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José N. Pérez-Asensio, Isabel M. Sánchez-Almazo, Luciana Génio

PII: S0031-0182(15)00375-2
DOI: doi: 10.1016/j.palaeo.2015.07.015
Reference: PALAEO 7363

To appear in: Palaeogeography, Palaeoclimatology, Palaeoecology

Received date: 17 March 2015
Revised date: 7 July 2015
Accepted date: 10 July 2015

Please cite this article as: Aguirre, Julio, Braga, Juan C., Mart́ın, José M., Puga-
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Abstract 

 

Upper Miocene heterozoan carbonates crop out extensively in a NE-SW-trending belt 

(42 km long and 1.5–8 km wide) along the so-called El Alcor topographic high, from 

Carmona to Dos Hermanas (Seville, S Spain). These carbonates formed at the southern 

active margin of the Guadalquivir Basin, the foreland basin of the Betic Cordillera. 

They change to marls basinward (NE) and to sands landward (SE and SW). Therefore, 

carbonate production was constrained to a limited area in an otherwise siliciclastic shelf. 

The carbonates (up to 40 m thick) overlie a gradually coarsening-upward succession of 

marls followed by silts and sandstones. The carbonate sequence can be divided into 

three subunits corresponding, from bottom to top, to lowstand, transgressive, and 

highstands system tracts deposits. The lower subunit, exhibiting extensive trough cross-

bedding, is interpreted as a shallow-water bar deposit. The intermediate subunit onlaps 

underlying sediments and was deposited in deeper, low-turbulence conditions. The 

upper subunit deposits accumulated in a well-oxygenated outer platform based on 

benthic foraminiferal assemblages. The presence of hummocky and swaley cross-

stratification in these latter deposits suggests that they were affected by storms. 

Pervasive fluid-escape structures are also observed throughout the carbonates.  

 The three subunits consist of bioclastic packstones to rudstones made up of 

abundant fragments of small mytilids. Isotopic data from serpulid polychaete Ditrupa 

tubes show 13C-depleted values (up to -16.1‰), whereas 18O yields normal marine 

values. Additional isotopic data on shells of scallops, oysters, and small mussels, as well 

as bulk sediment, show diagenetic alterations. Based on actualistic examples of massive 

concentrations of mussels, the nearly monospecific composition of the El Alcor 

deposits, together with negative 13C values of Ditrupa tubes, indicates that cold seeps 
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presumably promoted carbonate formation. However, the absence of typical features of 

cold-seep deposits, such as authigenic carbonates mediated by anaerobic bacterial 

activity and the typical chemosynthetic shelly organisms, makes the large carbonate 

body of El Alcor an unusual cold-seep deposit.  

 

Keywords. Cold seep; heterozoan carbonates; mussels; Carmona; El Alcor. 
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1. Introduction 

 

 Light, temperature, and nutrients are thought to be the major factors controlling 

associations of benthic organisms that produce carbonate particles in marine 

environments and therefore types of carbonate sediments (e.g. James, 1997; Mutti and 

Hallock, 2003). Photozoan carbonates form only in well-illuminated, warm shallow-

water settings, whereas heterozoan carbonates, produced mainly by light-independent 

organisms, can accumulate in a wide range of water temperatures and depths (James, 

1997; Schlager, 2003). Known heterozoan carbonates are made up of skeletal particles 

of heterotrophic invertebrates, including in some cases coralline red algae.  

 Bivalves are among the most abundant components in the heterozoan 

carbonates. Of these, mussels (Bivalvia: Mytilidae) are able to produce dense 

concentrations (the so-called mussel beds, mussel aggregations, mussel reefs, mussel 

bioherms) in different mid- and high-latitude aquatic ecosystems (e.g. Bertness and 

Grosholz, 1985; Commito and Dankers, 2001; Gutiérrez et al., 2003), leading to 

massive carbonate accumulations. Based on data of biomass production of Mytilus 

edulis from western Sweden (Loo and Rosenberg, 1983) and the Wadden Sea (Asmus, 

1987), Steuber (2000) estimated a carbonate production rate ranging from 2 to 6.5 kg 

per m2 and year. In soft-bottom marine settings, kilometer-scale mussel beds can be 

found in a very wide range of water depths, from marshes and subtidal settings to deep 

abyssal planes. In very shallow waters, crowded concentrations of the blue mussel 

(Mytilus edulis) in tidal flats and subtidal settings are well known (Dittmann, 1990; 

Commito and Dankers, 2001; Commito et al., 2006; Folmer et al., 2014). Additionally, 

dense aggregations of the ribbed mussel (Geukensia demissa) have been described in 

the seaside margin of salt marshes from the western North Atlantic (Bertness, 1984; 
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Bertness and Grosholz, 1985; Franz, 1993, 1996, 2001). In subtidal conditions, from a 

few meters deep down to ~100 m, the horse mussel (Modiolus modiolus) forms 

elongated accumulations (bioherms/reefs) in the Northern Atlantic (Magorrian and 

Service, 1998; Wildish et al., 1998, 2009; Lindenbaum et al., 2008; Gormley et al., 

2013; Elsäßer et al., 2013). Finally, chemosynthetic mytilids can also be major 

colonizers in hydrothermal vents and cold-seep areas (Paull et al., 1992; Aharon, 1994; 

Pichler and Dix, 1996; Sibuet and Olu, 1998; Schlager, 2003; Levin, 2005; Conti and 

Fontana, 2005; Campbell, 2006; Roberts et al., 2010; Taviani, 2010).  

 Massive accumulations of mussels form a kilometer-scale carbonate body along 

the so-called El Alcor area (Seville, SW Spain) (Fig. 1). These carbonates consist of 

rudstones-packstones of mussel fragments and are completely surrounded by 

siliciclastics. They extend along the outer fringe of a terrigenous Late Miocene ramp on 

the active margin of the Atlantic-linked Guadalquivir Basin (S Spain). We describe 

these enigmatic heterozoan carbonates, studying the nature of the major carbonate 

producer and analyzing stable isotopes of the carbonates in order to decipher the 

paleoenvironmental context in which they formed. Comparisons with present-day 

massive accumulations of mytilids, together with geochemical results and taphonomic 

observations, suggest that the El Alcor carbonates might most likely represent unusual 

cold-seep deposits.  

 

2. Location and geologic setting 

 

 The studied deposits crop out in a SW-NE trending belt 42 km along the so-

called El Alcor, a topographic high extending from southwest of Dos Hermanas to 

Carmona (Seville, SW Spain) (Fig. 1). The width of the carbonate belt increases 
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southwestward: 1.5 km in Carmona, about 3.5 km in Alcalá de Guadaira, and up to 8 

km in Dos Hermanas (Fig. 1). These carbonates change laterally to marls to the north-

northwest (basinward) and to sands to the southeast, and southwest (landward) (Viguier, 

1974). 

 The carbonates were deposited at the active southern margin of the Guadalquivir 

Basin (S Spain), the SW-NE elongated foreland basin of the Betic Cordillera (Fig. 1). 

