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Abstract: The middle Oxfordian warming climate and sea-level rise initiated the development of vast
carbonate platforms in some western European basins. At the same time, however, siliciclastics and
siliceous sponges dominated certain marginal areas of the Iberian ramp. There, siliciclastic input was
particularly prominent during the latest Oxfordian and may have been related to a global sea-level
fall, synsedimentary tectonic activity, or humid climatic conditions in the hinterland. Field analyses
and computer modelling have been previously used to determine the factors that controlled
sedimentation. However, it is still unclear if the specific conditions that prevailed during the latest
Oxfordian were due to eustasy, tectonics or climate, and when precisely they occurred. Here, we
document major changes in sedimentological, micropalaeontological, and mineralogical records on
the Iberian ramp during this interval. Detailed sedimentary facies and palynofacies analyses combined
with sequence stratigraphic and cyclostratigraphic analyses of the Ricla Barranco section enable the
establishment of a high resolution time frame. Based on the quartz and mica percentage fluctuations,
one large- and seven small-scale sequences are defined. The large-scale sequence boundaries correlate
with third-order sequence boundaries Ox 8 and Kim 1 defined by Hardenbol et al. (1998). The largescale maximum-flooding surface corresponds to the base of the most calcareous interval and to the
maximum abundance of marine phytoplankton and opaque, equidimensional phytoclasts. The smallscale sequences correspond to the 100-kyr orbital eccentricity cycle. Calcareous nannofossils and clay
minerals were used as palaeoclimatic proxies. Nannofossil abundances and fluxes are lower in the
upper part than in the lower part of the interval studied, suggesting a decrease in sea surface trophic
conditions, also shown by an increase in the relative abundance of oligotrophic taxa. This upper part
is also characterised by an increase in smectite, which coincides with the base of the large-scale
highstand deposit, and is interpreted as reflecting the establishment of dry conditions. A first increase
in smectite occurs in the lower part of the succession, and coincides with high percentages of quartz
and mica. This latter mineralogical assemblage is interpreted as recording the onset of the Late
Jurassic to Early Cretaceous rifting stage, which occurred just before the Planula–Galar ammonite
subzone transition. The present study points out a return toward optimum conditions for carbonate
sedimentation only 300 kyr after the prominent increase in siliciclastic input due to tectonic activity.
The recovery of carbonate production was accompanied by a global sea-level rise and by decreasing
rainfall on nearby land.
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sequence- and cyclostratigraphy

1. Introduction
Earth's history has been punctuated by five major mass extinctions (Hallam and Wignall, 1997;
Koeberl and MacLeod, 2002), but has also been affected by numerous minor crises. These minor
crises may have drastic consequences such as climatic perturbation and carbonate platform demise. A
drastic cooling set in during the early Late Callovian (Dromart et al., 2003), and combined with a
global sea-level fall resulted in a decline of carbonate accumulation (in carbonate sedimentation
confined to low latitudes). The temperature decrease lasted ~2.6 My between the Late Callovian and
the Early Oxfordian (Dromart et al., 2003). The subsequent Middle Oxfordian warming and rise in sea
level favoured the development of broad carbonate platforms in some western European basins,
including the Iberian platform (Aurell et al., 2010).

At the same time, certain marginal areas of the Iberian platform present a very different kind of
sedimentation in which siliciclastics and siliceous sponges dominate. In particular, the influence of
siliciclastics was prominent during the latest Oxfordian, and has been related to tectonic activity at the
onset of the Late Jurassic-Early Cretaceous rifting stage (Bádenas and Aurell, 2001; Aurell et al.,
2010). The reactivation of some basement faults at the end of the Oxfordian induced both the uplift of
the edges and the subsidence of the middle part of the ramp (e.g., Aurell and Meléndez, 1993). As
compared to the Middle Oxfordian, the Late Oxfordian coral reefs developed southwards (MartinGarin et al., 2012). These reefs contain abundant microbialites, which reflect meso- to eutrophic
conditions, suggesting more terrestrial run-off due to humid climatic conditions on nearby land.
Eutrophication due to high siliciclastic input or local palaeoceanographic changes implying coldwater influxes would explain the absence of coral reefs in the Iberian platform during the Oxfordian
(Aurell et al., 2010). Field analyses and computer modeling have been previously used to better
understand factors that controlled sedimentation (Aurell et al., 1995; 1998). However, it is still
unclear if these specific conditions were eustatically, tectonically or climatically induced, and when
they precisely occurred. So far, high-frequency cycles, probably eustatic and climatic in origin, have
been defined in the interval comprising the base of the Transversarium ammonite Zone and the top of
the Bimammatum Zone (Strasser et al., 2005).
Here, we document major changes in sedimentological, micropalaeontological, and mineralogical
records in the Iberian basin during this key period of the Late Oxfordian. Although the Ricla barranco
section includes several covered intervals, the stratigraphic record is most complete due to its location
in the mid-ramp subsidence area. Detailed facies and palynofacies analyses combined with highresolution sequence-stratigraphic and cyclostratigraphical analyses enable stratigraphic correlation
with contemporaneous series in adjacent basins and the definition of a high-resolution time frame. As
suitable material for oxygen isotope measurements was lacking, calcareous nannofossils and clay
minerals were used as palaeoclimatic proxies. Calcareous nannofossil assemblages are affected by
variations in trophic and thermal regime of sea surface waters and their fluctuations in abundance can
be interpreted as climatic changes. Clay minerals may result from the alteration of primary minerals
and may reflect specific climatic conditions. The present study is the first attempt to reconstruct sea
level, tectonic, and climatic events within the latest Oxfordian on high time-resolution.

2. Geological setting
In the Iberian Basin of northeast Spain, during the Late Jurassic, shallow and homoclinal ramps
opened towards the East, into the Tethys Sea (Fig. 1). Tectonic events around the
Oxfordian/Kimmeridgian boundary caused significant changes in the sedimentation, which
correspond to a major unconformity between the Oxfordian and the Kimmeridgian depositional
sequences (i.e., depositonal sequences J3.1 and J3.2 in Aurell and Meléndez, 1993 see Fig. 2).
According to the available ammonite biostratigraphy (e.g., Bádenas et al., 1998; Delvene, 2001;
Strasser et al., 2005), the studied succession at the Ricla barranco corresponds to the entire Planula
Zone of the Tethyan province, which includes the Planula and the Galar subzones (Fig. 2). The
boundary between these two subzones is located close to bed 145 in the section studied (Delvene,
2001) (Fig. 3). The Planula Zone, traditionally assigned to the Late Oxfordian, should be coeval with
the lowest Kimmeridgian of the Boreal province (Matyja et al., 2006 in Gradstein et al., 2012) (Fig.
2).
The interval studied comprises the siliciclastic-rich middle interval of the Sot de Chera Formation and
the marly-dominated upper interval of the Sot de Chera Formation (Bádenas et al., 1998) (Fig. 2).
These two lithological units are bounded by a regional unconformity located at the boundary between
the Galar and the Planula subzones.
The coarsening-up siliciclastic-rich middle interval of the Sot de Chera Formation resulted from the
more proximal deltaic system progradation during the highstand systems tract of the Oxfordian
sequence (i.e., depositonal sequence J3.1 in Aurell and Meléndez, 1993) (Fig. 2). The thickness of this
interval has significant lateral variability, suggesting synsedimentary tectonic activity. The tectonic
reactivation of some basement faults by the end of the Oxfordian also involved the uplift of the edges
of the basin and the increase of the coarse clastic sediment supply (e.g., Aurell et al, 2010).

