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Abstract The Middle Bathonian to Middle Oxfordian
interval in the Eastern External Subbetic (Betic Cordillera,
SE Spain) is characterized by Ammonitico Rosso facies
including various stratigraphic breaks. Five hardground-
bounded units are recognized in relation to hiatuses in the
ammonite record at the following stratigraphic boundaries:
Hg1 (Lower–Middle Bathonian), Hg2 (Middle–Upper
Bathonian), Hg3 (Lower–Middle Callovian), Hg4 (Middle–
Upper Callovian), and Hg5 (Callovian–Oxfordian). Inter-
esting features of these hardgrounds include their microfa-
cies, ferruginous crusts and macro-oncoids, taphonomy of
macroinvertebrates, trace fossils, neptunian dykes, and the
hiatuses associated with each of them. The main hard-
grounds (Hg1, Hg2, and Hg5) contain trace fossils of the
Cruziana and Trypanites ichnofacies as well as abundant
fossil macroinvertebrates with taphonomic features evi-
dencing corrasion, early diagenesis, and reworking, indicat-
ing substrate evolution from softground to hardground.
Neptunian dykes aVected the trace fossils and ammonoid
moulds, and their walls and the hardground surfaces were
colonized by ferruginous microbial crusts. These features
are characteristic of the External Subbetic pelagic swells,
where the absence of sedimentation, sediment bypassing
and erosion, and early diagenesis during relative sea-level
falls produced hardgrounds. The neptunian dykes are indic-
ative of tectonic activity in the areas of pelagic swells.

Ferruginous crusts and macro-oncoids developed only on
hardground surfaces and neptunian dykes walls prior to
deposition of condensed bioclastic beds, which are inter-
preted as the Wrst deposits after hardground development
and are related to the onset of transgression. The varying
ranges of the gaps as well as lateral facies changes are
related to diVerent local paleobathymetry controlled by the
activity of listric faults.

Keywords Pelagic swells · Hardground · Stratigraphic 
break · Condensed section · Ichnofossil · Neptunian dyke · 
Bathonian–Oxfordian · Subbetic

Introduction

The Bathonian–Oxfordian transition in the western Tethys
is characterized by discontinuous sedimentation in both
epicontinental and epi-oceanic environments, marked by a
complex succession of stratigraphic breaks. These sedimen-
tary discontinuities are represented in several domains, for
instance the Iberian Range (Aurell et al. 1994, 1999;
Ramajo and Aurell 1997; Ramajo et al. 2002; Meléndez
et al. 2005), the Côte D’Or (Courville and Collin 1997),
Chaignay (ScouXaire et al. 1997), the western Subalpine
Basin (Dromart 1989), the southeastern Paris Basin (Lorin
et al. 2004; Collin et al. 2005), the Jura region of Switzerland
(Gygi 1981; Huber et al. 1987), Swabia (Gygi and Persoz
1987), and the Maghreb (Soussi and M�rabet 1991; Kadiri
2002; Reolid et al. 2011). In the Betic External Zone, which
represents the South Iberian Paleomargin during the Meso-
zoic, major stratigraphic gaps and discontinuity surfaces
occur in the Bathonian–Oxfordian interval (Sequeiros 1974,
1979; Seyfried 1978; García-Hernández et al. 1980, 1989;
Sandoval 1979, 1983; Molina 1987; Marques et al. 1991;
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Martín-Algarra and Vera 1994; Vera and Martín-Algarra
1994; Martín-Algarra and Sánchez-Navas 2000; O’Dogherty
et al. 2000; Vera 2001; Reolid et al. 2010).

The deposits studied herein, corresponding to the Batho-
nian–Oxfordian interval, are characterized by intense con-
densation and by stratigraphic breaks usually recorded as
hardgrounds (Rey 1993; Nieto 1997). These deposits can be
included in the upper part of the transgressive–regressive
cycles T/R7 and T/R8 proposed by Jacquin and de Gracian-
sky (1998) and Jacquin et al. (1998). The discontinuity at
the base of cycle T/R8 is coeval to an important extensional
event related to the rifting of the North Sea and the Tethys.
In the Paris Basin, the maximum Xooding event of T/R8 is
represented by condensed beds with iron ooids separated by
discontinuity surfaces interpreted as related to a deforma-
tion episode during the Late Callovian (Jacquin et al.
1998).

Cecca et al. (2005) and Rais et al. (2007) proposed a glo-
bal reduction in carbonate paleoproductivity related to cli-
matic and oceanographic changes during the Early
Bathonian–Middle Oxfordian. Reduced carbonate accumu-
lation during the Middle–Late Jurassic transition has been
determined to be global, and explained by sea-level fall
caused by global cooling during the Callovian–Oxfordian
(Podhala et al. 1998; Dromart et al. 2003a, b). In this con-
text, hardground formation in the Jura and Helvetian
Domains resulted from signiWcant oceanographic reorgani-
zation of the Western Tethys owing to the development of
the so-called Hispanic Corridor (Rais et al. 2007). Other
authors (Azeredo et al. 2002; Dromart et al. 2003a, b; Fürs-
ich et al. 2005; Hautvelle et al. 2006) suggest climatic
changes to explain the hardground origin.

According to Ziegler (1989), the Middle–Late Jurassic
transition was an active tectonic period in which the tec-
tonic setting changed from extensional (related to the
expansion of the Central Atlantic) to transtensional (as a
consequence of the sinistral movement of Africa–South
America with respect to Laurasia). This led to the opening
of new basins in the Western Tethys. In the Lusitanian
Basin, Leinfelder (1993) and Azeredo et al. (2002) have
associated the Callovian–Oxfordian discontinuity with the
signiWcant changes at the Mid-Atlantic Ridge.

The modiWcation of the tectonic regime was also recog-
nized at the South Iberian Paleomargin (Ruiz-Ortiz et al.
1997; O’Dogherty et al. 2000), where diVerent discontinu-
ities were identiWed (Lower–Middle Bathonian boundary,
Middle–Upper Bathonian boundary, Lower–Middle Callo-
vian boundary, Middle–Upper Callovian boundary and
Callovian–Oxfordian boundary). These authors interpreted
the intra-Bathonian discontinuities as related to signiWcant
paleogeographic changes in the South Iberian Paleomargin.
Vera et al. (1984) and Molina (1987) interpreted the Upper
Bathonian–Callovian stratigraphic discontinuity in the

Western External Subbetic to be a consequence of the rela-
tive low sea level and of sinistral wrench faulting, which
shifted the African Plate to the east. Vera (2001) indicated
that the change from an extensional to a transtensional
regime during the Callovian–Oxfordian boundary was
related to the separation of the African Plate, the Iberian
Plate, and the Mesomediterranean Microplate.

The aim of this research is to perform a detailed inte-
grated analysis of hardgrounds, condensed levels, and
related features in the Lower Bathonian to Lower Oxfor-
dian part of the Ammonitico Rosso Formation of the East-
ern External Subbetic (Fig. 1a, b). Hardgrounds and
condensed beds that formed there represent diVerent stages
in the tectono-sedimentary evolution of the pelagic swells.
This study focuses on expanding our knowledge about (1)
sedimentary and tectonic processes that occurred during the
hiatus associated with each discontinuity, (2) hardground
evolution from the initial stages of stratigraphic omission to
renewed onset of sedimentation, and (3) control mecha-
nisms for the beginning of sedimentation. To achieve these
goals, sedimentological, taphonomic, ichnological, miner-
alogical, and geochemical aspects were taken into account.

Geological setting

The studied outcrops are located in the provinces of Ali-
cante and Murcia (SE Spain), which paleogeographically
belong to the South Iberian Paleomargin (Fig. 1a, b, c).
These outcrops are located in Wve diVerent tectonic units:
Quípar (Quípar section), Lúgar–Corque (Lúgar 62-1, Lúgar
62-2, and Caprés sections), Cantón (Boquera-43 section),
Crevillente (Sanyuri-35C and San Cayetano-36 sections),
and Reclot (Rambla Honda-1 and Rambla Honda-2 sec-
tions) (Fig. 1d, e).

