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Abstract

Comparison of the stratigraphic distribution of major and trace elements, used as proxies for palacoproductivity and redox condi-
tions, and benthic foraminifera from Oxfordian shelf deposits of the External Prebetic (Betic Cordillera, South Spain) allows us to
recognise two sedimentary cycles, both characterised by initial enhanced productivity and decreasing oxygen availability in the sea-
bottom, and a subsequent decreasing productivity with a recovering in oxygenation during the second half of each cycle. Dysoxic
conditions appear to coincide with maximums in marine surface productivity, thus suggesting that oxygen depletion may be linked
to greater consumption rather than restricted circulation. The boundary between the two cycles is characterised by low contents of
redox-sensitive elements and lower TOC content and Sr/Al, P/Ti, Ca/Al and Ba/Al ratios, indicating well oxygenated sea-bottom,
lower productivity and lower organic matter accumulation. The geochemical proxies have also revealed as a valuable tool for
interpreting the stratigraphic fluctuations of benthic foraminiferal assemblages, as well as for evaluating the palacoecology of the
main genera. Spirillina is adversely influenced by oxygen depletion independently of food availability. Ophthalmidium presents
very good correspondence with palacoproductivity fluctuations, and tolerated low oxygen levels in the sediment-water interface.
Reophax was an opportunist that proliferated after adverse conditions when oxygenation and food availability were limiting factors.
The variability in the microhabitat depth inside the sediment of Reophax favoured adaptation to adverse conditions. Lenticulina
shows behaviour similar to Reophax. Finally, Ammobaculites shows a low degree of relation with the palacoproductivity proxies,
and is intolerant with respect to low oxygen values in shallow infaunal microhabitats.
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Resumen

La comparacién de la distribucion estratigrafica de indicadores geoquimicos de paleoproductividad y condiciones redox junto
con foraminiferos bentdnicos en los depositos de plataforma del Oxfordiense (Jurasico superior) del Prebético Externo (Cordillera
Bética, SE Espafia) permite reconocer dos ciclos caracterizados por un incremento inicial de la productividad y una disminucion de
la oxigenacion en el fondo y una posterior disminucion en productividad y aumento de la oxigenacion. Las condiciones disoxicas
coinciden con maximos en la productividad marina superficial sugiriendo que la disminucién de la oxigenacion pudo estar rela-
cionada con un mayor consumo relacionado con la oxidacion de la materia orgdnica mas que por una circulacion restringida. El
limite entre ambos ciclos se caracteriza por valores bajos de elementos indicadores de condiciones reductoras, carbono orgdnico
total y las relaciones St/Al, P/Ti, Ca/Al y Ba/Al, indicando buena oxigenacién del fondo marino, baja productividad y baja acumu-
laciéon de materia organica. Los indicadores geoquimicos han mostrado ser una valiosa herramienta para interpretar fluctuaciones
estratigraficas en las asociaciones de foraminiferos bentdnicos, asi como para evaluar la paleoecologia de los principales géneros
de foraminiferos. Spirillina es sensible a las disminuciones en el grado de oxigenacion independientemente de la disponibilidad de
alimento. Ophthalmidium presenta muy buena correspondencia con las fluctuaciones en paleoproductividad y toler6 bajos niveles de
oxigenacion en la interfase agua-sedimento. Reophax fue un organismo oportunista que prolifer6 bajo condiciones adversas cuando
la oxigenacion o el alimento fueron factores limitantes. La variabilidad en la profundidad del microhabitat dentro del sedimento de
Reophax favorecid su adaptacion a condiciones adversas. Lenticulina muestra un comportamiento similar a Reophax. Finalmente,
Ammobaculites muestra una escasa relacion con las variaciones de los indicadores de paleoproductividad, pero se muestra intole-
rante con respecto a valores bajos de oxigenacion en los microhdbitats infaunales someros.

Palabras clave: foraminifero, geoquimica, condiciones redox, paleoproductividad, ritmita margoso-calcarea, Oxfordiense-

Kimmeridgiense

1. Introduction

Studies of benthic foraminiferal assemblages from the
Upper Jurassic have proven to be useful tools for inter-
preting palacoenvironmental features such as oxygena-
tion degree, sedimentation rate and nutrient availability
(e.g., Nagy, 1992; Nagy et al., 1995; Jenkins, 2000; Bou-
hamdi et al., 2001; Reolid et al., 2008a, b; 2010; Nagy
et al., 2009). The benthic taxa are particularly important
as direct bioindicators of physico-chemical parameters at
the sea-bottom, and indirectly of the water column fea-
tures (e.g., Van der Zwaan et al., 1990; 1999; Loubere,
1996; Liining et al., 1998; Gooday and Hughes, 2002;
Hanagata, 2004; Mello e Sousa et al., 2006; Mojtahid et
al., 2006).

In addition, geochemical proxies for reconstructing
palaeoredox conditions and palaeoproductivity also con-
stitute a valuable tool for testing palacoenvironmental
interpretations based on fossil benthic foraminiferal as-
semblages, as well as for evaluating palacoecology as-
signed to different genera. Analysis of the redox condi-
tions in the water column and in the sea-bottom is based
on redox-sensitive trace elements (Co, Cu, Ni, Cr, V, Zn,
Mo, Pb, Cd, U, and Th), which tend to be less soluble
under reducing conditions, resulting in synsedimentary
enrichments under oxygen-depleted conditions (Wignall
and Myers, 1988; Calvert and Pedersen, 1993; Jones and
Manning, 1994; Powell et al., 2003; Siebert et al., 2003;
Jiménez-Espejo et al., 2007; Gallego-Torres et al., 2007,
2010; Yilmaz et al., 2010). Some redox-sensitive metals
(N1, Cu, and Zn) are delivered to the sediment in associa-

tion with organic matter. These redox-sensitive elements
tend to coprecipitate with sulfides (mainly pyrite) and are
not usually remobilised during diagenesis in the absence
of postdepositional replacement of oxydizing agents (Tri-
bovillard et al., 2006).

