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Abstract: The Guadalquivir Basin is the Neogene foreland basin of the central and western
Betic thrust belt in southern Spain. At the boundary between the basin and the outcrops
of thrust nappes of Mesozoic limestones of the Prebetic and Subbetic is a broad belt of out-
crops of Triassic evaporitic sediments with scatiered vounger rocks: the so-called ‘Olis-
tostrome’ unit. This is highly deformed. in places chaotic. and its mode of emplacement has
been attributed by various authors to olistostromal debris flow. diapirism. or tectonic
melange. Studies of outcrop data in conjunction with seismic and well data. integrated using
restorable cross-sections lead us to propose the following sequence of emplacement
mechanisms. (a) Loading above a Triassic evaporite formation. probably in the Inter-
mediate Units depositional zone, by north vergent thrusting of thick nappes of Mesozoic
sediments. causes northward expulsion of evaporitic sediments between a basal thrust and
the base of the limestones. (b) Continued thrust loading drives the diapiric body forwards
ahead of the thrust belt. into the floor of the deepening Miocene foreland basin. The body
includes blocks of Triassic rocks in normal stratigraphic sequence. as well as blocks of
vounger rocks broken off the leading hanging-wall cutoffs of the nappes. (c) When the
diapiric body reaches the sea-floor of the basin. its top becomes subject 10 modification by
sedimentary processes such as dissolution of evaporites leaving a cap rock and debris flow.
both submarine and subaerial but rarely. if ever. forming true olistostromes. (d) At the
leading edge of the diapir. northward compression of Miocene basin sediments results n
thin-skinned thrusting within these sediments. and formation of duplex structures with a
north-dipping monoclinal deformation front. Results from analogue and numernical model-
ling match the main geological features observed in the study area. thus supporung the

plausibilty of the proposed lateral diapiric emplacement of the chaotic unit.

Between the frontal thrust zone of the central
and western Betics and the Guadalquivir fore-
land basin (Fig. 1) there is a unit characterized
by outcrops of chaotic Triassic gypsum and
folded red-bed clastics, with some scattered
vounger blocks. mostly of Upper Cretaceous
limestones. These outcrops have been referred
to as ‘Olistostromic Zone' by Perconig
(1960-62), and many authors have followed his
nomenclature and interpreted this unit as a sedi-
mentary melange or olistostrome (Pérez-Lépez
& Sanz de Galdeano 1994). Alternative names
used are ‘Guadalquivir Allochthonous Unit’
(Blankenship 1990, 1992). and by our group
informally ‘SCO’ standing for ‘So-Called Olis-
tostrome’ (chaotic unit). In fact. the most
recently published geological maps are based on
the olistostrome model, where Tertiary for-
mations have been interpreted as the matrix
supporting blocks of gypsum and other rocks.

The unit made up mainly of chaotic Triassic
sediments at the front of the thrust belt is a verv
unusual aspect when compared with ‘classical’
thrust fronts. It is generallv agreed that the unit
is derived from the thrust belt. but its composi-
tion, geometry, exact origin and mode of
emplacement are all contentious.

The aim of this paper is to interpret the
mechanism of emplacement of the chaotic
allochtonous unit and its geodynamic relation-
ships with both the thrust belt and the foreland
basin. Seismic reflection. oil wells and field geo-
logical data including those from recent (1980s)
oil and gas exploration surveys and exposures
from road building have been used in refining
the stratigraphical and structural interpretation
of the study area. The application of sequence-
stratigraphic methodology 1o the basin-fill has
permitted us to time the emplacement of the
chaotic unit. The new information presented
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Fig. 1. Structural map of the central and western Betics and Guadalquivir Basin and location map of oil-wells.
seismic profiles and cross-sections. Cross-sections: A. Marismas section (Fig. 4): B. Baena section (Fig. 3): C.
Martos section (Figs 2 and 5). Seismic profiles: 1 (Fig. 9): 11 (Fig. 6): I11 (Fig. 7): IV (Fig. 10): broken lines
correspond to different profiles used in the interpretation. Well number: 1. Baeza-1. 2. Baeza-2; 3. Baeza-4 or
Bailén: 4. Villanueva de la Reina or Baeza-3; 5. Rio Guadalquivir K-1: 6. Bujalance: 7. Rio Guadalquivir H-1:
8. Nueva Carteya-1: 9. Rio Guadalquivir N-1; 10. Ecija 1 and 2: 11. Cérdoba A-1 10 A-7, Cérdoba B-1 and B-2.
and Cérdoba C-1: 12. Carmona 6: 13. Carmona-5; 14. Carmona-4; 15. Carmona-3; 16. Carmona-2: 17. Sevilla-3:
18. Carmona-1; 19, Sevilla-1: 20. Ciervo:; 21, Sevilla-2; 22. Sevilla-4: 23. Cerro Gordo-3: 24. Bornos-3: 25.
Bornos-1; 26, Angostura-Bornos: 27. Salteras-1: 28. Castilleja: 29. Isla Mavor. 30. Bética 14-1: 31. Bética 18-1:
32. Villamanrique: 33. Casanieves: 34. Sapo-1: 35. Villalba del Alcor-1: 36. Almonte-1: 37. Chiclana: 38.
Asperillo: 39. Huelva-1: 40. Moguer-1. Guadalquivir Basin: in white. Miocene to Quaternary: in dots. marine

