide rocks is moderately to steeply north.
The contact with the underlying Alpujdrride Complex,

N Subbetic
km /’ /// J
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which is regionally subhorizontal within the Internal
Zone as a whole, here dips very steeply north. The
narrowness and linearity of the Malaguide belt is at least
partly the result of this steep dip, and the structural
thickness of the Malaguide Complex is probably over
1000 m (Fig. 10). Towards Fuensanta in the east, the dip
of the basal contact decreases, and the outcrop width of
the Malaguide correspondingly increases.

In some areas within the Malaguide, the orientations
of fracture surfaces and lineations are so variable as to be
uninterpretable, and this is likely to reflect the super-
position of several phases of deformation. Kinematic
data from some zones of fairly clearcut young faulting,
however, show patterns consistent with those discussed
above for the central part of the corridor. These include
conjugate sets of reverse faults, slipping south on moder-
ately N-dipping surfaces and north on steeply S-dipping
surfaces (Figs. 11k, 1 & n); and apparently conjugate sets
of sinistral and dextral strike-slip faults (Fig. 11i, k, m, o,
q & r). Dextral faulting at locations r and o is clearly
related to mappable WNW-trending faults that dextrally
offset geological boundaries by distances of 100~1000 m
(Fig. 9).

(4) The Malaguide—Alpujarride boundary is itself an
important tectonic lineament that runs parallel to the
Velez Rubio corridor for about 25 km. Over most of this
distance it has a dip of 60-90°N, flattening to horizontal
at the eastern end of the corridor near Fuensanta. It is
marked by a nearly continuous layer of calc-mylonite 1-
100 m wide derived from Alpujarride carbonate rocks,
and on the north side of the contact by a layer of brittle
fault gouge 10 m or more thick, derived from sediments
of the Piar formation. The mylonite has a strong re-
gionally subhorizontal stretching lineation, and ductile
sense-of-shear indicators give a clear dextral sense.
Kinematic data from the gouge zone show evidence for
both sinistral and reverse slip parallel to the boundary,
as well as dextral slip on cross-cutting WNW-trending
surfaces (Figs. 11m, n & o). In one location the slip data
are so variable as to be uninterpretable (Fig. 11p). It
seems likely that this major mechanical boundary has
been reactivated in each of the several events that have
affected the Velez Rubio corridor.

The present orientation of the mylonite zone along
the Malaguide-Alpujérride contact is a result of later
steepening, and in its original orientation it was prob-
ably a gently-dipping surface with a top-to-the-northeast

RS-
[

1 km

Fig. 10. Schematic section across the Velez Rubio corridor, to show the relationships among the major tectonic units.
Section line is located on Fig. 9, but is extended a short distance to the north and south of the map.
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Fig. 11. Equal-area plots of kinematic data from the Velez Rubio corridor. Mean fault planes are shown as great circles,

lineations as point symbols, with the mean lineation as a larger symbol. Plots a-r are keyed to the map (Fig. 9), and are

referred to in the text. VR numbers at the top of each plot refer to locality numbers in J. P. Platt’s notebook. Some data sets
were collated from several adjacent localities.
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sense of shear. It can be linked to a pervasive defor-
mation within the Alpujdrride Complex throughout the
Sierra de las Estancias, and is an important element in
the tectonic evolution of the Internal Zone. This defor-
mation and its significance will be discussed eisewhere: it
is not directly pertinent to the Velez Rubio corridor and
the IEZB. The steepening of the contact, and of the
Malaguide complex as a whole, into parallelism with the
corridor, is pertinent, however. This steep zone may be
analogous to the steep limb of the major N-vergent fold
in the Sierra Espuna described by Lonergan (1993), and
like that fold may be a compressional feature related to
shortening across the IEZB. In any event, the present
outcrop location of the IEZB, and the linearity of the
Velez Rubio corridor, appear to be largely a result of the
existence of this steep zone.