Concerning palacoproductivity rates, different geo-
chemical proxies are commonly employed in the inter-
pretation of relative fluctuations in productivity. Thus,
Latimer and Filippelli (2001) and Robertson and Filip-
pelli (2008) use the P/Ti ratio, while Sun et al. (2008)
also study the Ca/Al and Sr/Al ratios. The most exten-
sively used proxy for palaeoproductivity reconstructions,
however, is Ba enrichment in marine sediments, since it
has been demonstrated that Ba is a reliable indicator for
variations in biological productivity when derived from
authigenic marine barite originated in the water column
(e.g., Dehairs et al., 1987; Bishop, 1988; Dymond et al.,
1992; Van Os et al., 1994; Francois et al., 1995; Paytan et
al., 1996; Martinez-Ruiz et al., 2000; Turgeon and Brum-
sack, 2006; Gallego-Torres et al., 2007). Barium proxies
are considered as reliable indicators of productivity when
postdepositional alteration does not compromise barite
preservation. In general, barite is relatively resistant to
diagenetic alteration after burial in sediments where pore
waters are sulfate rich, and can therefore be considered a
consistent proxy (e.g., Rutsch et al., 1995; McManus et
al., 1999).

The main source of P to the sediment is the phytoplank-
ton necromass that accumulates on the sediment-water
interface together with vertebrate remains. However, the
input of phosphorous from continents into marine basins
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can be important (Filippelli, 2008). The P/Ti ratio reflects
excessive phosphorous delivery to the sea-bottom not
supported by terrigenous components. For this reason, an
increase in the P/Ti ratio implies higher phosphorous sed-
imentation to the sea-bottom from biological processes
(Latimer and Filippelli, 2001; Flores et al., 2005; Sen et
al.,2008; Reolid et al., 2012). Usually the P is released as
PO*, from decaying organic matter during bacterial deg-
radation below the sediment water interface. However,
P cycling is very efficient, and it has been estimated that
only 1% of organic phosphorous is trapped in sediments
(Benitez-Nelson, 2000). As mentioned above, the relative
contribution of the biogenic versus terrigenous compo-
nents to the sediment can also be inferred through Ca/Al
and Sr/Al ratios that are controlled mainly by fluctuations
in the production and dissolution of the carbonate frac-
tion and dilution by terrigenous inputs; yet Ca/Al and St/
Al are less commonly used as proxies of palacoproduc-
tivity (Sun et al., 2008; Reolid et al., 2012).

The total organic carbon (TOC) has also been em-
ployed as an indirect palacoproductivity proxy (e.g.,
Calvert and Fontugne, 2001; Gupta and Kawahata,
2006; Plewa et al., 2006; Wenbo et al., 2008), although
enhanced TOC contents may result from low bottom-
water ventilation and oxygen depletion, and are not nec-
essarily related to high surface productivity. Total organ-
ic carbon (TOC) in the sedimentary rocks records only
a fraction of the total biological palacoproductivity in
the water column (phytoplankton) and sea-bottom (phy-
tobenthos). The TOC is the result of the organic matter
that escapes from the generally efficient recycling sys-
tem, which operates in the water column and at the sea-
bottom. According to Tribovillard et al. (2006), despite
complications attributable to efficient organic recycling,
export productivity, delivery to the sediment-water in-
terface and final burial, the TOC is generally proportion-
al to surface-water productivity and constitutes a useful
palaecoproductivity proxy.

Integrating these geochemical proxies for productivity
and oxygen conditions, the present study compares the
stratigraphic distribution of selected benthic foraminif-
era with such proxies throughout the Middle Oxfordian-
Lowermost Kimmeridgian in a marl-limestone rhythmite
from the Prebetic (southern Spain). The focus of this
work is on:

1.- Reconstruction of the fluctuations of nutrient fluxes,
carbon fixation in the form of organic matter and palaeo-
productivity variations during the Late Oxfordian-Early
Kimmeridgian. This is an important period in that it rep-
resents the flooding of the shallow oolitic shelf of the
south Iberian palacomargin with the installation of hemi-
pelagic facies.

2.- Reconstruction of oxygenation conditions in the
sea-bottom.

3.- Evaluation of the role of productivity versus oxy-
genation degree in the stratigraphic distribution of se-
lected benthic foraminifera (Spirillina, Ophthalmidium,
Lenticulina, Reophax, and Ammobaculites). The selected
foraminifera are the most abundant foraminifera in the
studied assemblages and in mid-shelf to slope environ-
ments of the Upper Jurassic epicontinental platforms.

4.- Comparison of geochemical proxies of palaeopro-
ductivity and palacoredox conditions with previous in-
terpretations about the behaviour of selected benthic
foraminifera with respect to nutrient and oxygen avail-
ability.

2. Studied section

The rocks studied correspond to the External Prebetic,
the northern part of the Betic Cordillera that represented
the deposits of a mid- to outer-shelf environment during
the Late Jurassic. The section studied is the Riogazas-
Chorro-Esponjas (RGCHSP), located in the western part
of the Sierra de Cazorla (southern Spain, Fig. 1). The out-
crop is situated along the forest road from La Iruela to the
Spring of the Guadalquivir River (coordinates 3°0°25”W-
35°52°55”N). This section is constituted by a 22-m-thick
marl-limestone rhythmite belonging to the Lorente For-
mation, and comprises three upward-thickening sequenc-
es and a sponge-microbialite buildup (Fig. 2). The micro-
facies are mainly packstone-wackestone with peloids and
bioclasts. The mineralogy of the marly levels is character-
ised by calcite, quartz and clay minerals (illite, kaolinite,
smectites, illite-smectite interstratified and glauconite).
The limestone beds present trace fossils of Chondrites
and, less abundantly, Planolites. The age of the section
ranges from Bifurcatus (Late Oxfordian) to Planula Zone
(Earliest Kimmeridgian) (Oloriz et al., 1999).

The boundary between Middle Jurassic oolitic lime-
stones and the Oxfordian deposits is a discontinuity. The
upper boundary of the studied succession consists of an
omission surface with abundant cephalopod remains and
ferruginous oxides, which limits with a thick marly inter-
val of the Platynota Zone (Lower Kimmeridgian).