The upper interval of the Sot de Chera Formation mostly comprises marls with a high amount of mica
and plant remains, and scattered ostracod, bivalves and scarce ammonites, pointing to a low energy
relatively open marine environment (Aurell et al., 1998; 2010). These marls display a wedge-shaped
geometry, and were interpreted as the lowstand systems tract of the Kimmeridgian sequence (i.e.,
depositional sequence J3.2 in Aurell and Meléndez, 1993) (Fig. 2) or as deposited in the early
transgressive stage of the T-R Kimmeridgian sequence (e.g., Aurell et al., 2003; 2010).
While eustatic fluctuations probably controlled sedimentation during the Early and the Middle
Oxfordian, the Late Oxfordian deposits would mainly record the local synsedimentary tectonics
(Aurell and Meléndez, 1993). Aurell et al. (1995) used computer modeling to address the relative
importance of the various factors that are considered to control the origin and the evolution of the
Iberian Late Jurassic carbonate ramps. The most precise modeling comes from the superposition of
20- and 100-ky cycles on a third-order cycle. The higher-order cycles are in the Milankovich band and
may be eustatic in origin.

3. Materials and methods
The Ricla barranco section, called Ri8 in Aurell (1990) and Delvene (2001), or 1 in Bádenas et al.
(1998), is located 6 km north-northwest of the village of Ricla in the Zaragoza province of northeast
Spain (Fig. 1). The exposed succession is 103 metres thick and spans the entire Late Oxfordian
Planula Zone. The section was studied with respect to sedimentary and organic facies, sequence and
cyclostratigraphy, calcareous nannofossils, and clay mineralogy.
3.1. Sedimentary facies, sequence- and cyclostratigraphy
The Catuneanu et al. (2011) independent-model methodology, and the Mitchum et al. (1977), van
Wagoner et al. (1988; 1990), and Christie-Blick (1991) in Catuneanu et al. (2011) nomenclature are
applied to define the sequence stratigraphic framework. This framework relies on field and thin
section observations. The Ricla barranco section was logged bed by bed. Figure 3 includes the
measured outcrop section, thicknesses in metres, bed numbers according to Delvene (2001), and
lithology. 55 samples and thin sections were analysed. The relative abundance of grains and the
maximum size and the percentage of quartz and mica were determined in thin sections. The relative
abundance of grains ranges between sparse and very abundant (Fig. 3). Grains are sparse when they
occur at least once in thin sections; common when they occur at least once in each field of view;
abundant when they occur at least twice in each field of view, and very abundant when they occur
more than twice in each field of view. The maximum size of quartz and mica is the average of the 10
largest grains (Pettijohn et al., 1987). The percentage of quartz and mica were estimated from
comparison with the Baccelle and Bosellini (1965) charts. These data were used to determine
depositional environments and to define deposits and stratigraphic surfaces. Deposits are used instead
of systems tracts (Strasser et al., 1999). Deposits are interpreted on the basis of stratal stacking
patterns. Stacking patterns are defined by deepening-up, aggrading, and shallowing-up facies trends,
which may correlate with specific types of shoreline trajectory (i.e., forced regression, normal
regression, and transgression) (Catuneanu et al., 2011). Deposits have different types of bounding
stratigraphic surface at the top and at the base (Catuneanu et al., 2011). Lowstand deposits (LSDs)
include deposits that accumulate between the end of the relative sea-level fall, which coincides with
the sequence boundary (SB), and the end of regression, corresponding to the transgressive surface
(TS). Transgressive deposits (TDs) comprise the deposits that accumulate between the TS and the
maximum of transgression, which is the maximum-flooding surface (MFS). Highstand deposits
(HSDs) develop between the MFS and the next SB. Regressive deposits include HSDs and LSDs,
while transgressive deposits form TDs. Criteria used for the recognition of these deposits have to be
defined, as they depend on the particularities of the case study (Catuneanu et al., 2011). Deposits and
stratigraphic surfaces form sequences, which correspond to relative sea-level cycles (Catuneanu et al.,
2009 in Catuneanu et al., 2011). The high-resolution sequence-stratigraphic interpretation and
cyclostratigraphical analysis follow the concepts of Strasser et al. (1999). The stacking pattern of
sequences commonly reveals a hierarchical pattern. The smallest recognisable cycles of relative sealevel change are called elementary sequences. They stack into small-scale sequences, which in turn
form medium and large-scale sequences. The criteria used for the recognition of these hierarchically