Pliocene 10 Quaternary (Marismas area).

here on the structure of the External Betics. and
the Guadalquivir Basin enables us to propose a
diapiric hypothesis for the emplacement of the
chaotic unit. Restorable geological cross sec-
tions and numerical and physical (sand-box)
modelling have been applied to test the
reliability of the proposed geodvnamic hypothe-
sis.

Geological setting

The Guadalquivir Basin is the Neogene foreland
basin of the central and western half of the Betic
Cordillera (Fig. 1). At its eastern termination it
is bounded by the NNE-striking thrust imbri-
cates of the Cazorla Zone and the big thrust anti-
clines of the Sierra de Segura. The eastern half
of the Cordillera has no foreland basin because
deformation of the thick sedimentary cover
extends far bevond the limits of load-induced
flexural subsidence of the basement. East of
Cordoba the Guadalquivir Basin is very narrow
and shallow, but it widens and deepens to the

west. The basin floor dips fairly uniformly at a
shallow angle to the SSE. with basement (Her-
cvnian Iberian Massif) emerging at aremarkably
straight but unfaulted basin boundary 10 the
NNW.

The Betic Cordillera comprises the Internal
and External Zones. The Internal Zones consist
of metamorphic basement and Palaeozoic-Tri-
assic sediments of varying metamorphic grade in
big domal culminations elongated more-or-less
E-W. including some outcrops of peridotites in
the Ronda area. The emplacement of the dense
rocks of the Internal Zones onto the former
passive margin of southern Iberia was respons-
ible for both the load-induced subsidence of the
margin and the compressive deformation of the
Betics (van der Beek & Cloetingh 1992: Banks
& Warburton 1991). Any obliquity of transport
direction (Leblanc & Olivier 1984: Frizon de
Lamotte er al. 1991), and any non-compressive
deformation. were resolved during deformation
of the External Zones (for example by vertical
pole rotation of individual thrust slices; Allerton
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er-al. 1993) so that the only process affecting the
thrust front was NNW-directed compression.
The first compressive phase that affected the
southern margin of the External Zones took
place in the Eocene. The main phase of com-
pression was in the Mid-Miocene (Late
Langhian-Serravallian). but compression did
not finally die out until the Tortonian.

The External Zones

Stratigraphv

The stratigraphy and palaeogeographv of the
External Zones of the Betic Cordillera have
been the subject of many works since the 1920s;
key papers are Fontboté (1965): Garcia Hernan-
dez er al. (1980): Baena & Jerez (1982): Vera er
al. (1982) and Fontboté & Vera (1984). In
summary. the External Zones consist of a tec-
tonically detached cover of Mesozoic sediments
ranging from Middle Triassic to Upper Cre-
taceous-Palaeocene pre-tectonic units, and
Eocene to Lower Miocene syn-lectonic
deposits. From palaeogeographic and tectonic
considerations. the External Zones are divided
into Prebetic and Subbetic (Fig. 1). The Prebetic
is made up of shallow-marine and continental
Mesozoic carbonates and capped by continental
Palaeogene sediments. 1t does not crop out in
the central Betics. The Subbetic is characterized
bv Mesozoic dominance of pelagic facies in the
strata  of Upper Liassic to - Upper
Cretaceous-Palaeocene age. From thickness
variations and tectonic position. Subbetic is
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usually divided into Intermediate Units and
Subbetic proper. Among the significant charac-
ternistics of the Intermediate Units are the thick-
ness of the Mesozoic strata (more than 2000 m of
Jurassic and Lower Cretaceous. mostly slope to
basinal sediments). Well data show that the Tri-
assic in the Intermediate Units comprises only a
thin section of ‘Supra-Keuper' dolomites and
anhydrites of uncertain Jurassic to Triassic age
lying immediately above a regional detachment.