The stratigraphic sequences of the tectonic units (Fig. 2a)
are characterized by Hettangian to Lower Pliensbachian
shallow carbonate platform dolostones and limestones (Gav-
ilán Formation) followed by Upper Pliensbachian–Toarcian
pelagic and hemipelagic marl-limestone rhythmites (Zegrí
Formation), Aalenian–Bajocian cherty limestones (Veleta
Formation), and Bathonian to Berriasian nodular limestones
(Upper Ammonitico Rosso Formation, Fig. 2b, c). Conse-
quently, in the Middle to Late Jurassic (Fig. 1c), the break-
up of the earliest Jurassic epeiric carbonate platform trans-
formed the Eastern External Subbetic into an epioceanic

Fig. 1 a Location of the study region in the Iberian Peninsula.
b Geological map of the eastern part of the Betic Cordillera.
c Paleogeographic reconstruction of the South Iberian Paleomargin
for the Late Kimmeridgian (after Vera 2001) d Geological map of the
Quípar Unit. e Regional geological sketch of the easternmost zone of
the study area (Lúgar–Corque, Cantón, Crevillente and Reclot, units)
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pelagic swell area bounded by listric faults (Molina et al.
1999; Vera 2001; Vera et al. 2004).

Two members, lower and upper, are diVerentiated
within the Upper Ammonitico Rosso Formation (UAR)
on the base of the presence of stratigraphic discontinuity
surfaces (paraconformities and local disconformities
associated with neptunian dykes) and condensed sedi-
ments in the Bathonian–Oxfordian part of the strati-

graphic succession. Seven lithofacies have been
distinguished within this stratigraphic interval, which are
discussed in detail below (Table 1 and Figs. 3, 4, 5). Pre-
vious studies on Fe–Mn-rich and P-rich microbial struc-
tures related to the hardgrounds in some of the sections
analyzed and in other areas of the Subbetic Domain were
performed by Vera and Martín-Algarra (1994) and
Martín-Algarra and Sánchez-Navas (2000).

Fig. 2 a Synthetic Jurassic stratigraphic sections of each tectonic unit studied. b Panoramic view of the UAR Formation in the Lúgar–Corque
Unit. c Field aspect of the upper member of the UAR Formation in the Lúgar–Corque Unit
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Lower member of the UAR Formation

This member (Middle Jurassic in age) is made up of nodu-
lar red limestones (facies 1 in Table 1; Figs. 2b, 3, 4a).
Incipient hardgrounds are observed at the top of some beds.
The microfacies are wackestones-packstones with Wlaments

(Bositra buchi), peloids, sponge spicules, crinoids, radio-
laria, foraminifera (Protopeneroplis striata, Globuligerina
sp.) and indeterminate bioclasts. A hardground rich in trace
fossils tops this member (Fig. 3a).

In some stratigraphic sections (e.g., Quípar, Lúgar 62-1,
Caprés, San Cayetano-36, and Rambla Honda-1; Figs 3a, d,

Fig. 3 Outcrop views of the diVerent facies in some studied sections. a Lúgar 62-1. b Lúgar 62-2. c Sanyuri 35C. d Rambla Honda-1. e Rambla
Honda-2. f Detail of facies 2 (bioclastic limestone) in the Rambla Honda-1 section
123
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e, f, 5), above the hardground there is a bioclastic bed, up to
70 cm thick, that quickly pinches out (facies 2 in Table 1,
Figs. 3a, d, f, 4b). This bed is a bio-packstone with Wla-
ments (Bositra buchi), crinoids, and Globuligerina sp., and
it commonly includes Fe-rich macro-oncoids (Fig. 3f). At
the top of this bed, there is another hardground with a ferru-
ginous crust (2–3 cm thick), ammonoid moulds (Procerites
and Wagnericeras), and trace fossils (Thalassinoides). Both
hardgrounds are commonly superimposed when the bio-
clastic bed is not present.

Rey (1993) and Nieto (1997) considered the top of the
lower member as a diachronous surface, Early Bathonian in
age (Zigzagiceras zigzag Biozone, Figs. 6, 7), in the Reclot
and Cantón units and in some sections of the Lúgar–Corque
Unit, and Middle Bathonian in the Crevillente and Quípar
units, and locally in the Lúgar–Corque Unit (Figs. 6, 7).

Upper member of the UAR Formation

This member, Callovian–Berriasian in age, has a lower part
of alternating compact red nodular limestone (facies 3,
mudstones and radiolarian wackestones, Table 1, Fig. 4c,
d), and red nodular marly limestone (mudstones and wacke-
stones containing Globuligerina sp, facies 4, Table 1;
Figs. 2b, c, 3b, c, d, e, 4e), including beds of red limestone
without evident nodular structure (facies 5 in Table 1, and
Figs. 3e, 4f, 5). Its upper part is a pink nodular limestone
(mudstones and wackestones with Saccocoma, facies 7,
Table 1; Figs. 2b, c, 3e, 4h, 5). In the Crevillente sections, a
clast-rich bed is located at the base of the lowermost (Callo-
vian) part of this upper member in the same stratigraphic
position (facies 6 in Table 1, and Figs. 3c, 4g, 5).

The base of the upper member is also a diachronous sur-
face dated as Late Oxfordian (Dichotomoceras bifurcatus
Biozone, Figs. 6, 7) in the Cantón, Crevillente and Reclot
units as well as in some sections of the Lúgar–Corque Unit
(Figs. 5, 7). In the Caprés section (Figs. 5, 7), this surface
has been dated as Early Oxfordian (Checa and Sequeiros
1990), whereas in the Quípar Unit the Wrst sediments of this
member have been dated as Middle Oxfordian (Rey 1993;
Figs. 5, 7). In this paper we also report Callovian beds in
the boundary zone between the lower and upper members
of the UAR Formation.

Methods

Nine sections representative of the Wve tectonic units of the
Eastern External Subbetic have been studied (Figs. 1, 2, 3,
4, 5). Field observations were complemented with detailed
sampling focused on the microfacies analysis of polished
and thin-sections using binocular magniWcation glass and
the petrographic microscope. A detailed biostratigraphy

was obtained from the study of 155 ammonoid moulds by
using the ammonoid biozonation for the Bathonian, Callo-
vian, and Oxfordian of the Betic Cordillera by various
authors (Sequeiros 1974, 1979; Olóriz 1978, 1979; Sand-
oval 1979, 1983; Sequeiros and Olóriz 1979; Caracuel
1996). This biozonation (Fig. 6) has been correlated with
the sub-Mediterranean biozones proposed by Ogg (2004).
The chronostratigraphic diagram in Fig. 7 was developed
on the basis of this correlation.

Only neptunian dykes perpendicular to bedding, and
therefore originally subvertical, were considered. The origi-
nal strike of the dykes was recorded in diVerent hard-
grounds after restoring the hardground surfaces to the
horizontal (i.e., after correcting for tilting). The rotation of
the tectonic units during the Alpine Orogeny is also consid-
ered in accordance to the data of Platzman and Lowrie
(1992) and Platt et al. (2003). The Wrst authors estimated
that the mean clockwise vertical axis rotation for the Sub-
betic was 60°. Platt et al. (2003) calculated the vertical axis
rotation for diVerent tectonic units belonging to the Eastern
External Subbetic. For the purposes of our research, the
data relative to the Quípar Unit was taken (54° of the clock-
wise vertical axis rotation).

Petrographic microscopy was used to determine the rock
textures from thin- sections, including those of Fe–Mn
crusts and macro-oncoids. Analysis of the Fe–Mn encrusta-
tions focused on the lamination, coating thickness, micro-
bial fabrics and mineralogy. A SCI Quanta 400 instrument
from the Centro Andaluz de Medio Ambiente (CEAMA)
was used to obtain high-resolution scanning electron
microscopy photographs. The mineral composition of the
Fe–Mn crusts was determined by X-ray diVraction (XRD)
using a Siemens D-5000 diVractometer at the Centro de
Instrumentación CientíWca of the University of Jaén. In
addition, thin-sections and Fe–Mn crust fragments were
gold- and carbon-coated, and examined directly under the
scanning electron microscope (SEM) using secondary elec-
trons, back-scattered electron (BSE) imaging, and energy-
dispersive X-ray (EDX) analyses to study their internal
ultrastructure, crystal morphology, and geochemical com-
position, by using a Zeiss DSM 950 SEM at the Centro
de Instrumentación CientíWca (CIC) of the University of
Granada.

Taphonomic analysis of macroinvertebrates was per-
formed on the most favorable hardground surfaces (Lower–
Middle Bathonian, Middle–Upper Bathonian, and Callo-
vian–Oxfordian discontinuities) in the Reclot, Lúgar–Cor-
que, and Quípar tectonic units. The following taphonomic
features were taken into account for more than 250 remains
of fossil macroinvertebrates: (1) size, (2) position within
the bed, (3) orientation, (4) type of preservation (shell pres-
ervation and sedimentary inWll), (5) corrasion (sensu Brett
and Baird 1986), (6) fragmentation, and (7) biogenic
123
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encrustation. The analysis of fragmentation, corrasion, and
encrustation was undertaken using the fragmentation index
(Fi), corrasion index (Ci), and encrustation index (Ei) pro-
posed by Olóriz et al. (2002, 2004).