stacked sequences are independent of scale (Colombié and Strasser, 2005). This nomenclature is
purely descriptive and does not imply duration as long as the time framework is not known. This time
framework is defined according to stratigraphic correlation with the Hardenbol et al. (1998) and
Gradstein et al. (2012) chronostratigraphic charts by means of the ammonite biostratigraphy
confirmed by Delvene (2001) in the Ricla barranco section. The cyclostratigraphical interpretation
relies on the number of sequences in a given time span and their hierarchical organisation.
3.2. Palynofacies
Fourty-six samples of the latest Oxfordian Planula Zone were studied with respect to their
sedimentary organic matter content (Fig. 4). All samples were prepared using standard palynological
processing techniques, including HCl (33%) and HF (73%) treatment for dissolution of carbonates
and silicates, and saturated ZnCl2 solution (D≈2.2 g/ml) for density separation. Residues were sieved
at 15 µm mesh size. Slides have been mounted in Eukitt, a commercial, resin-based mounting
medium.
For palynofacies analysis the sedimentary organic matter is grouped into a continental fraction
including phytoclasts, pollen grains and spores, and a marine fraction composed of dinoflagellate
cysts, acritarchs, prasinophytes and foraminiferal test linings. The relative percentage of these
components is based on counting at least 400 particles per slide.
Three palynofacies parameters were calculated to detect stratigraphic changes in the composition of
sedimentary organic matter reflecting eustatic signals: (1) the proportion of marine phytoplankton.
This parameter quantifies the percentage rate of dinoflagellate cysts, acritarchs and prasinophytes in
the sedimentary organic matter. It is linked to the marine conditions of the water column, depending
on distance to coastline, water depth, temperature, salinity, and nutrient availability; (2) the ratio of
opaque to translucent phytoclasts (OP/TR ratio). Opaque phytoclasts (OP) partly consist of charcoal
originating from forest fires, but mainly develop by oxidation of translucent phytoclasts (TR).
Another source for opaque phytoclasts might be resedimentation of refractory particles. Generally, the
ratio of opaque to translucent phytoclasts increases basin-ward due to fractionation processes and the
higher preservation potential of opaque particles (Summerhayes, 1987; Tyson, 1993; Pittet and Gorin,
1997; Bombardière and Gorin, 1998). Most of the oxidation is of subaerial, continental origin (Tyson,
1995). However, in proximal high-energy shelf areas this trend may be reversed by in-situ
(bio)oxidation at the seafloor (Batten, 1982; Boulter and Riddick, 1986; Bustin, 1988; Tyson, 1993),
enhanced by the high porosity and permeability of coarse-grained sediments (Tyson, 1993); and (3)
the size and shape of plant debris (ED/BS ratio) are used to decipher proximal–distal and
transgressive–regressive trends. Small, equidimensional (ED) woody fragments are characteristic of
distal deposits, whereas in proximal settings, large blade-shaped (BS) particles are quite abundant
(Steffen and Gorin, 1993; Götz et al., 2008; Haas et al., 2010). In addition, proximal assemblages
reveal a greater variety of particle sizes and shapes (Tyson, 1993; Tyson and Follows, 2000; Götz et
al., 2008; Haas et al., 2010).
3.3. Calcareous nannofossils and calcimetry
Thirty-seven rock samples have been analysed for their calcareous nannofossil abundances,
assemblage composition and preservation, and 38 for their calcium carbonate content (Fig. 5).
Samples were selected from the most favourable lithologies (argillaceous marls, marls, calcareous
marls) for nannofossil study. Smear slides were prepared using the random settling technique of
Geisen et al. (1999), a method adapted from Beaufort (1991) that allows the calculation of absolute
abundances. Nannofossils were observed under a light polarising microscope, at 1560 X
magnification. For the quantification, 150-300 specimens were counted in a variable number of fields
of view on the smear slide. In the upper part of the succession, due to the scarcity of nannofossils,
between 42 and 57 specimens were counted following several longitudinal transverses in four
samples, and in two samples (Rb108 and Rb111), nannofossils are too rare for the calculation of the
species relative abundance. The taxonomic framework of Bown and Cooper (1998) is followed. Two
recent syntheses of Upper Jurassic nannofossil schemes are available (de Kaenel et al., 1996; Bown
and Cooper, 1998). The nannofossil preservation was evaluated following the classes defined by Roth
(1983). The nannofossil absolute abundances are usually biased by dilution. Therefore, nannofossil
fluxes were calculated, using estimation of the duration of recognized sedimentary sequences based

on cyclostratigraphy calibration (see below in the part Sequence- and cyclostratigraphical
interpretations). The nannofossil fluxes are expressed as F (number of nannofossils/m2/yr) = “AA X r
X sed. rate”, with AA = nannofossil absolute abundance; r = volume mass of calcite (2.7 g.cm-3) and
sed. rate = sedimentation rate. The species richness and relative abundances of each identified species
were also calculated. The calcium carbonate content was determined using the carbonate bomb
technique, which measures CO2 emission during a hydrochloric acid attack.
3.4. Clay mineralogy
Clay mineral associations have been studied using X-ray diffraction (XRD) on oriented mounts.
Oriented mounts were prepared as follows: the samples were decarbonated, and the clay fraction (<
2µm) was separated by sedimentation and centrifugation using the analytical procedure of Holtzapffel
(1985). X-ray diffractograms were obtained using a D2 Brucker diffractometer equiped with a
LynxEye detector, with CuKα radiation and NI filter. Measurement parameters were as follows: 2.5
to 35° (2θ), step measurement 0.02° (2θ) each 0.2 s. The identification of clay minerals was made
according to the position of the (001) series of basal reflections of the three X-ray diagrams,
respectively obtained with a non-treated, glycolated, and heated (450°C, 4 hours) glass (Brown and
Brindley, 1980; Moore and Reynolds, 1989). Semi-quantitative evaluations are based on the peak
areas estimated using the Macdiff software. Areas were summed to 100%, the relative error being 5%
(Holtzapffel, 1985). Eighty-four samples were analysed and the mean sample distance was 1.20 m
(Fig. 6).

4. Results
4.1. Lithology, sedimentary and organic facies
The Ricla barranco section has a thickness of 103 m (Fig. 3). This section is composed of six
carbonate intervals, which are 20 m-thick on average, and differ according to their content of
siliciclastics (i.e., quartz, mica, clay). These intervals in turn contain marl-limestone alternations (or
couplets), which are therefore either poor or rich in siliciclastic grains, depending on the interval they
form. Most of the limestone beds are wackestones, which may include bivalves, echinoderms,
foraminifers, serpulids, ostracods, and wood debris (Fig. 3). The basal ten metres contain more
siliciclastic grains in the upper part than in the lower part. This interval is characterised by numerous
limestone beds and thin marl interbeds. The second interval, between 10 and 35 m, contains abundant
covered intervals, which are probably due to the decrease in the limestone bed number and the
increase in the marl interbed thickness. The increase in the size and in the percentage of quartz adds to
the increase in siliciclastics relative to carbonates. The interval between 35 and 50 m contains more
limestone beds and thinner marl interbeds than the previous interval. Nevertheless, both the size and
the percentage of quartz only slightly decrease, suggesting that the amount in siliciclastics remains
high. This interval is also characterised by an increase in the percentage and in the size of mica.
Between 50 and 65 m, the change from siliciclastic-rich alternations at the base to siliciclastic-poor
alternations at the top and the decrease in the size of quartz and in the percentage of quartz and mica
suggest a decrease in siliciclastics relative to carbonates. The interval between 65 and 103 m shows
the same characteristics as the first interval with the exception of the occurrence of solitary corals
around 100 m. In the uppermost 13 m, the increase in the size and in the percentage of quartz and
mica indicates an increase in siliciclastics relative to carbonates. The field observations show that this
increase in siliciclastics continues above the studied section and results in a siliciclastic-rich interval.
Generally, sedimentary organic matter is poorly preserved throughout the studied section and
dominated by phytoclasts (Fig. 4). However, the preservation of organic particles differs related to the
lithology. Siliciclastic-rich intervals show a high content of terrestrial particles, mainly phytoclasts of
different sizes and shapes, translucent and opaque. Calcareous intervals are characterised by the
highest amount of marine phytoplankton, as well as small, equidimensional, opaque phytoclasts, and a
generally high percentage of degraded organic matter. The highest amount of degraded organic
particles occurs within a calcareous interval between 65 and 72 m (samples RB83 to RB90). A
decrease of blade-shaped opaque plant debris and large translucent particles corresponds to decreasing
siliciclastics. An opposite trend is observed in the abundance of marine phytoplankton and small,
opaque, equidimensional phytoclasts, reaching a maximum in the most calcareous interval.