During the Middle Miocene (late Serravallian), the Guadalquivir Basin was part of a 

corridor formed between the passive Iberian Massif, to the north, and the active Betic 

Cordillera to the south, connecting the Atlantic Ocean with the Mediterranean Sea 

(Braga et al., 2010). This marine passage was closed at its northeastern end, the so-

called North Betic Strait, in the earliest Tortonian (Martín et al., 2009; Braga et al., 

2010). As a result, the Guadalquivir Basin evolved into a wide embayment open to the 

Atlantic Ocean to the southwest (Martín et al., 2009). This embayment was later filled 

with Upper Miocene to Upper Pliocene sediments (Roldán, 1995; Aguirre et al., 1995; 

Sierro et al., 1996; Braga et al., 2002; González-Delgado et al., 2004), prograding from 

the northeast to the southwest along the central part of the basin. Olistoliths from the 

thrusting front of the Betic Cordillera mixed with the autochthonous sedimentation in 

the course of the Miocene. Resulting olistostrome deposits occur at the southern margin 

of the basin, reaching up to its axis (Sanz de Galdeano and Vera, 1992) (Fig. 1). 

 The El Alcor carbonates occur at the top of a gradually coarsening-upward 

succession consisting of blue marls at the base, followed by silts and sands (Perconig, 

1968; Viguier, 1974; Berggren and Haq, 1976). The coexistence of planktonic 

foraminiferal species Globorotalia margaritae and Globorotalia miotumida group in 

silts below the carbonates, as well as in the silts intercalated in the carbonates indicates 

that the studied deposits are late Messinian in age.  
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 The whole succession unconformably overlies olistostrome deposits (Fig. 1), 

mostly made up of diatomitic marlstones (locally called Albarizas or Moronitas) from 

the Carmona nappe (Perconig and Martínez-Díaz, 1977). 

 

3. Methods 

 

 We mapped the El Alcor carbonate body and selected the four best-exposed 

localities for detailed logging and sampling (Figs. 1 and 2). Seven samples were 

collected in fine-grained sediments both immediately below and intercalated with the 

carbonates in order to study benthic foraminiferal assemblages. After sieving through a 

63 m sieve, each sample was split into equal subsamples. These subsamples were then 

sieved through a 125 m mesh and 300 benthic foraminifers were counted and 

identified from this size fraction to gather census data of the microfossil assemblages. 

We also studied 32 thin sections for microfacies and petrographic analyses. Semi-

quantitative data of siliciclastic, bioclastic, and void contents were estimated using the 

Baccelle and Bosellini’s (1965) charts. 

 Carbon and oxygen stable isotope analyses were carried out on bulk rock and 

skeletal carbonates of different groups of organisms: small mussels, scallops, the oyster 

Neopycnodonte cochlear, benthic foraminifera, and the serpulid polychaete tubes 

Ditrupa. The analysed samples were collected both from the carbonates (bulk rock, 

pectinids, Neopycnodonte cochlear and small mussels) as well as from intercalated silts 

and fine-grained sands (Ditrupa and benthic foraminifera) (Fig. 2). Bulk rock samples 

include bioclastic carbonates and cemented sandy packstones collected around fluid-

escape structures. Remains of matrix and/or possible coatings of calcite adhered to the 

shells of mussels, scallops, oysters, and worm tubes were removed using a microdrill. 
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No previous isotopic studies are available on Ditrupa tubes. To test whether this 

serpulid precipitates its skeleton in isotopic equilibrium with marine water, we 

measured C and O stable isotopes in modern Ditrupa arietina tubes from the western 

Mediterranean: one shell off Sant Feliu de Gruixols (Barcelona, NE Spain) collected at 

10 m water depth, and three shells off Cabo de Gata (Almería, SE Spain) sampled at 60 

m water depth.  

 Isotopic data from benthic foraminiferal tests were recorded from two epifaunal 

species (Biasterigerina planorbis and Cibicides refulgens) and two infaunal species 

(Reussella spinulosa and Bolivina spathulata) collected in each sample. In one sample, 

we analysed Cibicides dutemplei, Planulina ariminensis, Melonis pompilioides, and 

Uvigerina peregrina instead, due to the absence or low abundance of the 

aforementioned four species. 

 All samples were ultrasonically cleaned and washed in demineralized water. The 

organic matter was removed with 3% oxygen peroxide in an ultrasonic bath, rinsed with 

methanol, and dried at 40ºC overnight. The clean, dry samples were reacted in 103% 

orthophosphoric acid at 90°C in a multicarb device connected to dual inlet Isoprime 

mass spectrometer located at the Centro de Instrumentación Científica of the University 

of Granada. Analytical precision based on replicate analyses of NBS19 and NBS18 was 

better than ±0.05 and ±0.08‰ for C and O, respectively. Oxygen and carbon isotope 

ratios are expressed relative to VPDB. 

 The percentage of bioclasts per rock volume and fossil packing were estimated 

at the outcrop using the templates of Kidwell and Holland (1991). Additionally, some 

qualitative taphonomic data on articulation, fragmentation, abrasion, and dissolution 

were taken in the field and then checked in high-resolution pictures and under the 

microscope.  
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4. Stratigraphy 

 

 The El Alcor carbonate succession, up to 20 m thick, can be divided into three 

subunits, which are well exposed in the Carmona Quarry section, located in an 

abandoned quarry NE of Carmona (Fig. 3). The lower subunit, 8-10 m thick, is 

represented only in this section (Fig. 2). This subunit shows a bar morphology and 

consists of bioclastic rudstone with 15-20% of quartz (Figs. 2 and 3). The lower part 

shows plane parallel beds up to 2.5 m thick, whereas meter-scale trough cross-bedding, 

locally slumping westward (N240ºE) appears in the upper part (Figs. 4A and B). 

Fluidization structures, such as deformed beds and pipe-like structures affect these 

deposits. The top of the subunit is an irregular indurated surface. 

 The intermediate subunit, up to 3 m in thickness, onlaps the irregular surface on 

top of the underlying subunit (Figs 2 and 3). The intermediate subunit consists of well-

bedded packstones intercalating thin silt beds (Fig. 2). Internally, carbonate beds show 

parallel lamination (Fig. 3). Locally, soft clasts made up of whitish-grey marls are 

embedded in the silty intercalations. The intermediate subunit also occurs at the 

Carmona Antena and Carmona Fútbol sections (Fig. 2). In the former, this subunit is 

made up of silt with abundant Ditrupa worm tubes. The carbonate content increases 

upward, changing to intensively bioturbated silty/sandy packstones at the top of the 

subunit (Fig. 4C). In the Carmona Fútbol section, the intermediate subunit (2-3 m thick) 

is characterized by silt intercalating plane parallel beds of fine-grained sandy packstones 

(Figs 2 and 4D). The terrigenous content of the packstone beds can be up to 60%. The 

carbonate content increases upward in the subunit with a concomitant thinning of the 
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sandy packstone beds. As in the Carmona Antena section, burrowing is intense in the 

uppermost part of the subunit.  

 The upper subunit is the best developed in the Carmona Quarry section and can 

be traced continuously throughout the quarry (Fig. 3). It consists of bedded sigmoidal 

clinoforms that prograde to the NNW, dipping up to 15º and downlapping on the 

underlying subunits (Fig. 3). The thickness of each carbonate bed and sediment size 

decrease downslope. These are packstones to rudstones with thin, silt to fine-grained 

sand intercalations. Carbonate beds contain from 20 to 40% terrigenous particles (quartz 

grains). Some sandy beds include soft clasts consisting of grey marls, in the lower part 

of the subunit. Sedimentary structures change upwards within each bed, with parallel 

lamination at the base, grading into pervasively bioturbated sediments in the middle. To 

the WNW, the beds are pervasively deformed by fluid-escape structures, such as dishes 

and pillars (Fig. 5). 

