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ABSTRACT

Fingerlike bodies of evaporite rocks have been observed in many
regions affected by multiple tectonic phases, such as the Atlas, the
Pyrenees, or the Zagros Mountains, where they have been inter-
preted as fault-plane diapiric injections or collapse-related salt welds.
In this article, we suggest a new interpretation of these structures
as squeezed diapirs based on detailed structural and sedimento-
logical field data of the Bicorb—Quesa diapir (eastern Prebetics)
and offer five analog models, which simulate the polyphase defor-
mation of the eastern Prebetics. In this area, diapirs formed from
the Oligocene to Langhian during an extensional phase related to
the opening of the Valencia Trough. These diapirs were later af-
fected by a Serravallian contractional phase, which inverted the
preexisting grabens and created new folds and thrusts. The pre-
existing diapirs were necked and/or squeezed, forming secondary
welds with a fingerlike geometry that isolated the diapir bulbs from
their source layer. Extrusion of diapiric material was also accel-
erated during this phase, but no new diapirs formed. Finally, the
area was again affected by an extensional phase during the Tor-
tonian, which reactivated the normal faults and created a new set of
diapirs. The new diapirs formed where the overburden was thin-
ner, that is, at the toe of the major reactivated faults. Commonly,
these faults coincide with the bounding faults of the major grabens
formed during the first extensional phase, and therefore, the new
diapirs grow close to the location of the squeezed diapirs. The
models also show that the faults created during the initial exten-
sion prevailed as the main focus for deformation during the poly-
phase history. Deformation in the overburden and the viscous
layer was mainly accommodated along the major grabens formed
during the first extensional stage. During shortening, the initial
major grabens deformed as complex anticlines, and during the
subsequent extensional phase, most deformation occurred by the
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collapse of these anticlines along preexisting faults, fault welds,
and the flank of the squeezed diapirs. The source layer is com-
partmentalized, accumulating and withdrawing material in the
same locations (the initial grabens and horst). As a result, the
source layer is easily depleted beneath the initial horst, forming
primary welds.

INTRODUCTION

The superposition of extensional and contractional deformation is a
common feature in several diapiric provinces located in or close to
North America, North Africa, southwest Asia, the Alpine chains of
Europe, and elsewhere (Koyi 1988; Underhill, 1988; Serrano and
Martinez del Olmo, 1990; Jackson and Vendeville, 1994; Letouzey
et al., 1995; Roca et al., 1996; Gil, 1998; Perthuisot et al., 1999;
Hafid, 2000; Alves et al., 2002; Hudec and Jackson, 2002; Rowan
et al., 2003; Stovba and Stephenson, 2003; among others). How-
ever, few studies have analyzed the evolution of the inherited salt
structures and their function on the kinematics and geometric fea-
tures of later deformations; moreover, most of them (i.e., Vially
et al.,, 1994; Nalpas et al., 1995; Nielsen and Vendeville, 1995;
Nielsen et al., 1995; Koyi, 1998; Guglielmo et al., 2000; Fort et al.,
2004) only focus on the evolution of diapirs that were overprinted
by a moderate amount of shortening. Nevertheless, all these studies,
mainly based not only on field examples but also on analog and
numerical models, reveal the noticeable function that the pre-
existing diapiric structure has on the later deformation and allow
recognition of a set of features that are common in the zones
where preexisting diapirs are affected by later shortening (see
Table 1).

In this article, we illustrate the geometric and kinematic fea-
tures of structures developed in an area where diapirs, initially
triggered during an extensional phase, were later affected by two
different tectonic phases: first, by a contractional phase, and later,
by a new extensional phase. This study is based on the analysis of
field data of the diapiric eastern Prebetics province (southeastern
Iberian Peninsula) and the results of scaled analog models designed
to simulate a polyphase tectonic scenario. In our models, we ap-
plied similar amounts of bulk shortening and extension as the
amount of initial bulk extension triggering the diapirs. This not
only allowed us to obtain similar structural features to those ob-
served in the Prebetics, but also enabled us to identify how the
complete inversion was accommodated in the overburden units and
diapiric structures. Comparison of model results with field data
supports a new kinematic model for the development of the east-
ern Prebetics, which includes an initial extension followed by a
later shortening and a subsequent new extensional phase. This ar-
ticle documents, for the first time, the modeling of shortened
diapiric areas affected by later extension.
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Table 1. Features of Diapiric Areas Overprinted by Shortening

FIELD EXAMPLES ANALOG MODELING REFERENCES*
g o | * Broad dynamic bulge above the diapir (1,2,8,13,25)
|_
=z
E UEJ * Growth strata including unconformities with high angles of onlap (13,29, 32, 36)
o =
O 0
= W | .« Significant amount of diapiric source
= @ layer components (k=)
* Inversion of preexisting normal faults (2,5,6,7,8,13,21,32,33,34)
+ Anticlines located where the overburden is (7,13,22,34)
thinnestand weakest U

(2,4,7,9,10, 11,13, 15, 21,
22,24,30,31,33,35)

* Inversion of the preexisting grabens forming pop-ups and curvilinear (box folds) (2,5,11,14,15,16,17,21,29)
faulted anticlines

» New salt-cored detachment anticlines nucleating above the preexisting diapirs

+ Deformation concentrated on the anticlines close to the extruding diapirs (2,5,6,7,10,15, 29, 33, 34, 36)

OVERBURDEN

+ Diapirs enhanced new thrusting and the buckling of strata next to their squeezed (2,3,5,7,10,13,16, 17,18, 24,
stems 32,33, 36)

(13,16, 24,28, 34)