4.2. Calcareous nannofossil biostratigraphy
All nannofossil taxa observed in the studied interval are reported in a table as Supplementary data.
The studied interval is dated with ammonites from the Late Oxfordian (Planula Zone). The Late
Jurassic is marked by a differenciation between Boreal/Subboreal (NW Europe) and Tethyan (SW
Europe and NW Atlantic Ocean) nannofossil assemblages leading to a reduction in the number of
correlative bioevents (de Kaenel et al., 1996). W. britannica constitutes one of the principle
components of the assemblage (Bown et al., 1988; Bown and Cooper, 1998). Because of the absence
of Oxfordian nannofossil biozones for the Tethyan realm, the nannofossil biozonation scheme defined
for the Boreal/Subboreal realm in Bown et al (1988) is used in this study. The Early Oxfordian to
Early Kimmeridgian interval corresponds to the nannofossil NJ15 Cyclagelosphaera margerelii Zone.
It is a long zone, reflecting a period of evolutionary stasis, and defined by the last occurrence (LO) of
Stephanolithion bigotii maximum to the first occurrence (FO) of Stephanolithion brevispinus. The
NJ15 Zone is divided in two subzones. NJ15a Lotharingius crucicentralis Subzone, defined by the LO
of S. bigotii maximum to the LO of L. crucicentralis, and NJ15b Hexapodorhabdus cuvillieri
Subzone, defined by the LO of L. crucicentralis to the FO of Stephanolithion brevispinus (Bown et
al., 1988). The LO of L. crucicentralis occurs in the Late Oxfordian and is correlated to the Regulare
Zone in the Boreal Basin. L. crucicentralis becomes rare at the top of its range. This datum has been
recorded from the Middle Oxfordian (Plicatilis AZ in SE France and Switzerland) (de Kaenel et al.,
1996).
Other secondary but useful nannofossil events occur during the Late Oxfordian-Early Kimmeridgian
interval in Tethyan sections. The FO of Microstaurus quadratus is correlated to the base of the
Bifurcatus Zone. The FO of Faviconus multicolumnatus is correlated to the top of the Bimammatum
Zone. In southeast France, Stephanolithion bigoti bigoti becomes sporadic from the Late Oxfordian
(Bimammatum Zone, de Kaenel et al., 1996); this species occurs until the Tithonian in the Iberian
margin (de Kaenel and Bergen, 1996; Concheryo and Wise, 2001). In the Boreal realm, the LOs of D.
striatus and C. perforata are recorded in the Glosense Zone (Middle/Late Oxfordian) and Baylei Zone
(earliest Kimmeridgian), respectively. In the Ricla barranco section, only one specimen of L.
crucicentralis was observed (RB 84), S. bigotii bigotii are sporadic (one specimen in samples RB 42,
RB 46, RB 65 and RB 81); two specimens of D. striatus was observed in RB 65, and one specimen of
C. perforata in RB 38. M. quadratus and F. multicolumnatus were not observed. These data do not
allow the distinction between the NJ15a and NJ15b subzones in the Ricla barranco section.
4.3. Calcareous nannofossil assemblages and calcimetry
The nannofossil preservation is poor to moderate. Poorly-preserved assemblages are characterised by
strongly etched and moderately or strongly overgrown specimens (categories E3 and O2, and E3 and
O3 only for one sample); moderately-preserved assemblages are represented by moderately etched
and overgrown specimens (categories E2 and O2). The nannofossil absolute abundance ranges from
2.08 E06 to 3.23 E08, with an average of 4.67 E07 specimens/gram of rock (Fig. 5). Highest
abundances are recorded at the base of the section, and the absolute abundance decreases upward. The
nannofossil flux curve follows more or less the same trend as absolute abundance (Fig. 5). The
highest nannofossil fluxes values are recorded in the lower part of the succession, between 10 and 15
m. In the middle part (from 35 to 65 m), the nannofossil fluxes are lower with respect to the lower
part, with just a slight increase between 55 and 65 m. The lowest nannofossil fluxes values are
recorded in the upper part of the succession. The species richness ranges from 5 to 19; it presents
fluctuations but progressively decreases from 65 to 83 m (Fig. 5). Eight species represent between
80.8 and 100% of the nannofossil total assemblage, which is composed of 45 species. The nannofossil
assemblage is overwhelmingly dominated by the genus Watznaueria, which comprises 50% to 93.6%
of the total assemblage. Amongst Watznaueria, W. britannica is the dominant species; other abundant
taxa are in decreasing order of abundance: W. barnesiae, Cyclagelosphaera margerelii, W. aff.
barnesiae, Lotharingius hauffii, W. aff. manivitiae, W. manivitiae. The seven morphotypes of W.
britannica described in Giraud et al. (2006, 2009) are present in the studied interval. W.
manivitiae/britannica and W. aff. barnesiae have been defined in Giraud et al. (2009). Groupings
include W. barnesiae, W. fossacincta, which are believed to represent end-members of a
morphological continuum (Lees et al., 2004, 2006; Bornemann and Mutterlose, 2006), small