 At the Carmona Antena and Carmona Fútbol sections, the upper subunit consists 

of packstones to rudstones showing poorly defined plane parallel bedding gently 

dipping WNW (Fig. 2). The thickness of these carbonates remains roughly constant 

between 9 and 10 m along the El Alcor high. A silty bed, up to 0.5 m thick, is 

intercalated in the middle of the carbonates (Fig. 2). At the Carmona Fútbol section, the 

topmost 3 m of the upper subunit shows hummocky and swaley cross-stratification 

(Figs 2 and 4E). 

 The upper subunit can be seen along the El Alcor high at least up to Mairena del 

Alcor, SW of Carmona (Fig. 1). From this locality to the southwest, the carbonates 

cannot be laterally followed continuously, in part due to quarrying, but crop out again in 

the vicinity of Alcalá de Guadaira (Fig. 1). Here, in the Alcalá de Guadaira section 

along the Guadaira River, the upper subunit is up to 40 m thick (Fig. 2). The lower half 
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of the subunit shows well-defined flat parallel bedding. Low-angle, meter-scale swaley 

cross stratification is overlain by decimeter and meter-scale bidirectional trough cross-

bedding in the upper part of the carbonates. 

 

5. Faunal components of El Alcor carbonates 

 

 The El Alcor carbonates are composed almost exclusively of fragments of small 

mytilid shells comprising up to 90–95% of the skeletal components and up to 50% of 

the rock volume (Fig. 6A). Subordinate elements are scallops (identifiable as Pecten sp., 

Aequipecten opercularis, and A. scabrella), oysters (Neopycnodonte cochlear), and 

Ditrupa worm tubes. Ditrupa locally forms dense concentrations in the silts below the 

carbonates as well as in the intercalated silty bed in the upper subunit.  

 The small representatives of the family Mytilidae appear as sharp fragments 

(Figs. 6A-6C), although complete shells are also visible (Figs. 6D-6E). Mytilid shells 

are small (up to 3.5 cm in maximum length), thin, and elongated (Figs. 6B-6E), 

sometimes kidney shaped. The umbo is anterior, slightly subterminal, and prosogyrous. 

The outer surface is smooth, with only commarginal growth lines (Figs. 6B-6D). As in 

other representatives of the family (modiolins and bathymodiolins), the hinge is 

edentulous (Wilson, 1998) (Fig. 7A). The shell of recent mytilid consists of an inner 

aragonitic layer, commonly of nacre microstructure, and an outer layer of various 

combinations of calcitic and/or aragonitic prismatic (simple prismatic, fibrous prismatic, 

spherulitic prismatic) and homogeneous microstructures (Taylor et al., 1969; Carter, 

1990; Génio et al., 2012). The El Alcor mussels show two layers: the external one is 

preserved with a fibrous prismatic microstructure made up of calcite, while the internal 
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nacre layer is dissolved and has been often replaced by blocky, mosaic sparry calcite 

(Figs. 7B-7E).  

 Based on morphological, mineralogical, and microstructural features, the El 

Alcor mytilids share similarities with small mussels found typically in chemosynthetic 

habitats, such as species of the genera Idas and Adipicola, as well as some of the 

evolutionary significant units (ESU) of Lorion et al. (2010), included in the subfamily 

Bathymodiolinae (Lorion et al., 2010; Génio et al., 2012; Ritt et al., 2012). The 

taxonomy of these mussels is still under debate and a revision of genus and species 

definitions has been proposed but not yet formally accepted (e.g. Génio et al., 2012; 

Thubaut et al., 2013). Moreover, shell conservatism and morphological convergences 

hamper a precise identification of fossil specimens (Génio et al., 2012). Modioliform 

shells with outer fibrous prismatic and inner nacre microstructures are also included in 

the genera Modiolus and Amygdalum of the subfamily Modiolinae (Carter, 1990; Génio, 

2010). Finally, the absence of additional anatomical features (e.g. muscle scars) hinders 

the generic classification of the El Alcor mytilids within the subfamilies Modiolinae or 

Bathymodiolinae. 

 Taking into consideration that the taxonomy of the mussels that constitute the 

main components of the El Alcor carbonates is not definitively resolved, we herein refer 

to them as small mytilids. 

 Regarding benthic foraminiferal assemblages, Biasterigerina planorbis and 

Cibicides refulgens are the most abundant, representing more than 40% of the total 

assemblages, followed by Lobatula lobatula, Hanzawaia boueana, and Reussella 

spinulosa (Table 1). Foraminiferal assemblages of the soft clasts found in the 

intermediate subunit in the Carmona Quarry section (CCANT-6) are dominated by 
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Planulina ariminensis and Cibicides pachyderma. Other species of paleobathymetric 

significance present in the soft clasts are Cibicides dutemplei and Pullenia bulloides. 

 

6. Geochemical results 

 

 Isotope results are based on samples collected from carbonates, the silty bed 

intercalated in the upper subunit, and from silts intercalated in the intermediate subunit 

(Table 2; Fig. 2). Carbon isotope values range from +1.32‰ to -16.1‰, while 18O 

ranges from +1.43‰ to -5.92‰ (Table 2; Fig. 8). The most negative 13C values 

correspond to tubes of the serpulid worm Ditrupa (Table 2; Fig. 8). Present-day D. 

arietina from normal marine waters of the western Mediterranean shows normal carbon 

(ranging from +1.48‰ to +1.80‰) as well as oxygen (from +3.24‰ to +3.54‰) 

isotope values (Table 2; Fig. 8).  

 

7. Discussion 

 

7.1. Paleoenvironmental interpretation 

 

 Based on stratal geometry and facies interpretation, the three subunits of the El 

Alcor carbonates, from bottom to top, are attributed, respectively, to the lowstand, 

transgressive, and highstand systems tracts of a depositional sequence (Fig. 9).  

 The spatial restriction of the lower subunit to the Carmona Quarry section and its 

geometry suggests that it may represent a bar. Pervasive trough cross-bedding indicates 

that the bar formed in a high-energy setting. Synsedimentary deformation is evidenced 

by slumps, deformed cross beds, and fluid-escape structures. The irregular indurated 
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surface at the top of the lower subunit is a slightly eroded hardground that represents a 

transgressive surface.  

 The geometry of the intermediate subunit suggests that onlapping wedges of 

packstone beds adapted to the irregular surface on top of the lower subunit during a 

subsequent relative sea-level rise. The fine-grained size of the sediment and their 

ubiquitous parallel-lamination internal structure indicate that this subunit was deposited 

under deeper, low-energy conditions. In the Carmona Antena and Carmona Fútbol 

sections, the intermediate subunit is represented by fine-grained sediments intensely 

bioturbated in the upper part. During maximum flooding conditions, sedimentation rate 

is usually low, favoring the pervasive colonization of the sea bottom by burrowers 

(Dam, 1990; Bromley, 1990; Fürsich et al., 1991; Lewis and Ekdale, 1992; Kidwell, 

1993; Aguirre, 1995, 2000).  

 The upper subunit in the Carmona Quarry section prograded to the NNW and 

downlapped the previous subunits. The presence of hummocky and swaley cross-

stratifications, as observed in the Carmona Fútbol and Alcalá de Guadaira outcrops, 

indicate reworking due to storms and, therefore, deposition above the lower limit of the 

storm-wave base, at least in some periods. Sedimentary structures change to trough 

cross-bedding up in the Alcalá de Guadaira section, denoting a shallowing-upward 

trend. Pervasive deformation structures (deformed strata, pipe-like structures, dishes, 

and pillars) in the Carmona Quarry section points to significant fluid mobilization 

throughout the sediments. 