+ Extensional faults (grabens and horsts) in
the hinge zone of the anticlines

*(1) Koyi (1998); (2) Guglielmo et al. (2000); (3) Nalpas et al. (1995); (4) Jackson et al. (1994); (5) Serrano and Martinez del Olmo (1990); (6) Serrano et al. (1994);
(7) Dardeau et al. (1990); (8) Nielsen et al. (1995); (9) Rowan (1995); (10) Vially et al. (1994); (11) Letouzey et al. (1995); (12) Gil (1998); (13) Davison et al.
(2000); (14) Bernini et al. (2000); (15) Hafid (2000); (16) Chikhaoui et al. (2002); (17) Perthuisot et al. (1999); (18) Rasmussen et al. (1998) and Alves et al.
(2002); (19) Talbot et al. (2000); (20) Stefanescu et al. (2000); (21) Scheck et al. (2003); (22) Rowan et al. (2003); (23) Giles and Lawton (1999); (24) Hudec and
Jackson (2002); (25) Krzywiec et al. (2003); (26) Stille (1925); (27) Heaton et al. (1995); (28) De Ruig (1992, 1995); (29) Brinkmann et al. (1967) and Brinkmann
and Logters (1968); (30) Ala (1974); (31) Kent (1979); (32) Roca et al. (1996) and Anadon et al. (1998); (33) Martinez (1999); (34) Karakitsios (1995); (35) Mehdi
et al. (2004); (36) Fort et al. (2004).
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THE EASTERN PREBETICS
Geological Setting

Located in the southeastern Iberian Peninsula, the Pre-
betics represents the most external part of the foreland
fold and thrust belt of the Betic Cordillera. It consists of
a deformed wedge of para-autochthonous Jurassic to
Miocene (lower Tortonian) carbonate rocks detached
on Triassic evaporite and mudstone (Figures 1-3).

In its easternmost parts, the Prebetics comprises
an inner fold belt in the south and a tabular frontal
thrust sheet in the north, the so-called Caroig Massif,
which is only marginally affected by Betic folding. The
structure of both domains is complex with variably
oriented folds, both reverse and normal faults, as well
as diapirs composed of Triassic evaporite-mudstone
(Martinez et al., 1975, 1976, 1978; Garcia-Velez et al.,
1981; De Ruig, 1992). This complex structure re-

sults from the superposition of three main Cenozoic
events listed as follows (De Ruig, 1995; Roca et al.,
1996):

1. An initial extension related to the opening of the
Valencia Trough (Figure 1): During this exten-
sional phase, north-northwest—south-southeast and
east-northeast—west-southwest graben systems were
formed and led to the triggering and development of
diapirs along the graben axes. The opening of graben
systems at right angles to each other indicates that,
during this stage, the intermediate and maximum
finite stretches (S, and S;) were horizontal and ex-
tensional. Small-scale structures and paleostress
analysis denote that during this stage, the least prin-
cipal stress (03) was orientated northwest-southeast
(De Ruig, 1992), and o, was oriented northeast-
southwest. The age of this extensional event is lat-
est Oligocene—early Miocene (Aquitanian) in the
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Figure 1. Tectonic map of southeast Iberia (location shown in inset). The black rectangle indicates the location of geological map
shown in Figure 2. Slightly modified from Roca et al. (1996). Thick-lined faults outcrop on shore, and thin-lined faults are located

offshore.
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Figure 2. Simplified geological map of the eastern Prebetics with the location of cross section AA” shown in Figure 3. Dashed inset
in the Bicorb-Quesa diapir area indicates the location of geological map shown in Figure 4. Middle-Upper Triassic diapiric rocks

are in black.

inner Prebetics (De Ruig, 1995) and younger in the
Caroig Massif (Burdigalian to Langhian) (Santiste-
ban et al., 1994; Roca et al., 1996).

2. A contractional to transpressional phase with a main
regional stress (o)) direction rotating from north-
northwest—south-southeast to northwest-southeast
(De Ruig, 1992): This phase led to regional shorten-
ing that generated east-northeast—trending folds and
thrusts and necked and/or squeezed the preexisting
diapirs that had pierced the east-northeast—west-
southwest grabens. This stage began during the late
Aquitanian in the inner Prebetics (De Ruig et al,,
1987; Ott d’Estevou et al., 1988) and propagated
to the north-northwest, affecting the Caroig Massif
during the Serravallian (Roca et al., 1996).

3. A final late Miocene (Tortonian) phase with radial
extension (De Ruig, 1992): During this phase, nor-
mal faults were reactivated, and a new set of dia-
pirs was initiated (Martinez, 1999).

Field data show that the predominant structures
in the inner fold belt of the Prebetics are laterally
continuous, east-northeast—trending, north-vergent
box anticlines separated by broad synclines (Figure 3).
The anticlines have very steep limbs and are cored by
Middle-Upper Triassic evaporite and mudstone. The
northern limbs are commonly overturned and thrust-
ed over the adjacent synclines (Garcia-Rodrigo, 1960;
De Ruig, 1992). The crestal zone between the two box-
fold hinges of these anticlines is nearly flat or broad
arched, and it is commonly cut by normal faults that
are subparallel and also subperpendicular to the fold
axis. These normal faults form crestal grabens paral-
lel to the fold axis, cut the Paleogene red beds, and,
in some places, are blanketed by Miocene marine cal-
carenites tilted during the middle Miocene folding
(De Ruig, 1992). Assuming that the Miocene strata have
been deposited in a subhorizontal position, this indi-
cates that these normal faults formed during the latest
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Oligocene—early Miocene, and that the crestal grabens
belong to extensional grabens uplifted (inverted?) dur-
ing the middle Miocene compression.