More recent palaeontological studies in the RGCHSP
section describe ammonoid biostratigraphy (Oloriz et al.,
1999), taphonomy of the foraminifera and macroinver-
tebrate assemblages (Oloriz et al., 2002; 2003b; Reolid,
2008) and composition of foraminiferal assemblages
(Olériz et al., 2003a). These studies suggest a transgres-
sive-regressive cycle for the studied interval, with a max-
imum flooding zone in the Bifurcatus Zone related to the
top of the sponge-microbialite buildup.
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3. Methods

The analysis of microfacies and the foraminiferal as-
semblages was done on 63 thin sections from 21 sampling
levels using a petrographic microscope (three thin sec-
tions per sampling level). Other 40 thin sections from dis-
tinct 36 sampling levels have been used only for checking
potential fluctuations of microfacies and foraminiferal as-
semblages (Fig. 2). More than 2900 foraminifera were
analysed. The material studied is deposited in the Matias
Reolid Foraminiferal Collection, Universidad de Jaén,
Spain (MRfC-UJA). Part of the material studied was ana-
lysed previously from palacoecologic and taphonomic
point of view (Oloriz et al., 2003a; Reolid, 2008). Mainly
what is new in this study we analyse the stratigraphic dis-
tribution of selected foraminiferal assemblages from the
paleoecological standpoint comparing with geochemical
proxies.

Mineralogical composition was determined by x-ray
diffraction in a Philips PV1710 powder diffractometer,

using an X’Celerator detector from the Department of
Mineralogy and Petrology of the Universidad de Grana-
da. Additionally, morphological and compositional stud-
ies on selected samples focused on marine barite were
performed by means of field emission scanning electron
microscopy (FESEM), LEO (Carl Zeiss) model GEMI-
NI-1530, at the Centro de Instrumentacion Cientifica
(CIC) of the Universidad de of Granada.

The geochemical analysis was carried out on 16 samples
from marly levels. Whole-rock analyses of major elements
of the crust were done using X-ray fluorescence (XRF) in
a Philips PW 1040/10 spectrometer. Trace elements were
analysed using an inductively coupled plasma-mass spec-
trometer (ICP-MS), the Perkin Elmer Sciex-Elan 5000,
again at the CIC (University of Granada). The instrumen-
tal error was = 2% and + 5% for elemental concentrations
of 50 ppm and 5 ppm, respectively (Bea 1996).

Total organic carbon was analysed by leaching in the
laboratories of SGS Canada Inc (Ontario). Total carbon (C)
contents were measured as mg and calculated as percent-
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ages of the sample’s weight. Precision and accuracy of the
method are approximately 0.01% and 92%, respectively.
To make possible comparisons of trace-element propor-
tions in samples with variable carbonate and clays con-
tents, it is usual to normalize trace-element concentrations
to aluminum content (Calvert and Pedersen, 1993). The
study of palacoproductivity was carried out applying a set
of proxies constituted by Ba/Al, Sr/Al, Ca/Al, P/Ti, and
TOC. For the analysis of palaco-oxygenation, diverse re-
dox proxies evaluating the relative increase of redox sen-
sitive elements such as Co/Al, Cu/Al, Cr/Al, V/Al, Ni/Al,
Mo/Al, and Pb/Al were applied throughout the section.

4. Results
4.1. Foraminiferal assemblages

Previous taphonomic analysis on the studied foraminif-
eral assemblages indicates their autochthony to para-au-
tochthony, and the scarcity of potentially allochthonous
specimens (Reolid, 2008), that is crucial for supporting
the interpretations focused on the composition of fo-
raminiferal assemblages. The mean composition of the
foraminiferal assemblage in this section is dominated
by vagile benthic forms (89%) with minor values of
sessile forms (7%) and planktic foraminifera (4%). The
a-diversity index of the assemblage is 2.8 (with 29 gen-
era), and no significant stratigraphic fluctuations are reg-
istered.

Among the vagile benthic forms, the two main groups
correspond to the Order Spirillinina (39%, mainly
Spirillina and less commonly Conicospirillina) and the
Order Textulariina (38%, mainly Reophax and Ammoba-
culites, with less abundant Ammodiscus, Redmondoides,
Ammomarginulina, and Haplophragmoides). The sec-
ondary components correspond to the orders Lagenina
(13%, Lenticulina, Dentalina, Nodosaria, Marginulina,
Astacolus, and Planularia), Miliolina (9%, Ophthalmid-
ium) and Robertinina (1% Epistomina). Bearing in mind
the relevance of the distinct foraminifera and the previ-
ous palaeoecological interpretations, this study focuses
on the selected genera Spirillina, Ophthalmidium, Re-
ophax, Ammobaculites, and Lenticulina.

4.2. Stratigraphic distribution of the geochemical prox-
ies and foraminifera

On the basis of the stratigraphic distribution of the geo-
chemical parameters (Figs. 3 and 4), two main cycles can
be differentiated. The main fluctuations in the propor-
tions of distinct foraminifera (Fig. 5) can be correlated
to these cycles.
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Fig. 2.- Riogazas-Chorro-Esponjas section (RGCHSP) with ammo-
noid biozones. Location of the samples is indicated: white circles
for levels with three thin sections used in the foraminiferal analysis;
grey circles for complementary thin sections (number of foramini-
fera not representative); black circles for samples of bulk geoche-
mical analyses.

Fig. 2.- Perfil de Riogazas-Chorro-Esponjas (RGCHSP) con biozonas
de ammonites. La localizacion de las muestras estd indicada: circu-
los blancos para niveles con al menos tres ldminas delgadas utili-
zadas para el andlisis de foraminiferos; circulos grises para laminas
delgadas complementarias (nimero de foraminiferos no represen-
tativo); circulos negros para andlisis geoquimicos en muestra total.
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Fig. 3.- Stratigraphic distribution of geochemical proxies indicating redox conditions during deposition of the Late Oxfordian—Earliest
Kimmeridgian sediments of the Riogazas-Chorro-Esponjas section.

Fig. 3.- Distribucion estratigrafica de indicadores geoquimicos de condiciones redox durante el deposito de los sedimentos del Oxfor-
diense tardio al Kimmeridgiense temprano de la seccion de Riogazas-Chorro-Esponjas.

First cycle.