The Mesozoic series in the Subbetic proper are
much thinner than in the Intermediate Units. and
include radiolarites and ammonitico rosso facies
as well as carbonate turbidites at different levels
in the Jurassic succession. In places. there are
also pillow lavas defining a ‘Median Subbetic’
unit. The Triassic in the External Subbetic crops
out in very extensive areas and has been the
subject of manvy studies. from Blumenthal (1927)
to Pérez Lépez (1991). The latter author defined.
from bottom to top. the Majanillos Formation
(Muschelkalk). Ladinian in age. which consists of
dolomites and limestones: the Jaén Group
(Keuper). Karnian in age. which consists of mul-
ticoloured mudstones including evaporites. car-
bonates and clastics (K1). red sandstones and
mudstones (K2). red mudstones and dolomites
(*‘carniolas’. K3) and evaporites (K4-5): and the
Ocres Rojos or Zamoranos Formation. Norian in
age, consisting of dolomites and limestones.

Structure
Between Cérdoba and Granada. structures are

well exposed. and seismic and well data are
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Fig. 2. ‘Martos’ geological cross-section based on outcrop data, seismic lines RGKO-89-01, 82-31 & 32 and

Fuensanta-1 well, and speculative extrapolation.
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Fig. 3. ‘Baena’ geological cross-section. based on outcrop data. seismic lines BT-8A. S-83-34. S-84-40. S-83-44
and AES lines. and Nueva Caneya-1 and Rio Guadalquivir H-1 wells. 1t shows variation of structure about 40

km down strike.

available. The data have been compiled and
interpreted using conventional thrust-belt tech-
niques. The three structural cross-sections.
‘Martos’. ‘Baena’ and ‘Marismas’. (see Fig. 1 for
location and Figs 2. 3 and 4) are drawn at true
scale with the available data accurately placed.
and although they are in places unconstrained.
and not unique solutions. they are restorable.
The onlv previous attempt 1o interpret the
region using this methodology was by Blanken-
ship (1992). The interpretation proposed in this
paper is based in part on the interpretation of
the eastern Betics of Banks & Warburton
(1991). and involves a relatively large amount of
shortening: at least 80 km shortening of the
Jurassic on the part of the Betics shown in Fig. 2.

Figure 5 shows an interpretation of the
Martos section (see Fig. 1 for location) in terms
of the tectonostratigraphic zones discussed
above and demonstrates the volumetric import-
ance of the Intermediate Units (proven by the
two wells on the Baena section. Fig. 3) and the
insignificance of the Prebetic in this area (in this
paper we consider the ‘Prebetic of Jaén’ and
similar units as a part of the Intermediate Units).
The ‘frontal thrust” of the Intermediate Units is
in fact a subtractive contact with the chaotic unit.
The Subbetic can be deduced to be a duplex.
with basal detachment consistently within the
Middle Triassic. The frontal Subbetic thrust
carries it over the Intermediate Units duplex. in
which the basal detachment is in Supra-Keuper

and the roof detachment is in the Lower Cre-
laceous.

The proposed general relationship between
the Intermediate Units. the Subbetic proper.
and the Internal Zones is best seen on the
Martos structural section (Fig. 2). A wedge of
Internal Zones basement is driven in at the basal
(Triassic) detachment. so that the Subbetic
proper is uplified in a svnform. The Subbetic
leading edge is thrust over the Intermediate
Units in a shallow flat-lving nappe. with windows
and klippen. but otherwise the Subbetic proper
is mainly internally deformed into a backthrust
duplex thrusting top-to-south back onto the
Internal Zones (all of the actual displacements.
of course. being northwards the Iberian Massif).

The Triassic at the base of the frontal nappe of
the Subbetic proper forms extensive areas of
outcrop and has obviously moved in part diapir-
ically (Pérez-Lopez & Sanz de Galdeano 1994).
For example. in the low area between the
Martos and Baena cross-sections. the Triassic
appears to overlie completely the Intermediate
Units so as to merge with the Trassic of the
chaotic unit (whereas the Jurassic limestones.
that are carried by it are overturned, suggesting
a possible ‘tank-track’ mode of emplacement).
However. the bedded Subbetic Triassic can be
distinguished in the field from the Trassic
forming the chaotic unit. in that the former con-
tains well-bedded sequences of mudstones to
sandstones. with relatively little gypsum. These
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Fig. 4. ‘Marismas’ geological cross-section. based on a few outcrop data. seismic line MA-3 and others. and 7
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welis: B-3. Bornos-3). In Betica-18-1 the diapir is mostly halite.
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Fig. 5. ‘Martos’ cross-section displaying the tectonostratigraphic zones. It shows how diapir zone extruded
along the base of Intermediate Units. Prebetic of Jaen is represented structurally as a part of Intermediate

Units.

bedded outcrops are mainly bright red, as
opposed to the very mixed purple-red, green and
other colours of the chaotic unit.

In the central Betics, there is some evidence
indicated on both cross-sections for deformation
below the base of the Intermediate Units thrust
sheet. arching it upwards. This must be the
youngest thrust deformation, and we consider it
to be parautochthonous Prebetic (Fig. 4). In fact,
seismic data in the vicinity of well Bética 18-1
show a broad antiformal structure that may indi-
cate a Prebetic structure below the ‘chaotic unit’.