The anticlines in the crestal zone, especially close
to their northern limb, could be pierced by discon-
tinuous east-northeast—west-southwest (subparallel to
the fold axis) elongate and narrow (0.1-100 m; 0.3-
330 ft), near-vertical planar bodies of Triassic evapo-
ritic rocks of diapiric origin (Garcia-Rodrigo, 1960;
De Ruig, 1995; Martinez, 1999) (Figures 2, 3). The
synclines, also of box-fold geometry, are filled with
thick lower to middle Miocene marl and carbonate
strata that locally contain olistostromes and allochtho-
nous lenses (overhangs?) of Middle—Upper Triassic
diapiric rocks (Martinez, 1999). Close to both diapir-
pierced and diapir-not-pierced anticline limbs, these
sediments show growth-strata geometry (De Ruig,
1992) and are affected by reverse faults, denoting that
they were deposited coevally to the fold development.

To the north, this predominant fold structure
disappears in the Caroig thrust sheet (Roca, 1992).
This thrust sheet is composed of a subhorizontal plat-
form of Jurassic—Cretaceous carbonates cut by two
nearly orthogonal sets of normal faults that strike east-
northeast—west-southwest and north-northwest—south-
southeast. These normal faults bound a complex sys-
tem of narrow grabens that were intruded during the
Miocene by elongate diapirs of Triassic evaporite and
mudstone (Moissenet, 1985) (Figures 2, 3). These dia-
pirs rose along the axis of the graben systems that
developed over Jurassic to Cretaceous carbonate over-
burden and were locally filled by Miocene graben fill
and syndiapiric growth strata (Santisteban et al., 1989;
Roca et al.,, 1996, Anadon et al., 1998) (Figure 4).
Although they show a symmetric graben structure
on both sides of the diapir, the overburden units and
basin-fill sediments surrounding the east-northeast—
west-southwest diapirs appear to be affected by youn-
ger reverse faults that are also pierced by the diapir
(Rocaetal., 1996; Anadén et al., 1998). In the Bicorb—
Quesa diapir, located in the central part of the Caroig
thrust sheet, the main reverse fault is a north-northwest—
directed thrust that places Upper Cretaceous rocks
over the lower part of the Bicorb basin fill (Figure 4).
In this sector, the latter unit unconformably overlies a
very thin overburden cover and even a narrow (< 70-m;
<230-ft), near-vertical planar body of Triassic diapiric
rocks close to the fault (Figure 4). This geometry, to-
gether with the sedimentological features of the Mio-
cene basin-fill deposits, indicates that prior to the de-
velopment of the present Bicorb—Quesa diapir, an older

diapir must have existed. This older diapir was squeezed
and closed during the regional shortening stage (Roca
et al., 1996).

Because the Caroig Massif is hardly affected by Betic
folding, structural analysis of this area may assist in
evaluating the prefolding structure of the more south-
ern Prebetic domains and characterizing the geometry
of the diapirs formed prior to the contractional event.

MODELING

Three dynamically scaled sand-box models (Bcp-2,
Bcp-3, and Bep-5) were designed to simulate the poly-
phase tectonic evolution of the outer eastern Prebetics.
This includes, first, an initial extensional phase that
triggered diapirism; second, a subsequent contractional
phase squeezing the preexisting diapirs; and third, a
second extensional phase triggering new diapirs.

The models comprise a lower viscous layer of poly-
dimethylsiloxane (SGM-36), simulating the Triassic
evaporites, and an upper tabular prekinematic layer of
loose sand, simulating the Jurassic—Cretaceous carbon-
ate cover (Figure 5). This prekinematic sand unit con-
tained passively colored horizons of loose sand acting
as strain markers. The sand and viscous layers had a
similar thickness in all models (30-31 mm and 12 mm
[1.18-1.22 and 0.47 in.], respectively). The thickness
ratios between models and the stratigraphy of the east-
ern Prebetics give a geometric similarity of 1:50,000,
which means that 1 km (0.62 mi) in nature is simulated
by 20 mm (0.78 in.) in the models.

The rheology of the modeling materials was simi-
lar in all models. The Newtonian polydimethylsilox-
ane (SGM-36) has an effective viscosity at room tem-
perature of 5 x 10% Pa s and a density of 0.987 g cm ~>.
Assuming an effective viscosity of the Triassic evapo-
rites to be approximately 10'® Pas gives a scaling ratio
of 5 x 10~ . The loosely packed quartz sand, which has
abulk density of 1.7 g cm ~ 3, has a coefficient of internal
friction of 0.73 and a cohesion of approximately 140 Pa.

The models were 30 cm (12 in.) wide and 35 cm
(14 in.) long and were extended and shortened by
different amounts (Table 2) from one end perpendicu-
lar to the width. Localized extension was achieved by
pulling a thin metal plate, which was placed under
half of the model and attached to the moving wall
(Figure 5). During movement of the moving wall, the
metal plate was pulled away from the fixed wall and
initiated extension in both the overburden sand units and
the underlying viscous source layer. During subsequent
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compression, the wall was pushed in the opposite di-
rection. As a result, the metal sheet moved toward
the fixed wall and shortened the model. A grid with
dimensions of 1.2 x 1.2 cm? (0.47 x 0.47 in.?) was
printed on the surface of the model. Marker points
with specific distance were placed on either side of the
fault scarps at the surface of the models to monitor
the horizontal displacement and vertical growth of the
structures. Shortening velocity was 1.8 or 2 cm hr !
(0.7 or 0.78 in. hr ~ '), and before applying an additional
deformational event, the model was left to rest for 12 hr
to allow diapirs to rise. Top-view photographs were
taken at constant extension and shortening intervals
during deformation. After deformation, models were
covered with dry white sand to protect final topography
and then soaked with water to allow cutting of longi-
tudinal sections (parallel to the shortening and exten-
sion directions) without disturbing the model.

Model Bcp-3 underwent three deformation stages:
an initial extension, a compression phase, and a second
extensional phase. Model Bep-2 underwent an initial ex-
tensional phase followed only by a compression phase,
and model Bcp-5 underwent only one single exten-
sional phase.