Facies distribution

Quípar unit

The Quípar section (Fig. 5) is characterized by compact red
nodular limestones (facies 3, Table 1; Fig. 4c, d) of Middle
Bathonian age (lower member of the UAR Fm., column 1
in Figs. 1, 7). The top of these deposits is a hardground
(Hg2 in column 1 of Figs. 5, 7) with abundant ammonoids,
belemnites, and ferruginous macro-oncoids. In addition,
various families of neptunian dykes have been detected.
Next in the section there are some dm-thick bioclastic beds
(3–40 cm) with hardgrounds at the top (Hg2 and 3 in col-
umn 1 of Fig. 7) and common trace fossils and ferruginous
crusts, which contain Callovian ammonoids. Middle to
Upper Oxfordian red nodular marly limestone forms the
base of the upper member of the UAR Formation.

Lúgar–Corque unit

Three sections have been selected from this tectonic unit:
Lúgar 62-1, Lúgar 62-2 and Caprés (Fig. 5).

In the Lúgar 62-1 section the Lower–Middle Bathonian
massive red limestones (facies 1 in Table 1, Figs. 3a, 4a)
are topped by a hardground with neptunian dykes and abun-
dant ammonoids (Hg1 + 2 in column 2 of Figs. 5, 7). One
bioclastic bed (facies 2, Table 1, Fig. 3a) overlies this hard-
ground and contains ferruginous macro-oncoids. The top of
this bioclastic bed is another hardground with ferruginous
crusts, trace fossils, ammonoids, and belemnites (Hg5 in
column 2 of Figs. 5, 7). Up-section there are red nodular
marly limestones (facies 4, Table 1, Fig. 4e) of the upper
member, with ammonoids recording an Oxfordian age.

The Lúgar 62-2 is very close to the Lúgar 62-1 section,
but the bioclastic bed is not present there. The top of the
Lower–Middle Bathonian massive red limestones is a hard-
ground with ammonoids, belemnites, trace fossils, and nep-
tunian dykes (Hg1–5 in column 3 of Figs. 5, 7), all covered
with ferruginous crusts and macro-oncoids with cores
formed by ammonoids and belemnites. Upper Oxfordian

red nodular marly limestones (Figs. 2c, 3b) cover the strati-
graphic break.

In the Caprés section (Figs. 2b, 5), the Lower to Middle
Bathonian massive limestones of the lower member (facies
1, Table 1) are terminated by a hardground with ammo-
noids, belemnites, and ferruginous macro-oncoids at the top
(Hg2 in Figs. 5, 7, column 4). Above this hardground, there
is a 60-cm-thick stratigraphic interval of red nodular marly
limestone (facies 4, Table 1, Fig. 4e), with some incipient
hardgrounds and thin ferruginous crusts capping the top of
several beds. In these levels, Checa and Sequeiros (1990)
found abundant Callovian ammonoids. Nodular marly
limestones with Lower, Middle and Upper Oxfordian
ammonoids (Checa and Sequeiros 1990) overlie these
rocks.

Cantón unit

Only the Boquera-43 section from this unit has been ana-
lyzed (Figs. 1e, 5). A hardground with trace fossils, ammo-
noid moulds, and neptunian dykes (Hg1–5 in Figs. 5, 7,
column 5) is observed at the top of Lower Bathonian mas-
sive red limestones (facies 1, Table 1, Fig. 4a). Ferruginous
crusts and macro-oncoids are common on this surface. The
sedimentation continues with nodular red marly limestones
with Dichotomoceras bifurcatus and Gregoryceras fouquei,
typical Late Oxfordian ammonoids (facies 4, Table 1,
Fig. 4e).

Crevillente unit

In this tectonic unit, two sections are representative of the
Middle–Upper Jurassic interval: Sanyuri-35C and San
Cayetano-36 (columns 6 and 7 in Figs. 5, 7).

In the Sanyuri-35C section, there is a hardground (Hg2
in Figs. 5, 7, column 6) on top of Middle Bathonian mas-
sive red limestones (facies 1, Table 1). It is followed by a
75-cm-thick conglomerate interval (facies 6, Table 1,
Figs. 3c, 4g) with moulds of reworked Callovian ammo-
noids (ChoVatia sp. and Reineckeia sp.). The conglomerate
is separated from the overlying red nodular marly lime-
stones (facies 4, Table 1, Figs. 3c, 4e) by an omission sur-
face (laterally an incipient hardground: Hg5 in Figs. 5, 7,
column 7) without oxyhydroxide crusts and macro-oncoids
or other features typical of the well-developed hardgrounds.

In the San Cayetano-36 section, the transition from the
massive red limestones of the lower member (Lower
Bathonian) to the upper member is represented by a hard-
ground (Hg1 in Figs. 5, 7, column 7) followed by a 50-
cm-thick Middle Bathonian limestone topped by a second
hardground with trace fossils and a thin ferruginous crust
(Hg2 in Figs. 5, 7, column 7). The Hg2 hardground is
overlain by nodular red marly limestones (facies 4,

Fig. 4 Textural features of the facies considered in Table 1. a Facies
1: Wackestone to packstone of “Wlaments” (Bositra buchi). b Facies 2:
Bioclastic packstone with Globuligerina sp. c Facies 3: Mudstone.
d Facies 3: Ammonoid embryo. e Wackestone with radiolarian and
other bioclasts. f Facies 5: Wackestone to packstone of Globuligerina
sp. g Facies 6: Radiolarian wackestone. h Facies 7: Saccocoma wacke-
stone

�
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Table 1, Fig. 4e) containing ChoVatia sp., a Callovian
ammonite. Next in the section are conglomerates, 2.5 m
thick (facies 6, Table 1, Fig. 4g), with the Upper Oxfor-
dian ammonites Dichotomoceras bifurcatus and Epipel-
toceras bimammatum.

Reclot unit

Two sections have been selected as representative of this
time interval in the Reclot Unit: Rambla Honda-1 and
Rambla Honda-2 (Figs. 5, 7).

Fig. 5 Detailed stratigraphic sections of the studied successions. Key
for fossil content (number in brackets denote classiWed ammonite levels):
(1) ChoVatia sp., Indosphinctes sp., Macrocephalites sp.; (2) Morphoc-
eras patescens; (3) Dichotomosphinctes sp., Orthosphinctes sp., Disco-
sphinctes sp., Epipeltoceras sp.; (4) Orthosphinctes sp.; (5) Procerites
sp., Nannolytoceras tripartitum; (6) Dichotomoceras bifurcatum,
Gregoryceras fouquei, Sowerbyceras tortisulcatum; (7) ChoVatia sp.,

Reineckeia sp.; (8) Dichotomoceras bifurcatum, Dichotomosphinctes
sp.; (9) Euaspidoceras sp.; (10) Epipeltoceras bimammatum; (11)
Cadomites bremeri; (12) ChoVatia sp.; (13) Sowerbyceras tortisulcatum,
Dichotomoceras bifurcatum, Dichotomosphinctes sp., Epipeltoceras sp.,
ammonites mixed; (14) Nannolytoceras tripartitum; (15) Holcophylloc-
eras sp., Dichotomoceras bifurcatum, Dichotomosphinctes sp.; (16)
Epipeltoceras sp., Sowerbyceras tortisulcatum; (17) Mesosimoceras sp
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In the Wrst section (Rambla Honda-1, column 8 in
Figs. 5, 7), Lower Bathonian red massive limestones (facies
1, Table 1, Figs. 3d, 4a) are topped by a hardground
(Hg1 + 2 in Figs. 3d, 5), followed by a 50-cm-thick Callo-
vian bioclastic bed (facies 2, Table 1, Figs. 3d, f, 4b). The
top of this bioclastic bed is a second hardground, attributed
to the Hg5 (Figs. 5, 7, column 8), if it is supposed that the
bioclastic bed represented the Callovian stage. This hard-
ground contains trace fossils, ferruginous crusts (0.5–1 cm
thick), and Fe-rich macro-oncoids, with a mean size near
40 mm. Upper Oxfordian compact red nodular limestones,
corresponding to the base of the upper member of the
UAR Formation (facies 3, Table 1, Figs. 3d, 4c, d, 8a), lie
directly on this hardground.

The Rambla Honda-2 section (Fig. 5) is represented by
Lower Bathonian massive red limestones (facies 1, Table 1,
Figs. 3e, 4a), the top of which is deWned by a hardground
(Hg1–5 in Sect. 9 of Fig. 5) with abundant trace fossils
(Fig. 8b, c) and large ammonoid moulds, and by neptunian
dykes (Fig. 8c). These features are covered by Fe–Mn oxy-
hydroxide crusts and macro-oncoids (Fig. 8d). Above this
hardground, red nodular marly limestones (facies 4,
Table 1) with some levels made up by non-nodular red
limestone (facies 5 in Table 1, Fig. 3e) are present in this
section.