As a general trend, the section begins with increasing
values in the redox proxies reflected in the Co/Al, Cu/Al,
Cr/Al, V/Al, Ni/Al, Zn/Al, and Pb/Al ratios (Fig. 3). In
the case of the Mo/Al ratio, the maximum presents a lag
with respect to the other proxies. The point of inflexion of
this cycle is located in the level RGCHSP-25, just 1.5 m
below the Bifurcatus/Bimammatum zone boundary; after
this bed, the values of the redox proxies (Co/Al, Cu/Al,
Cr/Al, V/Al, Ni/Al, Zn/Al, Pb/Al, and Mo/Al) decrease.
The top of this cycle is located at level RGCHSP-40,
which is the boundary between the biohorizons of Epi-
peltoceras semimammatum and Epipeltoceras berrense
(Hypselum Subzone) of the Bimammatum Zone (Oloriz
etal., 1999).

A similar trend can be observed with respect to the pal-
aeoproductivity proxies, with increasing values of St/Al,

P/Ti, Ca/Al and TOC, and maximum values close to the
Bifurcatus/Bimammatum zone boundary (Fig. 4). The
highest value registered in TOC is 2.9%. A very partic-
ular case is the Ba/Al ratio, with increasing values but
a maximum located 90 cm after the Bifurcatus/Bimam-
matum zone boundary, in coincidence with the Mo/Al
ratio. The cycle is completed with a decrease of the pal-
acoproductivity proxies that ends at the top of the cycle
(level RGCHSP-40). Marine barite is not very abundant
in these carbonate-rich samples, yet some barite grains
were identified in samples from the sponge-microbialite
buildup; this would support a potential Ba enrichment
derived from marine barite accumulation, and thus en-
hanced productivity.

The benthic foraminifera show very distinct trends
(Fig. 5). Ophthalmidium has a good correspondence with
the fluctuations of TOC values as well as with some re-
dox proxies, whereas proportions and size of Spirillina
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Fig. 4.- Distribucion estratigrafica de indicadores geoquimicos de productividad durante el depdsito de los sedimentos del Oxfordiense
tardio al Kimmeridgiense temprano de la seccion de Riogazas-Chorro-Esponjas.

correlate with the Ba/Al ratio. In the maximum of TOC
values Ophthalmidium reaches 22% of the foraminiferal
assemblage with the largest mean-size for this genus (284
um). Especially interesting is the distribution of Ammo-
baculites, with a general trend parallel to the palaeopro-
ductivity proxies, but presenting an interruption with a
local minimum that coincides with the highest values
of the redox proxies. In the distribution of Lenticulina
and Reophax highlights a maximum coincident with the
highest values of the redox proxies. Reophax presents the
largest specimens (339 um mean-size) with the maxi-
mum of redox and palaeoproductivity proxies.

Second cycle

The level RGCHSP-40, where the boundary between
the biohorizons of Epipeltoceras semimammatum and
Epipeltoceras berrense (Hypselum Subzone) of the Bi-
mammatum Zone is located, constitutes the base of the

second cycle and the change in trend for most of the geo-
chemical proxies. This boundary is inside a marly-rich
interval. The trends of this cycle are less clear than in the
first cycle.

The second cycle begins with increasing values in the
redox proxies Co/Al, Cu/Al, Cr/Al, Mo/Al, V/Al, Ni/Al,
Zn/Al, and Pb/Al ratios (Fig. 3). The maximum values
are reached at the top of the level RGCHSP-60 (Bimam-
matum Subzone, Bimammatum Zone), after which bed
the values of the redox proxies show a slight upwardly
decreasing trend. The top of the Oxfordian (Bimamma-
tum/Planula zone boundary, level RGCHSP-72) consti-
tutes a sharp change with an accentuated diminution in
the values of the redox proxies (mainly observed in Zn/
Al, Ni/Al, Cr/Al, and Mo/Al).

The palaeoproductivity proxies (St/Al, Ca/Al, and
TOC) show increasing values in the first half of the cycle
(Fig. 4). The maximum values are located in the level
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RGCHSP-60 (Sr/Al and Ca/Al), and in the Oxfordian/
Kimmeridgian boundary at level RGCHSP-72 (P/Ti and
TOC). As in the first cycle, the Ba/Al ratio points to dif-
ferent positions for the maximum value. The entrance to
the Planula Zone is characterised by a strong decrease in
Sr/Al, P/Ti, Ca/Al, and TOC (Fig. 4).

As occurs in the first cycle, Ophthalmidium shows a
good correspondence with the fluctuations of TOC val-
ues, as does Spirillina with the Ba/Al ratio. There are no
significant changes in the shell size of Ophthalmidium
and Spirillina in this interval. Proportions of Reophax in
the foraminiferal assemblage have two local maximums
(Fig. 5), one at the base of the cycle (when redox and
palaecoproductivity proxies have low values) and other
close to the Oxfordian/Kimmeridgian boundary (where
P/Ti and TOC have their highest values in the cycle). At
the beginning of the Planula Zone (Kimmeridgian), Op#h-
thalmidium, Spirillina and Reophax diminish, whereas
Ammobaculites and Lenticulina increase, although the
values are recovered in the omission surface at the top of
the section.

5. Discussion

The depth within the sediment of the infaunal micro-
habitat of benthic foraminifera is known to be related
to the sedimentation rate and the position of the redox
boundary, the latter depending on the organic matter con-
tent and oxygenation degree of the sediment. Jorissen et
al. (1995) and Van der Zwaan et al. (1999) highlighted
food availability and oxygenation as limiting factors in
the distribution of foraminifera in infaunal microhabitats
(TROX-model).

The organic matter that foraminifera consume directly
or indirectly as nutrients in a shelf environment can have
different origins: a) autochthonous, mainly proceeding
from primary photosynthetic production; or b) exported
from shallower or emerged areas in relation to detritic
inputs. Primary photosynthetic production can take place
in the sea-bottom by phytobenthos, and in the water col-
umn by phytoplankton. The primary production is scarce
under the lower limit of the shallow euphotic zone. Ac-
cordingly, primary production —and therefore nutrient
availability for foraminifera— is higher in shallow envi-
ronments of the shelf where planktic and benthic primary
production coexist. In carbonate platforms, these areas
usually coincide with the maximum carbonate produc-
tion area (carbonate factory s. Schlager, 1993; Pomar and
Ward, 1995; Homewood, 1996; among others) located in
the inner-shelf. The External Prebetic has been interpret-
ed as distal areas of the platform, corresponding to a mid-

shelf (in a ramp model), with low primary production and
organic matter input related to inputs from emerged and
more proximal areas (inner-shelf) (Oloriz et al., 2003b;
2006; Reolid et al., 2008b). The phytodetritus inputs rep-
resent one means of distribution of organic matter from a
carbonate production area toward more distal areas.