coccoliths (Biscutum spp., Discorhabdus spp., D. lehmannii, L. hauffii, and Z. erectus), with
particular palaeoecological affinities in terms of trophic conditions, and the largest-sized Watznaueria
(W. aff. barnesiae, W. manivitiae, W. aff. manivitiae and W. manivitiae/britannica). The relative
abundances of W. britannica vary from 21.6 to 61.6% and show a fairly marked increase in the middle
part of the succession (between 49 and 64 m) (Fig. 5). This species is mostly represented by smallestsized morphotype A (with an average of 56.3% of the total number of W. britannica), which follows
the same trend as the whole population of W. britannica (Fig. 5). The percentages of Watznaueria
barnesiae/fossacincta fluctuate between 2 and 28%; they increase in the lower part of the section
(below the major sedimentary gaps) with the highest values recorded; they slightly, then sharply
decrease from 45 to 80 m, and in the upper part of the succession, respectively. The relative
abundances of the small coccoliths group vary from 0 to 13.1% (Fig. 5). They increase in the lower
part of the succession, until 9 m, then decrease below the major gaps. Above the major gaps, their
relative abundances are comprised between 6 and 14% below 60 m; they decrease in the upper part of
the succession. The percentages of C. margerelii fluctuate between 4.2 and 31.4% and higher values
are recorded in the upper part of the studied interval above 80 m (Fig. 5). The relative abundances of
largest-sized Watznaueria are comprised between 0 and 46.8%; they decrease from the base to the top
of the lower part of the succession (below the major gaps) (Fig. 5). The percentages of this group stay
below 20% in the middle part of the succession (from 35 to 68 m), and increase with values
comprised between 20 and 46.8% in the upper part of the succession (from 68 to 91 m).
The calcium carbonate content ranges from 16.74 to 60.99% (Fig. 5). In the lower part of the
succession, between 1 and 15 m, it increases at the top of this interval. Above the major sedimentary
gaps, the calcium carbonate content fairly increases towards the top of the succession. Both calcium
carbonate content and nannofossil absolute abundance follow inverse trends (Fig. 5).
4.4. Clay mineralogy
The clay fraction is composed of illite (59 to 93%), illite-smectite mixed layers (I/S, 1 to 33%) and
chlorite (2 to 19%). Illite predominates in the clay fraction. The significant occurrences of smectitic
minerals throughout the section exclude a major influence of burial diagenesis on clay mineral
assemblages, as those minerals are the most sensitive to burial diagenesis (Chamley, 1989).
Smectite proportions generally increase from the lower to the upper part of the Ricla Barranco section
(Fig. 6). Two smectite-enriched intervals are observed, the first one between 41 and 50 m, and the
second one between 66 and 102 m. Smectite proportions average 19% and 12% in the first and second
intervals, respectively, whereas the average proportion equals 5% in the rest of the section. The
chlorite content decreases slightly but very regularly above 54 m, passing from 14% in the lower part
of the section to as low as 2% in the upper part. A peak of chlorite occurs between 36 and 39 m,
reaching as high as 19% of all clay minerals. This peak occurs just below the first smectite-enriched
interval.

5. Interpretations
5.1. Sedimentary and organic facies
During the Late Oxfordian, the study area was located south of the Ebro Massif, which furnished
siliciclastics (Fig. 1). Siliciclastics reached this area through a delta plain complex (Aurell and
Meléndez 1993, p. 354), which shifted basinwards during periods of tectonic uplift of marginal areas
(Aurell, 1991, p. 111; Aurell and Bádenas, 1994, p. 92). High terrestrial input via delta systems is also
documented by the high amount of plant debris. Phytoclasts are the dominant group of sedimentary
organic particles. The highest variability in size and shape occurs in siliciclastic-rich intervals (Fig. 4).
Carbonates formed seaward, in the open-marine realm (Aurell et al., 1998, p. 159). Maximum
abundances of marine phytoplankton, foraminiferal test linings and equidimensional, opaque
phytoclasts and a high amount of degraded organic particles point to a distal, open-marine
depositional environment. Moreover, transport characteristics of quartz and mica are different. High
percentages of coarse quartz indicate well-winnowed environments while high percentages of mica
are characteristic of lower energy environments (Doyle et al., 1968; 1983 in Pettijohn et al., 1987, p.
38). Flakes of mica tend to be winnowed out of high-energy environments by turbulence and strong
currents, and carried away towards more distal areas. Consequently, carbonates indicate more distal

environments than siliciclastics. Within siliciclastic-rich intervals, high percentages of coarse grains
of quartz indicate more proximal environments than high percentages of mica.
5.2. Sequence and cyclostratigraphy
The above-described stratal facies patterns indicate that the evolution through time of siliciclastic and
phytoclast inputs reflect changes in depositional environment. These changes in environment
depended on relative sea-level variations and can be interpreted as sequences. At outcrop scale, the
most siliciclastic intervals (i.e., between 10 and 35 m, and just above the studied section) probably
represent largescale lowstand deposits (LSDs), whose bases coincide with sequence boundaries (SBs),
and tops with transgressive surfaces (TSs) (Fig. 3). This interval is dominated by opaque plant debris
(samples RB26 to RB38). The most calcareous intervals (i.e., the first 10 m and between 65 and 103
m) probably document large-scale highstand deposits (HSDs), which formed above maximumflooding surfaces (MFSs) and below SBs. Maximum abundance of marine phytoplankton,
foraminiferal test linings and opaque, equidimensional phytoclasts occurs in an interval from bed 151
to bed 159 (samples RB83 to RB90), marking maximum flooding (Fig. 4). The early highstand phase
is identified within an interval spanning beds 160 to 180 (samples RB93 to RB100), showing a still
high amount of marine phytoplankton and opaque, equidimensional phytoclasts. Late highstand
deposit is characterised by decreasing marine phytoplankton and a higher amount of translucent, large
bladeshaped particles than before. The transgressive deposit (TSD) is recorded by the siliciclastic-rich
interval between 35 and 65 m (samples RB40 to RB81), showing an overall increase in marine
phytoplankton and equidimensional, opaque phytoclasts (Figs. 3, 4).
This large-scale sequence, which is located between 10 and 103 m, allows the definition of the
diagnostic criteria for the recognition of smaller-scale stratigraphic surfaces. The most pronounced
surfaces are TSs and MFSs. TSs correspond to the highest quartz percentages, whereas the highest
mica percentages indicate MFSs (Fig. 3). The base of the thickest marl interbeds probably indicates
SBs, which often correspond to covered intervals. Small-scale cyclicity is also documented in
palynofacies by peak abundance of marine phytoplankton (samples RB16, RB22, RB32, RB43,
RB52, RB57, RB72, RB95, RB100, RB109, and RB116) indicating small-scale MFSs and TSs (Fig.
4). Based on these diagnostic criteria, at least 7 small-scale sequences have been defined in the largescale sequence described above. These small-scale sequences are 10 m thick on average. The studied
interval corresponds to the Planula zone (Figs. 2, 3). Its lower boundary is located 9 m below the first
large-scale sequence boundary (SB), its upper boundary, at least 2 to 3 m below the second largescale SB (Bádenas et al., 1998; Delvene, 2001). Based on this biostratigraphic dating, the first largescale SB corresponds to the third-order SB Ox 8 defined by Hardenbol et al. (1998), and the upper
boundary to the third-order SB Kim 1 (Fig. 2). According to Hardenbol et al. (1998), which is the
only chronostratigraphic chart drawing a parallel between sequence stratigraphy, ammonite zonation
and geological time scale, the duration of this interval is 650 kyr (between 154.63 and 153.98 Ma)
(Fig. 2). More recent geological time scales (i.e., Gradstein et al., 2004; Ogg et al., 2008; Gradstein et
al., 2012) follow the sequence-stratigraphical interpretation of Hardenbol et al. (1998). Small-scale
sequences would therefore have lasted around 93 kyr. This suggests that orbital cycles (in this case the
short eccentricity cycle of 100 kyr) influenced the sedimentation during the latest Oxfordian.
This interpretation is consistent with the results of Strasser et al. (2005) who analysed a section that
lies just below the interval studied here.
5.3. Calcareous nannofossil assemblages
The ecological affinities of selected calcareous nannofossil taxa in this study are summarised below.
W. britannica, W. barnesiae/fossacincta and C. margerelii are considered as r-strategists that can live
in Jurassic unstable environments (Lees et al., 2005, 2006). The smallest-sized specimens of W.
britannica (Morphotype A) are characteristic of turbulent, unstable environmental conditions and/or
eutrophic levels whereas large-sized morphotypes were adapted to stable and more oligotrophic
conditions (Giraud, 2009; Giraud et al., 2009). W. barnesiae is considered a eurytopic taxon for the
Jurassic and Cretaceous period (Mutterlose, 1991), indicative of mesotrophic conditions in Jurassic
(Pittet and Mattioli, 2002). C. margerelii reflect low mesotrophic conditions (Pittet and Mattioli,
2002), and can become dominant in neritic and/or restricted environments (Bown et al., 2005; Giraud
et al., 2005; Carcel et al., 2010). L. hauffii is a marker of meso-eutrophic conditions (Pittet and