Chronostratigraphy and age of stratigraphic breaks

The top of the UAR Formation lower member is a dia-
chronous surface. In the Reclot and Cantón units, and par-
tially in the Lúgar–Corque Unit (Fig. 7), this surface
postdates the Lower Bathonian (Zigzagiceras zigzag
Biozone), whereas in the Crevillente and Quípar units,
and locally in the Lúgar–Corque Unit, the recorded age
below it is Middle Bathonian (top of the Bullatimorphites
costatus Biozone, Fig. 7). In addition, the bottom of the
UAR Formation upper member is also diachronous and
dated as Late Oxfordian (Dichotomoceras bifurcatus
Biozone, Fig. 7) in most sections, whereas Checa and
Sequeiros (1990) reported Early Oxfordian ammonoids in
the Caprés section (column 4 in Fig. 7). In the Quípar sec-
tion, the base of the upper member is Middle Oxfordian
(Gregoryceras riazi Biozone, Fig. 7). The time interval
between the lower and upper members of the UAR For-
mation is not recorded in some cases, or is partially
recorded by condensed bioclastic beds (locally conglom-
erates, Sanyurí-35C section, column 6 in Figs. 5, 7) with
hardgrounds (Fig. 7).

In the Bathonian–Oxfordian interval, there are Wve
stratigraphic breaks, usually identiWed as hardgrounds,
within the UAR Formation (Fig. 7). They are dated as fol-
lows: Hg1 as the top of the Zigzagiceras zigzag Biozone,
Lower–Middle Bathonian boundary; Hg2 as the top of the
Bullatimorphites costatus Biozone, Middle–Upper Batho-
nian boundary; Hg3 as the Lower–Middle Callovian
boundary (according to Checa and Sequeiros 1990); Hg4 as
the Middle–Upper Callovian boundary; and Hg5 as the
Callovian–Oxfordian boundary. The Hg1, Hg2, and Hg5
breaks have been identiWed in most outcrops of the Eastern
and the Western External Subbetics and were reported as
regional stratigraphic features of the External Subbetic suc-
cessions by Ruiz-Ortiz et al. (1997). In contrast, Hg3 and
Hg4 are only recorded in the westernmost units, Quípar and
Lúgar–Corque, and are therefore considered as local fea-
tures of the Eastern External Subbetic.

The hiatus associated with each unconformity varies
according to the tectonic unit and, occasionally, even
between outcrops of the same tectonic unit (Fig. 7). In
some sections (Lúgar 62-2, Boquera, and Rambla Honda-2;
Figs. 5, 7), there are Upper Oxfordian red nodular marly
limestones (facies 4) above the hardground (Hg1) at the top
of the massive red nodular limestones (facies 1). The hiatus
associated with this discontinuity surface (Hg1) resulted
from the superposition of all the stratigraphic lacunae
related to the diVerent hardground surfaces (from Hg1 to
Hg5), and it is therefore the longest break (Middle Batho-
nian–Middle Oxfordian, Gregoryceras riazi Biozone;
Fig. 7). According to the biostratigraphic data, the shortest
hiatus probably covers the Oxycerites aspidoides Biozone

Fig. 6 Correlation between the biozonation proposed for the External
Subbetic Zone and that proposed by Ogg (2004) for the Submediterra-
nean domain. Geochronometry according to the same author
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(»0.5 Ma), recorded in the Quípar and Caprés sections and
both columns of the Crevillente unit (Fig. 7).

Sedimentological, taphonomic, and ichnological 
features related to hardgrounds

Ferruginous crusts and macro-oncoids

Hardgrounds Hg1, Hg2, and Hg5 are associated with abun-
dant crusts and macro-oncoids composed of Fe–Mn oxyhy-
droxides (Jiménez-Millán and Nieto 2008). The macro-
oncoids (mean size of 43 mm; range: 10–108 mm) consist
of a core (molluscan fragments, indeterminate fossils or
pelagic limestone clasts) coated by concentric laminae usu-
ally less than 30 mm thick (Fig. 9a).

The ferruginous encrustations show laminated fabrics
made of alternating clear and dark laminae (20–140 �m
thick) with planar, undulose (Fig. 9b) and arborescent mor-
phologies (Fig. 9c, d; Reolid and Nieto 2010). The mineral
association of both the ferruginous macro-oncoids and

crusts is composed of goethite, calcite, lithiophorite, and
cryptomelane (Jiménez-Espinosa et al. 1997; Martín-
Algarra and Sánchez-Navas 2000; Jiménez-Millán and
Nieto 2008). The Fe2O3 content is three to nine times
higher than in the European Shale Composite of Haskin and
Haskin (1966). The Mn content is always under 20% and
the Fe/Mn ratio is usually less than 50. These crusts are
enriched in Co, Ni, As, and Sb, whereas the REE content is
close to that of the Recent hydrogenous Fe–Mn crusts.
These crusts have a positive Ce anomaly (Jiménez-Millán
and Nieto 2008; see also Martín-Algarra and Sánchez-
Navas 1995).

Thin-section analysis reveals ovoid microspheres
(40 �m in diameter) and Wlamentous microstructures (8 �m
in diameter), occasionally with a trichomal microsphere
arrangement. SEM analysis of the crust revealed three types
of microbial structures (Reolid and Nieto 2010): (a) ovoid
to sub-spherical forms (»2 �m), interpreted as cyanobacte-
ria coccoids, (b) straight to slightly curved cylindrical
Wlaments (2–3.5 �m in diameter and >0.7 mm in length)
with irregular branching, assigned to fungal hyphae, and

Fig. 7 Chronostratigraphic sketch of the studied sections indicating
the location of the stratigraphic breaks and associated hiatuses.
Geochronology according to Fig. 6. 1: Quípar; 2: Lúgar 62-1; 3: Lúgar

62-2; 4: Caprés; 5: Boquera-43; 6: Sanyuri-35C; 7: San Cayetano-36;
8: Rambla Honda-1; 9: Rambla Honda-2
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(c) dense webs of straight Wlaments with common dichoto-
mous branching, interpreted as green algae.

Taphonomy of macroinvertebrate fossil assemblages

The analysis of the fossil macroinvertebrates focused on the
best-exposed surfaces with relatively abundant fossil
remains, that is, on Hg1 (Lower–Middle Bathonian bound-
ary), Hg2 (Middle–Upper Bathonian boundary), and Hg5
(Callovian–Oxfordian boundary). The macroinvertebrate
assemblage is dominated by ammonoids in variable propor-
tions (73–86% of the total fauna in Hg2, Fig. 10a; and 98%
in Hg5, Fig. 10b). Other components are belemnites and
scarce benthic organisms (gastropods and brachiopods).

The shelly fossils are preserved as neomorphic calcite
regardless of the hardground. The limestone microfacies
within the moulds and in the surrounding sediment occa-
sionally diVer. The ammonoid moulds are Wlament wacke-
stones or Globuligerina-wackestones. In Hg2 and Hg5 of

the Quípar section, the largest ammonoids (Figs. 10, 11a)
have geopetal Wlls (red micrite and sparite) in the inner
chambers of the phragmocone. Some of these ammonoids
have chambers devoid of sediment but Wlled with calcite
(Fig. 11a).

The mean ammonoid size is »10 cm in Hg1 and Hg2
and »7 cm in Hg5. The belemnites have a mean size of
15.1 cm. The fragmentation index (Fi, sensu Olóriz et al.
2002) is 33% in Hg1 and Hg2, and 44% in Hg5. Fragmen-
tation mainly aVected the living chamber and the most
external whorls of the phragmocone (Fig. 10). Aptychi are
scarce. The ammonoids lie preferentially parallel (>62%) to
the hardground surfaces (Fig. 10), therefore originally in a
sub-horizontal position. The belemnites and ammonoids are
mainly orientated close to N–S in the Middle–Upper Batho-
nian hardground (Hg2) cropping out in the Quípar Unit.
However, there are Xuctuations in the plan-view orientation
of the remains on the hardground depending on shell size
(Reolid et al. 2010).