Organic matter is an essential controlling factor for
benthic foraminiferal assemblages, as both a direct and
an indirect food resource: organic matter could be con-
sumed directly by foraminifera and microbes, and the lat-
ter are also a food resource for foraminifera. The increase
of phytodetritus in the sediment produces increasing bio-
mass and activity of foraminifera that use labile compo-
nents or microbial populations proliferating in relation to
phytodetritic deposits (Thiel ef al., 1990; Lochte, 1992;
Gooday, 1996; Turley, 2000; Nomaki ef al., 2005).

The position of the redox boundary in the sediment,
that is, the range of the infaunal ecospace, controls the
ecological structure of infaunal forms. An increase in or-
ganic matter content produces an increase in the metabol-
ic activity of the microbiota, consuming the oxygen of the
pore water. The position of the redox boundary under oli-
gotrophic conditions may be some meters below the sed-
iment-water interface, and thus below the zone of benthic
activity (Kuhnt et al., 1996); whereas under conditions of
very high organic input, the redox boundary layer may be
close to the sediment-water interface (unfavourable to in-
faunal forms). However, some agglutinated infaunal fo-
raminifera from the Jurassic tolerated hypoxic conditions
(Bernhard, 1986; Nagy, 1992; Tyszka, 1994; Nagy et al.,
2010; Reolid et al., 2010). In addition, grain-size and
sedimentation rate bear a direct impact on oxygenation
of the infaunal microhabitats (Reolid et al., 2008b). A
high sedimentation rate and fine grain-size (clay and silt)
limit pore-water circulation and substrate oxygenation.
Moreover, the relation between organic matter content
and oxygenation degree of the sediment may be affected
by external factors such as seawater mass stratifications
with low oxygenation in the sea-bottom.

5.1. Benthic foraminifera and palaeoproductivity proxies

Micropalaeontological analyses previously performed
on sedimentary rocks from Ardeche (SE France) and
in the Prebetic (Betic Cordillera) by Bouhamdi et al.
(2001), Olériz et al. (2003a, b), and Reolid et al. (2008a)
have concluded that the genus Spirillina serves as a good
proxy of nutrient availability, usually related to high
mesotrophic conditions. The availability of trophic re-
sources when Spirillina presents high proportions in the
foraminiferal assemblage may be the result of high pro-
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Fig. 5.- Stratigraphic distribution of selected fossil benthic foraminifera of the Upper Oxfordian—-Lowermost Kimmeridgian from the
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Fig. 5.- Distribucion estratigrafica de foraminiferos bentonicos sésiles seleccionados del Oxfordiense superior-Kimmeridgiense tem-

prano de la seccion estudiada.

ductivity episodes at both the phytobenthos and the phy-
toplankton levels, given that Spirillina is an epifaunal or
epiphytal form of grazing phytodetritus (Tyszka, 1994).
The highest values recorded in the proportions of
Spirillina correspond to the middle part of the section and
coincide with maximums in the Ba/Al ratio (Figs. 4 and
5). In relation to the first maximum, we observed an in-
crease in the test size, which would be congruent with the
interpretation of Spirillina in relation to nutrient avail-
ability and primary production. However, Spirillina does
not have a good correlation with the other palacoproduc-
tivity proxies (P/Ti, St/Al, Ca/Al, and TOC). This contra-
dicts the expected trends. As epifaunal grazers, spirilli-
nids would indicate dense bacterial populations related to
organic carbon particles in the flocculent layer, probably
phytodetritus, and to macroscopic algae (Morris, 1982;
Kitazato, 1988; Nagy, 1992; Tyszka, 2001; among oth-

ers). Therefore, a close proportional relation of Spirillina
and TOC could be expected. Yet the influence of oxygen
availability on Spirillina, not described in the literature
to date, might be considered a limiting factor. Additional
factors such as seawater temperature may control the rel-
ative abundance of Spirillina (Gémez et al., 2009).
Ophthalmidium is an epifaunal porcelaneous foraminif-
era (miliolids) with active deposit-feeder, herbivore and
detritivore trophic behaviour (Tyszka, 1994). In modern
faunas, miliolids are characteristic of the intertidal zone
and inner-shelf (e.g. Saraswati, 2002; Murray, 2006;
Gualancaifiay, 2007; Villanueva-Gulmerans and Canudo,
2008), and they increase in abundance according to food
resources when oxygen is not a limiting factor (Halfar
and Ingle, 2003). However, Oxfordian species of Oph-
thalmidium reveal a preference for relatively deep shelf
conditions (Oloriz et al., 2003a; Reolid et al., 2008a, b).
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In the section studied, the relative abundance and size of
Ophthalmidium present very good correspondence with
the palaeoproductivity proxies, mainly with TOC, a find-
ing congruent with the link of this genus with food avail-
ability (Figs. 4, 5 and 6).

Reophax is auniserial genus with variable habitat depth,
from shallow to deep infaunal, interpreted as a detriti-
vore and bacterial scavenger (Nagy, 1992; Tyszka, 1994).
Reophax flourish in the two cycles described when the
palaeoproductivity proxies present extreme values (St/
Al, Ca/Al, and TOC). Proportions and size of Reophax
increase when palaeoproductivity proxies reach the high-
est values (RGCHSP-25 and RGCHSP-70), and relative
abundance (but not size) increases when the palaeopro-
ductivity proxies show the lowest values (RGCHSP-9
and RGCHSP-40). In Mesozoic deposits, Reophax has
been described as an opportunist (Jenkins, 2000; Gale-
otti et al., 2002; Reolid et al., 2008b). This is compatible
with the high proportions of Reophax coincident with the
record of low values in the palaeoproductivity proxies,
considering food availability as a main limiting factor.
Increased relative abundance of Reophax when palaeo-
productivity proxies record high values would indicate
some influence of the other main controlling factor, oxy-
gen availability (discussed in the next subchapter).