Mattioli, 2002) and can be abundant in proximal eutrophic environments (Mattioli, 2006). Small
coccoliths such as Biscutum spp., Discorhabdus spp., D. lehmannii, Z. erectus are markers of high
surface-waters fertility for Jurassic and Cretaceous (Roth, 1981; Roth and Bowdler, 1981; Roth and
Krumbach, 1986; Premoli Silva et al., 1989; Erba, 1992; Coccioni et al., 1992; Williams and
Bralower, 1995; Mattioli and Pittet, 2004), but were probably not competitive with respect to
dominant smaller-sized W. britannica in unstable and eutrophic surface waters for the Middle and
Late Jurassic (Giraud, 2009; Giraud et al., 2009). Amongst the large-sized Watznaueria, W.
manivitiae is indicative of oligotrophic conditions (Pittet and Mattioli, 2002); W.
manivitiae/britannica could have a preference for proximal environments and/or high productivity in
surface waters (Giraud et al., 2009).
Considering the ecological affinities of the most abundant taxa encountered in the Ricla barranco
section, the successive palaeoecological conditions are the following (Fig. 5): the first part of the
section (below the major gaps) can be divided in three parts: from 0 to 4 m, the dominance of the
large-sized Watznaueria group and the low relative abundance of small coccoliths suggest
oligotrophic conditions; from 4 to 10 m, fertility of the surface waters increases as indicated by the
increase in abundance of small coccoliths; from 10 to 15 m, the increase in both the nannofossil fluxes
and the relative abundance of W. barnesiae/fossacincta and C. margerelii suggests mesotrophic
conditions. Above the gap, from 35 to 49 m, the lower nannofossil fluxes values, but still higher
relative abundances of small coccoliths with respect to the preceeding interval, suggest low
mesotrophic conditions in surface waters. From 49 to 63 m, the increase in the relative abundance of
smallest-sized W. britannica can be indicative of higher trophic conditions with respect to the
preceeding interval, also attested by higher nannofossil fluxes. In the upper part of the succession
(until 90 m), the sharp increase in the relative abundances of large-sized Watznaueria and the decrease
in both in nannofossil fluxes and relative abundances of small coccoliths (W. britannica Morphotype
A comprised) indicate that oligotrophic conditions prevail in surface waters. Towards the top of the
succession (above 80 m), the increase in the relative abundance of C. margerelii could be indicative of
more proximal and or more restricted conditions with respect to the rest of the succession.
5.4. Clay mineralogy
Clay mineral trends at Ricla Barranco match well with the changes in microfacies and carbonate
content of the rocks and in calcareous nannofossil assemblages. Predominating illite minerals
throughout the studied section and rather high proportions of chlorite in the lower part of the section
testify to a generally high erosional activity and high detrital input from land (Chamley, 1989). The
peak of chlorite between 36 and 39 m and the first smectite-enriched interval between 41 and 50 m
correspond to the highest percentages of quartz and of micas, the coarsest micas, and coarse quartz as
revealed by the thin section analysis and to the lowest carbonate percentages (Figs. 3, 5, 6). These
mineralogical changes and the high detrital signature are most probably related to the relatively
shallow setting of Ricla Barranco on the ramp, the neighbouring Ebro Massif providing the clastic
input to this area (Fig. 1, Bádenas and Aurell, 2001; Aurell et al., 2003), and the extensional tectonic
activity that affected the sedimentation during the Late Jurassic in this part of the Iberian basin
(Bádenas and Aurell, 2001).
The generally low smectite and relatively high chlorite proportions below 66 m are parallel with low
or moderate carbonate content, mostly mesotrophic to low mesotrophic conditions as indicated by
calcareous nannofossils, and high siliciclastic content of the rock (high quartz and mica percentages
and sizes) (Figs. 3, 5, 6). On the contrary, the generally high smectite and relatively low chlorite
proportions above 66 m are associated with increasing carbonate content, oligotrophic conditions, and
low quartz and mica percentages. These conditions develop near the Planula–Galar subzone
boundary, and persist until the occurrence of solitary corals between 98 and 100 m. A new
siliciclastic-rich interval begins in the last 13 m of the studied section (Figs. 3, 5). The generally
increasing I/S and decreasing chlorite proportions up-section most probably reflect a transition from
humid to drier climates during the Planula zone. Interestingly, no kaolinite was found amongst the
clay minerals at Ricla Barranco. This suggests a generally dry regional climate and poorly drained
soils. High relative sea level during the upper Planula and the lower Galar subzones may have led to
reworking of smectitic-rich soils on the shores of the Iberian Massif (Pellenard and Deconinck, 2006).