Composition and structure of the chaotic
unit

The aforementioned ‘Martos’, ‘Baena’ and
‘Marismas’ structural sections (Figs 2. 3 and 4)
show how the deeper SE half (or more) of the
Guadalquivir foreland basin is occupied by the
allochthonous chaotic unit that is the subject of
this paper. From seismic and well data (see
below), the chaotic unit has two parts. The most
external part, which is not exposed. comprises
imbricated Miocene sediments of the basin fill. It
has a basal thrust in the early Mid-Miocene,
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leading 10 a blind deformation front. Seismic
stratigraphy (see also Fernandez er al. this
volume) shows that only the Serravallian and
Tortonian are deformed. with the voungest Tor-
tonian. Messinian and Pliocene onlapping the
top surface of the deformed Miocene strata.
which is an unconformity. In some places there
is a possible passive backthrust in the upper part
of the deformed unit. The inner part of the
chaotic unit appears as a chaotic mass on seismic
profiles. Outcrops indicates that it consists of
Triassic gypsum and clays with the characteristic
colours including purple, red, green and grey,
with no coherent bedding or structure at
regional scale. This mixture of lithologies
encloses blocks, tens to hundreds of metres in
size, of various formations including Upper Cre-
taceous to Palaeocene carbonates (Capas Rojas
Formation), Triassic carbonates (Zamoranos
and Majanillos Formations) and Triassic basic
volcanic rocks (ophites); Jurassic carbonates
apparently do not occur as blocks. The contacts.
where seen. are typically tectonic or diapiric.
with brecciation of the Keuper and the block
material extending over a few decimetres. The
chaotic unit is typically 2-3 km thick. and 10 km
wide in the central Betics. However. further west
(see ‘Marismas’ section. Fig. 4) the width
increases to at least 50 km. and the wells show
that it includes a significant proportion of halite.
In the Montilla area. the top of the chaotic unit
1s depressed, and seismic shows that this is due
to an arrav of shallow listric normal faults of
probably Pliocene age (Fig. 6).

In most of the outcrop area the chaotic unit
lies directly below Quaternary soils and fluvial
terraces. but in around Castro del Rio it is over-
lain by Serravallian clastics and marls (turbidites
of Castro del Rio area: see also Roldén er al.
1992) which very commonly show steep diapiric
contacts.

The seismic image of the inner part of the
chaotic unit consists of non-coherent refiections
(Fig. 6) within a package defined by south-
dipping boundaries so that the Intermediate
Units overlie the internal edge of the chaotic
unit. The external sub-unit is seismically much
more coherent than the inner part (see Figs 6
and 7). and consists of sub-parallel sets of refiec-
tions displaying fold geometries cut by faults,
which make the whole interpretable as a small
north-verging imbricated thrust system. The
contact between the two parts of the chaotic unit
could be either a thrust or a primary diapiric
contact (Figs 2, 3, 6 and 7). On the third cross-
section, Marismas (Fig. 4), located 160 km
further west, the chaotic unit is considerably
larger and its limit to the SE is not constrained.

The external sub-unit is clearly seen on seismic
and in wells: Isla Mavor-1 penetrated the sub-
unit completely and showed that it consists in
deformed and repeated Miocene. The wells
Betica 18-1 and Bornos-3 drilled thick sequences
of the internal sub-unit and showed that it con-
sists mainly of halite (north of Jaén. halite is pro-
duced commercially by solution from the
internal sub-unit).

Since the early works by Perconig (1960-62)
the chaotic unit has been interpreted by many
authors (e.g. Pérez Lopez 1991: Riaza &
Martinez del Olmo 1995) as a chaotic mass
formed by a matrix of Triassic sediments and
including vounger blocks. which flowed into the
basin during Tortonian times in the form of
gigantic olistostromic masses derived from the
Subbetic. Therefore, the chaotic unit has been
considered as a mega-turbidite forming a part of
the sedimentary infilling of the basin (e.g.
Suéarez-Alba er al. 1989).

However. the term olistostrome denotes ‘a
sedimentary deposit which consists of a chaotic
mass of rock and contains large clasts composed
of matenal older than the enclosing sedimentary
sequence. The clasts mav be gigantic and are
then called “olistoliths™. Such deposits are
generally formed by gravity sliding of material.
sometimes into oceanic trenches. Olistostromes
have also been called “sedimentary melanges™"
(Allaby & Allaby 1990).