Two additional models (Bcp-1 and Bep-4) were also
run to test the results of such polyphase deforma-
tion with an initial extension, a subsequent compres-
sion, and a late extension. These two models were de-
signed with different sand-box configurations, amounts
of stretching, and, in the case of the Bcp-1 model, over-
burden thickness (Figure 5; Table 2), but their results
are not significantly different than those obtained in
the model Bep-3.

MODELING RESULTS

Initial Extensional Phase

All five models underwent an initial extensional phase.
Extension was initially accommodated in the overbur-

den by layer-parallel stretching (up to 1.5-4% bulk
extension) that did not form visible structures (see

Bahroudi et al., 2003, for a description of penetrative
extension in models). With further extension, a system
of horst and grabens formed, in which undeformed
blocks were bounded by planar normal faults (Figure 6).
The first faults were created close to the pulling wall
and above the tip of the basal slab, which can be corre-
lated in nature to major anisotropies in the basement
(i.e., older faults). During the formation of the horst
and graben system, the viscous material withdrew from
under the hanging wall, where the overburden was not
thinned by the normal faults and the vertical overburden
thickness was maximum. Migration of the viscous ma-
terial promoted the rotation of the overlying overbur-
den blocks (Figure 6) and the accumulation of viscous
material under the tectonically thinned overburden
areas. This subsequently resulted in the formation of
reactive diapirs (Vendeville and Jackson, 1992a), which
extruded along the axis of major grabens (Figure 7A).

Contractional Phase

All models, except Bep-5, underwent a compression
stage after they had been extended. Shortening was
first accommodated by reducing the width of the
diapirs and squeezing their stems, which forced the
viscous material to extrude upward (Figure 8B). This
resulted in (1) the growth of new outcropping diapirs
along the preexisting reactive or active diapirs, which
had not already reached the surface, from the piercing
of their thin overburden; (2) the lateral expansion or
growth of the outcropping diapirs from the squeezing
of their shallowly buried along-strike equivalents; and
(3) the development of extensive overhangs in the
outcropping diapirs. Closing and emptying of the feed-
ing stem of the preexisting diapirs created secondary,
near-vertical welds isolating the diapir bulb from its
source layer. These diapir bulbs have a near-vertical
inverted-teardrop- or fingerlike shape and are trans-
ported by the later faults (Figure 9). No new diapirs
were triggered during this contractional phase.

With increasing shortening, large complex folds
formed because of the collision of several preexist-
ing overburden blocks and the redistribution of the

Figure 4. (A) Simplified geological map of the Bicorb basin with the location of the BB’ cross section (for map location, see Figure 2).
(B-B") A more detailed cross section through the central part of the Bicorb basin showing the geometric relationships between the
Miocene basin fill, the squeezed diapiric stem observed on the northern flank of the Bicorb - Quesa diapir, the later major diapir, and the
faults affecting the basin fill and the overburden rocks. No vertical exaggeration. (C) Correlation chart comparing the Miocene tectonic
evolution of the Bicorb-Quesa diapir with the main sedimentological and tectonostratigraphic features of the Bicorb basin fill. The
synthetic stratigraphic section belongs to the central part of the Bicorb basin. Based on Roca et al. (1996) and Anadon et al. (1998).
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Figure 5. Schematic illustration showing the lithological and stratigraphic division of the models before deformation, as well as the
general kinematic parameters used in the models. At the top, the correlation between model horizons and the regional stratigraphy of
the eastern Prebetics is shown. PDMS = polydimethylsiloxane. At the middle, the general lateral view of the models Bcp-1, Bcp-2, Bep-3,
and Bcp-5 is shown. At the bottom, the top view of the box setup of the models showing major geometric differences is illustrated.

viscous material (Figure 9). The geometry and spatial
distribution of these folds were strongly controlled by
the preexisting structures. Synclines nucleated in the
areas of preexisting horsts, whereas anticlines formed
in the former graben areas where the overburden
was thinner, and the viscous material was thickened
and/or had pierced the overburden during the pre-

vious extension. The evolution of these major anti-
clines formed during this compression phase follow-
ing two major stages once the diapirs were squeezed
and mostly shut:

1. In the early stages of compression (Figure 8C, D),
regional shortening led to the inversion of one of
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Table 2. Initial Setup of Models and Kinematic Parameters*

Model Bcp-1 Model Bcp2 Model Becp-3  Model Bcp-4  Model Bep-5
Initial layer thickness  Loose sand 20 mm 30.5 mm 30 mm 31 mm 30 mm
Polydimethylsiloxane 10 mm 12 mm 12 mm 3.7-12 mm 12 mm
Stretching and shortening velocity 18mmhr=' 18mmhr=" 18mmhr=" 20mmhr=" 20 mmhr!
Percent lengthening  First extension 17.70% 25% 28% 16% 20%
Compression —15% —20.10% —15.60% —12.80%
Second extension 17% 10% 15%

*Percent lengthening and shortening are determined considering, as initial length, the length of the model at the beginning of each applied deformation stage.

the two major faults that bounded the preexisting
graben (commonly the fault dipping toward the fixed
frontal wall). The resulting thrust or backthrust (de-
pending on which fault was inverted) was detached
within the viscous layer close to the overburden-
viscous layer boundary and uplifted and displaced
the preexisting graben and even the opposite non-
inverted graben margin over the overthrusted block.
Reactivation of preexisting normal faults as high-
angle reverse faults during this and subsequent stages
also resulted in the development of minor anticlines
in the adjoining footwall and hanging-wall blocks
(Figure 9). These anticlines, formed when inverted
normal faults splayed to shallow-dipping thrusts,
were best developed in the footwalls and had the
geometry of fault-propagation folds (Figure 9). They
indicate that shortening was accommodated not

only by inversion along preexisting normal faults,
but also by the formation of thrusts nucleating at the
base of the preexisting normal faults.