 Benthic foraminiferal assemblages are dominated by species preferentially 

inhabiting outer-platform settings. Berggren and Haq (1976) interpreted the microfossil 

assemblages immediately below the El Alcor carbonates as having formed in water 

depths of 60 to 100 m, which is consistent with our findings. Dense clusters of Ditrupa 
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and presence of Neopycnodonte cochlear are found in the fine-grained sediments 

immediately below the carbonates of the upper subunit. Crowded populations of 

Ditrupa and of Neopycnodonte cochlear are common in the same range of water depth 

on eastern Atlantic platforms (Le Loc’h et al., 2008; Wisshak et al., 2009).  

 

7.2. Origin of the El Alcor carbonates 

 

 The El Alcor heterozoan carbonates constitute a large body that formed offshore 

the southern margin of the Guadalquivir Basin. They appear as a narrow belt 

surrounded by siliciclastic marine deposits: marls to the NW (basinward) and sands to 

the SE, and SW (landward) (Fig. 1) (Viguier, 1974). A striking feature of these 

carbonates, previously highlighted by Viguier (1974), is the homogeneity in skeletal 

composition throughout the entire area. This constancy indicates that particular 

conditions were necessary to trigger and maintain uniform carbonate production in an 

area of the basin in an otherwise terrigenous shelf.  

 As discussed above, the studied deposits are made up almost exclusively of 

small mytilids that accumulated in a carbonate platform. The taxonomic attribution of 

these mytilids is still unresolved, but an actualistic approach can help to understand the 

origin of the El Alcor carbonates. Dense aggregations of present-day mytilids at a 

water-depth range similar to those of the El Alcor small mytilids are horse mussel reefs. 

Other modiolin species with distributions extending from shelf to abyssal depths are 

classified in the genus Amygdalum. Finally, bathymodiolin mussel beds are found at 

chemosynthetic habitats at depths ranging from a few hundred to 4,000 m (Kiel and 

Tyler, 2010; Dando, 2010; Lorion et al., 2013). 
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 Large concentrations of the horse mussel Modiolus modiolus appear at the Bay 

of Fundy (NE Canada) and Strangford Lough (N Ireland) (Magorrian and Service, 

1998; Wildish et al., 1998, 2009; Lindenbaum et al., 2008; Gormley et al., 2013; 

Elsäßer et al., 2013). These bioconstructions form kilometer-scale elongated structures, 

1-3 m in height, oriented perpendicular to sand waves from shallow subtidal (5 m) down 

to about 100 m water depth, being 20-40 m the preferable bathymetric distribution 

(Elsäßer et al., 2013). Several ecological studies have shown that these bioconstructions 

constitute diversification hot spots and M. modiolus acts as an ecological engineer (Ress 

et al., 2008; Sanderson et al., 2008; Gormley et al., 2013; Elsäßer et al., 2013). By 

contrast, in our study case, fossil assemblages in the El Alcor carbonates are nearly 

monospecific, as the preserved shelly fauna is dominated almost exclusively by small 

mytilids (90-95% of the assemblage). Temperature is another controlling factor in horse 

mussel reef distribution, limited to 7-10ºC (Wildish and Fader, 1998; Gormley et al., 

2013). However, oxygen isotope data from coeval deposits in the western edge of the 

Guadalquivir Basin show a progressive warming of both superficial and deep waters 

during the late Messinian (Pérez-Asensio et al., 2013; Jiménez-Moreno et al., 2013). 

The development of zooxanthellate coral reefs in the nearby Sorbas Basin (W 

Mediterranean) during the late Messinian is consistent with this warming (Martín and 

Braga, 1994; Martín et al., 2010), but incompatible with the temperature range for the 

spawning of M. modiolus in the N Atlantic horse mussel reefs. Considering these 

notable ecological differences, aggregations of horse mussel can be ruled out as a recent 

analogue for the El Alcor mussel concentrations.  

 Massive accumulations of mollusks have also been described in the Mauritanian 

tropical shelf (NW Africa) under mesotrophic-eutrophic conditions linked to upwelling 

(Michel et al., 2011a, 2011b). These assemblages, overwhelmingly dominated by 
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infaunal bivalves, are also highly diversified since nutrient-rich deep waters reaching 

the oceanic surface promote demographic blooms of primary producers that, in turn, 

support dense and diversified heterotrophic communities (Michel et al., 2011a, 2011b). 

The almost exclusive dominance of small mytilids in the El Alcor carbonates rules out 

their interpretation as shell concentrations in nutrient-rich areas, which are characterized 

by massive concentrations of diversified assemblages of infaunal bivalve, such as the 

ones on the Mauritanian shelf. Scarcity of infaunal benthic foraminifera typically related 

with upwelling areas, such as Bolivina spathulata (Mendes et al., 2004; Diz et al., 2006; 

Diz and Frances, 2008), disagrees with a nutrient-rich setting.  

 An alternative mechanism accounting for the origin of the El Alcor carbonates is 

cold-seep activity. Present-day cold-seep areas are colonized by chemosynthetic marine 

organisms and by microbial mats (Sibuet and Olu, 1998; Levin, 2005; Vanreusel et al., 

2009). These chemosynthetic communities are characterized by low diversity (with only 

a few species dominating) but high-density populations (Rio et al., 1992; Sibuet and 

Olu, 1998; Levin, 2005; Hein et al., 2006; MacDonald et al., 2010). The El Alcor 

carbonates are densely packed and almost exclusively formed by small mytilids, in 

agreement with recent cold-seep communities.  

 Regarding benthic foraminiferal assemblages, recent cold-seep communities 

show no significant differences in diversity or density with respect to those of non-seep 

sites (e.g. Martin et al., 2010; Gieskes et al., 2011). Some recent cold-seep communities 

are dominated by a higher proportion of epifaunal as well as agglutinated species 

(Jones, 2006; Panieri and Sen Gupta, 2008; Martin et al., 2010; Panieri et al., 2014). 

Low diversity and high dominance is also observed in some fossil seep areas (Panieri, 

2005; Martin et al., 2007; Panieri et al., 2009, 2012). Martin et al. (2007, 2010) and 

Panieri et al. (2014) also stressed that there are no endemic benthic foraminiferal 
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communities linked to present-day cold-seep regions. In agreement with these findings, 

the benthic foraminiferal assemblages in the study area have characteristically low 

diversity and are dominated by Biasterigerina planorbis and Cibicides refulgens, two 

epifaunal species (Jorissen et al., 1995; Murray, 2006).  

 Present-day cold-seep assemblages form autochthonous-parautochthonous 

concentrations with highly fragmented but unabraded shells (Callender and Powell, 

1992; Callender et al., 1992). In these particular settings, long-term exposure in the 

taphonomic active zone most likely accounts for the high fragmentation in low 

hydrodynamic settings. Particularly in most of the El Alcor upper subunit, small mytilid 

shells are fragmented but unabraded (Figs. 6A-6C). Therefore, most shells were 

accumulated in situ or nearby, with local reworking and transport, as indicated by the 

sedimentary structures.  

 The most destructive taphonomic process in cold-seep areas, as well as in 

hydrothermal vents, is dissolution (Paull and Neumann, 1987; Roux et al., 1989; 

Callender and Powell, 1992; Callender et al., 1992). However, chemosynthetic mussels 

have an outer calcitic layer (Génio et al., 2012) that increases shell-preservation 

potential. The small mytilids of the El Alcor carbonates preserve the calcitic layer while 

the aragonitic one (nacre layer) is dissolved (Figs. 7B-7C).  