The cosmopolitan genus Lenticulina, a biconvex and
planispiral calcitic foraminifera, presents a microhabitat
similar to that of Reophax, ranging from epifaunal to deep
infaunal, with active deposit-feeder and grazing omni-
vore feeding strategies. Tyszka (1994) interpreted the test
shape of Lenticulina as favourable to vertical mobility in
the sediment and opportunistic behaviour. The trends of
the relative abundances of Lenticulina in the first cycle
are similar to the fluctuations of Reophax, the other op-
portunist, with a potentially deep infaunal habitat.

Finally, Ammobaculites, an elongated form, which ag-
glutinates coarse grains in the studied samples (probably
corresponding to A. coprolitiformis), presents an appar-
ently low relation with the palaeoproductivity proxies. In
the first cycle, Ammobaculites increase with the palaeo-
productivity proxies, then decrease just with the highest
values in P/Ti ratio and high values in the other palaeopro-
ductivity proxies. The size of Ammobaculites in the first
cycle goes from 380 to >600 um according to increasing
values of the palacoproductivity proxies. In the second
cycle, Ammobaculites present low proportions in the fo-
raminiferal assemblage, and a slight diminution when
palaeoproductivity proxies increase. In Kimmeridgian
sediments of southern England, Jenkins (2000) found a
negative correlation between infaunal Ammobaculites
and the TOC. Reolid et al. (2008a, b) report higher values

of Ammobaculites in the Internal Prebetic (outer-shelf to
upper slope with oligotrophic conditions) than in the Ex-
ternal Prebetic (mid-shelf with high-mesotrophic condi-
tions), in opposite way of the palaeogeographic distribu-
tion of Reophax and trophic resources.

5.2. Benthic foraminifera and redox proxies

The marl-limestone rhythmite of the Oxfordian from
the External Prebetic has been interpreted as deposited
under high-mesotrophic conditions with a redox bound-
ary shallower than in more distal settings of the epiconti-
nental shelf of the Internal Prebetic (Reolid et al., 2008a,
b). This was interpreted based on the infaunal tiering
structure of the foraminiferal assemblage, and is congru-
ent with the record of Chondrites. This trace fossil is a
feeding system of unknown organisms related to infaunal
deposit-feeding, which may have been able to live in dys-
aerobic conditions as a chemosymbiont (Seilacher, 1990;
Fu, 1991). However, the first geochemical analysis done
in these deposits suggests higher TOC values and oxygen
depletion than previously thought.

Spirillina presents low values in those intervals having
higher values for the redox proxies (Co/Al, Cu/Al, Cr/
Al V/Al, and Ni/Al), thus indicating depleted oxygen,
in spite of the correspondence of high values for some
palaeoproductivity proxies (St/Al, P/Ti, Ca/Al, and TOC;
Figs. 3-5). This distribution is not the expected trend if
the proposals of Bouhamdi et al. (2001) and Olériz et
al. (2003b) are taken into account, where Spirillina is
interpreted as indicative of nutrient availability related
to primary photosynthetic production. These previous
works did not consider the effect of oxygen availability
on Spirillina. However, the palacogeographic distribu-
tion of Spirillina in the Prebetic shelf system is congru-
ent with increasing proportions (according to the positive
gradient of availability) of trophic resources, with domi-
nance of Spirillina in the foraminiferal assemblages of
the mid-shelf environments featuring high-mesotrophic
conditions (Olériz et al., 2006; Reolid et al., 2008a, b).
Therefore, studying trends of Spirillina proportions in
this section of the External Prebetic point to an adverse
influence of oxygen depletion on Spirillina regardless of
food availability.

In the section studied, the proportions and size of Oph-
thalmidium present a very good correlation with the in-
creasing values of the redox proxies and TOC, mainly
in the first cycle (Figs. 3 and 5), suggesting that Oph-
thalmidium tolerated low oxygen levels in the sediment-
water interface. This observation contrasts with the more
classic interpretation for miliolids, reportedly intolerant
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to oxygen deficient conditions due to their imperforated
shells, which impede efficient gas exchange with the wa-
ter (e.g. Boudchiche and Ruget, 1993). In modern faunas,
miliolids increase in abundance along with trophic re-
sources, when oxygen is not a limiting factor (Halfar and
Ingle, 2003). In the context of Jurassic species of Oph-
thalmidium, a preference for well oxygenated environ-
ments has been put forth (Gordon, 1970; Barnard et al.,
1981; Boudchiche, 1986; Gregory, 1990; Hughes, 2004).
According to the results expounded above, Ophthalmid-
ium tolerate relatively low oxygen conditions and may
have been at some advantage in the epifaunal microhabi-
tat when competing with Spirillina.

Reophax increase in the two cycles described near the
levels at which the redox and palacoproductivity prox-
ies respectively reach their highest values (RGCHSP-25
and RGCHSP-70), and lowest values (RGCHSP-9 and
RGCHSP-40, Figs. 3-5). In recent examples, Van der
Zwaan et al., (1999) indicate differences in the microhab-
itat depth of Reophax related to fluctuations of the redox
boundary. Under normal marine conditions, Kaminski ef
al., (1995) observed that the genus can survive at lowered
oxygen levels (0.5 ml/). Subsequently, the high values of
Reophax following the maximums in V/Al, Ni/Al, Co/Al,
Cu/Al, Cr/Al, and Zn/Al would constitute the coloniza-
tion and profusion of this opportunist after the episodes
of oxygen depletion of each cycle. This means that Re-
ophax was an opportunist that proliferated after adverse
conditions when oxygenation and food availability were
limiting factors. Variability in the microhabitat depth fa-
voured its adaptation to adverse conditions.

The fluctuating proportions of Ammobaculites in the
foraminiferal assemblages bear no evident relation with
redox and palacoproductivity proxies, proving difficult to
interpret. Only a clear diminution of Ammobaculites in
the first cycle —at level RGCHSP-25— can be related to
maximums in V/Al, Ni/Al, Co/Al, Cu/Al Cr/Al, Zn/Al,
P/Ti, and TOC (Figs. 3-5). Accordingly, Ammobaculites
might be considered intolerant of low oxygen values in
pore water in shallow infaunal microhabitats. According
to Reolid et al. (2008b), Ammobaculites and Reophax
have different palaecoecological requirements. Namely,
agglutinated foraminifera from mid-shelf environments
were dominated by Reophax, in turn favoured by fine-
grained sediment with high organic matter content and
nutrients, with changing redox boundary according to
fluctuating nutrient inputs; and elsewise, Ammobaculites
dominated among the agglutinated foraminifera from
outer-shelf to upper slope settings with coarse-grained
sediments and low organic matter content, favouring a
deeper and comparatively stable redox level.