Fig. 8 Field aspects of the outcrops. a Bioclastic bed with ferrugi-
nous macrooncoids just above Hg1 (white arrow) in the Rambla
Honda-1 section. b Thalassinoides from Hg1 in the Rambla Honda-2
section. c Borings and a neptunian dyke (arrow) from Hg1 in the

Rambla Honda-2 section. d Ferruginous crust growing on the walls of
neptunian dykes (endostromatolites, white arrow) from Hg1 in the
Rambla Honda-2 section. Note also the bioclastic inWlling with ferru-
ginous macro-oncoids and ammonoid fragments
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Corrasion is common in Hg2 (Fig. 10a), aVecting mainly
the ammonoid living chamber and upper surface. Some
ammonoids in this hardground in the Lúgar 62-1 and Quí-
par sections exhibit anchor facets. Other facets have been
observed in specimens from Hg5 in the Quípar section with
the growth of ferruginous coatings (Figs. 10b, 11b).

The encrustation index (Ei) ranges from 14.5% in Hg1
and Hg2 to 66.6% in Hg5. These encrustations are actually
microbial ferruginous crusts, which occasionally built
macro-oncoids.

Trace fossils

Hardgrounds and condensed facies from pelagic and hemi-
pelagic environments constitute complex contexts for trace-
fossil analysis due to the superposition of several ichnofa-
cies. The best hardground exposures for ichnological analy-
sis are those of the Lower–Middle Bathonian (Hg1) from
the Reclot (Fig. 8b, c) and Cantón tectonic units, whereas in

some parts of the Lúgar–Corque unit the trace fossils are
related to the Middle–Upper Bathonian stratigraphic break
(Hg2).

The most common trace fossil in Hg1 and Hg2 is Thal-
assinoides. The burrows are exceptionally well preserved
and dense in the Rambla Honda-1 (Reclot Unit, Fig. 8b)
and the Boquera sections (Cantón Unit). The gallery diame-
ter of Thalassinoides is approximately 2.5 cm, but vertical
galleries are not preserved. In the example from the Rambla
Honda-1 section, the branched horizontal trace fossils have
irregular walls forming positive epireliefs, 1 cm thick and
0.5–1 cm high with respect to the hardground surface
(Fig. 8b). This epirelief could be related to an infaunal bur-
row network stabilized by a mucus-lined wall that experi-
enced early diagenetic lithiWcation. Subsequent erosion of
the overlying, still soft sediment produced the epirelief.

In the Rambla Honda-1 section, other trace fossils co-exist
with Thalassinoides in the Hg1 hardground (Fig. 8c).
They comprise paired vertical tubes (perpendicular to the

Fig. 9 a Field view of a ferruginous macro-oncoid from Hg5 in the
Quípar section. b Ferruginous microbial laminated fabric from Hg5 in
the Quípar section (scale bar 1 mm). c Arborescent microbial lami-

nated fabric (Frutexites) from Hg5 in the Quípar section (scale bar
1 mm). d Arborescent laminated fabric (Frutexites) from Hg1 + 2 in
the Lúgar 62-1 section (scale bar 1 mm)
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hardground surface) with a circular cross-section (8–
25 mm in diameter and 8–37 mm between tubes). These
trace fossils have been assigned to Arenicolites by Reolid
et al. (2010). Also on this surface, isolated vertical tubes
with a circular cross-section (2 cm in diameter) are com-
mon; they bored into previous trace fossils and ammonoid
moulds, and can be attributed to the Trypanites ichnofacies.

Neptunian dykes

Quípar unit

Neptunian dykes in this unit are related to the Hg2, Hg3, and
Hg5 surfaces. Dykes related to Hg2 are characterized by

straight walls with a maximum width of 10 cm. Sediment Wll-
ing the dykes is a bio-packstone with Wlaments (Bositra
buchi), Globuligerina sp., peloids, echinoderms, ammonoid
moulds, and undiVerentiated bioclasts. Two families of neptu-
nian dykes have been observed. The main fracture family has
a restored strike of N10°E–N30°E (Fig. 12) and is responsible
for the stepped morphology of Hg2 in the Quípar section
(Fig. 13a, b). The secondary fracture family has a restored
strike of N110°–120°E (Fig. 12) and cuts the neptunian dykes
of the main family, with a lateral displacement of nearly 7 cm.

The Lower–Middle Callovian hardground (Hg3) has
narrow neptunian dykes (2 cm wide) with Xat walls and a
restored strike of N120°E. They have the same microfacies
as the Hg2 neptunian dykes.

Fig. 10 Bedding plane view of ammonoids in Hg2 (a) and Hg5 (b), both from the Quípar unit. Also is shown the size distribution of the ammonid
shells and the relative abundance of ammonoids, belemnites, and benthic organisms
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Finally, hardground Hg5 is characterized by narrow nep-
tunian dykes with two diVerent orientations (N60°E and
N140°E). The main diVerence between the neptunian dykes
related to Hg5 and the other dykes is the presence of
endostromatolites in the former.

Lúgar–Corque unit

Neptunian dykes in this unit are associated with Hg1 in the
Lúgar 62-1 and Lúgar 62-2 sections (Figs. 12, 13c). Dyke
walls are Xat and the distance between walls ranges from
<1 to 36 cm. The widest neptunian dykes are Wlled with

Fig. 11 Taphonomic features from ammonoids in Hg5 of the Quípar
section. a Ammonoid with thin ferruginous crust (black arrow) and
calcite cement in the innermost whorls of the phragmocone (white
arrow). b Ammonoids with ferruginous coating forming a macro-
oncoid produced by benthic microbial communities

Fig. 12 Diagrams showing the line of strike of neptunian dykes relat-
ed to certain stratigraphic breaks, after restoring stratiWcation to the
horizontal position (n number of strikes measured in the neptunian
dykes)

�
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Wlament- and Globuligerina-wackestone, including ferrugi-
nous macro-oncoids. Narrower neptunian dykes are made
up of red micrite (mudstone). Dyke orientation ranges from
N20°E to N50°E (Fig. 12). Some neptunian dykes are
cross-cut by straight or slightly curved paleofaults with a
N80–85°E restored strike; the lateral displacement is
around 30 cm (Fig. 13c).

Cantón unit

Very small neptunian dykes are associated with the Hg1
hardground. They have straight or slightly irregular walls.
Dykes with a width of 0.5–1 m consist of red micrite (Wla-
ment and peloid-bearing wackestone-packstone). Wider
dykes (10–40 cm) are Wlled with coarser-grained sedi-
ments, occasionally with a calcarenitic texture and with
many small fossils (brachiopods, gastropods, bivalves, and
belemnites), which more commonly are found in the deep-
est part of the neptunian dyke. Microfacies in such dykes
are Wlament packstones in their lower part and Globulige-
rina wackestones in the upper part.

Reclot unit

The neptunian dykes are related to Hg1 (Fig. 8c). They
constitute marine (pelagic, in this case) sediment Wllings of
long Wssures within the underlying sediment. The Wssures,
from a few centimeters to decameters long, have smooth or

slightly irregular walls varying in width from <0.5 to
37 cm. When the width is less than 4 cm, the neptunian
dyke is Wlled with red micrite with iron oxyhydroxides.
Wider neptunian dykes are characterized by a thin ferrugi-
nous laminated crust with locally arborescent morphologies
(like Frutexites) growing from the walls inwards (Fig. 8d).
These kinds of encrustations are called endostromatolites
(Monty 1984; Martín-Algarra and Vera 1994; Martín-
Algarra and Sánchez-Navas 1995, 2000; Burkhalter 1995).
They can also be partially Wlled with coarser-grained sedi-
ments including ferruginous macro-oncoids (Fig. 8d) or
fragments of Fe–Mn-rich crusts. The microfacies is a pack-
stone with bioclasts (brachiopods, echinoderms, and
bivalves), Wlaments (Bositra buchi), Globuligerina, benthic
foraminifera (e.g., Protopeneroplis striata, Valvulina luge-
oni), radiolaria, and peloids. These microfacies are similar
to the Callovian bioclastic bed (facies 2, Table 1). The main
strike of neptunian dykes, after restoring stratiWcation to the
horizontal position, ranges from N90°–100°E (Fig. 12).
These originally subvertical neptunian dykes cut ammonoid
moulds and trace fossils (Fig. 13d).

Discussion

This section is divided into two parts. The Wrst one is an
analysis of the data related to neptunian dykes; its purpose is
to discuss the possible controls of Jurassic synsedimentary

Fig. 13 a Panoramic view of the geometry of the Hg2 stratigraphic
break in the Quípar unit. It shows the stepped morphology of this sur-
face and the onlap of strata of the upper member. b Paleofractures of
the Quípar section belonging to the N10-30°E system; these cut the

Hg2 hardground. c Neptunian dyke (ND) in the Lugar 62-2 section
(see Fig. 5). Am ammonite, PF paleofault. d Neptunian dyke (ND) in
the Rambla Honda-2 section (see Fig. 5); Bi bioturbation, Mo macro-
oncoids
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tectonics on sedimentation in this part of the South Iberian
Paleomargin. The second part discusses the evolution of the
sedimentary environments considering the information
derived from all analyzed features (microfacies, ferrugi-
nous crusts, taphonomy of macroinvertebrates, and trace
fossils) related to discontinuities and described above.