 Both skeletal and authigenic non-skeletal carbonates in present-day as well as in 

fossil cold seeps can display a wide range of 13C values, from normal marine to very 

negative (Paull et al., 1985, 1989, 1992; Kulm et al., 1986; Río et al., 1986, 1992; 

Campbell, 1992; Gaillard et al., 1992; CoBabe, 1998; Hein et al., 2006; Campbell, 

2006; Lietard and Pierre, 2009). We have analysed isotopes in bulk samples as well as 

carbonate shells of bivalves (small mytilids, Neopycnodonte, and pectinids), tubes of 

Ditrupa and benthic foraminiferal tests. The bulk samples collected at El Alcor 
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carbonates reveal negative values for both carbon and oxygen isotopes (Table 2). The 

depletion in the isotope composition of these two elements, however, suggests a 

diagenetic imprint on the carbonates due to freshwater meteoric alteration (Hudson, 

1977; Allen and Matthews, 1982; Lohmann, 1988; Nelson and Smith, 1996; Fisher et 

al., 2005). 

 Regarding the skeletal carbonates, the small mytilid shells register 13C-depleted 

values as well as negative 18O values (Table 2, Fig. 8). Such values of carbon and 

oxygen isotopes point to diagenetic shell alteration. As commented above, the 

aragonitic (nacre) layer of the small mytilids was dissolved and blocky calcite was 

precipitated during diagenesis due to freshwater meteoric waters (Figs. 7B-7C). This 

alteration would account for the anomalous isotopic results. Nonetheless, there are two 

exceptions, i.e. samples CARANT-A and CARPARQ-2A, in which the isotopic signal 

seems to be unaltered (Table 2). Sample CARANT-A has 13C and 18O values of 

normal marine waters whereas sample CARPARQ-2A have carbon and oxygen values 

within the range of values reported by Paull et al. (1985, 1989, 1992) for cold-seep 

mussels from the Florida Escarpment (N Gulf of Mexico).  

 Oxygen isotopes in scallop shells reflect the 18O of marine waters since these 

organisms precipitate their shells in isotopic equilibrium (Roux et al., 1990). With 

respect to the carbon isotopes, however, 12C enriches as the shell grows due to a vital 

effect (e.g. Lorrain et al., 2004). According to these authors, the 13C of juvenile shells 

of Pecten maximus ranges from -0.2 to +1.1‰, whereas adults show values ranging 

from ~ -1 to -0.1‰. Our results indicate that pectinid shells have anomalously negative 

13C values (up to -5.4‰), far exceeding those due to the incorporation of light C 

during ontogeny (Table 2). 13C-depleted waters released to the seafloor by cold seeps 

are dissolved into marine waters (Aharon et al., 1992; Valentine et al., 2001; Charlou et 
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al., 2003; Lietard and Pierre, 2009). Organisms living in the proximity of seepages 

might precipitate their shells, incorporating light carbon isotopes in their carbonate 

skeletons directly from the seawater. Therefore, they have anomalously negative 13C 

values due to the influence of the oxidized methane fluids released into the water 

column (Beauchamp and Savard, 1992; Hein et al., 2006; Lietard and Pierre, 2009). 

Aharon et al. (1992) recorded values of up to -4.5‰ 13C of dissolved inorganic carbon 

in marine waters in the NW Gulf of Mexico. This value, together with the decrease in 

the 13C with scallop aging, agrees well with the values for the pectinids of El Alcor. 

Sample CARPARQ-1, however, shows very negative 18O level (Table 2), and 

therefore diagenesis due to meteoric water alteration cannot be completely ruled out.  

 Many authors have emphasized that the C isotopic composition of benthic 

foraminifera inhabiting cold seep is similar to that recorded in non-seep foraminifera 

(Sen Gupta and Aharon, 1994; Sen Gupta et al., 1997; Rathburn et al., 2000; Hill et al., 

2003, 2004; Martin et al., 2004; Levin, 2005; Martin et al., 2007, 2010; Li et al., 2010; 

Gieskes et al., 2011; Panieri et al., 2014). However, dissolved inorganic carbon from 

pore waters at seep sites is highly enriched in 12C. This means that benthic foraminifera 

inhabiting these settings precipitate their test in clear isotopic disequilibrium with the 

interstitial waters (e.g. Gieskes et al., 2011). Several interpretations have been proposed 

to account for the observed offset of C isotopic composition, but none satisfactorily 

explains the differences (Rathburn et al., 2000, 2003; Martin et al., 2004; Martin et al., 

2007, 2010; Bernhard et al., 2010; Gieskes et al., 2011).  

 Despite the lack of a clear carbon-isotope signal, geochemical analyses have 

shown that carbon isotopes of benthic foraminifera in cold seeps display a wider range 

of variation than those living in normal marine settings (Sen Gupta et al., 1997; 

Rathburn et al., 2000, 2003; Hill et al., 2003, 2004; Martin et al., 2004; Martin et al., 



A
C

C
E
P
T
E
D

 M
A
N

U
S
C

R
IP

T

ACCEPTED MANUSCRIPT
 

 21 

2007, 2010; Bernhard et al., 2010; Gieskes et al., 2011; Panieri et al., 2014). In 

agreement with these observations, our results indicate a wide variation for 13C in the 

benthic foraminifera, from +0.32 to -3.5‰ (Table 2). The most negative values that we 

found fall within the same range of the most negative values found by Sen Gupta and 

Aharon (1994) and Sen Gupta et al. (1997) in recent cold-seep benthic foraminifers 

from the Gulf of Mexico, as well as by Li et al. (2010) from the Cascadian Margin, NE 

Pacific, and Panieri et al. (2014) in the Blake Ridge diapir, NE Atlantic Ocean.  

 In a methane seep at the Santa Barbara Channel (California), Hill et al. (2003) 

demonstrated that the 13C of benthic foraminifera varied from very negative to normal 

marine values just a few meters away from the main seepages. Additionally, Hill et al. 

(2004) studied the stable isotope composition of benthic foraminiferal shells associated 

with microbial mats and clam fields in the Hydrate Ridge, a cold-seep area off the 

Oregon coast (NE Pacific). They showed that the most 13C-depleted values in benthic 

foraminifer tests correspond to those individuals inhabiting the microbial mats as a 

response to food source and/or the presence of microbial symbionts. Martin et al. 

(2004), however, found the most negative carbon isotopic values, up to -15.58‰, in 

benthic foraminifers inhabiting clam beds in the Clam Flat cold-seep chemosynthetic 

communities of Monterey Bay (California). Similarly, Panieri et al. (2014) revealed 

more negative values in benthic foraminifers associated with clam beds than in 

microbial mats of the Blake Ridge cold seep. The values of the benthic foraminifera 

inhabiting clam fields, both in Hydrate Ridge and Blake Ridge, were of the same 

magnitude and range as those found in the benthic foraminiferal assemblages associated 

with small mytilid-dominated carbonates of the El Alcor. 

 In the case of fossil cold seeps, early diagenetic processes might alter the 

original isotopic signal of benthic foraminiferal tests (Martin et al., 2004; Martin et al., 
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2007, 2010; Gieskes et al., 2011). In the study case, SEM analyses of benthic 

foraminifera show no secondary carbonate precipitation. However, cements can be 

overlooked (Martin et al., 2004; Martin et al., 2007, 2010) and, consequently, the 

isotopic signal can be slightly biased, accounting for the wide range of 13C variation. 

Nonetheless, it is well established that 13C is virtually unaffected during early 

diagenesis (Hudson, 1977; Dickson and Coleman, 1980; Jenkyns and Clayton, 1986; 

Madhavaraju et al., 2013). 