. With progressive shortening, the main thrust became

inactive, and shortening was accommodated by the
initiation of new thrusts at the bottom of the pre-
viously overthrusted overburden block (Figure S8E).
This new thrust moved in the opposite sense rela-
tive to the previous thrust and commonly did not
reactivate any preexisting normal fault. The propa-
gation of this new thrust led to folding and, later,
offset of the previous active thrust and overburden
units. During this stage, the inversion of preexist-
ing major normal faults in the forelimb of the fold
generated by the propagation of the new thrust
could result in the development of pop-up structures
(Figure 9).

HRTL Berp/mdl.5 -A4 - 9803
Ex. 20%

Figure 6. Photograph
and line drawing of ver-
tical sections parallel to
the transport direction in
model Bcp-5 after a 20%
bulk lengthening showing
the main geometric fea-
tures of the structures that

Fixed wall
4_

Asymmetric graben

Endwall | accommodate the initial
extension. (1) Incipient
diapir; (2) rotated over-
burden block; (3) uplift
of the overburden at the
footwall of major faults
related to the rise of the
ductile SGM-36 beneath

*—Boundary between the basal fixed and movable basal slabs

the fault; (4) asymmetric
graben developed above
the tip of the basal sheet.
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Figure 7. Line tracings of the deformation at the top of model
Bcp-3 at the end of (A) the initial extensional deformation, which
triggered diapirism; (B) the subsequent contractional phase,
which squeezed the preexisting diapirs and inverted the older
extensional faults; and (C) the second extensional phase, which
led to the extensional reactivation of the preexisting faults, fault
welds, and the walls of the squeezed diapirs. The small arrows
labeled A16, A8, and A3 indicate the location of the three vertical
parallel sections shown in Figure 10.
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Figure 8. Cartoon showing the evolution of a preexisting
graben pierced by a diapir that is subsequently shortened
(based on model results).

During the contractional phase, the migration of
the ductile material was accompanied by a rotation of
the overburden blocks and the faults located in the
major anticline limbs. This rotation produced primary
salt welds beneath the synclines and, consequently,
the compartmentalization of the viscous layer into iso-
lated bodies in the cores of the major anticlines. Thrust
welds of the ductile layer were also formed in the cores
of the anticlines from the motion of thrust and back-
thrusts. In contrast to the secondary welds, these welds
were subhorizontal and stratigraphically concordant
with the overlying overburden materials (Figure 9).
Developed after diapir closing, they separated the bot-
tom of the secondary welds from the ductile source
layer.
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Second Extensional Phase

During the second extensional phase, most of the ex-
tension was accommodated in the overburden by nor-
mal reactivation of the major preexisting contractional
faults and thrust welds. These contained remnants of
the viscous layer and were easily reactivated as detach-
ment levels during this second extension (Figure 10).

The coincidence of the thrusts and backthrusts
with the normal faults bounding the initial grabens re-
sulted not only in the collapse of the contractional anti-
clines during this second extension phase, but also in
the development of a system of new grabens that were
superimposed on the ones generated during the first
extensional phase. In cases where the stretching re-
sulting from this extensional phase was similar to the
amount of shortening, as in our models, the most thinned
overburden areas generated during the initial phase co-
incided with those generated in the second extensional
phase.

The viscous layer was again redistributed and ac-
cumulated in areas where the ratio between the over-
burden and source-layer thickness was small (cores of
the previously formed anticlines and grabens) and with-
drew from under the footwall areas of major normal
faults, which had thickened by folding and thrusting
during the contractional phase. Consequently, the com-
partmentalization of the viscous layer initiated in the
previous stages continued and formed new primary
salt welds or enlarged the preexisting ones beneath the
horsts (previous synclines).

Accumulation of the viscous material under the
thinned overburden areas could result in the formation
of new diapirs, which mainly extruded along the col-
lapsed hinge of the anticlines close to, but at a dif-
ferent place from, the preexisting squeezed diapirs
(Figure 10). The older, tightly squeezed diapirs be-
haved passively during this second extension and re-
mained overthrusted over one of the initial overbur-
den blocks. It should be noted that the new diapirs
only grew in the areas where the ductile source layer
was not isolated.

The collapse of the anticlines produced a marked
inversion of the topographic relief and, therefore, of the
polarity of the topographic slopes. This topographic
change appears to have induced an inversion of the
gravitational evaporite motion along the overhangs,
from flowing away from the topographically high anti-
cline crests during the compressional phase to flow to-
ward the topographically low collapsing anticline crests
during the superimposed extensional phase.

DISCUSSION
Role of Preexisting Structures

The comparison between the model that had under-
gone only extension (Bcp-5) with those that had under-
gone extension followed by compression (Bcp-2) and
those that had undergone an initial extension followed
by compression and an additional extension (Bcp-3)
shows that in diapiric areas affected by polyphase thin-
skinned tectonics, most of the deformation is accom-
modated along preexisting structures that had formed
during the first stage of extension.

During compression, preexisting normal faults were
inverted as high-angle reverse faults, which uplifted pre-
existing grabens and displaced them over undeformed
horst blocks bounding the graben. The resulting con-
tractional geometry depended on the amount of inver-
sion and the symmetry of the preexisting grabens. In
the analog models, where the grabens were relatively
symmetrical, their complete inversion resulted in the
development of anticlines with broad arched roofs and
steep limbs. These anticlines, commonly with a pop-up
crestal structure, developed from the inversion of one
of the two major old normal faults bounding the graben
and from newly formed backthrusts and/or the inver-
sion of the other major old normal fault (Figure 9). The
roofs (crestal zones) of the anticlines are formed by the
axial part of the previous grabens, which include pre-
existing faults preserving its initial normal displacement.