6. Discussion
6.1. Palaeoclimatic conditions during the Oxfordian-Kimmeridgian times and tectonic activity in the
Iberian Basin
The Middle Oxfordian to the Early Kimmeridgian period is marked by a general inter-basinal
(global?) warming phase, as shown by oxygen-isotope data from calcite and aragonite shells (Price
and Sellwood, 1997; Riboulleau et al., 1998; Price and Gröcke, 2002; Malchus and Steuber, 2002;
Gröcke et al., 2003; Brigaud et al., 2008; Price and Rogov, 2009), by palynological data from the
boreal North Sea basin (Abbink et al., 2001), and by coral reef distribution in the Tethyan and PeriTethyan basins (Cecca et al., 2005; Martin-Garin et al., 2012). Coral reefs are particularly abundant in
the Middle and in the Late Oxfordian and in the Early Kimmeridgian, highlighting a general warming
when compared to the Late Callovian and the Early Oxfordian (Cecca et al. 2005; Martin-Garin et al.,
2012).
In more detail, using oxygen-isotope data measured on oyster shells in the Paris Basin, Brigaud et al.
(2008) identified a warming of about 3°C between the Early and the Middle Oxfordian, with an apex
that was reached during the late Middle Oxfordian times in the Transversarium Zone. Then a cooling
trend of about 7°C is recorded from the late Middle Oxfordian Transversarium Zone to the Late
Oxfordian Bimmamatum Zone, followed by a warming trend of about 7°C from the Late Oxfordian
Bimmamatum Zone to the Early Kimmeridgian. These detailed palaeoclimatic fluctuations from the
Oxfordian to the Early Kimmeridgian are supported by palynological data from the North Sea basin
(Abbink et al., 2001), which show (1) a general warming from the Early Oxfordian to the Early
Kimmeridgian, (2) a warm (and dry) peak that occurs in the Middle Oxfordian, and (3), after a cooler
phase during the lower part (?) of the Late Oxfordian, a new warm and dry phase at the OxfordianKimmeridgian transition. Cecca et al. (2005) and Martin-Garin et al. (2012) interpreted the variations
in diversity and the palaeogeographical shifts of coral reefs during the Oxfordian and the Early
Kimmeridgian times to be at least partly related to palaeoclimatic changes. The palaeoclimatic apex of
the late Middle Oxfordian is associated with the maximum northward development of oligotrophic,
well-diversified corals, whereas the Late Oxfordian coral reefs are less diversified to the north,
mesotrophic to eutrophic, and extend southerly. This pattern among coral fauna was probably
connected to a northward and southward expansion of the atmospheric convection cells controlling
the latitudinal distribution of dry and humid belts over the Tethyan and Peri-Tethyan domains
(Martin-Garin et al., 2012).
The Mesozoic extension of the Iberian plate led to the development of several important rift systems.
During the Late Jurassic and the Early Cretaceous, the evolution of the Iberian rift system is linked to
northward propagation of rifting from the central Atlantic and the gradual opening of the North
Atlantic oceanic basin (Martin Chivelet et al., 2002). The Iberian Basin, located in the central eastern
part of the plate is one of these rift systems (Alvaro et al., 1978; Salas and Casas, 1993; Van Wees et
al, 1998). The intracontinental rifting started in this basin during the latest Oxfordian. The increase of
tectonic activity is marked by the reactivation of some basement faults and the creation of titled
extensional fault-blocks (Salas, 1987). This tectonic reactivation phase involved the generation of a
subsident sedimentary trough in the central areas of the basin and the uplift of the edges of the basin
(Aurell and Meléndez, 1989; Aurell, 1990). The different subsidence rates observed between the
different areas of the Iberian Basin are expressed by the local presence of angular unconformities
between the Oxfordian and Kimmeridgian sequences (Aurell et al., 1997; Bádenas and Aurell, 2001).
These unconformities can correspond to a stratigraphic gap, which corresponds to the boundary
between the Galar and the Planula subzones, or to a karstic surface, indicating subaerial exposure in
the most marginal areas of the basin, while iron crusts on some bed surfaces, indicating intervals of
prolonged absence of sedimentation, are observed basinwards (Aurell and Meléndez, 1993). The
tectonic reactivation at the end of the Oxfordian is responsible for an increase in siliciclastic input,
coming from the Ebro Massif, in the marginal areas of the Iberian Basin. This increase is recorded by
a sudden influx of coarse siliciclastic sediments, by the greatest abundances of quartz and mica, and
by the thickest marly wedge (Aurell et al., 2010).

6.2. Reconstructions of palaeoenvironmental, palaeoclimatic, and tectonic changes in Ricla barranco
and timing of these events
Major changes in sedimentological, micropalaeontological, and mineralogical data were recorded on
the Iberian Platform during the latest Oxfordian. They were interpreted in terms of variations in
palaeoenvironmental and palaeoclimatic conditions taking place in the period of time between three
key steps (Figs. 7; 8). The definition of small or medium-scale sedimentary (100 ky) sequences, based
on sequence- and cyclostratigraphy, leads to specify the timing of these changes and their succession
through the Planula Zone interval (Fig. 8). Both nannofossil and clay mineral assemblages allow the
reconstruction of the sea-surface trophic and climatic (in terms of humidity/aridity) conditions
prevailing during the latest Oxfordian in Ricla barranco. Palaeotemperatures are from Brigaud et al.
(2008). During the first 300 ky of the Planula Subzone interval (i.e., before step 1), the highest
abundances of small coccoliths, the predominance of illite and high proportions of chlorite, along with
the gradually increasing size and content of quartz and corresponding decreasing percentage of
carbonate testify to increasing surface-water fertility in proximal shallow-marine environments due to
increasing siliciclastic and nutrient input from land (Figs. 7; 8). These palaeoenvironmental conditions
probably resulted from the highstand prograding wedge that formed just before third-order sequence
boundary Ox 8, and from relatively humid climatic conditions, as shown by the clay mineral
assemblages (Fig. 8). In the upper part of the Planula Subzone, the greater abundance of quartz,
muscovite, and clay relative to the lower part of that subzone testifies to the enhanced tectonic
activity, which has been identified in the Iberian Basin during this period. This period of enhanced
tectonic activity would have lasted 200 ky (Fig. 8), and might be partly responsible for the relative
sea-level rise observed from the middle part of the Planula Subzone (i.e., third-order sequence
boundary Ox 8) to the transition between the Planula and the Galar subzones (i.e., step 2) (Figs. 7; 8).
This sea-level rise probably explains both the increase in the sea-surface hydrodynamic conditions, as
revealed by the highest abundances of degraded organic particles and of the smallest-sized W.
britannica, as well as the decrease in siliciclastics. Indeed, the climatic conditions remained as humid
as before; Brigaud et al. (2008) indicate a slight increase in temperature. Major palaeoenvironmental
and palaeoclimatic changes take place after the transition between the Planula and the Galar subzones
(i.e., step 3) (Figs. 7; 8). This transition firstly corresponds to both small or medium-scale and thirdorder maximum flooding (Figs. 3; 8). Then, around this boundary and during the following sea-level
highstand, interbeds become more calcareous than before, as attested by the increase in carbonate
content. However, the thickness of the calcareous beds remains the same, suggesting that the
carbonate factory was not more active than in the lower and middle parts of the section studied, but
that siliciclastic input was lower. The fertility of sea-surface waters changed from mesotrophic at the
Planula/Galar subzones boundary to oligotrophic during the Galar Subzone interval. The decrease in
the nannofossil primary productivity suggests less nutrient input from land than before. The decrease
in siliciclastics and associated nutrients and the lowest chlorite and the highest smectitic mineral
percentages imply that the climate was less humid than before, leading to an increase in evaporation
(Fig. 7). Drier climatic conditions from the Planula/Galar subzone transition match well with
increasing aridity recognised in the North Sea basin (Abbink et al., 2001), the Swalbian Alb deep
shelf (SW Germany, Bartolini et al., 2003), and the shallow platforms of the Jura Mountains and of
Spain (Pittet et al., 2000; Colombié, 2002; Hug, 2003; Colombié and Strasser, 2005) at the OxfordianKimmeridgian transition. These conditions coincide with increasing temperatures (Brigaud et al.,
2008), and the development of some corals at the top of the interval studied (Figs. 7; 8). The
palaeoclimatic results deduced from the study of Ricla barranco are thus in accordance with the model
of southward/northward moving atmospheric convective cells as proposed for the Middle and the Late
Oxfordian by Martin-Garin et al. (2012), which would also work for the earliest Kimmeridgian. A
northward moving of these convective cells during the Planula Zone implied warm and relatively dry
climatic conditions on the Mediterranean Tethys and would have extended northward as well.
Interestingly, as mentioned earlier, no kaolinite is recorded during the Oxfordian-Kimmeridgian
transition at Ricla barranco, whereas kaolinite occurs in variable amounts in contemporary sediments
from the northern part of the Paris Basin (i.e., in Normandy see Saint-Germès et al., 1996 and in the
Boulonnais area see Schnyder et al., 2000). This would show that relatively more humid (however,
still warm) climates would have occurred at latitudes that were more northern than the Iberian Basin
during this transition.