The proportions of Lenticulina show only one signifi-
cant local maximum in the first cycle, in the sense that it
correlates well with high values of V/Al, Ni/Al, Co/Al,
Cu/Al, and Cr/Al ratios (Figs. 3 and 5). Tyszka (1994)
interpreted the vertical mobility of the infaunal micro-
habitat and the r-selected behaviour (Nini ez al., 1995) as
advantageous for recolonisation after redox fluctuations
inside soft- and soupygrounds.

5.3. Interpretation of stratigraphic geochemical
fuctuations

According to the redox and palaeoproductivity proxies,
two sedimentary cycles can be differentiated (Figs. 3—6).
Both cycles are characterised by increasing-decreasing
upward trends in the values of the redox and palaeopro-
ductivity proxies. Therefore, both cycles comprise ini-
tially increasing productivity together with decreasing
oxygen availability in the sea-bottom, reaching dysoxic
conditions, and the subsequent reduction in productivity
and recovery of oxygenation in the sea-bottom during the
second half of the cycles.

Dysoxic conditions appear to coincide with maximums
in marine productivity, thus suggesting that oxygen de-
pletion may be linked to greater consumption rather
than restricted circulation. Such productivity fluctua-
tions could be related to marine surface fertility as well
as phytobenthic productivity in more proximal settings,
with exportation to outer settings, which may have over-
whelmed oxygenation rates and resulted in organic mat-
ter accumulation in the sediment.

The first cycle is the most intense: it shows high values
in the redox proxies and P/Ti in coincidence with the max-
imum flooding interpreted by Oloériz ef al. (2002; 2003a,
b) and Reolid (2008). The dysoxic conditions reached in
this cycle control local maximums in the proportions of
Reophax and Lenticulina (Fig. 6), both of them oppor-
tunist and potentially deep infaunal forms. According to
Sjoerdsma and Van der Zwaan (1992), the opportunistic
behaviour of some foraminifera is related to nutrient in-
put, whereby a nutrient increase favours proliferation of
r-type strategists.

The limiting factor of the assemblage was the porewater
oxygen availability affecting other infaunal forms such
as Ammobaculites. Unexpectedly high values of Oph-
thalmidium indicate its tolerance of dysoxic conditions.
Since the maximum values of redox proxies coincide
with maximum productivity, or a slight offset, reduced
oxygen concentrations are constrained to TOC-rich lev-
els. The increased palaeoproductivity within this cycle
is related almost exclusively to marine surface fertility,
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Fig. 6.- Interpretation of palacoproductivity and palaco-oxygenation conditions during the Bifurcatus (Late Oxfordian) — Planula (Earliest
Kimmeridgian) zones compared with distribution of proportions of selected foraminifera.

Fig. 6.- Interpretacion de las condiciones de paleoproductividad y paleoxigenacion durante las zonas Bifurcatus (Oxfordiense tardio) —Pla-
nula (Kimmeridgiense temprano) comparada con la distribucion de las proporciones de foraminiferos seleccionados.

while phytobenthic productivity in a more proximal car-
bonate factory with exportation of organic matter (phyto-
detritus and carbonate) to outer settings would be minor,
given the context of maximum flooding (Olériz ef al.,
2002; Reolid, 2008). The high values of redox and palae-
oproductivity proxies of the studied section are very well
correlated by ammonoid biostratigraphy with condensed
lithofacies from outer-shelf to upper slope environments
of the Internal Prebetic (Oloriz et al., 2002; 2004).
Hence, oxygenation increases while organic matter ac-
cumulation decreases, as does the proliferation of Ammo-
baculites and Spirillina, while Ophthalmidium and op-
portunists Reophax and Lenticulina are also diminished.
However, progress in the reduction in food availability
(mainly phytodetritus) produces a new diminution of Am-
mobaculites and Spirillina at the top of the cycle. The
level RGCHSP-40 constitutes the boundary between the
two cycles, and is characterised by low values of redox

and palaeoproductivity proxies, indicating good oxygen-
ation in the sea-bottom, comparatively low productivity,
and lower organic matter accumulation (Fig. 6). The tier-
ing of the foraminifera is predominantly determined by
oxygen and nutrient availability (Tyszka, 1994; Jorissen
et al., 1995; Van der Zwaan et al., 1999; Ernst and Van
der Zwaan, 2004), so that food availability was the limit-
ing factor in the boundary between the cycles described.
Reophax was favoured in these adverse conditions, prob-
ably occupying higher tiers in the infaunal microhabitat
at the expense of Ammobaculites.

The second cycle presents the same trends in redox and
palaeoproductivity proxies, but the values are lower than
in the first cycle (Fig. 6). Benthic foraminifera reflect the
same response to higher values of organic matter in the
sediment and progressive oxygen depletion, with local
increases of Reophax and Ophthalmidium, and low val-
ues in Spirillina and Ammobaculites.
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The Bimammatum/Planula zone boundary evidences
an important change in the lithofacies as well as in the
geochemical proxies. The sediment was more terrigenous
during the Planula Zone, with a dominance of marly in-
tervals over calcareous beds. Some of the palacoproduc-
tivity proxies (St/Al, P/Ti, Ca/Al, and TOC) show a sharp
drop at this boundary. The Cr/Al, Mo/Al, and Ni/Al ratios
present the same accentuated decrease.

Later approaches interpreted the Planula Zone deposits
in the South Iberian Palaecomargin as marked by the in-
teractions between tectonics and eustasy (Marques ef al.,
1991; Olériz et al., 2002; 2004; Reolid, 2008; Rodriguez-
Tovar et al., 2010), and the increase of siliciclastics as a
consequence of reactivated topography in the source area
(see also Aurell et al., 2003 for NE Iberia; and compat-
ibility with carbonate production models in Pittet ef al.,
2000 for SE Iberia, and Allenbach, 2002 for the Oxford-
ian in the Swiss Jura). Analogous situations affecting Up-
per Oxfordian deposits were later reported with regard to
the evolution of the central North Atlantic and the West-
ern Tethyan basins (e.g., Goldhammer, 1998; Leinfelder
and Wilson, 1998; Allenbach, 2001; 2002; Badenas and
Aurell, 2001; Salas et al., 2001).