Keuper gypsum. as seen in the outcrops of the
chaotic unit. is not a plausible matrix lithology
for a deep-water sediment and is different from
the observed Tniassic of the Subbetic. Further-
more, a Triassic olistostrome matrix cannot
enclose vounger (Upper Cretaceous) olistoliths.
We interpret the subtractive contacts at the front
of the Intermediate Units referred to above
(Figs 2, 3 and 5) as diapiric contacts. and there-
fore we propose that the evaporites were
derived from below the Intermediate Units.
where the Keuper is now absent. and emplaced
below the seismically recognized south-dipping
tectonic contact. This is a diapiric process.

The Guadalquivir Basin

The basement of the basin consists of Palaeozoic
and Mesozoic rocks, its top dipping some 2-4°
towards the SE. It holds a Neogene to Quater-
nary sedimentary infilling. with a major megase-
quence boundary between them. Previous
works focusing on the stratigraphy of the infill-
ing considered it as formed by two different
types of deposits, both from lithological and
genetic points of view: (1) massive. allochthon-
ous olistostromes dropping into the basin from
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Fig. 7. Profile 111 (line S83-44). Uninterpreted and interpreted versions. It shows the frontal structure of the external part of the ‘chaotic unit’ and its relation with the

infill.



DIAPIR EMPLACEMENT. GUADALQUIVIR BASIN 57

the External Zones of the chain. and (2) ‘autoch-
thonous’ sedimentation (see Fernandez er al. this
volume).

The interpretation of seismic stratigraphy
from more than 1400 km of seismic lines and 35
exploration wells (Lanaja er al. 1987 see Fig. 1
for location) has enabled us to divide the
Miocene sedimentary infill of the basin into six
seismic-stratigraphic. depositional sequences
(Mitchum er al. 1977: Vail 1987) numbered. from
botiom 10 top. sequences 1 to 6 (Fig. 8). They are
widely recognizable in the whole basin. Because
of problems in dating the coastal and nearshore
sediments forming the sequence 1 in outcrop
and in the available wells (see details in Fernan-
dez er al. this volume). the age attributions have
been made using seismic-stratigraphic tech-
niques. Thus. taking as a datum the regionally
well-known Late Messinian Unconformity, the
defined sequences have been tied to third-order
cvcles 2.4 (Late Tortonian-Early Serravallian)
to 3.3 (Messinian) in supercvcles TB2 and TB3
of the Standard Cvcle Chart (Haq er al. 1987)
(Fig. 8). The nature of the boundaries. seismic
facies, thicknesses. lithologies and attributed
sedimentary environments are summarized in
Table 1.

In relation to the extensional faulting involv-
ing the basement. sequence 1 clearly predates
the extensional structures: the thickness of
sequence 2 is controlled by normal fault offsets,
showing important N-S variations, increasing
towards the internal zones of the basin, and
pinching out towards the structural highs of the
basement developed in the northern half of the
basin (Cordoba area). From outcrop data,

sequence 2 can be correlated with the Castro del
Rio sands and marls. where it unconformably
overlies the Triassic. internal part of the chaotic
unit. and is involved in minor diapiric structures.
The structural highs also control the arrange-
ment of the sequences 3 and 4 (Figs 9 and 10).
which post-date the normal faults.

Sequence 3 is involved in the frontal imbri-
cates. sequences 4 and 5 forming its frontal mon-
ocline: also some remains of these sequences can
be found on the hanging wall of the structure
(Fig. 7). Sequence 6 post-dates all the structural
features. and the bottom of the Pliocene
deposits. especially in the Cérdoba area. is
deeply incised in the previous sediments (Fig.
10).

Structural modelling of lateral diapirism

In the last few vears. big advances have been
made in the understanding of diapiric processes.
and their relationship with other structural and
stratigraphic processes. The physical modelling
work of the Applied Geodvnamics Laboratory
(AGL) in Austin, Texas. using sand and poly-
mers. has made a particularly important contri-
bution to the understanding of lateral movement
of salt in the Gulf of Mexico (Jackson & Talbot
1989). Further advances in this passive conti-
nental margin setting have been made using
cross-section balancing techniques (McGuin-
ness & Hossack 1993: Hossack 1995). Appl-
cation of these techniques to seismic data from
the Gulf Coast has led to the recognition that
major lateral flow of diapiric material often
takes place both within sediments as intrusions.
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Fig. 8. Cycle chart showing the established sequences and its correlation to the standard cycle chart (Exxon).
Also there are two columns in which the sequences are correlated to the basement extension and to the
chaotic unit emplacement (compression), pre-syn-post in each.
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and at the sea bed by processes analogous 1o the
flow of glaciers. Salt ‘glaciers’ have also been
studied where diapirs emerge at surface in the
semi-arid conditions of the Zagros fold-belt.
Iran. Here the term ‘namakier’ (from the Farsi
word for salt. namak) has been given 1o them
(Talbot 1981). When they form at sea-bed they
partly dissolve, until they acquire a carapace of
insoluble residue and marine sediments. So long
as the supply of diapiric material from below is
sufficient to maintain some surface or seabed
topography. the namakier will continue to flow
(Fletcher er al. 1993).