Synsedimentary tectonics

Neptunian dykes are indicative of synsedimentary tecton-
ics, probably related to tensional deformation systems (e.g.,
Molina et al. 1995; Martire and Pavia 2004; Crne et al.
2007; Basilone 2009; Bertok and Martire 2009). According
to Ziegler (1989), the Middle–Late Jurassic transition was a
tectonically active period with a change from extensional to
transtensional conditions in the Western Tethys. This has
been recorded in Western Sicily (Martire and Pavia 2004;
Basilone 2009; Bertok and Martire 2009), the Iberian Cor-
dillera (Salas et al. 2001), the Betic Internal and External
zones (Vera et al. 2004), and the Internal Rif (Kadiri 2002).

In the Eastern External Subbetic, most neptunian dykes
(Fig. 12) are related with the stratigraphic break Hg1 (top
of the Lower Bathonian) and Hg2 (top of the Middle Batho-
nian). These breaks are interpreted to be related to two
main deformation phases. Moreover, in the Quípar Unit,
other neptunian dykes have been recorded related to the
Hg3 (Lower–Middle Callovian boundary) and Hg5 (Callo-
vian–Oxfordian boundary) hardgrounds (Fig. 7), but the
number of neptunian dykes studied in relation to them is
very low.

According to Vera (2001), the change from an exten-
sional to a transtensional tectonic regime occurred during
the Callovian–Oxfordian boundary at the South Iberian
Paleomargin. Nevertheless, the presence of neptunian
dykes associated with Hg1 and Hg2 (and therefore prior to
this time) indicates the existence of earlier tectonic histo-
ries.

In Hg1, three main systems of neptunian dykes have
been identiWed (Fig. 12), with restored strikes of N20°–
50°E (mean value N35°E), and N80°–85°E (mean value
N82.5°E), both in the Lúgar–Corque Unit, and N90°–
100°E (Reclot Unit), with a mean value of N95°E. Based
on paleomagnetic data from the Eastern External Subbetic,
Platzman and Lowrie (1992) estimated that the mean clock-
wise vertical axis rotation for the Subbetic was 60°. If the
value of the mean clockwise rotation of the Subbetic is sub-
tracted from the present restored strike of the neptunian
dykes from the Lúgar–Corque and Reclot units, the result-
ing strike for these structures would be N140°–170°E
(mean value N155°E) and N20°–25°E (mean value
N22.5°E) (Lúgar–Corque Unit), and N30°–40°E (mean
value N35°E, Reclot Unit). Whether or not one takes into
account the rotation calculated by Platzman and Lowrie

(1992), it is clear that the fracture system aVecting the
pelagic swell represented by the Lúgar–Corque Unit was
diVerent from that determining the evolution of the pelagic
swell represented by the Reclot Unit (Nieto 1997).

In the Lúgar–Corque Unit, two diVerent systems are
found; the older system of fractures is made up of neptu-
nian dykes with a mean restored strike of N35°E, and is
crossed by another system of fractures with a mean strike of
N82.5°E. The angle between the two neptunian dyke sys-
tems is 47.5°. According to Hancock (1985, 1994), two
fracture systems forming a dihedral angle ranging between
10° and 50° are hybrid fractures with a mixed tensional and
shear deformation. Therefore, the pelagic swell represented
by the Lúgar–Corque Unit records neptunian dykes gener-
ated by transtensional tectonics. In the Reclot Unit, there is
one main system of neptunian dykes, with a nearly E-W
restored mean orientation related to Hg1, therefore result-
ing from an extensional stage that aVected this pelagic
swell in late Bathonian time.

In relation to Hg2, in the Quípar Unit, two systems of
neptunian dykes have been documented (Fig. 12), with
restored strikes of N10°–30°E (mean value N20°E) and
N110°–120°E (mean value N115°E). Taking into account
the paleomagnetic rotation calculated by Platt et al. (2003)
for this tectonic unit (54° in the clockwise sense), their pre-
orogenic orientation should be N136°–156°E (mean value
N146°E) and N56°–66°E (mean value N61°E), respec-
tively. The Wrst system controlled the stepped geometry of
the Hg2 surface (Fig. 13a, b), and it was possibly the conse-
quence of an initial tensional phase that aVected the pelagic
swell. The N110°–120°E fractures cut the previous ones.
As the dihedral angle between the two restored strikes is
95°, this second system of neptunian dykes could have
developed in a sinistral wrenching setting (Hancock 1985,
1994), according to the regional deformation regime that
aVected the South Iberian Paleomargin in the Middle–Late
Jurassic transition. The sinistral wrenching deformation
was probably active in the Early–Middle Callovian time.

The shear deformation stage of the margin probably per-
sisted up to the Callovian–Oxfordian boundary (Hg5) as
can be deduced from the presence of neptunian dykes with
restored strikes between N60°E and N140°E and a dihedral
angle of 80°, which according to Hancock (1985, 1994), is
typical of fractures developing under shear stress.

Nieto and Rey (2004) have shown that a fault system
with a present-day average strike close to E-W and parallel
to the present-day Crevillente Fault Zone (CFZ) controlled
the stratigraphic features of the Eastern External Subbetic
pelagic swells. This fault system could be interpreted in
relation to Middle–Late Jurassic extensional–sinistral tec-
tonics that aVected the South Iberian Paleomargin, which
was possibly related to the seaXoor spreading of the Tethys
and central Atlantic oceans. This geodynamic context could
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have been responsible for the origin of synsedimentary
open fractures that were later Wlled with pelagic sediments
to constitute neptunian dykes.

Evolution of the sedimentary environments

Some authors propose an eustatic sea-level fall during the
Bathonian (e.g., Hardenbol et al. 1998). Vera (1988), Vera
and Martín-Algarra (1994) and O’Dogherty et al. (2000)
also reported a sea-level fall for the South Iberian Paleo-
margin (Fig. 14). Several authors, (e.g., Vera 2001; Vera
et al. 2004) showed that at this continental margin of the
Western Tethys rifting developed in a transtensional tec-
tonic regime during the Middle–Late Jurassic transition.
Moreover, Vera and Martín-Algarra (1994), and later Mar-
tín-Algarra and Sánchez-Navas (2000), reported that the
origin of sedimentary breaks and associated condensation
surfaces such as P–Fe–Mn-rich microbial structures formed
during the Middle–Upper Jurassic transition (some recog-
nized in the same areas studied in this paper), were related
to a complex interplay between synsedimentary tectonics,
submarine hydrothermal activity, and sea-level changes. In
short, the Jurassic pelagic swells, where the studied Exter-
nal Subbetic condensed pelagic successions were depos-
ited, developed in relation to this geodynamic framework
(Fig. 15a). In this pelagic context, signals of the changes in
sea level and tectonic-rifting processes interfered, and are
recorded as stratigraphic breaks. The problem is how to
diVerentiate between the two kinds of signals, and how to
attribute the observed features to the two diVerent types of

processes, respectively related to sea-level changes and to
tectonics.

In previous papers, several authors interpreted the record
of the stratigraphic discontinuities separating platform and
pelagic carbonate facies as the result of tectonics (e.g., Clari
et al. 1995; Crne et al. 2007; Olóriz et al. 2008; Basilone
2009; Bertok and Martire 2009). These authors showed that
the superposition of pelagic sediments on carbonate plat-
forms records the drowning -or collapse- of the platform
below the depth of the maximum carbonate production
(euphotic zone). First, the tectonic collapse occurred, and
then the development of the unconformity. The situation
analyzed in the present research is diVerent, because the
rocks under- and overlying the unconformity surfaces stud-
ied here (hardgrounds) were generated in pelagic environ-
ments and, consequently, there are no sharp facies changes
between them. In this context, reconstructing the chrono-
logical order of features attributed to sea-level changes and
those to tectonic mechanisms is more complex. In the para-
graphs below, each of the discontinuities considered here is
analyzed and a chronological order of the features associ-
ated with them is proposed.