In cases with asymmetric grabens not modeled
here, we expect that compression would result in a
simpler structure with transport of previous half gra-
bens over the major thrusts developed from the inver-
sion of normal faults bounding the half grabens.

During the second extensional phase, overburden
deformation was again accommodated by normal mo-
tion along preexisting faults and, especially, along the
thrust welds formed during the compression phase. The
anticlines collapsed, and the resulting geometry mim-
icked the grabens formed during the first extensional
phase. Such accommodation of deformation is shown
in the relative elevation history of the initial horsts
and grabens during the polyphase deformation of the
models. The height of the initial horsts remains rela-
tively constant without abrupt changes during defor-
mation, whereas the initial grabens show a gradual and
significant subsidence and uplift during the extensional
and contractional phases, respectively (Figure 11).

During different tectonic phases, the viscous ma-
terial migrated from areas with higher loading to areas
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Figure 9. Photograph and line drawing of four vertical parallel sections in model Bcp-2 after an initial extension phase and a later
compression phase. The sections, parallel to transport direction, show the main geometric features of the structures that accom-
modated the inversion. Note the significant along-axis changes (i.e., vergence) in the internal structure of the major anticline
developed close to the movable end wall. (1) Squeezed diapir; (2) secondary welds; (3) thrust welds; (4) surface gravitational sand
landslides; and (5) new thrust not related to the inversion of a previous normal fault.

where the overburden was thinned. If, as in our mod-
els, the amount of bulk shortening during the com-
pression phase is equal to or slightly lower than the
amount of previous extension, there will be a coinci-
dence of the areas of withdrawal and accumulation
of the viscous layer during both phases. In such cases,
the compartmentalization of the viscous layer initi-
ated during the first extensional phase and was ac-
centuated in the later compression and extensional

phases, and the viscous layer would be completely
withdrawn under the synclines and horsts, forming
primary welds.

Diapir Evolution
In all models, diapirs only developed when the model

was extended, and the brittle overburden was sig-
nificantly thinned by normal faulting. Diapirs pierced
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Figure 10. Photograph and line drawing of three vertical parallel sections in model Bcp-3 after an initial extension phase, a later
compression phase, and an additional second extension phase (for location, see Figure 7). The sections (parallel to transport direction)
show the main geometric features of the structures that accommaodated the extension of a previously shortened diapiric area. Note the two
generations of diapirs and the lack of significant contractional structures in the overburden. (1) Squeezed diapir (diapirs generated during
the first extension); (2) extensionally reactivated secondary and thrust welds; (3) incipient diapirs triggered by the second extension;
(4) developing primary weld; (5) collapsed diapir overhangs; and (6) preserved contractional structures (mainly propagation folds).

the overburden along the axis of the major grabens or
along the deepest part of major half grabens. Diapir
growth during regional stretching follows the evolu-
tionary pattern defined by Vendeville and Jackson
(1992a) with the reactive, active, and passive stages.

Contractional deformation did not trigger new dia-
pirs but closed the preexisting ones, forming isolated
diapiric bulbs and stems with planar, finger, or inverted-
teardrop geometries. During diapir closure, the intrud-
ing viscous material was squeezed and expelled mainly
upward. This resulted in (1) a sudden increase of the
surface extrusion of viscous material along the pre-
existing diapirs, generating widespread overhangs; and
(2) the formation of new extruding diapirs by the up-
ward expelling of the viscous material along the stems
of the passive diapirs, which had not already reached
the surface. As described in other regions (Nielsen et al.,
1995), this surge of diapiric rocks continued even after
the stem of the diapir was pinched off.

After the diapir stems were closed, the ongoing
compression was accommodated by the inversion of the
normal faults bounding the half grabens. This resulted
in the transport of the pinched diapirs over one of the
graben margins, disconnecting the diapirs from their
supplying layer. Placed in areas of thickened overbur-
den, these squeezed and transported diapirs were not

easily reactivated during the second extensional phase,
although their flanks could be activated as normal faults.

The new diapirs formed close to the toe of the
major reactivated faults, where the overburden was
thinned. These faults commonly coincided with the
faults bounding the major grabens formed during the
first extensional phase. Consequently, new diapirs that
initiated during this second extension phase were lo-
cated close to or partially coincided with the position of
the squeezed diapirs.

The geometry of the compressionally squeezed
diapirs, in the case of planar bodies, can be similar to
the hornlike diapiric cusps formed by the fall of diapirs
during excessive thin-skinned extension (Vendeville
and Jackson, 1992b). However, these two diapir types
can be distinguished from each other by the presence
of reverse faults cutting the diapiric planar body in the
squeezed diapirs and the lack of surface extrusion of
viscous material in the ones formed by the extensional
fall of the diapirs.

Comparison with Eastern Prebetic Structure
Model results can be correlated with the structure of
the eastern Prebetics and suggest a new hypothesis

for the origin of vertical, narrow, planar, or fingerlike

ROCA ET AL 129



Figure 11. Diagrams
showing the evolution of
the relative height of ini-

20

HORSTS AND MINOR GRABENS

% lengthening or shortening

25 28 -23 6.2 -103 -157 3.7 7.8 99

SECOND
EXTENSION

% lengthening or shortening

25 28 -23 6.2 -103 -157 3.7 7.8 99

tial horsts and grabens *5 ] '
during the polyphase
(extension, compression, 0]
and second extension)
deformation of the model __
Bcp-3. Locations of marker g 30 R i | S SUND V) LTI
points showing this rela- =
tive height evolution are &
indicated in Figure 7. L0
Percent lengthening and
shortening are determined 15 Ao
considering, as initial
length, the length of the
model at the beginning 20
qf each applied deforma- FIRST EXTENSION
tion stage.
MAJOR GRABENS
0 5 8 12 16 20
+5 1 L 1 L
[0 T OSSR
€
E°]
S
2
:?:’ 10
15 e XU e
-20
FIRST EXTENSION

SECOND
EXTENSION

bodies of diapiric rocks that can be observed not only
in this area, but also in other diapiric regions affected
by later contractional and extensional stages.