 The serpulid Ditrupa displays the most 13C-depleted values (up to -16.1‰) but 

normal marine 18O values (Fig. 8, Table 2). Both carbon and oxygen isotopes of recent 

D. arietina tubes show normal marine values, from +1.48 to +1.8‰ and from +3.24 to 

+3.54‰, respectively (Table 2). Therefore, the highly depleted 13C values in the El 

Alcor Ditrupa tubes are undoubtedly due to an extra supply of light carbon into the 

water column. This is the strongest geochemical evidence of cold-seep activity during 

the formation of the El Alcor carbonates. Considering a possible diagenetic bias, the 

studied Ditrupa tubes show no evident cements. Nonetheless, as mentioned above for 

benthic foraminifera, secondary carbonates could precipitate during diagenesis. In such 

a case, the diagenetic carbonate should be enriched primarily in 12C, thus reinforcing the 

contention that the carbon source was most likely linked to seeps.  

 Recent cold seeps, as well as fossil counterparts, occur both in active and passive 

margins, associated with petroleum seeps, brine pools, mud volcanoes, and submarine 

fans (see summaries in Aharon 1994; Sibuet and Olu, 1998; Olu et al., 2004; Levin, 

2005; Campbell, 2006; Olu et al., 2010). The El Alcor carbonates were deposited in the 

active margin of the Guadalquivir foreland basin (Fig. 1). As mentioned above, the 

marls at the base of the upper Miocene sediments rest on top of olistolithic deposits 

derived from the front nappes of the Betic Cordillera (Viguier, 1974; Perconig and 
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Martínez-Díaz, 1977). Gas and oil exploration in the Carmona area has evidenced the 

presence of methane gas in the olistolithic deposits of the so-called Carmona nappe, as 

well as in the overlying Tortonian marls (Perconig and Martínez-Díaz, 1977; Álvarez, 

1994; Martínez del Olmo and Mallo-García, 2002; Martínez del Olmo, 2004; Motis and 

Martínez del Olmo, 2013). Therefore, the seepage promoting the communities that 

produced the El Alcor carbonates could be related to methane emissions into the water 

column. Beds pervasively disrupted by fluid-escape structures in the Carmona Quarry 

section (Fig. 5) were probably the result of prolonged methane-rich fluids bubbling 

heterogeneously throughout the sediment into the water column. The size and shape of 

the studied carbonate body suggests the existence of a long front of a continuous, long-

term seeping area in the outer platform at the southern basin margin, along the present-

day El Alcor topographic high, which stimulated the profuse development of the small 

mytilid communities.  

 

7.3. Comparison with other fossil cold-seep deposits 

 

 Major colonizers of present-day cold-seep areas include chemosynthetic marine 

bivalves (members of the families Mytilidae, Vesicomyidae, Lucinidae, Solemyidae, 

and Thyasiridae), followed by vestimentiferan worms, as well as microbial mats (Sibuet 

and Olu, 1998; Levin, 2005; Vanreusel et al., 2009). Together with the skeletal 

carbonate produced by mussels and associated chemosynthetic shelly organisms, 

authigenic carbonate production is mediated mostly by bacteria. All these carbonates 

have 13C-depleted isotopic signal (see summaries in Sibuet and Olu, 1998; Schlager, 

2003; Levin, 2005; Campbell, 2006; Taviani, 2010). 
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 Cold-seep metazoan assemblages in the fossil record since the Silurian (Barbieri 

et al., 2004) and possibly since the Cambrian (Campbell, 2006) have been recognized. 

The major components of these chemoautotrophous communities have changed over the 

Phanerozoic (Campbell and Bottjer, 1995; Van Dover et al., 2002; Little and 

Vrijenhoek, 2003; Peckmann and Goedert, 2005; Campbell, 2006; Taviani, 2010). 

Bivalves have been common cold-seep inhabitants since the Early Cretaceous onward, 

but they become particularly dominant during the Cenozoic (Campbell and Bottjer, 

1995; Little and Vrijenhoek, 2003; Conti et al., 2010). Fossils in these communities 

usually cluster in the vicinity of fluid-seepage conduits although the lateral extension of 

fossil concentrations varies from tens to hundreds of meters.  

 In addition to the fossil assemblages, the main geochemical and sedimentary 

features of cold-seep areas have also remained constant through geological time 

(Campbell, 2006): 1) cold-seep deposits yield significant negative or widely variable 

13C values; 2) typical deposits include microbial-mediated authigenic carbonate 

occurring as isolated patches or lenses in fine-grained siliciclastic sediment; 3) 

microbialites form thin crusts with a limited spatial distribution (about 1 m2) close to the 

gas emissions; and 4) there are fluid-escape structures such as tubular concretions (e.g., 

Little and Vrijenhoek, 2003; Levin, 2005). 

 In our study case, variable to negative 13C shell values for different organisms 

and the presence of pervasive deformation structures due to fluid escape are consistent 

with typical cold-seep deposits. Nonetheless, the El Alcor carbonates differ in the rest of 

the features, making them an unusual sedimentary expression of cold seeps. They 

comprise a large-scale bioclastic body (dozens of kilometers) with neither authigenic 

micrite mud nor microbial crusts.  
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 Authigenic carbonate precipitation is mediated by methanotrophic and 

associated sulfate-reducing bacteria due to anaerobic oxidation of the methane (Ritger et 

al., 1987; Joye et al., 2010; Chevalier et al., 2011), even below the carbonate 

compensation depth (Greinert et al., 2002). This mechanism has been suggested for 

carbonate precipitation in fossil cold-seep-related deposits (e.g. Sibuet and Olu, 1998; 

Peckmann and Goedert, 2005). Major carbonate production in the El Alcor area, 

however, initially took place on a sandy, well-oxygenated bottom, as indicated by the 

dominance of epifaunal benthic foraminiferal species, and then continued on the 

gravelly sea floor provided by the accumulation of small mytilid shells. These 

conditions probably inhibited the anaerobic methanotrophic bacteria and might account 

for the absence of microbial carbonates.  

 Other unique features of the El Alcor carbonates include the geometry of fossil 

concentration and the most abundant components. Fossil cold-seep bivalve assemblages 

show low diversity and are characteristically dominated by large mytilids, lucinids, 

solemyids, vesicomyids, and thyasirids (e.g. Campbell, 2006; Taviani, 2010). They 

occur as fossil concentrations in isolated mound-like micritic floatstone intercalated 

within siliciclastic and referred to as chemoherms (Aharon, 1994; Roberts and Aharon, 

1994; Majima et al., 2005). By contrast, the El Alcor carbonates form a continuous and 

homogeneous bioclastic body extending for dozens of square kilometers. Massive 

bubbling of methane throughout the entire El Alcor area might account for the extensive 

distribution of the small mussel-dominated carbonates. The pervasive presence of fluid-

escape structures supports the idea of this widespread gas-release pattern.  