Hg1: Lower–Middle Bathonian boundary

The hiatus related to Hg1 lasted between 2 to 9.2 Ma
(geochronometry according to Ogg 2004; see Fig. 7),
depending on the tectonic unit considered and the outcrop.
This unconformity can be correlated with the D8 of
O’Dogherty et al. (2000), who interpreted it as a consequence

Fig. 14 Correlation between 
the stratigraphic breaks studied 
in this paper, the discontinuities 
shown by O’Dogherty et al. 
(2000), the sea-level curve pro-
posed by these authors, and the 
eustatic sea-level curve pro-
posed by Hardenbol et al. (1998)
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of sea-level fall (Fig. 14). In the Hg1, trace fossils and taph-
onomic features indicate a halt in sedimentation and incipi-
ent lithiWcation of the sea bottom with a change from
softground to hardground. Arenicolites and Thalassinoides
from the softground stage and borings from the hardground
stage are identiWed in the Reclot Unit (Fig. 8b, c). Thalas-
sinoides is the dwelling burrow of decapod crustaceans
(e.g., Bromley and Frey 1974; Svarda and Bottjer 1988;
García-Ramos et al. 1989), usually interpreted as a compo-
nent of the Cruziana ichnofacies, which is characterized by
moderate energy conditions and soft substrates (Ekdale
et al. 1984; Pemberton et al. 1992; McEachern et al. 2007).
Arenicolites has been related to infaunal suspension-feeder
organisms living in high-energy shallow-marine environ-
ments, and being a component of the Skolithos (Pemberton
et al. 1992) and Cruziana ichnofacies (McEachern et al.
2007), which implies softground conditions. The borings
cutting through previous trace fossils and ammonoid
moulds are indicative of a hard substrate. The superposition
of ichnofabrics reXects successive stages of substrate lithiW-
cation (e.g., Bromley 1975; Bromley and Ekdale 1986;
Fürsich et al. 1992).

In some outcrops, the ammonoid moulds show signs of
corrasion and anchor facets. The intensity of the corrasion
processes was related to the residence time of the remains
on the sea bottom, allowing erosion by bottom currents,
bioerosion, and/or submarine dissolution. A reduced sedi-
mentation rate and sediment bypassing favored the exhu-
mation, faceting, and reworking of the moulds.

According to Clari et al. (1995) and Rais et al. (2007), a
low sea level is coupled with climate changes and an
increase in the magnitude of marine currents, thereby ham-
pering sediment accumulation and favoring erosion. Simul-
taneously, the seaXoor becomes progressively cemented,
thereby forming a hardground. The discontinuity recorded
by Hg1 is potentially correlated with the global cooling epi-
sode during the Middle Bathonian proposed by Dromart
et al. (2003b) and Rais et al. (2007).

The neptunian dykes associated with Hg1 (Figs. 8c, 12,
13d) are related to fractures that developed in a transten-
sional tectonic setting (Fig. 15; e.g., Nieto 1997; Bertok
and Martire 2009), as analyzed in the previous chapter.
This tectonic activity was subsequent to the hardground
development, as the neptunian dykes intersect the trace

Fig. 15 a Model of the South 
Iberian Paleomargin for the 
Middle Jurassic–Early 
Cretaceous after Vera (2001). 
b–d Tectonosedimentary set-
ting of the stratigraphic sections 
with the main discontinuities 
(Hg1, Hg2, and Hg5) from the 
Quípar, Lúgar–Corque, Crevil-
lente, Cantón and Reclot units. 
For legend of the stratigraphic 
sections, see Fig. 5
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fossils and the ammonoid moulds (Fig. 13d). The fractures
were Wlled with bioclastic sediment with ferruginous
macro-oncoids and ferruginous endostromatolites on the
walls (Fig. 8d). The identiWcation of Frutexites in these
fractures is congruent with the cryptic habitat inferred for
this type of micro-organisms (Reolid and Molina 2010).

In some outcrops (Quípar, Lúgar 62-1, San Cayetano-36
and Rambla Honda-1 sections), a bioclastic bed (facies 2,
Table 1, Figs. 3f, 4b) with ferruginous macro-oncoids is
recorded above Hg1. Based on the coexistence of chemo-
synthetic and photosynthetic micro-organisms in the ferru-
ginous macro-oncoids, Reolid and Nieto (2010) inferred a
bathymetry of 50–100 m for the sea bottom. The current
induced bypassing of bioclastic sediment and reworking of
previous material. These currents incorporated the ferrugi-
nous macro-oncoids from the hardground surface into the
bioclastic bed and also in the sedimentary Wll of the frac-
tures, resulting in later neptunian dykes (Fig. 15d).

On the same pelagic swell, the morphology of the bot-
tom can be irregular or stepped (Fig. 15) because of the
diVerent fracture systems. Some pelagic swells, in which
the bioclastic bed disappears laterally (as in the Lúgar–
Corque or Reclot units), may have had a tilted topography
produced by listric faults activity (Fig. 13b, d) (Molina
et al. 1999). In the sheltered depressions, sediment accu-
mulated forming the bioclastic beds. In contrast, topo-
graphic highs on pelagic swells were current-swept,
sediment was by-passed, and erosion and/or non-deposi-
tion persisted from the Middle Bathonian to the Late
Oxfordian (Lúgar 62-2 and Boquera 43 sections, Figs. 7,
15b, d).

Hg2: Middle–Upper Bathonian boundary

This hardground is equivalent to D10 of O’Dogherty et al.
(2000) (Fig. 14). These authors relate this stratigraphic
break to a fall in sea level, but it does not coincide with
the major sequence boundary Bat5 proposed by Harden-
bol et al. (1998), which would result from a very impor-
tant eustatic lowstand (Fig. 14). The trace fossils and
taphonomic features of Hg2 are very similar to those
described in Hg1. It is characterized by ferruginous crusts
and the presence of neptunian dykes. The beginning of
sedimentation after Hg2 is also recorded by a conglomer-
ate level with reworked Callovian ammonites (Sanyuri
35C, Crevillente Unit; Fig. 15c) or by a bioclastic bed
(Quípar and Lúgar–Corque units; Fig. 15b). As for Hg1,
we interpret the hiatus as a consequence of relative sea-
level fall followed by transtensional tectonics and
renewed sedimentation due to tectonics or to the eVect of
marine currents.

The time interval between Hg1 and Hg2 includes the
Sofanus and Costatus biozones (approximately 1.5 Ma,

according to Ogg 2004; Figs. 7, 14). In some sections, sedi-
mentation of the Ammonitico Rosso facies continued dur-
ing the Middle Bathonian because in the pelagic swells the
presence of sheltered areas or topographically low settings
developed and favored the sediment accumulation and
preservation (Quípar and Crevillente units, and part of the
Lúgar–Corque Unit; Figs. 7, 15b, c, d).

The taphonomic features of Hg2 indicate its evolution
from a softground to hardground. Large ammonoids with
the innermost chambers of the phragmocone unWlled or
partially Wlled with sparite indicate fast burial, which com-
plicates the chamber inWlling by sediment usually favored
by long-lasting exposure with corrasion, fragmentation, and
boring. Initially, the sediment was soft, as suggested by the
vertical orientation of some large ammonoids.

The subsequent halt in sedimentation related to Hg2
development progressively hardened the sediment and
preserved ammonoid shells as neomorphic calcite, due to
early diagenesis (submarine cementation and/or recrystal-
lization of the originally aragonitic shell) typical of hard-
grounds. Sediment hardening was probably coeval with
partial Wlling of the ammonoid shells by sparitic cements
(Reolid et al. 2010). As a result of the lack or low rate of
sedimentation, the ammonoid remains were commonly
exhumed, facetted, and reworked (Fig. 10a). Reolid et al.
(2010) propose that the smallest ammonoids were orien-
tated by weak currents, probably fair-weather currents,
whereas larger ammonoids were rearranged by stronger
currents.

When it is biostratigraphically detected, the strati-
graphic gap associated with Hg2, lasted approximately
0.5 Ma (Fig. 7) before sedimentation of the condensed
Callovian bioclastic bed. As this bed includes ferruginous
macro-oncoids and reworked Middle Bathonian ammo-
noids, it becomes evident that, during its deposition,
conditions were favorable for the growth of chemo-
organotrophic benthic microbial communities (Reolid and
Nieto 2010), which precipitated Fe–Mn oxyhydroxides
coating the ammonoids and resulting in macro-oncoids or
any other available type of Wrm or hard substratum (see
also Martín-Algarra and Sánchez-Navas 1995). The
development of benthic microbial communities was pos-
sible due to the low sedimentation rate and, perhaps also,
to the input of large amounts of Fe, Mn, some trace ele-
ments, and REE, probably associated with contemporane-
ous submarine hydrothermal and volcanic activity in
neighboring areas of the Middle Subbetic basin (Vera and
Martín-Algarra 1994; Vera et al. 1997).