TIMING OF DEFORMATION ALONG THE IEZB

In the Sierra Espuna SE-directed thrusting affects the
Langhian parts of the Bernabeles Formation (E, Fig. 6).
Regionally, upper Miocene (Tortonian) rocks are
unconformable on deformed Internal Zone rocks.
Hence the observable thrusting can be constrained to be
of middle Miocene age. It is possible, however, that the
thrusting may have started carlier, during the Burdiga-
lian to Langhian deposition of the Bernabeles Forma-
tion. The large slumps present in the Bernabeles
Formation may have been triggered by faulting, or
initiated on slopes formed due to faulting, in an active
tectonic environment. Continuous convergence be-
tween the Internal and External Zones during early to
middle Miocene time is therefore possible.

In the Velez Rubio corridor SSE- to SE-directed
thrusting probably also took place in Burdigalian to
Langhian time, as it affects early to middle Miocene
rocks. Deformation related to this thrusting extends
across the corridor and affects the Malaguide rocks on
the south side. The W- to NW-trending dextral faults
that can be mapped in the corridor (Fig. 9) clearly cut
and hence post-date the thrusts. The ENE-trending
sinistral fault along the corridor is apparently unaffected
by the thrusts and therefore probably also postdates
them. The relative timing of the two sets of strike-slip
faults. however. is not clear from local map or field data.
The main ENE-trending sinistral fault zone is parallel to
the Crevillente fault, which was active in a sinistral sense
in post-Messinian time (Bousquet & Montenat 1974),
and thus may form part of the N- to ENE-trending set of
sinistral faults that affected the eastern Betics in the later
Neogene (de Larouziere er al. 1988). It seems plausible
that there was some transfer of sinistral displacement
from the Crevillente fault southwards onto the IEZB
along the Velez Rubio corridor in Pliocene time.

The W- to NW-trending dextral faults in the corridor
are not in an appropriate orientation to be antithetic to
ENE-trending sinistral set. One possible interpretation
is that they are synthetic Riedel shears to a cryptic
dextral fault parallel to the corridor. There is no sup-
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porting evidence for this hypothesis, and it seems un-
likely that the evidence for the Riedel shears would be
preserved while the main fault zone was not. Relatively
minor dextral faults of late Neogene age with west to
northwest trends are common throughout the Betic
Cordillera, and their occurrence in the Velez Rubio
corridor may have nothing to do with the corridor itself.

DISCUSSION

The kinematic data presented in this paper indicate
that the dominant observable structures along the IEZB
are related to SSE- to SE-directed thrusting, oblique to
the strike of the contact. This transport direction is
recognizable over a 60 km length of the IEZB in the
eastern Betics. Strike-slip structures post-date the
thrusting, and are not in an orientation compatible with
a dextral strike-slip boundary.

The relationships with Miocene sediments in the
vicinity of the Sierra Espuiia show that the observable
thrust deformation along the IEZB occurred in early to
middle Miocene times. This suggests that the boundary
was the locus for oblique convergence between the
Internal and External Zones at this time. This conver-
gence affected much of the Subbetic, causing extensive
folding and thrusting, and then migrated progressively
northwestwards into the Prebetic.

Recent palacomagnetic work by Osete et al. (1989),
Platzman (1992) and Allerton et al. (in press) in the
Subbetic and in the Sierra Espuiia has identified large
clockwise rotations about vertical axes. These rotations
are consistent with the dextrally oblique convergence
suggested by the kinematic data, but they raise the
possibility that the kinematic data themselves have been
rotated. We cannot eliminate this possibility. The kine-
matic data vary by less than 30° over 60 km, however;
whereas the observed rotations vary from 0° to more
than 180° over distances of the order of 20 km (Allerton
et al. in press). For this reason we think it is likely that
the IEZB is a master fault separating domains within
which fault slices were rotated, but that the IEZB itself
and the kinematic data have not been affected by the
differential rotations observed palacomagnetically.
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