 In terms of taxonomic composition, chemosymbiont mytilid-dominated cold-

seep communities are represented worldwide mostly by large Bathymodiolus (Distel et 

al., 2000; Campbell, 2006). The small representatives of ‘bathymodiolins’ 
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(Benthomodiolus, Adipicola, and Idas) are generally associated with sunken organic 

substrates, such as plant remains and vertebrate carcasses (Distel et al., 2000; Duperron 

et al., 2008; Lorion et al., 2010; Ritt et al., 2010, 2011, 2012). In the cases of Idas and 

Adipicola, the chemoautotrophic relationship with bacteria enables these mytilids to 

successfully thrive also in deep-sea cold seeps, such as in the Marmara Sea and the 

eastern Mediterranean, where they locally occur in dense populations around mud 

volcanoes and in the Nile deep-sea fan (Olu et al., 2004; Werne et al., 2004; Duperron et 

al., 2008; Brissac et al., 2011; Ritt et al., 2010, 2011, 2012). Therefore, the El Alcor 

carbonates might represent an exceptional example of massive colonization of a cold-

seep setting by small mytilids, not yet either found in present-day cold seeps or reported 

from their fossil counterparts.  

 

8. Conclusions 

 

 Upper Messinian bioclastic carbonates crop out in the El Alcor topographic high 

in the southern active margin of the Guadalquivir Basin (S Spain), the Betic foreland 

basin. The carbonates formed an isolated body up to 42 km long and up to 8 km across, 

surrounded by siliciclastic sediments. The carbonates can be divided into three subunits, 

corresponding from bottom to top to lowstand, transgressive, and highstand systems 

tract deposits, respectively, of a single depositional sequence. The limited distribution, 

the pervasive presence of trough cross-bedding and the mound-like geometry of the 

lower subunit suggest that it may represent a bar deposited in shallow waters. The 

intermediate subunit onlaps the previous deposits. Sediments are fine grained and 

exhibit parallel lamination, indicating that they were deposited in deeper water and 

under low-energy conditions. The upper subunit was deposited in a well-oxygenated 
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outer platform setting, occasionally reached by storm waves, as evidenced by the 

presence of hummocky and swaley cross-stratification. Fluid-escape structures (pillars 

and dishes) are visible both in the upper subunit and in the lower one.  

 The carbonates are composed almost exclusively of small mytilids, resembling a 

group of chemosymbiont bivalves of the family Mytilidae. The dominance of these 

mytilids, together with variable to low 13C values (up to -16‰) of different skeletal 

carbonates (including benthic foraminifera, Ditrupa serpulids, small mytilids, 

Neopycnodonte cochlear, and pectinids), suggests that carbonate production most likely 

took place in a cold-seep area. The pervasive presence of fluid-escape structures points 

to gas release into the sea bottom from the underlying olistolithic deposits and marls. 

Carbonate components do not change along the outcrop, indicating continuous long-

term gas bubbling along the outer platform, favoring profuse carbonate production due 

to massive development of the small mytilid communities in an otherwise terrigenous 

setting.  

 In contrast to other cold-seep deposits, the El Alcor carbonates comprise a large 

body homogeneously dominated by small mytilids deposited on well-oxygenated 

sediments, which inhibited authigenic carbonate precipitation. Therefore, the studied 

large bioclastic accumulation of the El Alcor topographic high seems to constitute an 

unusual sedimentary expression of cold-seep carbonates. 
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Figure captions 

 

Figure 1. Simplified geological sketch of the Betic Cordillera and geological map of the 

study area. Numbers indicate the location of the four studied stratigraphic sections: 1- 

Carmona Quarry, 2- Carmona Antena, 3- Carmona Fútbol, 4- Alcalá de Guadaira. 

 

Figure 2. Stratigraphic logs with indication of the position of the samples used for 

isotope analyses and benthic foraminiferal assemblage determinations. Samples labeled 

CARPARQ in the Carmona Antena section were collected in a parallel section, located 

500 m to the SW of Carmona Antena section, which exhibits the same stratigraphic and 

sedimentologic features. L.S. = Lower subunit; I.S. = Intermediate subunit; U.S. Upper 

subunit. 

 

Figure 3. A) North-South and B) West-East panoramic views of the three subunits of 

the studied carbonates in the Carmona Quarry section.  

 

Figure 4. Some significant sedimentary features in the studied deposits. A) Trough 

cross-bedding (lower subunit, Carmona Quarry section). B) Slump (lower subunit, 

Carmona Quarry section). C) Intensely bioturbated silty/sandy packstones at the 

uppermost part of the intermediate subunit in the Carmona Antena section. D) Field 

view of the intermediate subunit in the Carmona Fútbol section. Person sitting in one of 

the fine-grained sandy packstone intercalations. E) Hummocky and swaley cross-

stratification (upper subunit, Carmona Fútbol section). 
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Figure 5. Fluid-scape structures in the upper subunit (Carmona Quarry section). A) 

Field-view of highly deformed strata. The white arrow points to a fluid-escape shaft 

seen in cross-section. Man for scale is 1.75 m tall. B) Detailed view of the inset in 

previous picture. Arrows point to fluid-escape channels. C) Pervasively deformed strata. 

Deformation is probably the result of methane bubbling throughout the carbonates. D) 

Sediment deformation around a fluid-escape conduit (arrow).  

 

Figure 6. Major components of the El Alcor carbonates. A) Close-up field view of the 

carbonates. Small mytilid fragments predominate, the vast majority of them having 

sharp edges, indicating the absence of abrasion. B-C) Nearly complete shells of small 

mytilids. Note that commarginal growth lines are clearly visible. D-E) Casts of two 

complete individuals of small mytilids. Growth lines are visible.  

 

Figure 7. Microphotographs of small mytilids. A) SEM photograph showing the 

characteristic edentulous hinge. B) Microphotograph of the El Alcor carbonates 

showing non-abraded small mytilid fragments. Note that the calcite fibrous prismatic 

outer layer of the shells is well preserved, whereas the inner layer has been dissolved 

and the subsequent void filled up by sparry, blocky calcite. C) SEM photograph 

showing the ultrastructure of small mytilid shells. D-E) Detailed views of the fibrous 

prismatic outer layer of the specimen in Fig. 7C. 

 

Figure 8. Carbon and oxygen isotope data of the analyzed samples (isotope raw data in 

Table 2). Ditrupa worm tubes show the most negative 13C values. 
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Figure 9. Sketch showing the sequence stratigraphic framework of the three subunits 

and the relative position of the studied sections.  

 



A
C

C
E
P
T
E
D

 M
A
N

U
S
C

R
IP

T

ACCEPTED MANUSCRIPT
 

 50 

Table captions 

 

Table 1. Raw data (number of specimens of the different species) for the benthic 

foraminiferal assemblages. Most abundant species (>3% of the total assemblages) are 

indicated in bold. 

 

Table 2. Carbon and oxygen stable isotope raw data. Sample labels as in Fig. 2, except 

those indicated with the asterisks, which refer to the present-day Ditrupa arietina from 

the Cabo de Gata (LP) and Sant Feliu de Gruixols (SFG). Samples labeled as Neo1 to 

Neo4 correspond to Neopycnodonte shells collected from the sample CARPARQ-2. 