On the pelagic swell represented by the Crevillente Unit
(Fig. 15c), sedimentary instability would have been impor-
tant with the development of conglomerates (facies 6,
Table 1; Fig. 3c) containing fragments of Callovian ammo-
noid moulds.
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Hg3 (Lower–Middle Callovian boundary) and Hg4 
(Middle–Upper Callovian boundary)

Both the Callovian bioclastic bed and the conglomerates
directly on Hg2 may be interpreted as a result of high-
energy conditions described in other hardground examples
during the onset of transgression (e.g., Martire 1992;
Olóriz et al. 2008). According to Clari et al. (1995), locally
intense marine currents may be related to paleogeographic
re-organization. This agrees with the Wnal conWguration of
the Hispanic Corridor during the Callovian and the ensuing
re-organization of the paleogeography and paleoceanogra-
phy from the PaciWc Ocean to the Western Tethyan regions
through the newborn (and still narrow) Central Atlantic
Ocean, which allowed the start of circumequatorial oceanic
circulation (Rais et al. 2007). The origin of hardgrounds at
the Lower–Middle Callovian boundary (Hg3) and the
Middle–Upper Callovian boundary (Hg4) can be tenta-
tively correlated to this event. These discontinuities are
recorded only in the westernmost part of the study area
(Quípar and Lúgar–Corque units). These hardgrounds are
associated with condensed bioclastic beds with ferruginous
macro-oncoids and reworked ammonoids.

Hg3 coincides with a minor sea-level fall (Fig. 14) and is
correlated with D12 of O’Dogherty et al. (2000), which
they consider to be a consequence of a fall in sea level.
However, the presence of neptunian dykes in some out-
crops of this discontinuity could explain their development
as a consequence of tectonic processes. In neighboring
domains of the South Iberian Paleomargin, such as the Ibe-
rian Chain, Ramajo and Aurell (2008) interpreted the con-
densed facies at the end of the Callovian as the result of a
eustatic sea-level fall. Hg4 coincides with the beginning of
another minor-order sea-level fall, but we have not been
able to correlate it with any discontinuity of O’Dogherty
et al. (2000) and Hardenbol et al. (1998) (Fig. 14), which
suggests it is purely local.

Hg5 (Callovian–Oxfordian boundary)

This discontinuity could be correlated to D13 of O’Dogh-
erty et al. (2000) (Fig. 14), who interpreted it as related to
the beginning of a sea-level fall. However, scarce biostrati-
graphic data make a precise correlation diYcult. The asso-
ciated bioclastic beds and fragmented and reworked
ammonoids indicate signiWcant marine currents over the
pelagic swells (Fig. 15b, c, d). The sea-level fall stopped
sedimentation and favored early diagenesis leading to hard-
ground development, as well as to corrasion of ammonoid
remains (Fig. 11).

Neptunian dykes in the Quípar Unit are related to a new
local tectonic episode. Both the sea bottom and fracture
walls were colonized by ferruginous microbial crusts with

features similar to those described in previous hardground
surfaces.

During the Callovian–Oxfordian boundary, transten-
sional tectonics in the South Iberian Paleomargin were
related to the complete break-up of the African Plate, the
Iberian Plate, and the Mesomediterranean Microplate, with
the opening of narrow oceanic basins in between (Vera
2001). Azeredo et al. (2002) analyzed this event in the
Lusitanian Basin and interpreted it in relation to changes in
the position of the Mid-Atlantic Ridge. Combined with the
ongoing opening of the Atlantic and Tethys oceans (Grad-
stein et al. 1991; StampXi and Borel 2002), the Middle
Oxfordian sea-level rise (Haq et al. 1988; Hallam 2001)
favored the reorganization of ocean currents in the Atlantic-
Tethys system (Pellenard et al. 1999; Bombardiere and
Gorin 2000; Bill et al. 2001; Leinfelder et al. 2002; Louis-
Schmid et al. 2007).

The beginning of the Oxfordian sedimentation was dia-
chronous, and probably controlled by local conWguration
of each part of the Eastern External Subbetic pelagic swell
area (Fig. 15). In the Caprés section of the Lúgar–Corque
unit, the upper member of the UAR Formation includes
the Lower Oxfordian (Checa and Sequeiros 1990). This
small depocenter probably developed as a consequence of
the existence of shelter areas on top of pelagic swells or
topographically low settings. In both the accumulation
and preservation of sediment were important (Fig. 13b).
In the Quípar unit, the base of the upper part of the UAR
Formation is Middle Oxfordian, probably related to a
sheltered sedimentary setting (Fig. 15b). In the other sec-
tions, sedimentation began in the late Oxfordian because
of their position on non-subsiding pelagic swells, where
due to currents sediment bypassing was signiWcant. Sedi-
mentation conditions in the Crevillente Unit were more
unstable allowing the deposition of conglomerates
(Fig. 15c).

The onset of the Oxfordian sedimentation in the Exter-
nal Zones of the Betic Cordillera and also in other
domains of the Western Tethys was favored by a major
reorganization of global oceanic currents due to the deWn-
itive opening of the Atlantic and Tethys oceans combined
with sea-level rise, which allowed the formation of a cir-
cumglobal seaway (Pellenard et al. 1999; Bill et al. 2001;
Louis-Schmid et al. 2007). Widespread and increasing
carbonate accumulation at that time was due to the
warmer and more arid climate during the Late Oxfordian-
Kimmeridgian (Podhala et al. 1998; Price and Gröcke
2002; Dromart et al. 2003a, b; Lécuyer et al. 2003; Price
and Rogov 2009), the availability of new habitats for
marine communities due to the sea-level rise (Leinfelder
et al. 2002; Cecca et al. 2005), and changing ocean cur-
rents (Abbink et al. 2001; Rais et al. 2005) favoring nutri-
ent re-distribution.
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Conclusions

The integrated analysis of the studied microfacies, ferrugi-
nous crusts (geochemical and mineralogical), taphonomy,
ichnology, and neptunian dykes, placed in a biostrati-
graphic context, lead us to the following conclusions:

1. The Middle Bathonian to Middle Oxfordian interval in
the Eastern External Subbetic is characterized by the
presence of Wve stratigraphic discontinuities represented
by hardgrounds: Hg1 (Lower–Middle Bathonian bound-
ary), Hg2 (Middle–Upper Bathonian boundary), Hg3
(Lower–Middle Callovian boundary), Hg4 (Middle–
Upper Callovian boundary), and Hg5 (Callovian–Oxfor-
dian boundary). The main regional unconformities are
Hg1, Hg2, and Hg5, which are found in most tectonic
units, whereas Hg3 and Hg4 are merely local.

2. Abundant fossil macroinvertebrates with taphonomic
traits evidencing corrasion, early diagenetic processes,
and reworking are associated with Hg1, Hg2, and Hg5.
Some of these surfaces contain trace fossils of the Cru-
ziana and Trypanites ichnofacies, which trace their
evolution from softgrounds to hardgrounds.

3. DiVerent families of neptunian dykes are recorded in
relation to these hardgrounds. They cross-cut trace fos-
sils and ammonoid moulds and indicate tectonic activ-
ity in the studied epi-oceanic paleoenvironments
during the Bathonian–Oxfordian time interval. Tec-
tonic conditions were extensional during the Bathonian
and transtensional during the latest Callovian, accord-
ing to the general geodynamic evolution of the segment
of the South Iberian Paleomargin studied in this paper.

4. Hardground surfaces and fracture walls were colonized
by ferruginous microbial crusts. Ferruginous macro-
oncoids are common within condensed bioclastic beds
bounded by hardgrounds. These microbialites indicate
low sedimentation rates and the potential inXuence of
submarine volcanism in the neighboring Middle Sub-
betic, which led to enrichment in Fe, Mn, trace
elements, and REE.

5. The hardgrounds development is interpreted in the
light of sea-level falls leading to breaks in sedimenta-
tion, sediment bypassing, erosion, and early diagenesis.
After halts in sedimentation, tectonic episodes are
recorded as neptunian dykes. Fe-rich microbial accre-
tions just above the hardground surfaces and on the
walls of neptunian dykes, prior to deposition of the
condensed bioclastic beds, may be interpreted as
the Wrst signs of the onset of transgression.

6. DiVerent durations for each hiatus, the diachrony of the
top of the lower member and of the base of the upper
member of the UAR Formation, and lateral facies
changes can be related to diVerences in water depth,

probably due to stepped topography and tilting favored
by listric faults bounding the pelagic swells. This
resulted in diVerential subsidence between sections
and/or tectonic units located in diVerent parts of the
basin and the development of sheltered areas at the top
of pelagic swells where the sediment could be pre-
served.
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