In palaeoecological terms, increasing terrigenous
as well as decreasing trophic resources (related to less
productivity and export organic matter) are unfavour-
able for most benthic forms, except Ammobaculites and
Lenticulina. The other foraminifera recover at the top of
the section, which is interpreted as an omission surface
(Olériz et al., 2002).

The redox proxies and the other palaeoproductivity
proxies for both cycles suggest that the TOC-rich in-
tervals development were controlled by episodes of in-
creased primary productivity, since the values of the re-
dox proxies do not appear to be high enough to control
the accumulation of organic matter in the sea-bottom.
Reduced deepwater ventilation is improbable, but cannot
be ruled out.

Despite the clarity of the general trends, there is a
stratigraphic delay among the different proxies studied
and the Ba/Al ratio. Only the Ba/Al ratio indicates high
productivity values in levels other than those marked
by other palacoproductivity proxies (St/Al, P/Ti, Ca/
Al, and TOC), although the minimum at the boundary
of the cycles coincides. The delay in the Ba/Al ratio sig-
nal could be related to the redox conditions. According to
Tribovillard et al. (2006), barium may be lost from oxy-
gen-deprived deposits because they are solubilised under
reducing conditions. However, as described previously,
the values of the redox proxies are no more indicative of
strong oxygen depletion than dysoxic conditions would

be, so the reason for the lag of the Ba/Al signal is not
clear. Additionally, the presence of barite crystals identi-
fied by SEM in numerous levels comes to support the
preservation of this mineral, and the fact that it was not
remobilised by sulphate reduction.

The unexpectedly high values of TOC in the Bifurca-
tus Zone are probably related to local conditions in the
Prebetic. Oxfordian deposits with high TOC values are
rarely described in the literature. Callovian-Oxfordian
TOC-rich deposits have been reported for the Late Call-
ovian-Early Oxfordian (Price and Grdcke, 2002) and one
record of marine black shales deposited from the Late
Bathonian to the Volgian (Bausch et al., 1998). Other de-
scriptions of Oxfordian organic-rich deposits come from
Nepal (Gradstein et al., 1991) and Svalbard (Dypvik et
al., 1991; Reolid et al., 2010). Therefore, the records of
organic-rich Oxfordian sediments are rare, and appear to
represent local to regional processes rather than a condi-
tion of the global oceans (Pearce ef al., 2005).

6. Conclusions

The Oxfordian deposits of the External Prebetic have
been recently interpreted as distal areas of the platform,
corresponding to a mid-shelf with low primary produc-
tion, where phytodetritus inputs represented the distribu-
tion of organic matter from a carbonate production area
toward more distal areas. In this context, comparison of
the stratigraphic distribution of benthic foraminifera and
geochemical proxies for palaeoproductivity and redox
conditions gives rise to the following conclusions:

-Two sedimentary cycles can be differentiated, char-
acterised by increasing-decreasing upward trends in the
values of the redox and palacoproductivity proxies. Each
cycle is constituted by an initial increasing productivity
trend together with decreasing oxygen availability in the
sea-bottom that reaches dysoxic conditions; and the subse-
quent reduction in productivity and recovery of oxygena-
tion in the sea-bottom during the second half of the cycle.

-Dysoxic conditions appear to coincide with maxima in
marine productivity, thus suggesting that oxygen deple-
tion may be linked to greater consumption rather than re-
stricted circulation. These productivity fluctuations could
be largely related to marine surface fertility, and some
with phytobenthic productivity in more proximal settings
involving exportation to outer settings, which may have
overwhelmed oxygenation rates and resulted in organic
matter accumulation within the sediment.

-Since maximum values of redox proxies in the first cy-
cle are reached coinciding with maximum productivity
or a slight offset, reduced oxygen concentrations are con-
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strained to TOC-rich levels. The increased palacoproduc-
tivity within this cycle is related almost exclusively with
marine surface fertility, while phytobenthic productivity
in more proximal carbonate factory with exportation of
organic matter (phytodetritus and carbonate) toward out-
er settings would be a minor effect in view of the context
of maximum flooding.

-The boundary between the two cycles is characterised
by low values for redox and palaecoproductivity proxies,
indicating a well oxygenated sea-bottom, lower produc-
tivity and lower organic matter accumulation. The second
cycle presents the same trends in redox and palaeopro-
ductivity proxies, yet values are lower than in the first
cycle.

The geochemical proxies of study are shown to be a
valuable tool for interpreting the stratigraphic fluctua-
tions of benthic foraminiferal assemblages, as well as for
evaluating the palacoecology of the main genera. In this
sense, we arrive at these main conclusions:

-Spirillina presents low values in the intervals with
higher values of the redox proxies (Co/Al, Cu/Al, Cr/Al,
V/Al, and Ni/Al), which would indicate depleted oxy-
gen, in spite of its high values corresponding to some of
the palaecoproductivity proxies (St/Al, P/Ti, Ca/Al, and
TOC). The study of the trends of proportions of Spirillina
in this section of the External Prebetic leads us to inter-
pret an adverse influence of oxygen depletion on Spirilli-
na, independently of food availability.

-Relative abundance and size of Ophthalmidium present
very good correspondence with the palaeoproductivity
proxies, and increasing values of the redox proxies and
TOC. Accordingly, Ophthalmidium tolerated low oxygen
levels in the sediment-water interface and was probably
favoured in the epifaunal microhabitat when competing
with Spirillina.

-Reophax was an opportunist that proliferated after ad-
verse conditions when oxygenation and food availability
were limiting factors. The variability in the microhabitat
depth of Reophax favoured its adaptation to adverse con-
ditions. Reophax flourished (1) when redox proxies were
maxima constituting the colonisation and profusion of
this opportunist after the episodes of oxygen depletion of
each cycle, and (2) when the palaeoproductivity proxies
show the lowest values, considering the food availability
a main limiting factor. The trends of relative abundance
of Lenticulina in the first cycle are similar to the fluctua-
tions of Reophax, the other opportunist, with a potentially
deep infaunal habitat.

-Ammobaculites presents an apparently low relation
with the palaeoproductivity proxies, and it is intolerant
of low oxygen values in pore water in shallow infaunal
microhabitats.
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