Analogue sand-box phyvsical model

A provisional attempt was made 10 model the
structure as interpreted on the Martos and
Baena cross-sections (Figs 2 and 3). on the
assumption that it is a diapiric body emplaced
laterally under compression (most of the AGL
published models involve extension). The
experiment was carried out in the Fault Dvnam-
ics Project laboratory at Roval Holloway Uni-
versity of London. Figure 11 shows the starting
configuration of the experiment. It includes an
unstable asymmetric ‘basin’ of SGM polvmer to
simulate the original basin of Keuper evaporite,
overlain by a wedge of sand (dark grev and
white) thinning towards the foreland. repre-
sented by a block of wood with a 25¢ ramp. The
model was tilted about 3°. then compressed from
the ‘internal” end.

We had expected deformation to start with the
formation of an imbricate stack of thrust slices
propagating from the moving end wall (right),
simulating the Betic thrust belt. but this did not
occur. Instead. the sand lavers detached as a
single block on a thrust that ramped 10 surface

above the basement step. This meant that the
tectonic load necessary to drive out the polvmer
did not develop. At this point we stopped the
compression. and introduced an artificial load in
the form of metal weights. This made the
polymer flow from below the weights and up
into a pillow above the basement ramp and into
the initially formed thrust. Then the metal
weights were removed. and the space filled with
light grev and thin white sand lavers (which can
be regarded as early syn-compressive beds).
During subsequent compression. *pop-up’ thrust
structures developed in the internal part of the
model, but still not a good analogue for the
external Betics.

As compression continued, the diapir
enlarged. and was pushed by the large block of
pre- and syn-tectonic material. Its base moved
on a flat thrust over the basal (white) laver of
pre-tectonic sediment. At the top of the diapir.
the thin pre-tectonic layers soon stretched to
negligible thickness. and the polvmer emerged.
flowing down the siope into the foreland basin
and overriding deformed basin-fill sediments
(white and thin light grey lavers). Polvmer also
intruded the sand lavers on both sides of the
diapir.

The final result (Fig. 12) shows striking simi-
larities with the interpreted cross-sections.
especially the ‘Baena’ section, (Fig. 3) although
it must be admitted that in this preliminary
experiment the procedure was somewhat con-
trived. Figure 13 shows a schematic model for
the emplacement of the diapiric body into the
southern margin of -the Guadalquivir Basin.
showing also how blocks of vounger limestones
can be broken off the tip of the overthrusting
Jaen Zone and incorporated into the diapir.

Dark grey and white layered sand, 5 - 35 mm

woodblock

tilt 3 deg

4

7

polymer

On compression, base board

, 20cm |

Fig. 11. Model set-up for sandbox experiment. The box measures 100 cm long. 30 cm wide, 10 cm deep. On
compression, the base-board moves beiow the fixed end-wall at the right. This means that deformation starts at
this end (internal) and propagates 1o the left (external).

moves below fixed end wall
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Diapir

Syn-tectonic sediments

3)

Pre-tectonic sediments

Propagation of the deformation

Fig. 12. Sandbox model - final structure redrawn from a cut slice. Compare especially with ‘Baena’ geological
cross-section (Fig. 3). Note that the light grey and white lavers in the centre of the structure were added during
the diapinc phase of the experiment induced by adding metal weights.

Guadalquivir Basin

"

7 :
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PIAIIE 7 /
’ S " /
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Central External Betics

IRy 2
reland basement ../ /.

Fig. 13. Schematic model for emplacement of diapiric evaporite-sediment body into the southern margin of

the Guadalquivir Basin.

Numerical model

A 2D computer simulation was generated with
the aim of improving understanding of the basic
mechanisms for lateral diapiric emplacement
and to reproduce the early stages of deformation
that were not modelled satisfactorilly in the
sand-box. The model assumed vertical simple
shear deformation along a thrust plane. The
hangingwall to this thrust included a Coulomb
wedge which corresponds to a thrust sheet stack-
ing piled formely. The footwall consisted of the
basement which remained undeformed and
which supported an evaporitic basin. For sim-
plicity. we considered only the dvnamics of the
salt layer rather than using a fully self-consistent
dynamic model for the salt and the overburden.
The salt layer. which is considered to behave as
a viscous newtonian fluid. was overlain by

sediments with no strength which deformed in
response to the salt-laver dvnamics. As the over-
burden moved with respect to the salt it pro-
duced drag of the top of the salt laver. Hence.
the numerical approach modelled the response
of a thin viscous layer to buoyancy, differential
loading and drag forces.