The structure of the eastern Prebetics (Figures 2—4)
is consistent with moderate compressional inversion
of a preexisting horst and graben system pierced by
salt diapirs. Similar to the models presented here, the
overburden of the inner folded Prebetics is character-
ized by wide and slightly deformed synclines and by
narrow and complex anticlines. These complex anti-
clines are bounded by reverse faults and include in the
hinges doubly vergent normal and reverse faults and
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near-vertical planar to elongate diapiric bodies (De Ruig,
1995). The diapiric bodies have been interpreted in the
past as fault-plane diapiric injections emplaced along
transtensional faults (Garcia-Rodrigo, 1960; Moseley
etal., 1981; De Ruig, 1992) or collapse-related salt welds
(Martinez, 1999). However, their geometry and lo-
cation (in the axis of the 60°-dipping conjugate fault
systems) match very well with the geometries of the
squeezed diapirs observed in our models. This origin as
squeezed older extensional diapirs is also supported
by the presence of precontractional extensional faults
and precontractional sedimentary sequences, which,
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unconformably overlying evaporite diapirs and con-
taining reworked diapiric rocks (Cater, 1987; Beets and
De Ruig, 1992; De Ruig, 1992), indicate that diapirs
had pierced the overburden during a phase of extension
before the contractional deformation (De Ruig, 1992;
Martinez, 1999). According to this interpretation, the
faultlike structures, including the discontinuous dia-
piric bodies observed in the crestal zone of the Prebetic
anticlines, could be interpreted as salt welds similar to
those described in the La Popa basin in Mexico (Giles
and Lawton, 1999; Rowan et al., 2003).

In the northernmost eastern Prebetic areas (Car-
oig Massif ), where a later postcontractional extensional
phase has been recognized, the inferred structure and
evolution of the diapirs (Roca et al., 1996) also fit very
well with the results of those analog models that un-
derwent an initial extension, triggering diapirism, a sub-
sequent compression, and a final extension. The Bicorb—
Quesa diapir, located in this area, shows the typical
features of a diapir that developed during the exten-
sional collapse of a contractional anticline, which had
formed by the shortening of an older preexisting dia-
pir. The existence of this older diapir is demonstrated
by (1) the stratigraphical and structural features of the
early Miocene—Langhian sediments filling the graben
pierced by the diapir (Roca et al., 1996; Anadon etal.,
1998); and (2) the presence of a squeezed diapiric stem
(locally represented by a secondary weld) on the north-
ern flank of the Bicorb—Quesa diapir (Figure 4). This
squeezed stem belongs to the narrow, near-vertical
planar body of Triassic evaporites, which, running par-
allel to the axis of the Bicorb—Quesa diapir, is cut by
a major north-verging contractional fault (Figure 4).
This fault, which also affects the older graben fill, was
rotated and pierced (cut) during the growth of the
Bicorb—Quesa diapir. In essence, both the Bicorb—
Quesa diapir and the secondary weld record two differ-
ent diapiric events separated by an intermediate stage
of compression. Recording this polyphase history, the
internal structure of the Bicorb—Quesa diapir reveals
tight folds with vertical to overturned limbs and north-
directed thrusts that are cut by the diapir.

Comparison with Other Regions and
General Considerations

The geometries and evolutionary patterns observed in
the analog models also facilitate the interpretation and
understanding of the evolution and structure of other
areas where preexisting diapirs have been affected by

compression. Comparison between model results and
the structure of these areas indicates that most of the
recognized diapiric structures (see Table 1) have been
also reproduced in our analog models. In similar con-
ditions, this good correspondence between models
and nature allows using our structural model of con-
tractional deformation of diapirs (main features sum-
marized in Figure 12) in understanding and/or rein-
terpreting structures whose diapiric significance had
gone unnoticed in several regions. For example, the
interpretation of planar, fingerlike, or inverted tear-
droplike diapiric intrusions as squeezed diapirs formed
in a precontractional extension appears applicable not
only to the Prebetics, but also to other contractional
areas (i.e., Atlas, Pyrenees, France sub-Alpine ranges,
Zagros fold-thrust belt) where such diapiric structures
are relatively frequent and have been interpreted in
different ways (Dardeau et al., 1990; Serrano et al.,
1994; Vially et al., 1994; Bonini, 2003).

The models presented here cannot reproduce and
explain all the structures observed in diapiric regions
affected by later compression. This is mainly caused by
differences in the initial lithological configuration, the
relative amounts of bulk shortening and extension,
and the obliquity between the extension and shorten-
ing directions. In addition, we have not incorporated
into our models syntectonic sedimentation and/or ero-
sion likely to affect the deformation history. In this re-
gard, we could not reproduce the typical domes that
represent the syncontractional sediments above the
crest of the squeezed diapirs (Rasmussen et al., 1998;
Davison et al., 2000; Krzywiec et al., 2003) or the
folded geometries shown by the halokinetic sequences
(Davison et al., 2000; Giles and Lawton, 2002; Rowan
et al., 2003).