7. Conclusions
The analysis of sedimentary facies, palynofacies, calcareous nannofossils and clay mineral
assemblages in the latest Oxfordian (Planula and Galar ammonite subzones) of the Ricla barranco
section (northeastern Spain) has led to major observations.
Changes in sedimentary and organic facies allow the definition of 1 large-scale and 7 small or
medium-scale sequences. Palynofacies patterns document major transgressive and flooding phases as
well as small-scale cyclicity related to relative sea-level changes. The amount of siliciclastics and the
percentage of quartz and mica as well as the relative abundance of marine phytoplankton, the ratio of
opaque to translucent phytoclasts, and the ratio of equidimensional to blade-shaped wood and plant
remains are the most indicative parameters used in sequence interpretation. On the basis of the
hierarchical stacking-pattern defined in the present work and on the available ammonite zonation for
the interval studied, the first and the second large-scale sequence boundaries correlate with Hardenbol
et al. (1998) third-order sequence boundaries Ox 8 and Kim 1, respectively, and small or mediumscale sequences would have lasted 100 ky. These sequence and cyclostratigraphical analyses allow a
high-resolution time frame to be defined.
The nannofossil abundances and fluxes and the relative abundances of large-sized Watznaueria are
higher in the upper part than in the lower part of the interval studied, suggesting a decrease in seasurface trophic conditions, from mesotrophic at the Planula/Galar subzone boundary to oligotrophic
during the Galar Subzone interval. The decrease in the nannofossil primary productivity in the upper
part of the interval studied suggests less nutrient input from land than before. A long-term, regular
increase in smectitic minerals and decrease in chlorite among clay minerals during the Galar Subzone
interval suggests the development of drier climatic conditions than before, leading to a decrease in
siliciclastic input and an increase in carbonate deposition. Towards the top of the succession (above
80 m), the increase in the relative abundance of C. margerelii could be indicative of more proximal
and or more restricted conditions with respect to the rest of the succession.
An abrupt chlorite and smectite increase occurring near the Planula/Galar subzones boundary,
associated with detrital (quartz and mica) inputs is interpreted as reflecting a tectonic pulse (namely
the local sedimentary record of the onset of the Late Jurassic-Early Cretaceous rifting stage).
According to the narrow chronostratigraphic framework established in this work, this major tectonic
event would have occurred just before the Planula/Galar ammonite subzones transition, only 300 ky
before the recovery of carbonate deposition. This return towards optimum conditions for carbonate
sedimentation corresponds to increasing global sea level and decreasing rainfall in the hinterland.
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Figure captions
Figure 1. Palaeogeography of the Middle-Late Oxfordian in NE Spain (Aurell et al., 2003; Bádenas
and Aurell, 2001; Strasser et al., 2005).
Figure 2. Chronostratigraphic location and evolution of the interval studied. A) Stages (Gradstein et
al., 2012); B) Third-order sequence boundaries (SB: full line; TS: dotted line; MFS: dash) and
Tethyan ammonite subzones and zones (Hardenbol et al., 1998); C) NE Spain systems tracts,
stratigraphic surfaces, and sequences (Aurell and Meléndez, 1993); D) NE Spain lithostratigraphic
units (TF: Torecilla Fm) (Bádenas et al., 1998; Bádenas and Aurell, 2001); E) Cross-sections
showing the sedimentary evolution of the interval studied in NE Spain (Aurell and Meléndez,
1993).
Figure 3. Facies and microfacies analyses and sequence-stratigraphical interpretation of the Ricla
barranco section.
Figure 4. Palynofacies patterns of the Ricla barranco section.
Figure 5. Stratigraphic changes in calcium carbonate content, calcareous nannofossil total absolute
abundance and flux, species richness, relative abundance of some selected taxa for the Ricla
barranco section.
Figure 6. Clay mineralogy of the Ricla barranco section.
Figure 7. Three-dimensional representation of the three key steps in the palaeoenvironmental
evolution of the Ricla area during the Planula ammonite Zone, including the Planula and the Galar
subzones. Step 1, lower part of the Planula Subzone: high silicilastic input related to large
extension of deltaic facies under humid climate during slightly decreasing relative sea level. Step
2, Planula/Galar subzones boundary: decreasing siliciclastics associated with high relative sea
level under slightly warmer but still humid climatic conditions. High sea level leads to more openmarine environments and higher hydro-energy. These environmental conditions develop just after
an enhanced tectonic activity period. Step 3, upper part of the Galar Subzone: climatic conditions
become drier and warmer than before. Oligotrophic sea-surface conditions lead to some coral
development.
Figure 8. Stratigraphic distribution of major tectonic, palaeoenvironmental and palaeoclimatic events
recorded at Ricla barranco during the Planula Zone. Palaeotemperature data in the Paris Basin are
from Brigaud et al. (2008). See text for detailed explanations.
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