Figure 14 shows the geometric set up con-
sidered in this approach which. for consistency.
was the same as in the sand-box model. A salt
body. of thickness H(x). was acted upon by a
pressure P(x) and the salt top was dragged along
at a horizontal velocity u(x). The salt body had a
density p, and viscosity p, and the overburden
had a density po. The vertical coordinate v
increased upwards from y = y, at the salt base.

With this set up, and assuming thin film
theory. the horizontal salt flux, Q, is given by
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Q =~-(H¥12p)aPlox + uHR. 1

The pressure derivative in equation (1) is con-
trolled by the physical properties of the over-
burden. Then. for a weak overburden

0Plox = pog 85/6x + (ps— po) g 9Hlox  (2)

where S(x) is the height of the 1op of the over-
burden. The first term on the right accounts for
differential loading whilst the second term
models buoyancy effects. A more complete
analysis incorporating the effects of overburden
strength and in-plane stresses has been derived
in Waltham (1997). Under the assumption of
cross-sectional area conservation. the rate of
change of salt thickness is given by

dH/o1 = -9 Q/ox- (3)

Vertical simple shear implies that the hanging-
wall horizontal velocities are constant and equal
to the compression rate whilst. in the footwall.
the horizontal velocities are zero except within
the salt body. In addition. the vertical rate of
movement. v. within the hanging-wall only
depends on x and hence. knowledge of u and
dH/o1 allows v to be calculated by (e.g. Waltham
& Hardy 1995):

o0H/ox = v - udfiox 4)

where fix.1) is the bottom of the overburden or
the detachment surface. Once velocities are
specified throughout the overburden. anv
horizon given by A(x) will evolve according to

oh/ar = v — uoh/ox- (5)

Equations (1) to (5) are solved iteratively with
time using an explicit finite difference scheme.
Boundary conditions allow for flow material
associated with the moving overburden through
lateral boundaries. The basement remains at
rest and undeformed during the process while
the top of the model acts as a free surface.
Figure 15 shows the results from the computer
model for different time steps and using reason-
able values of rate of thrusting. evaporite vis-
cosity. initial evaporite thickness. densities and
surface slopes for the study area (Table 2). After
2.5 Ma (Fig. 15a) a thrust. off the right of the
model. has generated a Coloumb wedge acting
as a differential load on the evaporite. The load
affects only the thin part of the evaporite which
has therefore not vet moved significantly. After
4.5 Ma (Fig. 15b) the Coloumb wedge has
advanced over the thick part of the evaporite
and is now producing a diapir ahead of the
wedge toe. A new thrust. formed after 5 Ma.
detaches in the evaporites and breaks surface off

6000, body —— ;
= ]
G(x)=0 Ja—
e |
4000| i
Six,b) //’
p(X) G(X)
<~ Hangingwall (pg)
2000{ Footwall
Salt
0 y body
I (ps.h)
X ‘ .
60 50 40 30 20 10 0

Distance (km)

Fig. 14. Geometric set up considered in the numerical model of the salt emplacement. Upper in set: schematic
velocity distribution with depth within the salt body. Stx,1) = free surface; f(x,1) = detachment surface. note that

this surface change in time.
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Table 2. Computer model paramerers

Coloumb wedge slope 10°
Maximum wedge height 6100 m
Overburden density 2400 kg m-?
Evaporite density 2200 kg m-?
Rate of thrusting Smka’!
Evaporite viscosity 10" Pa s

the left of the model (Fig. 15¢). This results in
shearing and partial transport leftwards of the
evaporite. The final model configuration after 8
Ma is showed in Fig. 15d. Therefore, the differ-
ential load on the evaporitic laver associated
with the thrusting progression together with the
drag from the overburden and buoyancy forces
results in the squeezing and further extrussion of
the evaporites. These results show that the
mechanism proposed for lateral diapiric
emplacement is dvnamicallv feasible and
matches the main time and spatial features of
the evaporite emplacement as observed in the
Betics.

The final element of the model is the Coulomb
wedge. This is simply imposed as a constant.

(a)
8000
6000
E
g =
2 4000 £
T :
\
0
50 40 30 20 10 0
Distance (km)
(©)
8000
6000
E
3 £
o b— 4000 o
w I
2000
0
50 40 30 20 10 0
Distance (km)

specified slope which progresses across the
model at a specified rate jointly with the over-
burden. The effect of this is to impose a slowly
increasing load on the salt in addition 1o the load
generated by the moving overburden. Note that
thin film theory only applies for early stages of
salt movement during which concordant (in the
sense of Waltham 1997) low amplitude struc-
tures are formed. Therefore. the final stages of
this process, during which the evaporite diapir
breaks through to the surface. has not been
modelled numerically. This final process was.
however, well reproduced by the physical
model.