In cases where diapirs developed after shortening,
most of the described examples relate their develop-
ment to the erosion of the crestal areas of salt-cored
anticlines (Sans and Koyi, 2001), to contractional gen-
erated differential loadings (Jackson and Vendeville,
1994), or to vertical amplification and strain localiza-
tion along detachment folds (Bonini, 2003). Only few
studies associate the growth of such diapirs to a
postcompression regional extension (Underhill, 1988;
Roca et al., 1996; Talbot and Alavi, 1996; Talbot et al.,
2000). However, these studies commonly do not pro-
vide an accurate description of the diapirs and their
surrounding overburden units. As a result, it is diffi-
cult to correlate or to compare the results of the cur-
rent analog modeling with examples, apart from the
Prebetics, in which contractionally squeezed diapirs
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Figure 12. Cartoon showing the
main structures, vertical motions,
and active rotations developed
during the contractional and sub-
sequent extensional deformation
of a preexisting thin-skinned horst
and graben system pierced by
evaporite diapirs. Note that this
cartoon does not consider either
erosion or sedimentation of syn-
tectonic strata.
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have been later affected by extension. According to our
observations, diapirs formed in contractional regions
affected by a later extensional phase should be located
along grabens developed in the hinge of the preexist-
ing anticlines, and they should include, in or near one of
their flanks, one or more of the following: remains of
squeezed diapirs, contractional structures, extensional
shortcuts, and thrust welds (Figure 12). If preservation
conditions are adequate and syntectonic sedimenta-
tion rates are not significantly greater than diapiric rise
rates, they could also include isolated remains of the
overhangs formed during the squeezing of preshorten-
ing diapirs over the horsts bounding the grabens. Iden-
tification of such structures is difficult if the stretch-
ing related to the second extension is very large; most
of the structural indications will be lost or buried.
Extensional reactivation of most of the preexisting
faults would result in almost a complete masking of
the previous structure. In such cases, the diapiric zones
affected by a polyphase deformation could be confused
with diapiric zones affected by only one extensional
phase.

Erosion and Syndiapir Sedimentation

The analog modeling conducted in this study does not
simulate erosional and depositional processes, which
could be important factors in governing diapir evo-
lution and geometry. Erosion, as well as surface col-
lapse of evaporite-cored uplifted areas, favors dia-
pirism because they thin the overburden units and
enhance the differential loading needed to trigger dia-
pirism (Koyi, 1998; Cotton and Koyi, 2000; Sans and
Koyi, 2001; Costa and Vendeville, 2002; Sans, 2003).
In addition, in wet climate areas, erosion and disso-
lution prevents the formation or preservation of ex-
trusive evaporitic bodies as canopies, overhangs, or salt
glaciers. Therefore, it is expected that the presence of
significant erosion in a diapiric area affected later by
contraction and/or extension would result in (1) an
acceleration of diapir growth during extensional de-
formations from the erosion of the flexurally uplifted
footwall blocks of major normal faults and of the over-
burden roof of the initiating reactive diapirs; (2) the
possible formation of new diapirs across anticline crests
during contractional deformation; and (3) the absence
of outcropping extrusive diapiric bodies around the
diapirs.

Physical and numerical modeling shows that syn-
diapir sedimentation prevents or renders difficult dia-

pir development because it reduces the surface relief
and strengthens and thickens the overlying cover units,
thereby counteracting the tectonically induced differ-
ential loading (Vendeville and Jackson, 1992a; Jack-
son and Vendeville, 1994; Koyi, 1998). Models also
show that the shape of the extruding diapir is con-
trolled by sedimentation versus extension and salt
supply rates (Vendeville and Jackson, 1992a, b; Koyi,
1998). In the polyphase diapiric evolution addressed
here, this implies the following. (1) The observed dia-
pir shape could be different if sedimentation pro-
cesses are present during deformation. (2) Grabens
may not become the locus for later contraction be-
cause significant synrift sediment thicknesses could re-
sult in the strengthening of the grabens; they may ac-
tually be stronger than the surrounding horsts. It will
depend on the relative thickness of salt and overbur-
den in each place and the function of the graben
faults in weakening the overburden (M. G. Rowan,
2004, personal communication). (3) Diapir growth
during extension and extrusion during compression
could be held up if sedimentation rate is high. In
case sedimentation could not prevent the surface ex-
trusion of diapiric material, syntectonic sedimentation
would favor preservation of allochthonous lenses,
canopies, and overhangs or record this extrusion by
means of the presence of chemical and detrital com-
ponents in the sediments derived from the erosion of
the extruding evaporitic rocks (Roca et al., 1996; Giles
and Lawton, 2002).

CONCLUSIONS

Based on field data in the eastern Prebetics and results
of sand-box models, thin-skinned contraction and ex-
tension of an area detached above a continuous dia-
piric layer display the following characteristics:

1. Diapirs only develop during extension.

2. During compression, preexisting diapirs are closed,
forming secondary welds with a fingerlike geome-
try, which isolate diapir bulbs from their source
layer. These isolated diapir bulbs show not only an
inverted teardrop but also a planar or fingerlike
geometry.

3. Unless the overburden thins by erosion, surface col-
lapse, or by other processes, regional compression
does not form new diapirs but accelerates extrusion
of the preexisting ones.
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4. Extensional deformation does not reactivate pre-
existing squeezed diapirs; it forms new diapirs pierc-
ing the core of the anticlines. When the preceding
shortening is moderate, these new diapirs grow close
to the preexisting squeezed diapirs.

5. During both contractional and extensional deforma-
tions of an area with preexisting diapirs, flow within
the source layer compartmentalizes the source layer,
accumulating and withdrawing it in the same lo-
cations (the initial grabens and horsts, respectively).
As a result, the source layer is easily depleted be-
neath the initial horsts, forming primary welds.

6. Finally, in both contractional and extensional
phases, deformation of the overburden and the vis-
cous layer was mainly accommodated along the
major grabens formed during the first extensional
stage. During shortening, the initial major grabens
deformed as complex anticlines, and during subse-
quent extensional phases, most deformation oc-
curred by the collapse of these anticlines along
preexisting faults, fault welds, and the flanks of the
squeezed diapirs.
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