Samples labeled as Chim1 to Chim5 correspond to bulk samples collected from fluid-

scape conduits in the middle part of the upper subunit of Carmona Quarry section. 
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Figure 8 
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Table 1 
 

 CARANT-1 CARANT-2 CARANT-3 CARPARQ-1 CARFUT CCANT-5 CCANT-6 

Ammonia beccarii 1 2 5 1 12   10 

Ammonia inflata   1         28 

Ammonia sp. 3 3 3 6 5 1 3 

Amphicoryna scalaris   3   1     1 

Anomalina flinti               

Biasterigerina planorbis 75 84 52 66 57 63 5 

Asterigerinata sp. 5             

Bolivina earlandi   1 1         

Bolivina reticulata 1             

Bolivina dilatata   1 2   1 5   

Bolivina spathulata 15 3 16 4 11 24   

Bolivina sp. 1   1 1     3 

Bulimina aculeata 1   1 1 2 1 11 

Bulimina elongata     2 1 3 2 1 

Bulimina striata 1 1   1 1 3 3 

Bulimina sp.             7 

Cancris auriculus       3       

Cancris sp. 2       1 2   

Cassidulina sp.   1           

Evolvocassidulina bradyi   1     2     

Lobatula lobatula 22 18 11 7 7 1   

Cibicides refulgens 50 54 51 76 54 55 1 

Cibicides sp. 1 11 5 11 5 8     

Cibicides sp. 2 15 10 16 18 14 15 3 

Cibicides dutemplei 2 10 6 5 5 4 23 

Cibicides pachyderma 4 8 4 1 9 17 39 

Cibicides ungerianus   2 3   1   1 

Cibicides sp. 11 8 6 13 14 14 14 

Dentalina sp.     1         

Bannerella gibbosa        1 1     

Elphidium advenum 1 2 5   4 4   

Elphidium complanatum 8 14 5 7   2   

Elphidium crispum 3 1 4 7 2     

Elphidium granosum     1         

Elphidium macellum 10 2   2 1     

Elphidium translucens       1       

Elphidium sp.           4   

Epistominella sp.         1     

Globobulimina sp.   1           

Globocassidulina subglobosa     2     4   

Globulina sp.     1 1       

Gyroidina umbonatus 1 1 1   1     
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Gyroidina sp.     1 1   2   

Hanzawaia boueana 16 15 26 16 21 20 2 

Haynesina depressula 1             

Haynesina sp.     1         

Hoeglundina elegans         1     

Lagena sp.     2   1     

Lenticulina sp. 1 1 2 2 2 3 1 

Marginulinopsis costata   1   1       

Marginulina sp.           1   

Martinottiella communis   1         9 

Melonis barleeanum             2 

Melonis pompilioides 1         1 19 

Melonis sp.           4 8 

Neoconorbina terquemi 1             

Neoeponides schreibersii         1   21 

Neoeponides sp. 1   1         

Nodosaria sp. 4 6 4 5 5 2 2 

Elphidium fabum 5   8 5 9 5 3 

Nonion sp.   1 3   5 6   

Nonionella sp.         1     

Oridorsalis umbonatus 1   1   4     

Planulina ariminensis 1 7 1 4 2 1 52 

Planulina sp. 1       3     

Poroeponides sp. 1             

Pullenia bulloides   1 2 1 3 3 9 

Pullenia quinqueloba             2 

Uvigerina bononiensis         1 1   

Reussella spinulosa 13 19 24 22 16 11   

Rosalina sp.     1   2 2   

Sphaeroidina bulloides   2 2 1   2   

Spiroplectinella wrightii 5 8 6 7 2   6 

Siphonodosaria lepidula             1 

Sahulia conica 3 1 1 4 1 1   

Textularia sp.     1     2 1 

Trifarina angulosa 1   2   2 9   

Trifarina bradyi 1       1     

Uvigerina peregrina       2   3 3 

Uvigerina sp.             6 

Total 300 300 300 300 300 300 300 
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Table 2 

Sample 13
C 18

O Carbonate source 

CARANT-2 -13.028 -2.672 Ditrupa 

CARANT-2 -16.1 -1.17 Ditrupa 

CARANT-2 -15.654 -0.558 Ditrupa 

CARPARQ-2A -4.809 -2.983 Small mytilid 

CARANT-B -5.549 -4.685 Small mytilid 

CARPARQ-3 -5.86 -4.95 Small mytilid 

CARPARQ-2 -4.79 -4.52 Small mytilid 

CARPARQ-1 -5.33 -4.14 Small mytilid 

CARANT-A -0.10 0.08 Small mytilid 

CARFUT-B -4.82 -3.30 Small mytilid 

CARPARQ-1 -4.973 -3.131 Pectinid 

CARPARQ-1 -5.428 -3.504 Pectinid 

CARPARQ-1 -5.57 -4.65 Pectinid 

CARANT-A -1.84 -0.95 Pectinid 

Neo1 -5,46 -4,39 Neopycnodonte 

Neo2 -5,45 -4,01 Neopycnodonte 

Neo3 -6,03 -4,27 Neopycnodonte 

Neo4 -5,58 -4,42 Neopycnodonte 

CCANT-3.1 -2.76 -4.86 Bulk sample 

CARPARQ-2 -6.55 -5.92 Bulk sample 

CARFUT-A -4.16 -2.22 Bulk sample 

CCANT-1.2 -4.71 -5.11 Bulk sample 

CCANT-2.3 -4.26 -4.67 Bulk sample 

CCANT-4.4 -5.97 -4.42 Bulk sample 

Chim1 -4,541 -4,638 Fluid-scape conduit 

Chim2 -3,548 -3,636 Fluid-scape conduit 

Chim3 -3,89 -3,969 Fluid-scape conduit 

Chim4 -4,032 -4,102 Fluid-scape conduit 

Chim5 -3,726 -3,787 Fluid-scape conduit 

CARANT-1 0.32 0.26 Biasterigerina planorbis 

CARANT-1 0.06 0.52 Reussella spinulosa 

CARANT-1 0.31 0.69 Cibicides refulgens 

CARANT-1 -0.59 0.66 Bolivina spathulata 

CARANT-2 -0.41 -1.35 Biasterigerina planorbis 

CARANT-2 -0.55 0.82 Cibicides refulgens 

CARANT-2 0.1 -0.05 Reussella spinulosa  

CARANT-2 -1.1 -0.8 Bolivina spathulata 

CARANT-3 0.01 0.404 Biasterigerina planorbis 

CARANT-3 -0.24 0.25 Cibicides refulgens 

CARPARQ-1 -2.27 -0.45 Biasterigerina planorbis 

CARPARQ-1 -3.5 -1.2 Cibicides refulgens 

CARPARQ-1 -3.04 -1.85 Reussella spinulosa  
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CARPARQ-1 -2.96 -1.71 Bolivina spathulata 

CARFUT -0.47 0.33 Biasterigerina planorbis 

CARFUT -0.85 0.7 Cibicides refulgens 

CARFUT -0.67 -0.4 Reussella spinulosa  

CCANT-6 -0.67 1.07 Cibicides dutemplei  

CCANT-6 -1.03 1.43 Planulina ariminensis  

CCANT-6 -1.83 -0.04 Melonis pompilioides  

CCANT-6 -1.18 -0.39 Uvigerina peregrina 

LP2-60* 1.48 3.29 Ditrupa arietina 

LP4-60* 1.63 3.4 Ditrupa arietina 

LP2-50* 1.80 3.24 Ditrupa arietina 

SFG-1* 1.74 3.54 Ditrupa arietina 
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An enigmatic kilometre-scale concentration of small mytilids (Late Miocene, Guadalquivir 

Basin, S Spain) 

 

Julio Aguirre, Juan C. Braga, José M. Martín, Ángel Puga-Bernabéu, José N. Pérez-Asensio, 

Isabel M. Sánchez-Almazo and Luciana Génio 

 

 

Highlights 

 
 Heterozoan carbonates crop out in the S margin of the Guadalquivir Basin (S 

Spain) 
 They form a narrow belt surrounded by terrigenous in the El Alcor topographic 

high 
 95% of the skeletal components are small mytilids 
 Negative C isotopes of Ditrupa shells and fluid-scape structures are pervasive 
 The carbonate body of El Alcor is interpreted as an unusual cold-seep deposit 