Discussion

The anomalous chaotic unit in the southern
margin of the Guadalquivir Basin was not
emplaced as an olistostrome. We interpret this
body as emplaced through lateral diapiric pro-
cesses. partly comparabie 10 those interpreted in
the Gulf of Mexico (McGuinness & Hossack
1993). Physical and numerical models can
achieve a result that is a good match with the
structure of the central Betics as explained and
illustrated on Figs 12. 13 and 15.

(b)
8000
_~——16000
e E
[ /. e
= L 4000 &
2 “\’_4__/ é
2000
0
50 40 30 20 10 0
Distance (km)
(d)
8000
6000
B
§ =
° 4000 &
© 4
2000
0
50 40 30 20 10 0
Distance (km)

Fig. 15. Numerical modelling results for the evaporite emplacement. (a) After 2.5 Ma; (b) after 4.5 Ma; (c)

after 5.5 Ma: (d) after 8 Ma. Final model configuration.
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In the eastern Betics. evaporites in the Pre-
betic are responsible for all the diapiric struc-
tures (Martinez del Olmo er al. 1986: De Ruig
1992). However this evaporite basin dies out
some 100 km to the east of the study area. In the
central Betics. the Prebetic is much reduced in
thickness and extent, and would seem an
unlikely place for thick evaporites to have orig-
inated (as was concluded by Blankenship 1992
based on 1:200 000 scale geological maps). In
the study area, the diapiric Triassic forming the
chaotic unit lies immediately north of the Inter-
mediate Units where the Keuper has been tec-
tonically removed. and it seems reasonable 1o
propose that the diapiric body that is now in the
Guadalquivir Basin originated in a Triassic
basin below the known Jurassic-Cretaceous
basin of the Intermediate Unit trough. The
approximate northern edge of the original basin
is indicated on the ‘Martos’ cross-section (Fig.
2): its position based on restoration of the small
Prebetic thrust slice coincides with the esti-
mated position of the leading edge of the over-
thrust basement block (admittedly there is little
constraint on either of these positions!). Mobile
evaporites deposited in such a basin would cer-
tainly have become diapirically displaced in
some way by loading. first by the Intermediate
Units limestones and then. by the denser base-
ment block. If this is the true origin of the
material. it implies a lateral displacement of the
order of 40 km.

The path along which this expulsion took
place. and the mechanism by which the ductile
Keuper was pushed ahead of the overlving
thrust sheets. is evident from the cross-sections.
We consider the most likely expulsion path is
above the basal thrust which ramps from the
base of ductile Keuper. first to the Prebetic Cre-
taceous. and then to the Miocene. and below the
basal detachment of the Intermediate Units. i.e.
at the base of Supra-Keuper. This has become a
‘salt weld'. The ductile body could have picked
up blocks of Cretaceous and. less easily. Juras-
sic material by breaking it away from the roof of
the diapir as it passed below the hanging-wall
cut-off of the Intermediate Units. Any orig-
inally coherent-bedded units within the Keuper
would have become disrupted as random blocks
during this Jong-distance diapiric transport. The
final events of the emplacement are recorded in
the most external unit. where sediments orig-
inally deposited in the Guadalquivir Basin
during Serravallian to Early Tortonian are
involved in deformation caused by lateral
movement of the diapir, which ceased in Mid-
Tortonian times.

Conclusions

(a) The interpretation of geological and geo-
physical data has allowed us to construct three
true-scale. structural cross-sections, which indi-
cates that compression in External Betics was
driven by northward emplacement of basement
culminations onto a passive continental margin.
Compression started probably in the Eocene and
propagated through the External Betics during
the Miocene. dying out in Tortonian times.

(b) The presence in the central and western
Betics of the large chaotic unit composed mainly
of Triassic evaporites. emplaced into the south-
ern margin of the Guadalquivir foreland basin.
is interpreted as a body extruded from an evap-
oritic formation originally below the Inter-
mediate Units. 1t moved by lateral diapiric flow
in front of an advancing thrust sheet, and was
eventually emplaced as a sea-floor diapir.

(c) Seismic stratigraphy has been used suc-
cessfully to define sequential arrangement of the
sediments filling the basin. and 10 attribute accu-
rate ages for the emplacement of the diapir. Sub-
marine exposure of the diapir took place initially
in the Serravallian. allowing marine sediments
of that age to be deposited on top of the Triassic
in places. but lateral emplacement of the diapir
continued. compressing the basin-floor sedi-
ments ahead of it. until at least Mid-Tortonian.

(d) Lateral diapiric emplacement in a com-
pressional setting has been successfully repro-
duced using both phvsical and numerical
modelling thus demonstrating the plausibility of
this process.

(e) From these results. we recommend that
this zone should from now on be called the
*Guadalquivir lateral diapir", instead of the word
‘olistostrome”. Evaporites are involved in many
of the world’s thrust belts, and lateral diapirism
in some form is probably a widespread phenom-
enon.
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